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For the non-Gaussian singular time-delayed stochastic distribution control (SDC) system with unknown external disturbance
where the output probability density function (PDF) is approximated by the rational square-root B-spline basis function, a robust
fault diagnosis and fault tolerant control algorithm is presented. A full-order observer is constructed to estimate the exogenous
disturbance and an adaptive observer is used to estimate the fault size. A fault tolerant tracking controller is designed using
the feedback of distribution tracking error, fault, and disturbance estimation to let the postfault output PDF still track desired
distribution. Finally, a simulation example is included to illustrate the effectiveness of the proposed algorithms and encouraging

results have been obtained.

1. Introduction

In order to improve the reliability of practical stochastic sys-
tems, fault diagnosis and fault tolerant control for stochastic
dynamic systems has long been one of the important areas
of control theory and application [1-4]. Stochastic distri-
bution control (SDC) system is a new branch of stochastic
system control in which the output is the non-Gaussian
probability density function (PDF) of the system output.
The equations of these systems describe the relationship
between the input PDF and output PDF of systems rather
than the traditional relationship between input and output.
SDC theory was proposed by professor Wang [5], which
has been applied on some actual processes, for instance,
the paper evenness control in the process of paper making,
high polymer polymerization process of chemical industry,
and flame distribution control. In the framework of non-
Gaussian SDC systems, it has very important theoretical
significances and deep application prospect to develop fault
diagnosis and fault tolerant control technology for complex
industrial processes in which the control product quality and
the distribution of indirect indicators need to be controlled.

With the study of fault diagnosis for non-Gaussian SDC
systems, some fault diagnosis algorithms have been proposed.
For fault diagnosis of SDC systems, observer or filter-based
methods are mainly used so far [6-10], in which the informa-
tion of system output PDF and other measured information
generate residuals in order to analyze and estimate the change
of fault. A stable filter-based residual generator is constructed
such that the fault can be detected and diagnosed for general
stochastic systems in [6]. In [7], a nonlinear neural network
observer is designed for fault diagnosis in which the adaptive
tuning rule for network parameters is determined by the
Lyapunov stability theorem. In [8] a fault diagnosis algorithm
is proposed based on iterative learning observer for SDC
system. Otherwise, in [11], a novel fault-estimation observer is
designed for Takagi-Sugeno (T-S) fuzzy systems with actuator
faults, and the problem of fault tolerant control is addressed.
For fault tolerant control, the active fault tolerant control
is mainly used so far. Combined with the controller design
method without fault, such as optimal control, PI control,
sliding mode control, and model reference adaptive control,
the controller can be reconfigured or reconstructed when



fault occurred. When the target PDF is known, the purpose
of fault tolerant control is to make the output PDF of the
systems still track a given PDF as close as possible after the
fault happened. It has been shown in [8] that an optimal
control strategy is designed to reconfigure the controller
to compensate the influence of the fault on the system
performance. A fault tolerant controller based on PI tracking
control is proposed for a time-delayed SDC system in [12] and
for singular time-delayed SDC system in [13]. In [14], a fuzzy
fault tolerant control scheme is developed to guarantee the
closed-loop system to be exponentially stable in mean square.
When the target PDF is unknown, introduce the concept
of entropy to fault tolerant control of non-Gaussian SDC
systems, in which the purpose is to minimize the uncertainty
of the system output after fault happened [15, 16].

Although the model descriptions of SDC systems are
always the dynamic link relations between the input and the
weights of output PDFs, the conventional dynamic links do
not meet the practical requirements because of the existence
of some algebraic constraint conditions between some state
variables. Thus, it is necessary to study the SDC systems in
the framework of singular systems [8, 13, 16-18]. Due to the
material delivering by conveyor belt, system modeling, and
data operation and transmission, time-delay widely exists
in actual industrial systems. Time-delay can make system
performance degradation and even make systems unstable; at
the same time, time-delay will largely reduce the effectiveness
of the fault diagnosis and fault tolerant control. The results
of fault diagnosis and fault tolerant control for singular time-
delayed SDC systems are focused on the model approximated
by the linear or square-root B-spline model [13, 18]. The
rational square-root B-spline model can guarantee that the
weights of feedback control are positive at the same time
independent of each other compared with other B-spline
models [19]. External disturbance widely exists in various
industrial processes and this situation will turn to be very
complicated for fault diagnosis [9, 20], but controller design
to eliminate the influence of disturbance is not considered.
Thus, it is significant to study fault diagnosis and fault tolerant
control for non-Gaussian singular time-delayed SDC system
with external disturbance based on the rational square-root
model approximation.

