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Abstract—A model-based event-triggered control scheme for
nonlinear constrained continuous-time uncertain systems in net-
worked configuration is presented in this paper. It is based on the
combined use of Model Predictive Control (MPC) and Integral
Sliding Mode (ISM) control, and it is oriented to reduce the
packets transmission over the network both in the direct path
and in the feedback path, in order to avoid network congestion.
The key elements of the proposed control scheme are the ISM
local control law, the MPC remote controller, a smart sensor and
a smart actuator, both containing a copy of the nominal model
of the plant. The role of the ISM control law is to compensate
matched uncertainties, without amplifying the unmatched ones.
The MPC controller with tightened constraints generates the
control component oriented to comply with state and control re-
quirements, and is asynchronous since the underlying constrained
optimization problem is solved only when a triggering event
occurs. In the paper, the robustness properties of the controlled
system are theoretically analyzed, proving the regional input-to-
state practical stability of the overall control scheme.

Index Terms—Model predictive control, sliding mode control,
networked control systems, event-triggered control, nonlinear
systems, uncertain systems.

I. INTRODUCTION

The last decades progress in telecommunication has brought
along the development of new control configurations, named
Networked Control Systems (NCSs), which are a reality by
virtue of their cost, effectiveness and flexibility (see, for
an overview, [1], [2], and [3]). Yet, several technical and
theoretical problems arise because of the presence of a network
in the control system. These are related to the fact that
a communication network is a band-limited channel which
can feature delays, packet loss and jitter. To overcome these
drawbacks, different approaches have been proposed in the
literature, with the objective of designing control algorithms
capable of coping with communication imperfections and
constraints. Among these, algorithms designed according to
the so-called event-triggered control approach (see, among
others, [4]-[9], and the references therein cited) are surely
effective solutions. In event-triggered control, the state of the
plant is transmitted over the network only if a pre-specified
triggering condition holds.

A similar approach is adopted in the so-called model-
based event-triggered control (see, for instance, [10]-[12]),

This is the final version of the accepted paper submitted to IEEE Trans-
actions on Automatic Control. G.P. Incremona and L. Magni are with the
Dipartimento di Ingegneria Civile e Architettura, University of Pavia, Via
Ferrata 3, 27100 Pavia, Italy (e-mail: gp.incremona@gmail.com,
lalo.magni@unipv.it).

A. Ferrara is with the Dipartimento di Ingegneria Industriale e
dell’Informazione, University of Pavia, Via Ferrata 5, 27100 Pavia, Italy (e-
mail: antonella.ferrara@unipv.it).

which uses an explicit model of the plant asynchronously
updated with the actual plant state of the system, when this is
transmitted through the network. Both basic and model-based
event-triggered controllers significantly reduce the transmis-
sion rate, though guaranteeing satisfactory performance, as
also observed in applications (see, for instance, [13]-[15]).

In this paper, a Model Predictive Control (MPC) based
approach is proposed for nonlinear networked uncertain sys-
tems [16], [17]. In the considered context, the model-based
event-triggered strategy results in being the more natural way
to face the problem. In order to reduce the conservativeness
inherent in any robust MPC, an Integral Sliding Mode (ISM)
control has been adopted to reject at least the matched un-
certainty [18]. Since the ISM component is very simple from
a computational viewpoint, it is locally implemented so that
it can run at a higher rate than the MPC controller, and it is
continuously fed by the actual state of the plant. Note that
MPC and sliding mode control have been used in a combined
scheme in [19], [20], where the MPC has been applied to
update the parameters of the so-called sliding manifold. A
different idea to combine MPC and ISM has already been
investigated in [21]-[23] in a conventional, i.e., non NCS,
framework. The first event-triggered version of a sliding mode
control scheme has been discussed in [24]. In the context of
MPC, the problem to reduce the energy consumption due to
data transmission is considered in [25], where a min-max MPC
has been adopted for discrete time linear systems. In [25]
only sensor data are remotely transmitted so that the control
law is computed at any discrete time instant. Finally, note
that a very preliminary version of the present paper, with no
network between controller and plant, only smart sensor and
conventional actuator, and no proofs of the theoretical results
was presented in [26].

In this paper, a multi-rate control law for nonlinear con-
strained continuous-time uncertain NCSs is designed. The
proposed hierarchical control scheme, illustrated in Figure
1, consists of the following key elements: the remote MPC
controller, the ISM local control law, a smart actuator and a
smart sensor. The controller generates the MPC component,
by using the nominal model of the plant to predict the future
evolution of the system state. The smart actuator and the
smart sensor both include a copy of the nominal model of
the plant. The smart actuator provides the MPC component
to the system, and is capable of checking if all the elements
of the last transmitted control sequence have been used as
inputs to the plant, and, if this is the case, computing an
auxiliary control law relying on the nominal model. The smart
sensor continuously checks a triggering condition, function of
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Figure 1. Representation of the proposed hierarchical model-based event-
triggered MPC/ISM control scheme.

the plant state, on the basis of which decides whether it is
necessary to transmit the measured state to the controller and
to update the nominal model or not. The ISM controller is
local, in the sense that it is embedded with the plant, and has
the role of compensating the matched uncertainty affecting the
system.

The motivation for using ISM control, apart from its prop-
erty of providing robustness versus matched uncertain terms,
is also given by its capability of enforcing sliding modes of
the controlled system since the initial time instant, without
amplifying the remaining unmatched uncertain terms [27],
[28]. The presence of the ISM local controller allows MPC
controller to solve the optimization problem relying on a
system with reduced uncertainties, while fulfilling the state
and control constraints. More specifically, in the paper, an
asynchronous MPC is used since the optimization is performed
only when a triggering event occurs. In this case, the sensor
decides to transmit the actual state over the network and
the optimal control sequence is sent, packetized, to the plant
(i.e., the entire control sequence computed at the current time
instant is transmitted). In this operational mode, the triggering
condition provides a bound on the mismatch between the plant
and the nominal model state, which is suitably exploited to
shrink the state admissible region, according to the approach
discussed in [29], [30], so as to guarantee feasibility of the
solution in a robust way. Until the occurrence of a new
triggering event, an auxiliary control law, based on the nominal
state, is provided by the smart actuator and applied to the plant.
When a new triggering event takes place, the optimization
problem is solved again.

More specifically, the main original contributions of the
present work are the following: first of all, the design of
an asynchronous packetized MPC algorithm suitable for net-
worked control loops involving a system to control which is of
uncertain nonlinear affine type, with inequality constraints on
both input and state variables; the proposal of the joint use of
this new algorithm with an ISM algorithm; the analysis of the
robustness features of the controlled system versus matched

and unmatched uncertainties; finally, the proof of the regional
Input-to-State practical Stability (ISpS) of the overall control
scheme. The performance of the proposed control strategy are
assessed in simulation relying on an illustrative example of
mechanical type.

