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Abstract—In this paper, we propose an event based control
strategy for control affine nonlinear systems. The proposed
method ensures sufficient reduction in communication by only
invoking a communication when some event has occurred. The
error between the continuous state feedback nonlinear system
and the event based system can be bounded in an invariant
set. The upper bound of this error is derived which can be
controlled by appropriately choosing the parameters for the
event triggering function. This method is then applied to a
networked nonlinear system of inverted pendulum and a non-
linearizable nonlinear system.

I. INTRODUCTION

Computing the control law of a large system generally
requires continuous reading from the sensors and transmit-
ting these measurements to the control input generators.
As a result, the performance depends on the continuous
availability of the sensor measurements, and efficient and
accurate computation of the control law. For a distributive
system, although the computation is done distributively yet it
requires continuous information exchange among the subsys-
tems. Communicating the measurements obtained in a sensor
network and propagating the data to the controller are a
necessary and important part for networked control systems.
Consequently, the performance is generally restricted by the
available network bandwidth and computing resources.

To overcome the limitation of available communication
resources, researchers have come up with novel techniques
such as event-based control [1], self triggered control [2], [3]
and periodic time control [4], [5] that require only discrete-
time communications. These methods ask for discrete com-
munications between the sensor network and the controller,
and as a result the controller can only generate a control
that approximates the continuous state feedback control. The
communication is done periodically, after 7" amount of time,
in periodic control. Finding a suitable time period T to
guarantee some level of performance is a main challenge for
this approach. In self triggered and event based control, the
communication is done only when some event has occurred.
Event based control monitors some signal and it triggers for
communication based on that signal measurements.

Event based control has attracted a great deal of research
in the recent past due to its effectiveness. A study that
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has been made in [6] on the performance of event based
control and periodic control has revealed the fact that under
some conditions the event based control performs better than
periodic control. Interested readers are directed to confer [7]
and [8] and the references therein to get a broad review
on event-triggered and self-triggered control, estimation and
optimization. Recent publications like [9] considered a state
feedback approach for an event based system where the
feedback control is generated from another system and this
system is updated every time a trigger is generated. In [10]
and [11], event based control is proposed for distributed
interconnected linear systems.

Despite of the wide applicability of event based control,
there is not much work, in literature, for nonlinear event
based control. In [12], the authors proposed an event based
approach for nonlinear input-to-state-stable (ISS) systems.
[13] and [14] studied the event based stabilization of non-
linear plants using a Lyapunov based technique. [15] also
considered an event based approach for real time scheduling
tasks. [16] extended the technique proposed in [15] for
homogeneous and polynomial systems. Whereas the previous
methods are Lyapunov based approachs, [17] took a different
formalism to study event based control for input-output lin-
earizable systems with relative degree equal to the dimension
(n) of the statespace. In [18], they refined the method for
input-output linearizable input affine nonlinear systems with
relative degree » < n. [17] and [18] focus on the deviation
of the event based system from a continuous state feedback
system and showed that this error is bounded. However, the
rest of the past work mostly focus on the stabilizing behavior
of the event based system rather than the actual error incurred
due to the event based approach.

In this paper, we also adopt a Lyapunov function based
approach for an event based control strategy applied to
input affine nonlinear control systems. In many cases, the
control input is of state-feedback form to achieve optimality
or some other desired performance and hence we consider
that the control input is a state-feedback and known to us
a priori. Therefore, it will be interesting to see how the
system behaves if this control is approximated by a piecewise
constant control. In the following sections we are going
to explain on how to construct such a piecewise constant
approximation of a given control input by using an event-
based approach. We show that the error incurred by using
this approximated input can be bounded within an invariant
subset (Theorem 2.4) and moreover, the volume of this set
can be controlled by the choice of some parameters related
to the event triggering function. We also show that under the
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adopted event triggering strategy, there is a minimum time
between two successive events (Theorem 3.1)

II. EVENT-BASED NONLINEAR CONTROL SYSTEM

Let us consider the input-affine nonlinear state space
model as given in (1).
&= f(t2)+ Y git,7) u; )
i=1
where u; is the control input and that input is of the form
~i(x) to achieve some desired behavior from the system.
The closed loop system is given in (2)

ic = f(t7 .1‘0) + Zgz(t; mc) : ’Yz(xc> (2)

i=1

We assume the following properties for the nonlinear systems
considered in (1) and (2)

(A1) v;(+) and for all ¢, f(t,-) and g;(¢, -) are Lipschitz func-
tions with Lipschitz constants L?, L; and L; respectively,
forallt=1,2,--- ,m.

