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Abstract

Nonlinear Receding Horizon (RH) control, also known as moving horizon control or nonlinear
Model Predictive Control (MPC), refers to a class of algorithms that make explicit use of a
nonlinear process model to optimize the plant behavior, by computing a sequence of future ma-
nipulated variable adjustments. Usually the optimal control sequence is obtained by minimizing
a multi-stage cost functional on the basis of open-loop predictions. The presence of uncertainty
in the model used for the optimization raises the question of robustness, i.e., the maintenance

of certain properties such as stability and performance in the presence of uncertainty.

The need for guaranteeing the closed-loop stability in presence of uncertainties motivates
the conception of robust nonlinear MPC, in which the perturbations are explicitly taken in
account in the design of the controller. When the nature of the uncertainty is know, and it is
assumed to be bounded in some compact set, the robust RH control can be determined, in a
natural way, by solving a min—max optimal control problem, that is, the performance objective
is optimized for the worst-case scenario. However, the use of min-max techniques is limited
by the high computational burden required to solve the optimization problem. In the case of
constrained system, a possibility to ensure the robust constraint satisfaction and the closed-loop
stability without resorting to min-max optimization consists in imposing restricted (tightened)

constraints on the the predicted trajectories during the optimization.

In this framework, an MPC scheme with constraint tightening for discrete-time nonlinear
systems affected by state-dependent and norm bounded uncertainties is proposed and discussed.
A novel method to tighten the constraints relying on the nominal state prediction is described,
leading to less conservative set contractions than in the existing approaches. Moreover, by
imposing a stabilizing state constraint at the end of the control horizon (in place of the usual

terminal one placed at the end of the prediction horizon), less stringent assumptions can be posed
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on the terminal region, while improving the robust stability properties of the MPC closed-loop
system.

The robust nonlinear MPC formulation with tightened constraints is then used to design off-
line approximate feedback laws able to guarantee the practical stability of the closed-loop system.
By using off-line approximations, the computational burden due to the on-line optimization is
removed, thus allowing for the application of the MPC to systems with fast dynamics. In this
framework, we will also address the problem of approximating possibly discontinuous feedback
functions, thus overcoming the limitation of existent approximation scheme which assume the
continuity of the RH control law (whereas this condition is not always verified in practice, due
to both nonlinearities and constraints).

Finally, the problem of stabilizing constrained systems with networked unreliable (and de-
layed) feedback and command channels is also considered. In order to satisfy the control ob-
jectives for this class of systems, also referenced to as Networked Control Systems (NCS’s), a
control scheme based on the combined use of constraint tightening MPC with a delay compen-
sation strategy will be proposed and analyzed.

The stability properties of all the aforementioned MPC schemes are characterized by using
the regional Input-to-State Stability (ISS) tool. The ISS approach allows to analyze the depen-
dence of state trajectories of nonlinear systems on the magnitude of inputs, which can represent
control variables or disturbances. Typically, in MPC the ISS property is characterized in terms
of Lyapunov functions, both for historical and practical reasons, since the optimal finite horizon
cost of the optimization problem can be easily used for this task. Note that, in order to study
the ISS property of MPC closed-loop systems, global results are in general not useful because,
due to the presence of state and input constraints, it is impossible to establish global bounds for
the multi-stage cost used as Lyapunov function. On the other hand local results do not allow to
analyze the properties of the predictive control law in terms of its region of attraction. There-
fore, regional ISS results have to employed for MPC controlled systems. Moreover, in the case of
NCS, the resulting control strategy yields to a time-varying closed-loop system, whose stability
properties can be analyzed using a novel regional ISS characterization in terms of time-varying

Lyapunov functions.
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Chapter 1

Introduction

Model Predictive Control (MPC) refers to a class of algorithms which make explicit use of a
process model to optimize the plant behavior, by computing a sequence of future manipulated
variable adjustments.

Originally developed to meet the specialized control needs of power plants and chemical
plants, MPC technology can now be found in a wide variety of application areas including food
processing, automotive, aerospace and medical applications, [97]. MPC has gained increasing
popularity in industry, mainly due to the ease with which constraints can be included in the
controller formulation.

It is worth to note that this control technique has achieved increasing attention among control
practitioners, since the 1980s, in spite of the original lack of theoretical results concerning some
crucial points such as stability and robustness.

In fact, a solid theoretical basis for this technique started to emerge more than 15 years after
it appeared in industry. Several recent publications provide a good introduction to theoretical
and practical issues associated with MPC technology (see e.g. the books [19, 37, 71, 104], and
the survey papers [31,77,181, 97, 103]).

Figure [1.1 depicts the basic principle of Model Predictive Control, which usually relies on
the following two ideas, [19]:

1)  Model-based optimization: Relying on measurements obtained at time ¢ (let us assume, at
this point, that the whole state vector x; € R™ is measured), the controller predicts the

future dynamic behavior of the system over a prediction horizon N, € N and determines

1



2 CHAPTER 1. INTRODUCTION

(over a control horizon N, < N,) an input sequence such that a predetermined open-
loop performance objective functional is optimized. Optionally, also constraints on input
variables (u; € U) and on state trajectories (x; € X) are imposed. If there were no
disturbances and no model-plant mismatch, and if the optimization problem could be
solved for infinite horizons, then one could apply the computed input sequence for all
times from t to ¢t + N, — 1 in open-loop. However, this is not possible in general. Indeed,
due to external perturbations and model uncertainty, the true system behavior is different

from the predicted one;

2)  Receding Horizon (RH) paradigm: In order to incorporate some feedback mechanism, the
open-loop input sequence obtained by the optimization will be implemented only until
the next state measurement becomes available. The time difference between the recalcu-
lation/measurements can vary, however often it is assumed to be fixed (typically, a state
measurement is available at each recalculation instant, such that only the first control
move of the computed sequence is applied to the plant). Using the new state measure-
ment x441 at time ¢ 4+ 1, the whole procedure (comprising prediction and optimization)
is repeated to find a new input sequence with control and prediction horizons moved

forward.

Since the Receding Horizon strategy and the model-based optimization are intrinsically con-
nected and represent the basic ingredients of the method, MPC is also called, with slight abuse
of terminology, RH control or moving horizon control.

Remarkably, the described underlying procedure applies both in linear and nonlinear MPC
formulations. However, apart from those basic common features, linear and nonlinear MPC are
usually approached separately in literature, mainly due to the implementation issues posed by
the nonlinear optimization and to the different theoretical tools needed to prove the closed-loop
stability in the two frameworks.

Linear MPC refers to a family of MPC schemes in which linear models are used to design the
controller. Linear MPC approaches have found successful applications, especially in the process
industries [97]. By now, linear MPC is fairly mature (see [81] and the reference therein) from
the theoretical point of view.

Many systems are, however, in general inherently nonlinear. In addition, tighter environ-

mental regulations and demanding economical considerations in the process industry require to
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operate systems closer to the boundary of the admissible operating region. In these cases, linear
models are often inadequate to describe the process dynamics and the nonlinearities have to be
taken in account. Moreover, in practical applications, the assumption that the system behavior
is identical to the model used for prediction is unrealistic. In fact, model/plant mismatch or
unknown disturbances are always present. The introduction of uncertainty in the system de-
scription raises the question of robustness, i.e., the maintenance of certain properties such as
stability and performance in the presence of uncertainty. These needs motivate the conception
of robust nonlinear MPC schemes ( see e.g., [6, 77,103]), that stem from the consideration of
the uncertainties directly in the synthesis of the controller. The incorporation of uncertainties
in the control formulation adds complexity to the MPC design, in particular in the constrained
case, because the satisfaction of the constraints must be ensured for any possible realization of

uncertainty.

In the remainder of the present chapter, we will describe the different solutions proposed
in the current literature to cope with the presence of state and input constraints, as well as
the robust formulations aimed to cope with uncertainties, due, for instance, to the presence of
external disturbances of poor knowledge of the process dynamics. Finally, we will introduce the

original contributions presented in the thesis in the framework of robust nonlinear MPC.

1.1 Overview on Robust Nonlinear MPC

This section aims to describe the fundamental results raised in the last few years in the frame-
work of Model Predictive Control of nonlinear discrete—time systems. Before reviewing the
main contributions related to robust nonlinear MPC, let us introduce its unconstrained nominal
formulation, which does not explicitly account for uncertainty and constraints in the problem

setup.

1.1.1 MPC formulation for nominal nonlinear systems

Although the problem of designing MPC schemes for unconstrained and unperturbed systems

appears simple at first sight, many different different formulation have been proposed to achieve
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closed-loop stability in the nonlinear setup. Nonetheless, all the existent implementable MPC
formulations for discrete-time system rely on the solution, at each sampling instant, of a Fi-
nite Horizon Optimal Control Problem (FHOCP), which is introduced, in its simplest form, in
Definition above.

Consider the nonlinear discrete-time dynamic system
Ti41 :f(xtuutvvt)v t e ZZOa Zo :f()v (11)

where z; € R™ denotes the state vector, u; € R™ the control vector and v; € T is an uncertain
exogenous input vector, with T C R” compact and {0} C Y. Assume that state and control

variables are subject to the following constraints

xy € X, tEZZo, (12)

ur €U, te Zzo, (13)

where X and U are compact subsets of R” and R™, respectively, containing the origin as an

interior point.

Given the system (1.1), let f(x,u) , with f(0,0) = 0, denote the nominal model used for
control design purposes. Moreover, when it will be necessary to point out the dependence of a
nominal trajectory on the initial condition x; with a specific input sequence u; ¢4;—1, we will

also use the notation #(i,x¢, Ut t1i-1) = Teyife-

The complete list of notations used in the sequel and some basic definitions are given in the

Appendix[A.

Definition 1.1.1 (FHOCP). Given a state measurement x; at time t, two positive integers

n

N¢,N, € Zsy, an auziliary state-feedback control law ry¢(-) : R™ — R™, a stage cost function
h(-) : R" — R, a terminal penalty function h¢(-) : R® — R>o and a compact set Xy C R™ ,
the Finite Horizon Optimal Control Problem (FHOCP) consists in minimizing, with respect to

a sequence of control moves Uy n,—1 the performance index
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t+N,_.—1 t+N,—1
Jrg (@ u ey N, -1, Ney, Np) = Z h(:%”t,ul) + Z h(il\m’if@l\t)) + hf(i't+Np|t) (1.4)
I=t I=t+N.

subject to:

1) the nominal state dynamics initialized with Ty, = x;

2)  (optionally) the control variable and state constraints; uji—1 € U, Ty € X, J €
{1,...,N.};

3)  the terminal state constraints Zypn, |t € Xy

Then the RH strategy consists in applying to the plant the input u; = kgg(x) = ug),, where

t|t

o]

tt+N.—1p¢ (implicitly dependent on z;) which

uf‘ ; 1s the first element of the optimal sequence u

gives the minimum value of the multi-stage cost functions, that is

Jpp(ve) = JFH(xtvuto,t+Nc—17NcaNp) . min JFH(xtaut,HNC—l»Nc,Np) (1.5)
tt+Ne—1

subject to the specified constraints.

Apart from the length of control and prediction horizon, N, and N, what distinguishes
the various proposals are the different design criteria for the stage cost h, the terminal cost hy

and/or the terminal constraint Xy in the FHOCP.

First, let us consider the case in which the dynamics of the system are perfectly known and
there are no exogenous perturbations (i.e., vy =0, V¢ € Z>o and f(x,u) = f(x,u,0), V(x,u) €
X xU).

The simplest condition that can be posed in the FHOCP to guarantee the nominal stability
of the closed-loop system consists in a terminal equality constraint. In this version of MPC,
the following constraint is introduced &1y, € Xy = {0} (i.e., the state at the end of the
control horizon is forced to reach the origin). The terminal equality constrained MPC can be
regarded as the earliest and, conceptually, the simplest tool to guarantee the stability of the

controlled system, whenever feasibility is satisfied. The first proposal of this form of MPC for
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nonlinear, discrete-time systems was made in [54]. This paper is particularly important, since it

provides a definitive stability analysis for this version of discrete-time receding horizon control

Figure 1.1 Scheme of the underlying principle of Model Predictive Control, based (a) on the
prediction of system trajectories over an horizon of N, steps and (b) on the computation of
open-loop sequences over a control horizon of N, < N, steps.
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and shows that the optimal value function J§ (@, wt4n.—1, Ne) associated with the finite
horizon optimal control problem approaches that of the infinite horizon problem as the horizon
approaches infinity. Other important papers on terminal constrained MPC are [24, 76] and [30].
Due to the simplicity and limitedness of this formulation, a detailed description of this approach
is omitted. Although this approach appears quite simple, it is capable to stabilize systems that

cannot be stabilized by feedback control laws continuous in the state [78].

One of the earliest proposals to overcome the feasibility issue of terminal equality constrained
MPC, thus enlarging the domain of attraction of the resulting closed-loop system, consists in
the use of a terminal cost function hy. In this version of model predictive control no terminal
constraints are introduced, so that Xy = R™. If the system under analysis is globally stabilizable,
the terminal cost can be constructed as a global control Lyapunov function (i.e., a Lyapunov
function associated to the system in closed loop with an auxiliary nominally stabilizing controller
[89]). Related works are [3] and [72], in which a control horizon N, € Z~¢ and a cost horizon
(also referred as prediction horizon) N, € Zs y, are employed to show that closed-loop stability
ensues if the chosen N, is large enough. Hence, in the latter approaches, the terminal cost

function h¢(-) is not given analytically, but is evaluated by extending the prediction horizon.

In the more recent work [42], the explicit characterization of a control Lyapunov function for
the system is not strictly required as in [72], since a generic terminal cost is employed, which can
be constructed assuming only the existence of a global value function for the system bounded
by a linear K—function, with argument the distance from the target set (the origin in the zero—
regulation problem). On the other side, similarly to the result in [72], global stability can be

ensured only if the given cost horizon is long enough.

Finally, a further approach to design stabilizing RH schemes consists in imposing terminal
inequality or terminal set constraints. In this version of MPC, the terminal constraint set
Xy C R™ is chosen as a neighborhood of the origin and no terminal cost is used to penalize
the finite horizon value function. The purpose of this formulation is to steer the state to Xy
in finite time, in nominal conditions. Inside X, a local stabilizing controller ~; is employed;
this form of model predictive control is therefore sometimes referred to as Dual Mode, and was
first proposed, in the context of constrained, continuous-time, nonlinear systems, in the seminal

paper [80].
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As far we have discussed about stabilizing MPC schemes for unconstrained nonlinear system.
In many applications the state of the system and/or the input variables are subject to constraints,
hence, it is of great interest to develop control strategies capable to keep the state and the input
within the prescribed bounds.

Now, assume that state and control variables are subjected to the constraints and (1.3).
In the context of nonlinear MPC, a natural way to incorporate these requirements consists in
directly imposing constraints (1.2) on the predicted state and input sequences. In this way
the constrained MPC leads to the formulation of a constrained optimization problem at each
time step. Different solutions have been proposed to provide stability results in presence state
and input constraints, but basically all these approaches are based on the imposition of both a
terminal cost function and a terminal constraint.

In the context of receding horizon control of constrained continuous time systems, the most
used MPC formulation consists in the position of both terminal cost and terminal constraints.
Such a formulation was firstly proposed in [25] where the terminal constraint X, has been
chosen as a positively invariant set for the nonlinear system, satisfying the conditions Xy C X
and k¢(x) € U,Vo € Xy, where £y is an auxiliary locally stabilizing control law. The terminal
cost is chosen as the local Lyapunov—function h; associated to the linear optimal static state
feedback law for the linearized system at the origin. This approach is referred by the authors
as quasi—infinite horizon predictive control because the finite horizon optimal control problem
approximates the full infinite-horizon constrained one.

For the case when the system is discrete—time and there are state and control constraints,
in [89] and [88] a generic locally stabilizing control law «; has been used as auxiliary controller,
while the terminal cost function hy has been chosen as a local Lyapunov function for the sta-
bilized system. Finally, it has been suggested to choose the terminal constraint set X, as a

positively invariant sub-level set of hy under the closed-loop system with & .

1.1.2 Robust RH control of nonlinear systems with constraints

The introduction of uncertainty in the system description raises the question of robustness,

i.e. the maintenance of certain properties such as stability and performance in presence of

uncertainty. As studied in [41], a nominal stabilizing MPC may exhibit zero-robustness.
Earliest studies on the robustness of RH controlled systems do not consider the presence of

constraints, establishing that if a global Lyapunov function for the nominal closed-loop system



1.1. OVERVIEW ON ROBUST NONLINEAR MPC 9

maintains its descent property if the disturbance (uncertainty) is sufficiently small, then per-
turbed (uncertain) closed-loop system preserves stability. In this respect, the inherent robustness
of RH controllers for unconstrained nonlinear discrete—time systems has been investigated in [30]
and [107]. By inherent robustness we mean robustness of the closed-loop system using model

predictive control designed ignoring uncertainty.

However, when constraints on states and controls are present, it is necessary to ensure, in
addition, that the constraints are satisfied also in presence of uncertainties. This adds an extra

level of complexity.

When the nature of the uncertainty is known, and it is assumed to be bounded in some
compact set, the robust MPC can be determined, in a natural way, by solving a min-max
optimal control problem, as proposed in the seminal paper [79]. It consists basically in imposing
that the state constraints, as well as the terminal set constraint, are satisfied for all the possible
realization of uncertainties by a feasible sequence of controls. The complexity of this problem
increases exponentially with horizon length. A defect of the classical formulation of MPC for
uncertain systems relies on the open-loop nature of the optimal control problem; in order to
overcome this limitation, recent papers propose to optimize over a parametrized family of control
feedback strategies rather then over a sequence of control moves, [38, 74,(106]. In this approach,
a vector of feedback control policies is considered in the minimization of the cost, for the worst
case perturbations. This closed-loop method allows to take into account the reaction to the
effect of the uncertainty in the predictions at expense of a practically intractable optimization
problem. In this context robust stability issues have been recently studied and some novel
contributions on this topic have appeared in the literature [32,/44, 45,73, 57, 64, 68]. Although
the solid underlying theoretical basis, the high computational burden required to solve min-
max optimizations has limited the application of min-max nonlinear MPC to small dimensional
problems or very slow plant. The implementation issue still remains an open problem in the
min-max literature. Therefore, other approaches have been tackled to ensure robust closed-loop

stability in nonlinear MPC.

In order to alleviate the implementation issues of min-max MPC, open-loop formulations with
restricted constraints have been conceived (see for instance [26], for the linear case and [43, 66]

for the nonlinear one). This method for the design of robust MPC consists in minimizing
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a nominal performance index, while imposing the fulfillment of tightened constraints on the
trajectories of the nominal system. In this way, the nominal constraint are satisfied by the
perturbed (uncertain) system when the optimal sequence is applied to the plant. The main
drawback of this open-loop strategy is the large spread of trajectories along the optimization
horizon due to the effect of the disturbances and leads to very conservative solutions or even to
unfeasible problems. Indeed, the dramatic reduction of computational effort at the optimization
stage can be obtained at the cost of an increase of conservativeness: in order to enforce the
robust constraint satisfaction, restricted set constraints are imposed to the predicted state as
well as a restricted terminal state constraint. Due to the aforementioned limitations of existent
schemes, the development of more efficient and less conservative constraint-tightening algorithms

is a very active area of research [43, 62].

When uncertainties affect the system dynamics, the stability analysis of the closed-loop
systems given by both min-max or constraint-tightening MPC schemes is usually carried out
in the framework of Input-to-State Stability (ISS). The concept of ISS was first introduced in
[109, 110] and then further exploited by many authors in view of its equivalent characterization in
terms of robust stability, dissipativity and input-output stability (see e.g. [50,51,149, 61, 85, 86]).
The ISS approach allows to analyze the dependence of state trajectories of nonlinear systems

on the magnitude of inputs, which can represent control variables or disturbances.

