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Abstract—A solution to the approximate tracking problem  feedforward thereby inducing the desired trajectory in the
for Networked Control Systems (NCSs) with uncertain, time-  controlled system, whereas feedback assures convergence t
varying sampling intervals and network delays is presented. yq desired solution and favorable robustness and distaeba

The uncertain, time-varying sampling and delays cause inexact : : AR
feedforward, which ind):chs a Bert%rbation 0);] the tracking attenuation properties. Due to the delays and variation in

error dynamics. Two alternative modeling approaches are used: Sampling intervals, the feedforward signal generallyvasi

a discrete-time model and a model in terms of delay impulsive at the actuator later than intended, leading to a network-
differential equations. Sufficient conditions for the input-to-  induced feedforward error and reduced tracking performanc
state stability (ISS) of the tracking error dynamics with respect Consequently, only approximate tracking can be achieved.
to this perturbation are given. These ISS results provide In the NCS literat the tracki bl h ived
bounds on the steady-state tracking error as a function of the n the = literature, the fracking problém has receve
p|ant properties‘ the controller parameters‘ and the network little attention. Recent works related to the tl’acklng coint
properties. The results are illustrated on a mechanical motion of NCSs are [8], [9]. In [8], anH-approach towards the
control example. tracking control problem of NCSs with network delays (and

. INTRODUCTION constant sampling intervals) is presented; however, tbe fa
. . hat the feedf I i | is K
In this paper, we study the tracking control proble that the feedforward generally experiences delays is ketta

for NCSs with i i ) ling int | nto account. In [9], the optimal tracking control problem i
or S With uncertain, time-varying sampiing INIeVaiSey jieq with a focus on the effects of quantization of the
and network delays. NCSs are control systems in whmfé

L edforward.
the communication between the actuators, sensors and

to dedlca_lte_d point-to-point wiring, is increased arCh'tecthat depends on the properties of the plant, the contratliér a
tural flexibility, decreased maintenance costs and syste,

L o the network. ISS properties of (nonlinear) NCSs have been
wiring [1]’. [2]. The presence of the_ communication networl.(studied in [10]. Herein, the role of the network protocol in
h0\évet\(er, |ndu<_:es non-ldlt_eal b_ertwawolr n th(ta for:? gfluncartal aluaranteeing such stability properties is studied and NCSs
and time-varying sampling intervals, network defays, anff;, time-varying sampling intervals and multiple-packet

palgkf?t Iosts [l].d s for NCS ith i q i communication are considered; however, no network delays
ifferent models for s with uncertain, and time-j o taken into account.

varying sampling intervals and network delays have been The outline of the paper is as follows. In Section II,

proposed in Iiterature;. In (3], [4], [.5]’ [6], a discreterte n NCS model for tracking is proposed and the approx-
modeling approach is _employed_ln the _face_ of networ ate tracking problem is formulated. In Section Ill, two

delays. In [7], NCSs, with uncertain sampllr]g '”tef"a's an pproaches for analyzing the ISS properties of this NCS
network delays, are modeled in terms of impulsive delay, o) are addressed. Moreover, ultimate bounds for the
differential equations. For both model-types, stabilityetia i, ying error are provided in Section IV. In Section V,

have bee.n proposed; see [5], [6] for Stap.'“ty conditions foan example is presented illustrating the benefit of the ISS
discrete-time models and to [7] for stability results foe th results. Finally, conclusions are given in Section VI. Most

impulsiye delay models. roofs will be omitted due to lack of space and can be found
To this date, the work on NCSs has largely focuseff, o, extended version of this paper [11].

