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Predictor-based networked control
under uncertain transmission delays

Anton Selivanov, Emilia Fridman

School of FElectrical Engineering, Tel Aviv University, Israel

Abstract

We consider state-feedback predictor-based control of networked control systems with large time-varying communication delays. We
show that even a small controller-to-actuators delay uncertainty may lead to a non-small residual error in a networked control system
and reveal how to analyze such systems. Then we design an event-triggered predictor-based controller with sampled measurements
and demonstrate that, depending on the delay uncertainty, one should choose various predictor models to reduce the error due to
triggering. For the systems with a network only from a controller to actuators, we take advantage of the continuously available
measurements by using a continuous-time predictor and employing a recently proposed switching approach to event-triggered
control. By an example of an inverted pendulum on a cart we demonstrate that the proposed approach is extremely efficient when
the uncertain time-varying network-induced delays are too large for the system to be stabilizable without a predictor.

Key words: Networked control systems, Predictor-based control, Event-triggered control

1 Introduction

In networked control systems (NCSs), which are comprised
of sensors, controllers, and actuators connected through a
communication medium, transmitted signals are sampled
in time and are subject to time-delays. Most existing pa-
pers on NCSs study robust stability with respect to small
communication delays (see, e.g., [1, 5, 6, 13]). To compen-
sate large transport delays, predictor-based approach can
be employed. So far this was done only for sampled-data
control with known constant delays [9, 15]. In this paper we
develop predictor-based sampled-data control for unknown
time-varying delays.

There are several works that study robustness (w.r.t. de-
lay uncertainty) of a predictor-based continuous-time con-
troller [21, 3, 10, 12]. In these works the residual error
that appears due to delay uncertainty can be made ar-
bitrary small by reducing the upper bound of the uncer-
tainty. However, this is not true for sampled-data systems,
where an arbitrary small delay uncertainty may lead to a
non-vanishing error (because the terms that appear in the
residual error may belong to different sampling intervals).
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In this work we study an NCS with two networks: from
sensors to a controller and from the controller to actua-
tors. Both networks introduce large time-varying delays.
We assume that the messages sent from the sensors are
time stamped [22]. This allows to calculate the sensors-
to-controller delay. The controller-to-actuators delay is as-
sumed to be unknown but belongs to a known delay inter-
val. We use a state-feedback predictor, which is calculated
on the controller side, to partially compensate both delays.
By extending the time-delay modelling of NCSs [5, 6, 4],
we present the system in a form suitable for analysis. Using
a proper Lyapunov-Krasovskii functional, we derive LMI-
based conditions for the stability analysis and design that
guarantee the desired decay rate of convergence.

As the next step we introduce an event-triggering mecha-
nism [19, 8] into predictor-based networked control. The
event-triggering condition is checked on a controller side
and allows to reduce the amount of control signals sent
through a controller-to-actuators network. We demon-
strate that it is reasonable to choose different predictor
models for a zero and non-zero controller-to-actuators de-
lay uncertainty. Finally, we consider predictor-based event-
triggered control with continuous-time measurements
and sampled control signals sent through a controller-to-
actuators network. Such systems naturally appear when a
visually observed vehicle is controlled through a wireless
network. To take advantage of the continuously avail-
able measurements, we use a continuous-time predictor
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Fig. 1. NCS with a predictor

[15, 11, 2] and a recently proposed switching approach to
event-triggered control [17].

By an example of an inverted pendulum on a cart we
demonstrate that the proposed approach is extremely ef-
ficient when the uncertain time-varying network-induced
delays are too large for the system to be stabilizable with-
out a predictor. Moreover, the considered event-triggering
mechanism allows to significantly reduce the network work-
load.

2 Networked control employing predictor

Consider the linear system
&(t) = Az(t) + Bu(t), t>0 (1)

with the state z € R™, control input v € R™, and constant
matrices A, B of appropriate dimensions for which there
exists K € R™*" such that A + BK is a Hurwitz matrix.
Let {si} be sampling instants such that

0=350<81<82< ..., limg 00 Sk =00, Sk+1 — Sk < h.

At each sampling time s; the state x(sg) is transmitted
to a controller, where a control signal is calculated and
transmitted to actuators (see Fig. 1). We assume that the
controller and the actuators are event-driven (update their
outputs as soon as they receive new data). Both state and
control signals are subject to network-induced delays rg +
N and r1 + pg, respectively. Thus, the controller updating
times are & = si+79+7; and the actuators updating times
are t, = & + 11 + pg, where k € Z,, Zy = {0,1,2,...}
(see Fig. 2). Here rg and r; are known constant transport
delays, 1y and pj are time-varying delays such that

0<mk <nm, 0 < pug < pinry S < g1y b < tr (2)
We assume that the sensors and controller clocks are syn-
chronized and together with x(si) the time stamp s is
transmitted so that the value of np = & — s — ¢ can be
calculated on the controller side at time ;. Delay uncer-
tainty py is assumed to be unknown. Note that we do not
require M, + pg to be less than the sampling interval but
the sequences {&;} and {tx} of updating times should be
increasing.

