Chapter 7
Distributed Event-Based Control
for Interconnected Linear Systems

Maria Guinaldo, Dimos V. Dimarogonas, Daniel Lehmann
and Karl H. Johansson

7.1 Introduction

One way to study the control properties of large-scale systems is to consider that the
plant is composed of interconnected systems. The motivation for this assumption is
twofold. On the one hand, physical plants are made up of parts, which can be identified
as different subsystems, and this structural feature can facilitate the control design.
On the other hand, even if the system does not present these physical boundaries,
it might be useful to decompose it into mathematical subsystems which have no
obvious physical identity. These terms of physical and mathematical decomposition
were first introduced by Siljak [236], and since then they have been used in the design
of centralized and distributed controllers.

Practical examples of these large-scale systems are power or traffic networks, in
which a centralized solution would require a very powerful network and an accurate
model of all the interconnections, and moreover, it would be not robust against
node failures, for example. The design of decentralized controllers for this kind of
systems is a suboptimal solution since it does not take into account the interconnection
between the subsystems. Hence, there is a natural interest in applying distributed
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control to these scenarios, and, if the communication between the local controllers
is event triggered, get better usage of the network.

There are some recent contributions on distributed event-triggered control [51, 54,
88, 166, 232, 259]. The basic idea in all these contributions is that each subsystem
decides when to transmit the measurements based only on local information. In the
most common implementations, an event is triggered when the error of the system
exceeds a tolerable bound.

This chapter discusses different control strategies of distributed event-based
controls for linear interconnected systems. Part of these results are based on the
contributions [88, 89, 91]. Section 7.2 provides the mathematical tools used through
the chapter as well as the problem statement. Different distributed trigger functions
are examined in Sect. 7.3: deadband control, Lyapunov approaches, and exponential
bounds, which is the proposal of the authors to the studied problem. Other exist-
ing strategies such as, for example, small-gain approaches [51] do not prevent from
Zeno behavior, and a constant threshold-like condition must be included to overcome
this issue, yielding similar results to the deadband control from the analytical point
of view.

The analytical results are provided in Sect.7.4. Two aspects are analyzed: Con-
vergence to the equilibria and inter-event times, and the results are illustrated with an
example in Sect. 7.4.3. The extension to discrete-time systems is given in Sect. 7.5.

Model-based approaches has been shown to help to reduce communication in
centralized schemes (see Chaps. 4 and 6). Thus, one of the first improvements pre-
sented in Sect.7.6 consists of a distributed model-based approach combined with
event-triggered communications. However, reducing the number of transmissions in
the network is not the only aspect that matters in distributed systems. For instance,
the frequency of the control update allows a more efficient usage of the limited
resources of embedded microprocessors. Whereas in a single control loop the reduc-
tion of communication usually implies the reduction of actuator updates, this does not
necessary hold in distributed systems, especially if the number of neighbors is large.
Thus, the second improvement presented in Sect. 7.6 accounts for both phenomena
in the design.

7.2 Background and Problem Statement

7.2.1 Matrix and Perturbations Analysis

Let A € C"*" be a complex matrix, and let us define

K(A) = |AIIATY (0 ¢ A(A)), (7.1)
Umax (A) = max{Re(X) : % € A(A)}, (7.2)
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. . . k .
The matrix exponential of A is defined as e’ = > o (*}{',) . Through this chapter,
the stability of the system is proved using some hints that are summarized in this
section to bound |||

7.2.1.1 Bounding the Matrix Exponential

In [245] various norms are discussed to bound the exponential. Three are of particular
interest:

e Log norms If (4, (A) is defined as [tpqx (A) = max{u : u € A((A + A®)/2)},

then
”eAt ” < el/vmax(A)t‘

An interesting corollary can be inferred from the property above. Let Y be an
invertible matrix such that A = Y BY ~!. It follows that

e = 1Y Y 71| < we(¥)etmar B, (7.3)
where k (Y) is defined according to (7.1).
Thus, assume that A is diagonalizable, i.e., there exists a matrix D, where
D = diag(x;(A)), and a matrix V of eigenvectors, such that A = VDV~
From (7.3), it holds that
”eAt ” < K(V)e,umax(D)t — K(V)eamax(D)t — K(V)eamax(A)t’ (74)
where a4y (A) is defined according to (7.2).
e Jordan canonical form Recall the Jordan decomposition theorem which states

that if A € C"*", then there exists an invertible matrix X € C"*" such that

XTVAX = Ty (M) X oo X dpy (M) = J,

where
M 1 0
h=dm O =| 0™ " Jecmwm, k=1, p
: |
0 0 ...
By taking norms and defining m = max{mj, ..., mp}, it can be proved that [245]

tr
led | < m -k (X)e® @ max —.
O<r<m—1r!

(7.5)



152 M. Guinaldo et al.

Note that X may not be unique but it is assumed that it is chosen such that « (X)
is minimized.

e Schur decomposition bound The Schur decomposition states that there exists a
unitary Q € C"*" such that

0*AQ =D + N, (7.6)

where D is the diagonal matrix D = diag(;) and N is strictly upper triangular.
The following upper bound can be obtained [245]

n—1 2
At max (A)t M
le™ |l <e kEO a0 (7.7)

7.2.1.2 Perturbation Bounds

The second aspect that is brought up in this section is the existing perturbation
analysis on the eigenvalues and the matrix exponential, i.e., how the eigenvalues and
the bound on the matrix exponential change when A is perturbed by E.

The following lemma merges classical results from [17, 44] to study the pertur-
bation of the eigenvalues of a matrix A in two situations: when A is diagonalizable
and when it is not.

Lemma 7.1 If A is diagonalizable (V~YAV = D), the eigenvalues A; of A + E

satisfy ~
min |A; —Aj| < k(V)E]. (7.8)
AjEA(A)

Otherwise, Let consider the Schur decomposition (7.6). Then for Ai €AMA+E)

min |3 — ;| < max{61,6,""}, (7.9)
AjEL(A) :

where 01 = || E|| 320 IIN |-
Finally, a result from semigroup theory (see [126]) states that if ||e4?| < ceP! for
some constants ¢ and 3, then

(A+E)t

lle | < cePHelED! (7.10)

7.2.1.3 Perturbation Analysis and Matrix Powers

In discrete-time systems, the matrix exponential is replaced by the matrix power.
Thus, abound on (A+ E)? is required. We introduce the concept of Fréchet derivative
for this purpose.
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Definition 7.1 [108] Let A, E € C"*", The Fréchet derivative of a matrix function
f at A in the direction of E is a linear operator L s that maps E to L s(A, E) such
that

f(A4+E)— F(A) — Ls(A, E) = O(|E|I*),

for all E € C"*". The Fréchet derivative may not exist, but if it does it is unique.
The following lemma characterize the Fréchet derivative of the function X?.

