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ABSTRACT This paper studies the problem of event-triggered control for a class of networked distributed
parameter systems with Markov jump parameters. To reduce the number of packages transmitted over the
communication network, an adaptive event-triggered mechanism is introduced. The Galerkin method is
employed to obtain the nonlinear ordinary differential equation systems, which can accurately describe
the dynamics of the dominant modes of the considered distributed parameter systems. The systems are
subsequently parameterized by a multilayer neural network with one-hidden layer and zero bias terms,
and the linear ordinary differential equation systems are derived. Then, Lyapunov approach is used to
analyze stability of the considered systems, and by employing the strong law of large numbers and Gronwall
inequality technique, almost surely exponential stability condition is derived. Moreover, a linear sampled-
data-based controller is designed to stabilize the closed-loop systems. Finally, a practical example is shown
to demonstrate the effectiveness of the achieved theoretical results.

INDEX TERMS Distributed parameter systems, Markov jump parameters, Galerkin method, neural model,
adaptive event-triggered networked control, almost surely exponential stability.

I. INTRODUCTION

Distributed parameter systems (DPSs) have been listed as
one of the most popular subjects due to their effective and
successful modeling of chemical reactor processes, transport-
reaction processes and curing oven [1]. Recent years, signifi-
cant efforts have been devoted into different control problems
for DPSs, such as approximation [2], estimation [3], consen-
sus [4], optimization [5].

In view of the complicated system structure and non-
linear terms of the most practical engineering DPSs, the
conventional control approach is invalid. In this context,
Christofides [6] introduced Galerkin method for nonlin-
ear DPSs to derive low dimensional approximation system.
Based on the method proposed by [6], Wu and Li [7] devel-
oped Takagi-Sugeno fuzzy control approach to design a fuzzy
observer-based controller for nonlinear DPSs. These meth-
ods are proposed for DPSs with nonlinear functions com-
pletely known, while few approaches are available for DPSs
with unknown nonlinearities. Considering the applicability
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of neural network (NN) control design for systems with
unknown nonlinearities [8], Wu and Li [9] solved the guar-
anteed cost control problem for DPSs with unknown nonlin-
earities by using Galerkin method and NN technique. This is
one motivation of our study.

It is well known that sampling is an inevitable part in
working out the control signals. The traditional sampling data
transmitting scheme is periodical which may be beneficial to
analysis and design. Nevertheless, this may lead to unneces-
sary waste of computation and communication resources. To
overcome this drawback, the event-triggered control scheme
is proposed to manage the information data release only
when the given condition is triggered, in other words, only
necessary data will be transmitted [10]. The event-triggered
control problem of finite dimensional systems were studied
widely [11]-[16], [34]-[37], while Yao and El-Farra [17]
recently investigated event-triggered control problem for
DPSs as the first attempt. Based on mobile sensor and actu-
ator, Jiang et al. [18] considered event-driven observer-based
control problem for DPSs by employing operator semigroup
method. Moreover, Selivanov and Fridman [19] discussed
distributed event-triggered network control problem for DPSs
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by using Lyapunov control method. Whereas, the afore-
mentioned event-triggered control methods are available
for the system with fixed topology structure. To solve the
event-triggered control problem of the system with ran-
dom switching structure, Zhang et al. [20] studied finite-
time event-triggered Hy, boundedness for nonlinear system
with Markov switching parameters by using discontinuous
Lyapunov control method. Very recently, Shen et al. [21]
proposed an event-triggered scheme based controller for the
system with Markov switching parameters.

The threshold of the trigger condition plays the crucial role
in the event-triggered control issue. Different value of the
threshold may produce unsatisfactory data releasing perfor-
mance, for example, when the threshold selected as zero, then
the data releasing scheme becomes time-triggered. Moreover,
the pre-set threshold may be not suitable for varying complex
structure of systems. Therefore, it is necessary to develop an
adaptive event-triggered law to adapt such changing condi-
tion. Recently, Ran et al. [36] and Liu et al. [37] proposed
event-triggered communication scheme to analyze problems
of both dissipative control and finite-time filtering of interval
type-2 fuzzy systems, respectively. However, there are few
references published on adaptive event-triggered control for
DPSs with Markov jump parameters. This is another motiva-
tion of this paper.