The present paper is organized as follows. In Section II, the
notation adopted in the paper is introduced, while in Section
III, the considered control problem is formulated. In Section
IV, the proposed model-based event-triggered control scheme
is presented, illustrating the event-triggered strategy, the ISM
and the MPC components. The stability of the proposed
control scheme is analyzed in Section V. Section VI is devoted
to present simulation results obtained by applying the proposed
control approach to a cart moving on a plane. The paper ends
with some concluding remarks in Section VII, and appendices
that contain the proofs of the theoretical results.

II. NOTATIONS

The Euclidean norm is denoted as |-|, while the infinity norm
as |-| . For any symmetric matrix A, Amax(A) and Amin (A)
denote the largest and the smallest eigenvalue of matrix A,
respectively. Given a generic signal w, let wy;, 1, be a signal
defined from time t¢; to time t,. In order to simplify the
notation, when it is obvious from the context, the subscript
[t1,t2] is omitted. The set of signals w, the values of which
belong to a compact set YW C R™, is denoted by My, while
WS £ sup, o {|w|}. Given two sets A € R", B € R,
then the Pontryagin difference set C is defined as C =
A~ B2 {zeR": z+¢&e AVE e B} Given a matrix
M € R™ ™ with n > m, then, its orthogonal complement is
M+ e R™*(m=m)_ Given a vector s € R™, the sign function
sgn(s) is defined as sgn(s) = [sgn(s1),...,sgn(sm)]”

III. PROBLEM STATEMENT

We consider the dynamics of the plant given by
z(t) = h(z(t)) + Bu(t) +n(t), t >0 (1)

where x € R™ is the state vector, v € R™ is the control
variable, and n € R" is the disturbance term. Given system
(1), which is assumed to be forward complete, also assume
that the plant nominal model is

(t) = h(2(t)) + Bo(t) )

where & € R" is the state of the nominal model, h : R™ —
R™, B € R™™ and rank(B) = m. Moreover, in (1), the
term 7) denotes the additive uncertainty such that

n(t) = Bnm(t) + B ny(t) 3)

where B+ € R™*("=™) is the orthogonal complement matrix.
Note that 7y, (-) € R™ and n,(-) € R™™™ represent the so-
called “matched” and “unmatched” uncertainty, respectively
[31]. They are due to unavoidable unmodelled dynamics,
parameter uncertainties and disturbances.

Remark 1: Note that, the control-affine form (1) is required
in order to obtain an explicit control law for the ISM strategy,
as will be clarified in Subsection IV-B. ]



System (1) is supposed to fulfill the following assumption
on state, input and uncertain terms.
Assumption 1:

1) System (1) is forward complete.

2) h(0) =0.

3) The state and control variables are restricted to fulfill
the following constraints

reX “)
vel 3)

where X and U/ are compact sets containing the origin
as an interior point.
4) The uncertainty 7 is such that

new (6)

where W is a compact set containing the origin, with
WSUP known. O

Now, taking into account system (1) with suitable initial
conditions, the problem to solve consists in designing a control
scheme to guarantee the regional ISpS of the controlled system
subject to constraints (4) and (5), and to the uncertainty in (3)
with bound (6). Moreover, a further requirement is to limit
data transmissions over the network.

IV. MODEL-BASED EVENT-TRIGGERED MPC/ISM: THE
PROPOSED CONTROL STRATEGY

In this paper, to solve the problem formulated in Section
III, we propose a robust MPC/ISM control strategy relying on
a model-based event-triggered approach. It allows to execute
the state and control transmission as rarely as possible, thus
reducing the communication effort, alleviating the network
overload, and decreasing the possible occurrence of packet
loss, delays and jitter.

The considered control scheme (see Figure 1) includes
four key blocks: the MPC remote controller, the ISM local
controller, the smart actuator and the smart sensor. The MPC
controller uses a copy of the nominal model (2) as a predictor,
and produces, at asynchronous time instants, i.e., when a new
state measurement is transmitted over the network, a control
law capable of fulfilling with the state and control constraints,
while guaranteeing the optimality of the control law. The ISM
controller has the task of rejecting the matched uncertainty
by using the measure of the state provided locally (i.e., not
necessarily transmitted) by the smart sensor at any ¢ > 0.
Apart from the nominal model used as a predictor in the MPC
controller, copies of the nominal model are assumed to be
accessible also to the smart actuator and the smart sensor. Such
copies are reinitialized with the actual plant state, whenever a
state transmission occurs.

The MPC remote controller and the ISM local controller
together contribute to generate the control variable v(t) as

v(t) = u(t) + uism(t) @)

where w(t) and wigm(t) are, respectively, the piecewise-
constant MPC component and the ISM component.

A. The Event-Triggered Strategy

The smart sensor contains an explicit copy of the nominal
model of the plant, which, for any ¢t > 0, receives as input
the MPC component u(t) of the control law (7), and provides
the computed state Z(¢) to the triggering condition block. This
block, relying on the measured state x, determines the state
error e(t) = &(t) — x(t), and verifies the so-called “triggering
condition”.

In the present paper, following the suggestion in [32],
we adopt a triggering condition with relative threshold. The
threshold is progressively reduced as a function of the mea-
sured state, i.e.,

le| < max{e;|z|, e} (8)

where 0 < €7 < 1 and €5 > 0 arbitrarily set. If condition
(8) is violated, the actual state is sent to the remote controller
and the states of the nominal models which are present in the
scheme are suitably updated. Thus, the MPC controller, smart
actuator and smart sensor are all synchronized at the triggering
time instants.

B. The Integral Sliding Mode Component

According to the ISM control theory [18], it is possible
to force the system to evolve in sliding mode starting from
the initial time instant. This is beneficial for the proposed
scheme, since in this way the optimization problem solved
by the MPC controller can be stated relying on a system with
reduced uncertainties, as will be clarified in the following.

Consider the nominal closed-loop system written as

do(t) = h(zo(t)) + Bu(t) ©)

where z( denotes the state evolution of the nominal system
under the MPC law u. Now, consider the original system (1),
which is assumed to be affected by the matched uncertainty
term By, (¢) in (3). Select the sliding variable as

o(t) = Sz(t) (10)
with S = BT € R™*" SB invertible, and the auxiliary
sliding variable as

E(t) =o(t) +¢(t) (11)

with ¢ being the desired transient trajectory specified, with
reference to (2), as

¢(t) = =S {h(z(t)) + Bu(t)}
(0) = —o(0)
where (0) is chosen so as to enforce a sliding mode on the
sliding manifold S = {z € X : X(t) = 0} (see [33]) from
the initial time instant 0. Then, the discontinuous control uigym
in (7) is designed as

ursM (t) = —Umax sgn(3(z(t))

with Upax > 0 suitably chosen so as to satisfy the sliding
condition [33] with respect to the auxiliary sliding variable,
thus making S an attractive subspace of the system state space.

