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Abstract: The stability problem of switched systems plays an essential role in the study of long-term
behavior. In fact, systems containing both time delay and uncertainty terms may lead to performance
degradation of those systems. Therefore, we are interested in the robust stability for discrete-time
switched positive time-varying delay systems with interval uncertainties in the case of all modes
being unstable. Based on the proposed time-scheduled multiple co-positive Lyapunov-Krasovskii
functional of each mode, new sufficient conditions for the global uniform asymptotic stability of
the systems are derived. An effective time-dependent switching law utilized in this work is mode-
dependent dwell time. In addition, the robust stability criteria in an asymptotic sense are formulated
for the systems without time-varying delay. Compared with the existing related works, our results
are less conservative and more general than some previous research. Finally, two numerical examples
are provided to illustrate the effectiveness and correctness of the developed theoretical results.

Keywords: robust stability; switched positive systems; time-varying delay; all unstable modes;
uncertain data

MSC: 34H15, 93C05, 93C28, 93C43, 93D09

1. Introduction

A crucial class of hybrid systems is switched systems which comprise a family of
continuous-time modes and a specific rule that controls the switching among them [1].
The applications of switched systems generally occur in many areas, such as robot control
systems, electronic circuits and networked control systems. Remarkably, the networked
switched systems, which are a combination of the network and switched systems, are
becoming popular in the control community. Recently, prominent results can be found
in [2,3]. Moreover, switched systems are applied in the development of a switching Kalman
Filter structure for sensorless control in a camless engine motor application [4]. However,
one of the important topics for discussing switched systems is concerned with their stability.
The Lyapunov theory is a vital tool for stability analysis in switched systems. For instance,
in [5], the stability problem for the linear switched impulsive systems in Hilbert space has
been analyzed via the direct Lyapunov and comparison methods. Slynko et al. [6] proposed
an approach to constructing a Lyapunov function (LF) for the stability investigation of
a linear large-scale periodic system with possibly unstable subsystems. Chen et al. [7]
studied the derivation and improvement of control-oriented compartmental models of the
COVID-19 pandemic and design methods from the field of Lyapunov theory guaranteeing
the stability of the controlled system. There are two main issues concerning studying the
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stability of switched systems. One is the characteristic of each mode. Namely, the switched
systems may consist of all unstable modes or contain both stable and unstable modes. For
the case when partial modes are stable, the stable modes were activated as long as possible
to remunerate for the state divergence made by unstable modes. On the other hand, when
all modes are unstable, the above idea might be impracticable because of the absence of a
stable factor to offset the divergent behavior. Secondly, a switching law plays an essential
role in system behavior. It has been mentioned in [8] that a switched system can achieve
robust stability (RS) by utilizing suitable switching laws though all modes are unstable.
The powerful methodologies for stabilizing switched systems are time-dependent and
state-dependent switchings. Nevertheless, in order to stabilize the switched systems with
all unstable modes (AUMSs), the problem of designing proper switching law, especially the

time-dependent switching law, is very interesting and challenging for us in this article.
Several physical engineering and practical systems often contain the term time delay
either in system states or control inputs [9]. However, the existence of the time delay could
significantly impact system performance degradation [10,11]. Thus, stability analysis of
switched systems with time delay has attracted the interest of various scholars. Another fac-
tor that may destroy the stability of system dynamics is the presence of the term uncertainty,
which refers to the errors between actual and estimated data in the measurement processes
and system simulation. There are numerous results on the RS of switched systems, includ-
ing uncertainties; for example, discrete-time switched systems [12], discrete-time switched
positive systems (SPSs) [13], continuous-time SPSs [14,15], switched positive T-S fuzzy
systems [16] and stochastic discrete-time switched systems [17,18]. Hence, in this paper, we
investigate the robust asymptotic stability (RAS) of a discrete-time switched linear system
with time-varying delay (TVD) and uncertainty terms in the form of
X(k+1) = Ao(k)X(k) +D‘Z\(k xA(k—d(k)), (1)

x(ko+¢)=¢(), (=—-d,—-d+1,...,-1,0,

where x(k) € R". A switching signal o (k) is a piecewise constant function specifying at
each time instant k. Namely, c(k) =i € N = {1,2,...,N} for k € [ky, ky+1), where N is
the number of modes or subsystems of system (1) and the switching moments are presented
by the sequence kg < k1 < kp < -+ <ky < kpy1 <--- < 400. As mentioned in [19,20],
the constant system matrices A; and D; are supposed to be interval uncertainties (IUs)
which can be stated as A; € [A;, A;] and D; € [D;, D;], where A;, D;, A;, D; are the given
constant system matrices for all i € N. d(k) is the TVD satisfying d; < d(k) < dp, where
d1,d; are known positive integers and d = max{d;,d,}. In addition, ¢(-) : {—d, —d +
1,...,—1,0} — R"is a given initial state with || ¢|| ; = MaXeo o o Fi1 10 le(D)]l2-