To compensate for the above discussion, the adaptive
event-triggered networked control of distributed parameter
systems with Markov jump parameters is discussed in this
paper. An adaptive event-triggered mechanism is introduced
to reduce the number of the package transmission in the
networked system. Based on the spatial operator, the dis-
tributed parameter systems can be divided into a slow finite
dimensional system and a fast infinite dimensional system.
The Galerkin method is employed to obtain the ordinary
differential equation systems, which can accurately describe
the dynamics of the dominant (slow) modes of the considered
systems. Subsequently, a multilayer neural network with one-
hidden layer and zero bias terms is used to parameterize the
resulting nonlinear systems, and the linear systems can be
derived. Then, a new Lyapunov functional is established for
the stability of the linear Markov jump systems. To deal with
the influence of Markov jump, some efforts have been made
recently, for example, the weak infinitesimal generator tech-
nology is employed in [28]-[32]. Different from the above
methods, this paper employs the strong law of large numbers
and Gronwall inequality technology to prove most surely
exponential stability of the closed-loop system. Furthermore,
a linear adaptive event-triggered networked feedback con-
troller is derived to stabilize the distributed parameter sys-
tems. Finally, a practical example is shown to demonstrate
the validity of the achieved theoretical results. In this paper,
the main contributions are listed as follows: (1) An event-
triggered communication scheme with an adaptive event-
triggered threshold is proposed for the distributed parameter
systems, which performs better than conventional event-
triggered communication scheme with a constant threshold.
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(2) To reduce the conservation, a Wirtinger’s inequality-
dependent Lyapunov functional is constructed to analyze the
stability problem for the closed-loop finite-dimensional slow
system. (3) Different from the traditional stochastic analysis
approach, such as infinitesimal generator, this paper employs
the strong law of large numbers and inequality techniques to
obtain almost surely exponentially stable criteria.

Notations: The notation used here is fairly standard except
where otherwise stated.

Notation Tlustration
R the set of real numbers
R"™ the n-dimensional Euclidean space
R7xm the set of all real n X m matrices
. B N . 7
Superscript """ if A is a matrix, A is the transpose of A

* (t2)-( o)

A 0 O
diag{-} diag (A, B,C)=|*x B 0
* * C
E{} Mathematical expectation
Ex{} Expectation under probability distribution 7

Il. PRELIMINARIES

Set {o(¢), t > 0} be a Markov chain with right continuity on
the probability space. The form process o (¢) is time homo-
geneous and takes values on a finite state space (denoted by
S ={1, 2, ---, £}) with stationary distribution. For i,j € S,
the transition probability from mode o(t) = i to mode
o(t) = jis given as following

piih + o(h),
1 + piih + o(h),

Prob{o(t +h) =j| o) =i} = i fj’

where 2 > 0 (his a small time interval if # stands for time) and
limp—0 %’1) = 0; for i # j, p;j > 0 stands for the transition
rate from mode o(¢) = i at time ¢ to mode o(f) = j at
time ¢ + h; else, p;i = — Zjes, i Pij- The transition rate
matrix of Markov process o(¢) is denoted by P = [p;].
Definite the stationary probability distribution of the ith mode
7w = Problo(t) =i} and w = [my, 72, -+, mal.

Consider the following DPSs in one spatial dimension with
a state-space description of the form

o WG, 1) o 3%w(x, 1)
Al dx 2 9x2
+gw(x, 1) + ASf(w(x, )Hu(r), (1)

subject to the boundary conditions

ow(x, t) _
ar

aow
Biw(x, 1)+ C1—(x, 1) = ay,
ox

- dw (2
Boyw(x,t) 4+ Cr— (X, t) = a,
ox
and the initial condition
w(x, 0) = wo(x), 3)
where [wi(x, 1), wa(x,t), -+, wu(x, )] is the vector of

state variables and denoted by w(x, t); [)_c, )T] Cc Ris
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the domain of definition of the process; x € [x, X]
is the spatial coordinate; + > 0 is the time; u(z) is
the manipulated input vector; ngi”) and 32W(§”) are the
first- and second-order spatial derivatives of w(x, t), respec-
tively; g(w(x, ¢)) is an unknown nonlinear vector function
satisfying g(0) = O and locally Lipschitz continuous;
fwx, 1) = [iw(x, 1), LW, 1), -, faw(x, )] is
a known smooth vector function of w(x,t), where each
fiwx,t)) G = 1, 2, ---, p) describes how the control
action u;(¢) is distributed in interval [)_c, )_c]; A7 = Ai(o (1))
forl =1,2,3,and Aﬁ are known constant matrices i € S; By,
B;, C1 and C; are constant matrices; a; and ap are column
vectors; and wg(x) is the given initial condition.

Remark 1: Due to the spatially distributed nature and the
existence of unknown nonlinearities in parabolic DPS (1)-(3),
it is difficult to design a state feedback controller for the
system. Motivated by this, in the following study, Galerkin
method is developed to reduce the model (1)-(3) to an ODE
system in low dimension with unknown nonlinearities; and a
NN is applied to approximate the unknown nonlinearities in
the ODE system.

A. A LOW DIMENSIONAL APPROXIMATION MODEL

Let # stands for a Hilbert space of one-dimensional functions
defined on [)_c , )_c] that satisfy the boundary conditions shown
in (2), with inner product and norm

X
<Y1, y2> = / < y1(x), y2(x) >pw dx,
X

[Iyill2 = /< y1, y1 >,

in which yy, y, are two elements of H and < -, - >y~ denotes
the standard inner product in RY. Define & as the spatial
operator in H in the form

ow 92w

9w = A7 A —,
v + 2 9x2

Vox

0
weDP) = {w € H, Biw(x, t)+C18—W(J_c,t)=a1,
X

_ ow _
BzW(x,t)-i-Cz—8 x t)=axg.
X

For the eigenvalue problem, define Zv;j(x) = Av;(x)
G=1,2, ---, 00), in which A; represents j-th eigenvalue
and vj(x) represents the corresponding eigenfunction. For
simplicity, the eigenfunctions vj(x) G = 1, 2, ---, 00) are
considered orthonormalized.

