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Abstract

This study proposes a finite-time anti-disturbance observer-based reliable (Q, S, R) — 0 dissipative feedback control technique
for a class of Takagi-Sugeno fuzzy switched systems in conjunction with time-varying state/input delays and multiple disturbances.
In contrast to previous findings, the external disturbances in this study are considered to be multiple disturbances, which are
classified into matched and mismatched disturbances since the underlying system can be affected by various forms of disturbances
[21], [25]. In order to deal with the matched disturbances that are brought about by exogenous systems, an anti-disturbance observer
has been established. As well, (Q, S, R) — 6 dissipative performance handles the mismatched part, which includes the concepts
of Huo, passivity, mixed Hxo and passivity performance in a unified structure. In addition, unlike previous works in which the
failure of the actuator is assumed to be deterministic [37], [38], the failure probability of the actuator in this work is determined
using a distinct random variable with a probabilistic distribution in the range of [0, 1]. Furthermore, in accordance with parallel
distributed compensation method and reliable control design with stochastic theory, the desired fuzzy-rule based control protocol
is developed. Moreover, distinct from the asymptotic and exponential stability that are defined over an infinite interval of time
[4], [14], the finite-time notion is considered in this work, where it prevents the states from exceeding a specific range within a
fixed interval. A set of adequate requirements are derived utilising the Lyapunov stability theory and average dwell time technique
to ensure the finite-time boundedness of the system under consideration. In the end, effectiveness of the theoretical findings is
validated by means of simulation results.
© 2023 Elsevier B.V. All rights reserved.
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1. Introduction

Switched systems that are made up of a finite number of subsystems, have extensive interests in both theoretical and
practical view point due to their substantial applications in multiple fields like power systems, vehicle industry, flight
control systems, manipulator robots and so on [1-3]. More specifically, the subsystems are employed to capture the
dominant dynamics of the system in different operation modes, which are activated by the respective switching signal.
The switching rule regulates the coordination between those subsystems and precisely defines a specific subsystem
being activated during a certain interval of time. Very interestingly, the authors in [1] proposed a fault-tolerant control
strategy for switching time-delay systems by utilising average dwell-time approach and Lyapunov stability theory. On
flip side, it should be noted that most industrial problems are nonlinear in nature and it induces more complexities in
the system analysis and design in contrast with linear systems. Therefore, the majority of researchers have recently
focused on the study of nonlinear switched systems. As a result, some interesting studies have been documented on
nonlinear switched systems in the existing literatures [4—-6]. Among the various methods proposed to handle nonlin-
ear systems, Takagi-Sugeno (TS) fuzzy model approach has received attention among many researchers [7-11]. In
the fuzzy model approach, the nonlinear systems can be equivalently re-drafted as a number of linear systems in-
tegrated with different weights. In particular, a robust stabilization problem of TS fuzzy systems in the presence of
time-varying delays has been investigated in [7]. However, only limited number of results on the stability analysis of
TS fuzzy switched systems (TSFSSs) have been reported in the existing literatures [12—17]. Specifically, in [16], the
passivity analysis and feedback passification for TS fuzzy switched systems is studied via sampled-data implemen-
tation. However, we are aware of very few literatures concerning TS fuzzy switched systems, which has piqued our
interest in this area. In view of this, it is necessary to further strengthen the theoretical analysis on the stabilization
problems of TSFSSs.

On another point of note, the external disturbances may normally exist in practice, which results in inadequate sys-
tem performance or even instability. In this connection, an abundance effort is devoted by the researchers in the
development of disturbance rejection and attenuation for various kind of dynamical systems [18-20]. Moreover,
estimating the disturbance or its influence from measurable variables is termed disturbance estimation and attenu-
ating the disturbance’s effect on the regulated output is known as disturbance attenuation. Particularly, disturbance
observer-based control (DOBC) protocol served as an efficient tool for disturbance rejection in virtue of its robust-
ness, efficiency, and practicability, wherein the external disturbance signals are estimated with respect to the known
information. For example, in [19], the robust control problem for uncertain systems with external disturbances that
is generated by an exogenous system is studied. Besides, it is worth pinpointing that in complex engineering sys-
tems, multiple disturbances with heterogeneous characteristics exist which are inevitable. Regrettably, in existence of
multiple disturbances, DOBC fails to attain disturbance estimation with high precision. To overcome this, recently
composite anti-disturbance control protocol has been proposed for various dynamical systems [21-25], which attenu-
ate the outer loop disturbances (mismatched disturbances) and at the same time, reject the inner loop ones (matched
disturbances). To be precise, matched disturbances enter the system via the control input path while mismatched
disturbances enter through separate channels from the control input path. In the narration, one of the disturbances
present in the input channel along with perturbations is generated by an exogenous system whose information is par-
tially known is estimated via DOBC (anti-disturbance observer). To be explicit, anti-disturbance observers evaluate
external disturbances based on known plant information. Another one is norm bounded with unknown information, in
which the impact of disturbances are reduced in the reference output using some elegant control schemes, namely, reli-
able control [1], Hx control [12], adaptive control [5] and so on. Specifically, the composite anti-disturbance control
scheme attains both disturbance rejection and disturbance attenuation by combining DOBC schemes with conven-
tional control schemes. Remarkably, in [21], the authors developed composite anti-disturbance control for stochastic
nonlinear systems. Moreover, a novel anti-disturbance control strategy was developed for singular Markovian jump
systems with infinitely unobservable states and multiple disturbances in [23].

Dissipative theory serves as a prominent role in the analysis and control design of dynamical systems, because
many real-world problems need to be dissipative for accomplishing satisfactory noise attenuation. Precisely, the en-
ergy attenuation level of the system is characterized by the rate of dissipation of stored energy. Moreover, the theory
of dissipative concept includes Hy,, passivity and L, performances as special cases based on energy-related consider-
ations. In view of this, it is considered to be a more general criterion and also witnessed wide range of applications in
science and engineering domains [26-28]. For instance, the authors in [27] examined the stabilization problem of TS
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fuzzy systems by developing fuzzy-dependent dynamic output feedback-based dissipative control law. Additionally,
the study on time delay systems have received more attention during recent years, since the existence of time delays
in state and control vector are inherent feature in real process such as in chemical processes, pneumatic and hydraulic
systems and industrial processes [29-34]. Specifically, in [31], the problem of stability and stabilization for TS fuzzy
systems with time-varying delays has been studied. Based on state feedback and parallel distributed compensation
strategy, an adaptive control scheme is developed for active suspension systems with input time delay and unknown
nonlinear dynamics in [34]. Hence, in this study, both state and input delays are taken into account while studying the
stabilization problem of TSFSSs, enhancing the system’s suitability for real-world situations.