On the other hand, SPSs, which concentrate only on the trajectories generated under
positivity constraints, can be discovered in various applications such as positive circuit
model [21,22], compartmental model [23], water-quality model [24], congestion control [25],
network communication [20], formation flying [26], viral mutation [27] and so on. There-
fore, SPSs have attracted considerable attention in the past decade. In [20], Feng et al.
manipulated the stability and RS problems for linear SPSs with AUMs and IUs. Next,
Zhang and Sun [26] examined the practical exponential stability (ES) of discrete-time linear
SPSs with impulse and AUMs. Moreover, An et al. [28] investigated the robust exponential
stabilization of SPSs with uncertainties based on the assumption that none of the individual
modes is stabilizable. From the results in [20,26,28], it should be observed that the existence
of the TVD was not taken into account in the systems. Furthermore, there are beneficial
results about switched positive time-varying delay systems (SPTVDSs) in cases in which
all modes are unstable, reported briefly in the following. In [29], Liu et al. employed
the multiple discretized co-positive Lyapunov-Krasovskii functional (MDCPLKF) and
dwell time (DT) switching to derive the delay-dependent sufficient criteria (DDSC) of
the continuous-time and discrete-time SPTVDSs with AUMs. Later, a sufficient criterion
ensuring the global uniform ES of the continuous-time SPTVDSs with AUMs by using
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the time-scheduled multiple co-positive Lyapunov-Krasovskii functional (TSMCPLKF)
method and fast average dwell time (FADT) switching was obtained in [30]. However,
among these studies, the IUs have been ignored. Meanwhile, Rojsiraphisal et al. [31] dealt
with the RS problem by means of the TSMCPLKEF tactic and mode-dependent dwell time
(MDDT) switching strategy to guarantee the global uniform asymptotic stability of the
continuous-time SPTVDSs including both IUs and AUMs. More recently, Mouktonglang
and Yimnet [32] analyzed the global stability problem of SPTVDSs with IUs and AUMs by
utilizing FADT switching.

Motivated by the considerations mentioned above, we aim to study the RAS of sys-
tem (1) with AUMs by applying an appropriate time-dependent switching mechanism.
The main contributions of this article are summarized in the following.

(1) The studied system is more general than numerous existing results since most re-
searchers disregarded the existence and effects of TVD and IUs. In addition, all modes
of the studied system are unstable. These factors influence the system’s dynamic
behavior and stability.

(2) Different from the discretized co-positive Lyapunov function (DCPLF) utilized in [20]
and the MDCPLKEF used in [29], our TSMCPLKEF is constructed to analyze the global
uniform asymptotic stability of system (1) with AUMs.

(3) Our work concentrates on designing a suitable switching signal to guarantee the
system’s stability, whose modes are all unstable. The applied switching strategy is
MDDT which can compensate for the growth of the Lyapunov functional correspond-
ing to each unstable mode. MDDT is different from DT in [29,33] since every mode
of the system has its own DT. Namely, MDDT is not the DT of the entire switched
system, but it is the DT of the activated ith mode. Therefore, it is worth noting that
the MDDT switching rule is less conservative and more applicable in practice than
the DT switching rule.

(4) Under the constraint of a pair of lower and upper bounds for the MDDT switching
rule and the TSMCPLKF method, novel DDSC for the RAS of system (1) with AUMs
are derived.

2. System Descriptions and Preliminaries

First, we introduce several notations defined throughout this article. Ny and N are the
sets of non-negative integers and positive integers, respectively. Matrix A is called non-
negative if all entries are non-negative and denoted by A > 0. The notation v > 0 (v > 0)
represents a non-negative (positive) vector; namely, all components of v are non-negative
(positive) for vector v € R". w(v) symbolizes the minimal elements of v € R". Further-
more, the floor function [x| = max{n € Z| n < x, x € R}.

Next, we propose the following definitions and lemma that will be used in this paper.

Definition 1 ([29]). System (1) is said to be positive if its states satisfy x(k) = 0, k € No for any
initial condition ¢({) = 0, { = —d, —d +1,...,—1,0 and switching signal o (k).

Lemma 1 ([29]). System (1) is positive if and only if Vi € N, A; = 0and D; > 0.