Now, several variants of the ISS property have been conceived and applied in different con-
texts (see [34, 51, 111, 112]). Typically, in MPC the ISS property is characterized in terms of
Lyapunov functions, both for historical and practical reasons. Indeed, since the first theoretical
results on the stability MPC, [54,|76], the optimal value function of the FHOCP was employed
as a Lyapunov function for establishing the stabilizing properties of RH control schemes applied
to time-varying, constrained, nonlinear, discrete-time systems. Nowadays, the value function is
universally employed as a Lyapunov function for studying the ISS property of nonlinear MPC
(see for example [43,162, 63, 64, 66, 67,68]). Note that, in order to study the ISS property of
MPC closed-loop systems, global results are in general not useful because, due to the presence
of state and input constraints, it is impossible to establish global bounds for the finite horizon
cost used as Lyapunov function. On the other hand local results (see e.g., [50, 51]) do not
allow to analyze the properties of the predictive control law in terms of its region of attraction.

Therefore, regional ISS results have been recently introduced to apply the ISS theory to MPC
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closed-loop systems.

In this work, we will extensively use the ISS concept to analyze the stability properties of
several novel MPC schemes, based on constraint tightening, in presence of different classes of
uncertainties.

In particular, we will study the closed-loop behaviour of MPC-controlled systems affected
by state-dependent and bounded additive uncertainties, delays in the feedback and control
information paths, and perturbations due, e.g., by the off-line approximation of the exact RH
control law. In the sequel, we will describe the structure of the thesis and the content of each
chapter, evidencing the original contributions in the field of robust MPC for nonlinear discrete-

time systems.

1.2 Contents and Structure of The Thesis

The present thesis is mainly concerned with the use of the Input-to-State Stability (ISS) as a
tool to assess the robust stability properties of a class of MPC schemes based on constraint
tightening. This technique will be studied and analyzed in detail, and several improvements
will be proposed to reduce the inherent conservatism of the method. Indeed, the conception of
methodologies to alleviate this drawback represents a key point toward the possibility to use
this technique as an alternative to min-max MPC for uncertain nonlinear systems with fast
dynamics. Indeed, due to ease of implementation and to the reduced computational burden
required by the constraint tightening method, this class of algorithms is more attractive than
min-max formulations for practical deployment. In the same direction, we will also consider the
possibility to completely remove the need for the on-line optimization by approximating off-line
the control law. In this respect, we will establish a set of conditions under which the closed-loop
system with the approximate controller would preserve the Input-to-State practical stability
property. Finally, the constraint tightening MPC, together with a delay compensation strategy,
will be used to stabilize networked systems. In this case a novel characterization of ISS in terms
of time-varying Lyapunov functions will be proposed to analyze the closed-loop behavior of the

devised scheme.

The Thesis is organized as follows.
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In Chapter[2]we will introduce the notion of regional ISS, together with its characterization
in terms of Lyapunov functions. Moreover, the regional ISS property will be characterized by
means of time-varying Lyapunov functions, allowing to extend the ISS analysis to time-varying
systems.

The regional ISS concept will be used in Chapter[3 to prove the robust stability of an MPC
scheme with constraint tightening for systems affected by state-dependent and norm bounded
uncertainties. In this setup, a novel method to tighten the constraints relying on the nominal
state prediction will be proposed, leading to less conservative set contractions than in the existing
approaches. Moreover, by imposing a stabilizing state constraint at the end of the control horizon
(in place of the usual terminal one placed at the end of the prediction horizon), it will be shown
that less stringent assumptions can be posed on the terminal region, while improving the robust
stability properties of the MPC closed-loop system.

In Chapter[4 the robust nonlinear MPC formulation with tightened constraints will be used to
design off-line approximate feedback laws able to guarantee the practical stability of the closed-
loop system. In this framework, we will also address the problem of approximating possibly
discontinuous control laws, thus overcoming the limitation of existent approximation scheme
which assume the continuity of the RH controller (whereas this condition is not always verified
in practice).

Finally, the problem of stabilizing constrained systems with networked unreliable (and de-
layed) feedback and command channels will be addressed in Chapter [5. In order to satisfy
the control objectives for this class of systems, also referenced to as Networked Control Sys-
tems (NCS’s), a control scheme based on the combined use of MPC with a delay compensation
strategy will be proposed and analyzed. Notably, the resulting control strategy yields to a time-
varying closed-loop system, whose stability properties can be analyzed using the regional ISS

characterization in terms of time-varying Lyapunov functions described in Chapter 2|
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Chapter 2

Regional Input-to-State Stability
for NMPC

Input-to-state stability (ISS) is one of the most important tools to study the dependence of
state trajectories of nonlinear continuous and discrete time systems on the magnitude of inputs
(which can represent control variables or disturbances) and on the initial conditions (see e.g.,
[51,187,1110,/112]). Due to the possibility to characterize the ISS in terms of Lyapunov functions,
the ISS has been widely used to analyze stabilizing properties of closed-loop systems in that
the controller is designed accordingly to Lyapunov-based techniques, or for which a control
Lyapunov function can be constructed with ease. In the framework of MPC controllers, it is
well known that the optimal value function of the FHOCP can serve as a Lyapunov function to
study the stability of the closed-loop system.

However, in order to analyze the ISS properties of a system controlled by an MPC policy,
global results are in general not useful in view of the presence of state and input constraints.
On the other hand, local results do not allow to characterize the region of attraction of the
predictive control law. Then, in this chapter, the notion of regional-ISS is introduced (see also
[75]), and the equivalence between the ISS property and the existence of a suitable Lyapunov
function is established. Notably, this Lyapunov function is not required to be continuous nor
to be upper bounded in the whole region of attraction. An estimation of the region where the
state of the system converges asymptotically is also given.

The ISS results presented in this chapter will be successively used in the dissertation to
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characterize the stability properties of a specific class of robust MPC algorithms for constrained
discrete-time nonlinear systems, based on constraint tightening and open-loop optimization (i.e.,
the decision variables consist in a sequence of control actions over a finite time horizon, while

the prediction is performed on the basis of a nominal model of the controlled system).

Furthermore, we will use the ISS tool to develop an off-line approximate MPC control law
capable to guarantee the input-to-state practical stability of the closed-loop system toward an
equilibrium which may be not stabilizable by continuous static state-feedback laws.

Finally, a novel characterization of the regional-ISS property in terms of time-varying Lya-
punov functions will be here introduced, and then used in Chapter 5] to study the closed-loop
stability of Networked Control Systems (i.e., systems in which the informations are exchanged
between sensors, controller, and actuators over an unreliable packet-based communication net-
work with delays), in which an MPC controller is used in combination with a Network Delay

Compensation (NDC) strategy to mitigate the perturbing effect of communication delays.

2.1 Problem Statement and Definitions

Consider the discrete-time autonomous perturbed nonlinear dynamic system described by

T = 9(x¢,vt), To = To, t € Z>o,

where g : R™ x R? — R" is a nonlinear function, while z; € R™ and v; € R? denote respectively
the state vector and an exogenous (unmeasurable) disturbance term. In order to point out the
effect of the disturbance term on the state evolution, given an initial condition zg = Zy and a
disturbance sequence vg;—1 from time 0 to ¢t — 1, we will denote the state vector at time ¢ as
x¢ = x(t,To, v —1). The transition function g and the disturbance are supposed to fulfill the

following assumption.

Assumption 2.1.1.

1) The origin is an equilibrium point (i.e., g(0,0) =0);

2) The disturbance v, is such that v, € T, Vt € Z>q, where T C BI(T), where T € (0,00) is a

finite scalar; moreover Y contains the origin as interior point. O
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The following regularity assumption will be needed.

Assumption 2.1.2. For everyt € Rsq , the state trajectories x(t, To, Vo +—1) of the system (2.1)
are continuous in To = 0 and v = 0 with respect to the initial condition Ty and the disturbance

sequence vg,i—1- O

Let us introduce the following definitions. For more details about the notation and the
acronyms used in the following, the reader is referred to Section A.3 of the Appendix. In
particular, the notion of Robust Positively Invariant (RPI) set given in Definition |A.3.1/will be

used.

Definition 2.1.1 (UAG in Z). Given a compact set E € R™ including the origin as interior
point, the system (2.1), with v € M, satisfies the Uniform Asymptotic Gain (UAG) property
in 2, if 2 is a RPI set for system (2.1) and if there exists a K-funtion v such that for any
arbitrary € € R>o and Vo € E, 315 finite such that

|;U(t7§0,'u)| S ’V(HUH) + €,

for all t > Tgo. O

Definition 2.1.2 (LS). System (2.1), with v € M~, satisfies the Local Stability (LS) property
if for any arbitrary € € Ry, 30 € Ry such that

|l’(t,fo7’u)‘ S €, Vit € ZZOa

for all |To| < § and all T C B7(9). O

Definition 2.1.3 (ISSin E). Given a compact set = C R™ including the origin as interior point,
the system (2.1), with v € M~, is said to be Input-to-State Stable (ISS) in Z if = is a RPI set
for system (2.1) and if there exist a KL-function 8 and a K-function v such that

|z, %o, v)| < B(|Tol, 1) +v([|v]]), VT € E,VE € Zxo. (2.1)



18 CHAPTER 2. REGIONAL ISS FOR NMPC

O

Note that, by causality, the same definitions of ISS in = would result if (2.1) is replaced by

|, To, v)| < B(ITol, t) + v([[vp-1]ll); VT € F,VE € Zxo,

where v};_1; denotes a truncation of v at the time instant k — 1.

It can be proven that if a system satisfies both the UAG in = and the LS properties, then
it is ISS in = (see [34]). This result, originally developed under the assumption of continuity
of g(+,-), can be applied also to discontinuous systems if a bound on the trajectories can be
established. In particular, the trajectories are bounded if the set = is RPI under g for all the

possible realizations of uncertainties. Hence, the following result can be stated.

Lemma 2.1.1. Suppose that Assumption[2.1.1 holds. System (2.1) is ISS in Z if and only if
the properties UAG in Z and LS hold.

The proof of this theorem can be found in [34] for discrete-time systems. We point out that
if also Assumption then the LS property is redundant. In fact, the following proposition
holds.

Proposition 2.1.1. Under Assumptions[2.1.1l and[2.1.2, if the system (2.1) is UAG in =, then
it verifies the LS property.

Conversely, Assumption is necessary in order to have ISS. In fact, in view of (2.1), if
the solution of (2.1) is not continuous in (x,v) = (0,0), then the ISS property does not hold.

2.2 Regional ISS Characterization in Terms of Lyapunov

Functions

The regional-ISS stability property will now be associated to the existence of a suitable regional

ISS-Lyapunov function (in general, a-priori non smooth) defined as follows.
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Definition 2.2.1 (ISS-Lyapunov Function). Given the system (2.1) and a pair of compact sets
ECR™ and QCE, with {0}CQ, a function V(-): R"=Rxq is called a (Regional) ISS-Lyapunov
function in =, if there exist some Koo -functions oy, as, asz, and two K-function o1 and oo such

that

1) = is a compact RPI set including the origin as an interior point;

2) the following inequalities hold Vv € T

V(z) > ai(|z]), Vr e 2, (2.2)
Viz) < as(|z]) + o1 (|v)), Vr € Q, (2.3)
V(g(z,v)) = V(z) < —az(|z]) + o2(|v]), Vo € E;; (2.4)

3) there exist some suitable Koo -functions € and p (with p such that (id — p) is a Koo -function,
too) such that the following compact set

02 [z:V(z) <b®)}, (2.5)

verifies the inclusion © C Q «~ B"(c), for some suitable constant ¢ € Rsq, where b(s) =

1

a;toptooy(s), as & azod’t, az(s) £ min(as(s/2),e(s/2)),az(s) & az(s) + a1(s),

o4 = €(8) + 0a(s) and T 2 max,cr{|v|}. O

Notably, the ISS-Lyapunov inequalities (2.2),(2.3) and (2.4) differ from those posed in the
original Regional-ISS formulation [75], since an input-dependent upper bound is admitted in
(2.3) (thus allowing for a more general characterization).

A scheme of the sets introduced in Definition [2.2.1 is depicted in Figure[2.1.

A sufficient condition to establish the regional-ISS of system (2.1) can now be stated.

Theorem 2.2.1 (Lyapunov characterization of ISS). Suppose that Assumption[2.1.2 holds. If
the system (2.1) admits an ISS-Lyapunov function in Z, then it is ISS in Z with respect to v
and for all Ty € = it holds that tlim d(z(t,To,v0,t-1),0) =0, YU € M. O

Proof Let z € Z. The proof will be carried out in three steps:
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Figure 2.1 Scheme of the sets introduced in Definition [2.2.1

1) First, we are going to show that the set © defined in (2.5) is RPI for the system. From the
definition of @z(s) it follows that as(|x|)+0o1(Jv|) < @a(|z|+|v]). Therefore V(z) < @a(|z|+|v])
and hence |z|+|v| > @, ' (V(z)). Moreover, thanks to Point 3)|of Definition [2.2.1, there exists

a Koo-function e such that
az(|z]) + €(Jv]) = as(lz] + [v]) = as(V(z)).
Then, considering the perturbed state transition from z; to x;41, we have

Viglzy,v)) = Viz) < —ou(V(x)) + e(fue]) + oa(lvi])
< —ag(V(xe)) + oa(Jue]), Vo e Q,Vuv e T,Vt € Rxo.

(2.6)

Let us assume now that , € ©. Then V (x;,v;) < b(T); this implies po aq(V(zy, vy)) < 04(0).

Without loss of generality, assume that (id — ay) is a Ko-function, otherwise pick a bigger as
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so that a3 < @y. Then

V(g(ze, ) < (id — o) (V(21)) + 04 (V)
< (id = ay) (b(V)) + 04(V)
—(id = p) 0 a4 (b(V)) + b(D) — p o oy (b(V)) + 04(D).

From the definition of b, it follows that poay (b(T)) = 04(T) and, owing to the fact that (id—p)

is a K-function, we obtain

V(g(zt,ve)) < (id — p) o oy (b(0)) + b(V) < b(D)

By induction one can show that V(g(xi4j,vit;)) < b(D) for all j € Z>, that is x;, € ©,Vj €
Z>o. Hence © is RPI for system .

2) Next, we are going to show that the state, starting from Z\O, tends asymptotically to ©.
Firstly, if x € Q\O, then
poay(V(zy)) > o4(0).

From the inequality as(|z¢|) + e(|ve]) > aq (V(z)), we have that
p(as(lz]) + e(jve])) > 04 ().
Being (id — p) a Kso-function, it holds that id(s) > p(s), Vs € R, then

ag(|z:]) + @) > as(ae]) + e(lve]) > plas(lze]) + e(vr])
> 04(0) = €(T) + 02(v), Vo, € Q\O,Vu, € T,

which in turn implies that

Vig(ze,v) = Viz) < —as(|z]) + 02(0) + 03(0)
< O, VZIJt S Q\@,Vvt eT.

(2.7)

Moreover, in view of (2.5), 3¢ € Rsq such that for all z° € E\O there exists 2~ € Q\D such
that as(|z”|) < as(|z'|) — ¢ Then, from (2.7) it follows that

—a3(|z']) + 2 < —as(|z”|) < —02(T) — 03(D), V2 € E\Q, Vz € Q\O.
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Then,
V(g(we,v)) = Vi) < —ag(|ae]) + 02(0) + 03(0)
< —C, Vx, € E\Q,V’Ut cT.

o’

Hence, for any Ty € =, there exists T% € Z>g finite such that zpe = (T3, Ty, v) € Q, that
> 2

is, starting from =, the region Q will be reached in finite time.

Now, we will prove that starting from 2, the state trajectories will tend asymptotically to the
set ©. Since O is RPI, it holds that lim; .. d (:U(TE% + 7, T ,v), @) = 0. Otherwise, posing
zo

t= if z; ¢ O, then we have that p o ay(V(xt)) > 04(U); moreover, from (2.7) it follows

107

that
V(g(xe, v)) = Viw) < —aa(V(i)) + 04(0)
= —(id—=p)oas(V(z)) — poas(V(z)) + 04(v)
< —(id = p)oas(V(zy))
< —(id—p)oagoai(|z), Ve, € N\O, Vv e T

Then, we can conclude that Ve € Rso, HTg > T% such that
V(z,) <€ +b(@D).

Therefore, starting from =, the state will arrive arbitrarily close to © in finite time and the
state trajectories will tend to © asymptotically. Hence lim; o d(z(t,Zo,v),0) = 0, VI, €
=2, Yv e My.

3) Finally, we will show that system (2.1) is regionally ISS in =. Given e € Rxq, let us define
the sub-level set Ny, £ {z € R" : V(z) < e,Yv € T}. Let € 2 max{e € Rug : Ny, € Q}
and consider J\/[V_E]. Note that € > b(T) and © C /\/’[V)g}. Since the region © is reached
asymptotically from =, the state will arrive in ./\[[V,g] in finite time, that is, given Ty € Z there

exists T%\Oflv’a such that

Vv (QTT:\;[V‘E] +j) <€, V] € ZZO

Hence, the region N}y z is RPL. Now, proceeding as in the Proof of Lemma 3.5 in [50], for any
Tg € N’[V’g], there exist a KL-function B and a K-function 4 such that

V(z¢) < max B (V(To),t), ¥(||lvigll), Vt € Zso, Yo € My
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1

, with x; € Mv,a and where 4 can be chosen as § = a;l o p~ " ooy. Hence, considering that

B(r+s,t) < B(2r,t) + B(2s,1),¥(s,t) € R, (see [68]), it follows that

ay(|z])

IN

max 3 (a2 (|Zo|) + o1 (|vol), t) , A([lvggll)
< max 3 (2a2([To), t) + B (201 ([vo), 1), A(|Jvigll), Yt € Zso,¥To € Njvg, Vv € M.

A

Now, let us define the KL-functions 3(s,t) £ a7 o 3(2s,t) , B(s,t) 2 B(ay(s),t), and the
K-functions 7(s) £ a7 ' 0 4(s) and v(s) 2 B(o1(s),0) +~(s) , we have that

| < max 3 (az(|Tol), ) + B (o1 (|vo)), £) , A(llvgy )
< ~(042(|$0|) )+€(01(|U0|)7t)+’~Y(||U[t]||) (2.8)
< Blaz([Tol),t) + B (a1 ([lot]I]): 0) +F([log D)
< B(Zol:t) +v(lvpgll), Vt € Zxo,VZo € Ny, Vv € M.

Hence, by (2.8), the system (2.1) is ISS in Ny z with ISS-asymptotic gain 7. Considering
that starting from = the set Ny is reached in finite time, the UAG in N}y g implies the
UAG in E.
Now, thanks to Lemma [2.1.1] Assumption [2.1.2, together with the UAG in Z, implies the LS
and UAG, as well, in =, and hence the ISS property in =. |

For systems in which the asymptotic stability cannot be proved even in absence of pertur-
bations, a property slightly different than ISS, namely the Input-to-State practical Stability
(ISpS), can be used to characterize the region of attraction (see [111]). In the next section, we

will introduce the ISpS, establishing its connections with the ISS.

2.3 Regional Input-to-State Practical Stability

In this section, the ISpS tool for the stability analysis of discrete-time autonomous perturbed
nonlinear systems is presented. The ISpS allows to address systems for which, even in absence
of perturbations, the asymptotic convergence of the trajectories toward the origin cannot be
proven (the reader is referred to [111] for a deeper insight into this topic). The results that are
going to be discussed will be employed in Chapter [4]to study the behavior of nonlinear system

in closed-loop with approximate MPC control laws. Indeed, in order to take in account the
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effect of non-vanishing perturbations on the controlled system, due to the use of an approximate
controller, the ISpS has been regarded as one of the most appropriate method of analysis.

The definition of the ISpS for perturbed discrete-time dynamic systems is given below.

Definition 2.3.1 (ISpS in Z). Given a compact set = C R™ including the origin as interior
point, the system (2.1), with v € M-, is said to be Input-to-State practically Stable (ISpS) in
E if E is a RPI set for system (2.1) and if there exist a KL-function 3, a K-function v and a

constant ¢ € R>o such that

|2(t, To, v)| < B(|Tol,t) + A (I[v]]) + ¢, VTo € Z,Vt € Zso. (2.9)

Note that, by causality, the same definitions of ISpS in = would result if the inequality (2.9)
is replaced by

|z(t, o, v)| < B([Tol, ) +V([[vp-yll), VTo € BVt € Zxo +¢,

where v};_1; denotes a truncation of v at the time instant k — 1.
Moreover it is worth to notice that, if the inequality holds with ¢ = 0, then the definition

of ISS in = follows.