(A2) f.(t,x) = % and ((g7)i)z(t,x) = W are
Lipschitz continuous with Lipschitz constants L; and L}

respectively, where (g7);(t, x) = g;(t, z)v:(z).
(A3) The closed loop system with u; = 7;(x) is exponen-
tially stable.
Note that, we do not assume that the system (1) is ISS (Input
to state stable), so the stability of (1) with any other input is
not guaranteed.

Let us denote

F(t,x) = f(t,z) + Y gi(t,z) - vi(z), 3)

i=1

and the trajectory of the closed loop system (2) to be z.(t).

Our aim is to generate the controls u; in such a way
that does not require continuous availability of the state
2(t) and the deviation of the trajectory of this event based
system from that of (2) with this control is within some
tolerance level. To design such a control we will consider
w; () = vi(x(ty)), Vt € [tk, tk+1), where z(tx) is the value
of the state at k-th triggering time t.

Theorem 2.1: Let x = 0 be an equilibrium point for the
nonlinear system & = h(t,z), where h : [0,00) X D —
R™ is continuously differentiable, D is some domain in R"
that contains the origin, and the Jacobian matrix Oh/0z is
bounded and Lipschitz on D, uniformly in t.

Let ok
H(t) = 5 (t.)

=0

Then x = 0 is an exponentially stable equilibrium point for
the nonlinear system if and only if it is an exponentially
stable equilibrium point for the linear system & = H(t)z.
Proof: For the proof of this theorem, the readers are
directed to [19, Theorem 4.15]. |

Theorem 2.2: The linear system
p=A(t)p

is exponentially stable, where A(t) = %(t,x)|xzw e

Proof: Let us consider the system,

(wc — p) = F(tv Te—p) €]

By assumption (A3), (4) is an exponentially stable system

and hence tlim (xz.(t) — p(t)) = 0. We can write (4) in the
— 00

following way as given in (5)

oF

de—p=Flta) 5 (ta)  p+O(pl®) ©)

-’E:mc(t)
where lim 0 O(|[p||*)/|lp|| = 0. Since x.(t) satisfies (2)
and by the definition of A(t), we obtain from (5)

p=At)p+O(||pl*). (6)

By assumption (A3), both z.(¢) — 0 and z.(t) — p(t) — 0
exponentially as ¢ — co and as a consequence, p(t) — 0 ex-
ponentially as ¢ — oco. Therefore, p = 0 is an exponentially
stable equilibrium point for (6). Theorem 2.1 ensures that
the linearization of the nonlinear system (6) around p = 0
(i.e. p = A(t)p) is exponentially stable. [ |

1) Event Based Closed Loop System and The Error
Dynamics: The closed loop system with continuous state
feedback is represented in (2). In the event based strategy,
since we do not have continuous state feedback, the control
law takes the form of u; = ~;(x(tx)) where x(t) is the value
of the state at the previous triggering instance t;. Therefore,
basically u; is a piecewise constant function. The event based
closed loop system is obtained in (7).

&= f(t,x)+ Y git,x)vi(@(te)  VEE [tr,terr). (7)
i=1
The error e between the actual closed loop system (2) and the

event based closed loop system (7) is defined to be z. — .
e follows the nonlinear dynamics given in (8):

¢=F(t,w)—F(t,2)+Y_ gi(t,2)(vi(x)—7i(2(tr))). (8)
i=1
Our goal will be to keep this error bounded while only
using the limited state measurements available at discrete
time instances.
Proposition 2.3: For all t > ti, The dynamics of e(t) can
be written as,

¢ = Alt)e + plt,z,x)e+ Y gi(t,z)(vilx) = vi(z(te))

i=1
9
where

,M(t, Z, xC) = %(t l')

and 1 > «a(t) > 0.