Definition 2 ([29,33]). System (1) with switching signal o (k) is said to be:

(1) Uniformly stable (US) with respect to o (k) if Ve > 0, 36(e) > 0 such that ||x(k)|» < €, Vk €
ko, +00) whenever ||| 7 < &;

(2) Globally uniformly stable (GUS) with respect to o (k) if V6 > 0, we have ||x(k)||2 < €, Vk €
[ko, +°o);

(3) Globally uniformly asymptotically stable (GUAS) with respect to o (k) if it is GUS and satisfies
limy_, o x(k) = 0.
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Definition 3 ([16,20]). For the length between successive switching moments during which the
ith mode of system (1) is activated, if there exists a constant 7; ,, > 0 such that T; ,,, = k1 — ki
holds for any i € N, m € Ny, then the constant T; ,,, is called the MDDT of system (1).

Remark 1. The MDDT introduced in Definition 3 is different from DT in [29,33] since every mode
of system (1) has its own DT. Namely, T; , is not the DT of the entire system (1), but it is the DT of
the ith mode.

As mentioned in [20], too small or too large DT switching would make system (1)
unstable with respect to (k). Therefore, the definition of a pair of lower and upper bounds
for the MDDT switching law is given as follows:

Definition 4 ([20]). The MDDT switching rule is confined by a pair of lower and upper bounds
to guarantee the robust asymptotic stability; namely, T, € [Timin, Timax), Where T pin =
infueny Tmr Timax = SUPen, T 0 < Timin < Tipmaxs i € N, m € Ng. Furthermore,
the set of all switching strategies with MDDT T; ,y € [T min, Timax), 1 € N, m € Ny is denoted by
the symbol Q. o -

The central concept of the RAS for system (1) with IUs and AUMs developed from the
results in [29,33]. However, we generalize the concept utilized in both references by using
the discretized Lyapunov function (DLF) method to establish the suitable TSMCPLKEF for
our system (1) and applying the MDDT strategy to stabilize our system (1) with AUMs.
The detail of the construction of our TSMCPLKF is described in the main theorem and
remark. The basic idea of stability analysis for our system (1) is given briefly in the
following. When the TSMCPLKE V;(k) for each mode of system (1) is constructed, we
consider V;(k + 1) along the trajectories of system (1), k € [kpy, ky,+1), m € Ny. Then,
we can derive Vj(k) < fyf.(_k’”Vi(km), k € [km, kp+1), m € Nog under given scalars y; > 1
and some sufficient conditions defined specially in the main theorem. We impose that
system (1) switches from the jth subsystem to the ith subsystem at the switching instant k,,
where o(ky, — 1) = jand (k) =i, i,j € N. Next, we can derive V;(ky) < p;Vi(km — 1)
under given scalars 0 < y; < 1, the definition of the discretized vector function and a
condition defined specifically in the main theorem. For given values 7j i, > 0, j € N,
if there exist constants T y,c > Tjmin, j € N satisfying the MDDT switching rule; that is,

Inpt; + Tjpax Iny; < 0, for any i,j € N, i # j; this implies ﬂi'yTj’"'”x < 1, which leads to

]
Tj,max

Vi(km) < pVj(km—1) by letting p = max; je, i#j{],ti’y]- } Obviously, this satisfies 0 <
p < land Vi, )(km) < ... < p"Vy()(0). Thus, we can obtain limy— e V() (km) = 0,
which implies limy, 4o X(k;n) = 0. By the fact that the sequence V) (km), m =0,1,2,...

is strictly decreasing, we obtain limy_, ,, x(k) = 0. Therefore, system (1) can be proved
briefly to be GUAS with respect to switching signal o (k).

3. Main Results

In this section, we will establish novel DDSC on the positivity and the RAS for sys-
tem (1) with IUs and AUMs. Because every mode considered in this article is only unstable,
we apply the TSMCPLKF method constructed for each mode to solve the stabilization
problem by designing the MDDT switching law.

Now, we state the DDSC of system (1) as follows.

Theorem 1. Assume that the constant system matrices A; = 0 and D; > 0 for all i € N. For
given values 0 < p; <1, v;i > 1, Tiin > 0,1 € Nand L € N, system (1) is positive and
GUAS with respect to o (k) € O, i) 1 there exist positive vectors vig, i € N, q € Lo and
constants T gy > Timin, 1 € N satisfying the following conditions:

(Al- t(dy—dy + 1)DT) @, + (Al- +(dy—dy +1)DT — 'yiln)vi,q <0, @)
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(Al + (2 =1 +1)DT) @iy + (A] + (do = d1 + 1)D" = 7l Jvig1 <0, ()

DT (®ig+ (1= 7i)vig) <0, 4)

DT (&5 + (1 —7i)vig1) <0, (5)
(ZiT + (dp —dy +1)DT - ’Yiln)vi,L =<0, (6)
vip — MivjL 20, )

Inp; + Tjmax Iny; <0, (8)

foranyq=0,1,...,L—1andforanyi,j € N, i # j, where

Vig+1 — Vig
Pig= = ©)

hi = LLZMJ, D= (Ekl) € RN, 4y = max{ﬁfkl)},

ieEN

and ﬁfkl) is the kth row and Ith column element of system matrices D;, i € N.