on modeling, stability, and stabilization problems. Track Notation: A function ~ : [0, 00) — [0, c0) is said to be

|r:cg (;](_)nrt]rol, howevi_r, h)oses add't'%nag cmallenges, ksoquﬁ classg ifit is continuous, zero at zero and non-decreasing.
of which are specifically aggravated by the network. IN¢iq of classk if it is of classg and strictly increasing. It is

tracking control, typical high-performance designs iNelu ¢ cjasskc_ if it is of classA and unbounded. A continuous
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Uk d*(fz 5 Y Here, we assume that,(t) is at leasiC?, guaranteeing that
ZOH Plant Senso _l ulf(t) is at leastC!. We propose the following tracking

o Ti¢ control law for (1):
i y | up = ull (sp) - K (@1, — wd(sk)) , 3
Controller je— (t — ) that consists of the superposition of a sampled feedforward

componentu// (s;) with a linear tracking-error feedback
Figure 1: Schematic overview of the two-channel NCS with varicomponent with feedback gain matri € R™*". We em-
able sampling and network delays. ploy time-stamping on the measurements; so, the sampling
t Sk time s; is known, which enables the computation of the
Uk u* Yk control command (3) at time, := s + 7
E»{ ZOH }—ZI Plant —{Sensot—" . NG == Sk + Tk
The implemented continuous-time feedforwatd” (t)

T = TiC + T in (1), (3) is piecewise constant, given by

< w (t) = uf (sp) fort e [ty,trsr), (4)
Controller |<_ xq(t)

and differs from the exact feedforward// (¢) due to the
Figure 2: Schematic overview of the one-channel NCS with varizero-order hold and the network delays. Therefore, we will
able sampling and network delays. decompose the implemented feedforward as the sum of
the exact feedforward pa#t// (¢) and a feedforward error:
controller, which receives information from the plant only,,ff (¢) = wff(t) + Au//(t) for t € [t),tis1), With the

at the sampling instants,. Due to the fact that we allow feedforward error simply defined bu’/ (t) = wf (s) —
for a variable sampling interval,, the samplings instants ulf (t) for t € [tg, try1).
sk = S hi, Vk > 1, sy = 0, are non-equidistantly Closed-loop system: Applying the control law (3) to
spaced. Moreover, the computation times and the netwoggystem (1) yields the following closed-loop NCS dynamics:
delays result in a sensor-to-controller dela§f and in a p i f
controller-to-actuator delayc®, which have to be taken into () =Az(tHB1 (), — 2 (sk))+B> (Ue (t)+Au (t)) ;
account. Similar to [1], the sensor acts in a time-driven (5)
(though variable) fashion and the controller and actuat : L L
(including the zero-order-hold (ZOH) in Figure 1) act in ar(\;%r&r te .[tk’tk“). _andﬁ Wlth.fl o BKTand ?2 o B
event-driven fashion. Hereto, we assume that ali sensers ai'€ initial conditionz(0) := [27(0) 7 (so)]" for this
tem consists of both the initial state at time= 0, i.e.,

sampled synchronously and there is a single sensor-send )
P y y 9 ) = xg, and thehold statex(sq) at time sy < 0. So, the

SO}IJ'LCee.two-channel NCS in Figure 1 is equivalent to thd1etwork delays cause the ipitial state to involve a pasestat
one-channel NCS in Figure 2 with, := 75¢ + £ given Tracking %ror dynam!c_s. We define the tracking error

that the controller is static and time-invariant [4], [1].ew € PY &= ®—=". By combining (5) and (2) we can formulate
call 7, the (' total) loop delay and, := s; + 74 the the continuous-time tracking error dynamics as follows:
(k'") input update time. Out of order packets will be dropped  &(t) = Ae(t) + Bie(si) + BaAu'! (¢), (6)
and consequently the sampling times, s», s3, - - - } and the for ¢ € [t4,tx11), and withe(0) := [e7(0) eT(so)]T