Analogously to the ISS property, regional results are need in the framework of of MPC
controlled system in order to use the ISpS for assessing the stability properties. Moreover,
also the ISpS can be associated to the existence of a suitable Lyapunov function (in general, a
priori non-smooth) with respect to v. Sufficient conditions for characterizing the ISpS property
through Lyapunov functions have been introduced in [99], where the ISS result of [75] has been
extended to the ISpS case.

In order to briefly recall the basic result on the Lyapunov characterization of the regional

ISpS property, let us introducing the following definition.

Definition 2.3.2 (ISpS-Lyapunov Function). Given the system (2.1) and a pair of compact sets
ECR” and QCE, with {0}CQ, a function V(-):R"=Rxq is called a (Regional) ISpS-Lyapunov
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function in Z, if there exist some Ky -functions oy, az, as, two K-function o1 and o2 and two

non-negative scalars c; and co € R>q such that

1)Z is a compact RPI set including the origin as an interior point;

2) the following inequalities hold Vv € T

Vix) > ai(|z)), Yz € E, (2.10)
V(z) < ag(|z]) + ¢, Vr € Q, (2.11)
V(g(z,v)) = V(z) < —as(|z|) + o2(|v]) + c2, Vo € E,;5 (2.12)

3) there exist some suitable Koo-functions € and p (with p such that (id — p) is a Keo-function,

too) such that the following compact set
O £ {z: V(z) <b(02(V) + c3)}, (2.13)

verifies the inclusion ©. C Q «~ B"(c), for some suitable constant ¢ € R~g, where b.(s) =

1

azl op~l oy = a 062_1, as(s) = min(asz(s/2),€(s/2)),a2(s) = az(s) +s, c3 = ca +€(cy)and

T £ max,ey{|v|}. O

By using the same arguments exploited in in the proof of Theorem[2.2.1] the following results

can be proven.

Theorem 2.3.1 (Lyapunov Characterization of regional ISpS). Suppose that Assumption[2.1.2

holds. If system (2.1) admists a regional ISpS Lyapunov function in E with respect to v, then it is

regional ISpS in 2 with respect to v and, for allTy € Z, it holds that tlim d(z(t,To, vo,t-1),Oc) =
—00

0, Vv € M.

The reader is referred to [99], for a complete proof of Theorem



26 CHAPTER 2. REGIONAL ISS FOR NMPC

2.4 Regional ISS in terms of Time-varying Lyapunov

Functions

In the present section, the notion of regional ISS will be extended to time-varying systems. In
this case, as mentioned in the case of the regional ISS result for time-invariant systems, global
results are not suited for NMPC-controlled constrained dynamics, due to impossibility to obtain
global bounds for the optimal multi-stage cost function (see [21] and [86] for the global ISS
characterizations in the case of time-varying systems).

In the following, the Regional Input-to-State Stability property will be characterized for a
class time-varying systems, which admit a possibly time-varying Lyapunov function satisfying

suitable time-invariant comparison inequalities.
Let us consider the time-varying discrete-time dynamic system
Tip1 = g(t, ¢, vp), t € Lo, 20 =T, (2.14)

with ¢(t,0,0) = 0, V¢t > T with T € Zs>o, and where z; € R" and v; € T C R" denote
the state and the bounded input of the system, respectively. The discrete-time state trajectory
of the system (2.14), with initial state zg = T and input sequence v € M-~ , is denoted by

x(t,f, 'UO,t); te Zzo.

In the case of time-varying controlled transition maps g(t, zg,v), the following definition of

RPI set will be used (see the Appendix for an analogous definition in the time-invariant case).

Definition 2.4.1 (RPIset). A set 2= C R™ is a Robust Positively Invariant (RPI) set for system
(2.14) if, for all t € Z>y, it holds that g(t,z,v) € E, Vx € Z and Vv € T. |

Moreover, the regional ISS property for time-varying discrete-time nonlinear systems of the

form (2.14) is given below.

Definition 2.4.2 (Time-varying regional ISS). Given a compact set ZCR™, if E is RPI for
(2.14) and if there exist a KL-function 8 and a KC-function vy such that
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|2(t, To, vo,c—1)|[<max{B([Zo|, ), y(|lvp—y ) }, VEEZ>0, VT EE, (2.15)

then the system (2.14)), with ve M-, is said to be Input-to-State Stable (ISS) with respect to v

for initial conditions in =. O

In the literature there exist some recent results concerning the characterization of the ISS
property in terms of time-varying Lyapunov functions for perturbed (uncertain) discrete-time
system [51, 159, 160]; on the other hand those results guarantee the Input-to-State Stability
property in a semi-global sense, and cannot be trivially used in the MPC setup due to the
impossibility to obtain global bounds for the candidate ISS Lyapunov function. Indeed, for
systems controlled by predictive control schemes the stability analysis needs to be carried out
by using non smooth ISS-Lyapunov functions with an upper bound guaranteed only in a sub-
region of the domain of attraction [75]. Therefore, a novel regional ISS result for a family of
time-varying Lyapunov functions has been derived to assess the stability properties of MPC-

based NCS’s.

To this end, let us first consider the following definition.

Definition 2.4.3 (ISS-Lyapunov Function). Given a pair of compact sets ZCR™ and QCE, with
= RPI for system and {0}CQ, a function V(-,-): Z>g x R™ — Rxq is called a (Regional)
ISS-Lyapunov function in =, if there exist Koo -functions ay, as, az, and K-function o1 and os,

such that

1) the following inequalities hold Yv € T and ¥t € Z>¢

V(t,z) > ai(|z]), Vo € 2, (2.16)
V(t,z) < as(|z]) + o1 (Jv)), Vo € Q, (2.17)
Vit+ 1,9t x,0) = V(t,z) < —asz(|z]) + o2(|v]), Vo € E, (2.18)

2) there exist some suitable Koo-functions € and p (with p such that (id — p) is a Keo-function,

too) and a positive scalar ¢ € Rsq such that the set

02 {z:V(t,x) < b({D),Vt € Z>0}, (2.19)
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verifies the inclusion

©CQ « Bc), (2.20)
with {0} € © and where b(s) 2 az' o ploou(s), au & azo @, az(s) =
min(as(s/2),e(s/2)),a(s) £ as(s) + o1(s), o4 = €(s) + 02(s) and v = max,cy{|v|}.

O

The following remark will provide some insight into the meaning of Conditionmin Definition

2.4.3 above.

Remark 2.4.1. Due the fact that, in Definition[2.4.5, the set E has been assumed to be compact,
there always erists a set © satisfying condition (2.20) for a suitably small uncertainty bound
T € Rsg (and hence for a suitable non empty uncertainty set Y). Indeed, by setting € =
infecpn\= {|€]}, and noting that & is strict positive, a sufficient condition for (2.20) to hold is
that

v<b ! (on(€—c)), (2.21)

for some ¢, € Rsq, with ¢, < &. Indeed from (2.21) it follows that b(v) < a1(€ — ¢,). Then
VE €] > € — ¢y, it holds that V (t,€)>aq (€)>b(D), which implies OCB™ (€ — ¢,)CE ~B"(cy).
Due to the inherent conservativeness of the comparison function approach, in practice it
turns out that the uncertainty bound given by (2.21) is in general smaller than that for which
the invariance of = can be guaranteed. However, this observation is nonetheless important, since
it permits to guarantee the convergence towards the origin in presence of small uncertainty,
while the robust constraint satisfaction (related to the concept of set invariance rather then to

comparison inequalities) can be enforced for larger uncertainties. O

Notably, the ISS-Lyapunov inequalities (2.16),(2.17) and (2.18]) differ from those posed in

the original regional ISS formulation [75], since an input-dependent upper bound is admitted
in (2.17) (thus allowing for a more general characterization). Moreover, with regard to the
regional ISS result presented in [33], the ISS-Lyapunov function V' (¢, ) is allowed to belong a
family of time-varying functions. Remarkably, the possibility to incorporate an input-dependent
upper bound in (2.17) and to admit a time-varying characterization will be instrumental for

characterizing the ISS property for NCS’s, as it will clearly emerge in Section [5.4]
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Now, under Assumption the characterization of the regional ISS property in terms of

Lyapunov functions can be stated.

Theorem 2.4.1 (Lyapunov characterization of regional ISS). Suppose that Assumption[2.1.2
holds. If the system (2.14]) admits an ISS-Lyapunov function in Z, then it is ISS in = with
respect to v and

thm d(z(t, fg,’l)ovt_l),@):o, VT € E.
— 00 |:|

Proof [Theorem[2.4.1] Let x € Z. The proof will be carried out in three steps

1) First, we are going to show that the set © defined in is RPI for the system. From
the definition of @y(s) it follows that as(|z|) + o1(Jv]) < @a(|z| + |v]). Therefore V (¢, x) <
@ (|z| + |v]) and hence |z| + |v] > @ '(V(¢,z)). Moreover, thanks to Point [2) of Definition
[2.4.3, there exists a Ko -function € such that

ag(|z]) + e(|v]) = a(|2| +[v]) = as(V (¢, ).
Then, considering the transition from (¢, z) to (¢t + 1, g(¢, x,v)), we have

Vit+1,g(tz,0) = V(t,x) < —ag(V(t,x))+ e(jv]) + o2(|v])

< —au(V(t, o)) +oa(|v]), VoeQ,VveT,VteRs.
(2.22)

Let us assume now that z € ©. Then V(¢,z) < b(D); this implies p o ay(V(t,z)) < 04(T).
Without loss of generality, assume that (id — ay) is a Ko-function, otherwise pick a bigger as

so that a3 < @y. Then

V(t+1,9(t z,v))
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From the definition of b, it follows that poay (b(T)) = 04(T) and, owing to the fact that (id—p)
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is a Koo-function, we obtain
V(t+1,9(t,2,0)) < (id — p) o ay (b(D)) + b(D) < b(D).

By induction it is possible to show that, V' (¢, z(¢, Zo, vo,t—1)) < b(D), YVZo € O, Vt € Z>(, that
is x; € ©,Vt € Z>(. Hence © is RPI for system (2.14).

2) Next, we are going to show that the state, starting from Z\©, tends asymptotically to ©.
Firstly, if z € Q\O, then
poay(V(t,x)) > 04(0).

From the inequality as(|z|) + €(Jv]) > a4 (V (¢, x)), we have that
p(az(|z]) + €([v])) > 4 (V).
Being (id — p) a Koo-function, it holds that id(s) > p(s), Vs € Rsg, then

ag(|z]) +e@) > as(|z]) + e([v]) > plas(|z]) + €(|v]))
> 04(0) = €(D) + 02(v), YV € Q\O,Vv € T,

which in turn implies that

V(t+Lyg(tz,v) = V(t,z) < —as(|z]) +02(0) + 03(0)
< 0, VxeQ\o,YveTl.

(2.23)

Moreover, in view of (2.19), 3¢ € R+ such that for all z e E\O there exists z € O\ D such
that as(|z”|) < as(]z’|) — & Then, from (2.23) it follows that

—as(|jz'|) +¢ < —as(jz”]) < —o2(T) — 03(0), V2 € E\Q, Vz € Q\O.

Then,
V(t+1,9@t zv)=V(t,z) < —as(|z]) +02(v) + 03(0)
< —¢ VreZ\Q,VveTl.

Hence, for any Ty € =, there exists Tgo € Z> finite such that xpe = x(T%,fo, v) € Q, that
> 2

is, starting from =, the region ) will be reached in finite time.



2.4. REGIONAL ISS IN TERMS OF TIME-VARYING LYAPUNOV FUNCTIONS 31

Now, we will prove that starting from €2, the state trajectories will tend asymptotically to the

set ©. Since © is RPI, it holds that lim; . d (x(T% + 7, Tpe ,v), 9) = 0. Otherwise, posing
z0

t=T5, if 2, ¢ ©, then we have that po ay(V (t,z)) > 04(7); moreover, from (2.23) it follows

that
V(t + ]-’g(t,x’v)) - V(t,lL‘) < —044(V( ) )) + 04( )
= —(id—p)oas(V(t,z)) = poas(V(t, ) + 04(0)
< —(id—p)oas(V(t x))
< —(id—p)oagoai(|z]),Yz € Q\O,YVv e T

Then, we can conclude that Ve € R<o, EITE@0 > T% such that
V(TE + j, ere 4;) < € +b(D), Vj € Zso.

Therefore, starting from Z, the state will arrive arbitrarily close to © in finite time and
the state trajectories will tend to © asymptotically. Hence lim; o d(z(t,Zo,v0,-1),0) =

0, VZg € Z,Yv € M~.

3) The present part of the proof is intended to show that system (2.14) is regionally ISS in the
sub-level set NVjyg, where € £ max{e € Ryq : Ny,¢ € 2}, having denoted with Ny, L2{re
R™ : V(t,z) < e,Yv € T,Vt € Z>o} a sub-level set of V for a specified e € R>o. Let and
consider . Note that € > b(v) and © C Ny . Since the region © is reached asymptotically
from =, the state will arrive in J\/[V,a in finite time, that is, given Ty € = there exists TEAU[ (vl

such that

[Viel . — .
V (T;A:'V +.7 ) xT;\;’[V’a Jrj) S e, Vj - ZZO

Hence, the region Ny z is RPI. Now, proceeding as in the Proof of Lemma 3.5 in [50], for any
Tg € ./\/'[V’g]7 there exist a KL-function B and a K-function 4 such that

V(t, ) < max S (V(0,%0),t), A(||vp_nl])s ¥t € Zso,Yv € M,

with z; € Nyz and where 4 can be chosen as ¥ = azl o p~! o 04. Hence, considering that
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Br+s,t) < B(2r,t) + B(25,1),¥(s,t) € RZ, (see [68]), it follows that

max 3 (aa(|Tol) + o1 (Jvol), ) (|[vp—1l])
< max 3 (202([To), ) + B (201(Jvol), t) , Y(|[vp—y)ll), ¥t € Zzo,¥T0 € Ny, Vv € M.

a1 (|ze])

IN

A

2 a7t o B(2s,1) , B(s,t) £ B(as(s),t), and the

Now, let us define the KL-functions ((s,t)
K-functions 4(s) 2 a7 0 4(s) and ~(s) £ B(o1(s ) 0) + v(s) , we have that

2| < max 3 (ax([Tol), t) + 5 (a1(Jvol), 1), F(||vp—n]])
< 5:(042(|$0|)’t) + B (a1(|vol), t) + 7| |vpe—yll) (2.24)
< B(as([mo]), ) + 8 (o1 ([[vge—)l]), 0) + F([[vge—1)
< B(Tol,t) +v(|lvp=1ll), Vt € Zxo,YTo € Nz, Vv € Mr.

Hence, by (2.24), the system (2.14) is ISS in Ny with ISS-asymptotic gain . Considering
that starting from = the set Ny g is reached in finite time, the ISS in Ny z implies the UAG
in =.
Now, thanks to Lemma[2.1.1] Assumption[2.1.2] the UAG in Z implies the LS, as well, in Z, and
hence the regional ISS property in =. ]

2.5 Concluding Remarks

In this chapter, the notion of regional Input-to-State Stability for discrete-time nonlinear con-
strained systems has been recalled. In particular, an equivalent characterization of the regional
ISS property in terms of (non-necessarily continuous) time-invariant Lyapunov functions has
been discussed (see [75]). This result will be used, in the sequel, to study the robustness of
MPC algorithms derived according to open-loop formulations.

In order to use the ISS tools to study the stability properties of discrete-time-varying non-
linear constrained system, such as those arising from the application of the MPC to networked
system (see Chapter 5 for further details), the regional ISS property has been characterized
in terms of (possibly discontinuous) time-varying Lyapunov functions satisfying suitable time-
invariant comparison inequalities.

This result will be instrumental to study the region of attraction for MPC-controlled system

in which the loop is closed through unreliable and delayed communication channels. It is also
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believed that this contribution can be used to improve the stability analysis of existing MPC

algorithms as well as to develop new design methods with enhanced robustness properties.
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CHAPTER 2.

REGIONAL ISS FOR NMPC
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Chapter 3

Robust NMPC based on
Constraint Tightening

The idea of using restricted constraints in the formulation of the MPC, to provide the desired
degree of robustness to the closed-loop system, was first introduced in [26] for linear systems
and then extended to nonlinear systems in [66] and [100]. The main drawback of MPC with
tightened constraints is represented by the conservative set-restrictions introduced to account for
the disturbances, which consider a large spread of trajectories along the optimization horizon.

In order to overcome this limitation, the use of a closed-loop policy was suggested in [102],
where the concept of uncertainty tube, (an envelope of all the possible trajectories introduced
in [16] for uncertain linear system) was extended to some classes of nonlinear system.

It must be remarked that all existent constraint tightening approaches rely on an additive
description of uncertainties, that is, they do not consider the possibility to reduce the conserva-
tiveness by exploiting some knowledge on the structure of the perturbation.

If the system is affected by state-dependent disturbances, and the state is limited in a compact
set, it is always possible to bound the state-dependent perturbation with a worst-case value and
to apply the algorithms described in [66, 100, 102].

However, if the particular state-dependent structure of the disturbance is considered, signif-
icant advantages can be clearly obtained.

In the following, we are going to propose a modification the nonlinear constraint tightening

algorithms presented in [43, 62] and [66] in order to handle state-dependent disturbances more
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efficiently.

In this setup, the restricted sets are computed on-line iteratively by exploiting the state
sequence obtained by the open-loop optimization, thus accounting for a possible reduction of
the state dependent component of the uncertainty due to the control action. In this regard, it
is possible to show that the devised technique yields to an enlarged feasible region compared to
the one obtainable if just an additive disturbance is considered. Moreover, with respect to the
previous scheme, the proposed algorithm uses a control horizon shorter than the prediction one.
The terminal stabilizing constraint is imposed at the end of the control horizon, and not of the
prediction horizon as in [72], in order to reduce the propagation of the uncertainty. The use of a
long prediction horizon, along which an auxiliary controller is employed, is suggested to better
approximate the performance of the so-called infinite horizon control law (see e.g., [72]).

A graphical representation of the underlying principle of Model Predictive Control with
tightened constraints is given in Figure[3.1]

In order to analyze the stability properties of the closed-loop system in the presence of
bounded persistent disturbances and state-dependent uncertainties, the regional characterization
of Input-to-State Stability (ISS) in terms of Lyapunov functions is used (see Section [2.2] of
Chapter [2).

The robustness with respect to state-dependent disturbances is analyzed using the nonlinear

stability margin concept.

3.1 Problem Formulation

Consider the nonlinear discrete-time dynamic system

Tip1 = flzg,ue,ve), t € Lo, (3.1)

where x; € R™ denotes the system state, u; € R™ the control vector and v; € R" an exogenous
input which models the disturbance. The state and control variables are subject to the following

constraints

z € X, (3.2)

u €U, (3.3)
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Figure 3.1 Scheme of the underlying principle of MPC with Constraint Tightening: the re-
stricted constraints set (X; C X, Vi € {1,...,N.}) are applied along the control horizon to the
nominal system trajectories in (a). In this way, all the possible perturbed trajectories obtained
with a feasible control sequence will respect the nominal constraint X, (b).
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where X and U are compact subsets of R™ and R™, respectively, containing the origin as an
interior point. Given the system (3.1), let f(ac,g7 ug), with f(O7 0) = 0, denote the nominal model

used for control design purposes, such that

Tpp1 = f(xe,ue) +dy, t € Lo, (3.4)

where d; = dy(w¢,us, v¢) = f(x4, us, vt) —f(xt, uy) € R™ denotes the discrete-time state transition
uncertainty. In the sequel, for the sake of brevity, we will not point out the functional dependence
of dy(x¢,us,vy) on its arguments except where strictly needed. The following assumptions will

be used throughout the note.