Lemma 7.2 [3] Let A, E € C"*". If Lxr (A, E) denotes the Fréchet derivative of
X? at A in the direction of E, then

p—1
Lxr(AE)y=Y Ar~'"TEAl.
j=0

This means that the p power of A + E is

p—1
(A+E)’ = AP + > ATV EAT + O(|E|P).
j=0

Then, it is a logical consequence the following

p—1
1A+ EPI < AP+ 11 D AP~ TEAT | + O EIP). (7.11)
j=0

7.2.2 Problem Statement

Consider a large-scale system that have been decomposed into N, linear
time-invariant subsystems. The dynamics of each subsystem is given by

%i(1) = Aixi(t) + Biui (1) + D Hijxj(t), Yi=1,..., N, (7.12)
jeN

where the set of “neighbors” of the subsystem i .4; is the set of subsystems that
directly drive agent i’s dynamics, and H;; is the interaction term between agent i
and agent j, and H;; # Hj; might hold. The state x; of the ith agent has dimension
ni, u; is the m;-dimensional local control signal of agent i, and A;, B;, and H;; are
matrices of appropriate dimensions.

In each node or subsystem, we can distinguish the dynamical part strictly speaking
and a microprocessor in charge of monitoring the plant state and computing the
control signal and the communication tasks (see Fig.7.1).
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Subsystem i Microprocessor

___________________ Juc [ i --->[ Receive]- .—->[ Transmit]---é-)
xi(t ui(t i
i(0) i) Controller |

Fig. 7.1 Scheme of a node, consisting of a digital microcontroller («C) and dynamics (left), and
block diagram of the tasks carried out by the microprocessor

Due to the limited bandwidth, the communication between subsystems is at
discrete instants of time. The dynamical coupling between subsystems makes it inter-
esting to have access to the state of neighboring agents to include this information
into the control law. Specifically, the agent i communicate with the set of agents in
its neighborhood .4;. The transmission occurs when an event is triggered. We denote
by {t,i},fio the times at which an event is detected in the agent i, where t,i < t,i 4 for
all k.

The broadcast state is denoted by x; ;. The broadcast states are used in the control
law. Hence, the control signal is updated in a node, at least, when a new measurement
is transmitted and/or received. In particular, the control law for each subsystem is

wi(t) = Kixpi(t) + D Lijxp j (1), Yi=1,....N, (7.13)
JEN

where K; is the feedback gain for the nominal subsystem i. We assume that A; + B; K
is Hurwitz. L;; is a set of decoupling gains.
Let us define the error ¢; () between the state and the latest broadcast state as

&i(t) = xp,i (1) — x; (1) = x; (1)) — x; (1), t € [t tii1)- (7.14)

Rewriting (7.12) in terms of ¢;(¢) and the control law (7.13), we obtain

%i(1) = Agixi(t) + BiKiei(t) + D (Ayjxj(t) + BiLije; (1)), (7.15)
jet;

where Ag ; = A; + B;K;,and A;; = B;L;; + H;; are the coupling terms. In general,
A;j # 0 since the interconnections between the subsystems may be not well known,
there might be model uncertainties or the matrix B; does not have full rank.

We also define

Ak = diag(Ag 1, Ak 2, ..., Ak.N,) (7.16)
B = diag(B1, Bs. ..., By,) (7.17)
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Ky Ly --- Lin,
Ly Ky --- Loy,
K=\ . . . . (7.18)

Lyy Lyz -+ Kn,
0 A - Ay,
Ay 0 - Ay,

A= ) . . (7.19)
Ay Ango -+ 0
and the stack vectors
x=0f, 0], xg )" (7.20)
e=(ef.63.,....60)" (7.21)

as the state and error vectors of the overall system. Note that H;;, L;;j, A;; = 0 if
N
J & ;. Let also be n = > n; the state and error dimension.
i=1
The dynamics of the overall system is given by

X(@) = (Ax + A)x(t) + BKe(2). (7.22)

As the broadcast states xp, ; remain constant between consecutive events, the error
dynamics in each interval is given by

&(t) = —(Ax + A)x(t) — BKe(1). (7.23)

The above definition allows to study the stability of the overall system. These equa-
tions are valid as long as the following three time instances are simultaneous: the
detection of the event, the transmission of the state x;; from one node, and the
reception in all neighboring nodes. When delays and packet dropouts can occur in
the transmission, (7.22) and (7.23) do not generally hold. The extension to non-
reliable communications is given in Chap. 10.

7.3 Event-Based Control Strategy

The design of distributed trigger functions F, ; to detect the occurrence of an event
must satisfy the following properties:

e Guarantee the stability of the subsystem, and hence, of the overall system.
e Depend on local information of agent i only, or at most, of the neighbors, and take
values in R.
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e Determine the sequence of local broadcasting times t,’; recursively by the
event-trigger function as ;| = inf{z : 1 > 1, F;(t) > 0}.
e Ensure a lower bound for the inter-event times 7} ; = t,i - t,’;.

In Chap. 1, the existing strategies for event-based control have been presented. Some
of these approaches can be extended easily to distributed implementations. For
instance, trigger functions for deadband control are

Fe i) = llei(®)Il — 8, & > 0. (7.24)

The design can be simplified by setting §; = §,Vi = 1, ... N,. Large values of §
allow reducing the number of events but degrades the performance. On the contrary,
small values of § give better performance but the average inter-event time decreases
considerably. Moreover, this approach fails to ensure the asymptotic stability of the
system, as in the case of centralized schemes.

Lyapunov-based sampling approaches to distributed event-triggering have also
been studied. In this case, an event is enforced whenever

Fei(t) = lleill —oillxi@®l, 0<oi <1 (7.25)

crosses from negative to positive. The set of parameters o; is determined by imposing
that the Lyapunov function V = Z,N:a1 Vi (x;) is locally positive definite and the time
derivative of the Lyapunov-candidate-function is locally negative definite. For linear
systems, the problem can be solved by solving a local LMI in each subsystem.
See [259] for details. The asymptotic convergence to the equilibrium is guaranteed
but a positive lower bound for the inter-event time may not be guaranteed when
approaching the desired equilibria [79, 259].
In this chapter, the properties of trigger functions of the form

Fei(t) = llei 0] — S0 — 81571, B >0 (7.26)
are studied, where §p; and &1 ; cannot be zero simultaneously. To simplify the
selection of parameters, we will consider that 8o; = 0,81, = 61,8 = B,
Vi=1,...,N,.

Example 7.1 A trigger function (7.24) is depicted on Fig. 7.2a. The error is bounded
by the constant threshold §p. Note that the error is reset after the occurrence of an
event and that the inter-event time is always positive, since the error cannot reach the
threshold again at the same time instance.