At the same time, as a consequence of increasing complexities in control systems, the faults in actuators and sen-
sors are a common occurrence and lead to unsuccessful transmission of control signals. Notably, in many practical
circumstances, the actuator faults are brought on by malfunction of hardware or software components, material ageing
and data deformation. By virtue of these flaws, the characteristics of actuator faults may fluctuate over time. However,
neglecting such faults eventually dispense unsatisfactory system performance. In order to counteract this effect, a
controller has to be designed which particularly has the ability to conserve the systems stability even in the presence
of actuator faults. Recently, fault-tolerant control for dynamical control systems has received great attention among
researchers [35-38]. Unfortunately, most of the literatures addressed the deterministic actuator faults, however in re-
ality, the actuator faults may occur randomly on account of abrupt changes in the environment. In light of both theory
and practical viewpoint, the stochastic actuator faults are more general than the deterministic one. As a result, a slew
of works have been reported on this issue [39], [40]. Therefore, it is more meaningful and important to consider the
actuator faults with stochastic nature for TSFSSs. It should be mentioned that the asymptotic stability [4], [14], [27]
which is hardly defined over infinite interval of time, did not confine any restrictions to system parameters. Nonethe-
less, in many practical systems like telecommunication networks and molecular reaction systems, the operating time
needs to be short. On such grounds, the fast cognizance of system states are essential, that is the assurance of the sta-
bility in finite-time span [41—44]. For example, the work [41] studied the switched systems with external disturbances
such that it guarantees Hy finite-time stability. By using coupling memory sampled-data control approach, finite-time
stability and finite-time boundedness of TS fuzzy semi-Markov jump systems was studied in [43].

Based on the observations mentioned above and impelled by the advantages of composite anti-disturbance reli-
able control protocol, this study intends to establish (Q, S, R) — 0 dissipativity-based conditions for TSFSSs with
state/input delay and multiple disturbances. As a consequence, stochastic finite-time boundedness corresponding to
the addressed TSFSSs are accomplished. More precisely, primary contributions of this article are given as:

1) A unified disturbance rejection and stabilization problem of TSFSSs with time-varying state delay, input delay,
stochastic actuator faults and multi-source disturbances is formulated. Precisely, the well-known fuzzy-model
based approach [7-11] is utilized to grip the nonlinear switched systems.

2) The multi-source disturbances split up into matched and mismatched disturbances. For the purpose of estimating
the matched disturbance, a novel switched disturbance observer is fabricated. At the same time, the mismatched
disturbance which is norm bounded is attenuated by (Q, S, R) — 6 dissipative performance.

3) Moreover, a generalised actuator fault representation is provided in which the faults are considered to happen at
random and stochastic variables satisfying the Bernoulli distribution are defined to describe the fault rates.

4) Motivated by the works in [21-25], by combining a reliable fuzzy-rule based state feedback controller with the
disturbance observer’s output, a composite anti-disturbance controller is developed to balance the effects of both
types of disturbances and achieve the system’s desired results.

5) In narration, the controller is designed without sharing the same premise variables as the system model, which
reduces the design complexity and enhances the design flexibility.

2. Problem formulation and preliminaries
2.1. System description

By exploiting TS fuzzy modeling approach, the dynamics of the switched nonlinear plant with state delay, input
delay and multiple disturbances is described by TSFSSs with f rules in the following format:
Plant rule ?Rim): IF & (¢) is Slw(t)l’ &(t) is Slgp(z)z’ ..and &7 (2) is Sip(z)f THEN

3
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i) = Ap@ix(®) + Agy@ix(t — @) + By@yilul (t —h) +d(0)] + Buy @ iw(t),
2= Cypix(@) + Cuymiw(®), (1)
x(to) = (1), 1o € [-max(e, h), 0],

where &, (¢) and ?sill(t)g, g={l1,..., f}, are the premise variables and its corresponding fuzzy rule Stip(t) ={l,..., p},
i ={1,2,..., Ny}, here the function ¥ (r) : RT — M = {1, 2, ..., m} signifies the switching law which is a piece-
wise constant function of time and takes its values in a finite set and m > 1 denotes the number of operating modes,
p indicates the number of IF-THEN rules, and Ny () is the number of inference rules in the -th switched system;
x(t) € R" represents the system’s state; z(#) € R” is the system’s output; uf (1) € R™ describes the control vector;
is a positive constant that denotes the time delay occurred in the control input vector; t(¢) describes the time-varying
delay in state dynamics with known upper bound € > 7(r) > 0 and satisfies 7(¢t) < 7 < 1; d(r) € R" denotes the
disturbance signal occurred in control input; w(¢) € RY indicates the norm-bounded external disturbance; Ay (i,
Aay@yis By )i Buy@)i> Cy )i and Cyy(r)i denote the system matrices with suitable dimensions.

For notational convenience, in the rest of this paper, we denote ¥ (t) = o, .,Zlm- = ZINZ"I hei () Asi, _/_ldm- =
Z,N:(yl hai(é(t))Adai, Bsi = ZzN:(yl hai(%—(t))Bois Byoi = ZlN:Hl hoi(g(t))Bwois Coi = ZlN:(TI hai(é(t))coi and Cyo; =
Y B (6(0)Cusori.

Now, the compact form of the system (1) under consideration based on fuzzy blending is given in the following
form:

X)) =Agix(t) + Agoix(t — 1)) + Boilul (t — h) +d ()] + Buoiw (1), @
2(t)  =Coix(t) + Cugiw(®),
where #i,;(E(1)) = % is the normalized grade of membership and p,;(£(2)) = ]_[g:l?sig(ég(t)) is
i=1Fot

the membership function corresponding to the fuzzy term Sf,g. It also obeys the conditions pq;(£(¢)) > 0 and

SN pei(E(0) =1, forall £ > 0.
Notably, it is considered that the unknown disturbance d(¢) that appeared via controller path u(#) was produced by
dint of exogenous system given by

{x(t)= Wa x () + Hon(2), )

dit)y= Vo x(1),

where x (1) € R! represents exogenous system’s state vector; 7(¢) € L2[0, 0o) signifies the modeling error and pertur-
bations in the exogenous system, which confines the model accuracy; W, H, and V, are known matrices.

In line with the systems (2) and (3), prompted by the works in [19]-[20], the disturbance observer (DO) to estimate
the exogenous system (3) is designed as follows:

o) = Wy + LoBoiVolR (1) + Lol Asix(t) + Auoix(t — 1(t)) + Boiu! (t — h)],
X = @)= Lox(1), 4)
dty= Vs(1),

where ¢(t) denotes the state vector of DO; L, indicates suitable dimensioned DO gain matrix, which will be deter-
mined later; x (z) and d () specifies the estimations of signals x (#) and d(¢). As a follow up, the disturbance estimation
error is defined by subtracting the exogenous system in (3) with its observer system (4), that is e, (t) = x (t) — X (¢).
Then, we obtain the following format of error dynamics;

éx ) =Ws + »Cagaiva]ex @)+ »Cagaiw(t) + Hen(2).