Define (5) 0 for £ < &. Then (1) transforms to
(t) = Ax(t), t € (0, %), 3)
&(t) = Ax(t) + Bu(&k), t€ [tk thsr), k€ Zy.

Controller

U lk+1
Actuator

Fig. 2. Time-delays and updating times

To construct a predictor-based controller for (3), define

A 0’ §< 507
V= {U(fk)a £ € [ksCht1), kEZy (4)

and consider the change of variable [11, 2]

2(t) £ eArotrg(t) 4 [[TT0eA=0 By(g) df,  (5)

t—ry

where ¢ > 0. We set 2(t) = 0 for t < 0. If upy = 0,
i.e. controller-to-actuators delay is constant, (4), (5) is the
state prediction, namely, z(t) = x(t +ro+71). If g £ 0 to
obtain the precise state prediction one needs to integrate
(3), where t;, = & + r1 + i depends on ug. Since py is
unknown, we use the prediction (4), (5) that is imprecise
for py, # 0. By substituting (3) for &(t) we obtain

2(t)=Az(t)+Bu(t + 10) —e 0TI Byt — ), t € [0, 10),
2(t)=Az(t)+Bu(t 4+ ro)+e 0TI B [u(&,) — v(t — 1)),
t € [thytit1), k€Zy.

(6)

Consider the following control law
u(ér) £ Kz(sp) = K [0z (sy)
F [T pAG——0)By(9) de} ke,

Ek—NKk—To—T1

(7)

Since 7y, is available to the controller at time &g, the con-
trol signal (7) can be calculated. Moreover, no numerical
difficulties arise while calculating the integral term in (7)
with a piecewise constant v(6) given by (4).

We analyze (4)—(7) using the time-delay approach to NCSs
[5, 6, 4]. According to (4), (7), v(t+ro) = Kz(s) whenever
t+rg € [€k, Ekr1), that is, when ¢ € [ — ro, Egy1 — 10). If
t <& — 1o then v(t + o) = 0= Kz(t — ng). Therefore,
v(t+19) = Kz(t —7(t)), teR, (8)
where
T(t):{nOa t<€0_T07
t— sk, tE€ & —70,&k+1 —T0),
Note that for t > & — 19

0<7(t) < ml?‘x{(sk+1 + 70+ Me+1) =70 — Sk} < h+

keZs.

By similar reasoning we obtain

2(t) = Az(t) + BKz(t — 7(t))

+ AT BK[2(t — 7o (t) — 2(t — 71(t))], t>0,
with

2(0) = Ao+ (0),  2(t) =0 for t < 0, (10)



T(t) N Mo, t<§0*’l”0,
t— sk, t€[& —70,&k+1 —T0), k € Ly,
é{rl+7‘0+7707 te[ovto_uo)7
t—Sk, t e [tk_uk’vtk+l_,u‘k+1)akez+7
a ro+ri+no + po, tE€[0,%0),
t — Sk, te [tk,tk+1),/€€Z+,

(11)

Remark 1 If&, = &y thent(t) = t—sp_1 fort € [Ep—1—
r0,&k+1 —70) and it may seem that the bound 7(t) < h+np
can be violated. This is not the case, since £ = &1 implies
Sk +7To + Nk = Sk+1 + To + Ny, that is, 1 < mp — h.
Therefore, fort € [€x—1 — 70, &k+1 — T0)

T(t) < &1 — 70 — Sk—1 = Sk1 + 70 + M1 — 70 — Sk—1
< (Sk41—Sk—1) + (e —h) <2h+m —h =n, + h.

Similar explanation is valid for { = k1 = -+ = Ektd
and tk = tk+1 == tk+d'

Remark 2 If =0 then 11 (t) = 72(t) and (9) simplifies to
#(t) = Az(t) + BKz(t — 7(t)), t>0. (12)

The system (12) is independent of ro and r1. Therefore,
the stability conditions for (12) are independent of ro and
r1: these delays are compensated by the predictor (4), (5).
For uy # 0 the system (9) contains the residual error that
appears due to impreciseness of the predictor (4), (5).

Remark 3 While studying robustness of a predictor for the
time-delay r+ p(t) with the uncertainty p(t) < par, usually
the residual eA" BK [2(t —r — pu(t)) — z(t — )] appears in the
closed-loop system [10, 4]. Since % is generally proved to be
bounded, even for unstable A and larger by reducing pp one
can retain this error small enough to preserve the stability.
In a word, r can be made arbitrary large by decreasing pns .
This doesn’t hold for sampled-data systems: for arbitrary
small p, > 0 when t € [ty — i, tr) the arguments of z(t —
71(t)) and z(t—72(t)) belong to different sampling intervals,
namely, (t—71(t))—(t—712(t)) = sk—Sk—1 (ift—pr > th—1,
k > 1). Therefore, smallness of the residual in (9) for large
r =19 +1r1 can be guaranteed only by reducing iy together
with the mazimum sampling interval h.

Stability conditions for the systems (9) and (12) follow
from Theorem 1 and Proposition 1 of the next section.