Assumption 1: a) Re{A1} > Re{A2} > ---Re{Aj} > ---,
in which Re(A;} represents the real part of Aj; b) {(D)
can be rewritten as {(2) = ((2) + (D), in which
C1(2) consists of the first n finite eigenvalues, i.e., {1(P) =

(M, Aas -+, An), and }ggm = O(1); ¢) Re{rns1} < O
and ety = O(€), inwhich € = ety < 1is a small

positive number.
According to [6], [9], [24] and Assumption 1, Galerkin
method can be applied to the system (1)-(3) to obtain an
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approximate nonlinear ODE system with finite dimension.
Here, assume w(x,7) € R be the one dimensional state
variable. First, by the separation of time and spatial variables
[9], [24], a nonlinear ODE system can be given as follows

Wy(t) = AT ws(t) + gs(ws(1), wr (1)) + Aju(t),
wr (1) = A7 wy(t) + gr (ws(1), wyr (1)) + AZu(?), 4)

ws(0) = ws0,  wr(0) = wy o,
in which
wy(t) = [wi(1), wa(0), -+, wa(0)] € R,
wr(t) = [Wag1 (1), Wnga(), -+, woo(D)]" € R,
AY =diag{r1, 2, -+, An},
A}T = diag {Ang1, Ay, -+, Aoo),

&s(ws(0), wr(1)) = < ¢s(x), gw) >,
grws(®), wr(?)) = < Pr(x), g(w) >,
A = < ¢s(x), A >,
o= < gy, AT >,
W0 = < Py(x), wo(x) >,
wro = < ¢r(x), wo(x) >,
¢s(x) = [p1(x), Pp2(x), -+, da(D)]',
Gr(x) = [Pnr1(X), Ppi2(x), -+, Poo(0)].

Thus, a finite dimensional slow system in the following
form can be obtained by neglecting the fast modes

Wy(t) = A wi(t) + gs(ws(1), wr (1)) + Aju(t), )
ws(0) = wy 0.

B. NEURAL APPROXIMATION OF UNKNOWN NONLINEAR
LOW DIMENSIONAL ODE SYSTEM
In this paper, the following task is to analyze the related
properties of the finite dimensional slow system (5), which is
equivalent to derive the properties of the system (4). However,
the study cannot be processing effectively due to the unknown
nonlinear vector function gs(wg(z), 0). To deal with the non-
linear function, multilayer neural networks (MNNs) with one
or more hidden layers are applied in this paper to approx-
imate the continuous nonlinear function gz(wy(z), 0). In the
following, the unknown nonlinear vector function g (ws(t), 0)
in (5) will be parameterized by an multilayer neural
network (MNN).

Consider an MNN with one hidden layer and zero bias
terms which is described in matrix-vector notation as

&un(ws(t), My, Mp) = Mo (Mywy(2)), (6)

in which g,,(ws(t), M1, M) € R" denotes the output
of the network, M; € R™>*™2 and M, € R™"™ repre-
sent the first-to-second layer interconnection weight matrix
and the second-to-third layer interconnection weight matrix,
respectively. n; denotes the number of hidden neurons. 1(-) :
R™ — R™ is the activation function vector of the network
and defined by

() = (1 (6) pa€a) -+ oy (n))]' (N
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in which ¢ = [61& - £,] € R" w() (i =
1, 2, -, np) represents the activation function of the
i-th hidden neuron. Without loss of generality, assume
that w;(-) satisfies the following conditions for all i =
1, 2,---, nj.

Assumption 2: a) pi(-) is differentiable; b) n;(0) = 0
and pi(¢;) € [—qi, qil, i > 0, V¢ e R

In this section, consider the following bipolar sigmoid
function which is symmetric with respect to the origin and
satisfies Assumption 2

i) = gill — exp( &/dz)]’ @)
1 + exp(—£;/d;)

in which ¢; > 0 and d; > 0 are parameters of the func-
tion. In the following, to train the NN (7) to approximate
gs(ws(2), 0). Similar to the backpropagation procedure, all
connecting weights are supposed to be determined via a
learning rule for MNNs.

According to the approximation theorem for MNNs
in [25], if § > 0 is given accurately, there must exist ideal
matrices M| and M3 defined as

M, M})=arg min {max||g;(ws, 0

(M, 5) g(M],M2){WS€D||gA( s, 0)
_gé(w.hMlsz)H}

such that

ng) [lgs(ws, 0) — gs(ws, M1, M2)|| < §lIwsll, )

%

where D is a compact subset of R”.

