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ABSTRACT In this work, the problem of finite-time asynchronous fault detection filter design is
investigated for conic-type nonlinear semi-Markovian jump systems with time delay, missing measurements
and randomly jumping fault signal. In particular, the transition probability of the semi-Markov process is
considered as time-varying along with lower and upper bounds of the transition rate. Besides, the asyn-
chronous fault detection filter is developed for semi-Markovian jump systems with specific time-varying
transition probability satisfying semi-Markov process. To quantify the effects of missing measurements
a stochastic variable that satisfies Bernoulli’s distribution is adopted. Furthermore, a set of sufficient
conditions is derived in terms of linear matrix inequalities (LMIs) by constructing proper mode-dependent
Lyapunov-Krasovskii functional such that the augmented asynchronous fault detection filtering error system
is stochastically finite-time bounded with prescribed strictly (Q, S, R) — v dissipative performance. Finally,
the provided filter designs applicability and usefulness has been verified with two numerical examples.

INDEX TERMS Semi-Markovian jump system; Conic-type nonlinearity; Missing measurements; Asyn-

chronous fault detection filter; Stochastic finite-time boundedness.

l. INTRODUCTION

ARKOVIAN Jump Systems (MJSs) are certain kind
Mof hybrid dynamical systems which can be used to
successfully model many practical systems such as in e-
conomic systems, aircraft control, robotics, power systems,
chemical process and so on []I[], []Z[] Besides, MJSs are
more desirable to specify the dynamical systems with random
instantaneous changes in their structure due to parameter
shifting, environmental variations, abrupt faults or failures in
components and so on. MJSs consist of a group of subsys-
tems with the transitions between the models regulated by a
Markov chain with constant transition rates. Recently, MJSs
have intensively been investigated and many fruitful results
are proposed, see for example [3]-[12]. The dissipativity-
based asynchronous filter was designed in [4]] for a class of
discrete-time uncertain fuzzy nonhomogeneous Markovian
jump systems, where the fuzzy asynchronous full-order filter
is designed to ensure the dissipative performance of the
filtering error system using a triple-parameterized matrix
inequality and relaxation technique. Furthermore, in [6]], the

authors investigated the robustness of the constructed filter
with H., performance for Markovian jump systems with
quantized output and unknown transfer probabilities. In [[7],
a novel summation inequality is adapted to design an H,
control for Markovian jump systems with time delay.

The Semi-Markovian Jump Systems (SMJSs) are modified
MISs in which the transfer probability rate is determined by
the sojourn time which is time-varying, in contrast with fixed
transition probability rate in MJSs. It should be mentioned
that when dealing with MJSs, the elements of the transi-
tion rate matrix are considered as a constant forever. This
condition may not be satisfied for certain real-time systems
modeled in the framework of MJSs since the transition rate
matrix can even be time-variant in practice. As compared to
other approaches, SMJSs have a great number of applications
due to the unpredictable condition on the probability dis-
tribution. Nowadays, a huge deal of consideration has been
paid to the study of SMIJSs [13]-[15]. The authors in
addressed the problem of stochastic stability and stabilization
for a class of semi-Markovian jump systems where the jump
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parameters obey the semi-Markovian process. Moreover, by
the virtue of relaxation approach and sojourn-time-dependent
matrix inequalities, the sufficient conditions are obtained in
the form of LMIs for the stabilization of the considered
system. In [14], a reliable filtering problem is investigated
for SMJSs subject to time delay, uncertainties, and sensor
failures, where the considered filter design ensures mixed
passivity and H, filtering for error system performances.

While modeling the system, certain environmental vari-
ables such as nonlinearities, uncertainties, time delays, mod-
eling errors, external disruptions and faults may often cause
various challenges for the stabilization of dynamic systems.
The conic-type nonlinearity is a type of nonlinear factor that
occurs within a hypersphere, where the center is a linear
system and the radius is a supplement linear system bounded
by the norm. In a conic-type nonlinear model, rather than
knowing the exact dynamics, it is sufficient to know a dynam-
ic bound of the system nonlinearities. In addition it makes the
modeling of practical nonlinear systems simple and better.
The study of conic-type nonlinearities for dynamical sys-
tem are addressed in [16]—[19]. An asynchronous filtering
problem for T-S fuzzy Markovian jump system subject to
nonhomogeneous transition probability is reported in [[18].
On the other hand, faults in any dynamical systems are in-
evitable and will influence the systems stability. The primary
goal of fault detection scheme is to detect a fault signal
effectively for getting the desired performance. For this to be
achieved, a residual signal is supposed in the filter system to
point out the deviation between nominal and faulty system
operation. Furthermore, a determined threshold is used to
compare the generated residual evaluation function. Further,
it may be deduced that the fault has occurred if the residual
evaluation function crosses the threshold. In accordance with
its significance, great number of findings are provided in
the literature regarding fault detection techniques for dynam-
ical systems [20]-[23]. By deploying stochastic analysis
methods, optimization techniques and cone complementarity
linearization technique, a fault detection filter is designed
for underactuated manipulators based on Markovian jump
model in [20]]. Similarly, fault detection filtering technology
is recognized as a valid research topic due to its significant
impact on a wide range of applications.

In general, for MJSs two standard forms of filters are de-
signed such as mode-independent and mode-dependent. The
mode-dependent filter is designed under the assumption that,
the system mode is accessible to the filter at any instant of
time. Nevertheless, for practical systems the above consider-
ation is usually challenging to be assured due to the existence
of network-induced imperfections. Hence, it is obvious that
the design of mode-dependent filter has several constraints.
As a consequence, in recent times the mode-independent
filter has been developed to overcome the limitations of
mode-dependent filter. It should be mentioned that, the mode-
independent filter is appropriate for systems where the in-
formation about mode transition is absolutely unavailable.
However, these kind of filters have difficulty while handling
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the asynchronous phenomenon among the system and filter
modes since it ignores all the accessible mode information.
To tackle this issue, an asynchronous filter is structured and
some interesting results have been provided [24]]-[28[]. The
authors in [25]] investigated an asynchronous H . filter for a
class of discrete-time T-S fuzzy MJSs such that the resulting
filtering error system satisfies H., disturbance attenuation
performance and finite-time boundedness. It should be noted
that, the existence of some unexpected errors during the
implementation of designed filter are inevitable. Therefore,
the non-fragile filter is assumed to ensure the robustness
subject to filter gain fluctuations. In recent years, enormous
number of the resilient based filter design have been recorded
[29], [30].