2.2. Control design

In the follow-up, a fuzzy rule controller ‘R{// ® based on parallel distributed compensation strategy of the sequel
structure is established for achieving the desired system performances. In this way, the composite anti-disturbance

4
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controller is designed as follows:

Control rule ﬂif/,(t): IF & (¢) is S{W)l, &(1) is S{lf(t)Z’ ...,and E¢ (1) is wa)f THEN

Nrr
Wl (t —h) =G Y hgj(E(0)Kqjx(t —h) —d(t)

j=1

k No
= BeAe Y hej(EO)Kojx(t —h) —d (1), ©)
=1 j=1
where /5 indicates the state feedback control gain matrix to be determined, G = diag{p1, ..., Bx} is the actuator
fault matrix with g, € [0, 1], £ = 1,2, ..., k are k unrelated random variables and A, = diag{0,...,0,1,0,...,0}.
—— ——

-1 m—l
Based on the techniques in [39], [40] and also to graft the stochastic process onto the actuator faults, we assume
that B, has the probability density function p¢(B,) over the interval [0, 1] and the expectation and variance of fault S,
are respectively denoted as 1 and 8?. As a consequence, the expectation of the fault matrix G is given by G = E{G)
and from (5), we obtain

E{G -G} =0,

E{G—G)THIG — G} = Y §_, 82ATHA,, for H > 0. ©)

In the sort of control law defined in (5) and denoting @(t) = [wT(t) nT(t)]T, E| = [ngi O], E, =
[Eg Busi Ho ] and E3y; = [C_'wg,- 0] , the closed-loop form of system (1) can be obtained in the following compact
form;

)= [Aeix(®) + Boi(G — GKojx(t —h) + BoiGKojx(t —h) + Ageix(t — (1))
+B4iVoey (1) + E1d(1)],

ex ()= [Wo + Lo BoiVoley (1) + E2d(1),

2= [Coix(®) + E35id(1)],

)

where K, = Z;.V;l hgj(&(t))Kqi. Further, the prime assumptions and definitions that pave a way in easing the anal-
ysis of the desired result are listed out as follows:

Assumption 1. The external disturbance w(t) is supposed to be time-varying and hence, it fulfils fOTf w! (s)w(s)ds <
w s, where wy is a positive scalar.

Definition 1. [42] System (1) is said to be stochastically finite time stable with respect to (cy,c2, Ty, o, F) if
sup  {E{x" (1) Fx(10)}, {E{e] (to) Fey (10)}, (E{x” (10) FX(10)}} < c1 = E{x” (1) Fx(1)} < ¢z where ¢; >

—max(€,h)<tH<0
c1 and F > 0 denotes the symmetric matrix.

Definition 2. [26] System (1) is said to be strictly (Q, S, R)-dissipative with respect to (cy, ¢z, Tr, a, F) if for any
t > 0 and some scalar 6 > 0, under zero initial state, the following condition is satisfied:

Ty Ty
E[/(ZT(I)QZ(t)—|—2ZT(I)Sw(t)+wT(t)Rw(t))ds} z@]E{fwT(t)w(t)ds}, (8)
0 0

where O <0, S and R are given real matrices. In addition, the matrices Q and R are symmetric in nature.

Remark 1. Notably, the (Q, S, R)-dissipative performance comprises Hoo, passivity, mixed Hs and passivity as
special cases. It is eminent that if we consider Q = —I, S =0 and R = ¥ then (Q, S, R) dissipativity is reduced
into Hy, performance. When Q =0, S =1 and R = y [ then it can be reduced to strictly passivity. Also, if Q = U1,
S=(1-0U)and R = yzUl ,where U € (0, 1) such that (Q, S, R) dissipativity is deduced into mixed H, and passivity
case.
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3. Main results
3.1. Stochastic finite-time boundedness analysis

Now, we focus to solve finite-time stability problem for the considered TSFSS (1) by using the devised control
strategy (5). To be particular, in the context of linear matrix inequalities, a set of sufficient conditions to guarantee
the desired outcomes of the closed-loop system (7) is obtained. This is accomplished by constructing appropriate
Lyapunov-Krasovskii functional.

Primarily, in Theorem 1, adequate criterion is developed in a way to assure the stochastic finite-time boundedness of
addressed closed-loop system having controller and observer gain matrices as known. Further, by taking into account
the dissipative performance, we extend the results established in Theorem 1 to obtain Theorem 2 with unknown
controller and observer gain matrices. To be precise, the main difference between two theorems is that in Theorem 1,
stochastic finite-time boundedness with known gain matrices is established, whereas in Theorem 2, the stochastic
finite-time dissipativity analysis with unknown gain matrices is procured.

Theorem 1. Let the control and observer gain matrices Ky; and L, respectively be known. For given positive scalars
€ h, u, c1, c2, wy, a, Ty and symmetric matrix F, the closed-loop form of the considered system (2) is said to be
stochastically finite-time bounded such that if there exist positive definite matrices Pre (r = 1,...,7) such that the
following constraints hold:

n <0, (=1,2,...N,) ©)
M+ <0, (,j=1,...No)i#]
Pro <iuPre, w>1, Yo,6e€M, o #g, (10)
wcel + wf[e“Tf 1] <e*Tr 3 ¢, (11)
where
[ nit i’
mv= * n;fl 0 |-
* * H'bjl
0 0 6ihByiAKoi O 0 0 0 0 0 0 61eByiAiKei 0 0 0 0 0
m=|: : : Do lml = : SRR
0 0 8hByirkKoi 0 0 0 0 0 0 0 &eBoireKoi 0 0 0 0 0
M) =diag(—Pg,'. ... Pe ). Ty =diagl=Ps ... P},
k k

n”l = 2P1gAgi + P30 + 7>4g + Pso — Psa = Pro + aPio, 11, = PioBoiVa, T3 = PioBsiGKoi + Ps,
1 4 =PioAdsi + P15, 11 1 6= PisE1, T 1 7= hAm, l_l1 g = 6./4(”, l_I2 y =2P26 Wo + 2P25 L5 Bsi Vo, H2 6=

Paro En, T35 = hVUTB;l, ny, EVTBL, Y, = —Psg — Peq, 1§, = hKL,GTBL., s = €KL, QTBL, ny, =

~(1 = OPsg = Pro, M5 = —Psy, g = —al, T, = hE], Y = €E], 17, = =P}, 1{y = —P; ),

Pro=F 2 Pro F 2, A = Amin(P1o) and hs = Amax (Pro), s = 12,3, ..., 7}, r =1{1,2, ..., 7).

Further, the average dwell-time satisfies

Tinwu

la>0) = (12)

- In(AMcp) —In(wcy + wf[e"‘Tf —1]) +0le’

where > 1.

Proof. In order to prove the stochastic finite-time boundedness of the closed-loop system (7), we construct the
Lyapunov-Krasovskii functional in the following form:
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3
Vo)=Y Vo (1), (13)

v=1
where
Txo) 1 [P 0] x0)
V“’(”_[exa)} [ 0 PZGHeX(n]
t t t

Vao (1) = / +7 (5)Prox (s)ds + / +7 (5 Paox(s)ds + / *7 (5 Psox (s)ds,
t—h t—1(t) t—e

t

0 1t 0
Vas (1) =h f f T () Peo X (w)duds + € / / T (u)Pry X (u)duds.

