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Emulation-based tracking solutions for nonlinear networked control
systems

R. Postoyan, N. van de Wouw, D. Nesi¢ and W.P.M.H. Heemels

Abstract— We investigate emulation-based tracking control the convergence to the desired solution) and a feedforward
for nonlinear networked control systems (NCS) affected by $-  term (which induces the desired solution in the closed-loop
turbances. We consider a general scenario in which the netwio system). The authors of [2], [9], [11] have shown that the
is used to ensure the communication between the controllethe e o
plant and the reference system generating the desired traggory errors 'nd_uced by the ”et,W‘?rk on the feedforward term lead
to be tracked. The communication constraints induce non- t0approximatetracking. Similarly, the fact that the reference
vanishing errors (in general) on the feedforward term and tte  signals are transmitted via the communication channel may
output of the reference system. These network-induced errs  also be a source of errors that affect the convergence of the
affect the convergence of the tracking error. As a consequee, tracking error.

available results on the stabilization of equilibrium points for Th . f th is t thod
NCS are not applicable. Therefore, we develop an appropria € main purpose of the paper IS to propose a metho

hybrid model and we give sufficient conditions on the closed- t0 design controllers which ensure a state tracking ohjecti
loop system, the communication protocol and an explicit bond ~ for NCS affected by exogenous perturbations. Compared to
on thg maximum aIIowabIe transmission interval (MATI) guar- 2], [9], [11], we consider nonlinear systems affected by
anteeing that the tracking error converges to the origin up  jisturbances (as opposed to linear systems) and we study the

to some errors due to both the external disturbances and ffect of scheduli We foll lation-lik h
the aforementioned non-vanishing network-induced errorsour ~ €11€Ct OF Scheduling. Ve Toflow an emulation-like approac

results cover a large class of the so-called uniformly globly ~ @s in [10], [5] which consists in first designing a controller
asymptotically stable protocols which include the well-kmwn  that solves the problem in the absence of communication
round-robin and try-once-discard protocols. We also intraduce  constraints. Afterwards, we implement the controller caer
a new dynamic protocol suitable for tracking control. network and study the conditions that allow us to maintain
the tracking property up to some errors caused by the
network. We propose a general scenario where the channel is
Networked control systen(BlCS) have received consider- ysed to ensure the communication between the controlter, th
able research interest these last decades. This is judtified pjant and the reference system. This allows us to encompass
the fact that, nowadays, controllers often communicaté witthe architectures studied in [2], [9], [11] as particulases
the plant via a network which may be used for other tasks gsd to investigate new ones. At each transmission instant,
well. This implementation offers great advantages oves-clathe network is such that only a singt®de(i.e. a group of
sical point-to-point connections in terms of cost, flexthil sensors and / or actuators) is granted access to the network
a.nd ease Of maintenance. On the Othel’ hand, |t I‘equil‘eS tg&:ording to a rule Ca”eOrotocol The C|ass of protoco's
development of appropriate control strategies to guaeantge consider include the round-robin (RR) protocol, the try-
the desired Stablllty properties Under the Communicatioance_discard (TOD) protoco' [10] and more genera”y the
constraints caused by the use of the network. Most availab‘!ﬁzotocms which are Lyapunov uniformly globally asymp-
works on NCS concentrate on the stabilizatioreqilibrium totically stable (UGAS) as defined in [6]. We also propose
points while very few studies address ttracking controlof 5 new TOD-like protocol for tracking control which may
NCS, see [2], [9], [11]. The latter references have showh th@gnsure better performances compared to the RR and TOD
tracking control exhibits characteristic difficulties rpresent  protocols.
in the stabilization of equilibria of NCS. Indeed, tracking The paper is organized as follows. The tracking control
controllers are often composed of a feedback term (to ensysfoblem is formalized in Section Il. Next, we propose a
. . o , suitable NCS model in Section Il and the assumptions we
R. Postoyan is with the Universitt de Lorraine, CRAN, . . . . . .
UMR 7039 and the CNRS, CRAN. UMR 7039, France 2dOpt are given in Section IV. The main stability result is
romai n. post oyan@ni v-1l orraine. fr stated in Section V. In Section VI, we give examples of
N. van de Wouw and W.P.M.H. Heemels are with the Departmengrotocols suitable in the scope of tracking. An illustrativ
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eachs € R+, v(s,-) is decreasing to zero. Additionally, a
function 8 : R2 ) — Rx is of classKLL, if (-, -, t) € KL
and (-, t,-) € KL for anyt € Rx. For (z,y) € R**™,
the notation(z,y) stands forlz™, yT]T.