In this paper, a robust fault diagnosis and fault tolerant
control approach is proposed for non-Gaussian singular
time-delayed stochastic distribution system with external
disturbance based on the rational square-root approximation.
The external disturbance is considered and supposed to be
generated by a linear exogenous system, and a full-order
observer is designed to estimate the disturbance. Then an
adaptive observer is constructed to estimate fault informa-
tion. The gain matrices can be determined by solving the
corresponding linear matrix inequalities (LMIs). In order
to eliminate the influence of fault and disturbance, a fault
tolerant tracking controller is designed to track the desired
PDF. An augmentation control input is defined to contain the
feedback of output PDF tracking error and the estimation of
fault and disturbance, so that the control input of the SDC
system can eliminate the influence of fault and disturbance
on the system performance, leading to fault tolerant tracking
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control. Finally, the computer simulation results show the
effectiveness of the algorithm.

The main contributions of this paper can be summarized
as follows. (1) Comparing with most of the existing studies of
SDC system with disturbance, integrated fault diagnosis and
fault tolerant control is achieved; rather only fault diagnosis
is considered. Besides, the influence of disturbance to the
system performance can be rejected by the fault tolerant
controller. (2) The rational square-root model is used to
approximate the output PDF of the singular time-delayed
SDC system, as a contrast, linear, or square-root model is used
in the existing studies of singular time-delayed SDC system.

2. Model Description

Denoting y(y, u(t)) as the PDF of the system output with y
being defined on a known bounded interval [a, b], the con-
tinuous singular time-delayed SDC system can be expressed
as follows:

Ex(t)=Ax )+ Agx(t — 1)+ Bu(t) + NF(t)

+B,d (1),
@
V(t) = Dx (),
x(@t)=¢(t), te[-6,0],
c(y)v
Vy(hu@®) = —T(y )2 © ,
Vi) Z, V(1) @)

b
5= [ ek
where x(t) € R" is the state vector, u(t) € R™ is the control
input vector, V(¢) € R" is the weight vector and F € R™ is the
fault vector, and 7 is the time-delay term. ¢(t) is a real valued
continuous function. A € R™", A; € R™", B e R™™", D ¢
R™ B, € R"", E € R™, and N € R™" are system
parameter matrices with rank(E) = g < n. Equation (2)
represents the static model of the output PDF approximated
by the square-root B-spline model. It is denoted that

C) =6 (3).(»)- 8. (V]
]T

V= [w,@,,...,0, (V#0),

where ¢;(y) (i = 1,2,...,n, n > 2) is the prespecified basis
function, w; (i = 1,2,...,n) is the approximation weight
which is only related to u(t), and n is the number of basis
functions. d(t) is the unknown external disturbance which

can be supposed to be generated by a linear exogenous system
described by

@ (t) = Ww (1),
(4)
d(t) = Tw(t).

Remark 1. From literatures [21], many kinds of disturbances
in engineering can be described by this model, for example,
unknown constant and harmonics with unknown phase and
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magnitude. In most existing results, the disturbances are
restricted to be bounded exogenous signals. The state variable
of the exogenous system w(t) is the target of estimation, d(t)
is the form of disturbance, and W and T are the known
parameter matrices with suitable dimensions.

The following assumptions are used throughout this
paper.

Assumption 2. (A, D) is observable, and (W, B;T) is observ-
able.

Assumption 3. The fault and disturbance occurring in SDC
system are bounded; that is, |F| < Mg and [d(t)l| < My,
where M, and M, are two positive constants.

Assumption 4. The system (1) is regular and impulse-free; that
is, [sE — A| # 0 and rank(E) = deg(|sE — A]).

