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Abstract—This paper adds dynamic variables to decentralized
periodic event-triggered control, denoting dynamic decentralized
periodic event-triggered control for wireless cyber-physical sys-
tems whose sensors are distributed and bandwidths are limited,
and studies the stability and L2-gain. In dynamic decentralized
periodic event-triggered control, dynamic variables that require
only local information are designed and added to the event-
triggered mechanisms. This dynamic variable can guarantee that
the event-triggered mechanisms still be localized which does
not require information from other nodes. For implementations
with dynamic decentralized periodic event-triggered control, at
each periodic sampling time the event-triggered mechanisms
decide events based on new measurements from local sensors.
Those measurements that trigger the events are transmitted
to controllers, and after network transmission delays, they
are received and the controller computes the control actions.
The transmissions of these control actions from controllers to
actuators are also decided by event-triggered mechanisms. The
feasibility of the approach is shown via two examples. Numerical
results show that, with the same stability and performance,
dynamic decentralized periodic event-triggered control can save
more than 40% events, making it more suitable for wireless
cyber-physical systems.

Index Terms—dynamic event-triggered mechanism; decentral-
ized periodic event-triggered control; hybrid system; wireless
cyber-physical system; smart water distribution systems.

I. INTRODUCTION

Cyber-physical systems (CPSs) are an integration of physi-
cal processes and sensing, communication, control, and com-
putation. In CPSs, the physical components and software
components are deeply coupled, presenting more possibilities
in accomplishing complex tasks, improving efficiency, and
enlarging the physical scales of the systems. Applications of
CPSs include smart water distribution systems, smart grids,
precision farming etc. More often today, wireless networks are
used to relay data in CPSs. As a trade-off, these wireless CPSs
have both decreased communication bandwidth compared with
wired systems and where they are battery powered, they
require frugal use of communications for energy savings.
Therefore, it is important to reduce the transmissions from
each of the CPS tasks to better share the limited bandwidth
and minimize hardware maintenance. In this paper we focus
on how to reduce the transmissions from control tasks in CPSs.
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In CPSs, the control task aims to guarantee that the physical
systems is stable while satisfying predesigned performance
guarantees; and robustness and resilience of the systems.
Typically feedback control loops are introduced for these
control tasks. A feedback loop requires sensors to measure the
system output, a controller to compute the control actions for
the actuators based on the measurements, and communication
channels to connect the sensors controller and actuators to
close the loop. Normally, the feedback control loops are closed
in a periodic manner, named periodic time-triggered control
(TTC). However, TTC may result in bandwidth waste due to
unnecessary data communications where nothing interesting is
happening to the physical system under focus. Event-triggered
control (ETC), on the other hand, triggers control actions only
when necessary and has been proposed in e.g. [1]-[11].

Periodic event-triggered control (PETC, [12]-[14]) is an
aperiodic triggering mechanism that introduces an event-
triggered mechanism (ETM) to the TTC. At each periodic
sampling time, the ETM determines whether the current mea-
surement will be used to compute the control actions based
on an event-triggered condition. However, this centralized
periodic event-triggered control (CPETC) requires the whole
vector of the current measurements for decision making.
Therefore, unless the sensor nodes are co-located, CPETC
cannot save any bandwidth compared with TTC. For large
physical systems, whose sensors are usually not co-located,
decentralized periodic event-triggered control (DPETC) is thus
proposed in [12], [15]-[18]. In DPETC, the ETM is distributed
to the sensor nodes who trigger events based on local infor-
mation only. Previous work [19] has shown the efficiency of
the DPETC in a smart water distribution system.

In this paper, we extend DPETC to further reduce the
transmissions. Inspired by [20]-[23], we introduce dynamic
variables to DPETC, and propose a dynamic decentralized
periodic event-triggered control (DDPETC). In DDPETC, a
dynamic variable is designed and added to each of the local
ETM. This dynamic variable can recharge and discharge
based on local system information according to the system’s
dynamics. Therefore, with this new dynamic variable, the
ETM remains localized. In DDPETC, at each sampling time
an event will be triggered locally when two conditions are
satisfied: the local sampling error (the error between the cur-
rent system output and sampled output) is large enough; and
the local dynamic variable is non-positive. Compared with the
static decentralized periodic event-triggered control (SDPETC)
which only employs the first condition, DDPETC has a higher
potential to reduce the number of events communicated.