Trigger functions of the form (7.26) are represented on Fig. 7.2b. Note that the thresh-
old decreases with time and the error is bounded by §p + §; at r = 0 and by 69 when
t — oo. If o = 0, this bound goes to zero when time increases and asymptotic
stability can be achieved. Finally, Fig.7.2c shows the error bound when events are
enforced with (7.25).
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(a) (b) (0

T

t t

ll& @)l
llei )]l
ll& @)l

Fig. 7.2 Error function (solid blue line) and error bound (dashed red line) for trigger functions a
(7.24), b (7.25), and ¢ (7.26)

7.4 Performance Analysis

In this section, the stability properties of the system (7.12) are analyzed by using
some of the results presented in Sect.7.2.1. First, we briefly discuss the concepts
of perfect and non-perfect decoupling that have some impact over the analytical
treatment of the problem. After that the results are compared with other triggering
mechanisms, and finally, this is also illustrated with a simulation example.

7.4.1 Perfect and Non-perfect Decoupling

If the decoupling gains L;; can be chosen such that the matching condition holds,
ie., A;j + B;Ljj =0, (7.15) is transformed into

(1) = Agixi(t) + BiKiei(t) + D BiLije;(1). (7.27)
JEN

Hence, this essentially assures the perfect decoupling of the subsystems and allows
to analyze their performance independently, since it holds that

t
xi(t)zeAK*itxi(O)—i-/ eAK.i=s) BiK;ei(s) + E BiLijej(s) | ds.
0 ;
=

Then, if the error functions ¢; (s), & (s) are bounded according to the trigger function
(7.26), which are independent of the state, the convergence to the equilibrium only
depends on local properties, that is, on the eigenvalues of Ak ;. Because the feedback
gains K; are designed so that Ak ; is Hurwitz, the stability of each subsystem, and
as a consequence, of the overall system, is guaranteed.
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However, the perfect decoupling is a quite restrictive condition, and in many situ-
ations cannot be achieved because the interconnections between the subsystems may
be not well known, there might be model uncertainties or the matrix B; does not have
full rank. Therefore, in the following, we assume that, in general, the interconnection
terms A;; # 0.

In (7.22) A can be seen as a perturbation to Ax which influences the stability
of the overall system. We obviously need to impose some constraints to A. Before
doing this, the next assumption will facilitate the calculations in the following, but
the extension to defective matrices is achievable as discussed later in the section.

Assumption 7.1 Weassumethat Ag ;, i =1, ..., N isdiagonalizable so that there
exists amatrix D; = diag(Ax(Ag ;)) and an invertible matrix of eigenvectors V; such
that Ag; = V;D; V.

The next lemma provides a bound for || A|| that ensures that Ax + A is Hurwitz.

Lemma 7.3 Ifk (V)| A|l < |otmax(Ak)| holds, the eigenvalues 5»1- of Ax + A have
negative real part.

Proof According to the Bauer—Fike theorem (see (7.8) on p. 154), it follows that

min [&; — A;| < (V)] A].
AjEA(AK)

Assume that 5\1- =a; + iﬁi and A; = a; + iB;. Then, it holds that

ki —Aj| = \/(&i —ap)?+ (B — B)? > lai —ajl.

Because Ak is Hurwitz, a; < 0,V j, and according to the definition of oqx (Ak)
(7.2), then it yields |opmax (Ag)| < ||, Vj. Moreover, if Kk (V)| Al < |etmax (Ak)I,
k (V)| Al is also upper bounded by ||, Vj. Thus, &; is negative, because if it was
positive

G — ] = & + lorjl > || = lomax (Ag)| > k(DAL

that would contradict the theorem of Bauer—Fike. Hence, &; is negative, and this
concludes the proof.

The previous result imposes a constraint over ||A| to guarantee stability, and
hence, an additional assumption is required.

Assumption 7.2 The coupling terms A;; are such that « (V)| Al < |omax(Ak)]
holds.

The following theorem states that if Assumptions 7.1 and 7.2 hold, the system (7.22)
with trigger functions defined as in (7.26) converges to a specified region around the
equilibrium point which, without loss of generality, is assumed to be (0, ..., 0.
Moreover, if o = 0 the convergence is asymptotical to the origin. The functions
(7.26) bound the errors ||&; (£)|| < 8o + 81e~ P, since an event is triggered as soon as
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the norm of &; () crosses the threshold 8y + 8;e~#*. The proof can be found in
Appendix A.

Theorem 7.1 Consider the closed-loop system (7.22) and trigger functions of the
form (7.26), with 0 < B < |amax (Ak)| — k (V)| A|l. Then, if Assumptions 7.1 and
7.2 hold, for all initial conditions x(0) € R", and t > 0, the state of the overall
system is upper bounded as follows:

BK ||V Nad, —(®max -
x| SK(V)(\amax”(AKl)lréki(VO)HAll + ¢ Uamar(Ag)I K(V)||A\|)l(||x(0)||_

8o 31
IBK|lv Na (|amax(AK>|—K<V)||Au + |amax(AK)|—x(V)||Au—ﬁ))

—Bt 1 BK ||v/Nab
te |amax<AK)\—K<V>||An—ﬁ)' (7.28)

Furthermore, the inter-event times are lower bounded by

80

Tnin = m, (7.29)
where
ki = €(V) A + AlIxO)] (7.30)
ko = B ||y/Ngi (|amax(';(:))|||f’;(;)ﬂ” —5+ 1) (7.31)
fa = IBK 1Y Nado (|amai(<2<”)f|‘f:(€|)l||A|| i 1) | 73

Remark 7.1 The results of Theorem 7.1 can be particularized to the perfect decou-
pling case. The state is upper bounded by

()l < (V) (LT o lamax 401 (x(0) -

letmax (Ag)|

/ So 1
”BK“ Na(\ctmax(AK)‘ + |Olmax(AK)|_ﬁ))

—pt_|IBK|/Ngs,
Te |amax(AK>|—ﬂ)’

and the minimum inter-event times lower bounded by
do
kWA X O + I BK VNG (81 (Gehiads + 1) + o0 (522445) + 1))

lotmax (Ak)|

Thus, when the matching condition holds, the rate of convergence to the equilibrium
is faster and the minimum inter-event times larger.
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Remark 7.2 1If Assumption 7.1 does not hold, the results can be extended noting
that ||eA%|| can be bounded by either using the Jordan Canonical form, and hence
(7.5) holds, or the Schur decomposition bound (7.7). In both cases the bound is
governed by the exponential of o, (Ag ), which is negative. Thus, the stability of
the system is guaranteed though the speed of convergence to the equilibria decreases.
Moreover, if Ak is defective, then the restraint over A that guarantees that the
eigenvalues of Ak + A have negative real part can be obtained from (7.9), enforcing

max{6y, 6,""} < |@max (Ax)|.

7.4.2 Comparison with Other Triggering Mechanisms

The results derived previously can be compared to the most frequently used event-
triggered control strategies. We also particularized the results for the case §o = O,
which is interesting since yields asymptotic stability.