3 Event-triggering with sampled measurements

To reduce the workload of a controller-to-actuators net-
work, we incorporate an event-triggering mechanism (see
[19]). The idea is to send only those control signals (&)
which relative change is greater than a constant o € [0, 1)
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Fig. 3. NCS with a predictor and event-triggering mechanism

(see Fig. 3), namely, that violate the following event-
triggering rule

(@(&h—1) —u (&) " Q@(Er—1) —u(&r) < ou” (&) (&), (13)
where a matrix 2 > 0 and a scalar ¢ > 0 are event-
triggering parameters and @(;_1) is the last sent control
value before the time instant &:

. w(€k—1), 1if (13) is true,
u(&k), otherwise,
with @(£_1) = 0. Note that the sensor sends measurements
at time instants sy (such that sy+1 — sx < h) independent
of the event-triggering events. Then (3) takes the form
z(t) = Ax(t), t € [0,t0),
i(t) = Az(t) + Bi(&k), t € [thtit1), k€Zy.

Consider the change of variable (5) with v(6) to be defined.
By substituting (15) for &(¢), we obtain

2(t)=Az(t)4+Bo(t 4+ o) —eTOFTIBy(t — 1), t € [0, L),
(t)=Az(t)+Bu(t + o) +e* T TI B [a(&) —v(t — 1)),
te [tk,tk+1), keZy.
(16)
We now show that for ups = 0 and ppr > 0 one should pick
different functions v(#) in the predictor (5).

(14)

(15)

1. Let pps = 0. To cancel the last term in (16) we take
v(t —r1) = (&) for ¢ € [ty, tk+1) or, equivalently,

U(E) L {0, f <£07
k), &€ [EksSht1), k€ Zy.

Then (5), (17) is the state prediction for the system (15),
i.e. z(t) = x(t + ro + r1). The system (16) takes the form

i(t) = Az(t) + Bu(t + o), t>0.
Let us define

(17)

e(t)é{o’ t < o,
O alér) — ulr), t € [EsErrr),

Then for t € [ — 10, k1 — To) We have
v(t+ro) = (&) = u(k) +eo(t+7r0) = Kz(si)+eo(t+7o)
=Kz(t—7(t)) + eo(t +10)

with 7(¢) defined in (11). For t < §o — ro, v(t +19) =0 =
Kz(t —no) + eo(t + ). Therefore,

2(t) = Az(t) + BKz(t — 7(t)) + Beo(t +10),

ke,

t>0 (18)
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with (10), and (13), (14) yield
0 <ozl (t—7(t)KTQK 2(t —7(t)) — el (t +70)Qeq(t +70)

for ¢ > 0. It may seem that (18) depends on the future,
since eg(t + 7o) enters the system. This is not the case,
since eg(§) for & € [€k,&k+1) is fully defined by z(s) with
s < sp =&k — 10— Nk-

2. Let pg # 0. Then the last term in (16) cannot be can-
celed, since this would require to take v(§) = (&) for
€ € [& + pr,Ekr1 + prr1) with unknown py. If one de-
fines v(€) as in (17) and uses v(§) = 4(&k) = u(&k) + eo(§),
the functions v(t 4+ 19), v(t — 1), @(&x) present in (16) will
introduce three errors due to triggering eg with different
arguments. To avoid additional triggering errors, we don’t
include them into the definition of v(¢), namely, we use (4)
where v(§) = u(&) or zero. Let us define

0, t < to,
m@é{ 0

(k) —u(ék), tE€ [th,tht1), k€ Zy.
Then we have
0=Kz(t —7(t)) +e1(t), te]l0,to),
W(&k) = u(&r) +e1(t) = Kz(s) +e(t)
=Kz(t—m(t)) +e1(t), tE€ [trtrt1), kEZ4

with 75(¢) defined in (11). By arguments similar to those
from Section 2 we obtain
2(t) = Az(t) + BKz(t — 7(t)) + 270+ ) Bey (t)
+ AT BR[2(t — (1)) — 2(t — 7 (1)], t>0,
(19)
with (10), where 7, 71, 75 are defined in (11) and due to
(13), (14) for t > 0

0<o2T (t—m(t)) KTQK 2(t—1o(t)) —el (1)Qey (t).  (20)

Remark 4 Note that for up = 0 (19) transforms to
2(t) = Az(t) + BKz(t — 7(t)) + 270+ ™) Bey (t).

Since the triggering error e (t) is multiplied by eAlrotm) ¢o
guarantee the stability of the system for unstable A and large
ro+7r1 one needs to retain e1 (t) small enough. This problem
doesn’t appear in the system (18) for which the stability
conditions are independent of ro andry (see Proposition 1).

To avoid some technical complications, we assume that
7 =h+ny < 1o+ r1. The stability conditions are derived
using Lyapunov-Krasovskii functional (see Fig. 4)

V:VP+VSO+VR0+VS+V51+VRN

where
Vp = 2T (t)P2(t), P >0,
Vs, = f:_% 2= T (5)Spz(s) ds, Sy >0,
Vi, =7 [0, [, €205 (s)Ro(s) dsdf, Ry >0,

Vs = 7], @027 (s)S2(s)ds, S >0,
Vsl = tt::;17r1 62a(87t)ZT(S)Slz(S) dS, Sl Z 07

VR, = (Tar =10 —71)X
o Ly €O () Rk (s) dsdd, Ry > 0.