Time delay is commonly encountered in various dynamics
systems and it is regarded as the main source for instabil-
ity or poor performance of the systems. To overcome the
shortcomings of the time delay, many techniques have been
employed and numerous investigation on delay-dependent
stability condition have been reported in literature [31]-
[33]]. Further, the transmitted measurements may be lost or
partially communicated because of sudden failures or fault-
s of system components. Therefore, the filtering problems
with missing measurements have gained significant research
attention in recent years [34], [35]]. It is important to point
out that, in the study of system stability or stabilization, the
dissipative theory plays a crucial role. Moreover, dissipative
performance is more general when comparing with H, and
passivity performances. Also, it provides a less conservative
and more flexible filter design since it manages a better trade-
off between the gain and phase performances (see for exam-
ple [36]-[38]]). Moreover, it is practically important to study
the state responses within a finite period of time. Therefore,
the concepts of finite-time stability and finite-time bound-
edness have become active research fields in the past few
decades [39]. As a consequence of the preceding discussion,
in this paper, a finite-time non-fragile asynchronous fault
detection filter with dissipative performance for conic-type
nonlinear SMJSs with time delay, missing measurements and
random jumping fault signal is examined. The main concerns
of this work are as follows:

« A finite-time asynchronous fault detection filter design
problem is investigated for conic-type nonlinear SMJSs
with time delay, missing measurements and random
jumping fault signal.

o A stochastic variable is considered for describing the
missing measurement phenomena which is assumed to
follow Bernoulli distributed white sequence. Further,
a jumping mode is provided to describe the random
occurrence of fault signal.

o The residual signal is used to solve the asynchronous
fault detection filtering problem. In addition, a residual
error is produced by measuring the difference between
the residual signal and the measured output. Moreover,
the fault is detected when the obtained residual evalua-
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tion functional crosses the predefined threshold value.

o By using Lyapunov stability theory along with time-
varying transition rate, a new group of sufficient con-
ditions in the form of LMIs is established to ensure the
finite-time boundedness and dissipative performance of
the asynchronous fault detection filtering error system.

Finally, a Pulse-Width-Modulation-driven boost converter
model and R-L-C circuit model are given to show the ef-
ficiency of the proposed asynchronous fault detection filter
design in the existence and non-existence of time delay,
respectively.

Notation: On the whole, the following notations have func-
tioned in this paper. E{-} represents the mathematical ex-
pectation. The n- dimensional Euclidean space is denoted by
R". N~! and N7 indicate the inverse and the transpose of
the matrix N, respectively. For a vector, || - || indicates its
Euclidean norm. P > 0 means that P is a positive definite
matrix. [ and O illustrates the identity and zero matrices
with suitable dimension, respectively. The symbol '+’ is used
in matrix terms to represent the transpose elements in the
symmetric position.

Il. PROBLEM FORMULATION AND PRELIMINARIES
Consider a class of discrete-time conic-type nonlinear SMJSs
with time delay and random jumping fault signal in the
following form:

w(k+1) =f(z(k), z(k — d),w(k), f(F)) + Boryu(k),

y(k) =a(k)Coy (k) + Doyw(k) + Hyuy f k),
(D
z(k) =x(j), —00 <j <0,

where x(k) € R" is the state vector, y(k) € R is
the measured output, u(k) € R* is the controlled input,
w(k) € RY is the disturbance input which belongs to
15[0,00), f(z(k),z(k—d),w(k), f(k)) is an unknown non-
linear function. d > 0 is the constant time delay term, z(j)
is the initial condition. By,(ry, Cyk)» Do(ky and Ey ) are
appropriate dimensioned known matrices. (k) is the random
variable that indicates the missing measurement phenomena
and designed as Bernoulli distributed white sequence. In
addition, it satisfies the distribution law by taking values O
or 1 with Pr{a(k) = 1} = E{a(k)} = &, Pr{a(k) =
0} = E{a(k)} =1 — a. Let {o(k),k > 0} be the discrete-
time semi-Markov process taking its values in a finite set
My = {1,2,--- S} along with transition probability as
follows:

Pr{g(k + 1) =n,Tk11 = 7~—|Q(k) = m} = '/Tmn(k)a (2)

where 7,,,, (k) > 0 is the transition probability from mode
m at time k to n at time k+1 and Zﬁill Tmn(k) =1, Vm €
My, Tip41 = n — m represent the sojourn time begins with
k" jump and ends with k+1*" jump. Specifically, 7,,,, is the
transition with lower and upper bounds as 7., < Ty, (k) <
.} ... For the purpose of accessibility, we denote o(k) = m.

mn*

Moreover, we have described the fault signal with the random

jump in the following form:

F(k) = <(k) £ (k) 3)

where f(k) be the deterministic fault signal and (k) is the
random jumping signal which consists of two values either 1
or 0.

In this paper, the unknown nonlinear function f(x(k), z(k—
d),w(k), f(k)) along with conic-type sector is described as

I f(z(k),z(k — d),w(k), f(k)) — (Amz(k)
< |Gz (k) + Gama(k — d) + Gumw(k) + Lo f (k)|
“4)
where Am’ Adm’ Em, Fma Gm, de, Gwm and Lm
are known matrices with suitable dimensions. Further,
for our convenience we take ((k) = | f(x(k),z(k —
d),w(k), f(k)) — (Amz(k) + Agmx(k — d) + Epw(k) +
F,.f(k)|| then we obtain
¢T (k)¢ (k) <(Gma(k) + Gamz(k — d) + Gumw(k) + Lin f (k)"
+ L f

(Cma(k) + Gama(k — d) + Gumw(k) + L f(K)).
)

Remark 1: 1t is worthy to mention that the non-linear part
of SMJSs (T) studied in this paper satisfies conic condition.
Thus, the non-linear function f(x(k), z(k — d),w(k), f(k))
lies in an n-dimensional hyperspace whose center is a linear
system represented by A, (k) + Agmz(k —d) + Enw(k)+
Fy f(k) and whose radius is bounded by another linear
system G,z(k) + Gagmr(k — d) + Gumw(k) + Ly, f(k),
which is ensured in inequality (@).
Then, system (]D can be rewritten in the following form:

z(k+1) =Anx(k) + Agmz(k — d) + Epw(k)
+ Fnf (k) + Bru(k),
y(k) =a(k)Crz(k) + Dpw(k) + Hy f(k),  (6)
z(k) =2(j), —oo <j <0.