Assumption 3.1.1. f is Lipschitz with respect to x for all x € X, with constant Ly, € Ryo. O

Assumption 3.1.2 (Uncertainties). The additive transition uncertainty d; is limited in a time
varying compact ball Dy, that is dy(x¢,us, v) € Dy = B (8(|z4]) + p(L5UP)), Vay € X, Yuy € U,
Vv, € T, where § and p are two K-functions. The K-function & is such that Ls=min{LER~ :
d(Jz|)<Llx|,VzeX} exists finite. It follows that d; is bounded by the sum of two contributions:

a state-dependent component and a non-state-dependent one. O

The control objective consists in designing a state-feedback control law capable to achieve ISS
closed-loop stability and to satisfy state and control constraints in presence of state-dependent
uncertainties and persistent disturbances.

On the basis of the previous assumptions, let us formulate the control problem. To this end,
a suitable FHOCP (see Definition[1.1.1 for the standard formulation) should be introduced. At
any time t € Zxo, let uy ;4 v, —1)¢ e col[Up|, Upg1)ts -+ - 5 Ut N, —1|ts Ut N[t - - - » UtN,—1]¢] denote
a sequence of input variables over the time-horizon N,. Moreover, given z; and u; 14 n,—1¢, let
#;1j)¢ denote the state “predicted” at time t 4 j, j € {1,---,N,} by means of the nominal

model.

Definition 3.1.1 (FHOCP). Consider system (3.4). Given two positive integers N, € Zx( and
N, € Z>o, with N, > N, respectively representing the control and the prediction horizons, a
transition cost functionh, an auziliary control lawky, a terminal penalty functionhy, a terminal

set Xn, and a sequence of constraint setsf(tﬂ»“ CX,je{l,...,N.—1} (to be described later
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on), the FHOCP consists in minimizing, with respect to W 4y N, _1)¢, the performance index

At.t,_NC_l t+Np—1
Jpn (@ 0y N, 1t Ney, Np) = lZ h(%taulﬁ)‘f‘l ZN h(i"l|t7’@f($z|t))+hf(50t+N,,\t) (3.5)
=t =t+N.

subject to

1) the nominal state dynamics Ty ;1= f(Zeqj—1)¢, Uigj—1]t), With Ty = x¢;
2) the control and the state constraints u, ), € U, :%Hj‘teXHﬂt,VjE{O,. N —1};
3) the terminal state constraints &, n,1: € XN, ;

4) the auwiliary control law sy jjy = K5 (Teqjp), VIE{Ne,. .., Np — 1}, O

Assumption 3.1.3. The transition cost function h is such that h(|z]) < h(z,u), Ve e X, VuelU
where h is a Koo-function. Moreover, h is Lipschitz with respect to x and u in X x U, with

Lipschitz constants Ly, € R>q and Ly, € R>o respectively. (]

The usual RH control technique can now be stated as follows: given a time instant ¢t € Z>,
let ;; = x4, and find the optimal control sequence u§7t+NC_1|t by solving the FHOCP. Then,

according to the RH strategy, apply

Uy = IﬂMpc(mt) ; (36)

Ao o . °
where kyrpo(ny) =uy, and ug, is the first element of the optimal control sequence N

(implicitly dependent on ).

With particular reference to the underlined definition of the FHOCP, note that, with respect
to the usual formulation, in this case the constraint sets are defined only within the control
horizon and the terminal constraint is stated at the end of the control horizon. Another pe-
culiarity is the use of a state constraint that changes along the horizon. In the following, it
will be shown how to choose accurately the stage cost h, the terminal cost function hy, the
control and prediction horizon N, and N, the constraint sets Xt+j|t, je{l,...,N.— 1}, the
terminal constraint Xy, and the auxiliary control law ¢ in order to guarantee closed-loop ISS.
In particular the set Xy, will be chosen such that, starting from any € Xy, in IV, — N, steps

the auxiliary control law can steer the state of the nominal system into a set X which satisfies
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the assumption asked for the terminal set of standard stabilizing MPC algorithm [77]. In the
following, X s pc will denote the set containing all the state vectors for which a feasible control

sequence exists, i.e. a control sequence u; ;4 y_ _1; satisfying all the constraints of the FHOCP.

3.2 Robust MPC Strategy

In order to formulate the robust MPC algorithm, let us introduce the following further assump-
tions.

Assumption 3.2.1. A terminal cost function hy, an auziliary control law ky, and a set Xy
are given such that

1) Xy C X, Xy closed, 0 € Xy;

2)kp(x) € U, Vo € Xy; ky(x) is Lipschitz in Xy, with constant L, € Rxo;

3) the closed loop map f(x, kf(x)), is Lipschitz in Xy, with constant Ly, € Rsq;

4) f(x,kp(w)) € Xy, Vo € Xy

5) hy(x) is Lipschitz in Xy, with constant Ly, € Rso;

6) hy(f(x, kp(2)))=hs(e) <=h(z,Kf(2)), Ve Xy;

7) Wy N, 1)t = collkf(Zy¢), Kp(Riga)t)s---s hp(Tean,—110)], Wwith Ty, =, is a feasible control

sequence for the FHOCP, Vxe Xy. a

Assumption 3.2.2 (Robust constraint Xy_). The robust terminal constraint set of the FHOCP,

Xn,, s chosen such that

1) for all x € Xy, the state can be steered to Xy in N, — N, steps under the nominal dynamics

in closed-loop with the auziliary control law Ky;

2) there exists a positive scalar € € R such that f(y, kr(xe)) € Xn, « B™(e), Yoy € Xn,. O

3.2.1 Shrunk State Constraints

In order to show the difference among the existing constraint tightening formulations and the
proposed scheme, let us recall the definition of restricted constraint sets under the usual as-

sumption of norm-bounded uncertainties, neglecting the possible state-dependent structure (see

e.g., [66]).
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Definition 3.2.1 (Tightened Constraints). Under Assumptions[3.1.1 and suppose E,
without loss of generality, Ly # 1. The tightened constraints are defined as

o, (r -1\

In the following, we will exploit the particular state-dependent nature of the uncertainty to
reduce the conservativeness of the set contraction relying on the nominal prediction of state
trajectories along the control (optimization) horizon.

Under Assumption[3.1.2] given x;, a norm-bound on the state prediction error will be derived.
Subsequently, it is shown that the satisfaction of the original state constraints is ensured, for
any admissible disturbance sequence, by imposing suitably restricted constraints to the predicted
open-loop trajectories.

Throughout this section, the following notation will be used: given an optimal sequence
uy, . Ne—1]t of control actions obtained by solving the FHOCP at time ¢, let us define the sequence
Uy p 1 ¢4 N, |t4+1 £ col[u‘t’+1|t, . ,u§+Nc_1|t,a}, where u € U is a suitably defined feasible control
action implicitly depending on #;; n ;11 . The following result will be instrumental for the

subsequent analysis.

Lemma 3.2.1 (Constraints tightening). Under Assumptions and [3.1.2, given the state

vector xy at time t, let a control sequence, be feasible with respect to the restricted

N 1)
state constraints of the FHOCP, )A(tﬂ-‘t, computed as follows

Xiyjit 2 X o B (hrajpe)s (3.8)

where

Pro1je = i+ Lslal,

(3.9)
Prajit = (Ls + Ly, ) prgj—1pe + B+ Ls| @ j_ael, Vi€{2,..., N}

with i = u(Y*P). Then, the sequence U,y e applied to the perturbed system (3.1)), guar-

1The very special case Ly, = 1 can be trivially addressed by a few suitable modifications to the proof of
Lemma|3.2.1
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antees x4 € X, Vj e {1, ..., N}, Vo € Xrpe, Yo € Mr. a

Proof. Given wx;, consider the state xz;4; obtained applying the first j elements of a feasible

control sequence 1 to the uncertain system (3.1). Then, the prediction error ét+j|té

tt+j—1|t

Tyqj—T4qje, with je{1,..., N}, is upper bounded by

eerjitl = f (@it weqjorge) + dirj—1 — F(@eqj-1)e> Wegj—1)e)]
< Ly léryjapel +1deyj—1| < L léejoapel + i+ Lslai -] (3.10)
< (Ly, + Ls)|epyj—apel + 1+ Ls| T -1yl

Finally, comparing (3.10) with (3.9), it follows that |€,,;j¢| < P4+, which in turn proves the

statement. O

Remark 3.2.1. The constraint tightening (5.8), compared to previous approaches [66,1100], may
lead to less conservative computations. In fact, rather then using only the state information xy
at time t, it relies on the whole predicted state sequence &y, 1,7 € {1,..., N.}, thus accounting
for a possible reduction of the state-dependent component of the uncertainty along the horizon.
The effectiveness of the proposed approach in enlarging the feasible region of the FHOCP will be
shown in Section[3.3 by a simulation example.

3.2.2 Feasibility

In order to show the robust positive invariance of the feasible region, Xy;pc, under the closed
loop dynamics given by (3.1) and (3.6), an upper norm bound for the maximal admissible un-
certainty will be stated in Assumption [3.2.3, motivated by Lemma|(3.2.2| METTERE PROOF].

Lemma 3.2.2 (Technical). Given a set X, for which Assumption[3.2.2 holds, let us define
d, £€¢/Ly, and d = dist(R"\C1(Xy,), Xn,). Under Assumption[3.1.1, it holds that

1) XN, C XN, ®B"(dy,) € C1(Xn,);

2)d>d,,. 0
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Proof Notice that, given a vector x € X, @ B(J,Qf)7 there exist at least one vector ' € Xn,
such that |z — 2’| < e/Ly,. Since f(ac/mf(ac/)) € Xn, » B(e), with Iif(.’E/) € U, then, by
Assumption [3.1.1, it follows that f(z,ss(z)) € B(f(x',ks(z)),€) € Xy, and hence z €
Ci(Xn,),Vz € Xy, & B(d,,), thus proving the statement. [ |

It must be remarked that, for nonlinear systems, the numerical computation of C;(Xy.)
is a very difficult task, although the underlying theory is well established and many different
methods have been proposed since the seminal paper [16]. In this regard, for some classes
of nonlinear systems, there exist efficient numerical procedures for the computation of pre-
images and predecessor sets (see [18,/56, 101]). In addition, a novel algorithm to compute inner

approximations of controllability sets will be given in Section [3.4.

Assumption 3.2.3 (Bound on uncertainties). The K-functions § and p are such that the fol-
lowing inequality holds

S(|ze]) +p(Y>) < Ly Ned, Va, € X. (3.11)

O

The robust positively invariance of the feasible region, X;pc, under the closed-loop dynam-

ics, can now be stated and proved.

Theorem 3.2.1 (Feasibility). Let a system be described by equation (3.1) and subject to (3.2)
and (3.3). Under Assumptions[3.1.113.2.3, the set in which the FHOCP is feasible, Xprpc, is
also RPI for the closed-loop system under the action of the control law given by (3.06). O

Proof. Tt will be shown that the region Xy;pc is RPI for the closed-loop system, proving that,
for allz; € Xpco, there exists a feasible solution of the FHOCP at time instant ¢ 4+ 1, based

o

b N1t In particular, a possible feasible control sequence is

on the optimal solution in ¢, u
given by Uyy1 N, 41 = col[ut°+1|t, ...,u§+Nc_1|t,a], where @ = (4 n,111) € U is a feasible
control action, suitably chosen to satisfy the robust constraint &,y 41jt4+1 € Xn,-

First, let us introduce the following technical lemma (the proof is given in Appendix).
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Lemma 3.2.3 (Technical). Given x; and x4 = f(l’t,liMpc(It)) + dy, with d; € Dy, con-
sider the predictions Ty n,;; and Ty N 41j¢e41, obtained respectively using the inpul sequences
u;’,Hchl‘t and W1, 14N, |41, and initialized with &y, = @y and Ty 1041 = Tep1. Gven Xy,
as described in Assumption 3.2.2, suppose that &, n,: € Xn,. In view of Assumption|3.2.3,
if 8(|xe]) + 1 SL};NCJ, then &4 N, 1141 € C1(Xn,). Moreover, if 6(|z|) + i < L};ch_w, then
Erpno i1 EX N, @ B (dy,). O

Now, the proof will be divided in two steps.

1) 55t+j|t+1€Xt+j\t+1: First, in view of Assumptions[3.1.1]3.1.2]and (3.9), it follows that

Praift — Pegije+1 =  Lsloe + i1,
Prajlt — Prajieer = (Lpo + Ls) (Perjo1pt — Praj—1je41) + Lo ([Zeajie] — [Eesjje41])
> (Ly, + Ls) (prjo1t — Prajotes1) — Lol *(Lslae| + ),
Vie{2,...,N.}.

Proceeding by induction, it follows that, for all j € {2,..., N}

- g2 K
Pregle = Prrgess = |(Ly, +Ls) ™ = Ly (Ly, + L)) > 3 (LfL{fLa) } (Lslad + 1)
k=0 v

which yields
Pttjlt = Prtilt+1 ELgl(L6|iEt| + i), Vie{l,...,N}. (3.12)

Now, consider the predictions &, ;); and @441, withje{1,..., N.}, made respectively using
the input sequences u§7t+NC_1|t and Uy 1 44 N.—1)¢+1, and initialized with &, =x; and Ty 41 =
f(xe, karpe(24)). Assuming that g EXHﬂtéX  B™(py4ji¢), with pyi ) given by (3.9), let
us introduce N€B" (py4jjt41). Furthermore, let {éaﬁ“tﬂ-ﬁ“ —Z44j)¢+n. Then, under Assumption
B.1.1, it follows that |&] < [Eeqjjer1 — Teqgiel + Peasiers < Ly (Lslwe| + ) + pegjeer. In view
of (3.12)), it turns out that [£] < py11), and hence, E€B"(py4 ;). Since itHHGXtH‘t, it follows

that £t+j|t+£:£‘t+j|t+l+n S )(7 VT] S Bn(ﬁt+j|t+1)7 which ﬁnally ylelds £t+j\t+1 S Xt+j\t+1-

2) N 1)1 € X, o if Lﬁc_1(5(|mt|)+/j)§d,€f, in view of Lemma/(3.2.2 there exists a feasible
control action such that the statement holds. If d, <L}1>i“71((5(|xt|)+ﬁ) <d, thanks to Lemma

3.2.3, it follows that &,y |s+1€C1(Xn,). Hence, there exists a feasible control action, namely
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u€U, such that &, n 11041 = f(Z44n.j¢+1,U) € Xn,, thus ending the proof. |

Remark 3.2.2. With respect to previous literature [66, 100], the use of Xn, instead of X as
stabilizing constraint set and the possibility to compute d relying on Cy (XN.), together allow to
enlarge the bound on admissible uncertainties which the controller can cope with. In fact, consid-
ering that the restricted constraints are based on Lipschitz constants, which lead to conservative

computations, the limitation of their use to a shorter horizon (and not to the whole prediction

one) may enlarge the feasible set of the FHOCP. ]

3.2.3 Regional Input-to-State Stability

In the following, the stability properties of system (3.1) in closed-loop with (3.6) are analyzed.
Let denote a1 (s) = h(s), aa(s) = Lp,s and ¢; = 0. In order to state the main theorem concern-
ing the stability properties of the devised control scheme, the following alternate assumptions

are introduced.

Assumption 3.2.4. With reference to Definition[2.1.5, given

Ly —1 Np—(Ne+1) Ly~ -1
1) as(s) = h(s)— {Lh# + Ly, LY NV LNe (L, 4 Lh“LKf)chffLﬁC] 3(s);
o1 Ly - Np—(NetD)
= c N p—(Ne Ne¢ .
2) o(s) = [Lhﬁ+(Lh+Lh1LLKf)ﬁLfm Ly, LY wa}u(s),
3) ¢ = 0;
let

i) 5(|xt|)+u(|vt|)§L}:N“JHf, Var € Xppe, Yo € Y5
i) a3 be a Koo-function Vs <sup,cx,, o112}

iii) T be such that © defined in (2.5) is contained in Q@ «~ B"(c), for some ¢ € Rso and for all
veTl. O

Assumption 3.2.5. With reference to Definition|2.1.3, given

L -1
1) az(s) = h(s)~Ln7"—0(s);
I

c



46 CHAPTER 3. ROBUST NMPC WITH CONSTRAINT TIGHTENING

Ly -1
9 ols) = Ln g u(s);
7 Np=(Net1)_ )
3) ey = [(Lm—LhuLw) e o +thLjY;*<Nf“>}max{|x—§|,(x,g)eXch(XNC@B"(d))H

thL;\ip_(N“H)Lhumax{\u7w|,(u,w)€U><U};

let

i) LA Ned, . < 6(|lze]) + p(lvg|) < LANed, Vo, € X Y, € Y;
fo Ky t p(lve]) < fa ) VIt MPC, VUt ;

i1) a3 be a Koo-function Vs <sup,ex,, o 1l7l};

iit) T be such that © defined in (2.5) is contained in Q «~ B™(c), for some ¢ € Rsq for all
veT. O

Theorem 3.2.2 (Regional Input-to-State Stability). Let a system be described by equation (3.1)
and subject to (3.2) and (3.3). Under Assumptions[3.1.113.2.5,
1) if Assumption holds, then the closed-loop system (3.1), (3.6) is regional ISS in = =

Xnrpo with respect to vy € Y

2) if Assumption|3.2.5 holds, then the closed-loop system (3.1), (3.6) is regional ISpS in & =

O

Xype with respect tov € 1.

Proof. In view of Assumptions [3.1.113.2.3] it follows from Theorem [3.2.1 that Xy;pc is a RPI
set for system under the action of the control law (3.6). So, the proof consists in showing
that V(zy) = JFH(xt,utO’Hchl‘t,Nc,Np) is an ISS-Lyapunov function in Xp;pc. First, by
Assumption 3.2.2] the set Xy pc is not empty. In fact, for any =, € X, a feasible control
sequence for FHOCP is given by @y n, 11 = col[kf(Ze), mf(Eepape)s -y Kp(@erna—11e)]-
Then Xarpc 2 Xy. Then, in view of Point @ of Assumption[3.2.1 and Assumptions

it holds that

t+N,—1
V(@) <Jpa(@e Qeeen, -1y, Ne, Np) = ;t h(iﬁut’ Rf(‘%llt)) + hf(i'tJer\t)
t+N,—1 B
S Z—X:t [hf(‘il\t) - hf(j:l+1|t):| + hf(j:t+Np|t)
< hy(@ee) < Ly |l Va, € Xy.

Hence, there exists a K-function asg(|z:|) such that
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Vi(zy) < ao|ze]), Vo, € Xy (3.13)

The lower bound on V (z,) can be easily obtained using Assumption [3.1.3:

V() = h(lz,)), Vo, € Xnpe- (3.14)

Inequalities (2.2) and (2.3) hold respectively with = = X pc and Q = Xy. SupposeH that
Ly # 1. Now, in view of Assumption and Theorem [3.2.1, given the optimal control

: o = Ay o o = :
sequence at time t, W)y N1t 1 the sequence Uyi1 44N, |t = COl[ut+1|t7 . 7ut+N671|t7u] with

(LN, |t), if 6(|a]) + p(vr]) < Ly Nedy,
weU: f(Znjee1,1) € Xn,, if Ly Vedy, < 8(|a|) + p(lve]) < Ly Ned

is a feasible (in general, suboptimal) control sequence for the FHOCP initiated with z;41 =

f(ze, kprpo(xt), ve) at time t 4+ 1, with cost

NTICIAE Ut g1 04N, [t415 NC7Np) =

t+N,—1
Vi(zy) = h(zy,ug,) + 1721 {h(‘%l\ﬂrl’uﬂt) - h(jl|t7u?|t):| +h(E N, g1 @)
- N, 1
_h(‘%t+Nc|t7l‘{f('%t+Nc|t)) + Z |:h(i'l\t+1uﬁf(i'l\t+l)) - h(i'l\ta’if(i'”t))
I=t+(No+1)

+h(jt+Np|t+17 Kf(jt+Np|t+1>) + hf(f<£t+Np|t+17 Hf<§ct+Np|t+1))) - hf(jt+Np|t)~

Using Assumptions[3.1.1/and [3.1.3] it follows that

‘h(ftﬂ\wl’“gﬂ‘\t) - h(£t+j|t’uto+j\t) < Lthl(‘mxtD + p(|vel)), (3.15)

for all j € {1,..., N. — 1}. Moreover, for j = N, we have

115 ) = P00 ()| <

(3.16)
L LEe 0+ p(vel) + Ln, Au(S(|22]) + p(lvil),

2The very special case Ly, =1 can be trivially addressed by a few suitable modifications to the proof of
Theorem [3.2.2]
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where
0, if s < Lt Neg,
Au(s)2 = e T ) (3.17)
max{|u — wl|, (u,w) €e U x U}, if L};chﬁf <s< L};ch.