—T™M
Note that the delayed arguments of z in (19) belong to
two bold regions in Fig. 4. To analyze these regions, we
use standard delay-dependent terms in V' (see, e.g., [4]).
To allow for large transport delays ry and 71, we use only
delay-independent term Vg for the interval [t—rg—r1,t—7].

Lemma 1 For given pupr > 0, npyr > 0, and a > 0 let there
exist ann X n matric P > 0, n X n non-negative matrices
S, So, S1, Ry, R1, an m x m matrix > 0, and n X n
matrices Py, P3, G; (i =0,...,3) such that

<0, [TR]>0, [TE]>0, i=123
where ® = {®;;} is the symmetric matriz composed from
®11=2aP+Sy—pRy+ PIA+ATP,, ®19=P— PJ+ ATP;,
®15=p(Ry—Go)+PIBK, &14=pG, ®19= PleAT0tmB,
By7=—D16=D1g K, Poo=72Ro+(rar —ro—11) > Ri—P3 —Py,
Bo3= P BK, ®yg=PL A0 B, &= —Pog=Dog K,
P34=p(Ro—Gy), P3z=— P34 — D3, P1a=p(S—So—Ro),
Ds6=par(R1 — G1), Pss=e 20T (S) — §) — parRy,
B5s=prrGa, Psr=par(G1 — G2), Pee=—Ps56 — P,
Cor=prm(R1—G1+G2—G3), Pes=pum(Gs—Ga),
Prs=parr(R1 — G3), Prr=—P75 — s+ oK QK,
Pgg=—prr(S1 + R1), Poo=—Q, p = €27, ppy = e 2™

other blocks are zero matrices. Then the system (10), (19)
1s exponentially stable with a decay rate «, i.e. for some
M > 0 solutions of the system satisfy

|2(t)] < Me=*"2(0)], ¢>0. (21)

Proof is given in Appendix A.

Theorem 1 (Sampled event-triggering) Under the
conditions of Lemma 1 the system (7), (13)—(15) with v(0)
given by (4) is exponentially stable with a decay rate «, i.e.
for some M > 0 solutions of the system satisfy

|z(t)] < Me™*"[2(0)]. (22)
Proof is given in Appendix B.
Remark 5 If A+ BK is Hurwitz and o = 1y = 0 the

LMIs of Lemma 1 are always feasible by the standard argu-
ments for delay-dependent conditions [4]. That is, LMIs of



Lemmoa 1 establish relation between the decay rate, sampling

period, and time-delays that preserve exponential stability
of the system (4), (7), (13)—(15).

Corollary 1 If conditions of Lemma 1 are satisfied with
o =0,Q >0, the system (3) under the control law (7) with
v(0) given by (4) is exponentially stable with a decay rate .

Proof. For o = 0, Q > 0 event-triggering mechanism (13),
(14) implies 4(&;) = u(&x) and e;(t) = 0, therefore, (19)
coincides with (9). Then under conditions of Lemma 1 (9)
is exponentially stable. This implies exponential stability
of (3), (4), (7) due to the change of variable (4), (5).

For the case of pup; = 0 the next proposition gives stability
conditions independent of o and 7.

Proposition 1 For up = 0 and given nyy > 0, o > 0,
if there exist an n X n matriz P > 0, n X n non-negative
matrices S, R, an m x m matriz Q > 0, andn X n matrices
P, P;, G such that

<0, [EE]>o0,
where ¥ = {W;;} is the symmetric matriz composed from
Uy 1=2aP+S—pR+PJA+ATPy, U19=P—Ps+ AP,
U13=p(R—G) + P BK, U1,=pG, U 5= P B, Usz=—,
Uoy=T2R—P3—P], Wos= P B, Ua3=Uos K, U34= p(R—G),
Ug3= U3y — V1 + o KTQK, Uyy=—p(S+R), p=e 27,

other blocks are zero matrices, then (7), (13)—(15) with v(0)
given by (17) is exponentially stable with a decay rate «.

Proof is based on the representation (18) and is very similar
to the proof of Lemma 1.

4 Event-triggering with continuous measurements

In Section 2 the control signals are sent at £ = s +7r9+7k,
where rg + 1 are sensors-to-controller delays and s; are
measurement sampling instants. In this section we con-
sider the system (3) without a sensors-to-controller net-
work (rg = n = 0) and with measurements continuously
available to the controller. The control law is given by

u(§) = Kz(§), £=0, (23)

where z(€) is given by (5) with v(6) to be defined. To obtain
the time instants {£;} when a continuously changing con-
trol signal u(€) is sampled and sent through a controller-to-
actuators network, we use a switching approach to event-
triggered control [17]. Namely, we choose & = 0,

€1 = min{€ > & + | (u(€r) —ul(€))"Aul&r) — u(€))
> ou” ()Qu(§)}, (24)

where a matrix 2 > 0 and scalars h > 0, 0 > 0 are event-
triggering parameters. According to (24), after the con-
troller sends out the control signal u (), it waits for at least
h seconds. Then it starts to continuously check the event-
triggering rule and sends the next control signal when the

event-triggering condition is violated. The idea of a switch-
ing approach to event-triggered control is to present the
closed-loop system as a switching between a system with
sampling h and a system with event-triggering mechanism.
This allows to ensure large inter-event times and reduce
the amount of sent signals [17].