—ht+s —T(0) t+s

Using the infinitesimal operator £{.} defined in [39] and taking mathematical expectation on both sides, we obtain
E{£Vio (1)} =E{2x" (1)P1o % (1) 4 2e] (1) P éy (1)}
=227 (OP1o [Agix(0) + BoiGRoix(t = ) + Adoix(t = 7(0) + BoiVoey () + Ero(0)]
267 (VP2 [ Ws + Lo BoiVadey (1) + E2d (1) (14)

E{£Vae (1)} SE{xT () P3ox (1) = x7 (t = h)P3gx(t — W) +x" () Pagx(t) — (1 — )x” (t — 1(1)) Pax(t — T(1))
+x ()Psox(t) — x" (t — €)Psex(t — €)}

=E{x” (1)(P3o + Pas + Pso)x(t) —x" (t = ) P3ox(t —h) — (1 — )x" (t — () Pagx(t — T(1))

—xT(t — €)Psgx(t —€)}, (15)

t t
E{£Vs, (1)} =E{h%5T (1) Pep X (t) — h / 4T () Peo i (s)ds + €25 (1) Pro i (1) — € / 2T () Prgx(s)ds).

1=h 1=t(0)
(16)

As a continuation, by substituting the system portrayed in (7), the first and third terms of (16) is re-written as
- Y - - T
WPELT (Peo (1) = [ Agix () + BiGRoix(t = ) + Auoix(t = (1)) + Boi Vo, (1) + Er&(0)] h*Pog
[Aoix(0) + BoiGRoix(t = )+ Adgix (t = (1) + By Ve, (1) + Era(0)]

+E{xT(r = W)KL(G — )T BLh*Poo Byi (G — G)Koix (t — 1)},
(17)

SR (VP10 5 (1) = [Aoix (1) + BoiGRoix(t = ) + Aigix(t = 7(0) + By Ve, (1) + E@(z)]T *Pro
[Aoix(®) + BoiGRaix(t = ) + Adoix(t = (0) + BoiVoe, (1) + Ero(0)]
HEW (1 = WKg; (G — O Bgi€*Pro Boi(G — DKoix(t — h)}.

(13)
Then, by using (6), the second term in (17) and (18) can be re-formulated as follows:
E{x"(t = WKL (G — ) Bl ih*Peo Bsi (G — G)Koix (t — b))
k
=x"(t =), KLY 67 Al B> Poo Boi AKoix(t — h), (19)
=1
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E{x" (1 = h)Kg;(G ~ G)TB({,. *PraBoi(G — G)Koix(t — h))
—mKr, Za, AT BT €*P14 Byi AiKsix(t — ). (20)

By applying Jensen’s inequality, (16) is re-written as

t

. T . x(t) r —Peo Peo x(t)
- [t orpioas <[ JO T[T T ]| 0 @
t—h
' o 1 [-Pn P )
LT . x(t —Flo 7o x(t
—€ / X1 ($)Prsx(s)ds < [x(t B r(t))] |: N _7)70'] |:x(t B r(t))i|' (22)

t—t(t)

Further, by summing the inequalities (13)-(22), we can get

Ny No
E[EV () +aE(V(0) =67 (0ad(0) = 3 Y hoi€O)ho; ) T 0RIT0)], (23)
i=1 j=1
where
- ~ij ~ij ~ij ij ~ij
1,1 H_1:2 IMi; My 0 H 1,6
* 2],2 o 0 26
yl
fiio | * * 3{3 0 0 0
oyl
* * * 1'14]’4 0 0
iy
* * * * 5.5 A(.)'
| * * * * * H;{G_

YTy =[x"@t) el@) x"@—h xT@—z@) x'@- e) ‘T(t)]T where ﬁ”'l =2Pio Asi + Pio +7>4a
Pse +AT-h2P60Am P+ AL 2P1, Asi — Pro +aPio, 11 12 ="P16BsiVs, Hl 3 ="PioBsiGKoi + Peo, 1} 4 =
Plg.Adm +Pro, 11 1/s = PioEr, 115, = 2PsocWo + 2P2 Lo Boi Ve + VI BLh?Poo ByiVe + VI BL€2Pr1o Byi Vs,
I g = Pag En. T} y = —P3o+K1.GT Bl h*Pso Boi Gloi +KL; 35y 83 AT B, h* Poo Boi AKoi+K1,GT BL €2 Prs
Bg,glCm +EL Y 182ATBT €2P15Byi AiK i — Pog, 11 gf 1= —(1=Pag+ AL h>Peo Adgi + AL .€*Pro Adoi —

Pis, 11 5 5=—Psqg, ”6 = ETh Pes E1 + E} Te2pio Ey —al.
To this we add the use of the Schur Complement in the above inequality (23), which yields the matrix in (9).
Consequently, if the inequality (9) holds, then

E{£V, (1)} + aE{Vy (1)} <@ (ad(t). (24)
After integrating the previous inequality from #, to ¢, one arrives at the following result:

E(Ve (1) = e~ [E(Vy ()} + wyle) —11]. (25)
It can be seen from (10) that

E{Vs (tn)} < nE{V5 (t,)}, where p > 1. (26)
Now, from (25) and (26), we derive

E{Vo () <p e " TWEVo (1) + wy[e® T —1])

Suzeia(tit"*])E{Vo(l,,__l) + wf[ea(l*tn—l) —17
<...< N OTD TRV, (0) + w [e®Tr — 17}, @7
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where % > N, (0, Tr) denotes the number of switchings in the o -th subsystem over [0, Tr) and ¢ represents the
average dwell-time.
Consider ”ﬁm =F %IP,UF 7 for any symmetric matrix F and from (13), we obtain

E{Vs ()} = Elx" ()P16X ()] = Amin(P1o)Elx” (1) Fx ()] = MELxT (1) Fx(1)]. (28)
On the other hand, under zero initial condition, we have
0 0
BIVO) =E {37 OP10(0) + ¢ OP2re, O+ [T 6Psr)s + [ 27 6)Piords
—h —€(0)
0 00 0 0
+/xT(s)P5gx(s)ds+h /)'CT(M)P@(,)'c(u)duds—i—e / /)&T(M)P7U)'c(u)duds}
—€ —h s —€(0) s

i . . . . . h3 y €3 y
< | Amax (P1) + Anax (P2) + hdpmax (P3) + €dpax (Pa) + € Apax (Ps) + T)Lmax (Ps) + E)Lmax (P7)]

X sup E[xT(to)Fx(t()), el (1) Fey (to), )'cT(to)F)'c(to)}

—max(€,h)<tg<0

[ h3 e’
=2 +hr3+€(Ag 4+ X5) + 7)\6 + 7)»7i| cl

=w 1. (29)
By combining (27) to (29), we have

MELT () Fx(0)] < po e Tr [w e1+wle?Tr — 1]]. 30)
If (11) and (12) hold, we can compute
Elx" (1) Fx(1)] < ca. (31)

In accordance with Definition 1, it is easy to conclude that the closed-loop system (7) is stochastically finite-time
bounded with respect to (c1, ¢2, Ty, a, F). Thus, the theorem’s proof is completed. O

Further, by taking gain matrices to be unknown and considering the dissipative performance, the necessary condi-
tions are developed in the following theorem which assures the stochastic finite-time boundedness of the closed-loop
system (7) and satisfies the desired (Q, S, R) — 6 dissipative performance index.

