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Abstract

This paper deals with the issue of finite-time observer-based H, control design of net-
worked switched systems (NSS) subject to external disturbances via an event-triggered
observation strategy. This triggering strategy is used to decide when the output mea-
surements are sent to the observer over the communication network. By incorporating
digital networks, the closed-loop system is modeled as a switched delayed system due
to network-induced delays. By using the average dwell time (ADT) switching method
with the Lyapunov—Krasovskii functional, several sufficient linear matrix inequalities
(LMIs) conditions for the observer-based control synthesis are developed to guarantee
the finite-time boundedness and the disturbance attenuation control performance of
the resulting switched delayed system. Finally, an example is given to illustrate the
effectiveness of the theoretical results.

Keywords Switched systems - Finite-time control - Event-triggered observer - Linear
matrix inequality - Network-induced delay

1 Introduction

Switched systems have received increasing investigations by scholars in the past two
decades [5, 7, 16] since they may describe a variety of physical plants in engineering
applications, such as chemical processes [29], aero-engine systems [28], and electric
circuits [19]. By far, many accomplishments have been conducted in the study of
switched systems in a non-networked context [30, 34].
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Modern industrial applications are usually controlled via communication networks
due to the advancement of spatially distributed systems. This class of control systems
termed NCS has attracted growing attention as they present various advantages [2,
12, 14], including low installation cost, reduced wiring, and ease of maintenance.
However, some severe issues, such as network-induced delay, transmission packet
loss, and cyber-attacks, arise and may affect the system’s performance and stability.
For more details, see [8, 31] and references therein. Therefore, the study of the dynamic
behaviors and control design of switched systems in networked environments, known
as networked switched systems (NSS), brings more intriguing problems and requires
difficult mathematical formulation [13, 15]. In [15], authors have studied the resilient
optimal controller design of networked switched systems against denial-of-service
attack using dynamic programming principles. Also, a genetic algorithm is adopted to
search for the optimal switching signal, while [13] has proposed an adaptive sliding
mode controller to deal with actuator/sensor faults, in which the obtained results were
applied to a mechanical system example.

In the traditional control framework, transmitted data of switched systems over
digital communication channels are based on a time-triggered scheme with a fixed
sampling rate. Nevertheless, the periodic approach may lead to a waste of network
energy consumption since some unnecessary information updates are transmitted even
when they do not significantly change the system dynamics. To overcome this problem,
an alternate scheme of control referred to as event-triggered control (ETC) has been
developed [6, 22]. This kind of aperiodic communication strategy can significantly
save power consumption and mitigate the obstacle of redundant data transmission
while achieving desirable closed-loop performance in terms of stability.

From an engineering point of view, most modern control systems deal with transient
behavior over finite-time intervals instead of traditional Lyapunov stability. This last
one is not satisfactory in some practical applications, where stability should be guar-
anteed in a short time [24]. The new idea of finite-time stability ensures that the system
trajectories do not exceed a given unacceptably large value during the prescribed fixed
finite-time interval, which is more practically meaningful than classical Lyapunov sta-
bility. In the past few years, many researchers have widely addressed the finite-time
event-driven control issue for numerous types of practical systems, including net-
worked systems [11] and switched systems [4]. Some interesting achievements have
also been made regarding the new-appearing class of NSS [3, 18, 23, 33]. The practical
limitation of exogenous disturbance is mainly found in most engineering switched and
networked systems, which necessitates specific analysis tools [4, 18, 23, 33]. In [4],
the event-triggered finite-time Hy, filtering of the time-varying delay switched linear
system was studied. Authors in [18] addressed the problem of finite-time bounded-
ness and input—output finite-time stability for networked switched linear systems with
asynchronous switching. Using the convex hull technique, [33] was concerned with the
problem of finite-time H, control of state-saturated switched systems in the presence
of network-induced delays and external disturbances, where an event-driven policy
is used to reduce the transmission frequency. In addition, [23] presented a switched
time-delay system and discussed the relevant problem of event-based finite-time H
boundedness of the reformulated system under the quantization effect. The finite-
time extended dissipative problem of the closed-loop networked switched systems
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was studied in [3] by solving the Hyo, Lo — Lo, passivity and (Q, S, R)-dissipativity
performance.