Il. PROBLEM STATEMENT

Our approach also allows us to study the scenario depicted
in Figure 2, for instance, where the reference ougpuand

the feedforward termus; are transmitted via the network.

In that case, it is reasonable to set up the network in such a
way that the feedforward termay; is directly transmitted to

. the plant’s actuators.
A. The tracking problem

Consider the nonlinear plant Gy + gy ot Up

&y = £y (zp, u, wp), Yp = 8p(2p), (1)
wherez, € R"#» is the statex € R™ the control input, Network
yp € R™ the measured output ang, € R"» is an external e —————————————————>
perturbation. The referenag that the system (1) has to track N
is given by the solution to the system Upp+ Uy Yp

) Controller | yq

tq = fp(za,upf, wa),  Yd = 8p(Ta), (2) —

whereus; € R™ is the (feedforward) inputy; € R™
denotes the measured output amg € R"~« is a vector

of external disturbances. Whery is a reference trajectory,
we assume that we know how to computg; so that (2)
holds withw,; = 0. System (2) may also model master
system that the plant (1) has to synchronize with. In this
scenario, the master system (2) may be affected by external
disturbances which justifies the presenceugfin (2). We
assume that the reference system (2) has a unique solution
for any initial conditionz4(0) and any inputs:;; andw,

Fig. 1. Block diagram of the tracking control of NCS studied[9].
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of interest. Bothus; andyy are available for the purpose of ! Controller| 4a
control.

We consider the following controller decomposition

Fig. 2. Block diagram of the tracking control of NCS when; andy,
are sent over the network.

®3)

where the feedforward term;; comes from (2) and the
feedback termuy, is an output of a dynamic controller given

by

Te = fc(xca Ypy Yd, wC)v

u

Ugpp T Uff,

The sensors and the actuators of the plant (1) and of the
reference system (2) are grouped ihtoodes (depending on
their spatial location) which are connected to the network.
At each transmission instant, i € Z>o, only one node is
granted access to the network by the scheduling protocol.
;J'he transmission sequen@eL-}iGZ20 is such thatv < t; —
ti_y < 7* fori € Z-o, wheret* € R+ is the maximum
allowable transmission interval (MATI) and is the lower
B. Controller implementation over the network bound on the achievable transmission interval given by the

We investigate the scenario where a network is used ftardware constraints (see [5]). Notice that the transwnissi
ensure the communication between the plant's sensors ahtervalst; — ¢;_; may be time-varying and uncertain.
the controller and between the controller and the plant's The plant (1) no longer receives = uy, + uys but
actuators. We also allow for the case where the communi-= iy, + sy Which is generated from the most recently
cation channel is used to transmit the output and the inptransmitted feedback and feedforward terms. We distitiguis
of the reference system (2), i.¢; anduss. We consider a the feedback termuy, from the feedforward termu;; be-
general setting because we can then capture, in a unifieduse these may be transmitted via distinct nodes (seeeFigur
manner, specific scenarios in which the network is onlg for instance). The dynamics of the plant now becomes
used to realize some relevant subsets of the aforementioned
communications, such as e.g. the cases in: Zp

o [2], [11] where the reference and plant outpujg,and Yp

yp respectively, are sent together to the controller angimijarly, the controller (4) no longer receives andy, but

uyy is not transmitted. . their networked versiong, and g
o [9] where the outputy, is directly available to the

controller anduy is generated by the controller (note
thaty, = x4 in [9]), see Figure 1.