7.4.2.1 Deadband Control

In deadband control, an event is triggered whenever the state crosses some levels
defined by a constant. From the analytical point of view, this is equivalent to have
trigger functions (7.26) with §; = 0 and the error bounded by ||&;(¢)|| < . Thus,
from Theorem 7.1 bound for the state is

BK ||/ Ngd —U%max -
x|l sK(V)(WW”(AK‘)'V,_K(VO)M” + ¢~ (amax (k)| K<V>”A”>f(||x<o>||—
)
IBK|lv/Na \amax<AK)\fK(V)|\A||))’

and a lower bound for the inter-event time is

)

Tin = ———.
min k1 + ks

7.4.2.2 Pure Exponential Trigger Functions

A particular case of trigger functions (7.26) is when 8o = 0. For this situation, the
state is upper bounded as

—(lemax (A= (V)| A1 IBK |V/Nad
”x(t)” SK(V) (e ¢ o (“x(O)H o “xmax(AK)l_K(V)ll‘A”_/S)

— Bt I BK l|lv/Nab )
T G AT+ ONTAT=E )

Note that ||x(¢)|| — 0 when ¢t — oo.
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The expression that provides the solution of the minimum inter-event times is not
derived directly from (7.29), and is given by

(/g_:e(ﬁ—wmmx)wr* n %) T = b7, (7.33)

The right-hand side of (7.33) is always positive. Moreover, for 8 < |ouqx (A )| the
left-hand side is strictly positive as well, and the term in brackets is upper bounded
by % and lower bounded by k /81, and this yields to a positive value of T for all
t* > 0. The proof can be found in Appendix A.

7.4.2.3 Lyapunov-Based Sampling
In [257], the problem presented in this chapter is addressed with trigger functions
(7.25). The asymptotic stability of the system is guaranteed if there exists positive

definite matrices P;, Q; such that

A% P+ PiAg,

IA

—Qi

Amin(Qi)

W = E PiA||? < Zminiet?

T _” jAjill = 8( A1+ 1)
jeN

Moreover, the parameters are 0; = /o /f; and must hold

2W;
0 <ai < Amin(Qi) — (1 + [AS — 5

_ IPBiKi|? > 2|[P; B, LijII”

1
8 je/‘f 8

. Amin(Qi) 8(lA4i1 + DW;
§<min; | o—— 1+ [l - ——5—— |t.
2(1+ 14D Aonin (Qi)
Note that the number of constraints are larger and, hence, the design is more
complicated.
As far as the inter-execution times, there is now positive lower bound independent
of the state x (¢) in [257]. Thus, it is unclear what happens when the system approaches

the origin. However, the existence of a positive lower bound is guaranteed in [239]
at least for the centralized case and linear systems.




162 M. Guinaldo et al.

7.4.3 Simulation Example

7.4.3.1 System Description

In order to demonstrate the effectiveness of the event-based control strategy, let us
consider the system consisting of a collection of N inverted pendulums of mass m
and length [/ coupled by springs with rate k as in Fig.7.3. This setup will be used
throughout this and Chap. 10.

The problem of coupled oscillators has numerous applications in such fields as
medicine, physics, or communications [53, 237], and the inverted pendulum is a
well-known control engineering problem. The inverted pendulums are physically
connected by springs and we desire to design control laws to reach the equilibrium
as well as to decouple the system. The state of a pendulum i is broadcast to its
neighbors in the chain at discrete times given by the communication strategy.

Each subsystem can be described as follows:

1
)'C,'(t)=<£ _OM O)Xl(t)-i-( )uz+ Z(h,]k )xj(t)
I mi? jetr \mi?

where x; (1) = (x,~l ) xi, (t))T is the state, a; is the number of springs connected
to the ith pendulum, and /;; = 1,V € .4; and O otherwise.

State-feedback gains and decoupling gains are designed so that the system is
perfectly decoupled, and each decoupled subsystem poles are at —1 and —2. This
yields the following control law:

wi®) = (=3mi? aik — 2 (84 %)) 0 () + D (=K 0) ;)
JjeN

where xp, ; () = (xb,il ) xpi, (t)) " Inthe following, the system parameters are set
tog=10,m=1,l =2, andk = 5.

X3 XN,

\W/WW
T —

Fig. 7.3 Scheme of the network of the inverted pendulums
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7.4.3.2 Performance and Comparison

The output of the system and the sequence of events for N = 4 and the same initial
conditions than in the previous example when the trigger function is defined as in
(7.26) with parameters 8o = 0.02, §; = 0.5, and g = 0.8 are shown in Fig.7.4.

The convergence of the system to a small region (69 = 0.02) around equilibrium is
guaranteed due to the time dependency in the trigger functions. The event generation
is shown in Fig.7.4b. The system converges to zero with few events. Note that the
agent that generates the highest number of events is Agent 2 (in red) and this value is
24 over a period of 15s. Table7.1 compares the proposed event-triggered approach
to periodic control.

The bandwidth of the closed-loop subsystem is 0.8864rad/s and the sampling
period should be between (0.1772, 0.3544) s, according to [74], i.e., (42, 85) trans-
missions in a 15 s time, whereas the value for the minimum and maximum inter-event
times are 0.1690 and 2.260, respectively. Furthermore, this comparison is even unfair
with the event-based approach, since once the system is around the equilibrium point,
the broadcasting periods take values around 1-2 s.

Observe also that the control signals are piecewise constant (Fig.7.4c). They are
updated if an event is triggered by the agent or its neighbors.

Table 7.2 extends this study for a larger number of agents. Several simulations
were performed for different initial conditions for each value of N,. Minimum and
mean values of the inter-event times Tki were calculated for the set of the simulations
with the same number of agents. We see that the broadcasting period remains almost
constant when the number of agents increases. Thus, the amount of communication
for the overall network grows linearly with N,,.

(a) 2
i —
SR
0.:> 2 X XXX X XXX X XX X X X XX XX XX X XX >
[-E M XYY XX X X MO M X X X X X 1 XX XX X X X
(c) 20
S ophr . _
S Il Il
-20

5 10 15
1(s)

Fig. 7.4 Simulation results with trigger functions (7.26) with 8o = 0.02, §; = 0.5, 8 = 0.8

Table 7.1 Comparison of time-triggered and event-triggered strategies

No. updates (T min () {T Ymax (5)
Time-triggered (42, 85) 0.177 0.3544
Event-triggered 24 0.1690 2.260
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Table 7.2 Inter-event times for different N

N (s) 10 50 100 150 200
Trigger condition (7.26) {Tk" Ymin | 0.053 0.031 0.015 0.019 0.009
{Tk" Jmean | 0.565 0.565 0.567 0.572 0.568
Trigger condition (7.24) {Tk" Ymin | 0.008 0.005 0.004 0.002 0.001
{Tk"}mean 0.183 0.132 0.129 0.121 0.116
Trigger condition of [257] {Tki }mean | 0.115 0.118 0.115 0.118 0.118

Moreover, these results are compared to other event-trigger functions: (7.24) with
8 = 0.02, and (7.25). For this later case, the results are taken from [257]. We see
that trigger functions (7.26) can provide around five times larger broadcast periods.
For example, for a number of pendulums of N, = 100, trigger functions of the form
(7.26) give a mean broadcasting period of 0.567, whereas trigger functions of the
form (7.24) provide 0.129 and the result given in [257] is 0.115.

