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Abstract: In this paper, the problem of robust fault detection filter (RFDF) design for a
class of linear systems with some nonlinear perturbations and mixed neutral and
discrete time-varying delays is investigated. By using a descriptor technique,
Lyapunov-Krasovskii functional and a suitable change of variables, new required
sufficient conditions are established in terms of delay-dependent linear matrix
inequalities (LMIs) to synthesize the residual generation scheme. Based on Luenberger
type observers, the explicit expression of the filters is derived for the fault such that
both asymptotic stability and a prescribed level of disturbance attenuation are satisfied
for all admissible nonlinear perturbations. A numerical example is provided to

demonstrate the effectiveness and the applicability of the proposed method.
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1. INTRODUCTION

There is an increasing demand for dynamic systems to become safer, more reliable and more economical
in operation. This requirement extends beyond the normally accepted safety-critical systems e.g., nuclear
reactors, aircraft and many chemical processes, to systems such as autonomous vehicles and some process
control systems where the system availability is vital [37]. The field of fault diagnosis for dynamic
systems (including fault detection and isolation) has become an important topic of research in the past
three decades (see for instance [1]-[2], [5], [9], [11], [22] and the references therein). In the fault
diagnosis scheme based on an adaptive observer, a fault cannot only be detected but also be
approximated, and the fault estimate can be further used in fault-tolerant control. On the basis of an
adaptive observer, Jiang et al. in [24] and Wang and Daley in [43] presented schemes that could deal with
state fault only. Using the augmented error technique, Wang et al. in [44] proposed another scheme that
could estimate actuator and sensor gain faults occurring simultaneously or sequentially. Combining
adaptive observer with neural networks used as nonlinear function approximators, for instance,
Demetriou and Polycarpou in [8] and Vemuri and Polycarpou in [41] developed an on-line learning
scheme to detect and estimate faults for nonlinear systems. In [40], Trunov and Polycarpou generalized
this scheme to detect and estimate both state and output faults in the presence of modelling uncertainties.
Compared with the schemes of available in [24], [43]-[44], the one of the reference [40] is more general.

On the other hand, time-delay exists widely in practice (see for instance [7], [21], [32], [35] and the
references therein). Delay (or memory) systems represent a class of infinite-dimensional systems largely
used to describe propagation and transport phenomena or population dynamics (see for instance [20],
[29]-[30] and [33]). Delay differential systems are assuming an increasingly important role in many
disciplines like economic, mathematics, science, and engineering. For instance, in economic systems,
delays appear in a natural way since decisions and effects are separated by some time interval. The
presence of a delay in a system may be the result of some essential simplification of the corresponding
process model. The delay effects problem on the stability of systems including delays in the state and/or
input is a problem of recurring interest since the delay presence may induce complex behaviours
(oscillation, instability, bad performances) for the schemes (see for instance [21], [29], [33], [36] and
[45]). Large delays in some reaction processes of chemical industries or time-delays induced by long-
distance transportation and communication might cause the closed-loop systems unstable and deteriorate
the control performance. On the contrary to the intensive investigation of robust fault diagnosis for
uncertain systems and fault diagnosis for nonlinear systems, which have achieved much progress in recent

years ([12] and [42]), the works on fault diagnosis for time-delay systems are very few.
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On the research of fault diagnosis for linear time-delay systems, Yang and Saif in [47] first proposed a
scheme of actuator and sensor fault diagnosis using an unknown input observer and a technique of input
estimation for systems with time-delays only in the state. In this work, modeling uncertainties were not
considered and some assumptions on the system’s structure decomposition were unreasonable. For
systems with state and input time-delays, Ding et al. in [10] designed a robust fault detection filter that
guaranteed both sensitivity to faults and insensitivity to disturbances. In the scheme of the reference [50],
the influence of disturbances on the residual was further decreased using the idea of integrated design of