Here, the state vector w(x, t) of the system (1) is assumed
completely available as an output. Then, wy(¢) can be derived
immediately by employing the modal analyzer [26]. More
specifically, if w(x,¢) € R is one-dimensional, then the
Jj-th element of w(¢) can be obtained

wi(t) =< w(x, 1), ¢j(x) > . (10)

The minimum and maximum values of t;(£;) = d’fi;g") are
respectively denoted by
&i.min = H}Zm willi)  &imax = max pi(t), i€ H. (11)
Further, we have
wi€) /i € [&imins Eimax]

which implies that for any ¢;, the following condition is
satisfied

[1i(€i) = & minti] [&imaxti — pi(€)] = 0, i€ H. (13)
In view of the function (8), it is obvious that &; ,,;, = 0 and
%_i,max = Zq_atvl (l € H)
Let £(1) = M;wy(t). Based on the approximating NN
gmn(ws, M, MJ), the slow system (5) can be obtained as
follows

Ww(t) = AT wy(t) + M3 p(e()) + e(wy () + Ajgu(t),  (14)

in which e(wg(t)) = gs(wy(2), 0) — Mi",u,(ﬁ(t)) is the approxi-
mation error of the network.

12)
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C. ADAPTIVE EVENT-TRIGGERED COMMUNICATION
SCHEME

To save the network bandwidth and reduce the number of
package transmission, an adaptive event-triggered mecha-
nism is introduced in Fig. 1. It is used to determine whether
the newly sampled state will be sent out to the controller
or not, which compensates the disadvantages of traditional
periodic sampling method. In view of the adaptive event-
triggered mechanism (AETC), the data only transmitted when
the triggering condition is violated, where the condition is
depending on both the states at the latest releasing instant
and the current sampling instant. Generally, the following
assumptions are necessary for Fig. 1: the sensors are clock
driven; the controller and the actuator are event driven; the
ZOH is used to hold the control signal before the new data
arrived at the actuator; and in every control period, the data is
transmitted over the network by a single packet.

Wl ;”_(”{ Sensor )—{ AETC ]
L 20 ——J)

A

[Actuator}—( ZOH HController]

FIGURE 1. Distributed parameter model feedback controller.

In view of the neural model (14), the modal feedback
control law with the following form is considered for the
DPS (1) - (3)

ut) = Kwg(reh), t e lrih+ v, regprh+ wyr), (15)

where K € RP*" stands for the control gain matrix and will
be determined later; rx(k = 1, 2, 3, ---) are some integers
such that {ry, rp, r3, ---} C {0, 1, 2, ---}; his a sampling
period; rih is the k-th releasing instant of the system; 7 is
a transmission delay at the k-th releasing instant; and [rih +
Tk, Fk+1h + Tk41) is the hold interval of zero order hold.

In this paper, the following event-triggered scheme is
considered

Fi+th = reh+ min {ih | e(rjh) Poe(rjh)
JE

—p(rehyw(reh) Powg(rgh) > 0}, (16)

where e(¢) = x(rh) —x(rih+jh) and Py is a positive definite
matrix to be designed and p(rih) is an adaptive parameter
which satisfies

1, if we(rih) =0,

0, if wy(re—1h) wy(ri—1h)

—ws(rch) wy(rh) < 0 and wy(rh) # 0,
2 Wy (ri—1h) wy(ri—1h)

—atan(

T ws(reh) ws(rich)

p(rih) = 7)

), otherwise,
with atan(-) being the arctangent function.
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Based on the proposed transmission scheme (16), the sam-
pled data is not transmitted over the communication network
unless the threshold condition is satisfied. The following
cases given in [10] are now considered:

1) f rkh+h+7T > rgg1h + 41, where T = max{t},

the delay function t(¢) is denoted by t(¢) = t — rih,
t € [rih + t, ree1h + Te41). It is clear that 7 <
() < (g1 — 1)+ Tt < h +T.

2) frih+h+7T < rgge1h + Ty, there exists a positive
constant dys such that rgh+dyh+7 < rip1h+ 1641 <
reh + dyh + h + T and wg(rgh) and wg(ryh + jh)
satisfy the proposed transmission scheme (16) withj =
1, 2, ---, dy — 1. Define

Qo = [reh+ w, reh+h+7),
Q= [rkh+jh+7T, h+jh+h+7),
Qay = [rkh+duh+7, ree1h + ts1).

(18)

Then, the interval [rph + T, res1h+ thg1) = ujgofzj,
which means that

t—rrh, teQ,
tt)=t—rgh—jh, t€ Qi j=1, ---, dy — 1,
t —ryh—dyh, tEQdM.

Therefore, for t € [rxh + Tk, rr+1h + Tk4+1) one has

Oy =<t®)<h+7=14. (19)

InCase 1, e(t) =0 fort € [rph + %, rke1h + Tet1)-
0, teQ,
ew(rch+jh), te€Q;,
ew(reh + dyh), te QdM.
where ey, (rrh+jh) = wi(rih) —wg(reh+jh), ey (reh+dyh) =
ws(rieh) — ws(reh + dyh).