Proof. The proof is divided into two parts. In part 1, we will prove that system (1) is
positive. In part 2, we will show that system (1) is GUAS with respect to o (k) €

Ti,min/T[,mnx] .

Part1:  The positivity of system (1) is proved as follows.
Obviously, this implies that A; = 0 and D; = 0 for all i € N by using assumption.
According to Lemma 1, system (1) is positive.

Part 2: The global uniform asymptotic stability of system (1) is shown as follows.

For givenk € N, we suppose thatk € [k, kpt1) = [kin, ki + Timin) U ki + Timins km+1),
m € No, and T yin, I € N defined as in Definition 4. The interval [k, ki + T min ) is split into
L segments with equal length 71; = L%J We define an,q = (km + qhi, ky + (g + Dh;), g =
0,1,...,L —1and stipulate that [k, kn + T yin) = Ug;& Nipq-

To prove the RAS of system (1), we define the following TSMCPLKEF based on the
concept of MDCPLKEF used in [29]. For any i € N,

k—1 _ —dp k—1 _
Vilk,x(k)) =x"(Kv;(k)+ Y. xT(m)DTwik)+ Y. Y xT(m)DTui(k), (10)
h=k—d(k) I=—dy+1h=k+1
where the vector function:
Ui(k) = U,’(km + qh, + 1’1')

_ {(1 - %)um + fOger k€N, =01, B g=01,..,L—1,
UiL, ke [km + Ti mins km+1)/

and v; ; are positive vectors fori € N, g € Ly = {0,1,2,...,L}.
When k € Nin,q, it can be seen that

Ui(k + 1) — Ul‘(k) = Ui(km + th +r;+ 1) — Ui(km + th + 1’1')
(ri+1) (ri+1) r; 7
= {(1 — Zhi Vig + Zhi Vig+1| — 1-— hf Vig + ivi,q+1 .
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That is,
vi(k+1) —vi(k) = &y,

where @, ; is defined as in Equation (9).

Considering V;(k + 1, x(k + 1)) in Equation (10) along the trajectories of system (1),
we obtain

Vilk+1,x(k+1)) = xT(k)ATvi(k + 1) + xT (k — d(k)) D] v;(k + 1)

k _ —d k "
+ Y TmDMuik+)+ Y. Y 2T (W)DTui(k+1),
h=k+1—d(k+1) I=—dy+1 h=k+1+1

then

Vilk+1,x(k+1)) < xT(k)vai(k +1) + 2T (k — d(k))D; vi(k +1)
k _ —dj k "
- Y T mDTuik+1)+ Y. Y xT(h)DTy(k+1).
h=k+1—d(k+1) I=—dy+1 h=k+1+1

It immediately follows that
Vi(k+1, x(k+ 1)) =7:Vi(k, x(k))
< xT(K)A; v;(k+1) + xT (k — d(k))D; vi(k + 1)

k _ —d k _
- Y xTmDTuik+1)+ Y. Y xT(W)DTui(k+1)
h=k+1—d(k+1) I=—dy+1 h=k+1+1
T k—1 T o —dp k—1 T o
—yix' (Koik) —vi ), x (WD'wik)—v Y, ), x (WD vi(k).
h=k—d(k) I=—dy+1 h=k+I

By the fact that D; = D foralli e N, it can be obtained that

Vi(k+1,x(k +1)) =7 Vi(k, x(k))
< xT(k)A; v;(k+1) + xT (k — d(k))DTv;(k + 1)

k=1
+ Y xTW)DTui(k+1) + xT (k) D v;(k + 1) — yix” (k)v; (k)
h=k—dy+1
k=1 N B
—7i Y, x"(h)D (k) — yix" (k —d(k)) D v; (k)
h=k—dy+1
*d] k*l - 7d] .
+ Y Y «TmDMvik+1)+ Y, xT(k)DTui(k+1)
I=—dy+1 h=k+1+I I=—dy+1
P P ST
-7 ), ), x (WMD) -7 ), x (k+1)Dvk). (12)
I=—dy+1 h=k+1+1 I=—dy+1