3.2. Stochastic finite-time dissipativity analysis

Theorem 2. With Assumption 1, let us consider the closed-loop system (7). Then, given with the positive scalars €, h,
M, c1, 2, Wy, o, Ty and 0, symmetric matrix F and matrices Q, S, R are constants such that Q <0, R = RT and
s=sT, if there exist symmetric matrices Pr >0 (r = 1,2,...,7) and appropriate dimensioned matrices Y1qi, Yoo
and the below-listed inequalities hold:

Al <0, (i=1,2,...Ny) (32)
AV+ A <0, (G, j=1,...No),i#
KF! <P, < F_l, (33)
O<75]a<2F_1, 1=1{3.4,...,7}, (34)
[E} \/26(1 + )42+ %)cl} <0, 35)
* —K
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where

i, iiT iiT
- [AV]oxg Ad Ay
i 3
AT = * Al 0o |

* * A;,jl

0 0 8hByiAVigi 0 0 0 0 0 0 0 81eBysiA1Viei 0 0 0 0 0
Ad=|1 : A : SN

0 0 8thByiAVigi 0 0 0 0 0 0 0 8€eBosiAViei 0 0 0 0 0

= diag{—2Py + Poo, ..., —2Ps + Poo}, Al = diag(—2Py + P1o, ..., —2P + P15},
k k

Ailj;l ZZAJiP +7530 +754U +/p50_/p60 7)70 +aoPs, A Z_BO'IVO" A 3—Both101+P6a’ 4—Adol7) +
757(,, Alg=Ei - 27DUCT S, AV =P AL, A g =Py AL, ATy = PUCT 0z, N5 = 2P We + 2V B V.

oi’ o’

2 6= =P Ea, A 2 7= hVoBoi, Az g = €Vo Boi, A3 3= P30 = Peo A 3 7= hylmgTBgl, 13]8 = eylathB({t’
A44:—(1—6)P4g P7g, 47—hPUAdGZ) 48_€P0Adcrt’ 55:_7)50: 66_ 2E3TmS R+01, A67_
hET, ‘6/8 =€ET, A ’/ = E3Tsz, ’7f7 =—2P, + Peo, Ajg=—2P5 + P15, Ajg=—1 and & =2c + [(wy —
c2)eTr —w flk, lhen the closed-loop system (7) is stochastically finite-time bounded with a desired (Q, S, R) — 6
dissipativity performance index. Moreover, the controller and observer gain matrices are calculated by utilizing the

following relation Ky; = ))10,'770_1 and L, = P2_Ul Voo

Proof. By taking the same Lyapunov-Krasovskii functional and by following the similar lines of Theorem 1, the proof
of Theorem 2 can be obtained. Precisely, for any non-zero disturbance w(t), we define

1) =" (1) Qz(t) +22(1) Séo(t) + & (1) (R — O Do (r). (36)

From the above-mentioned relation, one has

E{£V, (1)} + aE{V, (1)} — I(1) < YT (O[T 1777 (0), (37

where Hljxl = HU CT QCoi, Hllj><2 = Hlljzv Hlljx3 = 1_111]3’ Hllj><4 = Hllj4» Hllj><6 = HU ZCT S, lesz = lejz’
ij i ij i ij i T

H2X6—H2 6 1'I3X3—l'[33,l'[ 4—1'144, H5X5—H55,H5x6——E30iQE3m 2E3mS R + 61 and the remain-

ing elements are same as in (23).
The matrix described above can be rewritten using the Schur complement lemma as follows:

T T
1 1 1
[ MRl T T
1-[1]= 1]
* l'[al O s
ij
* * I"Ibl
where
T T
ij ij ij
. My e T
1 = )
* l'[al O s
* * szl
where
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B ij ij ij ij T ij ij T Ht
Iy, Iy, My, My, 0 My ¢ —2C5;S Iy, Mg ;02
ij tj
* 1'12’2 0 0 0 Hz,e 0 0 0
* * H;{3 0 0 0 0 0 0
. * * * Hi{4 0 0 0 0 0
14["/ _ ’ ii
N7 ok * * I 0 0 0 0
* * * s x« —2ET S—R+461 T nd, EL.0°
3o0i 6]] 6,8 3o0i
% * * * * —Peo ()71 0
* * * * * * P 0
|k * * * * * * * -1 |
Now, pre- and post-multiplying aforementioned matrix with di ag{PfG], I, 731}1 , 771:,1 , 771;], I,..., I} and its trans-
2m+4

1o+ PoPesPo = Py and utilizing the relation —2P,; + Piy = —PsPeoPo»
£={3,...,7}, we acquire the matrix (32) given in theorem statement.

pose. Besides, by letting Py = P!

At the same time, we know that P, = F _TIPMF 7. The following relations can be acquired by applying the

1 . =1 =l 1
——, it ensures that [ < F'2 F7 <=1, we
)\min(,PIU) PIU K

have A, < % and A > 1. Further, 0 < F_T]PU(,F_T1 < 2(F_T|731(,F_Tl)2 < K%I, v={3,4,...,7}. Thus by employing
the above relations, we deduce (33) and (34). Now by using the prior mentioned relations in (11), we get the following
inequality;

2 2h h? 2
i (5 DL NP [ D C1+U)f[€8Tf —1] <y, (38)
Kk k2 '

. v 1 1 o
congruence transformation, P, = F2P, F2 and Apuy(Ps) =

2 4

wherein by taking Schur complement, it can be equivalently written as (35). The proof for this theorem is now com-
plete. O

Suppose that there is no time-varying delay in TSFSS (1) under consideration, then we have the following closed-
loop system:

$(0) = [Apix(t) + Boi(G — G)Koix(t — h) + ByiGKoix(t — h) + Byi Ve, (t) + E10(1)],
éx(t)z We +£UB~O'iVG']eX(t)+EZJ)(I)7 (39
2= [Coix(t) + E3:@(1)].

Corollary 1. Let us consider the system (39) with Assumption 1. Suppose that we are given with the positive scalars
a, h, c1, ¢, wy, Ty, wu, 0, symmetric matrix F, if there exist symmetric matrices P, > 0 (r = 1,2, 3, 6), appropriate
dimensioned matrices Y\qi and Yoo in a way that the below given conditions are satisfied;

ri <0, (=12,...Ny) 40)
M4ri<0, (,j=1,...Ny),i#]
KF' <Py < F71, @D
0 <Py <2F, q=15,6), @
) 2
|:2c1 +[(wy —c2)e?™ —wplc 2h(1+ %)Cl} <0 “3)
* —K
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0 0 61hBsiAYVisi O 0 O

ry=1|: : : D | TY =diag{=2Ps + Peo, .., —2Ps + Poo ),
0 0 &hBsiNYViei O 0 O k

and FJ] —ZAUZPU+P3U _Péa +aP,, T Z_Bo’lvo’x 3=Baig_Y1m’+756a lij4=E1 _ZPUCTS FIS_
hPUAT Flj6 = PO'CT Q2 112 = 2P2s Wy + 2V26B5i Vs, U4 = PZUEZ, r ]5 =hV;Bsi, T 3 3= P3cr - PGU;

oi’
STRT il — T T i
37—hy1mg By Tjy=—2E;,,S—R+01, F45—}”3 Lje= 301Q F55— —2Py + Poo g g = —1, then
the closed- loop system dmfted in (39) is stochastlcally finite-time bounded. Moreover, the gain matrices are computed
via Koi = V16iP, and Lo = ng Voo