7.5 Extension to Discrete-Time Systems

7.5.1 System Description

The previous analysis considers that the state of the subsystems is monitored contin-
uously. However, in practice, most of the hardware platforms only provide periodical
implementations of the measurement and actuation tasks.

Hence, let us consider that each subsystem i is sampled at predefined instances of
time given by a sampling period 7. The discrete-time dynamical equation describing
each subsystem is

xi(C+1) = Aix;(€) + Biui(0) + D Hyjxj(0). (7.34)
jeN

The control law is given by

ui(0) = Kixpi () + > Lijxp j(0), (7.35)
JjeN

where x;,; (£) is the last-broadcast state, K; is the feedback gain, and L;; are the
decoupling gains for the discrete-time subsystem i. The error is defined again as the
difference between the last-broadcast state and the measured state. Thus,

&i () = xp,i (€) — x; (0), (7.36)
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and (7.34) can be rewritten in terms of the error ¢; (£) as

xi(€+1) = Agixi(0) + BiKigi(0) + D Aijxj(0) + BiLijej(£),  (1.37)
jeN

where Ax; = A; + B;K; and A;; = B;L;; + H;j. K; are designed so that all the
eigenvalues of Ak ; lie inside the unit circle.

If we define the block matrices Ag, B, K, and A as in (7.16)—(7.19), and the
stack vectors x and e as in (7.20) and (7.21), respectively, then the overall system
dynamics is

x(+1)=(Ax + A)x¥) + BKe(¥). (7.38)

7.5.2 Discrete-Time Trigger Functions

Trigger functions of the form (7.26) are difficult to implement in digital platforms
since they involve a decaying exponential. Therefore, for discrete-time systems, we
propose the following functions

Fei(ei(0),£) = e ()l — Go+ 8185, 0<p <1 (7.39)

since they can be assimilated to (7.26) for discrete-time instances.
The instances of discrete time at which events are detected are denoted as E;{ and
are defined recursively as follows:

.,y = inf{€ > €}, F, ;(s;(0), ¢) > 0}.

Example 7.2 Let us consider a trigger function F, ;(&;(t), t) = |l&(¢)| — (0.01 4
0.5¢~9-8") in continuous time #, which bounds the error ||&; (£)|| < (0.01+0.5¢0-8).
This bound is depicted in Fig. 7.5 (blue line). Assume that this system is sampled:

e With a sampling period Ty = 0.1.
e With a sampling period Ty = 0.2.

Trigger functions of the form (7.39) can be defined with the same values for g and §;
and with 8 = =987 This yields values 8 = 0.9231 and B = 0.8521, respectively.
The error bounds for both cases are shown in Fig.7.5. Note that this bound is a
piecewise constant function and changes at the sampling time instances.

7.5.3 Stability Analysis

Theorem (7.1) sums up the stability results for the continuous time system. Equivalent
results can be derived for the discrete-time system (7.38).



166 M. Guinaldo et al.

T,=0.1 T,=0.2
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Error bound

0.1

t t

Fig.7.5 Comparative of time-continuous (blue) and discrete-time (red) trigger functions, 7y = 0.1
(left), Ty = 0.2 (right)

However, a remark should be pointed out first. Whereas in continuous time the
state is monitored continuously and this ensures that the error ¢; (¢) is strictly upper
bounded by 89 + 8¢~ P, in discrete-time systems it might occur that for a given £,
llei (O]l < 8o + 818, but |le; (€ + 1)|| > 8o + 81T, so that the error reached the
bound in the inter-sampling time.

In order to deal with this phenomenon, we state the following assumption.

Assumption 7.3 Fast sampling is assumed [109] so that events occur in all proba-
bility at the sampling times €. Hence, ||¢&; (Z};) | = 80 + 81,84 for some ¢ = E;;.

The next theorem states that the system (7.38), when trigger functions (7.39) are
used, converges to a region around the origin, which depends on Jp.

The proof of the theorem can be found in Appendix A, being two the clues to fol-
low the proof. First, all the eigenvalues of Ak lie inside the unit circle, so that

[Amax (ARNE < 1,¥2 > 0 and | Ay (Ag) ¢ 29, being Anax (Ag) the maxi-
mum of the eigenvalues of Ag. Second, the perturbation analysis for matrix powers,
and in particular (7.11), can be applied. Before enouncing the theorem, the following
assumption is required:

Assumption 7.4 Ay is diagonalizable so that Ax = VDV ™!, and the coupling
terms are such that k (V)| Al < 1 — |Amax(Ax)|, where k(V) = |[V|[|V~!| and
Amax (Ak) is the eigenvalue of Ak with the closer magnitude to 1. Furthermore, it

is assumed that A is such that the second-order terms can be approximated to zero
a(lAl?) ~ 0.

Note that when § # 0, and additional constraint is imposed to the coupling
terms. Specifically, the condition |A;4x(Ag)| + k(V)||A] < B < 1 ensures the
convergence to the equilibria.
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Theorem 7.2 Consider the closed-loop system (7.38) and trigger functions of the
form (7.39), where |Apax (Ag)| + k (V)| Al < B < 1. If Assumptions 7.3 and 7.4
hold, then, for all initial conditions x(0) € R" and £ > 0, it holds

lx (@)l < x(W(%m + Panar (A1 (IO = LKLl

_ IBKIVNG KOIA Z(||x(0)||— IBKIVNabdo _ |IBKIVNabi ))

B—1Amax (Ak)| Amax (Ag)| 1= Xmax (Ag)| B—|Amax (Ak)|
¢ _||BK|v/Ng$
+h ﬁ—lxmax(AKan‘)’ (7.40)
where
14 WA gan
’ 1= [omax (A :
k(WV)|A
{1 2V o
ﬂ - |)\max(AK)|

Remark 7.3 If perfect decoupling can be achieved, then || Al = 0, which yields
0, ¥1 = 1. Thus, (7.40) is simplified:

@] < K(V)(% + Pamax (4101 (I @] — {4EL s,

— RIS | e RIS )

ﬁ_‘)‘U‘I(U((AK)‘ ﬂ_‘)hmax(AK)‘

7.6 Improvements

The objective of this section is the proposal of some improvements to the design
described previously in the chapter. First, a novel implementation is presented to
reduce the number of control updates allowing a more efficient usage of the lim-
ited resources of embedded microprocessors. In the previous design, the adaption
frequency of the control input may be high when the neighborhood is large even if
each agent is not transmitting so often. The design is based on two sets of trigger
functions. The first set decides when to transmit an update for the broadcast state
and the second set checks a predefined control error at broadcasting events, updating
only when this error exceeds a given threshold.