z=x.(t)—a(t)e(t)
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Proof: By assumption (A2), (t x) is a Lipschitz
continuous function. Therefore, using Mean Value Theorem,

Flta) ) = ()| (relt) — 2(1)
Ox r=%(t)

where Z(t) = a(t)x(t) + (1 — a(t))z.(t) = z.(t) — a(t)e(t),
a(t) € [0,1] depends on z.(t), z(¢) and the function F(-,-).
Using (8) along with the application of Mean Value

Theorem on F(t,-), we obtain,

¢ = A(t)e + (8F (t, ) - A(t))e
Ox =z (t)
+ > git. @) (@) = vilx(t))- (10)
i=1

Using the definition of A(t) and defining u(t,z,x.) =
9L (t, 1) — A(t), we obtain (9). |
=z (t)

From the expression of  u(t,z,z.), clearly
w(t, x,xc)|e=0 = u(t,xc,2.) = 0. Using this fact, the
linearization of ,u(t x,x.)e around e = 0 is:

d(e) (u+ )‘ —0.

de le=0
Theorem 2.4: There exls%s € > 0 and subspace Q). C R"

such that for all t, if E llg: (t, z)v:(z)]|2 < € and e(0) € Q,

then the error e(t) e Q Sfor all t.
Proof: Let us first denote

=Y gilt,2) (i)
i=1

where t; <t < tx4+1. We can consider (9) to be a nonlinear
system with perturbation, where the perturbation term is
O(t,x, {t:}7°,) and the unperturbed nonlinear system is:

(1)

Theorems 2.1 and 2.2 along with the fact that linearization of
u(t,x,x.)e around e = 0 is zero ensure that the unperturbed
nonlinear system (11) is exponentially stable. Let V (¢,¢e) =
el P(t)e be a Lyapunov function for the linear system ¢ =
A(t)e. P(t) satisfies the following properties:
1) P(t) is continuously differentiable, symmetric, bounded,
positive define matrix; that is, 0 < ¢11 < P(t) < ¢ol, Vt.
2) P(t) satisfies the differential equation P(t) =
—AT(#)P(t) — P(t)A(t) — Q(t), where Q(t) is continuous,
symmetric, positive definite for all ¢, i.e. Q(t) > ¢3I > 0.
Considering the same Lyapunov function for the unperturbed
system will show that the unperturbed system (11) is expo-
nentially stable if ||e|| < r for some r > 0.

Let us consider the same Lyapunov function for the
perturbed system and we obtain,

e(t)" P(t)e(t)
eT(AT(t)P(t) + P(t)A(t) + P(t))e
+QeTP(t)(u(t,x,xc)e+5(t7m,x(tk))) (12)
= —eTQ(t)e + 2T P(t)(ult, x, c)e + 8(t,x, {t1}720))-

6(t7x7{tl}?io) _'Yi(x(tk)))v

e=A(t)e+ p(t,x,x.)e.

V(t,e) = p

Using the definition of u(t,z,z.) given in Proposition 2.3
and the Lipschitz continuity assumptlon (A2),0n F(t,x) we

(L1 + Z Ly)lella = Lllell2 .
1=
Therefore, from (12), we obtain,
V(t,e) < —csllell3 + 2Lealle]|3 + 2c2(|6 ]2 €]l
= [lell2(lle[l2 — 61)([le]]2 — 02)
cs—+/c2—16Lc3|8|2 c c3
where 6; = = 34L1c6L 2”6H2, b2 = 34L1cGL 2l

2
If 0, and 6 are real and |e||2 € [01, o], then V(t,e) < 0
and hence Q. = {e € R”| |le||]2 € [0, 62]} is an invariant
2
set. To ensure 61, and 6, are real, we need ||d]j2 < Tois oI

we have e(t) € Q. if e(0) € Qe

can write ||u(t, z, 2|2 <

c3+

By defining ¢ to be 166%,
and [|6lz < Z gi(t, 2)yi(2)[l2 < e
[le]]2 will be bounded from below by 61, however, 61 can be
made arbitrarily small by controlling [|¢||2. [ |
Corollary 2.5: Under the same hypothesis as in Theorem
2.4, the behavior of the event based closed loop system (7)
remains in a bounded domain around the trajectory of the
closed loop system (2).
Corollary 2.5 follows from the fact that x.(t) — x(t) =
e(t) € Q. and hence ||z.(t) — z(t)|l2 = |lell2 € [0, 62].
This implies z(t) remains is a domain Q(z.) = {:c €
R"| |lze — 2|2 € [0, 6]}.