Calculating 2 given by (5) in view of (3) we obtain (6)
(with rq = n, = 0). Similar to Section 3 depending on the
value of pps one should choose different functions v(8).

1. Let ppr = 0. For v(0) given in (4), eq. (6) takes the form
£(t) = Az(t) + Bu(k), 1t € [§ks k1)

Following [17] we present the latter system as a switching
between two systems:
2(t) = Az(t) + BKz(t — 73(t))
2(t) = (A4 BK)z(t) + Bea(t)

) te [gkagk_'_h)a
, te [§k+ha§k+1)a
(25)
where the initial conditions are given by (10), and
T3(t) £t — & < h, t € [&k, &k + D),
ex(t) = Kz(&) — Kz(t), t€ 6+ h,&rs1)
and (24) implies
0 <ozl ()KTQK2(t) — el ()Qea(t), t€ [+ h,Exyr).

2. Let pr, # 0. As it has been explained in Section 3, in
this case it is reasonable not to include the error due to
triggering in the definition of v(#). Therefore, we take

() £ u(§) = Kz(¢), €£>0. (26)
Then by calculating Zz we obtain
3(t) = Az(t) + BKz(t) — e BKz(t — 1), te€0,1o),
3(t) = Az(t) + BK2(t) + e BK[2(&) — 2(t — 1)),
t € [thytprr), k€Zy.
(27)
Further analysis of the system (27) is based on a switching
approach to event-triggered control [17]. Define
t*, 2 min{h,to}, t; = min{ty + h,tpy1} fork € Z,.
We have z(t —r1 —14(t)) = 0 for ¢ € [0,¢*,) and 2(&;) =
z(t —r1 — 14(t)) for t € [tg,t}), where
a ) Mo, te [Ovt*—l)v
Ta(t) = .
t—& —ry, tE [t th).
Note that 74(t) < 7 £ h+ups. Further, Kz(t —r1 —u(t)) +
es(t) =0fort € [t*,tp) and Kz(&) = Kz(t—r1 —p(t))+
es(t) for t € [t}, tx4+1), where
Lo, te [til, to),

i (8=t — h) AEEL TR [ t),
tpt1 —th — D

{0, te[t*,,to),
Kz(&) — Kz(t — 1 — pu(t)), t € [th,tir1):

pu(t) £

1>

es(t)



The function w(t) is chosen so that t —r1 — u(t) € [ +
h,&ky1) for t € [tf, ti41), therefore, (24) implies

0<ozlt—ri—pu) KTQKz(t—r —p(t) —el (t)Qes(t) (28)
fort € [ty _,,tx) with k € Z..

Finally, the system (27) is presented in the form

3(t) = (A+ BK)z(t) + e BK[2(t — r1 — 14(t))
7Z(t7’l"1)], te [Oattl)u [tkvt;;)a (29)

3(t) = (A4 BK)z(t) + e BK[2(t — 1 — u(t))
— 2(t —71)] + e Bes(t), tE€ [t to) Ulth tee1)
(30)
with (10) and 0 < 74(¢t) <7 =h+ par, 0 < p(t) < ppr-
Lemma 2 For given pp;r > 0 and o > 0 let there exist an
n X n matriz P > 0, n X n non-negative matrices S, Sp,

S1, Ry, Ry, an m x m matriz Q > 0, and n X n matrices
Py, P, Gy, G1 such that

x<o0, =<0, [THE]z0 [TRE]=0

where ¥ = {3;;} and= = {Z;;} are the symmetric matrices
composed from the matrices

Y11=Z1=2aP + S+ Pf(A+ BK) + (A+ BK)" P,

Si5=E1=—Y13=—E13= P; ¢ BK, Sy5=p(R1 — G1),
Yoo=Eao= 3, Ro + h®Ry — Py — P{ | Y55=—%45 — ¥,
Sg5=En4=—Yog=—Eo3= P; ¢’ BK, S56=p(R1 — Gh),
Ya3=Es3=e"2*"(So — S) — par Ro, Ses=—p(S1 + Ry),
Saa=—par(Ro+80—51) = pR1, Eir= Py ¢ B, Err= -1,
Eor=P] e B, Z34=E45=pn(Ro — Go), E35=pn G,
Ep=—E34—E5,+0 KTQK, Z55=prs (S1—So— Ro) — pR1,
Es6=pR1, Ze6=—p(S1+Ry), p=e 2N TT) = e 20lritin),

other blocks are zero matrices. Then the system (10), (29),
(30) with & given by (24) is exponentially stable with a
decay rate o (i.e. (21) holds).

Proofis given in Appendix C.