Then, fort € [txh+ Tk, tr+1h+ Tk+1), the event-triggered
condition (16) can be redescribed as

In Case 2, one has e(¢) =

e(1) Poe(t) — p(t — T(0))ws(t — (1)) Pows(t — (1)) > 0.
(20)

Combining (14) and (15), the closed-loop neural system in
the following form can be derived

Ws(t) = AT wy(t) + M3 (6(1) + e(ws(1))

+A% Kwy(t — 1(1)) + A% Ke(r).  (21)

Without loss of generality, we suppose that ko, kg, - -,
kn, € [txh~+ Tk, tiy1h+T1r41) stand for the jumping moment
of Markov modes; the independent and identically distributed
random variables Aty =ty — T, satisfy £ {Atkj} = A and
& {At,gf < 0o}, where {7} forms a renewal process; the topol-
ogy switching and switching time are independent; on each
finite time interval, switching occurs for only finite times with
probability 1 which excludes the possibility of infinitely fast
switching and ensures the existence and uniqueness of the
standard solution of (21).
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Ill. MAIN RESULTS

In this section, we will state and prove our main results.
Theorem 1: Consider the slow system (5) and the DPS

(1) - (3). Given ty, if there exist positive definite matrices

Py, Py and P3, such that the matrix inequality

Z J'L','UIMI,'<7 <0

iyeS

(22)

holds, in which

My PiMy Py Mg Mis Mg
* —2Gp 0 (PiM3) (Pi1M3) My
M, — * * —Gy P Py Mze | .
o ™ * * * Mg Miys Mye ’
* * * * M55 MSG
* % * * * =Ty P)
. . 72
Mit = (PIAT) + P1AY — —-P2

~2EpminM}) G (Emax M) + 82 Go;
My = (P1A?) + PIAY
. . 7'[2
Mis = (PIATY + PIAY + —-P2;
Mie = tig(P2A7Y; Mag = tiy(PaM3)'s Misg = tiy Pa;
Myy = (PlAi"K)/ +P1A£"SK — Py;

us
Mys = (PIAGK) + PIAK;

Muys = 15 (P2ASK)'; Msg = T (P2AR K)';
. . 7-[2
Mss = (P1A%K) + P1AlK + Py — TPQ.

Then, the closed-loop system (21) is almost surely expo-
nentially stable.
Proof: First, choose a Lyapunov functional candidate
for the system (16) as

V(ws(2)) = Vi(ws(1)) + Va(ws(2)), (23)
where
Vi(ws(1)) = [wy(t) 4+ (1) + wy(t — T(1))]' P
x [w(t) + @) + ws(t — T(1)],

t
Va(ws(1)) = T3 / ()ws@)/Pzws(y)dy
t—1(t
2 t
- [ws(y) — ws(t — ©(0)] P2
t—t(t)

x [wy(y) — wy(t — (1)) dy,

where P; and P; are positive definite matrices with appro-
priate dimensional. Based on the developed Wirtinger-type
inequality proposed in Lemma 3.1 [27], Va(ws(2)) is positive
definite with P, > 0, then Lyapunov functional V(wy(?)) is
positive definite.

The derivative of V(w()) along the solution wy(?) of the
system (21) is denoted by V(wx(t)). Consider t € [tyh + 1,
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tk+1h + Tr+1), then one has

Vitws(1)) = 2[ATw(t) + M5 1u(E(t))
+e(ws(1)) + A K e(r) + A Kwy(t — 1(1))] Py

X [wy(r) + (1) + wi(t — T(1))]. (24)
2

Va(ws(1)) = T2 ws(t) Povbs(t) — % [ws (1)
—wilt — TP wy() — wy(t — T(0)]. (25

According to (9), (13) and (14), it is derived for any positive
diagonal matrices G and G,

[1(E(1)) = BminMiwy()]T
— ()] = 0;
82ws(1)T Gaws(1) — e(wy(1)T Gare(ws(1)) = 0.

G1 [EnmaxMiws()

(26)

In view of the event-triggered condition (16), the sampled
data are not transmitted over the communication networks for
t € [txh—+ Tk, tr+1h+ Tk+1) because the threshold condition
is unsatisfied, that is, the following condition

0 < p(r — T@)wy(t — T(1)) Pows(t — (1)) — (1) Poe(r)

< —e(t) Poe(t) + ws(t — (1)) Pows(t — T(1)). 27)
Thus, from (24) to (27), we can get
V(@) < ¥ () Me@y ¥ (1), (28)
where
Y1) = [wt) @) e(wy(®)) @) wy(t —@)]'.
Define ¢(t) = [ws(t)/ e) ws(t — r(t))’]/. One has
10000
@(t) = Uy(t), where U = [ 00070 |.
000017
In view of (23), one obtains
VOws(6)) = Viws(0) = ¥ () TP (), (29)
where
P O O P P
R * 0o 0 0 0
U=|[x x 0 0 0
* % x P P
* ko ok * P