Then, we have noticed that

x"(k)DTv;(k+1) = (d — dy)x" (k)DTv;(k + 1),
I=—dy+1

and
—d; k—d;

vi Y. x'(k+D)DToi(k) =7 Y, xT(h)DTvi(k),
I=—dp+1 h=k—dy+1
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for all i € N. Combining these with Equation (12), we have
Vilk+1,x(k+1)) = Vi(k, x(k))
< xT(k) [ZlTUZ(k + 1) + (dz — d1 + 1)15Tvi(k + 1) — ’)/Z'Ui(k)}
+x"(k—d(k)) D" [vi(k+ 1) — yiv;(k)]

k-1 B
+ Y xT(W)D ik +1) — yvi(k)]
h=K—dyp+1
—dq k—1

+ Y Y 2 T(WD ik +1) — (k)]
I=—dy+1 h=k+1+I

for any k € an,q andi € N. Whenk € Nin’q C [km, km + T,',mm), it can be seen that
{0i(k+1) + (da — dy +1)DTv;(k + 1) — yv3(k)
(1_ ) (A7 + (d2 —dy + 1)DT) @y + (A + (d2 — i +1)D" — il vy

5 [( Al + (dy —dy +1)D )‘i’i,q + (ZZT +(dy—dy +1)D" - 7i1n)vi,q+1},

and
~ T ~
WWHUﬂMM=@jNW@ﬁUwMM 7 [D7 (@4 + (0= 1)vig01) ]
1
According to conditions (2)—(5),
Vi(k+1,x(k+1)) —,;Vi(k,x(k)) <0, k € Nj, ,
which implies
L-1
Vilk+ 1 x(k+1) < 1Vilk x(0), k€ U Ny = bk + Tomin)- (13)
q=0
Fork € [km + Ti,min/km+l)'

Aj vik+1) + (d — di +1)DTv(k+1) = yivilk) = (A7 + (d — 1 + 1)DT — il ) vy,

and N N
D™ [v;(k+1) — yv;(k)] = DT (1 — 7;)v;L < 0.

Using condition (6), we obtain
Vilk+1,x(k+1)) < 1Vi(k, x(0)), k€ [kn + Tomins kns1): (14)
Applying Equations (13) and (14), we obtain
Vilk+1,x(k+1)) < vVi(k,x(k)), k € [km, k1), m € Ny.
This implies
Vik,x(k)) < 1~ " Vilkm, %(kn)), k € [k, Kns1), m € No. (15)
Utilizing Equations (10), (11) and condition (7), we have

Vi(kin, X (k) < piVi(km — 1, x(km = 1)), ki — 1 € (K1 + Tymin k), m € N (16)
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Since [ky—1 + Tjmin,km) C [km—1,km), one can claim from Equation (15) that
(kmfl)*km—l
Vj(km —Lx(km—1)) < i Vj(km—lrx(km—l))/ km —1 € [km—1,km),
which implies
Vilkn =1, 2(kn = 1)) < 47" " Vi (ki -1, %(ki1)), ke —1 € [kn-1,kin), m € No. (17)
From Equations (15)-(17), it follows that
Vo k) (k,x(k)) < Wk(k];"‘)v (k) e, X (ko))

<7 (km)ﬂa(km)v (k1) (km — 1, x(km — 1))

Ko
< Mollon) Vo) Yot Vetn1) (Kin-1, % (1))

k—km  Jom—kp— k1—k
< i‘a(k,ma(km 0 B l) Yot Yotk )" Volko) Velko) (Ko, X (ko))

k m k1—k
Vo (”U(W (ke 1)1) (P‘a(klml(kof)Va(ko>(k0fx(k0)>

(H He kl+1)')’ e - I> VU’(kg) (kOrx(k0)>
e (H Ho(kyn)?, k’ max) Ve (ko) (Ko, x (ko))

According to condition (8),
Vzv]"””" <1, (18)

foralli,j € N, i # j. Without loss of generality, we impose that V,, ok )(ko,x(ko)) =
Ve (0)(0,x(0)). Hence we obtain

Vit Uk (6) < 78 Vo) (0, %(0).
Moreover, let v = maxX;cN{ T max } and I' = max;cn{i}, then
V() (K, 2 (k) < TV (0, x(0)). (19)

From Equations (10) and (11), we can derive

Voo (05(0) < T Olallopo@lot ¥ max x5 ol ooy )l
h=_ahe{- d,—d+1,..,~1,0}
¢ & T =T
Y Y max ORI a0 0)]2
I=—dy+1h=Ih€{—d,—d+1,...,—~1,0}
< [x"0)ll2 ¥ llvgoyplla+d _ max " (W)]120D 2 Y= vyl
beL, he{—d,—d+1,..,—1,0} beLy
dr —d ~
H(BFH ) -n max WD T ool
he{—d,—d+1,.,~1,0} beL,
 (d—d _
< i (3 (B3 ) et =015V T loopalalol (20)

hELO
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Furthermore, we have
cllx()ll2 < Vo, (k, x(k)), (21)

where ¢ = ming, penxr, { w (Vg p) } Substituting Equations (20) and (21) into Equation (19),
it can be obtained that
[x(k)[l2 < O || 9| 5 (22)

for all k > 0, where ® = %[1 + (dA—i- (dzz;dl)(dz +dy — 1)) ||5T||2} \/ﬁZbGLOHUU'(O),b 5.