The second improvement of the discrete-event-based control (DEBC) has a
different goal, which is to reduce as much as possible the communication through
the network even if the load of the microprocessor is increased. We present a
distributed model-based control design in which each agent has certain knowl-
edge of the dynamics of its neighborhood. Based on this model, the subsystem
estimates its state and its neighbors’ continuously and computes the control law
accordingly. Model uncertainty is assumed and the performance of the Sect. 7.4’s and
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model-based designs are compared, showing that a model-based controller allows
larger inter-event times.

7.6.1 Reducing Actuation in Distributed Control Systems

This section presents a distributed control design where the goal is not only to reduce
communication but also the number of control updates in each node. Note that in a
single control loop the reduction of communication usually implies the reduction of
actuator updates [68, 239], which does not necessary hold in distributed systems.

The control law is computed in (7.13) based on the broadcast states. Thus, u(¢) is a
piecewise constant function. Accordingly, the control law of agent i is updated when
an event is triggered by itself or any of its neighbors. This might lead to very frequent
control updates if the number of neighbors was large. However, the change of the
control signal u; (#) might be small due to, e.g., a weak coupling. In this situation, an
update of the control signal is generally not needed.

We propose a new control law in which u; (¢) is not updated at each broadcasting
event, but when an additional condition is fulfilled. We consider two mechanisms
driven by events. The first one is the transmission of information between nodes
(transmission events), and the second one is the update of the control law (control
update events). Note that the transmission events correspond to the considered events
up to now. The description of both sets of trigger functions is given next.

7.6.1.1 Trigger Functions

Transmission Events

The occurrence of a transmission event is defined by trigger functions Fy ; which
only depend on local information of agent i and take values in R.
The sequence of broadcasting times 7, are determined recursively by the event-
trigger function as . '
oy =inf{t 1t > 1, Fr i (t) > 0}

We define the error between the current state x; and the most recently broadcast state
Xp,i as
&x,i (1) = Xp,i (1) — x; (1), (7.43)

and we consider time-dependent trigger functions defined by
Fri(t,exi(1) = llexi(Oll — 8x,0 — 8177, (7.44)

with §x.0 > 0,81 > 0, and @ > 0. An event is detected when F ; (¢, &x,; (t)) > 0,
and the error ¢, ; is reset to zero. Note that the error remains bounded by

lexi (O] < 8x.0 + 817 PL. (7.45)
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This type of trigger functions has been shown to decrease the number of events while
maintaining a good performance of the system. The case 6, ¢ = 0 is excluded. The
reason is discussed later. However, the case §;,;1 = 0 is admitted leading to static
trigger functions.

Control Update Events

Let us denote the time instants at which the control update of the agent i occurs as
{t)}02g.Vi=1,..., Nq.
The control law is defined for the inter-event time period as

upi(t) = Kixpi(t)) + D Lijxp j(t)).t € [t} 1}, ). (7.46)
JEN;

In order to determine the occurrence of an event, we define
Eu,i (1) = up,i(t) — ui(1), (1.47)
where u; () is given by (7.13). The set of trigger functions is given by
Fui(eu,i () = llewi (Ol — 8u,  8u > 0. (7.48)

The sequence of control updates is determined recursively. However, whereas the
transmission events can occur at any time ¢ because x; (¢) is a continuous function,
u;(¢) in (7.13) is not continuous but piecewise constant and only changes its value
at transmission events. This means that the events on the control update are a subse-
quence of the transmission events.

Denote A, =i U .4 and {t,;/%} the set {t,i} U {t,{}, j € ;. Thus,

' e NN i o
typg =inf{" 07" >y, Fu (") > 0}

Hence, it holds that {£} C {£;"}.

Example 7.3 An example of the proposed design is given in Fig.7.6. Assume that
Agent 1 sends and receives information to/from its neighborhood through a network.
Att = t,f it receives a broadcast state x; > from Agent 2. Agent 1 computes u
according to the new value received. For example, if Agent 2 is its unique neighbor,
wr () = Kixp () + Lioxp o) = Kixp1(4_ ) + Lioxp2(7), where 1 is
assumed to be the last broadcasting event time for Agent 1. After computing u1, Agent
1 checks whether the difference between this value and the current control signal
applied exceeds the threshold &,. Since this threshold is not exceeded, it does not
update up 1. Att = tkl , Agent | detects an event because ex, 1 reaches the threshold
8x. X1 (t,g) is broadcast through the network and u; is computed again. Given that
llew. 1]l < Su, up,1 is not modified. Finally, a new event occurs at ¢ = t,g 11 resulting
in a broadcast and a control update since ||&,, 1| > 8,. Note that u, 1 () = u ().
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Fig. 7.6 Illustrative example
of transmission and control
update events between a
system compound of two
agents
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The dynamics of the subsystems (7.12) with control law (7.46) is

(1) = Aixi (1) + Biup,i (1) + D Hijx;(1).
JEN;

It can be rewritten in terms of the errors ¢, ;(¢) and ¢, ; (¢) handled by the trigger
functions (7.44) and (7.48). respectively, as

(1) = Agixi(t) + D Aijxj(t) + BiKigxi(t) + Bi ) Lijex, j(t) + Biewi(t).

JEN;

Let us define the stack vectors

JEN;

(7.49)
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and consider the usual definitions for x(¢) and the matrices Ak, B, K, and A given
in (7.16)—(7.19).
Accordingly, the overall system dynamics is given by

i(1) = (Ag + A)x(1) + BKex(t) + Bey(0). (7.50)

As the broadcast states xj ; remain constant between consecutive events, the dynam-
ics of the state error in each interval are given by

Ex(t) = —(Ax + A)x(t) — BKex(t) — Bey(2). (7.51)
The state error of the overall system is bounded by

lex () < v/Na(Sx.0 + 8x.17P")

according to (7.45). However, ¢, (¢) is not strictly bounded by §,, because u; (¢) is not
a continuous function but piecewise constant. To find an analytical bound, we assume
that that the occurrence of simultaneous transmission events in any neighborhood
A7 is not allowed, i.e., two neighboring nodes cannot transmit at the same instance
of time. Moreover, in case that two broadcast states were received by one agent
simultaneously, it could enqueue the data and do the computation of the control
law sequentially. This might induce delays in the case where two nodes attempted
to transmit at the same time. However, we assume that this delay is negligible in
this section. The effect of delays and packet losses on event-triggered control of
distributed control systems will be studied in Chap. 10.