Theorem 2 (Continuous event-triggering) Under
the conditions of Lemma 2 the system (3), (5), (23), (24)
with v(0) given by (26) is exponentially stable with a decay
rate « (i.e. (22) holds).

Proof is similar to the proof of Theorem 1.

Remark 6 The control law (5), (23) with v(0) given by
(26) requires the knowledge of z(t) for anyt > 0. To obtain
z(t) during the evolution of the system (3), (5), (24), (23),
(26) one has to solve the differential equation
#(t)=(A4+BK)z(t)— e BK z(t —ry), t€[0,t),
()= (A+BE)z(t)+e " BK [2(&) —2(t—r1)] t € i, trs)
with z(0) = eA™x(0) and z(t) = 0 fort < 0.

Proposition 2 For pupy = 0 and a given a > 0, if there
existn X n matrices P > 0,5 >0, R > 0, an m X m matriz
Q >0, andn X n matrices Py, P3, G such that

M<o0, N<0, [§§]=0,
where M = {M,;} and N = {N;;} are the symmetric ma-
trices composed from the matrices
My1=2aP+S—ppR+ Py A+ A"Py, Mio=P— P} + A" P;,
Mis=pp(R—G)+P{BK, My4= ppG, Mao=h’R— P3— Py,
Mss=P{ BK, Mss=pn(R—G), Msz=—Msq — Msy,
Muy=—pp(S+R), Nio=P— P +(A+ BK)'P;,
Ni1=2aP+S—pp R+o KTQK+ Pf(A+ BK)+(A+BK)"Ps,
Nis=pnR, Niu= P} B, Noo=h>R — P; — P} Noy=PI'B,

Nas=—pp(S+R), Nu=-Q, p=e2"

other blocks are zero matrices, then the system (3), (5),

(24), (23) with v(0) given by (26) is exponentially stable
with a decay rate .

Proof is based on the representation (25) and is very similar
to the proof of Lemma 2.

Remark 7 Let us set P3 = €1 Py, Q = eol,,, and multiply
LMIs of Lemmas 1, 2, Propositions 1, 2 by I ® P{l and
its transposed from the right and the left, respectively. By
denoting Py = P2_1, Y = K P, and applying Schur comple-
ment to oY TQY, we obtain LMIs with tuning parameters
€1, €2 that allow to find controller gain K = YP{l, Since
requirements Py = €1 P, Q) = e51,,, may be restrictive, after
obtaining K one should use Lemmas 1, 2 or Propositions 1,
2 to obtain larger bound for time-delays and a decay rate.
For the details on the LMI-based design see [4, 18].

5 Example: inverted pendulum on a cart

Following [20] we consider an inverted pendulum on a cart
controlled through a network described by (1) with

01 0 0 0

A= 00 —mgM~1o0 , B = MO_1 ‘| , (31)

00 0 1
00 g/l 0 — (M)~ !

where M = 10 kg is the cart mass, m = 1 kg is the bob
mass, [ = 3 m is the arm length and g = 10 m/s? is the

gravitational acceleration. The state x = (y,7,6,0)7 is
combined of cart’s position y, cart’s velocity g, bob’s an-
gle 6 and bob’s angular velocity 6. For such parameters
the open-loop system is unstable and can be stabilized by
the control law u(t) = Kz(t) with K = [2,12,378,210]. In
what follows we compare different control strategies pro-
posed in this paper.

We start by considering a system with both sensors-to-
controller and controller-to-actuators networks. The nu-
merical simulations show that the system (3), (31) under
the controller u(t) = Kz(t) (without a predictor) is not sta-
ble for ro =71 = 0.1, h = 0.0369, and np; = ppr = 0. The



ro = 0.2, na = 0.01 ro=nm =0

o h SCS | o h SCS
Sampled predictor (4), (7) 0 0.0369 | 543 0 0.0646 | 310
Sampled event-triggering (13), (14) | 0.01 | 0.0315 | 116 | 0.07 | 0.046 | 56
Continuous predictor (5), (26) — — — 0 0.105 | 191
Switching event-triggering (24) — — — | 0.13 | 0.105 48

Table 1

Sent control signals (SCS) for different control strategies (o = 0.01, r1 = 0.2, uar = 0.01)

conditions of Corollary 1 are satisfied for the same h and
larger 1o = r1 = 0.2, npr = ppr = 0.01, whereas the decay
rate is & = 0.01. That is, the predictor-based control ad-
mits significantly larger network delays. Furthermore, this
implies that within 20 seconds of simulation [20/h| + 1 =
543 signals are sent through each network in the system
(3), (31) under the predictor-based controller (4), (7) (|-]
stands for the integer part). For the system (15), (31) un-
der the event-triggered controller (4), (7), (13), (14) with
o = 0.01 Theorem 1 gives h = 0.0315. This bound is
smaller than the one given by Corollary 1, which means
that the event-triggered control requires the measurements
x(sk) to be sent more often but allows to reduce the amount
of sent control values u(&y). To obtain the amount of sent
signals under the event-triggered control, we perform nu-
merical simulations with z(0) = [0.98,0,0.2,0] and ran-
dom 7y, py satisfying (2). The results are given in Ta-
ble 1. As one can see event-triggering allows to reduce the
workload of the controller-to-actuators network by more
than 75%. The total amount of signals sent through both
sensors-to-controller and controller-to-actuators networks
is 543 - 2 = 1086 for the predictor-based controller (4), (7)
and [20/h] + 14 116 = 751 for the event-triggered con-
troller (4), (7), (13), (14).