12)
13)

(14)



Note that, the ISM component allows one to define a new set
UM guch that

uISM

= {uism € R™ : Jursm| o, < Umax} (15)

Remark 2: Note that, the control law (14) can cause the so-
called chattering phenomenon, i.e., high frequency oscillations
of the controlled variable due to the discontinuity of the control
law [34], [35]. As shown in [18], the equivalent value of the
discontinuous control, i.e., the so-called “equivalent control”
(see [33], for a definition), uism,, (), can be used instead of
the discontinuous control law to alleviate this phenomenon.
According to [18], if the equivalent control is used, to ensure
() = 0, V¢ > 0, the transient trajectory ¢ must be
redesigned as follows

(16)
a7)

p=-5 {h(l) + B(u+ UISMeq — UISM)}
#(0) = ~(0)

Note that, the equivalent control cannot be directly computed,
because it depends on the uncertain terms. In [18], it is
shown that the equivalent control is equal to the average value
obtained at the output of a first order linear filter with the real
discontinuous control as input. (]

With reference to system (1) with urgy as in (14), the
following invariance property of the locally controlled system
with respect to the matched uncertainty can be proved.

Lemma 1: Given the plant (1), with the uncertainty bound
in (6), then, by applying the control law (7) with uigy as in
(14), the closed-loop system is invariant with respect to the
matched uncertainty in (3). (I

Proof: See Appendix A. ]

Moreover, it is necessary to prove that the unmatched
uncertainty is not amplified by the application of the ISM
control.

Lemma 2: Given the plant (1), with the uncertainty bound
in (6), then, by applying the control law (7) with uigy; as in
(14), and the sliding variable in (10) with S = BT, the locally
controlled system results in being

z(t) = h(x(t)) + Bu(t) + w(t), t >0 (18)
with w(t) = Bn,(t). O
Proof: See Appendix A. ]

Note that the local application of the ISM control law
transforms the original uncertain system into system (18),
where the matched uncertainty is completely rejected and the
unmatched uncertainty is not amplified. As such, the system
involved in the optimization problem, which is solved to
determine the asynchronous MPC component, has reduced
uncertainty with respect to system (1).

C. The Packetized Model Predictive Control Component

By virtue of the rejection of the matched uncertainty pro-
duced by the ISM part of the controller, the MPC component
can be developed relying on system (18). To this end, it is
useful to introduce some preliminary issues.

Let T be a suitable sampling period, and let ¢x, with k& > 0,
be the sampling time instants. Furthermore, let t~] with j7 > 0,
the asynchronous triggering time instants. Let ¢y, with k; > 0,

be the first sampling time instant after t~j The solution of
system (18) with initial state 2(0) = Z and uncertain input
signal w is denoted by ¢(¢,Z,u, w). Moreover, if w only
consists of null values, then w = 0. Now that the ISM
controller has been introduced, with reference to system (18),
it is possible to define the assumption reported below.

Assumption 2: Considering a generic time instant £ = ¢+,
0 <7 <T, system (18) is such that:

1) Given two different initial conditions x; and zo € X at
time 0, and a signal u € My, it yields

‘¢(£7x17u70) - (p(ﬂ CC27L170)‘ < LTEI;"‘zl - I2| (19)

where £, £ L(7) is a nondecreasing continuous
function defined in [0, T, such that £, = 1 and
L(11)L(12) < L(11+72). The term L = (L7)* stands
for L raised to the k-th power.

2) Given an initial condition z at time 0, the signals u €
My and w € M,y,, one has that

|()0(T7 ja u, 0) - (P(T, ja u, W)| S YT (20)

where v € R>( is a constant value and T € X. U

Moreover, in order to evaluate the discrepancy between the
nominal and perturbed evolutions of the system at a generic
time instant, the following lemma can be stated.

Lemma 3: Suppose that Assumptions 1 and 2 hold. Then,
given £ £ t;, + 7 and 2(0) = 7, one has that

N B £k —1
lo(t,2,1,0) — p(t, 2,0, w)| < v |7+ TL, =L
Lr—1

for all z € X, all u € My and w € Myy,. O
Proof: See [21, Lemma 1]. ]

Now, let us focus on the MPC component u(t). It is a
piecewise constant feedback law expressible as

u(t) = w(t, 1, 2(8;)), t € [t 84)

In order to describe the hold mechanism implicit in (21),
according to [17], a suitable state augmentation is performed.
By posing x, £ [#7 2T uT]T € R?"*™ then the closed-loop
system (18), (21) can be written as

h(z(t)) + Bu(t) + w(t)

2n

C.ﬂc(t) = h(CIA?(t)) + Bu(t) , t € [tk7tk+l) (22)
Om,l
with _ -
(ty;)
ze(ty) = &(ty) (23)

L K(tkv%;vx(?j))

Vit # ij, where ¢; is the last execution time before ¢;. While,
V't =t;, one has

Te(t;) = _x(ty)

L w(t),t5,2(t5)) |
The solution of (22) from the initial time instant ¢ with initial
state x.(t) = Z., will be hereafter denoted by o, (t,Z., W),
Vt > t. Moreover, the first 2n and the last m components of

(24)




©e(t, T, w) will be denoted by ¢, (t, Z, w) and
©u(t, Te, W), Tespectively.

Now, to design the MPC controller relying on the event-
triggered logic defined by (8), it is necessary to consider that
the equivalent system is subject only to the residual uncertainty
w(t). Because of the event-based realization of the control
scheme, the effect of such uncertainty accumulates. Following
the idea behind the control algorithm presented in [30] for
discrete-time systems, and considering that system (18), for
any ¢ > 0, is a particular case of system (1), a new robust
MPC control algorithm for continuous-time systems in form
(18) can be proposed. To this end, define the tightened set

(25)

W)’ gDa*:(t,(fC,

XTo+(V1+V2)T+Ts =&~ BT0+(V1+V2)T+7'3

where
A
BTo+(V1+V2)T+Tg Sz2€eR" 2] <

- - L -1
v (5373 L3+ TLs,, (£V2

+cg2—1
2 L1 Lo—1

+ ‘6_373 qu £g2 7’0) (26)

with 79,73 € [O,T), L1 = Lp, Lo = Eﬁ’fT > 0, 2373 =
max{l,£L3 } and L3 = L, if vy <N —1and 1o =0,
andﬁgT—E ifryy = N—1land vy, > 0, N > 1
being the predlctlon horizon. This definition of the tightened
set guarantees that, if the nominal state evolution belongs to
X1+, then the perturbed trajectory of the system fulfills (4),
as will be proved in the following.