'Snepqul} eﬁzggt?mt:moi?% rtQSgg]’ é.iﬁ%ti;?rtﬁgg]my Increasing “We consider the approximate tracking problem. Herein, we
P I . aim to ensure asymptotic ultimate boundedness of the track-
The continuous-time model of the plant is given by: ing error, i.e.e(t) = a(t) — z(t) < ¢ for t — oo for some
&(t) = Ax(t)+ Bu*(t), x(0) = o, 1 small ¢ > 0. Some tracking error is to be expected in the
u*(t) = wuk, forte [tg,tpt1), t1 =71, NCS setting, as the implemented feedforward signdl(t)
) _ _ in (4) will never equal the exact feedforwand/” (t). The
with A and B the system andmmput matrices,€ R the aaqons for non-exact feedforward are, firstly, the fact tha
time variable,u;, = u(sx) € R™ the sampled input, and {he control signal (and therefore also the feedforwardag)gn
), = z(s;) € R" the state at sampling times. will be passed through a zero-order hold and, secondly, the
_Inwhat follows we introduce the tracking problem, controka ot that the network delays (in particular the controller-
signal construction, the tracking error dynamics, and W& _5-t,ator delayr¢®) in general cause the feedforward
argue that the ISS property of the error dynamics is thg, pe implementeé too late. In the next section, we will
relevant notion to study the effect of the network on theyonsse sufficient conditions for the input-to-state ditgbi
tracking problem. , , (ISS) of the continuous-time tracking error dynamics (6)
Control signal construction: We desire the system to ;i respect to the inputu’ (). An ISS property of the

asymptotically track a desired trajectary(t). The proposed iracking error dynamics guarantees that the controlleresol
control law consists of a feedforward part and a feedba approximate tracking problem.

part. The exact feedforward}/ (t) should be selected such

that the desired state trajectomy(t) is a solution to the [II. I NPUT-TO-STATE STABILITY OF NCSs WITH
continuous-time system TIME-VARYING DELAYS AND SAMPLE TIMES
iq(t) = Azy(t) + Bul/ (1). ) In this section, we propose sufficient conditions for the

input-to-state stability of the continuous-time trackiegor
dynamics (6) with respect to the inpudu’/(¢). In the



subsequent subsections, we propose two approaches towas@dbility is guaranteed if the following (infinite) set of ma
proving such ISS properties: in the first approach, the dynarmequalities is feasible:

@cs are largely analyzed in a discretg—time setting, Wh;are.a ATpa— (1—a)P <0, P=PT >0 (12)
in the second approach the dynamics are analyzed u3|g% S and for somen 1. Based on these
delay impulsive differential equations. We will see latesit Sk Tk} € sas b

depending on the problem, either approach can be favora?g"bi”ty results, we will show (see Theorem 1) that the tApu

over the other when considering the stability bounds and tHg State stability of (6) is guaranteed if the followingfiite)
ISS gains provided sét of matrix inequalities is feasible:

We say that the system (6) isiformly ISS over a given P=P" >0
classS of admissible sequences of sampling times and delays Toa 1 T pE 13
{sk, 7 } if there exist aCL-function 3(r, s) and aKC-function [A PA-(1-a)P - TA ~PB <0, (13)
~(r) such that, for any initial conditioa(0) and any bounded * B PB —c4l

input Au’/ (t), the solution to (6) satisfies Wik, 7} € S, for some0 < a < 1 andes > 0. For the
le(t)| < B(|e(0)],t) +~( sup |Au(s)]), (7) case of constant sampling intervals = h, Vk, sufficient
0<s<t conditions for the feasibility of (12) in terms of (finite st
with functions 5 and - that are independent of the choiceof LMIs are proposed in [5] based on a (real) Jordan form
of the particular sequencgsy, 7. }. We would like to have representation of the NCS applicable to both small and
the ISS property for any sequence of delays such th&irge delays. Based on the sufficiency of (13) for ISS, the
Tmin < Tk < Tmax, Yk € N and any sequence of sam-necessary derivations of the finite set of LMIs are similar
pling times such thatini, < Skt1 — Sk < hmax fOr to those in [5]. For the sake of brevity, we will omit such
given Amin, Pmaxs Tmin, Tmax Where0 < hpin < hnax @and  technicalities here.
0 < mmin < Tmax- Consequently, the class of admissible Let us now present the result on the input-to-state stgbilit

sequences is characterized by of the continuous-time tracking error dynamics (6).