Ufp = gc(zmypvyd)v (4)

where z., € R"=c is the controller state and, € R"we
is a vector of perturbations which may affect the controlle
dynamics.

fo(@p, gy + Upp,wp)  VEE [tim1,ty)

gp(7p).

()

fc(ImypvydeC) vt € [t’iflvti]

gC(xm ypv gd)

Ze
Ufb

(6)



The variablesi sy, ¢, Jp, o have the following dynamics of z, towardsz,, we introduce the tracking erraf :=
r, —xy € R" (ng = ng,). We also define the error

usp = fro(p, Te, 2a, Yp, Ya, Use, U ) e == (ec,ep) € R whereee = e, — eq € R™:.
fo = fff(fl?pvfcc,Id,@pv@dﬂf’b,ﬁff) Vi € [ti1,ti] The idea is to show that the and thee-system dynamics
Op = fp(@p, 2, Ta, Gp, Ya, Uso, Uyy) o satisfy some robust asymptotic stability properties wthe
Ja = fa(zp, xco d, Up, Ya, Upp, Uy yp) external perturbation vectar := (wp, wq, w.) € R™ and

the network-induced errorgey, err) which are regarded
- _ as external disturbances similarly to [9]. This choice is
app(t;) = upp(ti) +hyp(i,ep(ti), ea(ts), ep(ti),epr(ti) - motivated by the fact that, and e typically depend on

and

?ff(ﬁr) =uypp(ti) + hf,f(ia ep(ti), ealti), ep(ti),erp(ti))  the reference system (2) and there is a priori no reason why
yp(ti ) = ypti) +hy(isep(ti), ealti), epn(ti), egp(ti)) they should satisfy some asymptotic stability propertie=ne
9a(t]) = ya(ti) +hali, ep(ti), ealts), epu(ti), egs(ti), for very fast transmissions (recall that the MAFI cannot

be infinitely small as it needs to be such that> v > 0),
contrary toe as we will show in Section V. For instance,

denote the network-induced errors on the feedback and th&1en zero-order-hold devices are implemenigd= —gja
feedforward terms and the plant and the reference outpufd!d é7s = —uyy so that the origin is not an equilibrium
respectively. The functiony,, ;. £,, £, represent the in- POINt of the systems iy and ¢;; whenyy # 0 and

network processing algorithms, i.e. the way the variabledfs 7 0 (which is generally the case when tracking time-

Qpb, dgp. G a are generated between two successivéTYing trajectories). _ ,
transmission instants. In practice, it is common to use-zerg Ve write the overall NCS as a hybrid system using the
order-hold devices, i.e. the fUnCtiOﬁﬁ),fff,fp,fd are equal framework and the notation of [3]. We use _the coordinates
to 0. Other algorithms may also be implemented such d§:Zec:@d: ¢ €d;€ff, K, T1,72) Wherer € Zxg is a counter

model-based algorithms as explained in [7] for example. wariable which may be used to dgscribe protocols such as
let £, ;. f,, £, depend onz,, . andz, for the sake of the RR protocol (see Example 1 in [3]) and, 7> € R>o

generality to capture the cases where they depend on a pai clock variables:

of these vector variables. Functiohg,, hy s, h,, h,; model £ = fe(m2, &, xe, xq,e,eq, €48, W)
the scheduling mechanism which governs the transmissionsz, = f.(72,&, z¢, Ta, €, €4, W)
at each instant; between the controller on one hand and the 7z, = f4(m, x4, w)
(
(