Remark 2. The authors in [15] discussed the dynamic output feedback H,, control problem for TSFSSs. Meanwhile
in [16], the problem of passivity and feedback passification for TSFSSs is investigated. It should be pinpointed out that
in the above said words, the stabilization issue for TSFSSs has been discussed with one type of merged disturbance.
However due to complex environment, multiple heterogeneous disturbances may exist in the system model. Thus, in
our present work, we have considered the stabilization problem of TSFSSs with multiple disturbances, time-varying
state delay, input delay in a single framework. Additionally, because the modes and patterns of actuator failures are
basically random in nature, the actuator fault may manifest in a stochastic way. Nonetheless, in [37] and [38], the
actuator fault is considered to be constant, which is not practically sufficient. Hence, we have examined into a model
where actuator failures occur at random manner and fault rates are described using stochastic variables which follow a
Bernoulli distribution. In addition, unlike asymptotic and exponential stability [4] and [14] which are defined across an
indefinite length of time, the finite-time stability concept is explored in this study. Specifically, the finite-time stability
prevents the states from exceeding a particular range within a predetermined time frame and it is distinguished from
those other types of stability.

4. Simulation verification

In the subsequent part, simulation results of two numerical examples are provided to demonstrate the practical
applicability and effectiveness of the theoretical conclusions stated in the previous sections. More specifically, by the
virtue of Example 1, simultaneously stochastic finite-time boundedness of the considered system (7) is guaranteed.
Furthermore, mass spring damper model is considered as an Example 2 to endorse the implementation of the designed
control law in practice.

Example 1. In this example, a 2-rule TSFSS with two operating modes in the format of (1) is taken into account. The
following are the system matrices that correspond to them:
Subsystem 1:

—0.2 0.1 —-0.6 02 —0.1 0 023 0.1 ]
A“:[ 1.2 —0.2}’“4‘2:[ 1 ]Ad“ [—0.3 0.02]“4‘“2:[0.03 -0.2]
05 04 0.12 0 03 0.1 0.1 0.2]
6“26122[0.8 0.7}’8'”“:5’1“2:[ 0 0.13}’6“2[0.3 0.1]6122[0.1 0.2

Subsystem 2:

—-0.5 07 -1 04 —-03 —0.1 —0.13 0 ]
An = [ 1 —0.3} An = [0.9 —0.4} +Aaz = [ 03 0.1 ]’Am - [ 0.1  0.35]
0.5 04 0.12 0 04 02 0.1 03]

Moreover, the associated matrices of the exogenous system (3) with two operating modes are taken as follows:
Subsystem 1:

-75 15 13 7 10
Wl=[7.5 —7.5}’7{1:[1 ]Vl [o 1]
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Table 1
Gain matrices with its corresponding index y for distinct disturbance attenuation performances.
(Q, S, R) — 6 dissipativity Hso Passivity Mixed Hxo and Passivity

K _ [1.2506 0.4961 ] _ [1.0585 0.2636] _ [1.3318 0.7310 _ [1.0380 0.2880]
1 1 0.5325 0.4677 | 10.2662 0.8742 | 1 0.6676 0.1633 10.2934  0.8991 |

K _[1.0524  0.5443] _[0.9744 0.44157  [1.0158 0.6159 _[0.9417 0.4633]
12 1 0.6929 0.6332 | | 0.4833  0.5284 | 1 0.7402  0.5956 | 0.4934  0.5649 |

i _ [0.4629 0.4931] _ [0.6065 0.4994 ] _ [0.2635 0.5618 _ [0.6245 0.5167]
21 1 0.7051  0.6555 | 1 0.5055 0.9005 | 1 1.0142  0.4784 1 0.5275 0.9271 |

K _ [0.1758 0.2955] _ [0.3792  0.3719] 0.2028  —0.2481 B [0.3877 0.3926]
2 10.7386 1.1232 | 1 0.4071 1.0816 | —1.1936 —1.1577 | 0.4261 1.1214 |

r _ [9.4007 12.7214 _ [3.5321 5.6167] _ [9.3500 10.7956 _ [3.0666 3.5115]
1 16.9777 12.7767 1 3.0749 52843 | 1 7.0326 10.8117 1 2.0375 3.8128 |

. 87273 17.4028 [42397 671007  [7.8715 11.4720 _ [4.0953 6.0902]
2 1 9.3504 22.8026 | 3.6601 5.8052 | | 6.7381 18.1956 | 3.5542 5.8185 |

y 0.5 0.71 0.62 0.95

Subsystem 2:

~76 8 2 1 10
WF[ 8 —7.6:|’H2:[3 5]’V2=[0 1]

On the flip side, the disturbance signals are given by wi(f) = 0.01sint, wy(t) = 0.01cos(rt), ni(t) =
2sin(Swt) 4+ 3cos(Tmt) + 0.4 cos(2nt) and n2(t) = cos(Swt) + 0.7 sin(wt). The membership functions are chosen
as fiy1 (x1 () = Figy (x1 (1)) = ””25% and fipa(x1 (1)) = Ao (x1 (1) = 1 — w The time-varying state delay
function is taken as 0.2 + 0.2sin(¢). In addition, we suppose that the stochastic behavior corresponding to the fault
model obeys Bernoulli distributed white sequence, we have

Prob{e=0}=1—-E{B} =1-— oy,

where g, are non-negative real valued scalars. Notably, if the value of g, increases, then the range of possible actuator
failure will be decreased, that is, the value of o, = 1 ensures the good condition of actuators. Further, the expectation
and variance of fault are calculated by making use of the following relation ¢ = g4 and 8,% =o0e(1—p0p), £=1,... k.
Take k = 2 for simulation purpose and as a consequence, we consider o1 = 0.8 and g =0.9.

The remaining parameters are chosenas € =0.4,7 =02, h =0.3,¢; = 0.5, ¢c; = 2.2, wr=04,Tf=10,a =0.1,
F=1I,Q0=-1.5,5=0.8, R=1.4] and 6 = 0.5. Based on the values considered above and with initial conditions
x(to)=[1 — 117 and X (tg) =[50 — 5017, 1y € [=max (e, h), 0], the necessary criterion given in Theorem 2 is solved.
The gain matrices for the controller and observer are tabulated in Table | based on the feasible solutions obtained.
Precisely, Table 1 displays the desired gain matrices and its corresponding disturbance attenuation index y under
(Q, S, R) — 0 dissipative, Hy, passivity and mixed Hy, and passivity performance.