Finally, under Assumptions 3.1.1, [3.1.3 and [3.2.2, for all j € {N.+1,...,N, — 1}, the
following intermediate results hold

h(£t+g‘|t+1’ ’ff(jt+j|t+1)) - h(£t+j\t7 “f(£t+j|t)) <

i (Nt 1) N (3.18)
(L + Ln, L, ) Ly Ag(6(fze]) + pllve])) + Ly (6(e]) + pllv)) |

and
|hf(£t+Np\t+1)—hf(£t+Np|t)| (3 19)
<Ly, LN~ WNetDIA (5 LY (5 '
<Lp, Ly o (6([ze]) + plloe]) + L (5(lze]) 4+ pl[ve])) |
where
0, 1
A (s)E

if s < Ly Ned,,,
. ) . _(3.20)
max{|z—¢|(z, )€ XN, X (Xn, ® B"(d))} — L}es, if L} Ned, , <s<L}Ned.

Consider now the case (|z¢]) + p(Jve]) < L}:NCJW,th € X, Vv, € T. Then, in view of

Points@andof Assumption[3.2.1} Assumption[3.2.2]and by using (3.15)-(3.20), the following
inequalities hold

Jrm (Tig1s Uep1 048, [6 Ney V)

N, ) N,—1 o
<V(2,) = bz ugy) + Yo Ll (0(|zel) + pllve)) + Y (Ln + Ln, L, )LV HY
Jj=1 j=N.+1

) + h(it+Np|t+la Kf(‘%t+Np|t+l)) + hf(ft+N,,+1\t+1) - hf(ft+Np|t+1)
S(fae]) + pllve]))-

X LY (6(|ae]) + pl|vel
+Ly, Ly~ N LR

— =

Now, from inequality V(z,, 1) <Jpy (T441, Q104N |t Nes IN,,) it follows that

V (f(ze, kmpe(@e),vr) — Viwy) < —ag(lzy|) + o(|ve]), Vor € Xupe, Vo €T (3.21)
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with ag(s) and o(s) defined as is Assumption[3.2.4l If §(s) is such that ag(s) is a Koo-function
Vs < sup,ex,,pe 17|}, then the closed-loop system has a stability margin for [50]. Therefore,
by (3.13), (3.14) and (3.21), if &(|z¢|) + p(|ve) < L} Vedy,, Yoy € Xarpe, Yoy € T, then the

optimal cost Jpp (z,,u7,, Nt | »Ne, N,,) is an ISS-Lyapunov function for the closed-loop system
in Xp/pco. Hence, it is possible to conclude that the closed-loop system is regional ISS in X s pe
with respect to v € M.

Conversely, if L}:NC dic, < 8(|ae])+p(Jve]) < L};NC d, the following inequality can be straight-
forwardly obtained

V (f(xe, kppe(ze),ve)) — Viay) < —ag(|zy]) + o(Jue]) + e, Var € Xypeo, Vor € T (3.22)

with as(s), o(s) and ¢o defined as is Assumption Hence, in the latter case, provided that
as is a Kyo-function, only ISpS can be guaranteed, although the invariance of Xj;pc and the

fulfillment of constraints are preserved thanks to Theorem [3.2.1. O

The characterization of the ISS property for the controlled system in terms of Lyapunov
function, as well as the characterization of the maximal admissible uncertainty under which
such a property is guaranteed, allows to design effective robust MPC schemes with ease. In the
following section, we will show how the basic set-invariance theoretic tools and the regional ISS
can be used for the synthesis and the analysis of the stabilizing property of the controller and

the estimation of its domain of attraction.

3.3 Simulation Results

Consider the following discrete-time model of an undamped nonlinear oscillator

(1), 4 = 2(1),+0.05 [~2(2),+ 0.5 (14 z1y,) ue] +d),

(3.23)
x(2)t+1:$(2)t+0'05 [I(l)t+ 0.5 (17 4I(2)t) ut} + d(2)t

where the subscript (i) denotes the i-th component of a vector. The uncertainty vector is given
by di=1-10"32; +vy, with |v| < 1-107%. System (3.23) is subject to state and input constraints
(3:2) and (3.3), where the set X is depicted in Figure[3.2] while U = {u € R : |u| < 2}. The
Lipschitz constant of the system is Ly =1.1390.
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Figure 3.2 Perturbed closed-loop trajectories with initial points: (a)=(0.1,0.08)7,
(b)=(-0.15,-0.04)%, (c)=(-0.25,-0.40)% (d)=(0.00,-0.20)T, (e)=(—0.17,0.00)7. The
robust constraint set Xy, (dash-dotted) and the set X; (dotted) are emphasized.

Since affordable algorithms exist for the numerical computation of the Pontryagin difference
set of polytopes, for implementation purposes the balls to be “subtracted” (in the Potryagin
sense) from the constraint set X to obtain Xt-&-j\t’ Vvj € {1,...,N.} are outer approximated by
convex parallelotopes.

A linear state feedback control law u; = k¢ (z;) = kT2, with k € R?, stabilizing in a
neighborhood of the origin, can be designed as described in [88]. Choosing k = [0.5955 0.9764]T
and N, =25, the following ellipsoidal sets, Xy and Xy, satisfy Assumption and

respectively

A | 167.21 —43.12 A | 114.21 —29.45
Xr=q x,€R": x; <1 p, Xn.=¢ 2. €R™: <1
—43.12 305.50 —29.45 208.67

with L,, =1.1437, Ly, =1.0504 and N, =12. Let the stage cost h be given by h(z,u) £
2T Qx + uTRu, and the final cost hy by hy(x) £ 2T Px, with
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01 O 91.56 —23.61
Q= R=1,P=
0 0.1 —23.61 167.28

then hj satisfies Points 2) and [6) of Assumption [3.2.1lin X; C X. Moreover rs(z) satisfies
point 7) of Assumption in Xy. The following values for dy ; and d can be computed:
dy ;=2.3311- 10~* and d=1.2554 - 1073, It follows that the admissible uncertainties, for which
the feasibility set X;pc is RPI under the closed-loop dynamics, are bounded by

5(|xe|) + p(Y5P) < 7.4591 - 1074, Va, € X.

Sample perturbed closed-loop trajectories obtained by simulation are depicted in Figure[3.2]

Figure compares the feasible set X s pc obtained for the developed MPC policy (cyan)
with the feasible region of the controller designed according to [66] (orange), using the same
control horizon length with terminal constraint set X . It is enhanced the improving of the new

algorithm in terms of domain of attraction.

Figure 3.3 Comparison between the feasible region of the controller designed accordingly to
[66] with terminal set X and the enlarged feasible set obtained by using the robust constraint
set Xn,.

Z(2)
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In this section, we used some basic notions of set-invariance theory, such as controllability
sets, to characterize the robustness of the resulting MPC scheme. In order not to be reduced to a
vague concept, in the sequel of the chapter we are going to provide a numerical tool to compute
inner approximations of controllability sets, which can be used as conservative estimates of the
true ones in order to assess the robustness of the devised schemes. The algorithm proposed has
been used in the last given example to provide an effective estimate of the maximal admissible
uncertainty tolerable by the controller.

On the other hand, not to oversell the devised numerical procedure, it must be remarked that,
making use of gridding and computationally expensive set iterations, it can apply only to small
dimensional systems. However, by using some important computability results for predecessor
operators based on set-valued function theory, it has been possible to prove some interesting
properties of the proposed method; among them, the convergence and the monotonicity results
are recalled, since they guarantee that the set-estimates are improved at each iteration step,

while the convergence to the a desired distance metric is ensured for infinite iterations.
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3.4 Computing Convex Inner Approximations of Control-

lability Sets

In the previous sections, a design methodology for RH control schemes has been presented, and
the ISS properties of the resulting closed-loop scheme have been established, provided that the
uncertainties/perturbations are suitably bounded.

In particular, the bound on additive transition uncertainty, under which the invariance of the
feasible set for the MPC is guaranteed, has been shown to depend on the invariance properties
of the terminal set constraint X; (see inequality ).

Indeed, the distance metric dist(R™\C1(X¢), X¢), on which the uncertainty bound relies on,
can be viewed as a measure of inherent contractivity of X under the controlled transition map
f (z,w) with the input constraint u € U, and is therefore independent on the particular auxiliary
terminal controller used in the stability proof.

At a first glance, the exact evaluation of dist(R™\C;(X ), Xs) can be carried out by directly
computing C1(Xy). However, in most situations, only an inner approximation C (Xy) can be
obtained numerically.

In this respect, given a compact invariant set X; C R"™ an iterative procedure will
be described to compute convex inner approximations of controllability sets C;(Xy), ¢ €
Z~go . In turn, the procedure will allow to compute lower approximations of the met-
ric dist(R"\C;(Xs),Xf), ¢ € Zso, which is a multi-step generalization of the metric
dist(R™\C1(X ), Xs) used to bound the admissible uncertainty for RH schemes. The multi-
step result will be used later on in the framework of Networked Control System to characterize
the stability property of a control strategy, based on MPC, devised for this particular class of
systems (see Chapter[5]).

The proposed algorithm algorithm is based on the following recursion

Ci(

Ci(

[1]

)1:va

A (3.24)
)i+1 =0(Ci(E);, X5), J € Z>1,

(1]

—

where ¥ is a suitable set-valued function and C;(Z); is the convex inner approximation of C;(X )
computed at the j-th iteration. Referring to a numerical example reported in Section[3.3] Figure

[3.4 shows a graphical representation of two sequences of sets generated by such a recursion to
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approximate C1(Xy) and Cs(X).

Figure 3.4 Sequence of sets generated by the iterative procedure (3.24) for the terminal set X
used in the example reported in Section

Cs(Xy)s
Cs(X )4
|C$(Xf)3 Cs(Xy)2
Ca(X,
-0.016F T
-0.018}
~0.02 : : : :
-0,068 -0,066 -0,064 -0,062
5 o}
-0,06

The main objective of the following analysis consists in designing the above set-valued oper-
ator ¢, such as to guarantee the convergence the algorithm toward the desired euclidean metric
dist(R"\C;(X¢), X¢). In order to determine a function ¥ capable to satisfy the above require-
ments, we need to address the issue of numerical computability of set-valued operators, which
poses indeed some constraints on the structure of the approximation algorithm. A detailed
analysis of computability of set-valued operators for nonlinear discrete-time autonomous and
controlled systems is given in [8] and [29]. In order to present a key result on the computability
of controllability sets, some notions of set-valued analysis [10] are needed (see Appendix[A.3). In
particular, the notion of Robust Controllability Set of £ C R™ in X C R™, denoted as RC;(X, E)
(seeA.3.5), will be used extensively in the sequel. In the following, the shorthand RC;(Z) will
be used to denote RC;(R"™, Z).
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The possibility to obtain an arbitrary accurate numerical approximation of the robust pre-

decessor set is guaranteed by the following approximate computability result.

Theorem 3.4.1 ([29]). Given a set 2C X, if the map F(z) is LSC in x, Vxe X , then Cy(E)
is open whenever Z is open. Hence, the operator E+—RC1(E) is always lower semicomputable,
i.e., it can be approrimated arbitrarily well by a sequence of compact sets {(fl (2);}, JEZ>1, with

C1(2);0C1(E);_1, given an initial lower approzimation C1(Z); CRP(Z)CC1(E). O

Noting that a set-valued map defined as in is LSC under Assumption [3.1.1, Theo-
rem can be readily extended to characterize the computability of the i-step robust control-
lability set RC;(E). In this regard, let us introduce the following problem.

Problem 3.4.1. Given a finite integer i€Z~q and an invariant compact set Xy C R™, we look
for a numerical set-iterative procedure, in the form of (3.24), capable to generate a sequence
{éi(Xf)j, JEZ>1} of compact sets lower approzimating RC;(Xy), such that

1)C(X5); CCi(Xy), Vi € Zso;

2)if dist(R™\C;(Xs);, X 5)<dist(R"\RC;(X[), Xy)
= dist(R™\Ci(Xf);41,X p)>dist(R™\C; (X (), X ) Vi€Z0;

3)dist(RM\RC;(X 1), X ;) <lim; oo dist(R™\Ci(X5);,X ) < dist(R™\C;(X),X ).

Now, we are going to introduce a numerical framework to address the issues raised by Problem
In particular, it will be shown that the function ¥ in (3.24) can be designed such that all
requirements are satisfied.

To this end, let us introduce the Finite Horizon Distance Optimal Control Problem (FH-
DOCP).

Problem 3.4.2 (FHDOCP). Given system (5.4), an invariant compact set Xy C R™ and a
compact set X C RC;(Xy) (first guess inner approxzimation), consider a vector o € 0=Z. The
(i-steps) Finite Horizon Distance Optimal Control Problem (FHDOCP) consists in finding the
sequence of control moves ug,;—1 = collug,...,u;—1], subject to (1.3), such that the following

value function, Jpup(To, Wo,i—1,X7), 15 mazimized:
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Jrap(To0,i—1(20),.Xf) £ @ (2(i, 20,0,i-1), X ) -

In the following, we will denote the optimal value function as

‘]I?—'HD(J:O) L= max {‘I) (i(iaanuO,i—1)7Xf)}7
up,;—1€U"
and the optimal input sequence as ug,; (o). An effective optimization-based algorithm, which
satisfies the requirements raised by Problem[3.4.1, is now presented (for the sake of notational

simplicity, the dependency of J3 ;5 on X will be omitted).

Theorem 3.4.2 (C;(Xy)). Given a positive integer i € Z~o and a compact invariant set Xy C
R™, consider the recursion with ¥ defined as follows

ﬂ(éfo)j,Xf)Aéxxf)jeas(f;s min {J;HD@)}). (3.25)
2€0C;(Xy);

Then the sequence of sets {él (X¢)j,J€ZL>1} satisfies Points @-@ of Problem|3.4.1. (]

Proof First, it is worth to note that, in a numerical framework, the geometric condition for
invariance of a compact set Z C R" stated in Theorem [A.3.1l must be replaced by its robust
counterpart, i.e., by the condition Z C RC;(Z). Now, it is possible to prove Theorem [3.4.2.
Points m W and @ of Problem are addressed separately in the following.
1) Ci(Xy); CCi(X5)=Ci(X )41 CCi(Xf),Vj€Z>1: Given a vector &’ €C;(Xy);@ BL;"J;), with
J; = min, 6, (x,),/Frp(T), then 32" €8Ci(Xy); (C Ci(Xy)) such that |z — z” | §L;:Jj.
Hence, there exists a feasible sequence of controls 1y ;—; which yields to .'f/'(i,x//,ﬁ07i7]_> €
Xy v B(J;), with J; € R>g. Then, under Assumption|3.1.1, the inequality |§:(i,x/,ﬁo,i_1)—
E(i,a g 1)| < L§x|m' — '], yields to #(i,z ,up;_1) € Xy, and hence 2’ € C;(X;). These

arguments also prove the second inequality at Point 3) of Problem[3.4.1!
2) dist(R™\Ci (X 1) j 11, Xf) < dist(R™\RCi(X ), X ;) = Ci(X )1 D Ci(Xy); (D X4),Vj € Zsy:
Under the stated assumption, being J; € Rso, the subsequent inclusion follows from the

properties of Minkowski addition. If J;=0 for some j€Z>1, then Ci(Xp)i=Ci(Xy);, Vi€
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Z> j, and hence the limit is finitely determined.

3) dist(R™\RC;(X ), X ) <lim; oo dist(R™\C;(Xf);,Xs): The proof can be carried out by con-
tradiction. First, by Point [2), notice that D(Ci(Xf)oo) = Ci(Xf)oo. Assume there exists
€ € Rsg such that lim;_..dist(R"\C;(X);,Xs) = dist(R*\RCi(Xf),X;) —€¢ . Then, the
set OCi (X 1)oo CCi(int(Xf)). Since there exists ¢ €Rsq such that minzeaéi(xf)oo‘];“HD(I)Zeuv

then there exist a set 9(C;(X £)oo) SCi(X #)oo, which invalidates the original assumption.

Remark 3.4.1. Notice that Theorem|[5.4.2 assumes that the optimal value Jyyp(x) for each
x € dCi(Xy); as well as the global minimum minmeaéi(Xf)j{J%HD(x)} can be actually obtained.
For a generic nonlinear system this is not always the case, therefore a numerical method to
approzimate the set-valued function ¥ is described. Notably, in this case the constraints imposed
by Points@@ of Problem|3.4.1 cannot be strictly fulfilled, but can be violated with an arbitrarily

small tolerance specified by the designer, as described in the following section. O

3.4.1 Numerical implementation of the set-iterative scheme

In order to derive a numerically affordable implementation of the set iterations (3.24)-(3.25),
some properties of the optimal value function J§ ;(-) are going to be analyzed. In particular,
in a neighborhood of a point x, for which the optimal value function yields to J&p(z) =

Jrwp (g, ug’i(xé)), a conic lower bound can be established.

Lemma 3.4.1. Under Assumptions|3.1.1, given a vector :L‘EJ € ac}(Xf)j, the optimal cost
J%HD(arz),ug’i(xg)), the optimal control sequence ug’i(xé)), and the optimal state prediction
:%(xé),u&i(xé)),i), then the optimal value of the function JI%HD(xg,ug,i(mg)) is lower bounded
by

Jpp(T9)> JFHD(xO7u8,i($0))2J;HD(mO)_O‘Lfi (3.26)

’

for any vector xy € R™ : |zy — x| < o, with o € Rsg. O

Figure shows a pictorial representation of the lower bound result stated by Lemmal3.4.1

which is proved below.

Proof In view of Assumption [3.1.1, it follows that
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\i(i,xo,ug’i(zo)) - j(LzO’ug,i(xO))‘ < Lf;‘)“ (3.27)

LetneRsobe such thata:nLJI; (o), then it follows that the state vector & (i, z, ug,i(xé)) €

B (i(i,xg,u&i(%))aUJ;HD(%))' Considering that J& () > JFHD(xg,u&i(xé))) , then
Jemp ()= —n)J5pp (o).
Finally, substituting the expression for 7, the statement of the lemma trivially follows. |

In the sequel, an algorithm for numerically approximating the set-valued function ¥ in (3.25

is discussed.

Figure 3.5 Craphical representation of the conic lower bound on J% (2 ), for |z, — x| <
L;:J%HD(CE )-

0.05

ge)

0.1

L)

Procedure 3.4.1 (Numerical recipe for 9(C;(X;);, X;)). First, notice that, given a lower bound
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J; < min {Jpyp(@)}, J;ERS0
z€9C;(wy);

then the following inequality holds

Cilwg); € (Colarp)s @ (L7 L)) SOCHX)), X )

Thanks to Lemma [3.4.1, J; can be obtained by performing a series of FHDOCP’s in suitably
chosen wvectors belonging to 8éi(Xf)j, In order to ensure the termination of the procedure in
a finite number of steps, let us fir an arbitrary tolerance § € Rsqg, whose significance will be
cleared later on. At this point, let us consider a grid-like subset Xg C 9Ci(Xy); such that
d(z, Xpr) <0, Yo edCi(Xy); and Ie€Rso: d(z, Xg\{z})>¢, Vo€ Xy Being Ci(Xy); compact,
Xy is numerable. Then, performing a finite number of FHDOCP’s on all the vectors of Xy,

we can compute

J;=(1=05Ly,8) min{Jppp(x)}

If J;<0, the recursion is terminated. Notice that & can be reduced to allow for a finer gridding,
which permits to compute a possibly tighter bound, at the cost of an increase in the computational
load. Conversely, if J;>0, the set éi(Xf)j+1:éi($f)j EB(L;:JJ-) is computed and the recursion
is continued.

For implementation purposes, it is convenient that X is given as a polytope [4], such that
the sets C; (Xf)js1, 7€{1,..., N.} can be obtained by performing the Minkowski addition between
polytopes, having previously inner approzimated the ball addendum in (3.25) by a parallelotope.