Whereefb = ﬁfb —Usp € R™eu erf = ﬁff —ury € R™eu,
ep =Up —Yp € R"», g = §g — yq € R (nep = Ne,)

plant and the reference system on the other hand. Followingé = g.(72, &, zc, 24, €, €4, €55, W)
the terminology of [5], we refer to the equation below as the ¢; = g4(72, &, 2, 24, €, €4, €57, W) 71 € [0,77]
protocol érr = grf(12, &, e, Ta, €, €4, €5 £, W)
e(ty) = h(i,e(t)), M & =0
Ho=1

wheree = (ep, eq, e, e57) € R™, ne = ne, +ne, +2ne,,

andh = (hy, hg, hyy, hys). Since the network is composed Ti _ é (8)
of [ nodes, we partitione as e = (e1,...,e) (after + —
reordering, if necessary). The protocol (7) is such thatahe x‘i _ I;
transmission instant;, if node; gets access to the network, 4 = he(r, e, e er7)
the corresponding erroe; experiences a jump while the 4 _ hZ(n7 e’ ed’ e”) e
other components af remain unchanged; usuaky (") = e‘i _ (I’i ’e e’ é'f ) ! T
0 but this is not needed in general. It has been shown in “// — "// 1’ )
[5] that several common protocols can be modeled by (7) K+ B g+
such as the round-robin (RR) protocol which grants access Tl+ B .
— 12

to each node at a fixed period, or the maximum error first try- T2
once-discard (TOD) protocol introduced in [10] which givesThe variabler; represents the time elapsed since the last
access to the node where the norm of the local networkransmission and» models the time. The vector fields and
induced errorle;| with j € {1,...,1}, is the largest. Model mappingsfe, f., fa: ger 9a: 97 ¢, he, hqg andh g, are obtained
(7) also captures standard sampled-data systems by settingdirect calculations from the developments in Section Il
h to 0. (the m-argument captures their dependencywgn or )

Our objective is to provide conditions on the system (1)and are assumed to be continuous. We similarly wirjte=
(4) and on the network to guarantee tygproximateconver-  hy(x, e, eq,e¢5) and e;ﬁb = hs(k, e, eq,erf) Which will be
gence of the plant state towards the reference statg in  used in the sequel.
the presence of network-induced communication consfaint For the sake of convenience, we introdugg :=

Il. HYBRID MODEL FORNCS %;If;rdlénge—l—n?iinﬁfda?:d R, (i’ eﬁiﬁldfmﬁe_’ var:re];?

Before presenting the hybrid model, we need to definay, we write ¢, = f(72, 4z, ¢e, W), G = 9(72, Gz, Ge, W)

new coordinates. As we are interested in the convergenaad ¢ = h(k,q.) (note thatg, = ¢.).



IV. ASSUMPTIONS According to (10) and (11), the emulated controller does

Inspired by [1], we present the assumptions we adoSure an ISS-like property for the tra}cking error dyngmics
which can be used as guidelines to design and implement th¢- the¢-system) withiW, e4, ey, w as inputs. Assumption
controller (3)-(4) for the robust stabilisation of the desi 3 also implies that thg-system isC, stable fromiW to H

trajectory. when there is no erroegq, ey and no disturbancey. The
The protocol has to be such that Assumption 1 holds. constant in (11) is usually taken sufficiently small.
Assumption 1:There exist a functiodV : Zso x R. — The last condition is on the MATI. As in [1], we need to

R that is locally Lipschitz inge, ayy,aw € Koo, p € have a network that has a sufficiently high bandwidth so that

[0,1) and u?, i/ f € Koo such that for any(x, q.) € Z>o x  the assumption stated below is satisfied.
R., it holds that - Assumption 4:The MATI 7* satisfies™ < T (p,v,L)

ay(le) < Wka) < awlla)). wnere
W1, b)) < oW (s,0) & meal) + 17 el 2 arctan (- rf=Brrrs) i 7> 2
O T Di= 118 if v =L
In Section VI, we give examples of protocols that verify +-arctanh (%ﬁ%) if v <L,
Assumption 1. Note that, contrary to similar conditions in (12)
5], [1], [4], the second inequality in (9) holds with the . 2
gc}di{io]nah ]perturbation termf?d ar?(; uff(. 2I'his difference with 7 2= /|(2)" — 1‘ andp € [0,1) and, L > 0 come