On the other hand, to detect the fault, we are interested
in synthesizing the non-fragile asynchronous fault detection
filter design with the residual signal as follows:

xp(k+1) =Aggpyzs(k) + Brogyy(k),
fi(k) =Croeyz s (k) N
where Afg(k) = Afg(k-) + AAfg(k,) and Bfg(k,) = Bfa(k) +
ABygay; zp(k) € R? is the filter state; y(k) is the filter
input vector; fi(k) is the residual signal. Ajfy), Bro(k)
Co(k) are the filter gain matrices to be determined later. The
terms AA iy (k) and AByg(y)(k) represent the filter gain
perturbations with the structure
AAyory(k) = Mao(r)A(k)Nao(r) and
AByory (k) = Myo(ryAm (k) Npg(r) (®)

where Mag(rys Myor)> Naor) and Nyg(r) are appropriate
dimensional known real matrices and A(k) is an unknown
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time-varying matrix function satisfying A7 (k)A(k) < I.
The parameter 6(k) (k € Z7) serves as a discrete-time
semi-Markov process which depends on o(k + 1) and by
taking the values from the finite set My = {1,2,--- , M>}.
Moreover, the corresponding transition probability is given

s Pe{0(k +1) = 0, Teps = 71008) = 9} = 67, (8) 2 0

for every p,q € Mo with Z ¢pq(k) = 1. Specifically,

the process o(k) is pretended to be independent on F(k —
1) = 0{6(1),0(2),---,0(k — 1)}, where F(k — 1) is the
o-algebra produced by {6(1),60(2),--- ,6(k — 1)}. Let us
denote the notation §(k) = p in the rest of this paper for
our convenience.

Here, the residual error e(k) = fi(k) — y(k) is introduced
to improve the sensibility of faults. Then, we consider the
augmented asynchronous fault detection filtering error sys-
tem in the following form

0k +1) =Anmpn(k) + G(k) Ap
+ Bupr (k) + C(k),
e(k) =Cmpn(k) + a(k)

(k) + Aamn(k — d)

Coun(k) + Div(k), — (9)

. 0 0] + Agm O
A = [prcm 0] A = [ 0 0] ’
B = {Bm En Fm ] .
0 BypDmn ByyHp
Cp=[Cn 0],Dn=1[0 Dy
E{a(k)} =0, B{a*} = a(l —a) = 62

7Cmp:

The residual evaluation function J.(k) =

and the threshold J;, = sup Je(k) are chosen to

w#0, u#0, f=0
detect the fault, where L is the finite time length of evaluation.

Thus, the detection of the fault can be measured by compar-
ing the evaluation function and the threshold according to the
following laws:

Je(k) > Jip = with — fault,
Je(k) < Jyp, = without — fault.

To obtain the main results, we now address the following
Assumptions.

Assumption 1: The disturbance input vector v(k) is time-

N
varying and satisfies Y. v7 (k)v(k) < ¢, where ¢ > 0.
k=0

Assumption 2: The time-varying transition probability
Tmn (k) is bounded and satisfies the following assumption

4

[@Cm —Cfp] R

Hm] ’ d(k) = a(k) —a,

as

H H
7Tmn(k) = Z)\hﬂ-mn,h; Z)\h = 1; )\h > O,H > 1a
h=1 h=1

where

I w,;n+(h—1)7r:n Tun £
’ T — (h— 1) g —Ton

mn

Lemma 1: [37] Let G, H and F(k) be real matrices of
appropriate dimensions with F7(k)F (k) < I. Then there
exists a constant € > 0 such that the inequality GF(k)H +
HTFT(k)GT < eGGT + e 'HT H holds.

Definition 1: [36] Given positive scalars C1,Cy with Co > Cq
and a symmetric matrix 7, the augmented fault detection
filtering residual error system (9) is said to be finite-time
stochastic bounded with respect to (C1,Co, N, v, T, ), if
for the disturbance input v(k) satisfies Assumption |1} it
holds that ]E{nT(kl)Jn(kl)} <(C = E{’I]T(kz)\jn(kg)}
< Co,VEky € {—,—s2+1,...,0}, <2 = maz{7,d}, ks =
{1,2,...,N}.

Definition 2: [36]] For a given scalar v > 0 and matrices Q, S
and R with Q and R are real symmetric, then the system (1))

is strictly (Q, S, R)-v dissipative if for every N/ > 0 under
zero initial state condition satisfies

ST

)+ 2¢7 (k)Sv(k) + VT(k)[R]V(k)]}

N
>y S (k)w(k)
k=0

Also, for convenience, it is assumed that Q < 0.

lll. MAIN RESULTS

In this section, we aim to establish some sufficient conditions
for the existence of non-fragile asynchronous fault detection
filter design that ensure the stochastic finite-time bounded-
ness of the augmented asynchronous fault detection filtering
error system (9) with strictly (Q,S,R) — ~ dissipative per-
formance. Moreover, the desired non-fragile asynchronous
fault detection filter system will be established in the form of
(7) such that system (9) is stochastically finite-time bounded
with strictly (Q,S,R) — v dissipative performance even in
the presence of time delay, missing measurements and the
random jumping fault signal.

In the following theorem, the stochastic finite-time bound-
edness along with strictly (Q,S,R) — ~ dissipative perfor-
mance of system (@) with known filter gain parameters is
examined.

Theorem 1: Let Assumptionholds. Letd, u,a,b,e1,C1 >0
be known positive scalars and Q < 0, S, R = R?, 7 > 0
be known constant matrix. The augmented asynchronous
fault detection filtering error system (@) is stochastically
finite-time bounded with strictly (Q,S,R) — ~ dissipative
performance subject to (Cy1,Co, N,v,J, ) if there exist
positive definite matrices P, P,,, @, and positive scalars
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Xa (@ = 1,2,3) such that the following LMIs hold for any
m,n € My, p,q € Ma:

[P]sxs < 0, (10)
[Pm P;”}<o, (11)
* 73
vCi + X < szl;fk, (12)
X, I<Pn<x,I,0<Q1<x,1, (13)
where
Vig=—FPn+Q1, Visg= \/gflﬁp, U5 = GQAZW’
\111,6 = 761_1/15”” \:[1177 = bé% + \/aéﬁ,

Ug=CFv/—-Q+ 0aCh\/~Q, Uy = —p?Qy,
Wy =24 Wy, = (e, +0)GL,, V33 =—-R+~I
—2DES, W34 =2BF ), W37 = (/e +b)LE,
Uyy=—-P' Us5=-P. Vg6=—1, V77=—1,
Uss=—LPn= 3 > mmn(k)dr, k)P,

neMi; geMy
v =X, +dx,.