O

3.5 Concluding Remarks

In this chapter, a robust model predictive control design method for constrained discrete-time
nonlinear systems with state-dependent uncertainty and persistent disturbances has been pre-
sented.

Under suitable assumptions, by employing the devised technique, based on tightening the
original state-constraints, the robust constraint satisfaction and the recursive feasibility of the

scheme can be guaranteed.



60 CHAPTER 3. ROBUST NMPC WITH CONSTRAINT TIGHTENING

Furthermore, the closed-loop system under the action of the MPC law has been shown to be
Input-to-State Stable with respect to additive bounded perturbations.

Remarkably, the method proposed to tighten the constraints, which uses the nominal state
predictions to compute the set restrictions, allows for less conservative results and yields to
enlarged feasible regions with respect to previous approaches.

In the belief of the author, the conception of methodologies to reduce the inherent conserva-
tiveness of constraint-tightening MPC represents a key point toward the possibility to use this
technique as an alternative to min-max MPC for uncertain nonlinear systems with fast dynam-
ics. Indeed, due to ease of implementation and to the reduced computational burden required
by the open-loop optimization of constraint-tightening MPC| it is more attractive than min-max

formulations for practical deployment.
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Chapter 4

Off-line Approximated Nonlinear
MPC

In the last few years, the problem of reducing the computational complexity of MPC has at-
tracted increasing interest among the control engineers. Indeed, nonlinear plants with fast
dynamics, which require the computation of the control action with small sampling periods that
do not allow to solve the optimization problem on-line, call for the design of explicit RH control
laws. In practice, for a generic nonlinear system, only an approximation of the true RH control
law can be obtained by off-line computations. However the approximated control law is still
required to enforce the robust constraint satisfaction and to guarantee some stability property.

The problem of obtaining explicit RH controllers with quadratic costs and linear constraints
for linear systems can be solved by using parametric quadratic programming techniques [1,
15]. The multi-parametric optimization approach has also been used to obtain robust explicit
feedback laws for uncertain linear systems [14, 27, 83].

On the other side, in the context of nonlinear systems, an exact explicit solution cannot
in general be obtained. In this framework, the idea of approximating MPC control laws with
general function approximators, such as artificial neural networks, has been proposed in several
works |23, 89, 88], and more recently in [2] . Although the literature concerning the application
of approximate nonlinear RH controllers to real plants is rich [40, 82], there is a need for a
further investigation toward the effect of approximation errors on the robustness of the closed-

loop system, in particular when the dynamics are driven by strong nonlinearities and when state
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and input variables are subjected to hard constraints.

Recently, several approaches have been proposed to obtain explicit solutions of MPC prob-
lems for special classes of constrained uncertain nonlinear systems. An efficient off-line formula-
tion of the robust MPC problem has been developed in [119] for constrained linear time-varying
systems affected by polytopic uncertainty. Explicit MPC controllers for constrained piecewise
affine systems with bounded disturbances have been designed in [58] and [84].

An approximate RH control technique that can be applied to a generic nonlinear system with
state and input constraints has been proposed in [39], where the control law has been obtained
off-line by recursively partitioning the state space with a binary search tree. The major drawback
of the state space partitioning approach [52, 117] is that the structure of the approximator is
fixed by the algorithm which solves the multi-parametric optimization associated to the RH
controller. Moreover, a large number of regions may be necessary to guarantee the stability of
the closed-loop system. A method to reduce the complexity of the controller in case of nonlinear
input-affine systems has been proposed in [11].

With the aim of decoupling the computation of the optimal control law from the function
approximation stage, a detailed stability analysis has been carried out in [20] for a generic
nonlinear system driven by a set-membership approximate RH controller. In the aforementioned
work, the stability properties of the closed-loop system are studied under the assumption that
the true RH control law is Lipschitz continuous with respect to the state variables, and that the
Lipschitz constant (or a suitable upper bound) is known at the approximation stage. In this
respect, it must be remarked that this assumption is not always verified in practice, since the
optimal MPC law may be discontinuous, as deeply discussed in |78, 107].

In [78] it was shown that MPC could generate discontinuous feedback control law with respect
to the state variables even if the dynamic system is continuous. This is due to the fact that the
feedback law comes from the solution of a constrained optimization problem (when constraints,
as for example the terminal constraint, are considered). Only when the plant is unconstrained
and the terminal constraint is not active, [48], or when only constraints on the inputs are present,
[69], discontinuity of the control law is avoided. When the transition function of the system is
discontinuous (as for instance the case of hybrid systems) or the system is constrained, this
problem remains open, [63].

In this connection, we will show that it is possible to analyze the stability of a system driven

by a generic approximate static state-feedback without formulating any “a priori” assumption on
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the continuity of the resulting control law. To this end, the effect of the approximation error will
be decomposed in two bounded perturbation terms, one acting on the state measurements and
the other perturbing directly the control input. Finally, we will show that the Nearest Neighbor
(NN) interpolation (see [9]) can be effectively used to approximate (possibly discontinuous) MPC
laws.

To summarize, the main features of the proposed approximate RH control design are

1) it removes any “a priori” assumption on the continuity of the RH control law, thus permitting
to apply the method to systems which are not asymptotically stabilizable by continuous state-

feedback;
2) hard constraints on state and input variables can be robustly enforced;

3) it allows to compute a conservative bound on the quantization of the input command values

(due to the numerical implementation of the approximate control law).

4.1 Motivating example

In this section, we provide an example of a non-autonomous system which can not be locally
asymptotically stabilized to the 0-equilibrium by any static state-feedback control law continuous
in the state variables. We will prove that a discontinuous control law can effectively achieve the
asymptotic stabilization, and that a smooth Lyapunov function can be found for the closed-loop
system as described in [53]. This stabilizing discontinuous controller will be used, in section [4.4]
as an auxiliary feedback to design a RH control scheme capable to optimize a given performance
index and to enforce the satisfaction of state and and input constraint. In addition, assuming
that the discrete dynamics evolves with a small time-step that is not compatible with real-time
optimization, our goal is to obtain, by off-line optimization, a suitable approximation of the RH

(discontinuous) control law, preserving some stability property to be specified. Consider the

system
Ty = T) 2+ (@), +0.95)ue | +0.12(2)  uy
teZ
z(1y, +0.95 ’ >0
T(2),4q =1 0.5 -0. ()tfut z(2), (4.1)

zo = (T(1), T(2),) = 7,

where the subscript (i), ¢ € {1,2}, denotes the i-th component of x;.
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Proposition 4.1.1. For system (4.1) there does not exist a continuous time-invariant feedback

control law capable to asymptotically stabilize the 0-equilibrium. (]

Proof The proof will be carried out by contradiction. Assume that there exists a (bounded)
continuous state feedback control law us=r(x;), k : R? — R, k(z)<R, Vo € R?, with R € R+,
capable to render locally asymptotically stable the closed-loop system toward the origin. For
local asymptotic stability to hold, for all e>0 there must exist §>0 such that |z:| < €, Vt>0,
whenever |zg| < d. Let us fix e=(2 —r — 0.95)/(R+1), with » > 1, and consider an initial
condition zo=z=(Z(),0), with |zo| < §<e. Notice that, with the given initial condition, the
solution verifies z(5), = 0, Vt>0. Moreover, it holds that |(x(1)t+0.95)/{(:r(1)t,$(2)t)| <2-—r,
Vt>0, which implies |z (1), ,,[>7]z(1),[Vt=0, and in turn that |z¢|>7t|z0|. From the assumption
r > 1, it follows that the local uniform stability property |z;| < €, V>0 cannot be verified for
any initial condition satisfying |zg| > 0. ]

On the other hand, the following discontinuous feedback law is able to asymptotically stabi-

lize the closed-loop system

2550w Tl > ViEe)]

ka(T(1), T(2))=

The function 4 is bounded by |r4(z)|<2.1053 , Vo € R2. Moreover the closed-loop system

admits the following Lyapunov function W : R2 — Ry

2e0-5
W(z) = |$(1)|+7eo_25 1 \/ |z (2], (4.3)

which satisfies the following inequality
W, ka(@)) — W(@)<— (1 — %) W(x) (4.4)

where f (z,u) denotes the state transition map given in (4.1).

Next, we are going to address the problem of designing robust MPC schemes for systems
that are non smoothly asymptotically stabilizable, as the one proposed in this section, and
that are subjected to hard constraint on state and input variables. Since we will prove that
MPC can asymptotically stabilize this class of systems, then it is possible to conclude that also

RH policies with terminal set constraint and terminal penalty (besides the formulation with
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terminal equality constraint already analyzed in [78]), can give rise to discontinuous control
laws. Finally, we will determine the conditions under which those systems can be effectively

controlled by approximate feedback laws obtained by off-line computations.

4.2 Regional ISS Result for Discontinuous MPC Feedback
Laws

Consider the nonlinear discrete-time perturbed dynamic system

T4l = f('rtaufmgt)? te ZZO7 x0:i7 (45)

where x; € R™ denotes the system state, u; € R™ the control vector and ¢; € R” an exogenous
disturbance input. The state and control variables are subject to constraints (1.2) and (1.3).
Given the system (4.5), let f (x4, 1), with f(0,0)=0, denote the nominal model used for control

design purposes, such that

xt+1:f(xta ut) +dt, te ZZOv l'Ozi'v (46)

where di 2 f(xs, ug, 6t ) — f (¢, us) ER™ denotes the discrete-time state transition uncertainty.

In the sequel the following assumptions will be needed.

Assumption 4.2.1. The function f: X xU — X is Lipschitz (L.) continuous with respect to
x € X, with L. constant Ly, € Rsq, uniformly in u € U (i.e., for any fixed ueU, it holds that
|f(z,u) = f(a',u)|<Lg, |x —a'| for all (z,2)eX?).

Furthermore, the function f is uniformly continuous in w: there exists a K-function n, such

that | f(z,u) — f(z,u)|<nu(ju—u'|) for all z€ X and for all (u,u )eU?. O

Assumption 4.2.2 (Uncertainties). The additive transition uncertainty verifies dy <
w(lse]), Vt € Z>o where p is a K-function. Moreover, d, is bounded in a compact ball D, that is
dtGDéB(a), Vit € ZZQ, with CZE RZO ﬁm'te. |

Assumption 4.2.3 (Input-to-state stabilizing controller). There exist a compact set ZeX,

with {0}€E, and a state-feedback control law (possibly non-smooth)
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[1]:

— U, (4.7)

w=r(x), K(xe):

such that the following system, given by (4.6) in closed-loop with (4.7)

$t+1:f($t,li($t))+dt, t e Zzo, To=ZT, (48)

enjoies the properties:

1)it is ISS in = with respect to additive disturbances d, € D. In particular, there exists a ISS-
Lyapunov function for which Equation and of Definition|2.2.1 hold.

2) the set 2 is RPI for system (4.6) with additive disturbances d,€D.

Notice that a control law x satisfying Assumption4.2.3]can be designed by using some control
techniques recently developed in the framework of RH control. In this regard, the methodologies
described in [66,/94] guarantee the input-to-state stability of the closed-loop system with respect
to bounded additive disturbances and allow to evaluate the bounds on additive uncertainties
under which the feasible set of the optimization problem associated to the RH control can be
rendered robust positively invariant. In the following section, we will extend the aforementioned
RH control design procedures to systems that are not asymptotically stabilizable by continuous

static state feedback.

4.2.1 Formulation and Stability Properties of the Exact RH Control

Law

Given a perturbed nonlinear system (4.5), and a nominal model of the form (4.6) , the control
objective consists in designing a state-feedback control law (possibly discontinuous), capable to
meet the requirements posed by Assumption |4.2.3| and to satisfy state and input constraints
in the presence of additive uncertainties. On the basis of Assumptions [4.2.1 and [4.2.2, let us
formulate the MPC policy. To this end, a suitable Finite-Horizon Optimal Control Problem
(FHOCP) should be introduced.

Definition 4.2.1 (FHOCP). Given a positive integer N, € Z>o, at any time t € Z>q, let

A . .
Uy 1 N —1¢=COlUy ¢, Upp1fts - - - U, —1)e) denote a sequence of input variables over the control
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horizon N.. Moreover, given xy and Wy 4N, —1)t, lel &4 5 denote the state “predicted” by means

of the nominal model, such that

‘%t—o—j\t:f(i't—i-j—l\tu ut+j—1|t>7 @t\tzxtavje{l» ce 7Nc} . (4-9)
Then, given a transition cost functionh, an auziliary control lawky, a terminal cost functionhy,

a terminal set Xy and a sequence of constraint sets )A(Hj‘th, je{l,...,N.—1}, to be described

later on, the FHOCP consists in minimizing, with respect to Wy N, _1)¢, the cost function

t+N,—1
T (@0 N1 Ne) & M@y uyy,) + hyp(Tee N, 1e) (4.10)
I=t

subject to
1) the nominal dynamics (4.9), with T,=;;
2) the control and the state constraints usyj € U, iHj‘te)A(Hj“,VjE{O,. N —1};

3) the terminal state constraint T4y, ¢ € Xy. O

The usual RH control technique can now be stated as follows: given a time instant ¢ € Zx>q,
let &4, =2, and find the optimal control sequence u;Hchl‘t by solving the FHOCP. Then,

according to the RH strategy, apply

u=rrrpc(Tt) (4.11)

where kprpo(ry) éufl , and u;" . is the first element of the optimal control sequence uy, N1t

(implicitly dependent on ;).

It can be shown that the satisfaction of the original state constraints is ensured, for any
admissible disturbance sequence, by imposing restricted constraints to the predicted open-loop
trajectories. The tightened constraints can be computed as prescribed by Definition|3.2.1] under

the assumption of norm-bounded uncertainties’.

In order to prove the ISS property for the closed-loop system, let us introduce the following

n the current chapter we neglect the presence of state-dependent uncertainties in order to enhance the clarity
in the presentation. However, the state dependent contraction of constraints described in Lemma [3.2.1 can be
used without invalidating the stability results.
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assumptions.

Assumption 4.2.4. The transition cost function h is such that h(|z|) < h(z,u),Vz e X, ,Vu e U,
where h is a Koo -function. Moreover, h is Lipschitz with respect to x, uniformly in w, with L.

constant Ly > 0. O

Assumption 4.2.5. A terminal cost function hy, an auziliary control law ky, and a set Xy

are given such that

1) Xy C X, Xy closed, 0 € Xy;
2)36>0:k¢(x) €U, Vo € Xy ® B"(d);
3) f(x,rp(x)) € X5, Yo € X5 @ B"(0);

4) hy(x) is Lipschitz in X, with L. constant Ly, > 0;

9) hy(f(z, k5 (@) =hys(x) <=h(z, K (7)), VoeX) & B"(5); 0

With respect to previous works [66, 75, 94] concerning the design of input-to-state stabilizing
MPC controllers, in order to cope with possibly discontinuous auxiliary control laws (consider,
for instance, the motivating example and the proposed controller (4.2)), here we do not require
neither k¢(x) nor the closed-loop map f (x,kf(x)) to be Lipschitz continuous with respect to
x€Xy. In addition, in order to establish the ISS property for the closed-loop system, we require
the following assumptions to be verified together with Assumption [4.2.5.

Assumption 4.2.6. Let X; be a sub-level set of hy (i.e. Xp={x€R": hy(x)<hs} ); the

transition cost function h and the terminal cost hy satisfy the condition

{h¢(z) — h(a@u)}} > hy. (4.12)

min { inf

u€lU | ze€Ci(Xp)\(Xr®B™(9))
where § > 0 is a positive scalar for which Points@ and of Assumption |4.2.5 hold. O
Assumption 4.2.7 (X,,). Suppose that there exists a compact set X, 2 Xy for which

Uy N 1]t & collkp(Zypt), Kf(Teqape)s-- -y Kp(Ze4n.—1)¢)] @8 a feasible control sequence for the

FHOCP and for which Points W, @ and@ of Assumption|/.2.5 are satisfied. (|
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Remark 4.2.1. Notice that Assumption[4.2.6, which is an extension of Point@ of Assumption
14.2.5 to the set C1(Xy), can be easily verified if hy is Lipschitz continuous in C1(Xy) with L.
constant Ly, and if hy admits an exponential decay along the trajectories of the closed-loop
system under the auziliary control law. In order to design a MPC controller for the system
described in the example given in Section 4.1, the Lyapunov function W can serve as a terminal
cost for the FHOCP, while X can be chosen as a sub-level set Xp={x€X : W(x)<h;}. Indeed,
thanks to (4.4), it is possible to pick §=(e"5/2 — 1)Ef/th, and then choose h such that Point

@ of Assumption|4.2.5 holds and

sup {h(z,u)}<(®22=1)hy, (4.13)
(@,w)€[C1(X)\(X; @B (8))]xU

in order to meet inequality (4.12). (]

Under the stated assumptions, the following theorem characterizes the ISS property of the
closed-loop system with respect to bounded additive uncertainties. Moreover, in order to guar-
antee the recursive feasibility of the FHOCP, an upper bound on the admissible uncertainty is
introduced, which is shown to depend on the invariance properties of X;. This theorem rep-
resents the extension of the ISS result presented in [94] to the case of systems which are not

asymptotically stabilizable by smooth feedback.

Theorem 4.2.1 (Regional ISS). Let us denote as Xprpo C R™ the set of state vectors for which
the FHOCP s feasible. Under Assumptions[4.2.1][4.2.2, [4.2.514.2.7, the system ({.5]), driven
by the MPC control law (4.11), is regional ISS in Xyrpo with respect to additive perturbations
dy € D, with D C B"(d) and

d < Ly Nedist(R™\Cy (X ), X). (4.14)

Proof The proof will be carried out in two steps. The first step is aimed to prove the recursive
feasibility of the scheme under the prescribed bound on uncertainties, thus establishing the
robust positive invariance of the feasible set X,;pc with respect to d; € D. The second step

consists in showing that V(z;) = Jpg (2, uf,, y 1 N,) is an ISS-Lyapunov function for the
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closed-loop system in X/ pc.

1) First, by Assumption [4.2.7, the set Xj/pc is not empty. In fact, for any z; € X, a fea-
sible control sequence for FHOCP is given by U4, —1)¢ = col[/qf(a?ﬂt), Ki(Zep1pe), -
Rf(v%t+Nc—1|t)}- Then Xypo 2 Xy, 2 Xy. Moreover, since dy1 €D, Vj€Z>0, with DCB"(d)
and d < dist(R"\C1(X), Xy), and by using standard arguments [66, 94], it is also possible
to show that, if the FHOCP at time ¢ is feasible, then the recursive feasibility of the scheme
is guaranteed with respect to the restricted constraints. Furthermore, it possible to show
that, under the stated assumption on d, also the recursive feasibility with respect to the

terminal constraint set can be guaranteed. Indeed, from the assumption x; € Xp/pc, it fol-

o

b N —1[t2 verifies

lows that the predicted state 2y, ¢, obtained with the optimal sequence u

#14n,1t €X 5. Now we claim that at time t+1, given 24,1 = f (24, uf‘t)ert, there exists a feasible

input sequence U1 4N, |¢+1, based on the optimal sequence uy,, N at time t, such that
Ty N, +1t+1 € Xy. Indeed, let us pick ﬁt+1,t+NC|t+12001[u§+1|t7 u§+2‘t, ... ,u§+chl‘t, @), where

uw e U is a feasible control action to be specified later on. From the Lipschitz continuity of
f(x, u) with respect to x, it follows that |24 ;1 — T4 jj¢41] gL?;li Vje{l,...,N.}. Then,
in view of (4.14), it holds that &y, |41 € C1(Xy), which implies the existence of a feasible

u € U such that &¢yn, 11041 = f(Z14n,)t+1,8) € Xy. Thus, we can conclude that Xypc is

RPI with respect to dic D.