Compared with [20] and [22], our proposed DDPETC con-
siders periodic sampling instead of continuous sampling, and
thus the sensors are not required to work continuously, which



further saves energy consumption; compared with [21] and
[23], our work considers decentralized ETC instead, making
our approach suitable for systems whose sensor nodes are not
co-located. Further, compared with [12], in addition to adding
the dynamic variables, our work also considers transmission
delays, making our approach more practical as we demonstrate
in the latter sections of this paper.

We apply our proposed DDPETC to two numerical exam-
ples: a batch reactor and a smart water distribution system.
The water system is built on two physical system simulation
toolboxes in Matlab: Simscape and Simscape fluids, which
make the model highly representative to a real physical system.
Compared with our prior work using the Waterbox in [19]
which applies a switched controller, the current water system
example in this paper removes the switches and applies a
simple control gain as the controller, and the physical scale
of the water system is also much larger.

This paper is organized as follows. Section II presents the
necessary notations and introduces the system architecture.
The main result is presented in Section III. We demonstrate the
feasibility of the approach through two numerical examples in
Section IV and conclude the work in Section V.

II. NOTATION AND PROBLEM DEFINITION

We denote the n-dimensional Euclidean space by R". We
use RT and Rf = R* U {0} to denote the positive real
numbers. We use N to denote the natural numbers including
zero, while we use N1 to denote the set of natural numbers
without including zero. The usual Euclidean (I2) vector norm
is denoted by |-|. A symmetric matrix M € R™*™ is said to be
positive definite, which is denoted by M > 0, if 2" Mz > 0
for all  # 0, x € R™. For a symmetric matrix M € R"*",
Amin (M) and Apax(M) denote the minimum and maximum
eigenvalue of M, respectively. For a locally integrable signal
w: Ry — R™, we denote by [lw||z, = 1/ [, [w(t)[2dt its Lo-
norm, provided the integral is finite. Furthermore, we define
the set of all locally integrable signals with a finite £o-norm
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e notions of exponential stability and Ls-gain will be
central to our later discussion. These are defined next.

Definition IL.1. (Exponential Stability) [24] A system £(t) =
fE®), t € RY, &(t) € R™ is said to be globally exponentially
stable (GES), if there exist a,c € RT that for any ty > 0
satisfy [€(t,£(0))] < c|€(0)]e™", Vt > to.

Definition IL2. (Ly-gain) [12] The system (1) =
fE@),w(t)), z(t) = g(&(t),w(t)) is said to have an La-
gain from w to z smaller than or equal to v, if there exists a
Koo function § : R™ — RT such that for any w € Lo, any
initial state £(0) = & € R™, the corresponding solution to
the system satisfies |||z, < §(&0) + Y||wll 2,

Consider a linear time-invariant (LTI) system as

ép(t) = Apfp(t) + Bp@(t) + Ew(t) (1)
y(t) = Cp&p(t%
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Figure 1. System architecture.

where &,(t) € R, 0(t) € R™, y(t) € R™, and w(t) €
R™ denote the state vector, input vector, output vector, and
disturbance of the plant at time ¢ respectively.

The plant is controlled by a continuous time linear con-
troller, given as

{ éc(t) = Acgc(t) + Bcg(t) )

U(t) = chc(t) + ch(t)

where &.(tx) € R, g(tx) € R™, and v(t;) € R™ are the
state vector, input vector, and output vector of the controller
at time ¢ respectively.

For the implementation (1) and (2), we denote two vectors:

a(t) == [%ﬂ €R™ , u(t) == Bgﬂ ER™,  (3)
where n, := n, + n,. From definition, it is easy to see that
4(ty) and w(t) are input and output of the implementation
respectively.

We assume that, when (t) = u(t), Vt € Ry, the imple-
mentation (1) and (2) is stable. In this work, we consider the
scenario that, the input 4(t) is sampled and updated from the
output u(t) by a dynamic decentralized periodic ETM. The
system structure is shown in Figure 1. The design of this ETM
will be the center of the work.

Consider the following periodic time sequence:

T == {tk|tk =kh, k € N} 4)

The sensors are required to measure the local system output
in either continuous-time or discrete-time at each ¢ € 7. The
continuous-time measurement is not mandatory. Our simula-
tion result in Section IV will show that, for some systems this
continuous-time measurement can further reduce the number
of events.