H_ filter and unknown input observer. Based on an adaptive observer, Jiang et al. in [24] developed a

scheme to estimate abrupt state fault for linear (nonlinear) systems with only state time-delays, and no
uncertainties were considered. For systems with constant time-delays in inputs and outputs only, Zhang et
al., in [49] presented a state fault detection method based on parity space. Recently, a geometric approach
for fault detection and isolation of retarded and neutral time-delay systems was developed in [34]. The
time-delays investigated above are either in the state, the derivative of the state or in the input/output,
neither in both of them or in the derivative of state. In practice, a system may involve time-delays in
states, inputs/outputs and the derivative of states, and the influences of modeling uncertainties, noises and
disturbances are perhaps not negligible (see for instance [3]-[4], [13], [17]-[19], [23], [26]-[28], [36], [39]
and [46]). Furthermore, from the published results in [1]-[2], [9], [25] and [34], it appears that general
results pertaining to robust fault detection of linear systems with mixed neutral and discrete time-varying

delays, some nonlinear perturbations and an H_ performance criteria, which are infinite dimensional

systems in essence, are few and restricted, despite its practical importance, mainly due to the
mathematical difficulties in dealing with such mixed delays and nonlinearities. Hence, it is our intention
in this paper to tackle such an important yet challenging problem.

In this paper, we are concerned to develop a new delay-dependent stability criterion for robust fault
detection filter (RFDF) problem of linear systems subjected to mixed neutral and discrete time-varying
delays and some nonlinear perturbations which satisfy the Lipschitz conditions. The contribution of this
paper is three-fold: first, this paper extends previous works on RFDF problem and derives some new
theoretical results; second, this paper shows how the RFDF problem can be reduced to a convex problem
with additional degrees of freedom to design a RFDF; third, by introducing a descriptor technique, using
Lyapunov-Krasovskii functional and a suitable change of variables, we establish new required sufficient
conditions in terms of delay-dependent linear matrix inequalities (LMIs) under which the desired RFDFs
exist, and derive the explicit expression of these filters based on Luenberger type observers to satisfy both

asymptotic stability and an H_ performance condition. Furthermore, the incorporation of generated

3 Draft



residual signal constraints increases the computational effort of the filter but also improves its estimation
accuracy and the desired RFDF can be constructed through a convex optimization problem, which can be
solved by using standard numerical algorithms. Finally, a numerical example is given to illustrate the
proposed design method.

Notations. The superscript 'T' stands for matrix transposition; R" denotes the n-dimensional Euclidean

space; R™" is the set of all real m by n matrices. | .|| refers to the Euclidean vector norm or the induced

matrix 2-norm. col{--} and sym(A) represent, respectively, a column vector and the matrix A+ AT.
A...(A) and A__ (A) denote, respectively, the smallest and largest eigenvalue of the square matrix A. The

notation P >0 means that P is real symmetric and positive definite; the symbol * denotes the elements

below the main diagonal of a symmetric block matrix. In addition, L,[0, «) is the space of square-
integrable vector functions over [0, «). Matrices, if the dimensions are not explicitly stated, are assumed

to have compatible dimensions for algebraic operations.

2. PROBLEM DESCRIPTION
We consider a class of continuous linear systems with some nonlinear perturbations and mixed neutral
and discrete time-varying delays described by
X(t) = AX(t) + A X(t — 7 (1) + A, X(t = d (1)) + Bu(t) + Ey, hy (£, X(1)) + Ey, hy (&, X(t = 2(1)))
+ By ha(t, X(t-d () + E (1) +B, w(t)
x=pt)  tel-x 0] (la-d)

z(t) = C, x(t)
y(t) =C, x(t) + Du(t) + C,, h, (t,x(t)) + C; f(t)+ D, w(t)

where x(t)eR", w(t)eL[0,©), u(t)eR™, z(t)eR® and y(t)eR® are corresponded to state vector,
disturbance input, control inputs, controlled outputs and measurements, respectively. The term f (t) e '
corresponds to fault modes and E; is called fault signature which is assumed known. h,(t,x(t)),
h, (t, x(t — 7(t))), hs(t,x(t—d(t))) and h,(t, x(t)) are time-varying vector-valued functions which are unknown
and present the nonlinear parameter perturbations. The time-varying function ¢(t) is continuous vector
valued initial function and the parameters z(t) and d(t) are time-varying delays satisfying
0<z(t)<7, (t)<r, (2a)
0<d(t)<d,, d(t)<d,<1. (2b)
with x =max{z,,d,}.