Now we consider a system with only a controller-to-
actuators network (ro = ny = 0) and continuous mea-
surements. For this case one can apply sampled predictor-
based controller (4), (7) or sampled event-triggered con-
troller (4), (7), (13), (14) (with s = &). The sampled
approach simplifies the calculation of the integral term in
(5) but does not take advantage of the continuously avail-
able measurements. Indeed, as one can see from Table 1
continuous predictor (5), (26) without event-triggering
(o = 01in (24)) reduces the network workload compared
to the sampled predictor by almost 40%.

To compare the sampled event-triggering mechanism (4),
(5), (13), (14) and the switching event-triggering mech-
anism (5), (24), (26), for « = 0.01 and each value of
o =0.01,0.02,...,1 weapply Theorems 1 and 2 to find the
maximum allowable A. Then we perform numerical simula-
tions for each pair of (o, h) with py subject to (2) (r; = 0.2,
par = 0.01) and choose the pair (o, h) that leads to the
smallest amount of sent control signals. In Table 1 one can
see that both event-triggering mechanisms significantly re-
duce the amount of sent control signals. The switching
event-triggering reduces the network workload by almost
15% compared to the sampled event-triggering.

6 Conclusions

We considered predictor-based control of NCSs with un-
certain network delays. For the event-triggered control we
showed that one should use different predictor models de-
pending on the value of the controller-to-actuators delay
uncertainty. To take advantage of the continuously avail-
able measurements in the systems with only a controller-
to-actuators network, we considered a continuous-time pre-
dictor with a switching event-triggering mechanism. For
the proposed control strategies we obtained LMI-based sta-
bility conditions that guaranty the desired exponential de-
cay rate of convergence and allow to find appropriate con-
troller gains. An example of inverted pendulum on a cart
demonstrates that event-triggering mechanism allows to
reduce the network workload and in those cases where the
continuous-time predictor can be applied it has some ad-
vantages over the sampled one.
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A  Proof of Lemma 1

For ¢ > 737 we have
Vp + 2aVp = 22T () P3(t) + 22T (t) P (t),
Vs, + 2aVs, = 27 (t)Soz(t) — e 29721 (t — 7)Spz(t — 7),
Vs +2aVs = e 2721 (t — 7)Sz(t — 7)
— e 22rotr) Tt g — 1) S2(t — 19 — 11),

672Q(T0+T1) T(t — Ty — 7"1)51 X

720&7’]»1 T(

Vsl + 20[V51 =
2(t—rog—1m1)—€ t—71ap)S12(t — Tar).
(A1)

Using Jensen’s inequality [7], Park’s theorem [16] and tak-
ing into account that 71 (t) < 72(t) [14] we obtain

Vi, + 20VR, = 7257 (t)Ro4(t)

—7 [ 20T (s)Roz(s) ds < 7257 (1) Ro(t)  (A.2)
,Q,ﬁ{ 2(t)—2(t—7 (1) }T[R% GOM 2(t)—2(t—7(t))

z(t—7(t))—2z(t—7)| |Go Ro||z(t—7(t))—z(t—7)|°

2T () Ra£(t)
t—ro—r als—
by €T () RiA(s) ds
< (rar — 7o — 1) () R12(F) — €720 x (A-3)
r(t—ro—n)—Z(t—ﬁ(t))} T{Rl G1 GQ][Z(t—To—Tl)—Z(t—Tl(t))]

—€

VRl —|—2aVR1 = (T]V[—T'(]—Tl)

—(T: — 10 —71)

z(t—71(t))—=(t—72(t)) * Ry Gs|| z(t—71(t))—=(t—72(t)) |.
2(t—T12(t) )2 (t—7n) * ok R z(t—7o(t))—2(t—7n)

We use the following descriptor representation of (19)
0=2[z"(t)P{ + 2T (t)P{][—2(t) + Az + BKz(t — 7(t))
+eA0FtT) B ey (t) + Kz(t — mo(t)) — Kz(t — 71(1)))]-

(A4)

By summing up (20), (A.1)—(A.4) we obtain

V+2aV < ¢Tdp <0,

where ¢ = col{z(t),2(¢), z(t — 7(t)),2(t — 7),2(t — ro —

r1),2(t = 71(t)), 2(t = 72(t)), 2(t — 7ar), €1(t) }. This implies

V < —2aV and, therefore,

V(t) < e 2201V (1), > 1. (A.5)

Define 2z, = 2(t + 0), 0 € [-7x,0] and |[z]lpc =
maxge|—r,, 0] |2(t + 0)]. For t > 0 function ||z pc is con-
tinuous in ¢ and (19), (20) imply |2(¢)] < mlz| pc for
some m > 0. Therefore,

0)| + [y ml|zs] pc ds, t>0.
By the Gronwall-Bellman Lemma this implies
Izellpc < [2(0)le™, t>o. (A6

Since |2 ( )| < ml|z¢]| po, there exists ¢ such that V()
c1llzry |be < e1|2(0)]?e™ ™. Since [2(2)]*Amin(P)
V(t), (A.5) and (A.6) imply (21) for some M > 0.