Proof: Let us first define the Lyapunov-Krasovskii functional
to prove the required results as follows:

k—1

Mk s—1 T( )an( )

—d

V(k) = n" (k)Pmn(k) +

S

Il
el

(14)

Then, by calculating the differences of V(k) along with the
trajectories of system (9) and taking mathematical expecta-

tion, we obtain
(= DVE} =E{n" G+ (>
neMiy geMy

X7an( )0 (k) Pr)n(k + 1) — " (k) P (k)

LY ) - 3 a0l )}

s=k+1—d s=k—d
=E{ [Ap(k) + (k) Ann(k) + Aamn(k — d) + By (k)
+ O Pl () + 600) ()
+ Brpv (k) + (k)] — pm " (k) P (k)
0" (RQun(k) — u'n” (k = )Qun(k —d) }
<E{y" (k)(4 T P (A + (k) A (k)
+ 207 (k) (Amp + (k) Am) T Py Agmn(k — d) + 207 (k)

E{AV(k) —

+ Agmn(k — d)

X (App + @(k)Am)" P Bmpv (k) + 21" (k) (Amp
+ a(k)Am)" Prl(k) +1 (k d) AL P Agrmn(k — d)
+ 20" (k — d) A%, P B (k) + 20 (k — d) A%, P C (k)
+v" (k) By Pru By (k >+2u T (k) Bpup P (k) + " (k)
X Pr(k) — pm" (k) Pmn(k) + 1" (k)Qun(k)

0 (k= d)Qun(k — d) }. (15)

Now, by implementing Lemma 1 in [[16] and [|17]], we obtain
20" (k — d) Agm Prl(k) < 1" (k — d) Aan(k — d)
+eal’ (k)C(k),
0" (k) Ay P Aamn(k — d) < " (k) A7y P Arapn (k)
0" (k — d) Ady, P Aarmn(k — d).

Further, by using similar analysis for the remaining term in
(T3], we obtain

E{AV (k) — (u — D)V (k)} < 0" (k)[4A},, P Ay + OL AL P,
X Ay — uPp + e1G, é In(k)
0" (k — d)[3A%,, Py Agm + Ghn

X de] (k —d) +v" (k)[4B, P,
X Bomp + 61f/£im}l/(k)
+3¢" (k) Pl (K). (16)

Besides, to demonstrate strictly (Q,S,R) — ~ dissipative
performance of the system (9), we define performance index
in the following form

N

J :E{ ];)[eT(k)Qe(k) +2¢7 (k)Sw (k)
+ T (B)[R — 'yI]z/(k)}}. 17)

Then, by combining the inequalities (T6) and together
with Schur complement, we have

* —3P,,
(18)

E{AV(K) — (u =DV (k) = J} < J = F 35T<k>Pm] |

E =4n" (k) Ay P Ay (k) + ©20" (k) Apy P A (k)
— un’” (k)P (k) + e1n” (k)G G (k)
— 1" (k)CrmpQCimpn(k) — ©2n" (k)CrQComn(k)
— 2" (k)CrpSv(k) + 30" (k — d) Adpy P Aamn(k — d)
" (k= d)GamGamn(k — d) + 1" (k)Qn(k)
T (k — d)Qn(k — d) + 40 (k) B, Py B ()
— VT (k)[R = Iv(k) + exv” (k) LE Lo (k)
+ 20" (k)DL Sv (k).
On the other hand, by considering two non-negative scalars
a and b with a — b < 0, the following formula is established

=26CT (k)C(k) + ac” (k) (k) < 0. (19)
Using Schur complement lemma in (T9), we have

AT 0T [0 ST o

From the inequality (T8]), we have J < 0, that is

= 0 0 —3¢T(k)By,
[* —3Pm] < L 0 } ’ @h
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which is assured by

= 9T (K
{: o }<[ 2T (R)C() —9a01P3j' 22)

Then, inequality (22) can be modified as

{:1 HO} <0, (23)
* 22
where
21 ==+ 26¢T (k)((k) < 0, (24)
Ey = 3P, +9a P2 <0. (25)

Thus, LMI (TT) holds, by implementing Schur complement
to inequality (23). Moreover, from inequality (Z4) along with
Schur complement lemma, we get

E{AV (k) = (n =)V (k) = J} < 9T (k) Ty (k), (26)

where ¢T(k) = [nT(k) n"(k—d) VT(k:)]T and the
components of U are defined in theorem statement. There-
fore, the matrix terms in are equivalent to inequality
(TO). Hence, if the inequality holds, it is clear that

E{AV (k) — (u = DV (k) = v" (k)Wr(k)} <0,
E{V(k+1) = V(k)} < (u = DE{V(k)} + E{v" (k)W v (k)},
E{V(k + 1)} < uB{V (k)} + xu E{v" (k)v(k)}, @27

where X, = Xmax(W). In addition, there exists p > 1
which would be a non negative scalar and from Assumption

[1] it can be observed that
E{AV(k)} < #'E{V(0)} + X, E {Zu" T (s)u(s) }

< pPE{V(0)} + 1 xy 0. (28)

Moreover, from the Lyapunov-Krasovskii functional (T4), we
obtain

V(0) =BT OP,n(©)} +E{ 3 1T (0)Qun(0) ).

s=—d

By leting P, = J Y?P,J° Y% and Q =

T Y2Q, 7712, we have
V(0) < E{n"(0 )J”QP T ?0(0)}
—HE{ Z e j1/2Q1jl/2 (0 )}

s=—d
<X, +x:d}C1 <0y, (29)

where x, = Xmin{Pm}7 X2 = Xmaz{Pm} and x, =
Xmaz{Q}. Moreover, it follows from that E{V (k)} >

E(n" (k)Pan(k)} > E{n"(k)T"?Pyd " Pn(k)} >
x, E{nT () n(k)}. Then, it kis clear to get that
E{nT(k)TIn(k)} < W. Furthermore, from in-

equality (T2), it is obvious that E{n’ (k)Jn(k)} < Co for
every k € {1,2,...,N'}. Thus, by the Definition 1 in [25]]
we conclude that the augmented asynchronous fault detection

6

filtering error system (9) is stochastically finite-time bounded
with strictly (Q, S, R) — ~ dissipative performance subject to
(C1,Ca, N, 7, T, ). This completes the proof. O

The derived constrains in Theorem [Tl shows the stochastic
finite-time boundedness with strictly (Q,S,R) — ~ dissipa-
tive performance of system (9). Furthermore, the following
theorem ensures that the system (9) with unknown filter gain
parameters is stochastically finite-time boundedness with
strictly (Q, S, R) — ~y dissipative performance.