One can define a difference operator D:C([-«,0],R") — R" such that
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Dx, = X(t) — A, x(t —d(t)) 3
Definition 1. [21] The difference operator D is said to be stable if the zero solution of the homogeneous
difference equation Dx, = 0,t>0, x, =¥ e{® € C([-«,0]): V@ = 0} is uniformly asymptotically stable.
The stability of the difference operator D is necessary for the stability of the system (1). Therefore,
throughout the paper, the following assumption is needed to enable the application of Lyapunov’s method
for the stability of neutral systems.
Al) It follows from [21] that a delay-independent sufficient condition for the asymptotic stability of the
system (1) is that all the eigenvalues of the matrix A, are inside the unit circle, i.e. 4., (A,) <1.
Furthermore, we make the following assumption for the nonlinear perturbation functions in (1).
A2) The nonlinear function h :%x®R" —» %" are continuous and satisfy h,(t,0)=0 and the Lipschitz

condition, i.e., | (t,x,)—h; (t, yo)||<[U; (%, = yo)| for all x,,y, e ®"and U; are known matrices.

Remark 1. The model (1) can describe a large amount of well-known dynamical systems with time-
delays, such as the delayed Logistic model, the chaotic models with time-delays, the artificial neural
network models with time-delays, and the predator-prey model with delays (see for instance [16] and
[48]).
In this paper, the authors’ attention will be focused on the fault detection by a Luenberger type observer,

the so-called robust fault detection filter (RFDF) with the following state-space equations
X(t) = AR(t) + A R(t—7(1) + A, X(t—d (1)) + Bu(t) + E,,_h, (t, X(t))

+ Epy Ny (6 X(t = 7(1))) + Epy hy (&, X(t — d (1)) + H(y(t) - §(1))
K(t)=0 te[-x, 0] (4a-e)
2(t) =Cy X(t)
() =C, X(t) + Du(t) + Cy, h (t, X())
rt) =V (y() - y)

where r(t) is the so-called generated residual signal and the state-space matrices H,V of the appropriate

dimensions are the filter design objectives to be determined. In the absence of w(t) and f (t), it is required
that

[x@®) -%(t)|, >0 as t—>oo (5)
where X(t) e R" is the estimation of x(t) and e(t) =[e,(t),e,(t),...,e, (t)]" = x(t) - X(t) is the estimation error.

Then, the error dynamics between (1) and (4) can be expressed by
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e(t) =(A—HC,)e(t) + Aje(t —z(t)) + A, e(t —d(t)) + Ey, vy (t,e(t))

+ By, v e(t = 7(0) + By w5 (L (- d (D) ~ HCw4 (L (D) + BA() (62-0)

2(t) - 3(t) = C,e(t)

)=V (C, e(V) + Cy v (t.e() + DW(L)
where  W(t):=col{w(t), f ()}, D=[D,.C;], B:=[B,-HD,, E,-HC,], w,(t e()=h(t x()-
Py (6 X(0) = €(1)) v (1, = 7(0)) = 1y (6 X( 7 (0)) = Py (6 X(E = (D) — et~ ())&t~ (D) = hi(t X - A ) -
h (¢, X(t — d (1)) —e(t —d (1)) and yr, (6. e(1) = hy (6 (D) — hy (6 X(0) —e(1)

t
From A2), the Mean Value theorem and the Leibniz-Newton formula, i.e., e(t) —e(t—z(t))= [é(s) ds, it

t—z(t)
is easy to see
v, (tet) —w, (telt—z(1)) =y, (&) (e(t) —e(t—z(1)))
(&) Jé(s) ds

t—z(t)

(7)

where & is a point on the straight line between e(t) and e(t—z(t)), which may be different for different

rows of v, (&).