With the assumptions, there exist two matrices (L, L)
such that the following equation

I, 0
LiEL=| " 1

©)
A, 0
L,AL, =
0 I,
holds. It is assumed that LA L, = [A(')“ A(ZZ] holds

simultaneously. Then the SDC system (1) can be transformed
as

X, (t) = Ayxy (0) + Ay x, (t— 1)+ Byu(t) + N F (t)
+ B Tw(t),
x, (t) = —A X, (t — T) = Bou (t) — N,F (t)
- BpTw (1),
V(t) = Dyx; () + Dyx, (t),
@(t)=Waw(t),
where B,,B;,N, € R™™ B, B;,,N, € R" 9" D ¢

R"% and D, € R"™*"D which can be determined as
follows:

B,
L,B= N

L B,

B
L - dl] ,

L B, 7)
DL, = [Dl Dz] >

N,
L,N = .

LN,

3. Fault Diagnosis

In order to reject the disturbance and eliminate the influence
to the fault diagnosis, a full-order observer is constructed to

estimate the external disturbance. Denoting s(¢) = [ ’Z}((f)) , the

full-order system is constructed by augmenting state (1) with
exogenous system (4) as follows:

§(t) = Ags (1) + A gys (£ — 7) + By () + NF (1),
%, (t) = —A px, (£ = 7) - Byu () - N,F (1)
- BpTw(t),
V(t) = Dyx, (t) + Dyx, (t) = Dys (t) + Dyx, (),

where
A, B, T
A0= 1 dl j|)
0o W
Ag O
Ay = ,
o=
[B )
B = 1],
L 0
N,
NO_-0 ,
D, =[D; 0].

The full-order observer is designed as follows:
S(t) = ApS(t) + Ay (t — 1) + Byu (t)
+ Ke(t),
X, (t) = —ApX, (t —7) — Bu(t) - N,F (t)
- B, Tw(t),

V(t) = Des (t) + DX, (), (10)
Flum) = = DVO
VW 02,V (1)
b
- (s3- )

where K, is observer gain matrix, &(t) is the residual signal,
and

(Dys (t) + Dyx, (1))
VT () 2,V (¢)

e(t) = 2

%, (Dys (t) + DX, (1))

NAOPAE0

+ 2, (Dys (t) + Dyx;, (1))

W=,V @)




2, (Dys (t) + Dyx, (t))

A GPAR

3, (Dge (t) + Dye, (1))

7 05,70

. 2, (Dys (£) + Dyx, (1))

W=,V @)

W,V @) - VT 0=,V @)
WO,V ) ’

(1)

where e (t) = s(t) —=5(t), 2, = I: C(y)dy, and e, (t) = x,(t) —
X, ().

Lemma 5 (see [19]). There exists a constant A such that the
following equation

VW O,V () - VT () Z,V ()

=A([vel-ol)

(12)

holds, where A i\ n () /A nax(Z1) € A < A ED) /A in(E))
and A (2,)) and A, (Z,) are the maximum and minimum
eigenvalues of matrix X, respectively.

Then, it can be obtained that

e(t)
_ 2, (Dye (t) + Dye, (1))
T —
VWV )2,V (1) (13)
L 22 (Dis 0+ Dyx, ) M (V0 - [V @)])

VIO Z,V ()

A OPAR

The full-order observation error dynamic system can be
formulated as follows:

& (t) =5(t) —5(t)
= Age, (1) + Agpe, (t — T7) + NyF

- L2, Dye; () = L32,D,e, (1) (14)
A (Vi V)

where L, = K,/ VT(t)ZIV(t) is the gain matrix to be deter-
mined later.

+ L5,V
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The purpose of fault diagnosis is to estimate the size of
fault. The fault diagnosis observer is constructed as follows:

X, (8) = A%y () + Ag X, (= 7) + Bu (1)
+ N F(t) + By, Ta (t) + Kye (t),

X, () = —Ap%, (t - 7) - Byu (t) - N,F (1)

~BpTa (1),
_ A A (15)
V(t) = DX, (t) + DX, (t),
- Cy)V
VP (hu() = —_——
V() 2,V (¢)
F=-I,F+De(t),
where e,(t) = x,(t) — X,(t). Then the observation error
dynamic system is obtained as follows:
e, (t) = Aje, (t)+ Aype, (t — 1) + N,F (1)
+ By T@(t) - L,,Dye, — L,Z,Dse,
~ (16)
A (IVIE= |V
+Lv | 22—V ( V1) ,
NR%
F=-I,F+L.3,Dye, + L%, Dse,
2 (V1 - |7]) )

— L3,V

where F= F-F,@=w-a.L, = K/\V ()2,V(t), Ly =
L,/ VT(t)ZIV(t), and I} are gain matrices to be determined
later.