Theorem 2: Let Assumption|[T|holds. Let d, y1, a, b, e1,C1 > 0
be known positive scalars and Q < 0, S, R = RT, 7 >0
be known constant matrix, then the augmented asynchronous
fault detection filtering error system (@) is stochastically
finite-time bounded with strictly (Q,S,R) — ~ dissipative
performance subject to (Cy1,Ca, N, v, J, ¢) if there exist pos-
itive definite matrices Pi,,, Poy, P3m, le, me, P3m, Qlla
Q12, Q22, Y1, Ya, Y5 and positive scalars x, (a = 1,2,3)
such that below mentioned LMIs hold together with (T2) for
any m,n € My, p,q € Ma:

[\i’]wxm ﬁlNT M, 52/\/1?; Mb-
* —p1 0 0 0
) B0 0 |<0, (30
* * * — 2 0
* * * * —62_
—le _EQm Elm EQm-
* ~Pyn P3,,  Pin <0, @31
* * —% 0 ’
* * * —51]
where
\i/ =—uPim + Q11, \ill 2 = —pPoyy, + Q12,
\ill = —aC’ S \Ifl 8= QAT Yl + QCTprv

\111 9 = 2ATYE;) +OéC pr, \111 10=0 CTpr,

Uy = GQCSLpr, Uy g9 =/ AT

Uy 14 = (Ve + )G, ‘1’1,15 = aCh\v/-Q,

‘i’l,le = @aCﬁv —-Q, @2,2 = —uPsp, 4+ Q22,

Uy5 =CF,S, Uag =2A%,, Uyg=2A%,

Uy15 = —CH/Q, U353 =—Qu, V54 = —Quz,

Vs s = V3AL Y, W39 =347,V

U314 = (Ve +0)GL Uyy = Qoo Us5 =R+ 71,
Uss=2Bhyl, W59 =28} yi Ve = —R+~I — 2GS,
Ugs =2BTYT + DTIB%fp, Ugo = 2ETY3 + D] B,
\IJ6714 = (\/a+ b) wm? \IJ6715 = Dm, vV —

Ur7= R4~ —2LTS, U5 = 2F3,;Y1 HTIB%fp,
Vg =2FLYs + HEBY,, W74 = (ver +b)LE,
‘1’7,15 =Dl \/-Q, ‘1’8,8 =Py, - Y -1,

Vg9 = Poy — Yy —Ya, Wgg =Py, — Yy — Vs,
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i’lo,lo:plm*YlT*
@11,11:P3m*Y2T*
Nop=[0 2N,, 0 0 0 0 0 0 0---0],

5

MLYS 0.0,
——

Yy, ‘i’lo,n = Py, — Y — Y5,

My=1[0---0 MIY]L
N~ ap

Yo, U212 = ¥i313 = Vg4 = —1,

but asynchronous fault detection filter is not reported for
semi-Markovian jump systems.

Here, if we assume the conic-type nonlinear SMJSs (T))
without time delay, then the augmented asynchronous fault
detection filtering error system is given in the following form

7 7 n(k + 1) =Ampn(k) + &(k) Amn(k) + Bumpr(k) + ((k),
Nop = [(@+Oa +1)NopCrm Q- -Q NopDin NopHpn - -0 e(k) =Cppn(k) + a(k)Crun(k) + Dpr(k),  (34)
4 9
My=1[0---0 MLY," MLY, MYy MLy 0---0]".
7“ ¥~ Corollary 1: Let Assumption[T]holds. Let d, p1, a, b, €1, C; >

Moreover, the gain matrices of the non-fragile asynchronous
fault detection filter are given as Ay, = YQ_lAfp, By, =
Y, 'By, and Cy,, = Cp.

Proof: To ensure the required results, we consider

. . = . P,1 Poo
the matrices in the form as P, = PL, Pl
o le P2m o Yl }/2 o
P = P2, P3m]’ Y= {Ys y,| M@ =
Qu Qu . Further, by letting Af,,, = Apnys, Bpy =
* Qo

B Ys and Cy,, = Cp, using the above given partition
matrices P,,, Pp,, @, Y and Lemma 2 in [11]] to the inequality
(TO) along with the parameter uncertainties defined in (§), we
have

U =Uy1u11 + SN AR M, + BoMEA(K)Nyp, (32)

where the factors of Wijy11, Naps Nop, M, and M, are
defined in Theorem 2] On the other hand, by implementing
Lemmall], the terms in (32) can be rewritten as

U =Uy1511 + BN Nap + 61MaM(j;+
52N13,;Nbp + Ba Mo M3 (33)

The expression in (33) appears equivalent to the matrix terms
in (30). Thus, from (31I) we accomplish that Y is non-
singular. Therefore, system () is stochastically finite-time
bounded with strictly (Q, S, R) — -~y dissipative performance
subject to (C1,Cq,N,~, T, ¢), if the LMIs in (30) hold to-
gether with (I2Z). Hence, proof of this theorem is completed.
]

Remark 2: The main contribution of this paper is to desin
a finite-time dissipative based asynchronous fault detection
filter for conic-type nonlinear semi-Markovian jump systems
with time-delay and random jumping fault signal. As pointed
out in Remark [I] the conic-type nonlinearity is more general
than the global Lipschitz nonlinearities. Besides, it should
be emphasized that in order to overcome the difficulties in
dealing with the conic-type nonlinearity with time-delay,
random jumping fault signal and semi-Markov process in
system (9), a new Lyapunov function (T4) is employed to
achieve finite-time dissipative based asynchronous fault de-
tection filter design. In addition, there exist some control
design for conic-type nonlinearities which is addressed in
continuous context [[16]], [18]]. Further, it is noted that the
aforementioned results are based on conic-type nonlinearities