The local ETMs, on the other hand, only execute at each
t € Ty, after receiving the new measurements. At each
sampling time t;, define o0;(tx), ¢ € {1,---,n,} the local
information available to the ETM, ¥;(0;) > 0 the local event-
triggered condition, which will be designed later. Whenever
this event-triggered condition is satisfied, the corresponding
output elements will be transmitted. Define a set J indicates
if there is an event at each ¢;:

J={ii e {1,...,n.}, ¥;(0;) > 0} 3)
Define J. :={1,--- ,n,} \ J.

In this work, we also consider transmission delays intro-
duced by the networks. We assume that, the transmission delay
is a fixed value d satisfies 0 < d < h. Fixed d is applicable,
since all the transmissions that have delays between [0, d]
can be updated at the same time d, regardless of the various



receiving times. Thus, the measurement wu;(tz) that triggers
an event at t; will be received and used to update the system
input 4;(t) at ¢ + d.

In between two update time ¢; + d and 41 + d, the input
@(t) will hold by a zero-order hold (ZOH) mechanism. To
analyze the system dynamics with this transmission delay, a
memory vector s(t) := [s,) (t) ST(t)]T is introduced, where

Yy v
s(t) € R™, s, (t) € R™, and s,(t) € R™. s(t) is updated as

Vit :]tk,tk_._ﬂ:
ui(tk)a 1€ j
i t) = 6
0 {si(tm i€ .. ©
and 4(t) is updated by Vt =|ty, + d, ty1 + d):
. Sz(tk‘i’d),lgj
i(t) = _ 7
{f) {ﬁi(tk+d),zejc. @

At each sampling time ¢, all those sensors that have events,
ie. Vi € J, their new measurements u;(t) are updated to
s;(¢) first; after delay d, these new measurements w;(tx) will
then be updated to the system input @;(t) via s;(t). This
procedure represents the event-triggered update mechanism
with respect to transmission delay. And Equation (6) and (7)
describe this procedure in mathematics.

For the hybrid system (1) (2) (4) (5) (6) and (7), define its
state as (£(t), 7(t)), where

{ﬂﬂ:{ﬁﬁ)ﬁﬂﬂ at(t) sT(t)]" e R

(®)
T(t) =t —tg, t € [tk,tk+1],

in which ng 1= n, + n. + 2n,, 7: Rf — R is the elapsed
time since the last sampling time and it satisfies

T(t) = 1, te [t}c,tk+1].

Denote a set X as (x,r) € X C R™ x [0,h], such that
x = £(t) and r = 7(t) for some ¢ € Ry .

Following [25], now we conclude the dynamics of the
hybrid system as:

1) Flow set: The flow set is given by:

C:= {(w,)|(w.r) € X,r £ d.r # h}. ©)
2) Flow dynamic: The flow dynamic is given by:
(ir,7) € F(x,7r) := (Az + Bw, 1), (10)
where F is the flow map, and
A, 0 0 B, 0 0 E
0 A. B. 0 0 0 0
- 0 0 0 0 0 o0of 5 0
A=10 0 0o 0 0o B0
0O 0 0 0 0 0 0
0O 0 0 0 0 0 0
0 is a zero matrix of proper dimension.
3) Jump set: The jump set is given as:
D =Dy U Dy, (11)

where
Dy :=A{(z,r)|(z,7) € X,r =d)}

Dy = {(z,7)|(z,7) € X,r = h)}.

4) Jump dynamic: The jump dynamic is given as:

G; (z,r),VY(z,7) €D
(@) € Glayr) = | S BT T €D
gjj(l‘,r), v(xar) € Dha
where G j, and gjj are jump maps:
G, (w,r) == (Jgz,7)
gj:,(‘rﬂn) = (ijv 0)7
with
(1 0 0 0 0 0
0 I 0 0 0 0
Ty o= 0 0 7-TY 0 ry o
00 0 I-1% 0 TY%
00 0 0 I 0
0 0 0 0 0 1
[T 0 0 0 0 0
0 1 0 0 0 0
N 0 0 1 0 0 0
T 0 0 0o I 0 0o |’
ry.c, 0 0 0 71-TY 0
| 0 rvc. I'2D. 0 0 I-TY

in which [ is an identity matrix of proper dimension. I‘f’7 and
I'’; are diagonal matrices such that:

1,ieJ 1,ieJ
) o
g(59) {O,iejc’ g(69) {O,iejc.