Lemma 7.4 The control error of the subsystem i is bounded by
l€w.i 1 < 8ui (1), (7.52)

with
8ui (1) = 8u + (8.0 + 8x 1€ Py - max{ | K:|l, | Lij |l : j € A7)

Moreover, the control error of the overall system is bounded by

lexu @ < vV Ny (8, + ”M(K)”max((sx,o + Sx‘le_ﬂt)) = Su(t)y (7.53)
where
1Kl L2l -~ LNl
ILaill K2l --- LNl
wry=|" 0 T (7.54)
ILnill L2l -+ [IKN

and || - ||max denotes the entry-wise max norm of a matrix.
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Proof The proof can be found in Appendix A.

We next present the main result of the section.

Theorem 7.3 Consider the interconnected linear system (7.50). If trigger functions
(7.44) are used to broadcast the state with 0 < B < |omax (Ag)| — k (V)| All, and
trigger functions (7.48) for the control update, then, for all initial conditions x(0)
and t > 0, it follows that

Ix (@) <o1 + (K (V)[Ix(0)|| — 01 — 02)e™ (emax (A=K INADE 4 i =BT (7 55)

where

~ UBK | + | BIK) lmax)Se.0 + | BI5,
o1 =K (V)VNa lmax (Ax)| — k (V)| Al

BN + I BINAK) mar)dy.1
=k (V)vV/ Ny . 7.57
=K N A = (V) Al — B (-3

(7.56)

Furthermore, the system does not exhibit Zeno behavior, being the lower bound for
the inter-execution times

CSx,O

, (7.58)
Y1 +/No(y2 +y3 + ya)

Tx,min =

where

v =kWIxOllAx + Al
k(W) Ax+A|
v2 = (IBK I+ I BIIA(K) a0 (1 + )
[@max (Ag) =k (V)| A]

( kWM Ak +A]| )

ys = (IBK| + I BIllu(K) lmax)dx 1 {1+
|max (A )| =k (V)| Al e

Vi = B3 (1+ kWA +4] )
- . :

lotmax (Ag) =k (V)| Al
Proof The proof can be found in Appendix A.

The previous analysis is based on two sets of trigger functions to detect transmis-
sion and control updates events. One concern that can be raised is how the values of
the parameters of these trigger functions can be selected or if there is any relationship
between them.

Let us first assume the case ;1 = 0 yielding to static trigger functions. It follows
that [lex; (1)]] < 8.0 and [leqi ()] < 8 +8x.0-max{I|K; |l ILijll : j € A} Vi =0,
according to (7.45) and (7.52), respectively.

Assume that the last control update event occurred at + = ¢* and denote the
number of transmission events between ¢t* and the next broadcast as n.. A lower
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bound for n, can be derived following the ideas of Lemma 7.4:

e
lewi (8) = eui () = llewi (Ol < D 8x0 - max{[[Kill. | Lijll : j € A}
k=1

= nedyomax{||K;|l, ILijll : j € A7}
and the next control update event will not be triggered before
lew,ill = 8u < 8u + dx,omax{l|K;|l, I Li;ll : j € Ai}.
Thus,

nl, > O . :
Sy, omax{|[K; I, [ILijll : j € A7}

(7.59)

Equation (7.59) shows the trade-off between §, and é, o and gives insights on how
one of these parameters should be chosen according to the other one.

Moreover, (7.59) can be translated into a relationship between the inter-execution
times of the control law (7.46), denoted be and the minimum broadcasting period
(7.58). It holds that

,min’

T du

T > p > _ .
P 1+ VNa(ya + ya)max{[|K; ||, ILij || : j € )

u,min = "Ye

Note that y3 = 0 because we are analyzing the case 6,1 = 0. Let Ty, jmin be Ty min =
min{7T" . }.Ityields

u,min

Su
1+ VN2 + v It (K llmax

Tu,min >

Hence, éx,0 and §, can be chosen to meet some constraints on Ty i and Ty, min-
In the design of Sect.7.6.1.1 the case ;.0 = 0 was excluded and the reason is
given next. Assume that §; o = 0. Thus, following the steps of the previous case,
* . .
llewi (O] < neéx,le’ﬂt max{[|K;|l, |L;j|l : j € A;}, where n, is the number of
broadcasting events and #* the time of the last control update event. Moreover, the
next event is not triggered before ||¢, ; || reaches the threshold §,,. In this case, it holds
that
Su
Ne > B X .
Sxae Prmax{[|K; ||, [ILijll : j € A7}

(7.60)

Note that the lower bound for 7, in (7.60) goes to infinity when #* — oo, which
means that when the time values are large, many transmission events are required to
trigger a new control update and may lead to small inter-event times. One possible
solution is to accommodate the threshold 3, to the decreasing bound on the state
é x,1 e P
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7.6.1.3 Simulation Example

Let us consider the system presented in Sect.7.4.3 but with a different topology.
Specifically, the mesh of inverted pendulums is depicted in Fig. 7.7. The dynamics of
the subsystem change in this scheme, and three types of agents can be distinguished:
the ones in the corners with two neighbors, the ones in the borders (excluding the cor-
ners) with three neighbors, and the inner pendulums with four nodes to communicate
with. Moreover, movement is assumed to be in the XY plane. Hence, the dimension
of the state is n = 4 and there are two control inputs (m = 2), which are the forces
acting in the X and Y directions, respectively.

Figure 7.8 shows the output of the system in a 3D space for a mesh of 6 x 6
pendulums. The coordinates in the XY plane over time are plotted. Trigger functions
with 6, 0 = 0.02, 6,1 = 0.5, 8 = 0.6, and §,, = 0.1 are considered.

Let us focus on one particular subsystem, for example the agent (2,2) (second
row, second column). The number of broadcasting events in all the neighborhood of
this particular agent, which has four neighbors, is 170, while the number of control
updates in the agent (2,2) is 90, so that 47 % of the transmissions do not end into a
control update because the threshold §,, is not reached.

Fig. 7.7 Scheme of the N,
coupled pendulums mesh

Fig. 7.8 x; (6;) and x;, (8))
for a 6 x 6 mesh of inverted
pendulums
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If this experiment is repeated for the case in which trigger functions (7.48) are
not considered, the number of broadcasting events in the neighborhood of (2,2) is
140, which is equal to the number of control updates. Thus, the proposed design with
trigger functions (7.48) as expected might cause an increase of network transmissions,
in this case 21 % while saving almost half of the changes on the control signal.
Moreover, if we compute the average broadcasting period for the entire network as

T, = % it yields 0.5202 s for the first case and 0.5954 s for the case without
using the event-triggered control update. Hence, for the overall network the difference
is not relevant. These results are extended for different values of N, in Table 7.3. Note
that the variations of the average period with the number of agents are not significant.