In Theorem 2.4, we have established an if-then relation-
ship between the perturbation 6(t,z, {¢;};°,)) and the error
e. In the next theorem, we will state the exact relationship
between the error e(t) and the perturbation (¢, x, {t;}72,).

Theorem 2.6: Consider the dynamics given in (9) and
suppose that we have a Lyapunov function V(t,e) that
satisfies

alels < Vi(te) < eallell (13)

v oV )
T T e AWe T ultzze)e) < —esllell3 (14)
H < callell (1)

for all (t,e) € [0,00) x R” for some positive constants
c1,C2,c3 and c4. Then,
¢

c (t—s)ea /2¢
le(lls < 5= [ €2 16(s, 2, {1} o) lods (16)
0
Proof: Let us consider the Lyapunov function described
in the statement of this theorem and apply it for the system
(9). We obtain,
ov oV
en + ?(A(t)e + p(t,z,zc)e +6(t,x, {ti}2,))
< —csllell3 + callell219]2 (17)
Let U(t) = /V(t,e(t)) and whenever V(t,e(t)) > 0, we

have U (t) = A VS’(i(zzi))

Ut) < —2U@) +
262

V(t,e) =

and using (13) and (17) we obtain,

Cq
NG (18)
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We have, V(t,z) = [ %dy =
0

1
[ 252 gy and hence
v ) ow

1
using (15), V(t,x) < ¢4 [ sds||z|3 = % |«[|3. This implies
0
cq4 > 2c7.
Therefore, when V' (t,e(t)) = 0 (ie. e(t) = 0), we have
V(t+he(t+h) < et +h)3 = 037 + o(h?):
where limy, 0 0(h?)/h? =0

VV(E+h,e(t+h))

DTU(t) = i é 19

(t) = lim o —zf” 2 (19)
Therefore, using (18) and (19), we can write,

DU < -Zun 20

= oe, (t) + Q\F (20)

Using Comparison Lemma [19, Section 3.4], we obtain,

t
< —tcg/2co C4 /(s—t)c;;/?cz 21
U() < Ut [ [6lds 1)
0

Since ¢(0) = 0 (21) and (13) ensure,
le@)]l2 < 72 f€ (t=s)es/2e2|6(s, 2, {t1}720) || 2ds u

III. EVENT TRIGGERING STRATEGY

Since piecewise constant control is used instead of con-
tinuous feedback to drive the system (1), the system will
fluctuate from its expected behavior. We will implement an
event triggering strategy so that the system determines when
the exact state x(t) has to be transmitted to the control
generator and the behavior of the system does not go beyond
the tolerance level. Our goal is to keep e(t) within the given
tolerance level. Theorems 2.4 and 2.6 give explicit relation
between the error e(t) and the perturbation 6(¢, z, {t;}7°)
caused by control mismatch.

We consider a simple event triggering function, based on
the instantaneous value of §(t, x, {t;}72,), given in (22):

Jevent (16(t, 2, {t:1}i20)[l2) = € = [|6]]2 (22)

where € > 0. Other variants of event triggering functions
are possible and we refer to some of them but due to space
limitation, we proceed with our further analysis based on
the stated event triggering function given in (22). Analysis
for other event triggering function such as (23) and (24) are
similar and straight forward.

event(ll(SH ) =€+ 62€_at - H5H2
t

Promi(16]2) = €3 — / e~ (1908262 5, ds

tk

(23)
(24)

where t; is the time instance when the last event was

triggered, €1, €2, €3 and a are some design parameters which

take nonnegative values.

The k + 1-th event is generated when feyen: (similarly
L ent OF f2,..1) attains a value of zero. The event triggering

mechanism (22) was used for event based control in several
works like [9] and [20], whereas (23) was used in [20].