Generally, the above-mentioned studies do not consider that the full system state is
inaccessible. Therefore, an observer needs to be incorporated into the control loop to
generate an estimate of the unmeasured state. Furthermore, it should be noted that most
of the results of observer design use a time-triggered sampling approach and assume
that the sensor is collocated with the observer at the same node of the networked control
loop [10, 27]. Nevertheless, a novel event-triggered observer design idea is suggested
where the sampled-data output measurements are sent to the remote observer only
when an event condition is violated. As a consequence, redundant output transmissions
and observer energy consumption are reduced [20, 21]. This work provides additional
answers to the literature on networked switched systems and motivates our research
on the subject of event-triggered observer-based finite-time Hy, control. The main
contributions of this paper can be summarized as follows:

1. An event-triggered observation scheme is constructed, which involves Lyapunov
parameter to decide when the output measurements are sent over the communication
network.

2. The Lyapunov—Krasovskii functional technique and the average dwell time provide
several sufficient LMIs conditions for the observer-based finite-time boundedness
and the disturbance attenuation control performance.

3. We have shown the effect of the triggering threshold 5 on the transmission rate.
We have also verified the exclusion of the Zeno phenomenon.

This paper is organized as follows. In Sect.2, the problem of finite-time event-
triggered observer design of network-based switched systems is formulated. Some
definitions and lemmas are also introduced. Section 3 provides sufficient conditions
for the finite-time boundedness and Hy, control design. An illustrative example is
given in Sect. 4 to verify the proposed results. Finally, Sect. 5 presents the conclusion
of this study.

Notations. Throughout this paper, we denote by N the set of natural numbers. Given
a square matrix X, X~ and XT are the inverse and the transpose of X, respectively.
Amax (X) and Apin (X) stand for its minimum and maximum eigenvalue. The symmetric
terms within a symmetric matrix are represented by the asterisk %, and the block-
diagonal matrix by diag{- - - }. £2[0, oo is the space of square-integrable functions
over the interval [0, ool.

2 Problem Formulation
2.1 Switched System and Event-Triggered Observer

Consider the switched nonlinear system defined by:

X(t) = Aix(t) + Biu(t) + fi(x(t)) + Diw(1),
y() = Cix(t), (D
z(t) = C1ix(t) + Dy (1),
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Fig.1 A network-based event-triggered observer architecture

where x(¢r) € R” is the state vector, u(t) € R™ is the control input, y(t) € R”
is the measurable output, z(f) € R? is the controlled output, w(r) € R™ which
belongs to £2[0, oo[ is the external disturbance input satisfying ft:f wl (Hw()dr <
dy, dy > 0, and [fo, Tf] is the finite-time interval. The function o : [fo, co[—

I = {1,2,..., N} denotes the switching signal where N stands for the num-
ber of subsystems. Its corresponding switching sequence can be given by ¥ =
{Go, t0), (i1, 1), ..., (i, t5) ... | is € I, s € N}, which means that the is-th subsys-

tem is activated when ¢ € [t;, t;41[. For o(¢) =i € I; A;, B;, C;i, Cy;, Dj, and
Dy; are constant matrices with appropriate dimensions. Moreover, f; : R" — R” are
known Lipschitz nonlinear functions.

In practice, the state is not available. Therefore, a state observer needs to be
implemented. In this framework, an event-based Luenberger observer is designed
to obtain the state and synthesize the corresponding controller. In what follows, the
network-based event-triggered observer reported in [26] can be used:

(1) =AR() + Biu@) + Li(G(1) — CiR() + £ R()),

2
y() =Cix ), @

where x(z) € R" is the observer state, and y(t) € R? is the observer output, while
y(t) is the event-triggered holded output between two consecutive events. L; is the
sub-observer gain matrix.

2.2 Event-Triggered Observation Scheme

We propose in this subsection a network-based event-triggered observation and control
scheme as depicted in Fig. 1. Therefore, we know the following:

1. The system output y(¢) is sampled periodically as y(vh), v € N and & > 0 being
the sampling period.
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2. An event generator will check a well-designed event-triggered condition to decide
when the output measurements should be transmitted.

3. y(¢t) = y (th) is the triggered output to be transmitted to the observer via a zero-
order hold (ZOH) at time instants t;h, k € N, {tg, 11,12, ..., 1} S N.