The proposed MPC controller is based on the following
Finite-Horizon Optimal Control Problem (FHOCP) that con-
sists in minimizing, at any time instant ’tv] such that the
triggering condition (8) is violated, a suitably defined cost
function with respect to the control sequence @i, ey nalE] £

[uo(t;), ui(tj),..., un(t;)]. The associated ﬁmte horizon

piecewise-constant control signal U v () is such that

Uz, 4, 17, (1) = wo(t;)
for all t € [t;,tx,) and
W, g ity () = i (E)

for all ¢ € [tx;44,th;+i41) and all i € [0,..., N — 1]. Note
that because the FHOCP is not solved at any sampling time
as usual, but at any triggering time instant ¢;, the first value
of vector ﬁ[zjﬁtijerlI?j] is applied only from ¢; to t,.

Definition 1 (FHOCP): Consider system (18) with z(ty) =
Z. Given the positive integer N, the quadratic stage cost
I(z,u) = 27 Qx+uT Ru (Q and R being positive definite ma-
trices), the quadratic terminal penalty V;(x) £ 2Tz (being
II a symmetric positive definite matrix), and the terminal set

X, the FHOCP problem consists in minimizing with respect
toag ] the cost function

jotk+N—18
J(‘T’ﬁ[?jikﬁzv—lﬁj]’N) -
tk]+N
/~ U(z(1),u(r)) dr + Vf(x(tkj+N)) 27
tj
subject to

1) the state dynamics (18) with uncertainty term w(t) =0,
Vt € [t), th;4 N
2) the state tightened constraint z(t) € Xt—'{j , Vt €

(£, th;+5) = [t, 5 + 70 + NT);
3) the control constraint u € U with U = U ~ UM,
4) the terminal state constraint (¢, ) € X. ]

Remark 3: Since X and U are bounded, the stage cost is
a Lipschitz function with respect to both the state and the
control values, i.e., there exist £; > 0 and £;, > 0 such that

[H(z1,u) — (22, u)|] < L]z — 2] (28)
Uz, u1) — Uz, u2)| < Lyy|ur — usl (29)
for all x1, 22 € X and all uq,us € U. O

It is now possible to state the proposed MPC algorithm: at
any triggering time instant ¢;, apply the control law

u(t) = kMO (2 (t), 8, 1j41) =

te [?jvtk,‘-i-N]
s tj <t < tj+1

(30)

us ~
[t5:tn;+n —1t5]

Ry (2(t))

where tJH is the next triggering time instant, G2

t>te, N

[tptk N1t
is the optimal control sequence obtained by solvmg the

FHOCP, and sy is an auxiliary control law to be specified
such that k¢ (2(t)) = ky(&(ty)) for all t € [ty, try].

With reference to (30), denote with o, , (£, 2, w) the solution
of (18) when the auxiliary control law ~; is applied. Then,
the following further assumption on the terminal penalty and
terminal set of the FHOCP is introduced in order to guarantee
closed-loop stability.

Assumption 3:  The design elements V; and Xy are such
that, given a compact set ¢ and an auxiliary control law &,
the following properties hold:

1) X(z) 2 {z : 2Tz < o4}, X C Xy, such that

{0} C X and oy is a positive real number;

2) ® £ {r : 2"z < 0g}, being Xy C @ C Xn_1)rs

and 0 > 0y;

3) kp(z(t)) £ kp(z(ty)), for all t € [ty, tit1), £7(0) =0

and z € & = Ky € U;
4) Ky is Lipschitz with respect to the state variable x in
the domain ® with Lipschitz constant £,; > 0, i.e.,

|kf(x1) — kp(z2)| < Lilzr — 22|, Ya1,22 € @ (31)

5) if x(ty) € @, then @, (ty + VT + 7,2(tx),0) €
X(N4v—1)74- forall 7 € [0, T) and v € N+ Moreover,
one has that p(tyy1,z(tr), kf(z(tr)), 0) € Xy;



6) Given L, , with E,ﬁfT < 1 it holds
|(10Nf (Ta x1, 0) - (pﬁf (Ta Z2, 0)| S ‘Cliff |.’I}]_ - .'L'2| (32)
with 7 € [0, T7.
7) for any t € [t,tx+1] the following inequality holds

Vi (p(t,z(tr), i p(2(te)), 0)) — Vi (z(tr)) <

- / Lo (ty), iy (a(ti)), O), g (x(ty))) dr

tr

for all z(t;) € P;
8) consider a generic time instant ¢, +7, 7 € [0, T; system
(1) is such that

lo(te + 7, 2(tk), iy (2(tk)), 0)
—p(tr + 7, (tr), 0,0)] < Lo, [ p(x(tr))]

for all z(t;) € ®, where £, = L,(7) is a positive
continuous function in [0, T such that £,, = 0. O

(33)

Since ® is a compact set, no additional assumption is needed
to state that V7 is Lipschitz with respect to the state variable
x in the domain P, i.e.,

(34)

]
Finally, consider the following assumption on the bound
of the uncertainties that the proposed algorithm takes into
account.
Assumption 4: Suppose that the parameters involved in
Assumptions 1 and 3 have been chosen so as to obtain a value
of ~ such that

< 02 og (L £y K () X% + £ Ko (es))
- Ly Ks3(r)

|Vf(l‘1> — Vf(I2)| < £f|l‘1 — I2|, vxl,l‘g cod

(35)

]

Remark 4: Note that the proposed approach based on the
combination of a robust MPC with ISM has a general validity,
in the sense that it could be used not only with the constraint
tightening method here adopted, but also with any other
robust MPC based approach [36], [37]. Yet, the combined
use of MPC with ISM provides an advantage over the use
of a robust MPC standalone. Indeed, the ISM component, by
rejecting the matched uncertainties, allows one to reduce the
conservativeness of any robust MPC. (]

V. STABILITY ANALYSIS

In this section the robustness and stability properties of the
proposed control strategy are discussed.

A. Tightened Sets

The following lemma is useful to prove the properties of
the proposed MPC control law.