Then, for any € > 0, we can choose

€
lollz < 3(e) = oo

Therefore,
[x(k)ll2 <,

for all k > 0. This implies that system (1) is US. Obviously, for any § > 0, we have
lx(k)||2 < € for all k > 0. Hence, system (1) is GUS with respect to o (k) € O, i Timas)

Next, we will show that limy,  « x(k) = 0. We consider the sequence V) (km, x(km)),
m € Np. From Equations (16) and (17), we can derive

e —kp,—
Vi(km, x(km)) < .ui’)/]' 1Vj(kmfl/ x(km—1))

Tj,max
< .ui')’]']’ Vj(kmflr x(km-1)),

Tj,max

foralli,j € N, i # j. Let p = max;jen, i?éj{yi')/] } and from Equation (18), we obtain

Vi<kmr x(km)) < PVj(km,L x(kmfl))r

when 0 < p < 1, m € Np. This implies that the sequence Vg(km)(km,x(km)), m € Ny is
strictly decreasing and satisfies

Vi (k) Uem, (ki )) < 0V, 1y (kim—1, X(kim—1))

< 0"V (0)(0,x(0))-

Thus, limy—+c0 Vi (k,,) (kim, X(km)) = 0. Since vy (k) (km) = Uy x,,),0 and by assumption
that there exist positive vectors Ui g, i € N, q € Ly, it can be seen that

Vo (k) (km) > 0.
In addition, from the positivity of system (1), we arrive at

lim x(ky) = 0.
m—r—+oo

The proof in the final part that limy_, , o, x(k) = 0 is similar to that of Theorems 1 and
3in [20]. Therefore, it is omitted here. By Definition 2, we can conclude that system (1) is
GUAS with respectto o (k) € Qp, - o 1. O
Remark 2. To stabilize system (1) including both IUs and AUMs, the basic idea of a construction
of the TSMCPLKEF proposed in Equation (10) has been inspired by the results in [29,33]. In [33], the
authors employed the DLF method to divide the domain of definition of vector function v;(k), i € N
defined in Equation (11) into finite smaller regions; the vector function varies linearly in each
small region. The detail of the division of the interval domain is described at the beginning of
Part 2 of the proof in Theorem 1. Moreover, by Equation (11), the number of discretized positive
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vectors vig, i € N, q € Ly = {0,1,2,...,L} is L+ 1 for given L € N. Nevertheless, if
L = 0, the DLF is reduced to the multiple LF. Because each mode studied in this work is only
unstable, the value of the LFs V;(k), i € N may increase. However, the increment of V;(k) is
recompensed and the stabilization of system (1) can be accomplished via the MDDT switching
rule, which is designed to reduce the value of V;(k) at the switching instants. Namely, for given
values 0 < p; <1, 9i > 1, Tymin > 0, i € N, there exist a set of non-negative functions V;(k)
and constants T ax > Timin, | € N such that Vi(k +1) < % Vi(k), Vi(km) < piVj(km — 1),
Inp; + Tjmax Iny; <0, forany i,j € N, i # j. The TSMCPLKF in Equation (10) is logically
established for all the reasons mentioned above.

Remark 3. Different from the DCPLF utilized in [20] and the MDCPLKF used in [29], our
TSMCPLKEF defined in Equation (10) is constructed specifically for system (1) including both IUs
and AUMSs. Moreover, the MDDT switching technique is also applied to ensure the global uniform
asymptotic stability of the system. Therefore, our theoretical results are less conservative than those
of Theorem 3.4 and Theorem 3.6 in [29].

Remark 4. Since the considered system (1) is extremely complex, it is interesting to investigate
the RAS of the system. From Theorem 1, new sufficient conditions (2)—(8) are derived to guarantee
the positivity and global uniform asymptotic stability of system (1). Although these conditions
of the main theorem seem to be strong, they were essentially created to deal with the instability
problems of this system caused by all modes being unstable and uncertain terms. As can be seen
from the proof of the main theorem, the upper bounds of the system matrices A; i € N and D in
conditions (2)-(6) are given to ensure the RAS of the system including the IUs. Novel DDSC (2)—(6)
and condition (7) are acquired by using the DLF and vector function methods. Condition (8), which
is the MDDT switching rule, is designed to stabilize the overall switched system (1) where every
unstable subsystem is triggered. Thus, the sufficient conditions (2)—(8) in the main theorem are
necessary. However, this raises the following question: Is it possible to weaken the conditions of the
theorem? This interesting question is challenged in the RAS analysis for system (1). This is still an
open problem for research in the future.