In networked environments, transmission delays are unavoidable. Then, success-
fully transmitted data reach the remote observer at time instants #;/ + djy and remain
constant until the next event at ;14 + di41, that is:

y(@) =y (th), t € [txh + di, tir1h + diga [ ©)

where dy is the network-induced delay.
The event-triggered observation condition proposed in this paper is relatively
inspired by [10, 17] as below:

fis1h = th + min {vh | e () ®ien(t) > 1 yT (tch + vh) y (teh + vh)} 4)
ve

where ®; is a symmetric positive-definite matrix to be given and the parame-
ter n > 0 is a constant threshold, and ex(t) = y(th) — y (txh +vh),v €
{1,2,---, fr41 — tx — 1} is the measurement error between the current sampled output
y (txh + vh) and the last transmitted triggered output y (#¢h) , t € [txh + di, tr+1h +
dr+1[. We assume that 7o = 0. To control the switched system (1), an observer-based
control law is applied:

u(t) = Kix(1), vt €0, Ty] 5

where K; is the feedback gain of appropriate dimension.
Next, we partition the holding interval of the ZOH into subintervals,

Ti

[t + di, terh + dipr[= | ks bl (6)
v=0

where Ty = tiy1 —tx — 1, I v = [txh+vh +di o[, and di , are the corresponding time
delays. Define d(t) = t — txh — vh,t € [lx v, lk,v+1[, Which satisfies min {dk,v} =
dy, <d(t) <dy = h+ max {dk,v}. Resorting to the definition of ey (¢) and d(t), the
triggered output (3) becomes:

y@) =yt —d@®) + e (1) V€ [lk, v+l (N

Remark 1 We can easily verify the exclusion of the Zeno behavior based on the event-
triggered scheme (4), where it is clear that the inter-event period is always greater than
the sampling period, tx+1h — txh > h.

Remark 2 1In this paper, the results are developed under the assumption max {dk,v} <
h. However, when max {dk,v} > h, packet disorder may occur, which will necessitate
other modeling and analysis techniques.
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2.3 Modeling of the Networked Switched System

By defining X(¢) = X(t) — x(¢) as the observation error, and combining equations
(1D)-(2), (5), and (7), we get the following system dynamics:

x(t) =(A; + BiKi)x(t) + BiK;X(t) + fi(x(1)) + Diw(t)

X(1) =(A; + BiK)i () + LiCi (x(t — d (1)) — £(1) + fi(Z (1))
+ Liex(7)

X() =(A; — LiCHE(t) — LiCix(1) + LiCix(t — d(t) + f;(3(1))
— fix (1)) — Diw(t) + Liex (1)

x(s) =¢(s), s €[—dum,0]

®)

where ¢ (s) is a continuous initial function on [—dyy, 0].
From the above closed-loop system, an augmented time-delay switched system can
be established by using the same technique as in [18]:

{ §() = Aig(0) + Aug(t —dO) + i) + Do) + Lier®) o

z(t) = C1;6(t) + D1iw(1)

where

_ x(t) T A; + BiK; B; K; i 0 0
S(t)_[f(f)] A’_[ —LiC; Ai—Lici:|’ Ad’_[Lic,»o}
cean— [ @) s [ 27 1[0 60 _ten
RO = ain Pwen) 2= 5| = | L] @ =Lewol

In the sequel, we will recall some assumptions, definitions, and technical lemmas,
which will facilitate the establishment of the major results.

Assumption 1 Given weighting matrices F; € R"*" Vi € I, the known nonlinear
functions f; satisfy:

1HG@) = @) < |FGE@) —x@)
VY x(t), x(t) e R?

)

(10)

Assumption 2 For full-row rank matrices C;, the singular value decomposition (SVD)
of C; is defined as follows:

Ci =Ui[Coi 0]V (11)

where V; € R"*" and U; € RP*P are unitary matrices and Co; € RP*? are diagonal
matrices with positive elements.