In addition, we obtain the average dwell time as ¢, = 1.1095. Then, with respect to the gain values mentioned in
Table 1, the corresponding graphs of the addressed TSFSS (1) in response of developed composite anti-disturbance
controller (5) are plotted in Figs. 1-8. To be particular, in Fig. 1, response of state trajectories x1(#) and x,(¢) in the
presence and absence of term d(t) in the developed controller’s design (5) is exhibited. As seen in Fig. 1, we observe
that the proposed controller stabilized the system states. Further, accuracy of the constructed disturbance observer is
validated by plotting d(¢), its estimated term d (t) and error d(t) — d (t) depicted in Fig. 2. Additionally, the devised
anti-disturbance observer-based reliable control signal’s trajectory is pictured in Fig. 3. In respect of the optimal values
of the finite-time parameters ¢ and c;, the trajectories of x” (t) Fx(t) are given in Fig. 4 which signifies the finite-
time boundedness of the addressed system. The corresponding switching signal is pictured in Fig. 5. Additionally, the
developed control method is compared to the (Q, S, R) — 6 dissipative approach to demonstrate its advantages over
existing methods. Hence, in Fig. 6, the comparative plot between the developed controller and traditional (Q, S, R) —6

{Prob{ﬁe =1} =E{Be} = ot

13
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Fig. 1. Response of state dynamics of the closed-loop system (7) with and without (f(t). (For interpretation of the colors in the figure(s), the reader
is referred to the web version of this article.)
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A 8¢ . = M
5 4
0 2 4 6 8 10 R L L L I I (] T L 19
10 I I I I I I I I I 8

o 1 2 3 4 5 6 1 8 9 1 o 1 2 3 4 5 6 71 8 9 10
Time (seconds) Time (seconds)

Fig. 2. Disturbance estimation and its error response.

Control responses
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0 1 2 3 4 5 6 7 8 9 10

Time (seconds)

Fig. 3. Control responses.

dissipative controller is provided. From this figure, we can conclude that the satisfactory results for the undertaken
system are attained by using the method provided in this work.

Now, to distinguish the efficiency between the proposed control scheme and its deduced schemes for attenuating
the norm-bounded disturbances which are analyzed by selecting the values of Q, S, R as specified in Remark 1. Based
on the three sets of gain values given in Table 1, the simulations are carried out and as a result, the state responses of
the considered TSFSS (1) under distinct disturbance attenuation performances, namely Ho, passivity and mixed Hyo
and passivity, are presented in Fig. 7. Further, to show the relationship between the coefficient matrices of exogenous
system (3) and the accuracy of disturbance rejection, the gain matrices corresponding to different parameters of W,

14
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Fig. 4. Trajectory of xT (t) Fx(¢).
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Fig. 6. Evolution of ||x(?)]|.

and V, (refer Table 2) are computed and given with Table 3. Based on the obtained gain matrices (refer Table 3), the
disturbance estimation error is plotted in Fig. 8.

In this way, it is worthy to conclude that the results established in this work assure the simultaneous disturbance
estimation and finite-time boundedness of the system under consideration in the existence of stochastic faults in
actuators and multiple disturbances.

Example 2. Precisely, this example illustrates the practical applicability of the established result given in Corollary 1.
In this context, the well-known mass-spring damping model is adopted from [45], whose dynamics are given as:

15
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Fig. 7. State responses.
Table 2
Different values of Wy and V,; for distinct exogenous systems (3).
Wl Wz Vl V2
Case 1 o 3 o 4 [0.1 0 [02 0
|-3 0 1—4 0 L 0 0.1 L0 02
Case 2. [ -3 425 [ -3 25 [1 8 (2.6 1
ae —45 4 |28 4 -1 4 -3 5
1 5 1 2 3 0 (4 0
Case 3 = 1] | —2 1] K 3] K 4]
2 7 (3 4 [5 -0.1 6 —0.2
Case 4 -7 2] —4 3] 0 s ] 0 6 ]
Table 3
Observer and controller gain matrices for different values W, and Vi; in Table 2.
Case 1 Case 2 Case 3 Case 4
K _ [1.2506 0.4961 _ [1.0439 0.2849 _ [1.0382 0.2893 7 _ [1.0468 0.2773
1 10.5325 0.4677 | 1 0.2887 0.9078 | 10.2936  0.8898 | 1 0.2807  0.9066 |
K _ [1.0524 0.5443 _ [0.9404 0.4634 7] _ [0.9513 0.46327] _ [0.9501 0.4587 ]
12 10.6929 0.6332 | 10.4892  0.5676 | 1 0.4959 0.5492 | 10.4877 0.5618 |
K _ [0.4629 0.4931 _ [0.6294 0.5217] _ [0.6209 0.5177] _ [0.6269 0.51537
21 1 0.7051  0.6555 | 10.5299 0.9339 | 1 0.5264 0.9222 | 10.5230 0.9289 |
i _ [0.1758 0.2955 _ [0.3937 0.3978] _ [0.3876 0.3896 ] _ [0.3938 0.39127]
22 10.7386 1.1232 | 10.4273  1.1222 | 10.4228 1.1098 | 10.4226  1.1206 |
r _ [9.4007 12.7214 _ [15.8852 31.8991 5.3339  —23.6550 11.4260 —47.8228
1 16.9777 12.7767 | 1.9394 43.5853 32.1781 —67.0403 51.176  —109.7251
C _ [8.7273 17.4028 —2.6398 —36.3609 —-9.3269 —16.1178 —5.1744 —40.9465
2 1 9.3504 22.8026 15.1905 —69.9072 14.8586 —46.8133 32.2876  —89.4340

mi + Fy + Fy = u(t),

where m denote spring’s mass, Fy and Fy represents spring’s friction force and restoring force with nonlinear or
uncertain terms, respectively and u(¢) represents the control input vector. Prompted by [45], the above system is
equivalently re-drafted in the form of (39) as a 2-rule TSFSS associated with stochastic actuator faults, input delay
and multiple disturbances. Then, the related system matrices with two switching modes borrowed from [45] are given

as follows:

A11=|:

0 1
—-0.02 0

}

,A12=[

0
—0.02

—0.225

e

0

16
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—1.5275 0

0

—1.5275

1

—0.225
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Fig. 8. Disturbance estimation error for the distinct cases given in Table 2.

Table 4

Gain matrices with its corresponding index y for distinct disturbance attenuation performances.

(Q, S, R) — 6 dissipativity Hxo Passivity Mixed Hxo and Passivity
Kip  —[1.7433 2.1111] —[1.5457 2.0163] —[1.5548 2.0107] —[1.5501 2.0055]
Kip  —[1.9042 2.1038] —[1.5704 1.9755] —[1.5887 1.9741] —[1.5841 1.9673]
Ky [0.4202 —1.8332] [0.5458 —1.7832] [0.5715 —1.7842] [0.5691 —1.7776]
Ky [0.1357 —1.8467] [0.5336 —1.7504] [0.5432 —1.7605] —[0.5409 —1.7530]
L [6.4863 714.1735] _[1.1528 3.9306] _[1.0169 5.5050] [1.1166 76.2000]

—4.1048  —26.0232 1.8218  7.9508 2.3066 10.9606 —2.3447 —11.4913
L _|:0.1096 11.5006j| [0.8899 —3.8021] |:0.6633 —5,1808] _[0.6759 —5.4608i|

3.9423 222345 —-1.6010 —7.0122 —2.0370 —9.7269 —2.0914 —10.2343
% 0.4 0.82 0.6 0.87
0
511=312=321=322=[1]
P0) X3 (1) _ o

The membership functions are selected as fij;(x1(¢)) =1 —

X3 (1)

fip(x2()) =1— F5s.
Further, the external disturbances and its corresponding coefficient matrices are selected as w(¢) = 0.001 rant,

17(1‘) = 0.4cos(Bnrt) + 0.7Sin(57‘[l‘).8w11 = BwlZ = Ble = szz = |:(1):| ,Ci1 = [0.3 0.1], Cip = [0.3 0.4],

Co1=[03 0.1],Cn=[03 0.4],Cu11 =0.2,Cy12=0.3, Cy21 =0.2, Cy22 = 0.3.
In addition to that, the coefficient matrices of the exogenous system (3) with two switching modes are considered

as follows:

|

|

112 0.01
] Hi= [0.02

1 13]’7{2: [0.01

—12 1

—13 1

0.02

i|,V1=[1 2];
:|,V2:[1 2].