Remark 2. It is noting that, from the equation (7), one can obtain

vt e(®) w2 (tet =7 ()] = w2 () (e(t) — et~ z())]

(8)
<[> ()] |e® - et -z )]

thus, the Lipschitz constant of y,(.) can be estimated by max 2 (&) -

Therefore, from the equation (7), the estimation dynamics (6) can be represented in a descriptor model

form as

e(t) =n(t)
n(t)=(A+ A —HC,)e(t) — (A +E,S) [n(s) ds+ A, nt—d(t)+Ey, wy(t.e) (9a,b)

t-r(0)
+Ep, o (te(t) + By s (tp(t—d(t)) - HCy, (t,e(t)) + BV(t)
where S :=y,(&).
Definition 2. The RFDF error dynamics (4) is said
1. to achieve asymptotic stability in the Lyapunov sense for w(t) =0 if the error dynamics (6) are

asymptotically stable for all admissible nonlinear perturbations.

2. to guarantee H_ performance condition if under zero initial conditions,
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{z(t) - Z(t)}
0 I, (10)

o WO,
holds for all bounded energy disturbances and a prescribed positive value y .
The fault detection problem we address here is as follows: Given a prescribed level of disturbance
attenuation y >0, find the RFDF of the type (4) in the sense of Definition 2.
Before ending this section, we recall a well-known lemma, which will be used in the proof of our main
results.
Lemma 1. [36] For any arbitrary column vectors a(t), b(t), matrices ®(t),H ,U and W the following

inequality holds:

SUCECICEEY{ o [ o

H U
where >0.
* W

3. RFDF DESIGN

In this section, the fault diagnosis problem presented in the previous section is investigated such that a
sufficient condition is derived for the existence of the RFDF (4). The approach employed here is to
develop a criterion for the existence of such filters is based on the LMI approach combined with the
Lyapunov method. In the literature, extensions of the quadratic Lyapunov functions to the quadratic
Lyapunov-Krasovskii functionals have been proposed for time-delayed systems (see for instance the Refs.
[6], [14], [16], [20], [31], [35] and the references therein). We choose a Lyapunov-Krasovskii functional
candidate for the error dynamics (6a) as

V(1) =V, (t) +V, (t) +V, (t) (11)

where

Vi (t)=e(t)" Pe(t)=7(t)" TP7(t),

Vo(t)= [e(s)" Que(s) ds+ [n(s)" Q,7(s) ds,

t-z(t) t=d(t)
Vot)= [ [7(0)" (Q; +Q,)n(6) dods,
t-r1s

with 77 (t) = col{e(t),n(t)}, T :=diag{l, 0} and
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P, O
P:{l P}P1=P1T>0 (12)
In the following theorem, we state our main results.
Theorem 1. Under A1)-A2), consider system (1)-(2) and let the scalars y,z,,d, >0,¢,,d,,& be given. If

there exist the matrices P,,V,H,U,M,,---, M and the positive definite matrices P,,H,,Q,,--,Q, , satisfying

the following LMIs

Iy, 1o, I Iy, g 46 Iy, M J TC;VT

* Iy -M; -M; -Mg -Mg -M; -Mg 0

x % I 0 0 0 0 0 0

* * * -1 0 0 0 0 0 (13a)
* * * * — 0 0 0 0 <0,

* * * * * —1 0 0 0

* * * * * * -1 0 CJVT

* * * * * * * —1 |5TVT

* * * * * * % * -1

[Hl N }20, (13b)
* Q3

with J:=[1, 0], J:=[0, 1], A, =Q, +C/C, +UJU, +UJU,, A, =Q, +7,Q, +d,Q, and
M, =-U+(d"+IT)P A -M,+I"M], T, =(c37 +I)F] A,
M, = (3" +3)F By Mg = (37 + 3P By
M, =3 +JIT)P) E,y, M, =—(eI" +IT)HC, ,

M= (3" +3T)P B, 1, =—(1-7,)Q +U;U, —sym{M,}, Il =~(1-d,)Q, +Uj U,

g(FZTA—IAICZ) Il—SIZT -
I1,, = syr ~ +S I'{UJ—M J}+ 7, H, +diag{A,, A,}.
11 y {{ PZTQ IICZ PZT y 1 } 1" g{ 1 2}

Then there exists a RFDF of the type (4) which achieve the asymptotic stability and the H_ performance
condition, simultaneously, in the sense of Definition 2. Moreover, the matrix H of the RFDF can be

found by computing H = (P ) *H.