It is easily derived that at r € [fxh + T, tx+1h + Tht1),
V(ws(®)) = V(ws(tch + %))

t
+ / () Mg,y (0dy.  (30)
trh+1r

Substituting (30) into (29), one has
Y@ TP < Vws(ieh + )

t
+ / () Mg, ¥ (0dy,  (31)
trh+t
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which implies that there exists an arbitrary positive scalar o
such that
t

O TY@) + f 01OV Yy

trh+Ti

t

IA

V(ws(teh + ) + /

th+y
t
+ /
teh+7k

Vws(tkh + 7)) + /

trh+1,

¥ () Moy ¥ (y)dy

ox MY ) ¥ (y)dy

t

IA

V() Mo ¥ (v)dy

t
+ f oV (' ¥ ()dy
teh+tk

t

v Uy )dy,  (32)

Vws(ih + 7)) + /
teh+tk
0, t#b
1, t=b

t € [a, b]; Upy((0 (1)) = My + of.
Based on the above (32), there exists a positive scalar A
(e.g., the minimum of eigenvalues of the matrix U + oI can

be chosen as 1) such that

where xp(t) = is an indicative function for

1
Y)Y (1) < XV(Ws(tkh + ™))

1 [t ~
b [ v Teomod. 63
A Jth+ty
Set T is an orthogonal matrix and 7'T = I such that
T'Uy((0(O)T = diag{r1(c (1)), A2(c (1)), ---, Au(o(D))}.
Set ¢(t) = T'v(¢). Then, one has
o(1) p(1)
1 1 [t
< LVOws(teh+ ) + f $(y) diag
A A teh+1
M@, (o), -+, AlocON}d(dy, (34)
which implies that forj =1, 2, ---, n,
1 ! A
¢j(1)* < —V(wstxh + ) + / ’("(y))@(y)zdy.
ni tkh+tx A
(35)

By employing the Gronwall inequality, it is derived that

t .
(1) < iV(Ws(tkh + w))exp {/ )LJ(U—(I))dy } .
nA "

h+T1i &
(36)
According to Theorem 7.3 in [33], one has
N, 1
lim ———— = —. (37)
tmoot —(frth+tw) A

VOLUME 9, 2021



J. Zhu: Sampled-Data Control of DPSs via Event-Based Communication Scheme

IEEE Access

It is clear that ]% =1 as ky,—;. And one has

1 ! kj(d(y))d
Yy
[—(tkh+fk) trh+1 &
. N, RNEIO))
= lim ———— — ———dy
k=it — (kh+ ) Ny — Jo A
f—00 =1
1 t )‘.
+ lim ’(U(y))dy
kvt — (Gch+ ) Jiy, A
t—00
N; ki
11 7 Aj
_ gim L1 f iGN (38)
th_)tsANt i—1 kj*l A
t—00 J=

By employing the strong law of large numbers for
Markovian, one has that

1L [ Ao
lim —— ——dy
thﬁt!ANf i—1 k,'_] A
t—00 J= ’
.11 Ai(o (1))
= lim ——& |-~ N
Jm e |5 e
—0o0
Ai(d
=Y mg# (39)
iyeS -
holds almost surely.
According to the above analysis, (36) is equivalent to
1
¢ty < —V(ws(ich + )
ni
t A
xexp / > nigﬂdy (40)
trh+ty i,eS A

with probability 1.

In view of 21), if ¥, e, 2 < 0 hold for j =
1, 2, ---,n,thatis, B
> 71, Up((in)) < 0 (41)
iyeS

holds, then ¢(r)'¢(z) is almost sure exponential conver-
gence to zero. Based on the inequality ¢(r), x,()'x,(r) <
Y () Y (t) = ¢(t) ¢(r). Furthermore, it is easily obtained that
x5(2)'x5(¢) is almost sure exponential convergence to zero,
which means that the closed-loop system (21) is almost surely
exponentially stable.

Since o > 0 is arbitrary, it can be arbitrarily close to zero.
Then, the condition (41) can be described as

Z mi, M;, <O. (42)
iny€S
Now, this proof is completed. [J 0

Remark 2: In view of the condition (22), one has that
controller gain K is not directly derived from P1A%K because
A% in the term X = P Zia S moAisz is not invertible,
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usually, it is full column rank. In order to solve this diffi-
culty, define N Ziaes i, Ay = X and M Ziges i, Ay =
dies i, AiisP1. then, one has

M Z JTidAi"S — Z nioAL”SP1

ir€S iy€S

x| M Z i, Ale — Z mi, APy | =0,
iy €S ireS

which implies that there exists an arbitrarily positive scalar
y such that

. . !
v (M Zz},eS mnA;AUS - Zi,,eS ”ioAfAUSP1> =0
* 1
holds. Due to full column rank of Zia S i, Ay, it is therefore
clear that there exists an invertible matrix M such that the
above LMI holds.
In order to easily design the controller gain K, according
to the analysis in Remark 2, we give the following theorem.
Theorem 2: Consider the slow system (5) and the
DPS (1) - (3). Given ty, if there exist positive definite
matrices Py, Py, and P> such that the matrix inequality

3w, M, <0 43)
ir€S
and
Py, —2P; <0 (44)
hold, where
My PiM;  Pr Mg My;s Mg
* —2G1 0 M24 M24 TA2/I M24
f — * * -Gy P P, TA%[PI
fo ™ * * * Mys Mys ‘L’AZ,IX/ ’
* * * * Miss tle/
* * * * * Mes
Mis = Ty(P1A"Y: Moy = (PIM3);

Myy = X' + X — Pp; Mys = X' + X;
2
~ T ~
Mss = X'+ X + Py — TPz;Mm = (P2 — 2Py).