2) Suppos&H that Ly, # 1; then, in view of Point@of Assumption|4.2.5, for all z; € X, it holds

t+N,—1
V() ST pp (@, ey N, —1pt, Ne) = IZ_; h(il\t,“f(i"l\t))"' hf(jjt+NC‘t)
t+N,—1 B
< l;ﬁ[hf(j”t)*hf(il+1|t)}+hf(jt+Na|t)§hf(‘xtD'

Hence, there exists a [C-function as(s)=hs(s) such that
Vi(ze) < as(la]), Vaor € X, (4.15)
The lower bound on V (z,) can be easily obtained by using Assumption[4.2.4

V() = h(|zy]), Vo, € Xnmpc. (4.16)

2The very special case Ly, =1 can be trivially addressed by a few suitable modifications to the proof of
Theorem [4.2.1
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Then, inequalities and (2.3) hold respectively with ==X y/pc and Q=X .

o

bt Nu—1[t4+10 consider now the sequence

Given the optimal control sequence at time t, u
ﬁt+1,t+NC|t+1 éCOI[u§+1|t""’u§+NC—1|t’af(i't+Nc|t+1)]7 with ﬂf : Cl(Xf) — U defined as

uf(x)éargAmin {lu—ks(x)]}.
uelU: f(z,u)eXy

Clearly, Q41 ¢4n,|¢+1 18 a feasible (in general, suboptimal) control sequence for the FHOCP

at time t+4 1, with cost

T (i1, Ueg1 4N jt41, Ne)=
tHN,—1

V(x,) —h(z,, u;"t)—il—;ih(il‘tﬂ, up) —h(@y,, up),)] (4.17)

By N, o105 U (Teg N, je41)) R <f(‘:%t+Nc|t+1v ﬂ}*(537:+J\/c|t+1))) _hlf(‘%t+Nc|t)'

In view of Assumptions/4.2.5/and[4.2.6, and considering that &, |41 € C1(X}), the following

inequalities hold

h(i't+Nc|t+1a ﬂ’f(i't-‘rNcH-‘rl)) + hf (f(fit.;.]vc\t_H Uf (£t+NC|t+1))> *hf (ﬁt""Nc“)

S A& n, o1, U (BN fe1)) g (f(i?t+Nc|t+paf(i?t+Nu|t+1)) —hf(iit+Nc|t+1)

(4.18)
(o) =P (B )]
< L, LY (o).
Moreover, Assumption[4.2.4 implies that
|h(‘%t+j\t+1vu?ﬂ'lt)_h(£t+jlt7u§+j|t)‘ < Lthf;1|dt|a Vj e {1’ ooy Ne — 1} (4'19)

Now, in view of (4.17), (4.18), (4.19) and Assumption[4.2.4, it is possible to conclude that the

optimal cost V' (x¢41) satisfies

V(zerr) < Jra(Tee1, Wepr N i1, Ne)

LY~ (4.20)
< V(xzy)—h(|z])+ (Lh L);m —~ +thL%c—1> |d|.

Finally, inequality (4.20) implies the existence of two K-functions as(s) =h(s) and o(s)=
[LnLye—=1)/(Lys, — D+Ln, LY "]s, such that
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V(@er) = Viae) < —as(lael) +0(|d]) (4.21)

In this section we have shown how to design an input-to-state stabilizing exact MPC control
law kprpc for system (4.6), which renders RPI the set Xprpc € X with respect to additive
disturbances d; € D. Therefore, Assumption [4.2.3] is verified by the MPC controller with
K=Ky pc and ézXMpc.

Next, we are going to infer, from the stabilizing properties of x, the stability properties of the
closed-loop system driven by an approximate control law x*, satisfying suitable requirements to

be specified later on.

4.3 Approximation of the NMPC Control Law: Sufficient

Conditions for Practical Stabilization

Consider the following dynamic system:

-Tt-i-l:f(xh K* (.Z‘t)) +we, tE Zzo, To=ZT. (4.22)

where w; € W2B"(d,,) is a disturbance input and the function x* : R® — R™ is an approxima-
tion of the given ISS stabilizing x satisfying Assumption We will show that the stability
properties of (4.22) can be inferred from those of provided that x* satisfies the following

additional requirements.

Assumption 4.3.1. Let us define the Koo -function ny(s)=Lys,s+s for s>0 and let d,€R>g

and d, €R>q be two positive scalars satisfying the following inequality
dy+d, +d,<d. (4.23)
Posing g=n; 1 (d,), assume that V¢ € dom(k), 3¢ € B™(&,q) Ndom(k) such that

M (167(8) = K(Ce)I) + M (IGe — €1) + dw < d(Ce) (4.24)
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where d((e) is the local uncertainty bound under which the state can be driven from (ecin = by

the control law &, i.e.,

d(Ce) £ inf{c € Ruol3d € B™(c) : f(Ce, k() +d & E}.

In this connection, it is worth to notice that for the global uncertainty bound d, it holds that
d< E(Q). Thus, the conditions posed on the approximating function are less restrictive than

those formulated in [90], in which a global bound had been used.

Then, the stability properties of the closed-loop system driven by the approximate control

law x* can be established.

Theorem 4.3.1. Suppose that Assumptions|4.2.114.3.1 hold and let 222 Q, with Q £ B'(7).
Then, the following statements hold:
1) The set ZCX is RPI for the closed-loop system (4.22) with w,€W , with W £ B"(d,,);

2) The closed-loop system (4.22) is ISS in E.

Proof Points and @ of Theorem [4.3.1/ will be addressed separately in the following

1) Let €=, ¢€Q and weW. Now we will prove that = is RPI for (4.22).

First, under Assumption[4.3.3] Vz € Z there exist (,=gq, +, with ¢, €B"(g) such that (4.24)
holds. Then, let us consider that

Fla, 6" (@) +w+ge = fl@e, 65(C) = f (@, 5(C)) + F (2, 6(C)) + F(Car 6(Ca)) = F(Car 5(Ca)) + W+,

which can be written in compact form as follows

flo, k" (x)) +w+qe = f(Cer 5(C)) +dyw (4.25)
where

oo & 2,57 (@) = fl@,5(G) + F(@5(Ce)) = F(Gor R(G)) + w0+ o (4.26)
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Using Assumption we note that, for all w € W and for all z € =, the following

inequalities hold:

e =1 f (57 (2)) = (2, 5(Go)) + f (@, 5(Co)) = F(Gay w(Go)) +0+ 4|
<|f(w, 5% (@) = (2, 5G]+ | @, /() = F(Gor 1(G)) | ] + g

(4.27)
< (K7 (2) = K(C)[) + Lig, |9a] + [w]+ 12|
< (|67(2) = £(C)I) + 12 (|G — 2]) +[w].
In view of Assumption [4.3.1 it follows that
|do | < d(Ca) (4.28)

Since f(Cy,#(C2)) +d € 2, Vd € B"(d((,)), then (4.25) and together imply that
fz, k" (@) +w+qe €E, Vg € Q, Yw € W. (4.29)

We can conclude that, under Assumptions and[4.3.3, for any x € =, f(m, K*(z))+w € E,
Yw e W.

2) The ISS property for the closed-loop system can be straightforwardly proven considering that,
in view of Theorem [4.2.1 and taking in account inequalities (4.21) and , the optimal

finite horizon cost function satisfies the condition

V(f(z,x*(2)) +w)= V()

IN

—az(|z])+o(dew)

(4.30)
—as([z]) + o (n (K (2) = K(C)]) + 10 (| — 2]) +[w])

IN

Now, posing v, = k*(z) — k((;), in view of (4.28) and being = compact, it holds that

|vz] < T, Vo € Z for some T € Rsg. Then we can conclude that

V(f(@, 5% (@) +w)=V(z) <-as(|z])+0o@Bn.(|ve]))+0(30:(|g:]) +o(3lw])

(4.31)
=—a3(|z])+0v(Jva])+04(|g]) + 0w (w]),

where o, (s)20(31.(5)), Uq(s)écr(Br]m(s)), ow(jwe) 20 (3s), s € R>o.

Hence, in view of Theorem 2.2.1, the closed-loop system is regional-ISS in = with respect to the
bounded approximation-induced perturbations v € V £ B™(7) ¢, € Q and w € W. [ |
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In the following sections, we will show that the NN approximator (see [9]) can be used to

approximate possibly discontinuous MPC control laws with ISS guarantees.

4.3.1 Approximate MPC control law by off-line NN approximation

The NN has been chosen, among many available function approximators, for the possibility to
easily satisfy the requirements specified in Assumption [4.3.3] thus permitting to achieve the
closed-loop stability, thanks to Theorem [4.3.1, even in presence of discontinuous control laws
such as the ones possibly arising from MPC schemes.

At this point, we are going to design the NN approximator in such a way that Assumption
can be verified in practice.

First, assuming that a bound on the additive transition uncertainty is given (i.e., |w¢|<d.,)
the designer must assign arbitrary values to the scalars d, and 8q such that inequality (4.23)
holds true. These parameters are used to specify how close the approximate control law x* will
be to kprpc, at the cost of increasing the complexity of k*. Then, the off-line procedure starts
with the construction of a suitable training data set by evaluating the MPC control law in a
finite number of points (knots) belonging to a (possibly non uniform) grid X which covers the

whole region X. Such a grid must fulfill the following requirement.

Assumption 4.3.2 (X¢). Given the set X and d, € Rq satisfying (4.23), the set X verifies
DVEe X, 3¢ € Xa € = (|<qnn <5 '(dy);

2)Fnn €Rso: (=2, (T € X6,
where Gy and QNN are referred respectively as knot density and knot separation parameters,

(see [9] and the references therein). O

Notice that, since X is compact, then, by Point @7 X is made up of a finite number of knots.
Moreover, the cardinality of the training set grows with the decrease of d,. However, considering
that a lower limit on Eq is imposed by (4.23), there exists a finite upper bound on the knot density
Gy - Once the quantization (spatial sampling) of X, operated by X, has been performed, the
control law must be evaluated at each point of X. Noting that Xy pc=dom (kppc), the NN

data are given by the pair (X,)), with
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X=X¢ N XypeCdom (kype), Y2 Rarpc((), (4.32)

cex
where Ryrpe(() =y (kmpe (€)) and y: U—UCU is a quantizer in the command input space
which models the error that can be due to the coding of input command values with a finite

alphabet. This problem always affects numerical approximation schemes.

Now, it is straightforward to show that if an approximating function x*(-) verifies the fol-
lowing conditions, then Assumption [4.3.1 is satisfied. Assumption below, although more
restrictive than Assumption 4.3.1, is going to be introduced because it can be verified with ease

by NN approximation schemes.

Assumption 4.3.3. Let d,€R>q and d, ERxq be two positive scalars satisfying the inequality
4.23. Defining v = n;1(d,) and = n;1(d,), there exists A\ € (0,1) : V¢ € dom(k), 3¢ €
B"(¢,q) Ndom(k) such that
1)[K(Ce) — K™ (C)I=(1 = Av;

2) |K*(§) — K™ (Ce)|<AD.
Moreover, let us assume that k*(€) € U, V¢ € dom(k). O

For the NN approximator, in order to meet the requirement posed by Point of
Assumption|4.3.3, the input space quantizer is required to satisfy the following condition in cor-

respondence of points belonging to the training set

ly(karpc () = karpe (OIS 1 =N)T (= (1= XNn;'(dy)) , V¢ e X. (4.33)

Hence, a local error on the sampling points may be tolerated. Conversely, if the output map is
exact on the grid points, then Point @ of Assumption [4.3.3]is satisfied with |£*(§) —x*((¢)| =0
by this approximation scheme.
Then, given a state measurement x; € Xy poc -~ B™(qy ) at time ¢, the NN control law is
given by
w=knN(T)=Fnmpc Nx(z)), (4.34)

where My : R™—R" denotes a single-valued NN search in the data-set X. Notice that the NN
approximator intrinsically verifies Point of Assumption4.3.3, since, V€ Xprpe, 3¢ €N () C
X: €= |<qyn<T (=n;1(d,)). Moreover it holds that £*(&)€r* (N (€))=FrmprcNa(xy)).
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Finally, in view of Theorem [4.3.1, it is possible to conclude that the closed-loop system (4.22),
driven by the approximate MPC control law (4.34), is regional-ISS in X yn2Xrpc B (Gyn)

with respect to the approximation-induced perturbations and the model uncertainty.

Remark 4.3.1 (ISpS). In order to complete the analysis on the stability properties of the
closed-loop system under the approximate control law K*=rnpN, it is necessary to take in explicit
consideration the fact that the perturbations due to the finite knot density G and to the input
quantization N do mot vanish along the system trajectories.

In order to assess the stability properties of the closed-loop system under non-vanishing per-
turbations, the ISpS tool, introduced in Section[2.3 of Chapter[2, will be used.

In view of (4.28) and the first inequality in (4.30), it follows that

Vi) =V (@) <—as(ae) +0 (20 (0nn) + 200 @) ) +0/(2fwil)

Hence, by Theorem|2.3.1, the closed-loop system driven by the approzimate NN-MPC control law
kNN s ISpS in Xy porB™ (Gyy) with respect to the model uncertainty w,eW. This result im-
plies that the closed-loop trajectories, driven by the approximate controller, cannot be guaranteed

to asymptotically converge to the origin. O

4.3.2 Smooth approximation of the control law

In the previous section, we have shown that a suitably designed NN approximator can fulfill
the requirements posed by Assumption [4.3.1, and therefore the resulting closed-loop system
guarantees the invariance of the region Z. However, the conditions posed by Assumption [4.3.1
can be satisfied even by other types of approximators, such as Neural Networks, with smooth
basis functions and smooth output function. With lack of formalism, the “smoothness” of
a Neural Network approximator with a given structure (number of layers, interconnections,
number of neurons) depends upon the shape of the activation functions and on the parameters
(weights) of the network w € R™v. At this point, assuming that the kind of the basis functions
(shape) is fixed “a priori” by the designer, and that the degrees of freedom of the output function
with respect to the parameters is sufficiently hig, then the approximation procedure consists

in finding a set of parameters which guarantees the fulfillment of Assumption [4.3.1]

3In general, the complexity of a Neural Network depends on the number of neurons. Therefore, we assume
the network complexity is such that a set of parameters satisfying Assumption |4.3.1]exists.
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In the following, given a grid of reference points X satisfying Assumption [4.3.2 and set of
network parameters, w, we will show how the fulfillment of inequality (4.24) can be checked.

Inequality (4.24) can be rewritten as

N (|6 (Ce) = 65 (€] + K" (Ce) — K(Ce)]) + e (IS — €]) < d(Ce) — du (4.35)

Let the approximation function £* be locally Lipschitz in dom(x). In particular, there exists a

function Ly« (z) : R™ — R>¢ such that
k() — K(2)| < L= (z)|z — 2|, V&' € B"(x,7q)
Then, from (4.35), we have that, for all (¢ € B"(£,q)

N (|6%(Ce) = K" ()| + 15" (Ce) — K(Ce)]) + e (IGe — €I
< N (L= (Ce) |G — €] + |87 (Ce) — K(Ce)l) + ma (I — €I)
< (L= (G )T + [K7(Ce) — w(Ce)l) +n2 (@)
)q

<1 (L= (Ce)T + |57 (Ce) = R(C)) + L, g+

Therefore, the following implication holds

N (L (C)T + [K* (Ge) — K(Co)) + (Ly, + 1)7 < d(Ge) —d
= 1 (|6(€) = K(C) + 112 (¢ — &]) < d(Ce) — du

Then, by posing €(¢) = d(C¢) — dy — (Ly, + 1), let us consider the following inequality
Mu (Lies (Ge)T + |K7(Ce) — K(Ge)]) < €(Ge)

In order to point out the dependence of the approximating function and of the local Lipschitz

bound on the networks parameters[ we will use the notations £*({¢|w) and L= (Ce|w). Then

4For the case of a two-layer Neural Network with Lipschitz continuous activation functions at the first layer
and linear output layer, denoting as w € R™w the overall network parameters, it holds that the approximating
function is locally Lipschitz for any value of w. However, the function L= (§) (which locally bonds the Lipschitz
constant) is a function of the parameters.



4.4. SIMULATION RESULTS 79

we have that

T (L (Ce[W)T + |17 (Ce[w) — m(Ce)l) < e(Ce)

and, finally,

Ly (Gelw)q + |k (Celw) — m(Ge)l < my* (e(Ge)) -

From a practical point of view, one can first sample the domain with a grid X with density
parameter g, then, by posing el(g) 2 -1 (e(Q)), V¢ € Xg, one can evaluate the map e/(-) on

the grid points. Then, the approximating function must verify the condition

L= (CIw)g + |5 (¢[w) = 6(¢)] < € (), V¢ € X

Notice that, in order to compute € (¢), the K-function 7,(-) must be known. For a general
nonlinear transition map f, we can compute a local linear bound on 7,(-) with ease. That
is, the problem of finding a global K-function 7,(-) is simplified in that of computing a local
Lipschitz bound Ly, ({) such that

few) = fe)| < L u—v|, vee B (). Viuu) e U

A conservative bound on Ly, can be evaluated as

L = max
£.(Q) (6,w)EB(C,q)xU ; ; ujy .

where f(;) and u(;) are the i-th and the j-th components of f and u respectively.

4.4 Simulation Results

In order to show the effectiveness of the proposed approach, the behavior of the system proposed
in Section under the action of the devised approximate NN control law kxpy, has been
simulated by choosing different starting points inside the feasible domain X pcCX (see Figure

4.1). Relying on the proposed control design methodology, the following value of d=6.4-103 can
4.1). Relying prop g gy, g
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Figure 4.1 Closed loop trajectories of the system under the action of the approximate MPC law
kNN, with starting points: (a)=[0.91,-0.921]; (b)=[0.95,0.2]; (¢)=[0.95,0.95]; (d)=[-0.257,0.7];
(e)=[-0.5,-0.97]. The feasible area Xj;pc and the constraint set X are put in evidence.
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be computed considering the length of the control horizon N.=5, the Lipschitz constant of the
system Ly =2.05, the input constraint set U=[—2.1053, 0.0263], and the invariance properties of
the terminal set used to set-up the optimization problem X ;={z€X: h;(z)<h;=0.8}, where the
function hy, used as terminal cost, has been chosen as the Lyapunov function W for the closed-
loop system under the action of the discontinuous stabilizing auxiliary controller given in Section
[4.1. The black trajectories in Figure[4.1 show that the system has been effectively steered toward
{0} by knn, while the state has been kept inside the constraint set X. Notably, if the constraints
are not tightened in the computation of the approximation control law, it may happen that,
due to the approximation-induced perturbations, the approximate controller fails to preserve
the state within X. Indeed, the blue trajectory in Figure [4.1, generated by an approximate
controller without tightening, violates the constraint in correspondence of the blue circled area,
whose magnification is depicted in Figure [4.2] Finally, the approximate xyy law obtained by

off-line computations over a uniform grid with knot density parameter gyy=1.9-10"2 is depicted
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in Figure where the discontinuous nature of the MPC control law is enhanced.

Figure 4.2 Magnification of the circled area in Fig[4.1l The approximate control law with
constraint tightening (left) keeps the trajectories inside X, while the approximate controller
without tightening (right) fails in achieving the constraint satisfaction.
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4.5 Concluding Remarks

With the aim to reduce the on-line computational complexity of nonlinear constrained Receding
Horizon controllers, a method to obtain approximated off-line MPC laws has bee proposed.
The possibility to obtain an approximate RH control law by performing off-line optimization,
leads to a dramatic reduction of the real-time computational complexity with respect to on-line
algorithms, and allows the application of the developed control technique to plants with fast
dynamics, that require small sampling periods.

The robust stability properties of the off-line approximated RH control law have been an-
alyzed by using the regional ISS tool. In this regard, the closed-loop system driven by the
approximated controller is shown to be Input-to-State Stable with respect to approximation-

induced perturbations in a subset of the feasible region of the exact RH controller.
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Figure 4.3 The approximate MPC control law kyx in the domain Xy pe C X.

discontinuities
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-14
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Finally, a Nearest Neighbor-based implementation of the approximate control law has been
proposed, which guarantees the satisfaction of hard constraints and allows efficient on-line com-
putations.

The distinctive feature of the proposed approximation scheme consists in the possibility
to cope with possibly discontinuous state-feedback control laws, such as those arising from
nonlinear constrained optimization, while guaranteeing the fulfillment of hard constraints on
state and input variable despite the perturbations due to the use of an approximate controller.