S = {{Sk,’rk} :Pmin < Sk+1 — Sk < hmaxa (8) Theorem 1
Tmin < Tk < Tmax | - Consider the tracking error dynamics (6) with., 7.} € S
A. Discrete-time Approach andr, < spi1 — sk, Vk. Suppose there exist a matriX
PP . . L and scalard < o < 1 andey > 0 for which (13) is
Under the assumption that < hy, Vk, the discretization  gayisfied. Then, the system (6) is uniformly ISS over thesclas

of (6) at the sampling instants; results in the following g ith respect to the time-varying inpuku’/ (t) and the
discrete-time system, which forms the basis of our a”aly5iﬁ1equality (7) is satisfied with

A PR 4
ep+1 =€ ’”“ek+/ e**dsB ey, B(r,t) = gi(t)r, ~(r) = gor, (14)
0

h A f ©) where
+/ e“’dsBreg_1 + Auy; , .
hg—Tk g (t _ gl,l +€+ h_1t7 te [0’52}
. 1 -  — .
where Auif = foh'“ eASBgAuff(hk + sp — s)ds. Since gre—1+ hi.l’k (t — sk), k> 2,t € [k, Spp1],
7, < hg, Vk, we can define an extended state for the 1
- -3 Ak qk—1

system (9) by¢, = (eI el )" and we obtain the g1r=[C:P 2”<Cl\/o‘ )‘maX(P)JrCQ\/a )‘““”‘(P))’

following discrete-time state-space model:

N . _1, [eq
Erp1 = A&y + BAU?» (10) 92 =63 (1 + (a1 + e)|C.P72| E) ; (15)
with &, € R?", with g . defined fork > 1,¢ > 0,a:=1— o and
A eAhk 4 foh’“ff’“ eASdsBl f::in_’ eASdsBl c1 = max(Cy, & + é2), ca = max(ég, &a), (16)

’ C3 = HB?HC(hmam hmax):

(11) Amax”1 _ ] .
T - - ) e — = jfApax #0
andB = [I 0], whereA = A(hy, ;). Moreover,e, =  with ¢(r1,73) := Amax

C.&,, with C, = [I 0]. Note that the matrixA depends T2 if Amax = 0
on thes; andr, but this dependence was not made explicit
to keep the formulas short. B ~
Before we formulate conditions for the input-to-state sta- “2 = [1B1l[e(Tmax; Tmax ), €2 = [[B1lle(hmax; Tmax)
bility of system (6), we recall results on the global asyrtipto  ¢2 = || B1|c(Amax — Tmin, Pmax — Tmin), (17)
stability of the equilibrium point¢ = 0 of the discrete- ; {max (P maxhmax | AmaxTmin ) jf A £ ()
L=

and

61 — max(l’ e/\mameax)7

time system (10) for the case th@wu. = 0 for all 1 -
k (i.e., the case of stabilization). WheAu,' = 0, the e
system (10) can be viewed as a switching discrete-time This result implies that the stateof the NCS is globally
system for which stability can be guaranteed using a commamiformly ultimately bounded and the asymptotic bound is
quadratic Lyapunov function approach. More specificallygiven bylimsup,_, . |e(t)| < g2 sup;sg |Auf ()| with g,



as in (15). Note that all parameters in (15), (16) and (17) ar@ny impulse-delay sequengey, 7.} € S the corresponding
known and depend on the system dynamics and the feedbastMutionz to (19) satisfies:
gain matrix (matricesA, B; and B5), the network param-

eters (maximum and minimum sampling intervals., and ar(|z(t))) < V() < as(|z(t)]),Vp € [0, prmax], VE > 0
hmin, respectively, and maximum and minimum delays