Then, the closed-loop system (21) is almost surely expo-
nentially stable.
Further, according to Remark 2, the controller gain is

derived that
K=M"'N. (45)

Proof: Let us start with pre- and post-multiplying both
sides of M; given in (22) with the following matrices

diag{l 1 I I I
diag{l 1 1 I 1

PPy,
Py}, (46)
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respectively. Then, one has

> mi, M, <0. (47)
iyeS
in which
My PiMf P My Mis M
* -2G; 0 Mbhs My ‘L’AZ/I Moy
M, =] * * -G, Py P TP ,
v * * * Mys  Mys My
* * * * Miss Mg
* * * * * Mgs

. . 712
M = (P1AY) + P1AlY — sz
~2(EminM7) G1(EpaxM}) + 82 Go;
Mg = (PIAY) + P1AY;
. . 7-[2
Mis = (P1A?) + P1AY + sz;

Myy = (P1AgK) + PIAZK — Py;
Mys = (P1A“K) 4 P1A“ K ;
Mis = 7 (P1AK)':

2

. . T
Mss = (PlAf;;K)/ + P1Al"K + Py — sz;

Megg = —‘L'Az,,P1P2_1P1.

In view of the above condition, the controller gain matrix
K cannot be directly derived by Mz}, because PP, 1P1 is
nonlinear term. Thanks to (P; — Pz)P;](Pl —Py) > 0,it
is easily derived that

PiP;'Py > 2P| — P (48)

2P1 — P; is used to replace P1P;1P1, then, the proof is
completed. [J
O
Remark 3: In this paper, the relaxed stability condition is
derived based on free weight matrices, which implies that
there are a large number of calculations if the chosen free
weight matrices are with large dimensions.

IV. APPLICATION TO A CATALYTIC ROD

In this section, to demonstrate the effectiveness of the
achieved results, the control problem of the temperature pro-
file of a catalytic rod [6] will be studied by employing the pro-
posed design method. Consider a long, thin rod in a furnace,
and the DPS with the following form is assumed to represent
the spatio-temporal evolution of the rod temperature

ow(x, t)
at
_ 5 02w(x, 1)
2 9x2

—4
+ [50 (exp(m) — exp(—4)> — 2w(x, t)i|
+AS (i(x)ur(t) + fr(x)uz (1)) , 49)
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which is subject to the Dirichlet boundary conditions

w(0,t) =0, wr,t)=0, (50)

where w(x, t) is the temperature in the reactor; u(f) and u>(¢)
are the manipulated inputs. We consider that every state of
the Markov chain{o (), t > 0} is same, that is, both Ag and
Af are constants and take A = 1, A = 2. It was verified by
Christofides in [6] that the operating steady state w(x, t) = 0
is an unstable one. The actuator distribution functions are

taken to be fi(x) = %sin(x) and fo(x) = \/gcos(x). By
Galerkin method, the following 2-D ODE system is derived

. [-10 gs1(ws(t), 0)
wilt) = |: 0 —4] ws(0) + |:832(Ws(t)a 0)]

2 0
u(t)
+[o —16“@(0}’ 6D
3

w(t) = [wai (1) we ()]
gs1(ws(1), 0) = —2w1 (1) + g3(ws(2)),
g3(ws(1)) = 50‘[0 d1(s)[—exp(—4)
4
I + w1 (H)1(s) + wsa()P2(s)
gSZ(Ws(t)v 0) = _2Wx2(t) + 84(Ws(t)),
ga(ws(1)) = 50/0 d2()[—exp(—4)
4
)lds.
1 4+ w1 (D)1(s) + wia ()2 (s)

Furthermore, we adopt the NN (10) with 12 hidden neurons
8s1(ws(1), 0)}

where

+exp(— )lds,

Fexp(—

to approximate the nonlinear function vector
PP 20(wy(1), 0)

To train the network, several different values of w; and w, are
selected from [0.01, 1] at intervals of 0.01 and [0.005, 0.5] at
intervals of 0.005, respectively. After 860 epochs, the weight
matrices respectively converge to M and (MJ)" as follows:

(28233 1.0179 ] [-04523 —0.4316]]
—0.9784  4.7651 0.8151 04514
—0.6783  4.3396 0.8696  1.3484
49217 2.1880 | | —0.0427 —0.0532
32167 03723 | | —0.3278  —0.4010
3.8538  —2.0794| | —0.3609 —0.4906
2.9649  —2.9006 || 0.5065  —0.4211
3.6666  —3.1006 | | —0.2057 —0.7495
~3.4923  —3.3663 | |-0.0278 —0.0326
—3.8808  2.8746 1.0362  —0.2083
34125  —3.4461 | |—0.1232  —0.0492

| 32918  —2.9350| | 0.0677  0.0658 |

Consider now the initial value of the system (49) shown as
follows

w(x, 0) = 0.05y/2/msin(x) 4 0.64/2/m sin(2x).
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time t (sec.) M

FIGURE 2. The spatio-temporal evolution of the rod temperature of the
system (49) without input control.