Proof. Differentiating V,(t) in t along the trajectory of the error dynamics (6a) we obtain
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\/1 ®= 2e(t)T Pé(t)=2 ﬁ(t)T pT |:eg)j|

_ n(t)
=27@)" P’ [[2,1]} (14)
=277 PT(AT®) +3TA, n(t-d(®) + I E, i (te®) + 3Ty, (¢, e(t)
+ 3T s (bt - d(©)- I THC,p, (4 e(®) + ITBWE®) )+ £, (1)
N 0 I _ _o=m\T pT T ;
where A'{A+A1—HC2 _J, pt)=-27@t) P J (A1+Eh25)t7£(z(s) ds and
t
[2,1]=-n(t) + (A+ A — HCy)e(t) — (A + E,,S) [n(s) ds+ A, n(t—d () + Ey, v, (t.e(t)
t—z(t)
+ Ep, i, (1 e(t)) + Epy w3 (tm(t — d (1)) — HC w4 (t,e(1))
By Lemma 1 and (7), it is clear that
C[TO) [H U-PTIT(A+E,S) F(t)}d
/ 1(”3_5(0{77@)} { o, } 7)|®
< [0(9)7 Qs 7(S) ds+ 27 (0)T H7(0) + 27) (U — PT 3T A)(e(®) — et — (1) (15)

t-71

—27 ()" P17 Ep, (W2 (te(t)) -y, (te(t—2(1))))
subject to the LMI (13b). The time derivative of the second and third terms of V (t) are, respectively, as
V,(t) =e)" Q e(t)-(A-z(t)e(t—z(t)" Q, e(t—r(t))
+77(t)" Q, n(t)—A-d(®)nt—d(t)" Q, n(t—d(t)) (16)
<e(t)" Q,e(t)—(1-7,)e(t-(t)" Q e(t-7(t))
+7(1)" Q, n(t)—(1—d,)n(t—d(®)" Q, n(t—d(t))

and

Vs () =7, 7(0)" (Qs +Qu)n(1)~ [n(s)" (Qs +Q,)7(s) ds (17)

t-r1

Construct a HJI function in the form of

20) -2 [z(t) - 2@t)
r(t) r(t)

where derivative of V (t) is evaluated along the trajectory of the error dynamics (6a). It is well known that

J[et), wt)] = %V (t) + { } — 72 W) W) (18)

the performance condition (10) is that the inequality J[e(t), w(t)] <0 for every w(t) e L;[0,o) results in a
function V (t) , which is strictly radially unbounded (see for instance [51]).

From (14)-(18) we obtain
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e, )] =277 PT(A7E) + 3T An(t-d@) + 3TE, vt e®) + ITE, v, (t et - 7(1)))
+ 3T E s (Lt — )~ ITHC, p, (t,e() + 3TBR() )+ 7,7 () Hy7 (1)
+27 ()T U -PTITA)E®) —e(t— 7)) +e(t)" (C] C, +Q, + CVTVC, e(t)

—(A-7,)et 7)) Q et — (1)) — L —d,)n(t - d ()" Qn(t—d(t) (19)
+17()" An(t) - in(s)T Q, 77(s) ds +W(t)" (DTV VD - »21)W(t)
t—dq

+y 4 (te)" CoVTVC,p, (t,e(t) + sym(e(t) C;V TVC,p, (t,e(t)))
+ sym(e(t)T CIV VD W(t)) + sym(y, (t, e(t))" CV TVD W(t))

Using A2), we have

0<—p, (t.e(®) v, (t e) +e(t) U U,e(t) (202)