Finally, we give a performance function as:

2(t) :== C&(t) + Dw(t), (13)

where C' and D are pre-designed matrices.

ITI. MAIN RESULT

Inspired by [21], consider some dynamic variables 7);(t),

ie{l,---,n,}, whose dynamics are given as:
0i(t) = =2pmi(t) + k[ u} (1), (2.7) € C

ni(t) + kfu?(t)v e J, (I,T) €Dy
mi(t) + ke ui(t) — BT (H)QiE(t)
i 6 \767 (x,r) G Dh
ni(t)v (I,T) € Dd7

(14)
ni(tT) =

where p is a pre-defined positive scalar, kf , kI, B;, and k7°,
are pre-defined non-negative scalars. ); € R™ x R"™ is a
matrix defined as:

Qi =
(1 —O’Z‘)CTFiC (1 —O’Z')CTFZ‘D—CTFZ' 0
* (D—-D'Ty(D—1)—0;DTT;D 0
0 0 0

where o; is a positive scalar, I'; € R™ x R™ is a matrix with
T;(é,7) = 1 and all the other elements equal to zero. C' and
D are matrices defined as:

G0 10 0
o=[§ o]0 Y



From (14), one can see that, n;(¢) is updated base on 7;(0),
0, k:zf, kY, kd°, B;, Gi(t), and wu;(t), all of which can be pre-
stored or obtained locally.

By now we can give the decentralized event-triggered
condition as:

J = {i|®(0s(tx)) > 0}
= {i|mi(te) < ONAET(tk)Qik(t) > O}

(15) shows that at each time ty, k € N, after receiving the
new measurements, the mechanism will check if the quadratic
condition &7 (3)Q:&(tr) > 0 (representing the local sampling
error is big enough) and the condition 7n;(t;) < 0 (representing
the local dynamic variable is non-positive) are satisfied. If both
conditions are satisfied, the mechanism will determine that
there is an event locally.

According to (6) and (7), we can deduce that at time g, if
ET(t1)Qqi&(tk) > 0, the following inequalities hold:

{ET(tk)Qif(tk) >0

5)

€T (te + d)Qik(ty, + d) > 0, (1o

where

G =
(1 - O’i)CTFiC 0 (1 - Ui)CTFiD - CTFZ‘

0

% « (D—DTTy(D —I)— 0;DT;D
o0 o 0
Qi= |* I I
x o« (1—oply

Consider the following Riccati differential equation:

dp __ AP — PA-YTKIY —2pP; —672C"C

@ J
—(P;B+072CT"D)M(B*P; + 072D C),
(17
where M = (I —0~2DTD)~1, j € {0,1}, and
y._[G 0 0 000
~ |0 C. D. 0 0 0
K7 = diag(k{,--- .k} )
K:qj = dlag(k]f, 7]€’I]’€7,u)7
with
L K, ifieJ
CUO kY, ifie T

By the definitions, one can see that u(t) = Y&(¢).
From (17), the Hamiltonian matrix can be constructed as:

Hyy H12}

18
Hy1  Hao (18)

=

where
Hyy := A+ pl +y 2BMD*C
Hy; := BMB"
Hy = -CT(y*I - DD")"'C - YTK'Y
Hyy := —(A+ pIl +~2BMD*C)T.

From (18), the matrix exponential can be obtained as:

_ Fi1(r) F12(T‘):|
F(r)y:=e Hr=|"H . 19
(r):=e [le(r) Fao(r) (19
Assumption IIL.1. Fy1(r) is invertible ¥r € [0, h).
Since F11(0) = I and Fyy(r) is continuous, the As-

sumption III.1 will always hold for sufficiently small h. If
Assumption IIL.1 holds, —F;* () Fi2(r) is a positive semi-
definite matrix. Then, we can define the matrix S(r) that
satisfies S(r)ST(r) := —F;"(r) Fia(r).

Next, we present the main result of this paper.