[zl po < |2(

INIA 2

B Proof of Theorem 1

From (4), (5), (8) we have
2(t) = A0t (1)
fH_rO A== BKz(0 —rog — 7(0 —1r9))df, t>0,
where z satisfies (10), (19). By Lemma 1 (21) holds, thus

|z(t)] < Ce™|2(0)| < Ce™ ||eA(”’+T1)|| |x(0)

C Proof of Lemma 2

Fort > r1 +7 (7 = h+ pp) consider the functional
V:VP+VS+VSQ +‘/R()4>‘/S1 +VR17



Vs = ftt_rl 2571 T (5)S2(s) ds

Vs, = :7:11 . 257027 (5) Sy 2(s) ds

Vi = pinr [ . f;_e 2= 2T () Ro2(s) ds db,

Vsl LI 20T () 9y 2(s) ds

=h O f 2= 2T () Ry 3(s) ds d.
We have

Vp + 2aVp = 22T () P2(t) + 2027 (t) P (t),
Vs 4 2aVs = 2T (£)Sz(t) — e 2 2T (t — 1) S2(t — 71),
Vs, 4 2aVs, = e 2071 2T (t — 1) Soz(t — 1)

—em2e(rtman) ;T (4 — oy — ppg)Soz(t — 11 — par),

(C.1)
Vsl +2aVg, = e 200tmn) ;T (¢ — 1 — 113))S) x
2(t =711 — ppr) —e 22 HLT (4 — ) — 7)Sy2(t—1 —7),
Vi + 20V, = 13,27 (t)Ro(t)
— ft :11 siar e22(s=) 2T (§)Ro3(s) ds,
Vi, + 2aVg, = h2:T (t) Ry 4(t)
—h [T 2050 T (5) Ry 4(s) ds.
(C.2)
L. For t € [t},ty4+1) we have
0 =2[T(t)P] + :T(t)PL][-2(t) + (A + BK)=z(t) (©3)

+ eMB(Kz(t—r1—p(t)) — Kz(t — 1) +es(t))].

To compensate the term z(t — r; — p(t)) using Jensen’s
inequality and Park’s theorem we derive

— i ft ry eQa(s_t)ZT(s)Roz'(s) ds < e—2a(r1itun) 5

T1— KM
[ 2(t—r1)—z(t—r1—p(t)) }T|:Ro Go][ 2(t—r1)—2z(t—r1—p(t)) }
( z z(t—ri—par)|

2(t—r1—p(t)—z(t—r1i—pn)| |GY Rollz(t—ri—p(t)—
(C4)
t—r als—
7‘LLMf T11 1224 62 ( t)
e 20t [2(t — 1y — ppy) — 2(t— 11 —7)]T Ryx (C.5)
[2(t —r1 —pup) — 2(t =11 — T)].
By summing up (28), (C.1), (C.2), (C.3) in view of
(C.4), (C.5) we obtain V + oV < ¢TE¢ < 0, where

¢ = col{z(t),z'(f),z(t —r),z(t =1 — p(t),z(t —r —
piar), 2(t =1 —7),e3(t)}

T(s)Roz(s)ds <

For t € [tg,t}) the system (29) with 74(t) €
described by (30) with es(t) = 0 satisfying (28).

[0, far) s

II. For t € [tg,t}), Ta(t) € [ar, poar + h) we have
0=2["P) +"(t)P{][-2(t) + (A+ BK)z(t)
+eMBKz(t — 11 — 1a(t)) — e BK2(t —11)] . (C.6)

To compensate the term z(t — r1 — 74(¢)) using Jensen’s

inequality and Park’s theorem we derive
— ft " 20T () Ryz(s) ds <

T1—HKM
—e2alrmtmn) (¢ —ry) — 2(t — 1 — M)]T Rox (C.7)

[2(t —r1) — 2(t —r1 — par)],

tt TT11 PM S20(s—t) ( )Rlz( )ds < e 20(ri+7)

z(t—r1i—par)—z(t—r1—71a(t)) T Ry Gy %
z(t—r1—7a(t))—2(t—r1—7) GT Ry
[Z(t r1i—pn)—2(t—r1—Ta t))}
z(t—r1—71a(t))—z(t—r1—7)
C.8)

By summing up (C.1), (C.2), (C.6) in view of (C.7),
(C.8) we obtain V + 2aV < nT¥p < 0, where 7
col{zg) 2(t), z2(t—r1), z(t—r1—par), 2(t— 7'1774(t)) z(t—
™ —T

—~

Therefore, we obtain Vv < —2aV for t > r; + 7. The end
of the proof is similar to that of Lemma 1.