0<—p, (te(t—z(t) v, (t. et - 7(t) +e(t —7(t)) U, U, et — z(t)) (20b)
0<—ya(t,7(t—d () v, (7t —d(©) +n(t - d(©))TU;Uan(t - d (1) (20c)
0<—y,(te) v, (tel) +et)" U U e() (20d)

Moreover, from the Leibniz-Newton formula and (6a), the following equation holds for any matrix M

with appropriate dimension,

20(t)" M (e(t) —e(t — 7(t)) - ]n(s) ds)=0 (21)

t—z(t)
where M :=col{M,M,,---,M,} and
4(t) =col {7 (t), et — (1)), m(t—d (), v (t,e(),w, (t, e(t—z (1)), w5 (t, n(t—d (1)), v, (¢, e(t), W(t)} (22)
By adding the right- and the left- hand sides of (20)-(21), respectively, to (19) and using the property

t—7(t)

[n(s)"Q, n(s) ds>0, it follows that

J[e(t), W< 9)T (T +7,MQ;*MT) 8(t) - j(t‘?(t)T M +7(s)" Q4) Q" (4()'M +7(s)"Q,)" ds  (23)

t—z(t)

where the matrix I1 is given by

m, 1, P'JTA, PTJTE, P'J'E, PTITE, S i P
+ I, -M;  -M; -Mg -Mg  -M; -Mg
£ % I, 0 0 0 0 0
ol * * * -1 0 0 0 0 (24)
# # # % —1 0 0 0
* * * * * —1 0 0
* * * * * * 1:[77 ﬁ78
% % % * * %k * 1:[88

with
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M,=-U+PTITA-M,+I"M], TT,, =—(1-7,)Q, +UJU, —sym{M, },
M, =-PTJTHC, +J"clvTvC,, M, =-1+CJVTVC,, T, =PTJTB+J"CIVTVD,
My =—(1-d,)Q, +UJU,, 11, =CIVTVD, 14 =-1+D'V'VD,
I1,, = sym{PT A}+sym{(U - PTITA)J =M, J}+7,H, + diag{Q, + C[ C, + C]V'VC, +UJU, +U]U,, A,}.
Thus, if the inequality
IM+7,MQ,"M" <0 (25)

holds, it follows from J[e(t)"f"(t)]h(t)zo <0 that %V(t)so or V(t)<V(0). Then, from (11), it can be
deduced

0 0 00
V(0)=€(0)" Pie(0)+ [e(s)" Que(s) ds+ [n(s)" Q,n(s) ds+ [ [n(6)" (Qy+Q,)7(6) dods

—7(0) -d(0) -71 8

0 0 00
< o PPl + e Q) [€(5)T €(5) dS + A (Q2) [7(8)T 17(S) U5+ Ay (Q5 +Qq) [ [1(6)" m(6) O ds
-7(0)

T —-d(0) -71'8

2 2
< ol + o[l
where o, == A, (P) + M2, (Q,) and &, == (d; Aae (Q,) + 0.5 4, (Qs +Q,)) . Then, we have:

min Pl <V @) < ool + 02 -
Therefore, we conclude that the error dynamics (6a) are asymptotically stable. Notice that the matrix
inequality (25) includes multiplication of filter matrices and Lyapunov matrices which are unknown and
occur in nonlinear fashion. Hence, the inequality (25) cannot be considered an LMI problem. In the
literature, more attention has been paid to the problems having this nature, which called bilinear matrix
inequality (BMI) problems [38]. In the sequel, by considering P, =& P,, introducing change of variable
H=P]H and applying Schur Complement Lemma, the matrix inequality (25) is converted into LMI
(13a) and can be solved via convex optimization algorithms. It is also easy to see that the inequality (25)
implies I1,, <0. Hence by Proposition 4.2 in [14], the matrix P is nonsingular. Then, according to the

structure of the matrix P in (12), the matrix P, is also nonsingular. m
Remark 3. It is worth noting that the LMIs (13) are linear in the set of matrices P,,V,H,U,M,,---, My,

P,H,,Q,,---,Q,and the scalar »*. This implies that the scalar »* can be included as one of the

optimization variables in LMIs (13) to obtain the minimum disturbance attenuation level. Then, the
optimal solution to the RFDF design can be found by solving the following convex optimization problem
Min A