Combing (14), (16), and (17), the following augmentation
error dynamic system can be obtained as

e, (t) e, (t) Agoes (= 1)
él (t) = Z el (t) + Adlel (t - T)
F () F(1) 0
N,F (t) ~L,%,D,e,
+| NyE(t) |+ | -L,Z,Dse, (18)
0 Ls2,D,e,
L322h1
+| L,%h, |,
_L522h2
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where
A, - L33,D, 0 0
A= T A, -L,2,D;, -N; |,
0 L, -T,
T= [0 ByT], (19)
A (v =v
e TG VR T

- N

Select the reference output as follows:

Seo = Cre, (1) +Chey (1) + Csey (E— 1) + C,F

For the constants y; > 0 and y, > 0, the generalized H
performance is denoted as follows:

oo = Iseoll = ] IF I = 45 [le; )
-0 (Ql’ Qz’ Qs)Q4) >
8 (Q1Q,,Q5,Qy) = ¢ (0) Qe (0) + ¢ (0) Qe (0)

0
v | slQgda

0
+ J ‘PzT Q¢ da.
=T

Theorem 6. For the matrices C; > 0 (i = 1,2,3,4,5)
and Q; > 0 (i = 1,2,3,4) and constants y; > 0 (i = 1,2), there
exist positive definite symmetric matrices P, and P,, positive
definite matrices R, and R,, and gain matrices L, Ly, Ls,
and Ty satisfying P, < Q;, P, < Q, Ry < Q5 R, € Q,

c (20)  and the following LMI, and then the augmenting error dynamic
+Cse, (1) system (18) is stable and satisfies ], < 0
_ _T S
&, PAy TPI 0 PLyY, 0 PN, 0 -PL;3,D,
« -R, 0 0 0 0 0 0 0
* * §s  PAg 0 PL,Y, PN, &g -PLE,D,
* * * -R, 0 0 0 0 0
D, = x * * * -1 0 0 0 0
* * * % * -1 0 ZZLS 0 (22)
* % % % * * —Mf 0 0
* * * * * * * =2I L;%2,D,
L ¥ * * * * * * * —M% J
+[c,0C, C;00C, -C, G]'[C, 0C, C; 00 C, —C, Cs] <0,
t
where T, = elTPze1 + Jo [mzelT (x) e (@) — hzThz] da
T
§n = (Ag = L3Z,Dg) Py + Py (Ag = L3Z,Dp) + R, .
+my I, + L elT () Rye; () dax,
=T
T T
833 = (A ~LyZ,Dy) P+ Py (A - LZ,Dy) +R, (23) Ty -F'E
+m,l, (24)

T<T ;T
538 = DIZZI‘S - P,N,.

Proof. Select the following Lyapunov functions 7, 7,,and
715 as follows:

t
= eSTPles + J [mlesT (@) e, (o) — h?hl] da
0

t
+ J esT (x) Rye, (@) dax,
t

=T

It can be obtained that the first-order derivatives of 7, 7,,
and 75 are given as follows:

T = esT [(Ao - L322DO)T P, + Py (Ag — L32,Dy)
+Ry +my 1] e, +2e P Age, (t— 1) +2e] PNy F
— 2P, Ly3,Dse, +2el PL;S,h, —hlhy —e! (¢
-T)Rie, (t - 1),
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iy = el [(A1 -L,5,D,) P,+P, (A, -L,3,D,) Denote 7 = 7, + 7, + 73, and consider an auxiliary function
as the performance index
+ Ry + myI| e, + 2e] P,Te, + 2¢{ P,N,F

+2el PyAye, (t - 7) - 2l P,L,%,Dse,

t
. i =j solf — I @I = i e @
—2el P,N,F +2e, P,L,3,h, —hih, —e] (t - T) o (ool -1 2 ez @]

‘Ryey (t=1), . +7 (@) dex.
jiy = —2I,F F + 2¢] DI STLLF + 2F Ls%,Dse,
~T
+2F LsZoh,. Then it can be obtained that s, |? — 2| E(H)[12 - i2lle, (I +
25 q= q" ®,q, where
T ~T T
qa=[el@) el t-1) ' (t) f(t—1) KT (t) W () F'(t) F (1) ef (t)] - (27)

From the Schur complement lemma, @, equals inequality = PDF still track the desired PDE A given desired PDF can be