Definition 1 [4] For given constants cy, c2, Ty, dy, and dy,, where ¢; < ¢, a
positive-definite matrix R, and a switching signal o, the closed-loop switched
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system (9) is observer-based finite-time bounded (OB-FTB) with respect to
(Clv C27 Tfs de dw’ Rv a)» ]f

max<0 {5T(S)R§(S)} <c] = é(f)TRS(I) <, Vt € [0, Tf] (12)

—dy<s

When w(t) = 0, the switched system (9) is said to be observer-based finite-time
stabilizable (OB-FTS).

Definition 2 [4] For given constants ci, ¢2, T¢, dy, dw, and y, where ¢; < 3, a
positive-definite matrix R, and a switching signal o, then under zero initial conditions,
the closed-loop system (9) is observer-based Hy, finite-time bounded (OB H, FTB)
with respect to (cl, ¢, Tr,dy,dw, v, R, a), if the following conditions are verified:

1. Closed-loop switched system (9) is OB-FTB.
2. The output z(t) satisfies

/ ! ZT(Hz(t)dr < y? / ij(t)a)(t)dt, vt € [0, Ty] (13)
0 0

where y > 0 is a prescribed noise attenuation index.

Lemma 1 [9] For a given matrix C € RP*" with rank(C) = p, assume that X| €
R"*" js a symmetric matrix, then there exists a matrix X| € RP*P such that CX| =
X1C, if and only if

Xlzv[X“ i }VT (14)
X2
where f(ll € RP*P and }?22 € RO=P)X0=P) 'V s defined in Assumption 2.

3 Main Results

To guarantee the OB-FTB and H, control performance, we provide some sufficient
conditions for the control synthesis of the switched delayed system (9) under the above-
mentioned event-driven observation strategy (4), external disturbance, and network-
induced delays.

3.1 Observer-Based Finite-Time Boundedness

Firstly, we present sufficient conditions for the closed-loop switched system (9) to be
OB-FTB.

Theorem 1 Consider the time-delay closed-loop switched system (9), for given pos-
itive parameters c1,c2, Ty, dy, dy, b, n, A, u > 1, and symmetric positive-definite
matrices ®;, R = diag {R|, Ry}, if for any consecutive i, j € 1,i # j, there exist

Birkhauser



828 Circuits, Systems, and Signal Processing (2024) 43:821-842

symmetric positive-definite matrices X; > 0, S; > 0, W; > 0, and matrices Y;, Z; of
appropriate dimensions such that:

el e?
®,-=[ gps <0 (15)
X;<pX;, §;=usS (16)
c1 (p1 + p3pm) + Pwdy < capre 7 (17)

then the system (9) is OB-FTB with respect to (c1,c2, Tf,dy,dw, R, 0), with
switchings satisfying:

N Trinp
Ty > T, = (18)
In (c202) — In(c1p1 + c1p30M + Pwden) — ATf
Moreover, the corresponding observer-based controller gains are given by:
Ki =YX, Li=ZUCyX iy UT (19)
where
r 1/jill Ipil2 0 0 Dl
R )
Oo'= » » y¥ 0 0
* * * 144 0
| * * * *
(X XuF' Xu 0 0
0 0 0 Xu Xy FT Xlt 0
=] 0 0 0 0 0 0 JaXuCl |,
0 0 0 0 0 0 0
| O 0 0 0 0 0 0
O = diag{—Si;, —1,~1, —So, —1, —1,~1I}
where

Ul = A X+ X AT+ BY + Y B —axy 1
wlz = B;Y; — CIZT

v = AiXy + XuAT — 2,6 — CTZF —a X+ 1
v = Z:C
v
v

(95}

L
3 = e)”dMSu — ZeAdMX],-
44 _ i g,

1

1
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and

P1 = ma]IX {)&max (Xl_l)} » P2 = ml]? {)\min (5(,_1)} ,

ie ie
_— e)\dM -1
L3 = max [)\max (S,' )} y P = Max {Amax (WD}, oy =
iel iel A

X; = R'2X;R'? S; = R'2S§; R/,
X; = diag {X1;, X1;}, Si = diag {S1;, S2}
CiXy = X1Ci

Proof We choose the following Lyapunov—Krasovskii function for the i-th subsystem:
t

Vi(t) = T () PiE(r) + / MIET () Qi (s)ds (20)

t—d(t)
where P; = diag{Py;, P1;}, Q; = diag{Q1;, O} are symmetric positive-definite

matrices, and A > 0 is a constant parameter. For ¢t € [f;, t;41[, the derivative of (20)
along the trajectories of the system (9) can be obtained as below:

Vi(t) — AVi(t) = ET (1) PiE(t) + ET (1) PiE(D)
— MOt — d(1)) QiE(t — d(1)) 1)
— AT PE() +ET(1) QiE (1)

Expanding (21) using the augmented closed-loop system (9), we can get
Vi) = Vi) 87 (P& + ATP + Qi = AP ) §0)
+ETOPAGE (t —d0) +ET (1 —d(1)) Ay PiE®D)
+ETOP fic0) + [T EO)PE®D) 22)

+ &Yt PiDjw(t) + o' (1) D] PiE(t) + &7 (1) P; Liex (1)
+ef (LT Pie(r) — *MET (1 — d (1)) Qi (t — d(1))

By setting F; = diag {F;, F;}, then under Assumption 1, we obtain

TP fi(6() + fLE@)PiE@R) < ET() P PER) + FL(EW) fi(61) o3
< eY(t) (P, P, + FLF)E(r)
Also, it is obvious that

ET(t)PiLiex(t) +ef (VL] PiE(t) <ET(DE() +ef (VL] PiPiLiex(t)  (24)
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Combining (23)—(24) with (22), we have

Vi) = 2Vi0) < 670 (PiAi + ATP + Qi = AP+ PP+ FTF + 1) 60)
+ET (P AGE (1 —d ) +8" (1 —d(0) Ay PiEQ) 25)
+EY ) PiDio(t) + o (1) DI PiE(t) + ef (L] P; PiLiex (1)
—MET (1 —d(D) Qi (1 = d (1)

Notice from (7) that y(txh + vh) = y(t — d(t)) = Cix(t — d(t)), and set ; =
Ll.TPl i P1;L; in (4). Then, between two triggering instants, it holds that

e (LT Py PLLYer(t) < nx™ (1t —d(1) CICix (t — d (1)) (26)

By substituting A,-, Adi, E,-, F, I:,', P;, Q;, equation (26) in (25), and subtracting
o (O Ww(t), we get

Vi(t) — AVi(t) — 0" () Wi (1) < {1 ()¢ (1) 27)

where ¢(t) = [xT(t) £T@) xT(t —d@®) 7@ —d()) a)T(t)]T
and

et w2 0 0 P;D;
* w2 w3 0 —p;D
U= % * w30 0 <0, (28)
* * * 4’?4 0
* * * * —W;

with

Wl = P(A; + BiK;) + (A + BiKi)"Pi; — APy + Qui + Py Pl + F'F + 1
W2 = p;BiK; — CILT Py;

W72 = Pii(Ai = LiCi) + (Ai = LiC)T Py = APyi + Qoi + Pii Pri + F{ Fi + 1
W3 = PLiC;

W = —e*M 0y +nC Ci

44 Ad
Ui = —e"MQy;
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Setting [T = diag {P;l, P;l, P;l, Qz_l-l, 1 } pre- and post-multiplying the matrix
inequality (15) by ITT and IT, we have

el wl2 o 0 D;
« U2 92 0 p
U=TTwvn=]| « x WP 0 0 | <o, (29)
* * * _;‘4 0
* * * * —-W;

where

Ul = (A; + B;K) P + P (A + BiK)T — AP + POy Py
+1+ PR P e

¥/? =Bk P, — P;'CIL]

U7 = (A = LiC) P! + P (A = LiC)' — APy + Py Qi Py
+1+ PﬂlFiTFiPEl + Pl;lPl;l

B =L,¢ P!

OB = _ruplopt 4 ppricic P!

44 _ _ rdy o1
Vi = ey,

By defining X; = Pi_l, S = Qi_l, Y, = KiPﬁl, Z; = L,f(li, and resorting to

Lemma 1, the condition C; X|; = X 1: C; holds, if there exist matrices V; such that:
X1i=v,-[X“" . }VF (30)
X2oi

Also, since X1; and Sy; are positive-definite matrices, we can get
AN (S = X1) 'S (S = X11) = 0 (31)
Therefore, we can deduce that
- eAdMXIiSEIXIi < Mg — 2ty (32)