Theorem IIL.2. Consider the hybrid system (9) (10) (11)
(12), event-triggered condition (15), update mechanism (6) (7),
assume Assumption II1.1 holds, and there exist matrices Py,
Pig = 0, and scalars ksz K, Bi, K{°, iy, Ay, iy, il >0,
Vi e {1, - ,ny}, such that the following LMIs hold:

(G JEFLT(d)PaS(d) JEGy
I—ST(d)PgS(d) 0

* * Gs

S - (20)

Gy JEFLT(h—d)PonS(h—d) JEGy

=0

I—ST(h—d)POhS(h—d) 0 =0,
L * G4
where
Gy := Pop, — Z(/ﬂj@) + Z (f7,Q:) = YTKSY +2
i€J 1€Jc

Gy = Fiy"(d) PraFiy (d) + P () iy (d)
G3 = Pld - Z(ﬂ?j@z) + Z (laf%QNZ)
ieJ i€
Gy:=Fy" (h—d)Pop Fy' (h — d) + Fai (h — ) Fy' (h — d),

and
= .=l =
=OE Er=eEI
== [[ I}T c R(ngnu)xng
EQ = diag (’Yl/Blle t ’Y?Luﬂannu)
1,1€ J.
T ey,

then the system is GES with the convergence rate p when
w = 0; and the Lo-gain from w to z is smaller than or equal
to .

Proof. In this proof, we replace (1, ma} DY > for sake
of brevity. Consider the following Lyapunov function:

U(z,r) =V(x,r)+ Zni7 (21)

where
_ 2T Py(r)x, 7 = [0,d]
Viw,r) = {xTPO(r)J:, r=[d,h].

The basic idea of the proof is inspired by the proofs of
Theorem II1.4 in [26] and Theorem III.2 in [12]. The proof
consists of four steps presented as follows.

The first step is to show that n; is non-negative V¢ € Rg.
This step is detailed into 4 cases:



e When (z,7) € C, by applying comparison lemma (see
e.g. Lemma 2.5 in [27]), it is easy to see that 7;(t) > 0.

o When (z,r) € Dy, by the result from the case when
(z,7) € C, we have n;(t) > 0.

e When (z,7) € Dy, and £T(+)Q:£(t) < 0, 1;(t) increases
during the jumps. Together with the result when (z,r) €
C, thus n;(t) > 0.

o When (z,7) € Dy, and £T(£)Q;&(t) > 0, if n;(tT) < 0,
according to event-triggered condition (15), an event is
triggered, i.e. (x,7) € J. According to (14), n;(t™) will
increase. As a result, 7;(t7) > 0.

Then, we need to show that U satisfies V¢ € R(J{ :

Al + > Il SUET) < cal€®+ Y Imil.

Here, c; and ¢, are scalars that satisfy 0 < ¢; < c3. We finish
this step by finding such ¢; and cs.

According to [26] and [12], V7 € [0,A], it holds that
Pi(r) = 0,i€{0,1}, and

¢y = min{ min Apin(Po(7)), min Amin(P1(7))}

T€[0,h] T7€[0,d]
Cco = maX{TIél[g’)’(l] )\maX(Po(T)),TIél[%i(i Amax (P1(7))}

The third step is to show that U has a supply rate 6227z —
wTw and decay rate 2p during flow. From (14) (17) and (21),
it follows that:

2T+ wlw—uTKu

= > Comi — klul)
=—20U — 072272 + wTw.
The last step is to show that U does not increase during

jumps. According to the proof of Theorem III.2 of [12], it
holds that:

d
—U<-2
dtU pV — 672

PO(d) F21(h d) 11 (h d) + F11 (h - d)(PO(h)"’
Po(h)S(h = d)(I = 8T (h — d)Po(h)S(h — d))~*
ST(h —d)Py(h)Fyy' (h — d)

P1(0) =Fo1(d) 3! (d) + Fi; " (d) (Pi(d) + Py(d)S(d)
(I = ST(d)Py(d)S(d) " ST (d) Pr(d) Fiy' (d).

By applying the Schur complement and S-procedure (see e.g.
[28]) to (20), it follows that: when (x,r) € Dp:

)+ Y ni(t)
=T () Poné(t) + > milt)
>ET(t)(J7PoJs + YTKSGY — E)(
=Tt )j}ijJf( )

£+ > mlt)

+ > (mat) + ki () — 3BT (H)QE (1))
ZfT(t+)P10§ )+ mth) =U(h).
When (z, r) € Dy:
Ut) =V () + Y mi(t ()Pra(t) + > milt
sz( )JJPOdef + Zm
=T () Poa(t7) + Y _mi(t) = U(tY).

.
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Figure 2. Schematic diagram of the approach, showing the presented method
and algorithm.