Lfm’z’la 4: Let z € XTOJr(Vl+I€1)T+Tg+(V2+EQ)T+T9+T7’ Vi,
vo,ki,ky € NY, 19,77, 178,79 € [0, T). Moreover con-
sider two functions £;_ and L,_ satisfying Assumption 2.1
and Assumption 3.6 respectively, the constants ki, ko, N €
N+,T3,7'4 Z 0 and

o if yy < N:vy =0, Igg = k‘gi ‘637—3 = ‘617—3’ ‘631—4 = ‘611—4’
T9 :0, andif73—|—74:T, kl :k1+1 andngo, while
if g+7m <T, ‘6378 = ‘les’ ]51 =k =0, ]52 =ky =0,
77 =0, and 73 = 73 + T4,

o if vy = N: ]51 = kl = 0, [:37_3 = EQTS, [,3&4 = ‘627—4’
£3T7 = £277, s =0,and if 3 + 74 =T, ko :Zf2+1
and 79 = 0, while if 73 +74 < T, 5379 = EQTQ, ko =0,
77 =0and 79 = 13 + 74.

Hence assuming that y € R™ is such that

v ‘Cll/1 -1
ly — | S7<73+T£373 (522 L1

L L
Lo —1
+ L3 LYLY To> Ls LY'LE L3 (36)

then, y c X7-4+(k1+k2)’[‘+7—7. O
Proof: See Appendix B. [ ]

B. Feasibility and Input-to-State practical Stability

The Input-to-State practical Stability (ISpS) of the closed-
loop system (18), (30) is proved. One can refer to [21], [38]
for the concept of continuous-time regional ISpS, that will
be used along this section. In the following, let XMPC C X
denote the set of states for which a solution of the FHOCP
exists.

Lemma 5: [Feasibility] Suppose that system (18) satisfies
Assumptions 1-4. Then, XYMPC is a robust positively invariant
(RPI) set for the closed-loop system (18), (30). O

Proof: See Appendix C. [ ]

Lemma 6: [Regional ISpS] Suppose that system (18) fulfills
Assumptions 1-4. Then, the closed-loop system (18), (30) is
regional ISpS in AMPC, O

Proof: In order to prove the stability properties, one has
to show that the following function

V(t,zc(t), N) £
J (x(t)’ﬁft,tkj+1v1t~j}’N> , 4 <t < tk-j-i-N
Vi(@(t)), thyan <t <tjp

is a ISpS Lyapunov function. In view of space limitations, all
the technical details are not reported. Most of the steps follow
the ideas of the proof of Lemma 4 in [21]. [ |

(37

C. Main Result

We are now in a position to introduce the main stability
result for the overall model-based event-triggered MPC/ISM
control scheme.

Theorem 1: Given the plant (1), with the uncertainty bound
in (6), and the mechanism based on the triggering condition
(8), then, supposing that Assumptions 1-4 are fulfilled, by
applying the control law (7), (14) and (30), system (1) is
regional ISpS in AMPC, (]

Proof: See Appendix C. [ ]
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Figure 3. From left to right: time evolution of the state variables of the plant
(z1: top, x2: bottom, solid line), and of the model (Z1: top, Z2: bottom,
dashed line); time evolution of the norm of the state error e with the relative
threshold (top), and updates of the actual state (bottom).
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Figure 4. From left to right: time evolution of the control variables v(¢)
(top), u(t) and urgnm(¢) (bottom); time evolution of the auxiliary sliding
variable, of the sliding variable, of the transient trajectory (top, X: solid line,
o: dashed line, ¢: dash-dotted line), and of the matched uncertainty with the
ISM component (bottom, nm,: dashed line, uygn: solid line).

VI. ILLUSTRATIVE EXAMPLE

In this section, the proposed control strategy is applied in
simulation to a cart moving on a plane. The plant is described
by the following equations

{i‘l(t) = Z’Q(t) + 77u(t)
#2(t) = 37 (—kow1(t) = how2(t) + v(t) + 7 (1))

where the control variable v is the force applied to the cart.
Moreover, considering (1),

0 Zo 0
, B=
[—’X?wl —’xgxz] M

where M =1kg is the mass of the cart, which is assumed
to be known, ko = 0.33Nm~! is the stiffness of the spring,
ho = 1.INsm™! is the damping factor, while the matched
uncertain term is 7y, = Wy, sin(xz), with 1y, <1N. In
(38), signal 7, is an unmatched uncertain disturbance, which
is generated as the overimposition of a random noise and
a sinusoidal function of zo such that |n,|, <0.2ms™'
Accordingly, the nominal model is

{@(t) = Ga(t)
Balt) = 3 (—hods (1) — hoda(t) + 0(1))

The initial condition is 2(0) = £(0) = [-0.8 —2]T. In Fig. 2
an estimation of the positive invariant set XMPC is illustrated.

(38)

h(z) = (39

(40)

To perform the simulation tests, the Euler solver is used
with a numerical integration step 7; equal to 0.0002s, while
the MPC sampling time is chosen as T' =0.2s. The prediction
horizon of the FHOCP is N =3. The quantities ) and R in
(27) are chosen respectively as @ =I5, and R =1, while the
auxiliary control law and the matrix II are equal to

kp(Z) =—-Kz&, K =1][0.6413 0.7306] (4D

and 8.7647 3.6217
= [3:6217 4:6226] (42)
The considered control and state constraints are |v| <3N, |z1],

|#1] <3m, |z2|, |#2] <3ms~!. The relative degree of the
system is r =1, since the sliding variable is selected as o =
mix1 + 2, with my=1. The transient trajectory ¢ is chosen
as

o(t) = —mqx1(0) — 22(0)

| miea() = 7 Gaa(r) + hoalr) + )
)

The discontinuous control law in (14) has the amplitude
Umax =1. The triggering condition in (8) is specified by
choosing €; =0.2 and £9 =0.01. The considered tightened
set is selected as in (25) and (26) with v =1, £, = ' and

‘Cﬁf.,- — 6_0'92T.

In order to evaluate the closed-loop performance with
respect to the conventional, i.e., non event-triggered, control,
and event-triggered MPC without the ISM controller, that is
without any local controller, we consider two indexes: i) the
number of updates of the actual state, denoted with n; ii)



the root mean square (RMS) value of the plant state, xgns.
These indexes are determined as

ng
Tup = Z fup(Ti)7 TRMS =
=0

where fu,(-) is a flag equal to 1 when the actual state is
transmitted over the network, equal to zero otherwise, ng is
the number of integration steps during the simulation, and x;;
is the j-th component of the state vector at the ¢-th integration
step.