0 be known positive scalars and Q < 0, S,R = R”, 7 > 0
be known constant matrix then the augmented asynchronous
fault detection filtering error system (34) is stochastically
finite-time bounded with strictly (Q,S,R) — ~ dissipative
performance subject to (C1,C2, N, 7, J,p) if there exist
positive definite matrices Py, Pam, Psm, Pim> Pam, Psm,
Y1, Y5, Y3 and positive scalars x,, (a = 1,2) such that below
mentioned LMIs hold for any m,n € My, p,q € Mo:

[Wliaxi2  BINT M, ,52./\75, M,]
—B1 0 0 0
* * —p1 0 0 | <0, (35)
* * * — B2 0
* * * * — P2
_le _P:)Qm E}Itn P:)2m_
fo T B Bl oo o)
* * -3 0
* * * —% ]
Ucl + Xw Xz < C2X1M_k7
(37)
<Pn<x,, (8
where

Uiy = —pPrm, W12 = —pPom, U135 =—aCPLSs,

Uy =242 Y] +aclBt, 0, =247Y] +aC}B7,
Uy = 0,CTBY Uy g = ©,00BL )10 = (e +b)G
‘1’1,11 = osz\/i, ‘1’1,12 = @an;\/ia

Uz p = —pPsm + Qoz, Va3 = C1,S, Uy = 2A7,,

@277 = QA?p, l/1\12711 = —C?p\ﬁ, @3,3 =-—R+~I,

Uy =2BTyT W7 =2BTyl W,y = —R+~I—-2GT S,
U6 =2E0yT + DT]Bafp, Uy =2E1Y] + DIBY

Uy = (Ve +0)GT,,, Vi = -Q,

Us 5= —R+~1 —2LTS, Vs _2FTY1 +HTIB%fp,

Vs =2FTYy + HI BT, U510 = (Ve + b)LE,

@5,11 = D%\/j7 \/1\16,6 =P, - Y] -1,

(1}6,7 =Py, — Y — Yo, @7,7 =Py, — Yy — Yo,

‘T’s,s =Py, - Y -1, \T’s,g =Py, — Yy — Yo,

Ugg = Py — Yy — Yo, Uig 10 = U1y 11 = Uro12 = —1,

mo

7
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~

Nap=1[0 2Ngp 0 0 0 0 0 0---0],

5
MEYE  0---0]7,

o~

Mg,=1[0---0 MEPYQT

P
5 5
Vip = [(a 1)N, Ny Do Ny Ho 0.
Nbp [(Oé—l—@a—i— ) prmOO bp/m LVbp m 0 0]7
7
My =1[0--0 M Ys" MYy MY ML Y; -0
5 3

Moreover, the gain matrices of the non-fragile asynchronous
fault detection filter are given as Ay, = Yz_lA tp>» Brp =
Y{IIpr and (Cfm = Cfp.

Proof: The proof of this corollary is similar to Theorem[2]and
hence it is neglected. ]

IV. VALIDATION

In this section, we present two numerical examples such
as Pulse-Width-Modulation (PWM)-driven boost converter
model and R-L-C circuit model to show the efficiency of pro-
posed non-fragile asynchronous fault detection filter design
for conic-type nonlinear SMJSs with and without time delay,
respectively. For the numerical purpose, we use MATLAB
LMI control toolbox to solve the LMIs obtained in the
previous section.

Example 1: Consider a PWM-driven boost converter model
in FIGURE |1| from [27]. Here, s(t) specifies a switching

i) L st

— Y0

es(t) ey ___ C

FIGURE 1: Pulse-Width-Modulation-driven boost con-
verter model

mode which is operated by a PWM-driven boost converter,
the inductance is denoted by L, C' indicates the capacitance,
R denotes the load resistance, the current is represented by
ir,(t) over the inductance, e,(t) represents the capacitor’s
terminal voltage and every cycle interval is denoted by T'
where its switch will occur only once during this period.
Moreover, PWM system manages the switch mode o(k)
and it follows a semi-Markov series. Furthermore, we take
k =t/T, Ly = I/T and C; = C/T. Then, PWM-driven
booster model equation is expressed by

ec(k) = lecl ec(k) + (1 —s(k))=ir(k) (39)

ir(k) =—(1— s(n))iec(/{) + s(ﬂ)ies(n). (40)

Ly Ly
Now the above equation can be rewritten as
= Az, ke€{l,2}, 41
where z = [ec,i’,1]7, kK = 1 and kK = 2 represents the
modes 1 and 2, respectively.
1 1 1
c RO @ X c RO (1)
AT =|-¢7; 0 0], Ay = 0 0 z
0 0 0 0 0 0

To vouch for the filter design, we assume L = 1H, R =
1Q, C = 1F and T = 1s, by setting a specific sampling

= %, then the system matrices can be obtained as

A1 =1-030 095 —-0.30 -0.14 0.66 —0.20

—-0.25 —-0.06 0.63 —-0.16 —0.40 0.66

0.94 0.10 0.06] [0.93 0.08 0.07]
, Ao = .

In addition to that, we choose other system matrices as

~0.01 0.056 0.1 ~0.01 —0.02 0.3
Ag = |0.012 —0.03 03|, Ag = |-0.01 —0.03 0.01],
0.2 04 0.1 0.3  0.02 0.03
[—0.01508 ~0.01045 —0.0472]"
Bi=| 0085 |, Bo=| 0040 |, 1 = |-0.0277| |
| —0.0732 —0.3787 ~0.0157
[—0.0127" 0.1 0.1 0.3
Co= |-0.0611| , E1= |04, B, = |04|, i, = |0.3],
~0.0379 0.3 0.2 0.2
[0.1 0.011" ~0.01
o= 02|, Gi=Co= |-001| , Gas = Gao = |-0.01],
0.1 0.01 0.1

D1 =0.2, Dy = 0.1, Gu1 = Guz = 0.1 Hy = 0.5, Hy = 2,
Li=0.1, Ly =0.1.