(22), leading to J,,, < 0. Then described as follows:
t C(») Vy
T = [ (bsall = 6 1F O = 2 Jeo @) e V()= === Wyelabl, ()
0 Vg Z,V,
+72(8) = 7(0) < soo = ] IE OIF = 45 ez )] ~ - -
= lIPo0 1 Ha €2 where V is the expected weight vector of desired PDF y,(y).
(28) Let

T T
_ [es (0) Pre; (0) + e} (0) Pye; (0) e, () =V (t) - Vg’

0 0 ~1. —1 (¢ . .
o[ TR [ olrga]. B (0= BD (V0-V,) =By 0 1)
R R =E(x(t)-%,).
where whent € [-7,0],5=0,%X, =0,s = ¢,(t), and x, =
@,(t). It can be obtained that Then the tracking error dynamic system can be expressed as
follows:

8(P,~ QP — QR ~ Qs Ry~ Qy),
Joo S+ 0 (B =Qu P~ Qo Ry = Qe R = Q) Eé,, (1) = Ae,, (t) + Age,, (t — ) + Bu (t) + NF (1)

8(P1_QI’PZ_QZ’RI_Q3’R2_Q4) +B d(t)+(A+A )x (32)
d d)*g-

S CICLTCREROE Denote
0 0 (29) = g O
+ J ¢ R, ¢ dax + J ¢2TR2¢2d“] E=1,EL, = ool
-7 -7 (33)
T T . & @
— & (0) Qe (0) +e; (0) Que (0) Lye,(t) = =&(1).
& @
0 0 . . -
+ J ¢1TQ3¢1d(x + J ¢;FQ4¢2d(x] ) fl'hen an augmentation ‘control input containing the system
- - input and the information of desired PDF is constructed as

) ) U®t) = ut) + (BTB)'BT(A + Ad)xg, where the former
Since 8(P, ~QuP - QR — Qs R, - Q) <0, Joo <0IS  jtem is the reconstructed control input and the latter is the
proved. This completes the proof. extended information of desired PDE. The tracking error

dynamic system can be rewritten as follows:
4. Fault Tolerant Control _
EE(t) = LALE(t) + LiA4LE(t — 1)+ L BU (t)
After estimating the fault and disturbance, it is necessary to )
design a fault tolerant controller to make the postfault output +LyNF(t) + L1 Byd ().
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Assume that U(t) is the feedback of the tracking error, fault,
and disturbance, then it can be obtained that

U =1, Lb (\/y (5u(®) - g (y)) dy + L,F (t)
+Tsd (t)

L2,V (1)
T
\/Vg %)Y, (35)

_ I3Z, DLy (1) N
T
\/Vg %Y,

A ([l = v )

VWV IV (1)

= L¢3,DLE(8) + L2 hy + T,F (¢) + Td (),

+,F(t) + Id (1)

where Ly = L/\VIZV, and hy = (L(V,l -

IVOD/AVIOZ V)V ().

Theorem 7. For the given constant w; (i = 1,...,4) and
a small positive constant A, suppose that there exist positive
definite symmetric matrices P and matrices I, I, and I such
that the following LMI holds, and then the tracking error
dynamic system (34) is stable.

- 1 17
M, A4P" BL3,L;'PT —BL, —BI,
m Hy
x  —R, 0 0 0
Q= « & -1 0 0
% * * -1 0
| * * * * -1 i

<o (36)
M, = AP" + PA" + PL;"R,L;'P" + 2BL,3,DP"

o 1 1
+PLy oy L;'PT + SNN" + = BB + AL

1 3
Iy = Lgy[VIZ, V.

Proof. Select the following Lyapunov function as follows:

Ty = ETETI_fTE + Jt ET (s) Ri&(s)ds
t—T (37)

N L ("€ — W' ) ds,

where by = (A(IV,ll = IVOI/yVI®Z,V(E)V(). Tt can
be obtained that hlhy < (A;IDL,I/\IZ, T (H)E(), and

denote a; = (A5l DL, I/ VIIZ, D?; then 7y = 0 holds. The first-
order derivative of 77, can be obtained as follows:

iy =& [PLAL + LJATLTP + R,
—1 T
+2P 'L BL¢Z,DL, | &+ &'t
+ 28" P L A LLE (- ) — Wiy + 28T (P LN
—1 T—-1
+P LB, F+28"P L Bd (1)
TH! T
+28TP 'L BLd(t) - T (t - 1) R E(t— 1)
+28"P 'LyBLeShy <& [P 'L AL,
+I3ATLP + Ry + 2P LyBLGE,DL, + a5
w2d () d (8) + 267P 'L ALLLE(t - 1) (38)
T T5!
— & (t-1)RE(t - 1) +26TP 'L BL¢S,h,
1 e _ T
~ihy+ &P LN (P LN) E+niF'F
M

