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A delay-fractioning approach to stability analysis of networked control
systems with time-varying delay
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Abstract— This paper concerns the establishment of a new
stability criterion for networked control systems (NCSs) liable
to model uncertainties and time-varying delays. The proposed
criterion is an improvement over previous ones, for the
employment of a novel delay-fractioning approach and the
development of a new Lyapunov—Krasovskii functional (LKF).
The analysis incorporates state-of-the-art stability techniques
for systems with time-varying delays such as convex optimiza-
tion technique and piecewise analysis method. Moreover, we
consider the derivative character of the NCS’ time-varying
delay. The analysis is enriched with numerical examples that
illustrates the effectiveness of the proposed criterion which
outperform state-of-the-art stability criteria in the literature
for nominal and uncertain NCSs.

I. INTRODUCTION

ETWORKED Control Systems (NCSs) refer to a class
N of control systems whose elements are linked together
through a multipurpose shared communication network and
the information is exchanged in the form of data pack-
ets [1]-[3]. NCSs have many advantages compared to the
traditional local control architecture, including lower costs,
simple installation and maintenance, and reduced weight
[3]. Murray et al [4] identify control over networks as one
of the key future directions for control. Nonetheless, the
insertion of a multipurpose shared communication network
in the control loop unavoidably introduces packet dropouts
and different forms of time-delay uncertainty between the
elements [2]. Since these delays can degrade the system’s
performance and even cause instability, there have been a
strong research interest in NCS’ stability analysis within the
control community (see, e.g., [1]-[3], and references therein).

During the last decade, the problem of stability analysis
for systems with time-varying delays have been deeply
investigated under delay-dependent criteria with different
Lyapunov—Krasovskii functionals (LKFs) [5]. Particularly,
the employment of Jensen’s inequality instead of the cross-
terms bounding [6] is a well-established approach that leads
to less conservative results. However, this still is a conserva-
tive analysis, for the time-varying delay is bounded when
considering terms containing not only the delay bounds,
but also the delay itself. Instead of bounding the time-
varying delay, the convex optimization technique incorpo-
rated with the Jensen’s inequality proved to be effective
in [7]. Further improvements were obtained using similar
techniques with different LKFs (see, e.g., [5], [8]-[12]).
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Recently, new Lyapunov functional candidates inspired on
[13] have enriched the stability analysis by extending the
delay-fractioning approach from [13] to systems with time-
varying delays, see, e.g., [9]-[12].

Nevertheless, in practice, it is very difficult to obtain
an exact mathematical model due to environmental noise
or slowly varying parameters. Therefore, the NCSs almost
inevitably present some uncertainties [2].

In this context, the present paper proposes a new delay-
dependent robust stability criterion for NCSs with model un-
certainties and time-varying delays. The method incorporates
state-of-the-art techniques for the analysis of systems with
time-varying delays, such as Jensen’s inequality, Finsler’s
lemma, and convex optimization technique. The analysis is
further enriched with the introduction of new Lyapunov—
Krasovskii terms and the employment of the piecewise anal-
ysis method. Moreover, a new delay-fractioning approach
is proposed to exploit all possible information about the
delay’s lower bound which leads to further improvements
and to overcome the drawbacks of the piecewise analysis
method. These methods considerably improve the stability
results even for systems with no uncertainties. Numerical
examples illustrate the effectiveness of the proposed robust
stability criteria which outperform state-of-the-art criteria in
the literature for NCSs with and without uncertainties.

II. PRELIMINARIES

We shall consider an NCS consisting of an LTI plant and
a controller module connected through a shared network. All
the network communication is performed by the Sender and
the Receiver elements, which are responsible for transmitting
and acquiring data packets through the network, respectively.

The modules can either be time-driven or event-driven.
Throughout this paper, we assume that the sensor module
is clock-driven with transmission period h. The Controller
and Actuator modules are event-driven and start to process a
new packet immediately after its arrival. Single packet trans-
mission is assumed, i.e., all data sent or received over the
network is assembled together into one network packet and
transmitted at the same time. These are standard assumptions
for modeling NCSs within the delayed systems framework,
which usually yields higher values for the maximum delay’s
upper bound (see [1]-[3], [14]). Nonetheless, it’s important
to mention that other approaches, e.g., impulsive systems and
sampled-data based ones (see [15], [16]), may be more suit-
able for asynchronous sampling strategies, specially, when
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Fig. 1. Time diagram for network-induced delays.