Moreover, the uncertain parameters are chosen as

—0.01 —0.02
—0.03} » Moz = Myz = {—0.01} ’

Na1 = [-0.01 = 0.01], Ngz = [-0.03 —0.02]
Ny = 0.01, Ny = 0.04.

Mg = My = [

Furthermore, we take constant time delay d = 2. Moreover,
the transition probability rates of semi-Markov process o(k)
with A = 1,2 are chosen as m11(k) € [0.4 0.6] and
ma2(k) € [0.3 0.7]. Also, the transition probability rates
of semi-Markov process 6(k) with A\,n = 1,2 are assumed
as ¢ (k) € [0.34 0.66], ¢5,(k) € [0.25 0.75]. Fur-
thermore, the other parameters are chosen as @ = —0.1,
S =03R=22a=04a =40b=5p =1,
€1 = 0.8 and A(k) = 0.03sin(k). Now, by using aforemen-
tioned parameters and solving the LMIs in Theorem 2] the
dissipative performance level v = 0.4011 is obtained and the
non-fragile asynchronous fault detection filter gain matrices
are calculated as

0.0234 —0.0037 —0.0054 —0.1014
A = 10.0081 0.0178  —0.0072| , Byy = |—0.1489| ,
0.0050 —0.0067  0.0177 —0.0747
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0.0216 —0.0047 —0.0064 —0.1003
Ay = 0.0085 0.0192 —0.0082|, Byp = |—0.1472] o5 : = :
0.0054 —0.0077 0.0193 —0.0739 5 = ¢(k) without fault
- - ol e(k) with jumping fault | |
0.0102 0.0100
Cpi= |-0.0164| and Cy2 = |-0.0167 1.5t
—0.0367 —0.0368
l L
0.5;
2 (F) 0 et b e e e
0.2} - - 1
272 (k) -0.5 : ‘ ‘ ‘
0.1} 0 10 20 30 40 50
Time (k)
0
u (@)
_01,
-0.2r =— ¢(k) without fault
1 3r += 1= ¢(k) without jumping fault |]
-0.3t 1,
. =Nt
-0.4 ‘ ‘ ‘ ‘ of W
0 10 20 30 40 50 T
Time (k) RTRRLTT
PRI
© Tt
i 1
zp (k) o —
oz | zp2(k) |] ‘ ‘ ‘ ‘
0.1} 0 10 20 30 40 50
Time (k)
(b)
FIGURE 3: The error responses of the system (@). (a)
with and without random jumping fault signal, (b) with-
out fault and random jumping fault signal
0 10 20 30 40 50
Time (k) fragile asynchronous fault detection filter mode is expressed
(b) in FIGUREJ(] Specifically, FIGURE[7illustrates the residual

FIGURE 2: Trajectories of filter states. (a) with random
jumping fault signal, (b) without random jumping fault
signal

We suppose to take the initial condition for the sys-
tem state and filter state as z(0) = z(0) = [0 0]T.
Further we take the disturbance input as w(k) =

0.4 5in(—0.2k) k <35 . .
., nonlinear function
0 otherwise
as
() = {0.00000750(:%(16) + D1~ 118 = D) g
2 . <k<
fault signal as f(k) = 12 5<k<15

0 otherwise
Moreover, FIGURE [2| shows the trajectories of the pro-

posed filter states with and without random jumping fault
signal. Further, the responses of the error system with random
jumping fault signal and without random jumping fault signal
are demonstrated in FIGURE [3(a) and FIGURE [3(b), re-
spectively. Also, FIGURE[(a) exposes the random jumping
fault signal f(k) and FIGURE [4(b) shows the fault signal
f (k). Furthermore, the evolution of the considered system
mode is plotted in FIGURE [5] and the evolution of the non-

evaluation function. Whilst, we have selected the threshold
value as J;;, = 0.0823. The residual evaluation function is

9
calculated as J.(k) = 4/ > eT(k)e(k) = 2.3879 and it is

obvious that J.(k) is greater then the threshold J;j,. On the
whole, the fault is detected within the range.

Finally, the evolution of 27 (k)Jx(k) is depicted in
FIGURE [§] Based on FIGURE [§] it is easy to accomplish
that the responses of the augmented asynchronous fault
detection filtering error system is within the bound Cs.
Hence, the augmented asynchronous fault detection filtering
error system (9) is stochastically finite-time bounded with
strictly (Q,S,R) — ~ dissipative performance subject to
(0.2,8.2049, 50,0.4011, I, 0.01) under proposed non-fragile
asynchronous fault detection filter design even in the ex-
istence of time delay, missing measurements and random
jumping fault signal.

Example:2 We consider a R-L-C circuit model to illustrate
the efficiency of proposed non-fragile asynchronous fault
detection filter problem. Moreover, the modes o(k) and 0(k)
are assumed to obey a semi-Markov process. Specifically, the
system parameters are borrowed from [17] and are given as

9
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12¢

0.8¢
0.6
0.4r
0.2r

— |

0 10

12

20 30 40 50
Time (k)

()

0.8¢
0.6
0.4r
0.2¢

0 10

20 30 40 50
Time (k)

(b)

FIGURE 4: Trajectories of the fault signal. (a) the ran-
dom jumping fault signal, (b) fault signal

25
— o(k)
2 = ey ey - —
15}
1 L L
0 10 20 30 40 50
Time (k)
FIGURE 5: State jumping mode
follows:
4, — | 05038 0.3171 4, — | 03326 0.3363
1= 1-0.0051 —0.0032|> ‘2~ [-0.0034 —0.0034
The other parameters are assumed as
[0.4509 [0.6065 0.1 0.1
b= _0.0056} ) B2 = _0.0041} » B = {0.4] » B2 = [0.3] !
0.3 0.1
Ci=[02 01],C=[02 0.1], Fy = {0.3} Py = [0.2
r T r T T
0.5 0.5 —0.01
G = _70.2} ) G2 = _70.2} » G = Gaz = {70.01} ’
10

|

2.2t 0(k) |1
2
18}
16}
14}
1.2}
l L — L
0 10 20 30 40 50
Time (k)
FIGURE 6: Filter jumping mode
4 ; ;
= with fault
== without fault
3 L 4
2 L
l L
0 NN NN BN _ NN NN NN NN NN NN N L NN -
0 10 20 30 40 50
Time (k)

FIGURE 7: Trajectories of the residual evaluation func-

tion

Guwi = Gus =0.1Dy = —0.1, Dy = —0.1, Hy =2, Hy = 2,
Ly =0.1, Ly = 0.11.