1 T—"1 —1 T 2T 1
+?E P 'LyBr, (P 'LBL,) &+F Fois
2 3

_ _ T 1
&P LBy (P LiBy) E+pd” (0d @)+
4

—1 —1 T
&P L, BI, (P LlBFS) E=qT®1q+(’ﬁ

+1p) FTF+ (i +13)d" (0)d (1),
where g" = [£7(t) £"(t-1) h}]and

M, P 'L,A,L, P 'L,BL,
q)l = * _Rl 0 >

* * -1
— —T
M, =P 'LAL, + LSATL"P " + R, +a
+2P 'L,BL>,DL,
1 — _ T
+—P LN (P L,N) (39)
M
1 —1 —1 T
+oiP LB (P'L,Br,)
2

1 — . T
+oP '1,8,(P'1,B,)
3

1 — _ T
+ 5P 'L,Bry (P 'L, BLY)
4



Substituting P = L,PL;" and P = LYP'L;" into
®, and premultiplying diag(PL,” I I)and postmultiplying
diag(L;'P" I 1) to the left and the right side of @, it can be
obtained that

M, A4P" BL¢3,L;'PT

®,=| = -R; 0 ,

* * -1
T T -T -1pT T
M, = AP +PA + PL, R\L, P +2BL¢%,DP (40)

T - 1 1
+PL oy L;'PT + S NNT + = BIL,I, B"
1 2

Lo 1 T T
+ = B4B} + 5 BIIIB".

4B un
Adding AI to M,, then

M; A4P" BL¢3,L;'PT

Oy = x —R, 0 )
. . i, (41)
M; =M, + AL

When @, < 0, it can be acquired that 77, < —AETE +
(;ﬁ + ng)FTF + (qg + r;i)dT(t)d(t). According to the Schur
complement lemma, ®; < 0 is equivalent to ®, < 0. Thus,
when @, < 0 holds,

M (i +5) + MG (5 + 1) ()
A

el >

is satisfied, and then 77, < 0, leading to

MG (i + )+ ME(B ) (g

2
Jer < y ,

and the tracking error dynamic system (34) is stable.
By substituting F(¢) and d(¢) into (35), the practical fault
tolerant tracking controller can be formulated as follows:

u(®)=U @) - (B"B) BT (A+ A%,
= Ly%,DL,E(t) + LeZ,hy + T,F (1) + T,d (t)  (44)

~(B"B) BT (A+A,)%,.

5. A Simulation Example

To illustrate the effectiveness of the proposed algorithms, a
SDC system whose output PDF can be approximated by the
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following B-spline functions ¢;(y), i = 1,2, 3, is considered
as

$1(»)=05(y-2) "1, +(~y"+7y - 115) 1,
+05(y-5)1I,

¢, () =05(y =3 L+ (-y” +9y-19.5) I,

(45)
+0.5(y-6)1,,
2 2
¢s (y) =05(y—4)" I+ (-y* + 11y -295) I,
+0.5(y-7) 1,
where I; (i = 1,2,...,5) is an interval function defined as
1, yeli+1,i+2]
I = i=1,2,...,5 (46)
0, otherwise,

The system parameter matrices of the SDC system (1) are
given as follows:

[1 00
E=(010{,
L0 0 0
(=32 09 -0.2
A=1]03 -351 -0.1{,
L 0 0 -1
[-0.1 -0.5 0.12
Ag;=1| 02 -0.25 0.06,
L 0 0 0.6
0.1
H=]03]|,
0.3
[ 1 1 -0.01
B= 0 2 -0.02],
1 0.002 0.005 0.1
[1 00
D=|010],
[0 01
r 01 01 -0.01
B, = 0 02 -0.02],
[ 0.002 0.005 0.1
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(1.0 0 02
L,=| 0 10 -0/,
L0 0 1.0
100
L,={010