is due to the fact that Assumption 1 does not apply to th&om Assumptions 1-3. O
protocol (7) but to they.-system at jumps which, although
related, are different dynamical systems. Indeed, the jump
of ¢. are governed by the vector fietd= (h,—ha, hso, hyy) We are ready to state the main result. Its proof is based
while the protocol concerns the varialdenvhose jumps are on the proof of Theorem 1 in [1] and requires some essen-
dictated byh = (hy, ha,hys, hyy). It can be noticed that tial modifications to handle the effect of the perturbations
analogous conditions to (9) are considered in [8] wheretinpuinduced byey, ey andw.
to-state stable (ISS) protocols have been defined (excapt th Theorem 1:Consider system (8) and suppose Assump-
heree, ande;; are parts of the overall statg, while in [8]  tions 1-4 hold. Then there exite KL£L, §¢,677, 6% € Koo
there are exogenous disturbances and a similar dissipatismch that for any initial condition,.(0,0) € R, ¢.(0,0) €
inequality). Re, 71(0,0),72(0,0) € R>o and x(0,0) € Z>o and each
We assume that the following exponential growth condieorresponding solutiofig,, ge, 71, 72, , w) of (8) it holds
tion on theg.-dynamics between two transmission instantshat
holds, which thus depends on the continuous-time dynamic . . .
3(€(t, ), e(t, 1)) < B(l(g2(0,0) qe(O,?))l t.j)

of and on the choice of the in-network 3 w
Yp, Ya» by Ui +0%(lleall e, ) + 07 (llegsll e 5) + 9 (Hw“(t,j)()v )
13

V. MAIN RESULTS

processing algorithms.

; As§umpt|9n 2:There eX|sdt Ld foo U?nd’ca cont|hnur(])us for all (¢, ;) in the solution’s domain. Moreovef?(s) and
unction i1 : Ry — R>o and v, w77, v € Koo SUCh that - 5rr oy can pe written agl + o (7)) (v=1)d(s) for s > 0
for all g, € Ry, & € Z>0, 2 € R>0, w € R™ and almost | o s o1 € K 0
all g. € Re e o

OW (K,qe
<%’g(7’27Qzaqeaw>>

+v(Jeal) + 17 (legsl) + v (Jw)),

Remark 1:The property (13) is obtained by constructing
< LW(k,q.) + H(qs) a hybrid Lyapunov functiorl/ .which satisfies an 1SS-like
property on flows but not at jumps. Thus, we use the fact
that U flows for some time (at least seconds, see Section

whereW comes from Assumption 1. _ 0 11-B) before jumping in order for the decreasing property
The controller (3)-(4) needs to be designed so that thef 7 on flows to compensate, in some sense, the potential
condition below is valid. increase of/ at jumps. O

Assumption 3:TherE exist a locally Lipschitz function Remark 2:The norms of the errorged”(t’j) ’ ||€ff||(t N
Vdi 7f3;c - R>o, ay, v € Koo, € € Ruo, 7 € Rxo @nd - g the functions?, 57/ in (13) depend on the MATH. We
ot 077, 0" € Koo such that for any;, € R may find upper bounds fafeq|| , ; and|lesl|, ;) on a case-
av(€) < Vi) < av(gl), (10) !oy-case basis. For instance, When.zero-order-hold desiees
implemented and the RR protocol is selected, we can proceed

and for allg. € Re, 72 € R>o, w € R™ and almost all jike in (31) in [9] (where delays are taken into account but

4z € Ra not scheduling). On the other hand, the functioiss’/
(VV(q2), f(T2, Gz, e, w)) < =V (gz) — eW?(k, qe) also depend on the minimum time between two jumps.
—H2(qy) + v2W2(k, q.) + 0(|ea]) We see that?, 5// go to infinity asv tends to0. This fact
+ol(legs]) + o™ (Jw]), is due to our stability analysis which requires to decrease