These 4 steps together guarantee that U is a proper Lya-
punov function and the system is GES with a convergence
rate p when w = 0 and has an Lo-gain from w to z smaller
than or equal to ~. This concludes our proof. O

When we look at event-triggered condition (15), it is easy
to see that the ETM requires execution periodically at each
sampling time t; only. Meanwhile, for the dynamic variable
n;, if klf =0, Vi € {1, - ,n,}, the evolution of 7; does
not require continuous system output during flows according
to (14). As a result, the system output is only required
periodically at each ¢j; however, if 3 € {1,---,n,} such
that k:f = 0, the corresponding system output elements are
require continuously.

Normally, one can set k/ = 0, Vi € {1,---,n,} to save
sensor node energy consumption, that is sensors typically
sleep with discrete time duty-cycles. However, in some cases,
kf # 0 can lead to fewer number of events requiring being
triggered, while guaranteeing the same stability and L,-gain
performance. We will show this in Section IV. Besides, if
kf =0,Vie{l,---,n,}, the first order differential equation
in (14) can be turned into a multiplication, since e—2ph
e~2°(h=7a) "and e~2P7¢ can be pre-computed and stored in the
sensor nodes. This can dramatically reduce the computation
load when the system is running. Solving the LMIs (20)
should be finished before the execution of the system, and
thus it is an off-line computation. We use SeDuMi as the
solver for YALMIP. According to the user’s guide for SeDuMi
interface, the computational complexity of SeDuMi is in
O(n?*m?25 + m35), in which n is the number of decision
variables and m is the number of rows of an LMI.

Remark IIL3. For Theorem IIL.2, when kI, k9, B;, k% =0,
Vie{1,---,n,}, then n;(t) =0, Vi € {1, ,n,}, t € R].
Thus, the dynamic event-triggered condition (15) turns into
static event-triggered condition.

Figure 2 shows a schematic diagram to explain the presented
approach. Figure 3 shows a flow chart to show how the
presented method works.

IV. NUMERICAL EXAMPLE

We illustrate the presented theory using two numerical
examples in this section.
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Figure 3. Flow chart of the approach, showing how the presented method
works.

A. Batch reactor

The first example is a batch reactor system from [29]. The
controller is given as:

0 0 0 1 -2 0 0 -2
S R s P L2
Other parameters are given as h = 0.01s, 74 = 0.001s, p =
0.01. For the performance z, we choose z(t) = [1000],(¢).
The initial state is given as &,(0) = [10 — 10 — 1010]7T,
£c(0) = 0, §(0) = Cp&p(0). and 5(0) = D.Cp&,(0).

For SDPETC, a feasible solution to the LMI (20) can be
found when o; = 0.01, ¢ € {1,---,4}, v = 0.9. After
executing for 10s, a total of 896 events are triggered. For
DDPETC, let 7;(0) = 0, kf =0,0;,=0.01,Vie {1, ---,4},
with v = 0.9, a feasible solution can be found. A total of
540 events are triggered after 10s. One can see that, with
the presented DDPETC, the number of events are reduced
dramatically. Figure 4 shows when w = 0, system state
evolution and event instances of SDPETC and DDPETC.

Further simulation shows that, during [0,10] the total event
saving is 39.7%, during [7,10] the total saving is 40.2%.
Therefore, the savings are almost equal during transient period
and after that. Let sz, 1€ {l,---,4} equal to 0.01, 0.05, 0.1,
a total of 565, 527, 572 events are generated respectively. One
can see that, the savings are not obvious for different ka in
this system. Therefore, for this system, kf = 0 is suggested.

B. Smart water distribution system

The second example is a smart water distribution system
based on [19]. The model is implemented in Matlab/Simulink
using Simscape toolbox and Simscape Fluids toolbox, both
of which are developed for physical systems simulation. The
basic structure of the WaterBox testbed used in [19] remains
the same, however some of the parameters are modified to
be more realistic. Firstly, the scale is enlarged by extending
the pipe length. Secondly, the tanks are enlarged to supply
enough water to the consumers. Finally, the two pumps are
reduced to one to simplify the control strategy and the pump is
more powerful to give enough water head to the pipe network.
The scale of the current model considers a water distribution
system that is used at a wine estate in the south of England,
which is about 4 hectares. Figure 5 shows the structure of
the water distribution system. The system identification and
controller design follow the method given in [19].