26
subject to LMIs (13) with 1:=y2. (26)
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Remark 4. If we are interested in further simplification in the structure of the system (1), the nonlinear

perturbations h; (t,x(.)) can be eliminated from the system in (1) by considering h,(t,x(.))=0, or

equivalently w, (t,e(.)) =0, then the LMI (13a) can be simplified to yield the following LMI

Iy 1o, Ty g JTCZTVT |

* I, -M; -Mg 0

* * I,, 0 0 <0
* * * —1 DTVT

* * * * —1

In this case, the matrices M,,M., Mg, M are eliminated from the LMI variables in Theorem 1.

Remark 5. (Polytopic uncertainty) Consider the matrices of the system (1a) are not exactly known,

except that they are within a compact set Q=[C,A,A,,B,E, E,  E,,E(,B,], we assume that

N N
Q=73%'s; Q; for some scalars s; satisfying 0<s; <1, >'s; =1, where the N vertices of the polytope are
j=L j=1

described by Q; =[cV, ATV, A[D, BD ED EMN ED E(D B] (see for instance [20]). In order to take

into account the polytopic uncertainty in the system (1), we derive the following result from applying the

same transformation that was used in deriving Theorem 1.

Theorem 2. Under Al)-A2), for given scalars y,z,,d, >0, 7,, d,, &, if the uncertainty set Q is polytopic
with vertices Q;, j=12,---,N, then the system described by (1)-(2) and the RFDF (4) is asymptotically
stable and satisfies the H_ performance condition, simultaneously, in the sense of Definition 2 if there
exist some matrices P,,V,H,U,M,,---,M, and positive-definite matrices P,,H,,Q,, ---,Q, such that LMIs
(13) are satisfied for all

[C,A. A, B,Ey Epy En E,B,I=[CP, AP A BW ED EDD ED ED BT j=12... N

Then, the matrix H of the RFDF can be found by computing H = (P} ) H .

Proof. It follows directly from the proof of Theorem 1 and using properties of polytopic uncertainties in

Remark 5. m

Remark 6. The reduced conservatism of Theorems 1-2 benefit from the construction of the Lyapunov-
Krasovskii functional in (11), introducing some free weighting matrices to express the relationship among
the system matrices, utilizing the Leibniz-Newton formula for nonlinear perturbation functions in (7) and

neither the model transformation approach nor any bounding technique are needed to estimate the inner
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product of the involved crossing terms (see for instance [6], [14] and [20]). It can be easily seen that
results of this paper is quite different from existing results in [1] and [5] in the following perspectives: a)
the structures in [1] and [5] consider, respectively, a retarded time-delay systems (with a constant discrete
delay) and a delay-free linear parameter-varying system and in compare to our case do not center on
mixed time-delays, i.e., the results in [1] and [5] can not be directly applied to the systems with different
neutral and discrete delays and nonlinear perturbations. b) in this paper, the derived sufficient conditions
are convex and neutral-delay-dependent and discrete-delay-dependent, which make the treatment in the
present paper more general with less conservative in compare to the results in [1] which are independent

of the discrete delay.

4, EXAMPLE
In this section, we will verify the proposed methodology by giving an illustrative example. We solved
LMIs (13) by using Matlab LMI Control Toolbox [15], which implements state-of-the-art interior-point
algorithms and is significantly faster than classical convex optimization algorithms. The example is given
below.

015

0.1

0.05

-0.05

0.1

018
4

Fig. 1. The phase trajectories: a) plot x, —x,, b) plot x; — X .