Moreover, the following delays are considered:

o T;°: delay from sensor to controller for the k-th packet;
 7;: computation delay for the k-th network packet;

o T.“: delay from controller to actuator for the k-th packet;
« T;: total delay (sensor to actuator) for the k-th packet.

Following the data flow’s time diagram shown in Figure
1, the sensor module samples data from the plant at instants
nh, where h is the sampling period and n € N*. The integers
4, k € N*, denote the nth sample number which is carried
by the kth received network packet at the actuator’s input.

Remark 1 If {¢1,05,....4,,...}={1,2,...,n,...}, then no
packet dropout or disordering occurred in the transmission.
However, if the p-th sample was lost, then Ag, g € N*,
such that £, = p. Packet disordering occurs when one packet
reaches its destination later than its successors, i.e., Ip,q €
N*, p > g, such that £, > £,. In this case, the old packet, £,,
is dropped and its data discarded.

We assume the existence of constants Ty,;, and Tax,
(U1 — b)) b+ Tt < Tyax,
Toin < T, Vk € N*.
where 7, and T,,, denote, respectively, the lower and the
upper bounds of the total network-induced delay, involving
both transmission delays and packet dropouts.
The LTI plant has a state space model of the form
x(t) = Ax(r)+Bu(), (1)

y) = Cx(), ()
where x(z) € R™ is the plant’s state vector, u(t) € R™ and
y(t) € R are the plant’s input and output vectors, respec-
tively. The matrices A, B and C are considered not exactly
known, but belonging to bounded sets: A € &/ C R™**x,
Be BCR* and C € € C R»*'x,

Considering the total communication delay from sensor
to actuator, including the computation delay, 7 = 7, + 7 +
7., and considering a non-fragile state-feedback control law
with a gain matrix K not exactly known, but belonging to a
bounded set J#~ C R"**'¥, the resulting control law can be
described as

u(t) =yc(beh+ 1° 4+ 15) = KCx(4ih),

t € [h+ T, byp1h+ Tpy), YV ke N,
where y, is the controller’s output.

From a straightforward combination of (1)-(3), the closed-
loop system can be described as

{x(t) = Ax(t) +Agx(t —d(1)),
x(1) = p(1),

€ [leh+ T, b 1h+ Tey1), V k € N*, where p(¢) is a given

3)

t>0;

t € [—Tmax, 0], @

function which describes the state’s initial condition, A; =
BKC; and the function d(¢) =t — {;h denotes the time-
varying delay that satisfies

Tmin < d(t) < Tmax, (5)

where 0 < T,in < Tax are constants. Moreover, it’s note-
worthy that function d(¢) is piecewise linear with derivative
d(t) =1 for t # {h+7;. Therefore, the time-varying delay
d(t) is discontinuous at the interrupt points t = {h+1;
vV ke N*.

Finally, taking the parameter uncertainties into considera-
tion, the closed-loop NCS (4) can be rewritten as:

() = (A+AA)x(1)+ (Ag+AAy) x(t —d(1)),

6
re [tkatk+l)a VkeN* ©

where 1, = (i h+ 1.

The parameter uncertainties AA and AA; are time-varying
matrices with appropriate dimensions, which are defined as
follows:

[AA AAd} :HA(Z‘) [EA EAd] 7

where H, &4 and %4, are known constant matrices with
appropriate dimensions and A(z) represents an unknown
time-varying matrix, which is Lebesque measurable in ¢ and
satisfies A(t)TA(t) <1

Throughout this paper, the following results will be useful
to derive conditions for the establishment of a new delay-
depedent stability criterion for system (6).