It is easy to see that condition (29) is a nonlinear matrix inequality. Hence, by substi-
tuting (32) into (29) and applying the Schur complement lemma [1], the LMI (15) is
satisfied. Thus, we come into

Vi(t) < AVi(t) + o (O W0 (1) (33)

Birkhauser



832 Circuits, Systems, and Signal Processing (2024) 43:821-842

Employing the comparison lemma to (33) yields

t
Vi(t) < TV (1) + / 0T () Wiw(s)ds (34)

Iy

Suppose that the state does not jump, that is, o (¢;) = is and o (t;) =0 (ty—1) = is—1
at switching instants. Then, according to (16) and (20), it holds that

Vis (ts) < //LViS,1 (t;) , Vig,ig—1 el (35)

Then, based on (34), (35), with the average dwell definition in [7], it can be deduced
that

131
Vi(t) < pNe @Oy, (0) 4 puNe O / M T (5) Wiy (s)ds
0

n
—i—,uN"(t’”)/ e)‘(t_s)wT(s)Wi,a)(s)ds
1

) (36)
+ .- +/ ek(l_s)a)T(s)Wija)(s)ds
ts
— MN(;([,O)e)\.lv (O)+[ Ng(t,5) )\,(l S) T(S)Wg(v)a)(s)ds
It is easy to notice that Ny (T, 0) < Tr/1,, and then, we can get
Vi(t) < pNeTr-0 Ty (Vio (0) + doy max {Amax (Wos)) }> a7
< 1% (Vg (0) + pod.)
Additionally, it can be derived that
Vi(t) = ET (O PE@) = min {min (1)} ET()RE(1) = po€ (1) RE(1) (38)
0
Vi (0) < ET(0)P,y(0) + / ) e MET(5) 04y (5)ds
—am
= T e)‘dM — 1
< e (Pry) €T OVREQ) + ——max (0ig) _ max_ {67 (9)RE ()]
A —dy <s<0
< (p1 + pmp3)ci
39)
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Combining (37)—(39), we conclude that

e Re) < YO o YoOF Podv iy 7y,
P2 40)

- c1 (p1 + pmpP3) + Pode eATfMTf/ra
02

If u = 1, then from (17), we obtain

c1 (p1 + pmp3) + pwds
02

M < e (41)

eT(ORE®) <

If u > 1, then from (18), we have

Ty - In (c202) —In (c1p1 + c1p30M + Pwdw) — ATy )
T, In

Substituting (42) into (40) yields
ET(REM) < 2 (43)

According to the aforementioned change of variable, it can be obtained that K; =
Y,»Xfl.l, L; = Zl-Xﬂ]. In order to get the matrices X1;, we combine equations (11)
and (30) with the condition C; X{; = X 1; Ci. Then, the matrices L; are achieved as
below:

L; = Z;U;Coi X1, Co ' UT (44)
Consequently, the observer-based controller gain matrices (19) are obtained.

Hence, in light of Definition 1, the closed-loop switched system (9) is OB-FTB
with respect to (c1, ¢2, Ty, dy, dw, R, o). This ends the proof. O

Remark 3 The finite-time boundedness analysis could be obtained with K; and L;
given in advance in such a way that A; + B; K; and A; — L;C; are Hurwitz, and the
remaining design variables are derived by solving a finite set of LMIs. This method
does not allow us to get an ideal design solution. In Theorem 1, more design freedom
was given, where the observer-based controller gains were obtained for the closed-loop
switched time-delay system (9) to be OB-FTB under the event-triggered mechanism
4.

3.2 Observer-Based Finite-Time H,, Controller Design

This subsection provides sufficient conditions that ensure the prescribed finite-time
H, performance of the switched closed-loop time-delay system (9).
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Theorem 2 Consider the time-delay closed-loop switched system (9) under the event-
triggered observation scheme (4), for given positive parameters c1, c2, Ty, dy, dy, h,
n, A, ¥, u > 1, and symmetric positive-definite matrices ®;, R = diag {R;, Ry}, if
for any consecutive i, j € 1,i # j, there exist symmetric positive-definite matrices
X; > 0,S8; > 0, and matrices Y;, Z; of appropriate dimensions such that:

[
A[ = |: N Alzz < 0, (45)
Xj < wpXi, S;=<usS; (46)
v2dy < capre 77, 47)

then the system (9) is OB Hoo FTB with respect to (c1, c2, T¢,dp, dw, v, R, 0), with
a prescribed performance index y and switchings satisfying the following condition:

Trinp

T, > 1)

= 48
4 In(c2p) —In ()/Zdw) — ATy (“8)

The corresponding observer-based controller gains are given by (19) in Theorem 1.
where

_Xill Xi12 0 0 XilS
* Xi22 Xi23 0 XZ'ZS
A}l = = * Xi33 0 0o |,
* * * Xi44 0
L * * * * XZ.SS
(X XuF' Xu XuCL 0 0 0 0
0 0 0 0 X1 XuF! Xy 0
AP=1]0 0 0 0 0 0 0 /nXxucl|.
0 0 0 0 0 0 0 0
| 0 0 0 0 0 0 0 0
AP =diag{—Si;. —1. -1, =1, =Sy — I, —1,—1I}

where

X = AiXy + XuAT + BiY; + YT BT Xy + 1
x\2=BY; —Crz!

x> = Di + X1;C.Dy;

X2 = AiXii+ XuAl — ZiCi — [ Z] —2Xii+ 1

X,-23 =Z;C;

X,~25 =—-D;

X,~33 = edeS]i — 2eAdMX1,'
KM= _Pdn gy,
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)(l-55 = —)/21 + D;Fl-Dli
and
02 = min {)Lmin (}_(1_1)} s
iel
X; = R'?X;R'?§; = R'2§;R'/?,

X; = diag{Xy;, Xy;}, S; = diag {S1;, S2i}
CiXyi = XuCi

Proof The proof of Theorem 2 will not be covered since it is similar to the proof of
Theorem 1. Hence, we obtain

Vi) — AVi(t) + 27 (1)z(1) — yro (Do) <0 (49)

By letting W; = y2I and noticing that z1 (£)z(¢) > 0, the conditions of Theorem 1
and Theorem 2 are equivalent. Hence, the switched system (9) is FTB. We now show
that the condition (13) is satisfied. According to LMI (45), it is assumed that A; < 0.
By setting A(s) = 2w  (s)w(s) — 21 (s)z(s), we integrate (49) from f, to ¢

t
Vi) < M ) + [ amds (50)

Iy

Using the same method as in (36), it holds that
t
Vo) < T T O T [ A sds (51)
0
For zero initial conditions, V;,(0) = 0, it follows that
Ty
0<Vi(t) < ulr/me!Ts / A(s)ds (52)
0

Therefore, the condition (13) is verified. As a result, in light of Definition 2, the closed-
loop switched system (9) is OB H,, FTB with respect to (cl, 2, Tr,dy,dw, v, R, a),
with a prescribed performance index y. This concludes our proof. O

4 Example

This section gives a simulation example to verify the theoretical results. We consider
the switched system (1) with the following matrices:
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Subsystem 1:

T
-15 -1 1 ~1 0
Al_[ 0.8 —2.5] Bl_[o.s] Cl_[ 2 } ’ Dl_[o.z]

Subsystem 2:

T
-2 -1 0.5 -2 0.1
AF[].S—LS]’ Bz:[ I } Cz:[ I } : Dz:[o }
The nonlinear functions f;(x(¢)) are given as below:

~ [0.1sin (1 (1)) [ 02x0
fl("(’))_[ 0.1x2(1) } fz(x(t))_[0.2sin(x2(t)):|

According to Assumption 1, the Lipschitz matrices are given by
0.1 0 02 0
Fl_[ 0 0.1] FZ—[ 0 0.2]

The initial state of the system and the observer is chosen as x(s) = [—0.15, 0.117,
2(s) = [-0.2,0.151T, s € [—dy, 0], respectively. Set ¢c; = 0.1, ¢ =20, Ty =
1s, h=1ms, dy = 1.9ms and R = diag{/, I}. Also, other adjustable parameters
are setas A = 4,7 =5 x 1073, and u = 1.3. For a predefined external disturbance
input w(t) = 0.2¢~!, we choose d,, = 0.03.