Besides, the remaining parameters are taken as in Example

Now, by solving the LMIs in Theorem [I] including
the aforementioned parameters, the dissipative performance
level v = 0.512 is obtained and the non-fragile asynchronous
fault detection filter gain matrices are calculated as

4. — [0:0162 —0.0011] .~ [0.0164 —0.0013
1= 10.0080 —0.0033|° /2= [0.0081 —0.0034|"’
10
gF =" --=-======= Z --------
6l C,=8.2049
[
’
4+ n
1
1
2t .'-
[ L
ra ~ ! L .
0 10 20 30 40 50
Time (k)

FIGURE 8: Evolution of 27 (k) 7z (k)

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/ACCESS.2021.3130150, IEEE Access

IEEE Access

R. Sakthivel et al.: Finite-time asynchronous fault detection filter design for conic-type nonlinear semi-Markovian jump systems

T
—0.1053 —0.1056 —0.0126
Bn= {70.1802} > Br2 = [70.1801} » On= { 0.0435 ] ’
T
—0.0139
Cr2 = [ 0.0433 }
0.4
—_— i (R)
r2 (k)
0.2r 1
O-——-——--——-‘—'il-lﬁ"l A ER_EE ay—gm mS—am wp—y
1iat H i
it i
-0.2 HHIIR
i LI [
_0-4,
—-0.6
6] 5 10 15 20 25 30 35
Time (k)
(2)
0.4 - T
— (k)
2 (k)
0.2r b
O- - EE A gy mE '-—- PR g, e R ay
i |
! !
-0.2 1 |
#‘
-0.4
-0.6 - - - - - -
6] 5 10 15 20 25 30 35
Time (k)
(b)

FIGURE 9: Trajectories of filter states. (a) with random
jumping fault signal, (b) without random jumping fault
signal

Let us assume the initial conditions as z(0) = z¢(0) =
[0 0] for the system and filter states. Moreover, we choose
the disturbance function as in [17], fault signal f(k) =

1.5 10<k<19
{ 0 otherwise
responding simulation results are exposed in Figs. (9)-(T3).
Specifically, FIGURE [J] displays the trajectories of system
(7) wherein FIGURE[Ofa) illustrate the trajectories of z 1 (k)
and z (k) with and without random jumping fault signal
and FIGURE Ekb) displays the trajectories of xs1(k) and
x52(k) without fault and random jumping fault signal. The
responses of the error system can be viewed in FIGURE [10]
In particular, by using a designed non-fragile asynchronous
fault detection filter, the error response of the considered
system with and without the random jumping fault signal
are displayed in FIGURE[I0[a). Furthermore, FIGURE[I0[b)
reveals the trajectories of error system without fault and
random jumping fault signal. On the other hand, the fault

and control input u(k) = 1. The cor-

5 ‘ ‘ ‘ ‘
m— c (k) without fault
al e(k) with jumping fault ||
3 F
2 F
l F
OfF =™ ta mf 1™ ™ dn gt ™t ™= my iy 17V A g P
-1 n n n n n n
[¢] 5 10 15 20 25 30 35
Time (k)
()
= ¢(k) without fault
4t e(k) without random jump |
3 L
2 L
l L
(0] e S P

0 5 10 15 20 25 30 35
Time (k)
(b)
FIGURE 10: Error responses of the system (9). (a) with
and without random jumping fault signal, (b) without
fault and random jumping fault signal

signal with and without random jump is exposed in FIGURE
[[T(a) and FIGURE [I1]b), respectively. Additionally, the
residual evaluation function is plotted in FIGURE [I2] It is
clear from FIGURE [12] that the residual evaluation function

11
Je(k) = 4| Y eT(k)e(k) = 3.0947 exceeds the selected
k=0

threshold J;, = 0.2463 in one time step, wherein the ability
of the recommended non-fragile asynchronous fault detec-
tion filter is precisely displayed. Eventually, the evolution
of 2T (k)Jz(k) is shown in FIGURE [13] From FIGURE
[3] it is recognizable that the responses of the augmented
asynchronous fault detection filtering error system do not

exceed the bound value Cs.

TABLE 1: Maximum value of C, for different values of C;

Ci 0.1 0.15 0.2 0.25 0.3

Co 12,6761 13.1250 13.4512 13.8635 14.1671

TABLE 2: Comparison results

Minimum of vy
Ref. [[17] 2.1
Our paper 0.512
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FIGURE 12: Trajectories of residual evaluation function

Moreover, TABLE[I]shows the maximum allowable bound
values of Cs for various values of C; with the aid of designed
filter. Eventually, from TABLE [2] it is clear to determine
that the proposed filter approach in this work yields less
conservative results than in [17]]. Thus from these simulation
results, it can be concluded that the augmented asynchronous
fault detection filtering error system (9) is stochastically
finite-time bounded with strictly (Q,S,R) — v dissipative
performance subject to (0.1, 12.6761,35,0.512, I, 0.02) un-
der proposed non-fragile asynchronous fault detection filter
design.
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FIGURE 13: Evolution of 27 (k) Jx(k)

V. CONCLUSION

In this paper, the finite-time dissipative based non-fragile
asynchronous filter design problem is examined for conic-
type nonlinear SMJSs with time delay, missing measure-
ments and random jumping fault signal. Specifically, time
delay and random jumping fault phenomena are includ-
ed in conic-type nonlinear term of the considered system.
Preciously, a non-fragile asynchronous fault detection filter
design has been proposed to lead the asynchronous situation
between the state mode and filter mode. Moreover, a group
of sufficient conditions is derived with the aid of mode-
dependent Lyapunov-Krasovskii functional in terms of LMIs
to ensure the stochastic finite-time boundedness with pre-
scribed strictly (Q,S,R) — ~ dissipative performance of the
augmented asynchronous fault detection filtering error sys-
tem. Finally, two numerical examples based on PWM-driven
boost converter model and R-L-C circuit model are provided
to prove the efficiency of the proposed filter scheme. In our
future work, we will extend the proposed approach with
some modifications to discuss the robust fault detection filter
design problem for conic-type nonlinear positive SMJSs with
mismatched quantization and random time varying delay as
a potential research direction.
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