Figure 3 shows the time evolution of the state variables of
the plant and of the nominal model, which are both steered to a
vicinity of zero depending on the amplitude of the unmatched
uncertain term 7,,. Moreover, in Figure 3, the relative threshold
defined in (8) and the flag values are also reported. Then,
Figure 4 shows the time evolution of the control variables
v(t), u(t) and uism(t). The behavior of the auxiliary sliding
variable, of the sliding variable, of the transient trajectory,
and the time evolution of the ISM component with respect to
the matched uncertain term 7, are also illustrated in Figure
4. From the analysis, it appears that the RMS values of the
state are equal to 5.31783 x 10~2 when the proposed scheme
is applied, equal to 5.31436 x 10~2 in case of non event-
triggered implementation of the control scheme, and equal to
5.95011 x 10~2 when the standard event-based MPC without
ISM component is used. Finally, the number of updates, i.e.,
state and control transmission, is significantly reduced (4
transmissions) not only with respect to the case in which the
state is always transmitted over the network (51 transmissions)
but also with respect to a standard event-based MPC (50
transmissions). This confirms the effectiveness of the proposed
control approach.

VII. CONCLUSIONS

In this paper, a model-based event-triggered MPC/ISM
control scheme for nonlinear constrained uncertain networked
systems is proposed. The main objective is to reduce the
number of transmissions of the actual plant state over the
network, while guaranteeing satisfactory performance of the
controlled system. A smart sensor and a smart actuator are
included in the scheme. The control law is designed by suitably
combining ISM control with MPC. The ISM component,
based on the actual state provided by the smart sensor, is
used in order to compensate the matched uncertainty affecting
the system, so that an asynchronous packetized version of a
quasi-infinite horizon MPC with tightened constraints can be
designed relying on a plant with reduced uncertainties. The
actual plant state is transmitted only when a triggering event
occurs. In such time instants the MPC law is updated. As
a result, the regional ISpS of the overall control system is
proved.

APPENDIX A
RESULTS ON THE INVARIANCE PROPERTY

Proof of Lemma 1: Consider the plant (1), the sliding
variable in (10), and the transient trajectory in (12) expressed

as
¢ =—S{h(z) + Bu}

Then, the first-time derivative of the auxiliary control variable
can be determined as

Y(t) = Si — S {h(x) + Bu}

(45)

(46)
Then, one can compute the “equivalent control” [33], by
posing X =0, i.e.,
S(& — h(xz) — Bu) = S(h(z) + B(u + uism,, )
+ B + Bt — h(z) — Bu)
= S(Busm,, + B + Blnu) =0
which yields

UisM,, = —Thm — (SB)"'SB*n, (47)

Substituting (47) in (1), the equivalent dynamics of the locally
controlled plant results in being

#(t) = h(z(t) + Bu(t) + @(t), t>0  (48)

with

w = (I — B(SB)~1S8)Btn, (49)

which is invariant with respect to the matched uncertainty. ll

Proof of Lemma 2: This result follows directly from [27,
Propositions 2 and 3]. By virtue of Lemma 1, it can be proved
that the choice of S = BT minimizes the norm of @ in 48),
ie.,

BT :argser%iglm\(l—B(SB)_lS) Bin (50

such that the equivalent dynamics is
z(t) = h(x(t)) + Bu(t) + w(t), t >0 (1)
with w(t) = B+ny,(t), which concludes the proof. [ |

APPENDIX B
RESULTS ON TIGHTENED SETS

Proof of Lemma 4: Let Qry 4 (ky4ho)T4+7r €
BT4+(k1+k2)T+T7 and z = Y= T+ Oy (ks +ka) Trr Then, one



has that [2] < |y — 2| + |, 4 (ky +ko) 747 |- It yields
‘Z| < |y - I| + |aT4+(k1+k2)T+T7‘ <

WL =1 L2 —1
7(73+T£373 (522 ﬁll—l + 5221)

+ L3, LY LY To> L3 LYLYLs

5 ek ~ R L7 1
1 2
+y ‘6377‘61 7 + TﬁgT7 £2 -1

N L5 —1
Ly—1
+ L3, Ly L5 T4>

= (‘6374 [,]fl ,CISQ [/377 T3 + ,C_gw ﬂlfl T

TLs LRckr, £ rv £ -1 TLs Lk Ly -1
+ 3ry &1 2 M3, 43,552 L1 —1 + 37 ~2 L1 —1
£r —1 _ Lk
k k 2 2
+ T‘C’3T4£11‘C22£377 ‘6373 Ly —1 + T£3T7 Ly —1 +

+ L, LYLE Ly Ly L7LYT

+ L, LY L5 T4>

Consider now two different cases: i) v1 < N, ii) v; = N.
For the first case, by assumption, v = 0, 5373 = £373 =L
and £37—4 = Eg

73
4 £17'4 >

-

|Z| < |y - $| + |aT4+(k1+k2)T+T7| <

v <£3T4 LY L5 Ls 75+ Ly, LY'7r

Ly —1 oL
Sl L TLy Lk
Lo—1 e

+TLs, LY L5 L3 L3 o

- LB -1 ki pk
+ T£37_7 ﬁ + £3T4 £11£22£3T7 £37_3 L‘,ll/l T0
+ Egﬁﬁ’flﬂ’;?m)
Moreover note that if 73 + 74 = T the terms
v (Lgmc’flc’;z L3, 75+ ZST7c’f1£’;QT4>

represents the effect of v during a period T after k1T + k2T +
77 time. Hence the terms

v <£3T4 LY LY Ly 5+ Ly, L5 L5274

. £ -1
k72 1
+TLa L5 )

can be rewritten as
£t g . Lt g
TLy L2l ) < TLy £l —
’y( 377£2 L,—1 =7 EST7 2 L1 —1
so that
L -1
Ly —1

2l <~ (ACBT?C]FT? + TP LS L

+ E’f1+1£’§2£3T7 Lo TO>

B B kitvi+1 1

<~ £3T7 £11€1+u1+17_7 + Tﬁ§2£377 1[:71
1 —

Lhe g

TF
+ £377 Lo —1

ki4+14v1 pka
+ [:1 [:2 £3T77’0>

i.e., according to (26), z €
BT0+(U1+k1+1)T+k2T+T7- Then, since kl = kl + 1, kg = kQ,
78 =79 = 0, v = O one has x € X | (1, 4k, +1)T+koT+r, and
T+ 2 € X, Y+ Qryy(ky+ho)T+r, = T + 2, One can conclude
that y € X7, 4 (k, +ko)T+r,- Moreover note that if 753 +74 <7,
ki=ko=0and 75 =13+ 14, 77 =0, £378 = £3TS = ‘C1787

2| < |y — 2] + || =

cr -1 ,
y ([:3_,,4 T3 + Tﬂgﬂ,g ‘631—4 ﬁ + £37_4 [:31_3,(,‘117’0 + 7’4)
1 —

<7 (ﬁ‘smmﬁfl (75 + 74)

L -1 "
+ 11;637_3+7_4 ﬁ + £373+7—4£1 T0

v £V1 -1 v
=7 <£37—8 Ellrg + T£37-8 ﬁ + £3TB £11T0>
N s N St Sy
=7 La b1 T8 F 37851_1+ 3441 70

i.e., according to (26), z € Br,41,,7+r. Then, since k=
k:1=0,I€2=k220,1/2:0,7'7:rg:00nehasx€
Xro41T4rs and 42 € X, y+a,, = T+2, one can conclude
that y € X,,.