Soss ho1 (1) = 1 — Z2s hip(xy (1) = o

and

In order to solve the obtained sufficient stability conditions (40)-(43), the rest of the values are selected as &7 = 0.1,
c1=02,00=52,wy=04,Ty=10,0a=0.1, F=1, 0 =-1.2,5=0.8, R=1.8] and 6 = 0.4. The assumption
regarding the stochastic faults in actuators is same as in previous example along with k = 1 and ¢ = 0.8. Then, by
solving the conditions in Corollary 1, the gain matrices are computed and displayed in Table 4.

In addition to the above, the average dwell time is obtained as ¢ = 0.4961. The outcomes are depicted in Figs. 9-16
under these calculated controller and observer gain matrices together with the same initial conditions considered in the

17
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Fig. 9. Evolution of state trajectories with and without d (7).
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Fig. 11. Control responses.

previous example. Precisely, Fig. 9 presents state responses of (39) in the presence and absence of the term d(r) in the
developed controller (5). From this figure, the efficiency and importance of the proposed composite anti-disturbance
observer-based control scheme is revealed. In Fig. 10, the response of the disturbance d(¢) and its estimation is
presented, wherein the exact estimation is accomplished. Fig. 11 signifies the control input response. Further, the
evolution of all the system states converge to zero within the optimal bound values ¢ and c¢;, which is clearly revealed
from Fig. 12. The corresponding switching mode and norm-bounded disturbance signal of the considered system are
respectively doodled in Fig. 13 and 14. Therefore, it is concluded that the considered mass-spring damper system
represented by (39) is stochastically finite-time bounded. In addition to that, similar to the prior example, Fig. 15 is
drawn to demonstrate the supremacy of the proposed control protocol with the traditional (Q, S, R) — 0 dissipative
method, where the satisfactory performance is accomplished via the developed control law. Besides, the response of
state trajectories x1(¢) and x;(#) under Hyo, passivity, mixed Hy, and passivity performances are plotted in Fig. 16.
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Fig. 14. Disturbance.

As a next step, we’ll verify the proposed method with the existing results as in [46]. It is seen from Fig. 17 that,
in comparison to the methodology in [46], the response of || x(¢) || using the developed control technique quickly
converges to zero. Moreover, from Table 5, it is clear that the minimum disturbance attenuation level computed in this
article is comparatively is lesser than that of in [46]. Overall, these simulation results reveal the practical significance
of the proposed control law and also its robustness against the traditional disturbance attenuation method.
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Fig. 17. Evaluation of || x(¢) ||

As a result of the above study, we can conclude that the considered mass-spring damper system in the form of (39)
is stabilized by virtue of the designed composite anti-disturbance controller (5).
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Table 5
Minimum disturbance attenuation level.
Methods Vimin Improvement
Reference [46] 0.67 40.29%
Corollary 1 0.4
0.4 i
— 1 (%)
0.3 —_—s (t) b
w 3 t
> 0.2 ®) 1
=
S
o
L 0.1y |
_
2
S 0
w2
-0.1 |
-0.2 ' ' ; '
0 2 4 6 8 10

Time (seconds)

Fig. 18. Evolution of state trajectories with d(z).

Example 3. In order to demonstrate the superiority of the proposed control scheme in comparison to the existing
literature, a comparative analysis is presented in this example. In particular, we take into consideration Lorenz system
given by the following equations [47]:

X1(1) = —px1(t) + px2(t) + u()
X2(1) = rx1 (1) — x2(t) — x1(1)x3(2)
x3(1) = x1(0)x2(r) — gx3(1) (44)

where p =10, ¢ =8/3, r =28 and v = 25.
Having one switched system and two fuzzy rules, following is the matrix representation of the system (39) with
regard to the above system:

-p p 0 -p p O 1
Ai=| r -1 v |, A= r -1 v [,Bi=B,=|0
0 v —q 0 —v —g 0

Moreover, the membership functions are chosen as 7| (x| (¢)) = %(1 + X'T(t)); fio(x1() =1—h1(x1(2)).
Now, the exogenous system matrices are given by

W= [_04 g]V=[O.4 05]; H = [82}

The remaining matrices are chosen as

0.2 0.3
Ci=[01],co=|04]|,B,=[01 02 01]",Bu,=[0.1 02 02]".
0.1 0.1

The rest of parameter values are selected as same in Example 2. Then, we solve the LMIs in Corollary | to obtain
the desired gain matrices:
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Fig. 20. Disturbance and its estimation with error.

Ki=[-161.1512 —64.0852 —0.5785], K> =[—161.8399 —63.7862 —11.4287] and

_ | —12.6407 8.2961 —1.5277
—23.3395 15.2994 -—-2.7372

For the purpose of simulation, the disturbances are picked by w(#) = 0.1 % sin(t) and 5 (¢) = sin(t) 4 cos(t). Further,
the initial conditions are x(0) = [0.1 0.3 —0.2]. To be specific, Fig. 18 depicts the system (44)’s state response,
which illustrates that the underlying system is stabilised by means of the designed controller. Moreover, the considered
system’s state outcomes without the estimated term d(1) in the developed controller are shown in Fig. 19. As seen in
these figures, the efficacy of the developed control scheme is revealed. Further, the disturbance d(¢) and its estimation
d(t) with the disturbance estimation error is plotted in Fig. 20. In addition to this, the proposed control technique is
compared with that of the existing method in [47]. Precisely, the comparison plot for the response of || x(¢) || of the
developed controller and the existing controller [47] is plotted in Fig. 21. From this graph, we infer that the approach
presented in this paper yields satisfactory results for the considered system.
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Fig. 21. Response of || x(¢) |.

5. Conclusion

This study focused on solving the disturbance rejection based stabilization problem for TSESS in conjunction with
multiple disturbances, state/input delays and stochastic actuator faults. Specifically, to account the stochastic behavior
of actuator faults, the random variables that obey Bernoulli distribution are examined. The composite disturbance
observer approach based (Q, S, R) — 0 dissipative performance is designed to achieve both the disturbance rejection
and attenuation, respectively. To be precise, a unified control protocol is proposed for obtaining the required result by
combining the output of anti-disturbance observer and parallel distributed compensation based reliable controller with
input delay. Based on these settings, the stochastic finite-time boundedness of the states of the system (1) is confirmed
by the virtue of Lyapunov stability theory. Further, numerical examples with simulation results are given to verify the
efficiency of the proposed control design. Specifically, mass-spring-damper model is considered to authenticate the
applicability of the theoretical outcomes. Further, the anti-disturbance control problem for stochastic switched 1T2
fuzzy systems with multiple disturbances, time-varying delays and actuator saturation is an unexplored work, that will
be studied as our future work.
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