Lemma 1 ([17]) For given scalars r|, ry and matrix
MEeR™ ™ such that (ry—r1)>0 and M>0, and any vectorial
function x : [r1,r2]— R™, we have:

(=)o sty ([ ]rzx(S)dS>§VI (/i)

Lemma 2 ([18]) Given matrices
BeR™™  the following statement

x'Mx>0 < M+FB+BT'FT>0,
holds for some FER™ " and any x€R"™\{0} such that Bx=0.

M = MT c Rmxm,

III. STABILITY ANALYSIS

This section presents the main results of this paper. To
establish a new delay-dependent stability criterion for NCSs,
we first consider the delay range [Tuin, Timax]- Similarly to
[10], [11], we divide this interval into two equally spaced

subintervals: jL’L’l,rz] and [, 73], where Ti=Tuin, T3=Tmax,

Tmax ‘min

and T . Therefore, the linear delayed system (6)

can be written as

(1) = Ax(t) + Xz 1, (d(1))Agx(t — d (1))
(1 A, ( (t)))Adx(t_ ( ))

x(1) = p(1), tel-
where X7, 5, )R—{0,1} is the characteristic function
of [Tl,Tz], ie., x[flez] (d(l‘))=1 if d(l‘)E[Tl,Tz] and

X ) (d(t))=0, otherwise.

This analysis, known as piecewise analysis method, con-
cerns the establishment of different LMIs conditions for

>0 (8)

Tmax s ]
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each subinterval, reducing considerably the conservative-
ness which arises from the LMI analysis of the inter-
val [Tyin, Tmax]. The contributions of this analysis turn out
more significant as the delay interval grows. On the other
hand, when the interval [Tpin, Tmax] iS reduced, i.e., when
Tmin— Tmax, the benefits that arise from the piecewise analysis
are substantially shortened. In this context, we propose a new
delay-fractioning approach which overcomes the piecewise
analysis drawback for large values of 7,,;,. The focus of this
new strategy is to further exploit the information of the delay
lower bound through the partitioning of the delay interval
[0, Tin] into 1 > 0 equally spaced subintervals. The straight-
forward consequence of this analysis is the introduction of
new T,i,-dependent auxiliary delayed states:

.11
N E ) . 9
x<t ln) n} ©

The proposed robust stability analysis, with 1 subintervals,
is based on the Lyapunov—Krasovskii functional candidate

Vi€ {0,...

6
Vi)=Y Vi), (10)
where
Vi (t)=xT (t)Px(1),
t
=, O
/t g r Ni1 Npp x(s)
(s— 172+‘L'1) Nsz Ny | |x(s—Ta+71) 5
. x(gfgrl) My . Mln x(sf%'rl)
V4(z):/1 : oo : ds,
=30 n-1 . . n-1
x(sz‘cl) * ... Mpy x(g,Trl)
n T —’(;—‘T] t
Vs(t)= — / / X Six(s)dsd
=X (7) [0 [, osatasas
-1t
Ve(t)=(r—11) / / i (5)Z14(s)dsdp
+B
+ (35— T2/ / (8)Zrx(s)dsdB.
One can note that if the conditions
P>0, 0120, Z;>0, Z,>0, S;>0, j={1,...n},
My, My
11
N:{MTl N”]zo,e M=| : . |>0, b
Niy No ) .
* . Mrlrl

are satisfied, than the positiveness of (10) is assured.
In the following, we propose a novel delay-dependent
robust stability criterion for uncertain NCSs (6).

Theorem 1 For given scalars Tpin, Tnax, and 1, such that
0<Tnin<Tax and M>1, the uncertain NCS (6) with time-
varying delay satisfying (5) and parameter uncertainties
described in (7) is robust asymptotically stable if there exist
scalars €;>0 and €;>0, i={1,2}, and matrices P, Q1, S},
j=A{1,...n}, Z\, Zo, N e M with appropriate dimensions,
satisfying (11) and free-weighting matrices F; € R"*3"x and

F, € RT3 such that the following LMIs hold:

Q1 <05 Q2 <05 Q1 <05 Q9o < 05
(12)
where
_<‘P<l)+F131+(FlBl)T> (—1)Fi\Lwm ©(n) FiT3H €,I'L
% —(n-1)’Z; 0 0 0
Q= * * ®mn) O (U
* * *  —&ud 0
L * * * * —E&ml
_<‘P<2)+F232+(F232)T> (13— )l ©(1) FoI'sH €, TL
% —(3-1)°Z, 0 0 0
Qo= * * omn) O o |
* * x —&ul 0
* * * * —&ml

forme {1,2}, and

r=[070" m=[1o00" T13=0001,
Te=[Z4 Z4 0 0 0 0 0],
0O I 0 —-1000O0 0O I 0 0-100
Bi=[0 -1 0 0 1 00| B=|0 -1 00 0 10|
AA; -1 0 000 AA; —10 0 00
(Mi2+S1) M3 M1 My
0 0 0 0
0 0 0 0
Om=| _,r _uyr T Y ,
My, My Miy_2yq Sn=Miy_1)
0 0 0 0
L O 0 . 0 0
(011 912 D1(n-2) Dr(n-1
*  ¢n D (n-2) (-1
)= : : ,
£ n-2n-2)  Ym-2(n-1)
L* * n-1)(n-1)
with
Miy1y(i+1) — Mii <51+51+1>> ifi=j
Pi= M) —Mij+5), if li—jl=1
My ey — M,j, otherwise,
where i,j € {1,...,(n—1)}, and
¢y 0 P 0 0 0 0 7
* 0 0 0 0 0 0
x x W33 0 0 0 0
w—| * * x Wy N2 0 0
koK % *  Np—Ni1—Z —Np+Z, 0
* ok % * * —Ny—27; 0
L * * * * * * f%Ql_
W)y 0 P 0 0 0 0 T
* 0 0 0 0 0 0
* Yi3 0 0 0 0
lp(z): * * x*  WYyu—7, Nix+27, 0 0 ,
* % % * Nyy—Nij1—Zy —Np» 0
* % * * —Ny; 0
i * * * * * f%Ql_
with
W =+M -8+ 01,
LT 2 2 2
Y=Y (E) Sk +(n—1)"Z1 +(13—0) 22,
k=1
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Wy = Ny —Myy—Sy. (13)

Proof: Firstly, we shall consider the first subinterval,
where d(1)<T,. Taking the time derivative of the Lyapunov
functional (10) with respect to 7€ [fx,f;1 1) , VkEN* along the
trajectory of (6) yields

Vi(t) = 2T (1) Px(r) +xT (1) Pi(z),
Va(t) = (0)Qux(t) — (V) " <,_ () ) le(t—d(—’))

2 2
o =) NG N [xe—7)] [xe—)]T [N Nia] [x(e—12)
V3(t>—{x(t4;)} Lvif; N;j L(pé)}* {x(tfri)} {NiT; NZ} L(pé)]’
x(tf%'rl) T My ... My x(tf%‘tl)
Va(t) = : { oo ] :
(i —1tn) * e Mgl |x(e—1otn)
Xt —g) |:M11 : Mm] Xt —5)
x(tf.%n) * M;m x(tf.%'rl)
v (u\ (. . =5t
w0=3 (%) (—xT(rmx(z) [ xT<v>skx<v>dv> ,
Ve(t) =i (1) [(THI 2z + (13712)222})50)
~(o-n) /, :T‘xr 07105 — (1-%) /, :szr OZi0ds,  (14)

We expand the integral terms in V(t) considering =1
and taking the fact that [T f(s)ds = [T/ f(s)ds +

t—d(r)
;l:é(t) f(s)ds. Therefore, from Jensen’s inequality (Lemma

1) we have

~

><[x tf;lrl>fx(t7%'rl>D, (15)
Velai<r, <37 (1) ((—11)21 + (13—2)'22 ) (1)