and i, respectively) and the parametersc, and matrix (21)
P satisfying (13). V(t) > max {7, (Vin (1)), Y ([[w]l,) }
An asymptotic bound for the tracking errar at the dv(t) (22)
sampling instants is given by = g S-asV()vt=0
limsup |eg| < 03||CZP_%|| “ sup |Aul! (1)] Yo(s) <'s, Vs >0, (23)
k—o0 Q>0 (18)
and that
—=: gosup |AuT (1)),
t>0 V(tk+1) < tleltm V(t), Vk € N. (24)
. . . . o1
i pound o iy pracica asee (.. o suehlmer, te system (19 is unformy 1SS over,th ciss
pling ypically ¢ impulse-delay sequences with(s) = o (7w(s)),

much less conservative sincg < go. The difference IR0 Wy ]
betweeng, and g» originates from the need to upperbound3(s,t) := a; (e "THa " 0é2§8))f whereT > 0 is small
the inter-sample behavior ef thereby introducing additional enough such that,(s) < se=*** Vs < V;,(to).

conservatism. Note that(3(s, t) satisfies all the conditions of a clak&
B. Delay Impulsive Approach function except that for fixed it is only non-increasing and
dpot continuous everywhere because fdfl’ + t;) < t <

In the previous section, we established sufficient con g?” +1)(T + ta),¥n € N the function3(s,¢) is flat and it

tions for the ISS property of the system (6) by adoptin D

the discrete-time NCS modeling approach. As used in th gduces at = n(t }Z)f’vn € N. However, it is easy to

paper, this approach required the delays to be smaller thgﬂgsgfecr;?%()&cta)nebe wri;?erg g S:’:Gela impulsive svstem of

the sampling interval, i.e.;;; < hg, Vk. Without this the ¥orm y imp Y

assumption, i.e., for large delays, the discrete-time @gogr . -

yields increasingly complex models [12], [5]. We now model  ¢(t) = F¢(t) + BoAuw!l (1), t € [ty trsr) (25a)

the system (6) as a delay impulsive system, which avoids an T

increase in model complexity when dealing with large delays C(tesr) = [e7(trar) €T (1)) R EN, (25b)
Impulsive dynamical systems exhibit continuous evoluyith the initial condition ¢(0) = [eT(O) eT(SO)]T,

tions described by ordinary differential equations and in . T T L

stantaneous state jumps or impulses. We refer to impulsive!) = [e7(t) oI ()], vi(t) = elsy), for ¢ €

dynamical systems with delay in the jump equation as deldy,  t,,,), and F := B, By = [B;)?} . We employ

impulsive systems. First we consider a more general system i 0 0_ ’ T
of the form a Lyapunov candidate function of the forvf(t) := e’ Pe+

, (Pmax—p)(e—v2)" X (e—v2), whereV (t) = V({(t), p(t)),
:B(t) = fk(m(t)7taw(t))7 te [tkatk’-‘rl)a (193) Vo = 6(tk), t e [tk,tk+1), & = [eT ’Ug]T and P, X
x(trt1) = gp(®(8541), tigr)s Kk EN, (19b) are symmetric positive definite matrices. Note th&t) is
positive (for anye andvs not both equal to zero) and satisfies
(21). Along jumps this Lyapunov function does not increase
since the first term remains unchanged and the second term
iS non-negative before the jumps and it becomes zero right
er the jumps and consequently (24) holds. We choose
Yo(s) := ps,0 < p < 1; so (23) holds and we choose
V i R™ x [0, pmax] X [~hmax — Tmax, 00) — [0,00), Yu(8) = gws?, gu > 0. If the LMIs that appear below in
(20) Theorem 3 are feasible then (22) is satisfied and conseguent
) Theorem 2 guarantees that system (25) is uniformly ISS over
we use the shorthand notatidri(t) := V(x(t),p(t),t), the classS of sampling-delay sequences.
where p(t) = t — ty,t € [tg,tg+1) Characterizes Theorem 3
the time between impulses(¢) is a continuous func- Assume that there exist positive scalars\;,1 < i <
tion of time with derivative equal to one almost every-y ¢ » < 1 and symmetric positive definite matric€s X
where except at the update timgs We denote its upper and (not necessarily symmetric) matrid¥s, N , that satisfy
bound by pmax = sup,>qp(t), which is a function of the following LMis:

where f.,g, are locally Lipschitz functions such that
f1(0,¢,0) = 0,g,(0,t) = 0, Vt € R>(. For system (19),
we assess the ISS property over the Saif impulse-delay
sequences defined in (8) using the tools developed for del
differential equations in [13]. Given a Lyapunov-like fuion

hmin; hma s Tmin, Tmax- We define td = hma + Tmax,

x ) x X x M, +pmaxM, N, A N.B N.B
@ ()] := max_y,<o<o [2(t+0)[, for t > 0 and|[z,, |, := ol S0P o o
SUPs>¢, [z (s)| = SUPs>¢5—t4 |z(s)]- * * i P 0 <0,
Theorem 2 * * * T A2

Assume that there existi,as € Koo, Yo% € G, a
scalaras > 0, and afunction V' as in (20), such that for (26a)



M + prmax M3 N A N B,
71 MNP 0

~ ’max 1
_Tmax)‘?)P

* K K X X
* ¥ X
* ¥ X

N1B, (N1 4+ Ny)A
0 0 0
0 0 0
—T&;X)\QI 0 0
* — P A P 0

* * _p;];x)‘QI

<0,

where

Bi = (M + A2gy ) Tmaxp + A1 + @,
F:=[AB,0B.], B2 :=\ip+ X\agy,'p,

P p1T
M1 = 0 0

(27)
OlF+F" || —Ny[I-I00]
0 0.
—[I-100]" NT —N,[I10-I0]

I
—[ro-10]" NI - f}]X[IO_Im
L0

0
—wMgwlS][OO()IL+B1
I

P
0
0
0

blooo]

0
+ A3p7—m'e\x [_?)
0

[00TI0],

I T

I

]Wy[ngF+FJXlgw
0 0

I T

“|a]

0

I

+ (ﬁl + ﬁ2pmax) [OI
0

P
0
0
0

Ms := 3o

][IOOO]+(N1+N2)B1[OIOO]

+ BT (N, + N,)T. (28)

0
I
0
0

Then, system (6) is uniformly ISS over the claSs of

sampling-delay sequences with respect to the time-vaiging (0 1\ g _ (0) up s
put Au’! (t), i.e., inequality (7) is satisfied with the functions \V

ﬁ, vy defined in(14) with
Juw Amax (P _a(tttg)
’ gl(t) = \/ ( )ptmdilogp . (29)

2= )\min(P) )\IIlil’l(P)

The conditions in Theorem 3 depend @R.x and pmax

to those obtained using the discrete-time approach when
0 < Amin = hmax OF 0 <€ Tin ™ Tmax. These topics will
be discussed further in the examples presented in Section V.

IV. TRACKING CONTROL PERFORMANCE

Theorems 1 and 3 on the ISS property of NCSs can be
applied to the tracking problem of NCSs with variable sam-
pling intervals and delays, as stated in Section Il. Namely,
the satisfaction of the conditions in either of these thewre
guarantees that the approximate tracking problem is solved
and an ultimate bound on the tracking error is available. A
straightforward analysis shows that an upper bound on the
feedforward error is given by

> R2VteR, (30)
=1

. aul’ (1)
with Rz = '71,i(7—rnax + hmax)v V1,0 = SupteR‘T'

where u//, denotes thei-th component ofu//, for i =
1,...,m. The following corollary is based on Theorems 1
and 3 and the bound on the feedforward error defined
in (30). It characterizes the steady-state tracking perémce
achieved by applying the tracking controller (3), with' (¢)
satisfying (2), to the NCS (2).