Remark 5. When the discrete-time switched positive linear system did not involve the TVD,
sufficient conditions guaranteeing the asymptotic stability of the system were presented in [20].
Thus, our theoretical results given in this article generalize the corresponding results in [20].

When D) =0, o(k) € N, system (1) can be reduced into the discrete-time switched
linear system without TVD of the form:

x(k+ 1) = Ag(k)x(k), 23
{x(ko) = X0- ( )

The constant matrices A;, i € N and the assumptions of system (23) are similar to
system (1). Namely, A; = 0, all modes of system (23) are unstable and MDDT 1, €
[Ti,min/ Ti,max]/ where Ti,min = inmeNO Timr Tmax = SUP N, Tims 0< Ti,min < Ti,maxr i€
N, m € Np.

Remark 6. The discrete-time switched linear system without TVD (23) and its system descriptions
were studied in [20].

The last result guaranteeing the positivity and the RAS of system (23) is shown in the
following:
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Corollary 1. For given values 0 < p; <1, v; > 1, Tjyin > 0, i € Nand L € N, system (23)
is positive and GUAS with respect to o/(k) € Q- if there exist positive vectors v; g, i €
N, q € Ly and constants T; 0y > Timin, 1 € N satisfying the following conditions:

—T —T

Al Dy + (Al- - %-In)v,-,q <0,
T T
A Dig+ (Ai - ’Yi1n>vi,q+1 <0,

—T
(Ai - ’Yi1n>vi,L <0,
vip — MivjL =0,
Inp; + Tjmax Inyj <0,
forany g =0,1,...,L —1and foranyi,j € N, i # j, where @; ; is defined as in (9).

Proof. Under the same vector function (11) in Theorem 1, this corollary can be proved by
using the DCPLF in the form of

Vi(k, x(k)) = xT (k)vi k),

for any i € N. The proof is very similar to that of Theorem 1. Thus, the rest of the details
will be omitted. [

4. Numerical Simulations
In this section, two numerical examples are presented to illustrate the effectiveness of
the theoretical analysis proposed in the previous section.

Example 1. In this example, the RAS problem for system (1) consisting of two modes is
analyzed. The system matrices are provided as follows:

0.0049 04470] — _ [0.0051 04530  _ [0 0 5o 0
0.3480 0.8850(" ‘! P = , D1 = ,

0.3520 0.8850 0 0.00002 0 0.00002

1.035 0.137}, y {1.045 0.143} D, — {0.00001 0 }, D, — [0.00001 0 ],

4y = {0.018 0.585

0.022 0.585 0 0.00002 0 0.00002

and

d(k) = 1+ sin? (kzn)

From the given TVD above, we can select 4y = 1, d = 2 and d = 2. Tt can be
obtained that A; = 0, A, = 0, D; = 0and D, > 0. Thus, this system is positive by using
the assumption and Lemma 1. Then, we carry out the simulation with the initial state
generating ¢({) = [5 10] T 7= —L;Z\, —d+ 1,...,—1,0 and stipulating that the system
matrices be

Ay = A+ A _ [0.005 0.450], Dy — D, + Dy _ [O 0 },

2 0.350 0.885 2 0 0.00002

and

Ap

2 0 0.00002

Ay +A;  [1.040 0.140
~ 2 [0.020 0585

] D, + D, {0.00001 0 }
, Dy =———== .

The corresponding state responses of two modes are shown in Figures 1 and 2. Obvi-
ously, it can be seen from Figures 1 and 2 that two modes are both positive and unstable.
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Next, it is obvious that
5 0.00001 0
o 0 0.00002|°

Based on conditions (2)—(8) in Theorem 1 and given L = 1, u; = 0.58, y; = 1.34,
Mo = 055, v2 = 1.62, T1 yuin = 2, To,min = 1, we obtain the feasible solution:

_ [28.4261 66,5702 _ [35.8341 ~ [49.9281
10~ 1848639|” "1 T |117.8516]” 20 T |64.7436|" “*' T |146.6385|’

T, max = 2.001 and 1 ;4 = 1.1. Hence, this system is GUAS under the switching signal
o(k) € Qp001](1,1.1) by Theorem 1. The corresponding switching signal o (k) and the state
responses of the system are presented in Figures 3 and 4, respectively. Therefore, it can
be seen that our designed switching signal can ensure the RAS of the system effectively.
However, owing to the existence of TVD, the corresponding results in [20,26] cannot be
applied to this example. In addition, it should be pointed out that our results are relatively
less conservative and more general than [29] because of the existence of the IUs and the
MDDT switching approach.