(11) for some timev during flows in order to guarantee stability,
whereW and H come from Assumptions 1-2. 0 see Remark 1. We think that a different analysis inspired by



the small gain arguments used in [8] may help to avoid thifhen Assumption 1 is verified withW(k,e) =

issue. Nevertheless, our approach is justified by the fatt thW (x, e¢, 0, e71,0), ap (s) = aw(s), aw(s) = awl(s),

we do not aim at estimating these gains and that we rely’(s) = 2M (1 + p)s, uff(s) = M(1+ p)s for s > 0 and

on a Lyapunov-based proof which allows us to derive easily = p. O

computable MATI bounds. O  Note that item (i) in Proposition 1 simply states that thealoc
Theorem 1 shows that,e) tends to a ball centered at errors do not increase at each transmission which is the case

the origin and of radius’(|leal|, ;) + 6/ (lless, ;) +  for all relevant protocols. The conditions of Propositioart

3" (wll, ;) as(t, j) grows. Thusg indeed converges to the satisfied by the RR and the TOD protocol in view of Section

origin up to some errors due to, as expected, but also duelV in [5].

to efy andey which are induced by the network, similar to  Since we are interested in a different stability property

[9]. In practice, we want these errors to be sufficiently $mafor the e-system at jumps than in [5], we can propose an

and it might then be convenient to have some estimates alternative Lyapunov function for the RR protocol, based on

0%(lleall ;) andé?/ ([less I, ;)- While it may be possible Proposition 4 in [5], which ensures stronger properties and

to bound theL..-norm of e; andes; (see Remark 2), we may lead to less conservative MATI bounds.

know that the expressions f6f ands// we can deduce from  Lemma 1:Suppose the protocol (7) is the RR proto-

the proof of Theorem 1 are subject to some conservatismol, then Assumption 1 is satisfied withiV (k,e) =

Nevertheless, the result in Theorem 1 provides the follgwin [~ , . )

qualitative insights on how to reduce the impact of th ;W(lv“’e”z’ where¢(i, ) is the solution té e* =

. . 7
network-induced errorsff.and eq on the tracking er.rors. (hy(k, e¢), (k. egy)) at time i starting at times with
« For 6ff(||eff||(t7j)): first, whenuyy can be directly initial conditione, oy (s) = s, @w(s) = Vs, u?(s) = V1Is

implemented at the actuators’ stage, we hayge= 0. andu/7(s) = 0 for s > 0 andp = f1-1 Moreover e — 0
When this is not possible, some previewsugf might . | only if o b ’ N
. . p = Nd-.
Eir(}g?ﬁdﬁred )??t ?aLQL;()SL%%\LIf?hQS f;;otr)eduwfiftti n We now propose a new TOD-like protocol, that we call
* 5 j (tﬂ')d' d d ; ~ 0. wh the TOD-tracking protocol. Consider the scenarios where
asd’(s) = a(p’(s) +v"(s) + 0"(s)) for s > 0, where oy corresponding componentsf and y, are assigned

O‘*'s sc(;me Cl?jsf"o ;ungtlon (W?'Ch d:pendstg)w, Mi’g to the same nodésin that way, a subvectofe,e;s); of
7 andv) and ., v, o come from Assumptions 1-3. . ) "i'c 117}, can be associated to each of the

we show_in Section VI Fhat itis possible to $&¥{:Q ! nodes of the network. The idea is to grant access to
by selecting an appropriate protocol or by approprlate%e node where(c,e;;);| is the biggest (and nofe;|,

implementing the emulated controller. j€{1,...,1}, as in the classical TOD protocol). We define
the functionh in (7) as h(x,e) = (I — ¥(e))e where
U(e) = (01(e)l,,,...,d(e)l,,) whereny + ... + n; =

In this section, we give examples of protocols that ensurg, and §;(e) = 1 if j = min(argmax; |(e,ess);]) and
the satisfaction of Assumption 1. We first show that thig;(e) = 0 otherwise. The lemma below shows that the TOD-
assumption is verified when the protocol (7) is Lyapunoyracking protocol satisfies Assumption 1. It directly foll®
UGAS (as defined below) under mild conditions. from Proposition 5 in [5].