[0 01

(47)

The exogenous disturbance can be described by (4), and the
corresponding parameter matrices are given as follows:

(2 00

T=1000],

LO 0 O
(48)

0o 40

W=]-410

L0 0 2

The time-delay 7 is selected as 7 = 2 s and the sampling time
is chosen as 0.1s. It is assumed that the fault is constructed as
follows:

0, t<5s
F = (49)
0.5, t>5s.
The reference output is denoted such that

C,=[01 0.1 0.1 0.1 0.1]

C,=C,=[02 02], (50)

It can be calculated from the LMIs of Theorems 6 and 7 that

Pl
[ 1.8716  0.1950 —0.5180 0.5660  0.002 ]
0.1950 2.0251 —0.0773 0.1075  0.003
= | —0.5180 —0.0773 6.8373 —0.0841 —0.0026 |,
0.5660 0.1075 —0.0841 6.9108 0.0017
| 0.0002  0.0003 —0.0026 0.0017 0.0956 |
1.160  0.0599
27 10.0599 2.1566]°
Rl
[ 7.0146 —0.0797 —1.4354 1.8075 —0.0037]
~0.0797 7.5148 0.0394 0.1264 —0.0035
= | —1.4354 00394 13237 -0.3724 0.0004 |,
1.8075 0.1264 —0.3724 1.4959 —0.0011
| —0.0037 —0.0035 0.0004 —-0.0011 1.1477 |

0.15

0.1 L

0.05 B

-0.05 E

-0.1 ¢ R

Disturbance and its estimation

-0.15 | L ' ' 4

~0.2 \ \ \ \ \ \ \ \ \
0 2 4 6 8 10 12 14 16 18 20

t(s)

—— Disturbance
-—-— Disturbance estimation

F1GURE 1: Disturbance and its estimation.

2.6380 —0.5060
27 205060 7.5992 |’

L, = [0.0090 -0.0316 0.0109 —0.0143 0]",

L, =[0.2435 -0.0223]",

L =0.1038,
I, = 0.01,
I, = 0.7,

0.1201 0.0134 0
P=10.0134 0.1206 0 ,

0 0 0.3652
I; = [-0.0169 -0.2712 -3.1352],
I, = [0.5301 -0.1530 0.1035],
0.2905 -0.0639 0.0098
I; = [ -0.0639 0.0669 0.0206

0.0098 0.0206 0.8149

(51)

The disturbance and its estimation have been shown in
Figure 1. The fault diagnosis result has been presented in
Figure 2. It can be seen that the desired fault diagnosis result
has been obtained and the influence of disturbance has been
rejected. The initial PDF, the desired PDF, and the final PDF
with fault tolerant control are given in Figure 3. In Figures 4
and 5, the three-dimensional mesh plot shows the changes
of the output PDF without and with fault tolerant control,
respectively. Before fault occurs, the fault tolerant controller
has not been reconstructed, so the disturbance cannot be
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FIGURE 2: Fault and its estimation.

0.7 T T T T T T T T T

-—-— Initial PDF
——— Final PDF

—— Expected PDF

F1GURE 3: The output PDF with fault tolerant control when fault
occurs.

rejected. The influence of disturbance is shown in Figure 4.
By comparing Figures 4 and 5, the effectiveness of the fault
tolerant control can be seen.

6. Conclusions

In this paper, a fault diagnosis and fault tolerant control
algorithm is given for the non-Gaussian singular time-
delayed SDC system based on the rational square-root B-
spline approximation model. The external disturbance is
taken into consideration. A full-order observer is designed
to estimate the disturbance, and then an adaptive observer
is constructed to estimate the fault. Using the feedback of
output PDF tracking error and the estimation of fault and
disturbance, the augmentation control input is designed to

Journal of Control Science and Engineering

0.8

y(y, u(t))

FIGURE 4: The output PDF of the whole process without fault tolerant
control.

0.8

Yy, u(t))

FIGURE 5: The output PDF of the whole process with fault tolerant
control.

make the postfault PDF still track the desired PDE The
Lyapunov stability theorem and LMI method are used to
analyze the stability of the augmentation observation error
dynamic system and tracking error dynamic system, and H,
performance of fault diagnosis is guaranteed. The simulations
have further confirmed the efficiency of the proposed fault
diagnosis and fault tolerant control algorithm.
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