It is easy to obtain wy(0) = [0.05, 0.6]’. Under the
conditions u1(f) = 0 and uy(t) = 0, the spatio-temporal
evolution of the rod temperature of the system (49) without
input control is shown in Fig. 2. It is clear that the trajectory
of the rod temperature of the system (49) does not converge
to zero.

By employing the Matlab LMI toolbox, one obtains the
following parameters based on Theorem 2:

po _ [ 36714 07937

0= 1-0.7937 3.6714 |’

©_ [0-7387  0.1169
= 1-0.0552 —0.1314|"

Simulations: In this simulation, we consider cycle sam-
pling style for the adaptive event-triggered communication
scheme. Pick up the sampling time interval # — f_; =
0.1 and the initial p(0) = 0.8. Simulation results of the
system (49) are shown in Figs. 3-8. In Fig. 3, it shows that the
state responses of both wg and wyy of the slow system (51)
with the obtained controller gain. It is easy to see that both wy
and wsy of the slow system (51) converge to zero under the
adaptive event-triggered control scheme. Actual trajectory of
the adaptive control law p(¢) is shown in Fig. 4. It is clear to
find that the value of the adaptive control law p(¢) converges
to a constant when the slow system (51) reaches stability.
The adaptive event-triggered responses of both wy; and wg
of the slow system (51) are shown in Figs. 5-6, respectively.
In Fig. 5, the state value wy; of the slow system at the each
event-triggered instant ri £ is shown. In Fig. 6, the state value
wyo of the slow system at the each event-triggered instant 7 h
is shown. It is obvious that the states wy and wy, of the slow
system go to zero as the control time goes to 8. In Fig. 7, actual
trajectory of the adaptive event-triggered control input u(z) is
given. One can get that the adaptive event-triggered control
input u(t) converges to zero as the slow system (51) reaches
stability. From Figs. 3-7, the event-triggered control scheme
is effective for the slow system (51). In order to illustrate
the effectiveness of the event-triggered control scheme for
the system (49) with boundary conditions (50), the profile
of evolution of rod temperature is given in Fig. 8. It is clear
that rod temperature goes to zero as the control time goes
to 8, which implies that the proposed control approach in this

VOLUME 9, 2021
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(] 1 2 3 4 5 6 7 8
Time t (sec.)

FIGURE 3. Actual trajectories of the states both wg; and wy, of the slow
system (51).

o 1 2 4 5 6 7 8
Time t (sec.)

FIGURE 4. Actual trajectory of the variable o(t).

K

State response of w (1)

Q
08 1 2 3 4 5 s 7 8
Event-triggered time t (sec.)
FIGURE 5. Actual trajectory of the state wy; (t).
08
0.6
o 04
K
P1E 1k
- B
T
LI
~04
R e S

Event-triggered time t (sec.)

FIGURE 6. Actual trajectory of the state w; (t).

paper is effective. The simulation results show that the result-
ing guaranteed cost controller can regulate the temperature
profile at the desired steady state w(x, ) = 0 under the cost
function (17) is satisfied.
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Control input u(t)

7
Time t (sec.)

FIGURE 7. Actual trajectory of the adaptive event-triggered control
input u(t).
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FIGURE 8. Profile of evolution of rod temperature system (49) with the
adaptive event-triggered controller.

V. CONCLUSION

In this paper, the problem of adaptive event-triggered net-
worked control is investigated for a class of distributed
parameter systems with Markov jump parameters. A pro-
posed adaptive event-triggered control scheme is used to
reduce the workload of the network. And the Galerkin method
is employed for the distributed parameter systems to derive
ordinary differential equation (ODE) systems, which accu-
rately describe the dynamics of the dominant (slow) modes of
the considered systems. The resulting nonlinear ODE systems
are subsequently parameterized by a multilayer neural net-
work with one-hidden layer and zero bias terms. Furthermore,
based on the novel Lyapunov functional and the nontrivial
stochastic analysis approach, the stability condition of the
systems is derived. Finally, a linear adaptive event-triggered
networked feedback controller is designed to stabilize the
closed-loop distributed parameter systems.

Notice that the significant stability analysis can be
extended to the problem of boundary control. Few techniques
were presented to analyze boundary control of distributed
parameter systems. Motivated by this, future work will focus
on boundary control to keep almost sure stability of the
systems with packet losses.
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