The goal of the water distribution system can be simplified
as to stabilize the water levels of the three District Meter Area

Flow Meter

T
A

Figure 5. Smart water distribution system structure.
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(DMA) tanks at predesigned constant reference levels. The
system state is chosen as the difference between the reference
levels and the current water levels; the control actions are
the open levels of the valves. The pump is executed with
a constant velocity as electronic machinery input. Since the
system states can be measured directly, the dynamic controller
(2) is replaced by a control gain, i.e. v(ty) = K&,(t;). And
the transmissions from the controller to the actuators are not
included in the ETM anymore.

The plant dynamic is identified and linearized at reference
level of 3 meters. Its dynamic is shown as:

—8.367 0 0
A,=| 0 —6.276 0 | x 1074,
0 0 —5.020 ]
0.1068  —0.0371 —0.0371] 1
B, = |-0.0279 0.0801 —0.0279| ,E = |1
—0.0223 —0.0223  0.0641 | 1
The control gain matrix is designed as:
—0.3024 —0.0089 —0.0238
K= 0.0228 —-0.3034 —-0.0073
0.0357  0.0215 —0.3024

Other parameters are given as h = 2s, 74 = 0.5s, p = 0.001,
z(t) = [111]¢,(t). The initial state is &,(0) = [-3 —3 —3]T,
i.e. the water levels start from 0.

For SDPETC, given 01 = 02 = 03 = 0.1, v = 0.9, the LMI
of (20) is feasible. After executing for 20000s, a total of 19784
events are triggered. For DDPETC, let k{ = k:éc = k?’: =0,a
feasible solution can be found when 01 = 09 = 03 = 0.1, v =
0.9. With the same execution period, a total of 9362 events
are triggered. This means, a total of 52.68% events are saved,
which in turn means the inter-battery change lifetime is more
than doubled, for example. Figure 6 shows the state evolution
and event instances of SDPETC, DDPETC with k{ = kg =
f§ =0, and DDPETC with k{ = kJ = £{ = 0.05. One can
see that, the event intervals in DDPETC are much larger than
those in SDPETC.

Further simulation shows that, during [6000,20000],
DDPETC can save 52.75% events, which is almost equal to
the saving of 52.68% during [0,20000]. Therefore, the savings
are almost equal during transient period and after that. Let
ki, k., and k] equal to 0.01, 0.02, 0.05, 0.1, a total of
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Figure 4. Simulation results of batch reactor with SDPETC (the upper figures) and DDPETC (the lower figures) when w = 0: system state evolution and

event instances, indicating the event intervals are larger in DDPETC.

8584, 7956, 6716, 4894 events are generated respectively, e.g.
8.31%, 15.2%, 28.26%, 47.72% savings each compared with
the case when k{ = k:g = k{; = 0. Define the state error as
e(t) = a° — &,(t), where z° is the equilibrium point, for the
smart water distribution system, z¢ = 0, Vi € {1,2,3}. After
the state is steady, e;(¢) satisfies e;(t) < &. The € are increased
by -0.72%, 7.9%, 20.14%, 98.56% respectively, showing a
trade-off between the total number of events and the steady
state error.

V. CONCLUSION

In this work, we add dynamic variables to decentralized
periodic event-triggered control (DPETC) and thus present
a dynamic decentralized periodic event-triggered control
(DDPETC). The evolution of the dynamic variables based
only on local available information, guaranteeing the event-
triggered mechanisms (ETMs) still be decentralized that do
not require information from other nodes in the system.
With the help of these additional dynamic variables, the
DDPETC can trigger fewer events compared with the static
decentralized periodic event-triggered control (SDPETC), i.e.
the DPETC without the dynamic variables, while guaranteeing
the same stability and Lo-gain performance. We illustrate
the DDPETC in two examples: an ideal batch reactor and
a smart water distribution system built on Simscape toolbox
and Simscape fluids toolbox, both of which are for physical
systems simulation in Matlab. Both examples have shown the
feasibility of the proposed DDPETC. Further results show that,
compared with the SDPETC, DDPETC can save more than
40% transmissions. For the smart water distribution system, if
the dynamic variables evolute considering the system output
continuously, further transmissions can be saved compared

with the discrete time system output approach. However,
the steady state error will increase as a trade-off. DDPETC
employs decentralized event-triggering mechanisms and can
largely reduce the transmissions with the help of additional
dynamic variables. Therefore, DDPETC is more suitable for
wireless cyber-physical systems, whose sensors are not co-
located and communication bandwidth is reduced compared
with the wired ones. Our further work includes applying this
DDPETC to real physical systems.
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