Definition 1 ([6]): The protocol (7) is said to beyapunov  proposition 2: Suppose the protocol (7) is the TOD-
uniformly globally asymptotically stable (UGAS) there tracking protocol, then Assumption 1 is satisfied with
existW : Z>oxR"™ — Rxq, aw, aw € Ko @andp e.[(),l.) Wi(g) = |(e;esp)l aw(s) = s, aw(s) = s, pd(s) =
such that for allk € Z>o ande € R the following is ufF(s) =0 fors>0andp— \/; 0

satisfied (recale = (e, ca, €, ¢11)): The TOD-tracking protocol ensures Assumption 1 holds
aw(le]) < Wik,e) < awl(le]) (14) with u? = p// =0, which is a priori not the case for the
TOD protocol according to Proposition 1. Thus, the TOD-
Wik +1hixe) < pWike). (13) tracking protocol may reduce the error @, e), and hence
O improve tracking performance in view of the discussion in
We are now ready to state the main result of this sectiofection V.
Proposition 1: Consider the protocol (7) and suppose the Remark 3:When the control input is sent over the net-
following conditions hold: work asuy, + uysys, like in the example in Section VI,
(i) Foranyj € {1,...,ne} andi € Zso, |h;(i,e(t;))| < We can set the protocol to grant access to the node where

le;(£)| with h = (hy, ..., h,.) whereh is given in |(¢¢:¢se +¢ry);| is the largest (and ndteg, esy, erf);| @s

(7). .
- . . . It has to be noted that, (respectivelyh) only depends om ande,
(") The prOtOCO| (7) is Lyapunov UGAS with a function (respectivelye,) for the RR protocol, see Example 1 in [5].

W : Z>o xR" — R which is differentiable almost ~ 2the ToD-tracking protocol can also be used when the nodeshwhi

everywhere ine and satisfies for alk € Z>, and transmity, (equivalentlyy,) have access tg, (equivalentlyy,). That is

ically the case whep, is a given trajectory which can be implemented
almost alle € R™, ’% < M, whereM = 0. tgr?the);mdes. Pato8s ecton P

V1. ON THE CHOICE OF THE PROTOCOL




RR TOD TOD-tracking

Assumption 4 0.0061  0.0105 0.0105
Simulations 0.150 0.170 0.170
TABLE |

MATI BOUNDS IN SECTION VII.

above). We then takéV (q.) = |(e¢,epn + efr)| Which ’
satisfies Assumption 1 with the same functiang, @, - N e e e
u?, /7 and constanp. O

Fig. 3. Tracking error forr* = 0.006.
VII. | LLUSTRATIVE EXAMPLE o

We apply the results developed in the previous sectior
to the tracking control of a single-link robot arm whose
dynamics can be written ai§ = x2, 2 = —asin(xy) + bu,
wherez; is the angleg, is the rotational velocity which are
both measuredy is the input torque and, b > 0 are fixed
parameters. The robot arm has to track the reference syst
x.l,d = X2,d, ij_rd = —asin(xlyd) + bUff, Wherearl_,d and o
x9,q are measured andys(t) = 10sin(50t). When there
is no communication constraint, the asymptotic convergenc
of (x1,x2) towards(z1 4, x2.4) i ensured using the control
input uw = usp, + ugy where up, = b~ '(a(sin(zy) —

il 4

Fig. 4. Tracking error forr* = 0.006.

been extended to tracking control of time-varying trajec-
sin(x1.4)) — (21— 21.4) — (x2 — 72.4)). We consider the case tories. To handle the specific features of tracking control

where the controller is implemented using zero-order-holﬁ’r NCS, we have proposed an appropriate hybrid model.

devices and communicates with the robot arm via a netwoNye haYe presenl;c_ed sufflcmlzntb.cor!dnlpns E_nderd Wh'?} an
composed oB nodes forz;, 25 andu, respectively [ = 3). approximate tracking control objective is achieved. Weehav

Thus, we assume tHatr; 4, 2.4, us; are directly available explained how the controller can be implemented and how
to the controller as in Figure 1. The protocol is either théhe protocol can be s_et up in order to reduce th? impact of
RR, the TOD or the TOD-tracking. We consider the functiorsome of the network-induced errors on the tracking error.
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