The influence of the parameter §, for given parameters 8, 0 = 0.02, 6,1 = 0.5,
and B = 0.6 can be analyzed and the results are illustrated in Table 7.4. For a mesh
of 6 x 6 subsystems, the following values are computed for each value of §, and
simulation time ¢ = 15 s:

NZ
2
N2
|J_1{|, where |{t,i}| is the cardinality of the set {t,i} and |7,-| is the average for the

number of neighboring agents.

e Average number of transmissions through the network defined as n, =

N2
2 )]
N2 ’

a

e Average number of control updates defined as n,, =

Note that the best choice of the values of §,, x,0 and 8, ; depends on the commu-
nication and actuation costs of the implementation, and the lower bounds on the
inter-event times that should be guaranteed in the system. We can say that a value
8, € [0.05,0.1] would be a good option because the decrease of the control events
is notable while the increase in communication events is assumable. If §, = 0.02 all
broadcasting events lead into a control update (7, is actually larger than 7, but this
is due to the error induced by the statistical treatment of the data).

Table 7.3 Average broadcasting period variations with N,
Ny X N, 16 36 64 81 100
T, 0.5422 0.5202 0.4813 0.4676 0.4765

Table 7.4 Average transmission and control update events with ¢,
Su 0.02 0.05 0.1 0.2
My 86.20 83.98 95.46 181.48
iy 93.11 75.00 67.28 57.58
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7.6.2 Model-Based Design

Model-based event-triggered control has been shown to reduce the amount of com-
munication in a control loop [154]. Ideally, if the plant is stable, there are no model
uncertainties or external disturbances, the control input u#(¢) can be determined
in a feedforward manner, and no communication over the feedback link is nec-
essary [139].

The distributed approach presented in this section shows that if the model uncer-
tainty fulfills a certain condition, the model-based approach gives larger minimum
inter-event times than the zero-order hold approach of Sect. 7.4. We assume that each
agent has knowledge of the dynamics of its neighborhood.

In particular, let us define the model-based control law for each agent as

wi(t) = Kixpi(t) + D Lijxm j(0), (7.61)
jeN

where x,, ; now represents the state estimation of x; given by the model (A, ;, By.;)
of each agent, and A,k ; = An,i + Bn,i Ki. Letus define A,k = diag(Apmk 1, ...,
AmK,N,)-

The error ¢; (¢) is redefined as

&i(t) = xpm,i (1) — xi (1), (7.62)

and is reset at events’ occurrence. In particular, x,, ; (¢) is computed in the inter-event
times as )
P, ) .
X, (1) = MU0 (Y e e [t 1, ). (7.63)

Note that (7.63) does not include the coupling effect since the decoupling gains L;;
are designed to compensate the model of the interconnections H;;. Thus, if A;; # 0
it is because these interconnections are partially unknown or perfect decoupling may
not be possible due to, e.g., the matrix B; not having full rank.

Therefore, each agent i has a model of its dynamics and of its neighborhood .4;.
Based on this model, it estimates its state denoted as x,, ; (t) tocompute u; () in (7.61).
This idea is illustrated in Fig.7.9. Note that this is an extension of a conventional
model-based controller. In the distributed approach, the controller C has .4} + 1
inputs and one output. A block that represents the model of a subsystem is reset
when a new broadcast state is received.

When the state estimation x,, ;(¢) differs a given quantity from x;(¢), which
depends on the trigger function, a new event is generated and the estimation is reset
to the new measured state. For instance, x,, ; might deviate from x; due to model
uncertainties on Ag ;, disturbances, and the effect of the non-perfect decoupling.
Furthermore, the agent i broadcasts the new measurement to its neighbors, which
also update their estimations according to the new value received from agent .
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Model-based controller
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Fig. 7.9 Model-based control scheme for the node i

7.6.2.1 Main Result

If we consider the trigger function defined in (7.26) and for the new error defined in
(7.62), the state will be also bounded by (7.28). However, the lower bound for the
inter-event time will have a different expression.

Definition 7.2 Let us define

A=A, — A
é6B:=B,, — B
§Ag == Au,x — Agx =8A + 8BK, (7.64)

i.e., the model uncertainty of the overall system without interconnections.

Assumption 7.5 We assume that the values of §p and §; and the initial conditions
x(0) satisfy the following constraint:

A/ Na (8o + 81) (V) Ak + Al — I8Ak | — || Al
(O] + LEKI N “B’;L“{?l Amk |
(7.65)

where o = |amax (Ag)| — (V)| A

Remark 7.4 Equation (7.65) is feasible only if the right-hand side is strictly positive,
since &g 4+ 81 > 0. This gives a maximum value of the model uncertainty for a given
bound on the norm of the coupling terms matrix or vice versa.
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Theorem 7.4 If Assumption 7.5 holds, the lower bound of the broadcasting period
for the system (7.22), under the control law (7.61), and with triggering functions
(7.26), 0 < B < |amax (Ak)| — k (V)| Al is greater than (7.29).

Proof The proof can be found in Appendix A.

7.6.2.2 Simulation Example

Next, the performance of the model-based approach is demonstrated and compared
to the results of Sect. 7.4.3. Let us consider trigger functions F, ; (¢, & (t)) = 0.02 +
0.5¢708 Figure7.10 compares the output of Agent 1 of a chain of four inverted
pendulums. Observe that, for this case, the model-based approach reduces the number
of events in more than a third (from 23 (in red) to 9 (in blue)). Note that the control
law is not a constant piecewise function.

Table 7.5 compares the results of the first row of Table 7.2 with the model-based
design. Note that when the controller uses a model, the average and the minimum
values of the inter-event times are enlarged, as predicted by Theorem 7.4.
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Fig. 7.10 Simulation result with trigger functions (7.26) for the design of Sect.7.4 (red) and the
distributed model-based control (blue). The dashed line (magenta) represents the piecewise function

Xml1,1
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Table 7.5 Inter-event times for different N,

Ny (s) 10 50 100 150 200
Trigger condition {Tk" bmin 0.053 0.031 0.015 0.019 0.009
(7.26), Sect. 7.4

{Tk" }mean | 0.565 0.565 0.567 0.572 0.568
Trigger condition {Tk" bmin 0.6816 0.3025 0.219 0.0963 0.132
(7.26), MB control

{Tk" tmean | 1.430 1.500 1.477 1.668 1.581

7.7 Conclusions

A distributed event-based control strategy for interconnected subsystems has been
presented. The events are generated by the agents based on local information only,
broadcasting their state over the network. The proposed trigger functions preserve
the desired convergence properties and guarantee the existence of a strictly positive
lower bound for the broadcast period, excluding the Zeno behavior.

Because most of the hardware platforms only provide periodical implementations
of the measurement and actuation tasks, the analysis has been extended to discrete-
time systems.

Additionally, the way in which the actuation rate can be reduced in an intercon-
nected system if triggering functions are also used in the update of the control law
has been illustrated. The existing trade-off between communication and actuation
has been shown analytically and through simulations.

Finally, a model-based approach has been proposed showing that the minimum
inter-event times can be enlarged if the model uncertainty satisfies certain conditions.
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