Consider the system (1) with the following state-space matrices for an aircraft model
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[-1.0500 -25500 O 0  -169.6600 -0.0091]
25500 -1.0500 0 0 57.0900  0.0017
Al O 0  -77.5300 39.5700 0 o |
0 0 0  -202000 0 o
0 0  -88000 0  -202000 O
0 0 0 0 0  -0.000]

B =[0,0,0,-4.4944,00]"; E, =E,, =[010,0,1,0]";
E,, =[10,0,0,1,0]"; B, =[1010,1,1]"; A, =0.011;

E, =[3.5500,-0.5500,0,0,-0.0200,0]" ; A =0.01A;

-0.0100 0.0900 0.0700 O 0 0

|-0.4800 -05900 0 0 -49.5100 -0.0026 |

21 0.0300 0.0900 -0.0600 0 0 0o |’
0.2600 -0.0700 0.0100 0 0 0

D=C,=C; =D, =0; C, =10°I ; h;(t,x(1)) = 0.5(x(t) +1 - [x(®) -1), (i=12,...,4).
The delays z(t)=d(t)=(1—e™)/(1+e™) are time varying and satisfy 0<z(t)=d(t)<1 and 7#(t)=d(t)<0.5.
With the above parameters, the model exhibits the chaotic behaviours such the phase trajectories of the

system are depicted in Figure 1.

Fig. 2. Exogenous input.

With the above parameters and by Theorem 1 for y =0.25, £ =0.1, filter gains are found by solving LMIs

(13) as follows:
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[ 0.7093  0.0046 -0.2267 1.5128 |
-0.1254 -0.0014 -0.0916 0.0352
0.3688 -0.0059 0.6843 -0.3175
0.2365 -0.02545 -0.0065 -0.0042
-0.4174 -0.06871 0.1816 0.2360

|-0.3668 -0.0142 0.6843 -0.3175

H =10°

V =10*[0.2871 0.0456 —0.0015 0.0068].

For simulation purpose, an exogenous disturbance input, shown in Figure 2, is set as

w(t) = t>0

1
1+t
and actuator fault modes of the elevator, i.e., step fault inputs shown in Figure 3, are imposed on the

system and the control signal is assumed to be u(t) =sin(t).

E ===
: t,=0.1,1,=0.5
[ I -------- ———— t,=0.2, ,=07
@ ' | Z
=R B D N
= b o
e I [ N A ]
= 1 1
= a1 DU SR IR I [ ]
5 *: !
= b .
L e [N R i S .
e "
1) R i e SRR S EECREREERREERE -
D\h-___ —— i
0 50 100 150

t[s]

Fig. 3. Residual signals generated by RFDF.

Figure 3 shows the residual signals obtained with the filter for two different bounds of neutral delays. It
can be seen that clearly by monitoring the fault estimates, it would be possible to detect fault behaviours.

Remark 7. In the case of without time-delays and nonlinear perturbations, this example, the aircraft
model, was studied in the framework of a linearized parameter varying model in [5], where satisfactory
results as fault detection and isolation have been obtained. In this case, the operation of the RFDF can be

tested by simulation when applying, e.g., two step fault modes. In Figure 4 it can be seen that the RFDF
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follows two fault inputs more closely than the other filter in [5] and the result shows a perfect decoupling

of the fault effects in the fault detection similar to the results in [5].

0.8 1l -------
06 f------- -------- --------------- e A—
Y
PPN R SN S

residual (rt)) magnitudes

02 f--meee e deenes foeeeoe beueoo beonenes e oo

04 : : : : : :

t[s]

Fig. 4. Residual signals generated by RFDF in the case of h, (t, x(t)) =0 and z(t) =d(t)=0.

5. CONCLUSION
The problem of robust fault detection filter (RFDF) design was presented to identify faults for a class of
linear systems with some nonlinear perturbations and mixed neutral and discrete time-varying delays. By
using a descriptor technique, Lyapunov-Krasovskii functional and a suitable change of variables, new
required sufficient conditions were established in terms of delay-dependent linear matrix inequalities to
synthesize the residual generation scheme. Based on Luenberger type observers, the explicit expression of
the filters was derived for the fault such that both asymptotic stability and a prescribed level of
disturbance attenuation are satisfied for all admissible nonlinear perturbations. The existence of the RFDF
is presented in terms of LMI formulation, which can be obtained conveniently by using Matlab LMI
toolbox. The proposed method has proven its effectiveness in simulation of an aircraft model. The RFDF

was able to quickly and correctly identify the faults.
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