“Na(2=1) @O —1)Z1ha— Vi (22 —11) (2 —d () Z1 Yar
— [x(tf‘tz)fx(tfﬁ)]TZz [x(tf'rz)fx(tfn )] . (16)

where Y14, Y42 are defined by

1 =T 4 d 1 t—d(r). 4
Yld‘—m/rid(nx(s) s an de._’['z——d(t)/t772 X(S) S,

with limd(,)ﬁﬁ Yld:X(l—Tl), and hmd(t)ﬁ,[z}/dz:)i(l—fz).
Suppose now we denote

gro=[¢r Ay v &F)erGrr
with
Gh=[x ) AT=d@) ) 5 —m) T -w) e-7) T (--42)],
&fi=[xte— 1m)
Then a straightforward combination of (14)-(16) yields

V(O)lawy<z, < & 0) (Qlay<,) G1(0), (18)
1€ [ty trr1) , YRKEN*, where

x(— 1)) an

w0 emn)
Qliy<r, = | * Al 0 | e REFMxE+nn
* *  D(n)
A _ [~ dO)=1)(n—7)Z 0
0 —(n—=d(t)) (n—11)Zi |’

and ¥, @(n), and ®(n) are defined in (13).

Furthermore, we introduce Blz[Bn B12(d(t)) O} €

R3 > B+ gpq flz[FlT 0 O]T e RBMmx3r  where Fy
is a 7ry X 3r, free-weighting matrix, and

{ 0 I 0 —100 0] {(d(z)rm 0 ]
Bi1= 0 -1 0 0 100}, Bjp= 0 (Tz—d(l))l .
A

+AA Ay+AA; =1 0 000 0 0

Taking the fact that {;(z) belongs to the kernel of By, i.e.,
B1&1 =0 and applying Finsler’s lemma (Lemma 2), it follows
that the right side of (18) is negative definite if Q<0 holds,
where

Q) =Qly)<r, + Fi1B1 + B F|

¢+ FB +BY F FiBp(d(r) O(n)
= * AW 0 19
* * o(n)

Consider now the terms that arise from Q; for d(z) — 7
and d(t) — T, respectively. It is straightforward to conclude
that

T _n—d()

& Q1 6i(0)= P—

d(r)—t ¥

52)71.11 CHOQ1ups5612(t), 1€ [t tig1) , YhEN

where Cf, (1):=[&] v, G5, Ch(0=[L] vy &) Grand

{s are defined in (17). Therefore, considering the convexity

properties of Q, one can conclude that § (1)@ &) (t) is neg-

ative definite only if the vertices (Qi 4z, and Q1lgp)1,)
are.

Furthermore, to eliminate the time-varying matrix A(z)
from Qi g4z, and Qi]44),, we use the definition of AA
and AA, from (7) and rewrite B;; as

Bi1 =B +T3[AA AA; 0 0 0 0 0] =By +T3HA(t)Tz, (20)

where By, I'3, and I's are defined in (13). Then, the matrices
Q1l4)—1,> for m={1,2}, may be rewritten as

SH(OQ1 gz, $11 (1)

+

YO+ FG+GTF] (mp—1)F T, OM)
Qlap—5,= * (r2—11)221 0 |+af A)B+BT AT o,
* * o)
@2n

where o= [(FiT3H)” 0 0]" and B=[Tz 0 0.

Then it follows from applying Lemma 3 in [2] that
Q1l4)—z, holds for m={1,2} only if there exists scalars
€11 >0 and €12 > 0 such that
Y4/ G+GTFT (m—t)RT, O®m)

* m—-1)*Z 0

* * DM)
holds for me{1,2}. Moreover, taking the Schur’s comple-
ment, we have the matrices Q7 and €;, as described in
(13). Therefore, Q is negative definite only if Q;; and Q|,
are.