If the e defined in (22) is same as that given in Theorem
2.4, we can guarantee that error will be bounded in a
positive invariant set €2, or equivalently the event based state
trajectory will be bounded in a domain around the closed
loop state trajectory. For any other arbitrary e, Theorem (2.6)
ensures that [le(t)[|2 < 2te for all t € [0, 00). Therefore,
in any case, for all chosen ¢ there exist ro(e) > r1(e) > 0,
such that Q(z.) = {z € R"| 1 < ||z — z¢||2 < 72} is an
invariant set. Similarly for the event trigger mechanisms (23)
and (24), there exist such invariant sets which depend on the
choice of the design parameters €1, €3, €3 and a.

Theorem 3.1: Inter event time for the event triggering
mechanism(s) defined in (22) (or in (23) and (24)) is bounded
from below.

Proof: Clearly, due to the fact that ~y; () is a Lipschitz
continuous function, we have

16]l2 < Ly Y llgia(t, @) |2l (t

i=0
where L, = max{L| i =1,2,--- ,m}. Since g;(t,-) is a
Lipschitz continuous function and z(t) remains in a compact
domain (Q(:c(,)) gi(t,-) is bounded for all ¢. Hence, we can

write, Z lg:(t, 2) |2 < Goo < 0.

) — x(tr)ll2

As a result lx(t) — z(tr)]]2 < GOOLW ensures [|d]2 < e.

o)~ @)l <
/U

< [ Elats) = et + K(s))ds @9

Ly + i”: Li (o)l and K(s) =

|satty + £ to ()xto15(08) \ .

Using Groanwall Bellman inequality for (25) we get,

(s.0) 4 3 ai(s.0pu(altn)) ) s

i=1

where L =

2(t) — 2(t) ]2 < et—t0) / K(s)ds  (26)
tk

If tx + T is the time when the k + 1-th event was triggered,
then from (26)

27

T
LT
K(s+tg)ds >
/ s—i—k S GooL’y
0

Defining ¢(T') = 7TfK(s + t))ds, we have ¢(0) = 0
0

and ¢(T') is continuous, increasing with finite ¢(7T") for all
T € [0,00). Therefore, there exists Ty > 0 such that for

all T < Twin, ¢(T) < G; +— and hence, the inter event
time is bound from below by j"min, where T, 18 such that
_ Thin
eLTmin | K(s+tg)ds = e [
0
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Theorem (3.1) suggests that the event triggering mecha-
nism does not exhibit Zeno behavior [21].

IV. SIMULATION RESULTS

A. Example 1: Interconnected Inverted Pendulums

The first example demonstrates the application of the event
based nonlinear control scheme, presented in this paper, on
a network of inverted pendulums (Figure 1). The nonlinear
dynamics for each pendulum is given in (28):

Fig. 1. Three pendulums interconnected by springs. The angular positions
are measured anticlockwise from the vertical axes. [12]

0 0
ak | T 1 |u'+ Zhij’”i
miz Tl ml2 — ml?

J

i
Lo

- {? sin(z?) — (28)

where z¢ is the angular position of the i-th pendulum and z?
is the angular velocity. g is the acceleration due to gravity,
l is the length and m is the mass of a pendulum, & is the
spring constant and a; is the number of springs attached
to the ¢-th pendulum. We consider the following parameter
values to conduct the experiment: ¢ = 10,m = 1,] = 2
and k = 5. The parameter values are taken from [12] and
[20], where the authors considered the linearlized dynamics
of the pendulums to study event based control of networked
linear systems. h;; = 1 if the i-th and j-th pendulums are
connected by a spring, otherwise, h;; = 0. Similar to the
approach adopted in [12] and [20], we consider the control
inputs to be as given below so that the poles of the closed
loop system for each pendulum are at —1 and —2.

u' = —(2ml? — k)t — mglsin(z}) — 3mi%zh — ka?
if ¢ =1,3 and for ¢ = 2

ut = =2(ml* — k)at — mglsin(x?) — 3ml2xh — k(x] + 22).
These control laws linearize the system and decouple each
subsystem. A candidate Lyapunov function of the form
(x")T Piz? for each subsystem can be chosen independently.
We choose P! = P = ? 1 which gives ) = :g :ﬂ .
Therefore, ¢; = 0.38,c5 = 2.62,¢c3 = 1 and ¢4 = 5.24. We
choose the value of € to be 0.05. The initial condition for
the system is chosen to be [7/3,0, —7/5,0, —27/3,0]. The
behavior of the closed loop system and event based system
are plotted in Figure 2.