300 ‘

200 [~

Zis0l

< 150
100~

50—

it Jerk AN s ek o X
O*z—f * I

0 10 20 30 40 50 60 70 80 90
Time

Figure 1. The state trajectories of the first mode in Example 1.

500 ‘
—
450 —areylK)
400 -
350 |-
300 -
Soeo L
Las0
200 -
150 |-
100
50~ -
S o ot et At sk A ok etk o F T O B o Ce k. et v Aaabm e il
0 10 20 30 40 50 60 70 80 90

Time

Figure 2. The state trajectories of the second mode in Example 1.
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The i-th subsystem
N
|

Time

Figure 3. The given switching signal in Example 1.

= =1= =1

Time

Figure 4. The system state response in Example 1.

Example 2. We consider the two modes of system (23) with the IUs. The bounds of the
subsystem matrices are given as

A — 1.040 0.018 - 1.060 0.022
S1710.028 06457 1T 0.032 0.655)

and

0.356 0.040 — 0.364 0.060
£1 — ’ AZ - .

0.518 1.008 0.522 1.012

It is easy to see that A; > 0 and A, > 0. Hence, this system is positive by using the
assumption and Lemma 1. We assign the initial state x(0) = [10 5]T and the matrices
A+ A {1.05 0.02
Al = =

A, +A;, 036 005
2 0.03 0.65 - '

]’ A2 =" 052 1.01
We observe that the eigenvalues of Ay are A; = 1.0515 and A, = 0.6485 and the
eigenvalues of Ay are A; = 0.3222 and A, = 1.0478. Thus, two modes are positive and
unstable which can be seen from Figures 5 and 6.
Choose L =1, uq = 0.55, 71 = 1.65, up = 0.56, v = 1.32, T4 spin = 1, To,min = 2, then
all conditions of Corollary 1 are satisfied for the following positive vectors

bro — [98:8669 _ [1441831) - [80.6618) _ [1863108
10~ 1685693|" 11~ [160.3028|" 2 ~ |89.5543|" 2! T |127.9683 ]|’
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and the time constants 7, = 1.1 and 7 4 = 2.1. Consequently, the considered system
is GUAS under the switching signal o (k) € (1 1 1jjp2.1]- Finally, the state responses of the
system with respect to o'(k) € (2(; 11)221) (in Figure 7) are shown in Figure 8.

1000 ‘

900 1 —c=x,(K)

800 —

700 —

600 —

300 —

200 —

100 —

0 - R e ek ke otk sk sk sk AAA‘_A.‘I‘__._“%““HH”MT""»"'*'***‘N

0 10 20 30 40 50 60 70 80 90
Time

Figure 5. The state trajectories of the first subsystem in Example 2.
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——,(K) #

700l % Kol

500 (,)’ |

= L -
< 400 *

L e _
200 ot
e
100~ gt o i
Fehoek JUSUSSUOUS
P b S e b souSuANANA el il . . > t \

0 10 20 30 40 50 60 70 80 90
Time

Figure 6. The state trajectories of the second subsystem in Example 2.

N

The i-th subsystem

N
|

Time

Figure 7. The given switching signal in Example 2.



Axioms 2023, 12, 440

15 of 17

* I
n ——x,(K)
A ¥ ==X, (K)
1 -
Iy
*
o _
\ *
L | *\ _
*
| % !
.
* _
+! \
1 ¥ \
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L W N _
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Figure 8. The system state response in Example 2.

5. Conclusions

The RAS problem for the discrete-time linear switched positive TVD system with IUs
in the case of all subsystems being unstable has been intensively studied. By applying
the TSMCPLKF method and the MDDT switching rule, new DDSC under the reasonable
assumptions to guarantee the global uniform asymptotic stability of the system have
been derived in the main theorem. In addition, novel DDSC of the discrete-time linear
switched positive system without TVD have also been acquired in the corollary. Finally,
two numerical examples have been displayed to validate the effectiveness along with some
advantages of obtained theoretical results.
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Abbreviations

The following abbreviations are used in this manuscript:

RS Robust stability

RA SRobust asymptotic stability

us Uniformly stable

ES Exponential stable

GUS Globally uniformly stable

GUAS Globally uniformly asymptotically stable
TVD Time-varying delay

AUMs All unstable modes

1Us Interval uncertainties

SPSs Switched positive systems

SPTVDSs Switched positive time-varying delay systems
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DT Dwell time

FADT Fast average dwell time

MDDT Mode-dependent dwell time

DDSC Delay-dependent sufficient criteria

LF Lyapunov function

DLF Discretized Lyapunov function

DCPLF Discretized co-positive Lyapunov function

MDCPLKF Multiple discretized co-positive Lyapunov—Krasovskii functional

TSMCPLKF Time-scheduled multiple co-positive Lyapunov-Krasovskii functional
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