We shall now consider the case where 7, < d(t) < 7.
Using the same arguments of the former case, we derive
analogous results. Taking the time derivative of the Lyapunov
functional candidate previously obtained in (14) and consid-
ering y=0, we apply the Lemma 1 to Vi(¢) in (14), which
yields

1
+ S—alalT +e1BT B<0

Im

Vol aysz, =2 (1) [(172*171)221 + (73772)222} X(t) = [x(t—m1) = x(t—12)]"
X Zy [x(t—=11) = x(t—72)] — &g (1) [(13—12) [ () —72)Z2] Ena (1)
— &R0 [(13—1) (13—d ) Z2] Ea3 (1), (22
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where 75, and Y3 are defined by
1 =Ty d 1 r1=d(t)
de‘—m/rid(t)x(s)db an Yd?’._’f:;——d(t)/tir} )C(S)(LS7
with  limgy 0, pa=%(t—7) and limgq o, Y3 =%(t—73).
Analogously to the first case, we now denote
CZT(t):[C)Z- Ysz 753 Cg] € R(8+n>r7
where {, and (s are defined in (17). Then, combining (14),
(15), and (22) yields

VOl < &) (Qlap>) &), (23)
where
w® 0 e
Qipsn,=| + A® o | eREMx@rmn
* *  ®(n)
AQ _ [~ d)=n)(13-70)Z 0
a 0 —(5—=d(t))(—n)22|’

and ¥, @(n), and ®(n) are defined in (13).

Suppose now we define B, = [By; By(d(r)) 0] €
R3rxB+mMr  and fz _ [FZT 0 O]T c R(8+n)fx3r’ where
F,eR7™3 is a free-weighting matrix, and

0 1

00-100 do-m)1 0
0 —I 000 10| Bp=

0 (—d@)I|
A+AA Ag+AA; —10 0 00 0 0

By1=

Therefore, using the fact that By{=0 and applying
Lemma 2 to the right side of (23), one conclude that
@) (Q|d(,)>12) & (1) is negative definite only if Q,<0
holds, where

\P(z) +F2321+Bgng FZBZZ(d(t)) ®(n)
Q, = . A2) 0 |-
¥ * d(n)

Finally, we consider the terms that arise from Q) for
d(t) - 1 and d(t) — 13, respectively. It is easy now to
conclude that
& a0~
O )l anl). 1€ ) VRN
where & (0):=[8 15 &), Cn():=[60 1y &) G
and {s are defined in (17). Then, from the convexity of
& (1)Q06(1), it is sufficient to verify the feasibility for
d(t) — 1 and for d(t) — 73. Moreover, using exactly the
same arguments presented in the investigation of the first
subinterval, we can eliminate the time-varying matrix A(f)
from the analysis. The analysis is straightforward and will be
omitted for brevity. Thus, one can easily conclude that the
analysis yields the same matrices Qy; and €j;, previously
defined in (13).

We are now ready to complete the proof by establishing
conditions that guarantee the negativeness of the Lyapunov
functional’s derivative. For the first case where d(t) # 1, it
is easy to check that, for € [f,f;1 1), VAKEN™,

V(t) |d(t)7é1:2 < Xt o) (d(t))CIT (t)'Q'l Cl (t)
+ (1= X, ) (d (1)) & ()28 ().

For the second case where d(t) = 1,, due to the properties

G (O] )57, 621 (t)

+

TABLE I
ADMISSIBLE VALUES OF T;,,x FOR VARIOUS T,,;, (EXAMPLE 1)

[ Method

Shao [5]

Zhang et al. [3]
Orihuela et al. [9]
Sun et al. [19] -

%m 1 2 3 4 5 6
1.874 2.505 3.259 4.074 — —
1918 2533 3274 4079 — =
2.169 2.646 3.322 4.091 —
2.567 3341 4.169 5028 -

. Thm 1 2.169 2.646 3.321 4.090 - -
Fridman etal. (101 { gyt 5 3120 2724 3458 4257 5007
n=1 2.169 2.646 3.321 4.090 - =

Theorem 1 {n_z 2217 2751 3.462 4.258 5.098 —
n=>6 2.229 2.777 3.497 4.298 5.143 6.014
n=12 2.230 2.779 3.501 4.302 5.148 6.020

TABLE II
ALLOWABLE T4y FOR VARIOUS 7Ty, (EXAMPLE 2)

Method  \ Tuin 1 2 3 4 5
Shao [5] 1,617 2,480 3,389 4,325 5,277
Sun et al. [19] 1,620 2,488 3,403 4,342 5,297
n=1 1,792 2,609 s 3,490 4,406 5,345