The errors associated with each dimension are plotted in
Figure 3 where the event triggering instances are also shown.
Total number of events triggered is 49 and the average
interval between two events is 0.4083.

1
0.5
R
g e L,
€ o5, o
8 ‘.
3 .
£ ]
1
1
-15r 1
1
Ll [P
-25
2 4 6 8 10 12 14 16

Time

Fig. 2. The red curves show the behavior under continuous feedback
and the blue ones for event based feedback. P1, P2 and P3 correspond to
pendulum 1, pendulum 2 and pendulum 3 respectively.

Ertor

Fig. 3. (upper) The red curve is for the error in angular position of
pendulum 1, the blue and black ones are for the same for pendulum 2
and pendulum 3 respectively. (lower) The event triggering profile.

B. Example 2

In the second experiment we consider the following non-
linear dynamics:

2] =[] [

This system cannot be linearized for any choice of the control
input u but with u = —x9, we can stabilize the system
around the origin. A Lyapunov function V (¢,2) = 2?2 + z3
proves that the closed loop system is exponentially stable.
We choose different initial conditions for this system to
observe how the event based system differs from the closed
loop system. We choose twelve different initial conditions as
shown in Figure 4. The initial conditions are chosen in such
a way that two of them lie on the zo = 0 line and five of
them are the reflections of other five about the x5 = 0 axis.

The event triggering profile for the different initial posi-
tions are shown in Figure 5. The dynamics is symmetric
about the zo = 0 axis with the chosen control. This
symmetry is also reflected in the event triggering pattern.
So we only plot the event triggering patterns for the first
seven initial conditions shown in Figure 4. The triggering
patterns for the 5-th and 7-th initial conditions are same since
the initial conditions mirror each other. No further event is
triggered after the first one at ¢ = O for the 6-th and 12-th
initial conditions.

(29)
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081

061

0.4r

0.2r

Fig. 4. The red curves are for the continuous feedback system and the blue
curves are for the event based system. All the trajectories converge to the
equilibrium point at the origin. There are twelve different initial positions
as numbered in the figure.

e ¢ |
Efﬁﬁ'rﬁ?tj??m ]
Efwn@wm T
MmiTteTe ¢

5 1.5 2 2.5
* 9P
20 0‘5 ‘] 1‘5 ? 25
1 ]
Zo 05 1 15 2 25
* 9Pt P
0 0.5 1 1.5 2 25
Time

Fig. 5.  We only show event triggering profile for the first seven intial
conditions, rest of them are similar to their mirroring initial conditions.
Intial conditions on the line 2 = 0 do not require any triggering (expect
the one at t = O to set the initial values) because v = 0. Event triggering
profile is same for intial conditions 5 and 7 since they mirror each other.

V. CONCLUSIONS

In this work, we have proposed an event based control
strategy for an input affine nonlinear system. We use an
event triggering strategy to ensure that the error remains in
a bounded domain, and as a consequence, the event based
system approximates the behavior of the continuous state
feedback system. Simulation results show the application of
event based strategy on two input affine nonlinear systems.
Theorem 2.6 gives the explicit expression on the bounded-
ness of the error e(t). Theorem 3.1 also shows a relation
between the inter event time and the error bound. The optimal
error bound can be selected based on the precision needed

and the communication resources available for triggering.
Possible future works would be to extend this framework to a
general nonlinear control systems of the form & = f(¢, z, u),
and include time delays and dropouts into the network.

REFERENCES

[1] K. J. Astrom and B. Bernhardsson, “Comparison of Riemann and
Lebesque sampling for first order stochastic systems,” in Proceedings
of the 41st IEEE Conference on Decision and Control, 2002, vol. 2.
IEEE, 2002, pp. 2011-2016.

[2] M. Velasco, J. Fuertes, and P. Marti, “The self triggered task model
for real-time control systems,” in Work-in-Progress Session of the 24th
IEEE Real-Time Systems Symposium (RTSS03), vol. 384, 2003.