By solving LMIs of Theorem 1 using the MATLAB LMI control toolbox, we can
obtain the following feasible solutions:

Ky =[0224202825], L= [_0(')013(;27}
K, =[0.15370.2876], L, = [_()603335}

Besides, based on (18), the average dwell time satisfies 7, = 0.3 s > 77 = 0.28 5.
Figures 2, 3,4, 5, 6 and 7 provide the simulation results of the closed-loop switched
system (9) for the given initial conditions. The system state and the observer state
time responses are plotted in Fig.2. Therefore, we conclude that the real state can
successfully be estimated using the designed event-triggered observer. Figure 3 shows
the switching signal with the event-based observation instants. Figure4 displays the
system output and the event-triggered output, while the evolution of the triggering
error norm || Py;L;ex (t)||2 compared to the output-based bound n|y(t — d(t))||2 is
illustrated in Fig.5. Meanwhile, under the event-triggered condition (4), the event-
triggered instants and the inter-event times are depicted in Fig.6 with a minimum
inter-event interval MIET=0.033 5. Figure7 presents the trajectory of &T(r)RE(r),
which indicates that under the designed event-triggered observer-based controller, the

Birkhduser



Circuits, Systems, and Signal Processing (2024) 43:821-842 837

State/Observer response

_0‘3 1 1 1 1 1 1 1 1 1
0 0.1 02 03 04 05 06 07 08 09 1

Time(s)

Fig.2 State trajectories of the system and the observer

22 o(t) 1
X event instants

Switching mode and event instants

0.8 1 1 1 1 1 1 1 1 1
0 0.1 02 03 04 05 06 07 08 09 1

Time(s)

Fig.3 Switching signal o (1)
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03 1
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>
o
S
O 015r 1
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0 01 02 03 04 05 06 07 08 09 1
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Fig.4 Output and event-triggered output signals
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Fig.5 The event-triggered condition evolution
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0.1 T T T T T T T T T

Inter event time interval
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Time(s)

Fig.6 Event-instants and inter-event time interval
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Fig.7 Trajectory of €T (1) RE(t)
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Table 1 Comparison between number of events and MIET

n 1073 104 1073 5x 1073 0.01 10
Number of events 193 80 29 14 9 0
MIET (s) 0.002 0.003 0.007 0.033 0.029 N/A

condition ET(t)RE (t) < cp is satisfied in the finite-time interval [0, 1]. Thus, the
switched system is OB-FTB with respect to (0.1, 20, 1, 0.0019, 0.03, I, o).

The system output generates 1000 sampled data within the finite-time interval [0, 1].
Meanwhile, under the event-triggered observation mechanism (4), only 14 triggered
data are sent to the observer for state reconstruction and control design. Accord-
ingly, just 1.5% of sensing information is transmitted over the communication network
while maintaining satisfactory finite-time control performance of the switched system.
Hence, the developed event-triggered observation strategy can effectively mitigate the
burden of communication networks and save a certain proportion of the observer’s
computational resources in the presence of practical limitations, that is to say, the
network-induced delays and the external disturbance input.

In order to review the effect of the triggering threshold on the transmission rate,
the comparison in Table 1 shows the number of event-based transmitted data and the
inter-event time intervals for different values of . We remark that less output data
are triggered for a larger triggering parameter n. However, it is necessary to point out
that LMIs in Theorem 1 are not feasible for n = 10. Consequently, the system state
may exceed the prescribed bound and even be unstable. Additionally, Table 1 verifies
that any inter-event interval is strictly greater than the sampling interval s. Namely,
no Zeno behavior has occurred.

5 Conclusion

In this paper, we investigated the issue of robust finite-time observer-based control
for a class of networked switched systems with exogenous disturbances via an event-
triggered observation scheme. Owing to the network-based event-triggered output
measurements used to estimate the unmeasured state, the overall system is modeled
as a switched time-delay system. On the basis of Lyapunov—Krasovskii functions and
the average dwell time technique, novel LMI-based theorems have been developed
to obtain a restrictive average dwell time condition and to derive the observer-based
sub-controller gains in order to guarantee the finite-time H,, boundedness of the
resulting closed-loop switched system. Finally, through a simulation example, we have
verified that the obtained results can reduce the communication network burden and
optimize the network resources while ensuring satisfactory finite-time event-triggered
control performance. With the help of [25, 32], additional investigations on the problem
of quantization and packet dropout may improve the effectiveness of the proposed
approach.
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