Theorem 1 {n_z 1,797 2,624 s 3,514 4,437 5,380
n=>6 1,798 2,628 s 3,520 4,444 5,388

n=12 1,798 2,628 3,521 4,445 5,390

of the Lyapunov functional, one can conclude that

V(O)la@=z, < max {¢ (1)1 81(1), & ()6 (1)},
for r€[t,tx11),VkeEN*. Therefore, it is straightforward
to conclude that if the conditions in (12) are fulfilled,
then we guarantee that V(z) is negative definite for
1€ [te,tkr1) , YKEN®. Moreover, from the Remark 2 one can
note that V (¢, ) > V (¢, ) for all keN*. In other words, the
LKF candidate (10) decreases monotonously at interrupted
points t=t;, YkeN*. Consequently, the uncertain NCS is
asymptotically stable, which concludes the proof. [ ]

Remark 2 As stressed in Section II, the time-varying delay
is piecewise differentiable with d(¢)=1, except at interrupted
points t=t, YkeN*. This character is rarely exploited, since
it requires the introduction of non-continuous terms in the
LKF [14]. Nonetheless, we present a new term in the
LKF which exploits the delay derivative information. The
employment of this non-continuous term is only possible,
for V,(r) monotonically decreases at interrupted points.

IV. NUMERICAL EXAMPLES

Example 1 Consider the NCS (6) with no uncertainties and
-2 0 -1

A:{ 0 70.9} Ad:{fl

For various values of 7,,,, the maximum values of T,
which maintain the system’s asymptotic stability are listed in
Table I. From Table I, one can also see that the partitioning
of the delay interval [0, T;,] into M subintervals proposed
in this paper considerably improves the results. The results
from Theorem 1 for n>2 are considerably less conservative
than previous published results. Especially, when 7,,;,=6, the

obtained 7,,,, using Theorem 1 with =12 is 6.020s while
previous stability criteria are not feasible.

701} . AA=0, AA,=0.
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TABLE III
MAXIMUM VALUE OF Ty, FOR Tp,;,=0 (EXAMPLE 3)

Wu et al. Jing et al. He et al. Qian et al. Park & Ko Theorem 1
[20] [21] [22] [23] (71 n=1
0.242 0.242 0.336 0.379 0.397 0.464

Example 2 Consider the following NCS described by
0 1 0 0
A= Ll 72}, Ad_{il J, AA=0, AA,=0.

For various 7, the results from different criteria in the
literature are listed in table II. From the table, it is clear that
for any choice of 7, our results are less conservative than
the ones obtained by previous criteria in the literature.

Example 3 Consider the following uncertain NCS (6) with

05 -2 05 —1 02 0
A:{ 1 71}7 Ad:{ 0 0.6} D=1 EA:EAF{O 0.2}'

In Table III, we compare the results of Theorem 1 (n=1)
with those in [7], [20]-[23] for 7,,;,=0. From the table, it
is clear that our results, even for =1, are considerably less
conservative than those in previous criteria in the literature.
The improvements over [7] are as high as 17%.

Remark 3 These are benchmark examples widely employed
for comparison in the literature. Nonetheless, the proposed
method with 1>1 should also yields better results when
applied to different systems, specially for larger values of
Tmin. Also, it should be mentioned that the previous results
presented in the examples represent state-of-the-art methods
and were directly obtained from the corresponding papers.

V. CONCLUSIONS

This work’s main result concern the establishment of
a new stability criterion for NCSs liable to model uncer-
tainties, packet dropouts and uncertain time-varying delays.
The conservativeness of the analysis is considerably reduced
with the employment of a new delay-fractioning approach,
which allows further exploitation of the delay’s lower bound
information, and the development of a new LKF that incor-
porates state-of-the-art stability techniques for systems with
time-varying delays. Although this paper’s main contribution
concerns the analysis of uncertain NCSs, our criteria, when
applied to nominal systems, also yields less conservative
results than previous methods in the literature. The analysis
is enriched with numerical examples that illustrates the
effectiveness of our criteria which outperform state-of-the-
art stability criteria in the literature.
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