[3] M. Lemmon, T. Chantem, X. S. Hu, and M. Zyskowski, “On self-
triggered full-information H-infinity controllers,” in Hybrid Systems:
computation and control.  Springer, 2007, pp. 371-384.

[4] D. Nesié, A. R. Teel, and P. Kokotovi¢, “Sufficient conditions for
stabilization of sampled-data nonlinear systems via discrete-time ap-
proximations,” Systems & Control Letters, vol. 38, no. 4, pp. 259-270,
1999.

[5] W. Bian and M. French, “General fast sampling theorems for nonlinear
systems,” Systems & control letters, vol. 54, no. 11, pp. 1037-1050,
2005.

[6] K.J. Astrom and B. Bernhardsson, “Comparison of periodic and event
based sampling for first-order stochastic systems,” in Proceedings of
the 14th IFAC World congress, vol. 11. Citeseer, 1999, pp. 301-306.

[71 M. Lemmon, “Event-triggered feedback in control, estimation, and
optimization,” in Networked Control Systems.  Springer, 2010, pp.
293-358.

[8] W. Heemels, K. H. Johansson, and P. Tabuada, “An introduction to
event-triggered and self-triggered control,” in Decision and Control
(CDC), 2012 IEEE 51st Annual Conference on. 1EEE, 2012, pp.
3270-3285.

[9] J. Lunze and D. Lehmann, “A state-feedback approach to event-based
control,” Automatica, vol. 46, no. 1, pp. 211-215, 2010.

[10] D. V. Dimarogonas and K. H. Johansson, “Event-triggered control
for multi-agent systems,” in Decision and Control, 2009 held jointly
with the 2009 28th Chinese Control Conference. CDC/CCC 2009.
Proceedings of the 48th IEEE Conference on. 1EEE, 2009, pp. 7131-
7136.

[11] G. S. Seyboth, D. V. Dimarogonas, and K. H. Johansson, “Control of
multi-agent systems via event-based communication,” in Proceedings
of the 18th IFAC World Congress, 2011, 2011.

[12] X. Wang and M. D. Lemmon, “Event design in event-triggered
feedback control systems,” in Decision and Control, 2008. CDC 2008.
47th IEEE Conference on. 1EEE, 2008, pp. 2105-2110.

[13] ——, “Event-triggered broadcasting across distributed networked con-
trol systems,” in American Control Conference, 2008. 1EEE, 2008,
pp. 3139-3144.

[14] ——, “Event-triggering in distributed networked systems with data
dropouts and delays,” in Hybrid systems: Computation and control.
Springer, 2009, pp. 366-380.

[15] P. Tabuada, “Event-triggered real-time scheduling of stabilizing control
tasks,” Automatic Control, IEEE Transactions on, vol. 52, no. 9, pp.
1680-1685, 2007.

[16] A. Anta and P. Tabuada, “To sample or not to sample: Self-triggered
control for nonlinear systems,” Automatic Control, IEEE Transactions
on, vol. 55, no. 9, pp. 2030-2042, 2010.

[17] C. Stocker and J. Lunze, “Event-based control of nonlinear systems:
An input-output linearization approach,” in Decision and Control
and European Control Conference (CDC-ECC), 2011 50th IEEE
Conference on. 1EEE, 2011, pp. 2541-2546.

[18] C. Stocker and J. Lunze, “Event-based control of input-output lineariz-
able systems,” in Proceedings of 18th IFAC World Congress, 2011.

[19] H. K. Khalil and J. Grizzle, Nonlinear systems. Prentice hall New
Jersey, 1996, vol. 3.

[20] M. Guinaldo, D. V. Dimarogonas, K. H. Johansson, J. Sanchez, and
S. Dormido, “Distributed event-based control for interconnected linear
systems,” in Decision and Control and European Control Conference
(CDC-ECC), 2011 50th IEEE Conference on. IEEE, 2011, pp. 2553—
2558.

[21] J. Zhang, K. H. Johansson, J. Lygeros, and S. Sastry, “Zeno hybrid
system,” International Journal of Robust and Nonlinear Control,
vol. 11, no. 5, pp. 435-451, 2001.

3772