Corollary 1

Consider the NCS (1), with sampling-delay sequences
{sk, 7} € S andS defined by (8). Consider controller (3),
with ul’ (t) satisfying (2). If either the LMis (13) or the
LMIis (26)—(28) are feasible, then the tracking error dynam-
ics (Ej) is uniformly ISS with respect to the feedforward erro
Au'l(t) over the classS. Moreover, the tracking error is
globally uniformly ultimately bounded with the asymptotic
bound computed from the following methods:

o Method 1: if the LMis (13) are feasible, then the
asymptotic bound on the tracking error is given by
limsup,~q |le(t)] < g2R, with go given in (15) andR
given in (30);

o Method 2: if the LMIs (26)-(28) are feasible, then the
asymptotic bound on the tracking error is given by
lim sup,~q |e(t)] < g2R, with go given in (29) andR
given in (30).

V. ILLUSTRATIVE EXAMPLE

We consider an example of a motion control system from
the document printing domain. The continuous-time state-
space representation can be described by (1), with=
0) (b Ty Herein, the first
state represents the sheet position (of a sheet in a single
motor-roller pair) and the second state is the sheet vglocit
Moreover, Jy; = 1.95 - 10~°kgm? the inertia of the motor,

Jr = 6.5-107° kgm? the inertia of the rolleryr = 14-1073
m the radius of the rollem = 0.2 the transmission ratio be-

which is the maximum of the input update interval. Wwithtween motor and roller and the motor torque. The feedback

regard to the fact thappax < Tmax + Amax, WE can

replace pumax DY Tmax + hmax @and express the conditions desired trajectoryx,(t) =

gain matrix in (3) isK = (50 1.18). Consider a harmonic
(Agsin(wt) Agw cos(wt)) T

in Theorem 3 in terms of,,.x and hmax. However, these with A; = 0.01 andw = 27. The exact feedforward is

conditions do not explicitly depend on the valuesigf,, and  given byu// (t) =

- AdT“’z sin(wt).

Tmin. CONsequently, this approach towards modeling NCSs Let us first consider the case of a constant sampling
may result in more conservative conditions in comparisomterval (» = 5 x 10~2 s), but time-varying and uncertain
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Figure 3:

) ) ) Sufficient conditions in terms of LMIs for the input-to-
delays in the sef), 7ax]. Figure 3 depicts the error boundssiate stability (ISS) of the tracking error dynamics with
as provided in Corollary 1 forry,. < h. The results for respect to this perturbation are given. Hereto, two NCS
the discrete-time approach are obtained using a finite set ﬁ’lfodeling approaches are used: a discrete-time model and
LMIs guaranteeing the satisfaction of (13), based on a)rea} model in terms of delay impulsive differential equations.
Jordan form approach as in [5]. Note that, for the discreterpese |SS results provide bounds on the steady-statengacki
time modeling approach, also the bound for the trackingrror as a function of the plant properties, the controller
error at the sampling times;, (9212, with g» as in (18)) parameters and the network properties. Such error bounds
is included by means of the dotted line. Figure 3 shows thgkp readily be used to formulate design rules regarding the
by using the discrete time approach, ISS can be guarantegdyimum sampling interval or the maximum delay allowed
up to 7max = 0.94 h, but using the delay impulsive approachy, guarantee a certain steady-state tracking performance.
ISS can be guaranteed only up 1. = 0.33%. So, the  The results are illustrated on a mechanical motion control
discrete-time approach allows to prove ISS for a_Iargereang)romem showing the effectiveness of the proposed strategy
of delays. However, the delay impulsive modeling/analysigng providing insight in the differences and commonalities

approach provides much tighter (ISS) bounds on the trackingween the two NCS modeling approaches.
error (note that the scale of the vertical axis is logarit)mi

Note that the overestimation of the bound on the tracking
error for the discrete-time modeling approach is signifigan [1l
worsened due to upperbounding the intersample behavior
(compare the solid and dotted lines in Figure 3). 2]

Next, we consider the case in which the sampling interval[3]
is variable, i.e.,h € [hmin, hmax), and the delay is zero.
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