Consider now the second case in which, by assumption,

v = N, ki =k = 0. Analogously to the first case, if

s+1a=T, 79g=0and ko = ky +1

|Z| < |y - :17| + |a7—4+k2T+7—7| <

r ko+1 12} ‘C{V -1
¥ £377 T7 + T,CQ £3T7£2 Li—1
. L2 —1
T ka+1 2
+ »Cz £377 £2 — 1
B ko+1 _ 1
+TLs,, ﬁ + L5 Ly LY Ly

r N r kotva+1 ﬁjlv -1
< Yy ’631—7’61 T7 + T£37_7 LQ ﬁ

£12€2+V2+1 -1

L1

) + Ly LY £’52+"2+1TO>

i.e., according to (26), 2 € By NT4(kytvet1)T+rr- Lhen,
since v1 = N, k1 =0, 73 =179 = 0, ko = ko + 1 one has
T € Xy L NT(katvat 1) Tr, AN 242 € X, y+0ry 4 py1pr, =
x + z, one can conclude that y € X, x,7+,,. Moreover note
that if 3+ 74 < T, k1 = ko =0and 79 = 73+ 74, 77 =0,

2| <y — 2] + |ar,| <

L LY —1 L5 —1
! (E?’m Tt Thany Lo Lo" g T s Lo 7
+ ‘C31—3 £374 £{v£527'0 + T4>
Ly —1

<7 <£_379 LY7o+ TLs,, <£D2

+,cgz—1
2 L1—1 " Lo—1

+ L3, L1 LY 70>

i.e., according to (26), z € B,y NT+u,T+r,- Then, since one
has z € Xy NT1voT4+r ad T+ 2 € X, y+ap, =2+ 2,
one can conclude that y € X,. This concludes the proof. W

APPENDIX C
RESULTS ON STABILITY

Proof of Lemma 5: To get the feasibility property, one has
to prove that

2(I) € AP S (1) € AMPC, w(fjy) 2

95(%}+1 - ’t\j]vx(tj)v K’MPC(‘I(E})?%7A}+1)7W[Zj7t~_j+1)) (52)

Letting x(tNJ) € AMPC and the associated optimal solution
of the FHOCP at time t;, a possible (sub-

a% ~
[t5:tn;+n —1t5]

optimal) solution at time ’tvj+1 for the FHOCP is

lI>

=S
u’ ~
[E5+15th; 4N —1ltj41]

uZ ~
[tj+1th,+N—11t5]

ko (ot on = G, (i1 ty),

u% ~-,0
[ti+15th +N—11t;] )>

Ry (Sonf (tk_7‘+1+N717 (p(tijrN - ftijrlv x(’tijrlﬁ/j)’

L u[t~1+17tkj+N,1|Zj]70)7O)>

(53)
where

w(tjailty) £ ot — G, a(E) 0 5 5).0)  (54)

is the value of the state of the MPC nominal (without un-
certainties) closed-loop system at time %Vj+1- To determine the
feasibility of such a solution, one must prove the following
three steps.

Step 1: It is necessary to show that the state value must lay
in Xy at Lhjp1+Ns ie.,

(p((N_l)T+tkj+1 _%Vjvx(tj+1)7 0) € Xf

ui =
(415t 4N ti41)’

where u’- ~
[E5+1tk; 0 +N[Ej+1)
control sequence

is the signal associated with the

s _
[t 1sth; g+ N -1]t41]
In order to prove this, we show that

- %}+17I(%+1)a
u;’ 0)c®

[Ej+15th; q+N—1lE41)’

O((N = 2)T + g,

To this aim, first define
—tjr1, 2(tj41),

u’ 0)

[tir1teg g +nv—1ltjv)’

ep = o(N =2)T +ty,,,

and

(1>

(N = 2)T + ty,, — Lr, 2(G1])

u’ 0)

[E415th g+ N —1ltj41)’

Pn

Note that Assumption 2 implies

lpp —pn| < L 7 £¥72|$(’5j+1)—$(ftyj+1\ft})|

trjy1 —ti+1

Now denote with %}11 the time when the triggering condition
is verified before ?j+1 and define 7 £ th+1 — fjjrl. Consider-
ing the triggering condition (8), Vx € X, Vu e U, Vw € W,

there exists 77 such that it holds
Koplp(mr, z,u,w)| > |z] (55)

with K, positive constant. At time t~j_+1 if the triggering rule
is violated then t~j_+1 =t;41 and |a:(;]) - x(t~J|t~J)’ = 0, while



if it was satisfied hence

"’L‘<E‘/j7+1) - x(@llﬁvj)’ < max {51|x(?;+1)‘ , €2}
Moreover, note that
le(Fy) — 2Ty 5))]
max {51|I j+1) 5 52}

erlz(t )| + 2

|x j+1 {_ |:C(Zj_+1|zj)|

IN A A

and

‘x(?j_ﬂ)’ < !x@lllﬁ)\ +ée1 ’33(%}11)‘ + &2
(I—e1) |x j+1 | < |x ]+1|t )| + €2

| (t~g_+1|t~3)‘ +ée2

‘ (t;+1)’ = (1 _ 51)

only if 0 < £; < 1. Hence,

|x(%}+1)\ - |$(%Vj+1|%vj)‘ <

£7T61
(1 — 61)

L., .
S <(1_ii) (KTT |.T(tj+1|tj)| + 62) + ETTEQ + ’)’TT)

(‘x(tNJ_+1\t~J)| +52) +£7T€2+"}/7‘T> (56)

and

[op = @nl < Ki(e1) |zt lt))] + Ka(e2) + Ks(rr)y (57)
with

_ . pN-=2 €1
Ki(e1) = Etkj+1_tj+1£ L. K., "= e)
1
_ _ pN=2
Ka(e2) = Etijrl*tf“LT Lrres (1—¢1)
K3(TT) = ‘Ctkj+1 —tj4 7]Y72TT
such that K;(0) = K»(0) = 0. Since ¢,, € X}

Vi (on) + L (K1 (e1)|z(tj41]E5)]
+Ks(e2) + Ks(mr)7y)

< op+ Ly (Kl(El)Xsup + Ks(e2) + K3(TT)’Y)

Vilpp) <

of 1+ ﬁle(El)Xsup) + ﬁsz(Ez)
+£fK3(TT)")/ § O

At this point, applying k¢, according to Point 5 in Assump-
tion 3 one obtains

@((N - 1)T + tkj+1 - E'j-i-lv 1’(5’-&-1),
u([?j+17tkj+1+N|?j+1)’0) € Ay
The control must fulfill the

€ U. Tt follows from
[Ej+ 15ty g+ v|EG41)

€ U by definition, and since

Step 2:
following constraint u?-

the fact that u[t oty e ]

gonf (ti>w(tkj+N - %}+1)7$(%}+1|%})7 O) €
B, Vit; >ty then kr(px,) €U.

Step 3: In order to assure the respect of the state constraints,
Lemma 4 with £, = L(7) and Lo = L,;, is used to verify
the following cases.

u% ~
[Ei+15th;+n-1]t5]

1) v <N, o(ra,2(tj41),u

T4 € [O,tkj+1 — tj+1].
Since it holds,

0) € X,, with

S
[tj+1¢kj+1 [tj41]’

@(747 w(?j+1 |t~j)7 u O) € X‘ro+uT+‘rs

S
[E+15th; g [Ei41]”

where 1) = tk]. —%vj, TR =13+ 14 <T, T3 :%vj'+1 —
tk;41—1. According to (19), (20) and Lemma 3, one has

0)
0)|

(74, (g+1|t

[tﬁhtkﬁ.l [£541]?

— (s, 2(tj41), u

[tﬁhtkﬁl [t41]

fr=1, cT3£TTO> L.,

§7<7—3+T£73£T_1

Then, Lemma 4 holds considering 11 = v, vy = k1 =
ko = 0, 77 = 79 = 0 which proves this case.

2) v <
N, o(ta+pT+77,2(tj41),u ,0) €

N —

5
[trjy1otjpa+n—1ltia]
XrrpTtry With 7y =1y, —t;1,andp=1,...,
v.

Since it holds,

(14 4+ pT + 7, 2(tj11t;),

S
[tk othy g 4N —1E41]" 0) € Xryt (4 )T +pT 477

where T():tkj—gj,Tg—l-T;;:T, 7'3:?]‘4,_1 thJrl 1,
77 € [0, T). According to (19), (20) and Lemma 3, one
has

(74 + pT + 77, 2(tj41]t;), u
— (14 +pT + 77, 2(t;11), 0

El/
T3 E

0)
0)

[tk stk N1 ltipal?

[tkHl sthj N —1lti41]’

1
<~ (7'3 +TL + £T3£TTO> EME L,
Then, Lemma 4 holds considering v1 = v, v, = ko = 0,
k1 = p, 78 = 79 = 0 which proves this case.
3) v <
N, ¢(ratpl+mr,a (ﬁ'l) [tkL+17tkj+1+N—1‘t~j+1]70) <

XT4+pT+T7 with 74 = tkj+1 - tj+1 and p = N —v+
1,...,N.

Since it holds,

(14 + T + 17, 2(t511E5),

[tkj+1’tkj+1+N—1‘t~j+1]70) € Ao ()T +pT 4y



where 75 = tkj —%}, s4+1a=T, 73 = %vj'+1 — tkj+171,
77 € [0,T). According to (19), (20) and Lemma 3, one
has

(T4 + pT + 77, 2(tj41[t), 0)

thyyqothy g +N—tltj41]

— (14 + T + 77, 2(tj41), 0], 0)|

thjprothy N —1ltip]

+ Loy Lo | Loy LT LE-N L,

Then, Lemma 4 holds considering 1 = v, vo = 0,
ky=N-v, ks =p— (N —v), which proves this case.

4) v > N, (p(T4,$<tj+1>, 70) S X-,—4 with
T4 € [O’tkj+1 — t~j+1].
Since it holds,

S
us ~
(tt1thjpq [ti41]

©(T4, x(%vj+1|%vj) 0) € XryruT4rg

S
u> ~
Ptk [T ]

where 7y = lg; —tj, To = T3+ Ty < T, 13 =1tj41—

tk; 41 —1- According to (19), (20) and Lemma 3, one has
|<P(7'4,m(tj+1|tj)auf{j+lytkj+l|t~j+1]a0)
— o7 2(tin), u([?j+17tkj+1 |f~1+1]’0)|
oy -1 LN -1
v—N*~T fr
syl 7t Tﬁﬁff?, ‘CHfT Lr—1 L -1

HfT

+ Lo LY L N T | £

Kfry

Then, Lemma 4 holds considering v, = N, v = v—N,
k1 = ko = 0, which proves this case.

> S -
5) v > N, o(rq + pT + 7_7’u[tkj+1>ikj+1+N71|tj+1]’O) €
XT4+pT+T7 with 74, € [O,tkj+1 - tj+1], p=1,...,N.
Since it holds,

o(r4 + pT + 17, 2(tj411E5),

u ~
[trj 1oty pr v —1ltj+1]?

0) € X4 (vt 1)TpT+rr

where 75 = tkj —tj, 41 =T, 73 = tj+1 —tk].Jrl,l,

77 € [0,T). According to (19), (20) and Lemma 3, one
has

[p(ra+ pT + 71, 2t 11[25), u[stkjﬂ iy +N -1t 4] 0)

—(ra +pT + 17, 2(tj41), u;, 0)]

thjypotig g +N—1lti4a]

v—N __
Equ ’Cg -1 LHfT 1
-1

~ir ﬁT—l L
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T
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+ L £¥ EZ;TN 70 | L fry ki
Then, Lemma 4 holds considering v1 = N, vs = v—N,

k1 = 0, ke = p, which proves this case. |

Proof of Theorem 1: By applying the ISM control (14), ac-
cording to Lemma 1, the equivalent system is (51), i.e., system
(1) with reduced uncertainties, that is the unmatched terms
w = B*ny(t). Moreover, by applying the ISM inner loop,
the control variable in the MPC has to fulfill (5), determined
considering that a quantity equal to Upax allocated for the
ISM component (see (7)) must be subtracted to the control
bounds of the set U, i.e., which can be determined relying on
the Pontryagin difference such that / = U ~ UM, Then,
since Assumptions 1-4 are satisfied, according to Lemma 6
the ISpS of the overall model-based event-triggered control
scheme is proved. ]
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