It is believed that the proposed method can be further improved in terms of memory con-
sumption (for the storage of the off-line approximated control law) and speed of the on-line
computations by considering that, at least locally, some smooth approximation scheme (such as

Neural Networks) can be used to fulfill the robust stability requirements.
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Chapter 5

Networked Predictive Control of
Uncertain Constrained Nonlinear

Systems

5.1 Motivations

In the past few years, control applications in which sensor data and actuator commands are sent
through a shared communication network have attracted increasing attention in control engineer-
ing, since network technologies provide a convenient way to remotely control large distributed
plants [7, 46, 123]. Major advantages of these systems, usually referenced to as Networked
Control Systems (NCS’s), include low cost, reduced weight and power requirements and simple
installation and maintenance. Conversely, NCS’s are affected by the dynamics introduced by
both the physical link and the communication protocol, that, in general, need to be taken in
account in the design of the control schemes.

As many applications converge in sharing computing and communication resources, issues of
scheduling, network delay and data loss will need to be dealt with systematically. In particular,
the random nature of transmission delays in shared networks makes it difficult to analyze stability
and performance of the closed-loop systems. Remarkably, random delays are inherently related

with the problem of data losses in NCS’s. Indeed the stringent bounds imposed on time-delays
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by closed-loop stability requirements lead to the necessity to discard those packets arriving later
than a maximum tolerable delay threshold. In addition, when the design of feedback control
systems concerns wireless sensor networks, the implicit assumption of data availability no longer
holds, as data packets are randomly dropped and delayed.

While classical control theories provide solid analytical results to design the various com-
ponents of the control system, they critically rely on the assumption that the underlying com-
munication technology is ideal. In the networked communication setting, with possibly shared
resources, neglecting network-induced perturbations such as delays and packet losses can even-
tually compromise the stability of the closed-loop system, if no proper provision are adopted.

Various control strategies have been presented in the past literature to design effective NCS’s
for linear time-invariant systems [36, |70, 105, 116] in presence of lossy or delayed communica~
tions. In particular, many recent results are focused on characterizing the stability properties of
the closed-loop NCS’s in a stochastic framework when static state-feedback control laws or Lin-
ear Quadratic Gaussian (LQG) policies are adopted in presence of random transmission delays
and packet dropouts [22, 35,47, 108].

Besides the development of inherently stable controllers for these systems, another important
aspect in the deployment of an effective NCS is the choice of the communication protocol to
be used. In this regard, the packet structure of most transmission networks has important
implications from the control point of view [118]. As it is well known, the performances of
digital control systems increases with the sampling rate; nonetheless, when shared resources
are used, it is not possible to increase arbitrarily the data transfer rate, due to the subsequent
increase of network congestion, delays and packet dropouts. An effective way to overcome
this limitation consists in using protocols which allow to transmit fewer but more informative
packets [5,136]. Thus, large data packets can be used to collect multiple sensors data and send
predictions on future control inputs, without significantly increasing the network load [96, 114].
The basic layout of an NCS with multiple loops sharing a packet-based communication network is
depicted in Figure[5.1] where, in order to distinguish the time delays in the sensor-to-controller
and controller-to-actuator links, the network has been partitioned in two segments affected
respectively by delays 74.(t) and 7.4(t).

When strict bounds on data delays and losses can be assumed and large data packets are
allowed, model predictive control strategies have been proposed to cope with the design of a

stabilizing NCS [22,115], due to their intrinsic features of generating a future input sequence
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Figure 5.1 Scheme of a NCS with multiple loops closed through a shared packet-based network
with delayed data transmission.
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that can be transmitted within a single data packet.

While the aforementioned control design/scheduling techniques rely on linear process models,
if the system to be controlled is subjected to constraints and nonlinearities, the formulation of
an effective networked control strategy becomes a really hard task [98]. In this framework, the
present chapter provides theoretical results that motivate, under suitable assumptions, the com-
bined use of nonlinear Model Predictive Control (MPC) with a Network Delay Compensation
(NDC) strategy [13, 96], in order to cope with the simultaneous presence of model uncertain-
ties, time-varying transmission delays and data-packet losses. In the current literature, for the
specific class of MPC schemes which impose a fixed terminal constraint set, X, as a stabilizing
condition, the robustness of the overall c-1 system, in absence of transmission delays, has been
shown to depend on the invariance properties of X, [66, 94]. In this regard, by resorting to
invariant set theoretic arguments [17, |55], we will show that the proposed NCS can robustly
stabilize a nonlinear constrained system even in presence of data transmission delays and model
uncertainty. In particular, the tool recursive feasibility in constrained networked nonlinear MPC,
first addressed in [92], will be exploited to prove the Input-to-State Stability (ISS) of the scheme
w.r.t. additive perturbations. Indeed, by using the novel regional characterization of ISS in
terms of time-varying Lyapunov functions given in Chapter 2 (the regional ISS for time invari-

ant case has been introduced in [75], while semi-global results for time-varying discrete-time
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systems are given in [51, 60]), the ISS property of the closed-loop system will be established also

in presence of unreliable networked communications.

5.2 Problem Formulation

Consider the nonlinear discrete-time dynamic system

'/Et-i-l = f(xtauhvt)a t S Z207 To = E? (51)

where z; € R™ denotes the state vector, u; € R™ the control vector and v; € T is an uncertain
exogenous input vector, with T C R” compact and {0} C T. Assume that state and control

variables are subject to the state and input constraints (1.2) and (L.3).

The transition function is supposed to be Lipschitz continuous in the state (see Assumption
3.1.1). Moreover we assume that the additive transition uncertainty is bounded, as stated by
Assumption [4.2.2, such that the system (5.1) can be posed in the form.

Ti4+1 = f(xt,ut) + dt (52)
with d; € B™ (8) and d € RZO finite.

Under the posed assumptions, the control objective consists in guaranteeing the ISS property
for the closed-loop system with respect to the prescribed class of uncertainties, while enforcing
the fulfillment of constraints in presence of packet dropouts, bounded transmission delays and

bounded disturbances.

With regard to the network dynamics and communication protocol, it is assumed that a set
of data (packet) can be sent, at a given time instant, through the network by a node, while both
the sensor-to-controller and the controller-to-actuator links are supposed to be affected by delays
and dropouts due to the unreliable nature of networked communications. In order to cope with
network delays, the data packets sent by the sensor node are Time-Stamped (TS) [114], that is,
they contain the information on when the transmitted state measurement had been collected.

Analogously, the controller node is required to attach to each data packet the time stamp of
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the state measurement which the computed control action relies on. The advantage of using a
time-stamping policy in NCS’s is well documented [12, 123], however it requires, in general, that
all the nodes of the network have access to a common system’s clock, or that a proper clock
synchronization service is provided by the network protocol. In our setup, we will assume that
perfect clock synchronization is maintained between sensors, actuators and controller. This task
can be achieved in different ways (see [113, 1122, 124] and the references therein), however we
will abstract from the particular method used to maintain synchronization, since we are mainly
focused on the control design issues rather than on the transmission protocol and the network
scheduling policy.

The next section will describe how the T'S mechanism can be used to compensate for trans-

mission delays.

5.2.1 Network dynamics and delay compensation

In the sequel, 7e4(t) and 74.(t) will denote the delays occurred respectively in the controller-to-
actuator and in the sensor-to-controller links, while 7,(¢) will represent the “age” (in discrete
time instant) of the control sequence used by the actuator to compute the current input and 7.(t)
the age of the state measurement which had been used by the controller at time t to compute
the control actions to be sent to the actuator. Finally, 7,;(t)27,(t)+7.(t—74(t)) is the so called
round trip time, i.e., the age of the state measurement used to compute the input applied at
time £.

The NDC strategy adopted in the present work, which relies on the one devised in [96]
(originally developed for unconstrained systems nominally stabilized by a generic nonlinear
controller), is based on exploiting the time stamps of the data packets in order to retain only
the most recent informations at each destination node: when a novel packet is received, if it
carries a more recent time-stamp than the one already in the buffer, then it takes the place
of the older one and, in the TCP-like case, an acknowledgment of successful packet receipt
is sent to the node which transmitted the packet. The TS-based packet arrival management
implies 7,(t) < Teo(t) and 7.(t) < 7sc(t). Moreover, the NDC strategy comprises a Future
Input Buffering (FIB) mechanism (also known as “play-back buffer”, see [65] for details), which
requires that the controller node send a packeted sequence of N, control actions (with N,

sufficiently large) to the actuator node (in order to compensate for future packet dropouts or

delays). In turn the actuator, at the arrival of each new packet, first stores the entire sequence
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in its internal buffer, then, at each time instant ¢, selects a time-consistent control action to
be applied to the plant, by setting u; = u?, where u? is the 7,(t)-th element of the buffered
sequence ui’fm(t) b ()4 No—1 which, in turn, is given by

b _ b b b _
Wy o (t) =T (t)+Ne—1— COl[ut—Ta(t)’ ceey Ugy e ’ut—Ta(t)-‘y-Nc—l} =Wy (1)t —Ta () +Ne—1t—Tpe (8)°

where the sequence uffm( 1)+ No—1[t— e (1) had been computed at time ¢t — 7, (t) by the controller
on the basis of the state measurement collected at time t — 7,4(t) = t —7,(t) — 7 (t = 74(¢)). In
this framework, our control-theoretical approach will exploit the input buffering as a service
provided transparently by an underlying communication channel, therefore we will not focus
on the implementation details. Due to the capability of performing synchronization, buffering
operations and management of time stamped packets, the actuation device will be addressed to
as “smart”actuator. For a deeper insight on such a mechanism, the reader is referred to [5] and
[65].

In most situations, it is natural to assume that the age of the data-packets available at

the controller and actuator nodes subsume an upper bound [96], as specified by the following

assumption.

Assumption 5.2.1 (Network reliability). The quantities 7.(t) and 7,(t) verify 7.(t) < T, and

Ta(t) < T, Yt € Zso, with Te € Z>o and T, € Z>¢ finite. O

Notably, we don’t impose bounds on 74.(t) and 7.4(t), allowing the presence of packet losses

(infinite delay). In this way, an actuator buffer with finite length can be used.

Assumption 5.2.2 (Buffer length). The actuator buffer length, which is equal to the length of

the input sequence sent by the controller to actuator, verifies No > T, + 1.

Under Assumptions [5.2.1l and [5.2.2], the round trip time verifies 7,4+(t) < Tpt = Te + To <
?C +NC - 17 Vt 6 Z>0.

We will first consider the case of networks with acknowledged communication protocols, also
known as TCP-like [47], in which the destination node sends an acknowledgment packet (ACK)

of successful packet receipt to the source node, and then the results will be extended to non-
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acknowledged protocols, which are usually referred to as UDP-like [47]. In a TCP-like scenario,
the acknowledgment messages are assumed to have the highest priority among all the routed
packets, such that, after each successful packet receipt, the source node receives a deterministic
notification within a single time-interval.

In this regard, the presence of ACKs in TCP-like networks can be exploited by the controller
(which is acknowledged of successful packet receipt by the actuator) to internally reconstruct
the true sequence of controls which has been applied to the plant [96] from time instant ¢ — 7. (%)
to ¢ — 1, in order to get an estimation &y;_r ;) of the current state z;, on the basis of the
most recent available state measurement x,_, ;). A graphical representation of the overall NCS

layout is depicted in Figure[5.2.

Figure 5.2 Scheme of the NDC strategy. In evidence the Time-Stamping packet arrival man-
agement (TS) and the Future Input Buffering (FIB) mechanism at the actuator node.
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5.2.2 State reconstruction in TCP-like networks

At time t, the computation of the control sequence to be sent to the actuator must rely on a
state measurement x;_ ) performed at time ¢ —7.(¢). In order to recover the standard MPC
formulation, the current (possibly unavailable) state z; has to be reconstructed by means of
the nominal model (4.9) and of the true input sequence w;_r (¢)+—1 & collty—r (), -y Up—1]

applied by the smart actuator to the plant from time ¢ —7.(t) to t —1. In this regard, the
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benefits due to the use of a state predictor in NCS’s are deeply discussed in [96, 120, 121] and
[114,/115]. The sequence W, (1),t—1 can be internally reconstructed by the controller thanks to
an acknowledgment-based protocol.

Moreover, in presence of delays in the controller-to-actuator link, we must consider that the
computed control sequence may not be applied entirely to the plant.

Indeed, as shown in Figures[5.3]/5.4/ and [5.5, the presence of delays may lead to infeasibility
and even destabilize the plant, due to the fact that the sequence of commands applied to the
plant may consists of control actions belonging to spurious sequences (computed in different time
instants and with different informations) and for which the satisfaction of nominal constraints
is not ensured.

In order to ensure that the sequence used for prediction would coincide with the one that will
be applied to the plant, we can retain, at time ¢, some of the elements of the control sequence

computed at time ¢t — 1 (i.e., the subsequence u? and optimize only over

t,t+?a—1|t—1—rc(t71))v
the remaining elements (i.e., computing a sequence ug ST Nﬁl), initiating a Reduced Horizon
Optimal Control Problem (RHOCP) with the state prediction Zs4=, .

In the next section we will describe in detail how RHOCP can be formulated.

5.2.3 Reduced horizon optimization

In the following, we will describe the mechanism used by the controller to compute the sequence
of control actions to be forwarded to the smart actuator.

The class of algorithms which the considered controller belongs to is that of Model Predictive
Control (MPC), in which a Finite Horizon Optimal Control Problem, based on the current state
measurement, is solved at each time step to obtain a control action to be applied to the plant,
thus implicitly obtaining a closed-loop scheme. With regard to the aforementioned class of
controllers, in which the length of the horizon is usually kept fixed and equals the number
of decision variables of the optimization, the proposed method relies on the solution, at each
time instant ¢, of a Reduced Horizon Optimal Control Problem, that is, the number of decision
variables will be, in general, reduced by reusing some elements of previous optimizations. This
feature will allow to address the problem of delayed communication in the controller-to-actuator
path.

Moreover, a constraint tightening technique [66] will be used to robustly enforce the con-

straints.
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Figure 5.3 Example of a delayed command sequence delivery to the actuator node. At time
t = 0, the FIB is filled with a 3-steps feasible sequence u®, (a). The controller, after having
generated a control sequence u€, forms a packet and sends it through the network, (b). Due to
network delays, the transmitted sequence cannot be applied by the smart actuator, which picks
a control action from the sequence already stored in the FIB, (c).
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Figure 5.4 At time ¢t = 1, the controller generates a new input sequence and sends a new data
packet through the network, but the actuator still does not receive any new packets; thus, the
FIB provides the required control action, (d). At time ¢ = 2 the controller computes a new
sequence and sends a packet (e), but the actuator node receives the sequence computed at time
t = 0, with 7,(¢) = 2, (f). The sequence in the FIB is replaced by the newest one, and the
control action to be applied is taken from the last received sequence.
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Figure 5.5 Finally, at time ¢t = 3, the sequence computed by the controller reaches the actuator
node with no delay, (g). It follows that the true sequence applied to the plant in the interval
{0,...,3} is a combination of sequences computed in different instants, (h), which is not guar-
anteed (in general) to be feasible for the perturbed system, (i). Therefore, network induced
delays may lead to infeasibility if no proper provisions are adopted.
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First, let us introduce the following sets, obtained by restricting the nominal constraint X.

Definition 5.2.1 (X;(d)). Under Assumptions[3.1.1 and[{.2.2, suppOSfH, without loss of gen-

erality, Ly, #1. The tightened sets X,(d), are defined as

o G =10\

Problem 5.2.1 (RHOCP). Given a positive integer N.€Z>, at any time t€Zxo, let Tyjp—r (1)
be the estimate of the current state, xy, obtained from the last available state measurement
Ty_7, () with the controls wy_; (1)1 already applied to the plant. Moreover let Ty iz, 1—r () be
the state computed from &y;—r 1) by extending the prediction using the input sequence computed
at time t — 1, ug, = 4. Then, given a stage-cost function h, the constraint sets X;(d)CX,ic
{1e(t) +Ta + 1,...,7c(t) + Nc}, a terminal cost function hy and a terminal set Xy, the Reduced
Horizon Optimal Control Problem (RHOCP) consists in solving, with respect to a (No—T4)-
steps input sequence, Wiz, 14+ N.—1[t—r.(t) = COlUy 47, [t—ro(t)s - - s Ut No—1|t—7. (1)), the following

minimization problem

[¢] o [e) —
Jen ($t+?a|t—Tc(t)’ Wy 7 4+ No—1]t—70(t)? Ne —Ta)

R t+N_ —1
= min 2@y s 4y W, ) T P BN e re )

Wig7g,t4+Ne—1|t—7c(t) l=t+T7,

subject to the

i) nominal dynamics (4.9);

i) input constraints ws_r,(t)ijt—r.(t) €U, with i€{1(t)+Ta, ..., Te(t) + N1}

iii) restricted state constraints Ty (t)4ijt—r. (1) €Xi(d), with i€{r.(t)+Ta+1, ..., 7e(t)+Nc};
iv) terminal state constraint Loy N, |t—r, () € Xf-

Finally, the sequence of controls forwarded by the controller to the actuator is constructed as

c N c ° . . . .
ut’HNC71‘FTC(t)—col[ut’H?a71‘#17%(#1), ut+?a,t+NCflltfrc(t)] (i.e., it is obtained by appending

the solution of the RHOCP to the control sequence computed at time t —1). O

IThe very special case L t,=1 can be trivially addressed by a few suitable modifications to the Definition|5.2.1
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The following definitions will be used in the rest of the chapter.

Definition 5.2.2 (X pc(7)). Given a non-negative integer T € Zxq, the set containing all
the vectors Tg € R™ for which there exists a sequence of N, control moves which satisfies all

the constraints specified below is said feasible set with T-delay restriction, and it is denoted with

XMpc(T).

HﬁO,chl e UNe .
XMPC(T) £ To € R™ i‘(i,fo,ﬁo7i_1) S XT_H'(E),Vi S {1, e ,Nc} (54)

and j(NC7§0,ﬁ07NC_1) € Xy

For the sake of brevity, the set X;pc(0) will be denoted as Xy pc-

Definition 5.2.3 (Feasible sequence at time t). Given a delayed state measurement Tp_ro(t)s
available at at time t to the controller, let us consider the prediction Tys_r (1) of the actual
state x; obtained with the nominal model and with the actual control sequence applied from time
t—7e(t) to t—1, Wy_r (4),4—1, which is known to the controller. Moreover consider a sequence
of N¢ control moves 0§, 1 and its two subsequences Uy, = 1 and Uy 7 . n,_1 Such that
Uy oy, 1 = col[Uf i m, 1 Wr, i, 1l

The input sequence U° = Uy, n__1 is said feasible at time t if the subsequence Uy, = _; yields
t0 Ty g (1) tijt—ro(t) €Xi(D), Vie{Te(t) + 1,...,7.(t)+Ta} and if the second subsequence satisfies
all the constraints of the RHOCP initiated with 17 1t—r.t) = T(Ta, xt,n(t),ﬁf_Tc(t)7t+;a_1).

O

Remark 5.2.1. Note that what we call feasible sequence in t is not just an input sequence which
satisfies the constraints of the RHOCP (specified in the horizon [t + T4 + 1,...,t + N¢|), but it
1s required to keep the nominal trajectories inside the restricted constraints for an horizon of N,

steps from t + 1 to t + N, that is larger than the one considered by the optimization.

Now, by accurately choosing the stage cost h, the constraints X;(d), the terminal cost func-

tion hy, and by imposing a terminal constraint X s at the end of the control horizon, it is possible
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to show that the recursive feasibility of the scheme can be guaranteed for t € Z~¢, also in presence
of norm-bounded additive transition uncertainties and network delays. Moreover, the devised
control scheme will be proven to be Input-to-State stabilizing if the following assumptions are

verified.

Assumption 5.2.3. The transition cost function h : R™ x R™ — Rx¢ is such that h(]z|) <
h(z,u), Ve € X, ,Yue U, where h is a Koo-function. Moreover, h is Lipschitz w.r.t. x, uniformly

in u, with L. constant L€ Rsy. (]

Assumption 5.2.4 (ks,hy, Xy). There exist an auziliary control law ky(x) : X—U, a function
hy(z) : R" —Rxg, a positive constant Ly, € Rsq, a level set of hy, Xy C X and a positive
constant §€R~ g such that the following properties hold:

i) Xy C X, Xy closed, {0} € Xy;

i) kp(x) € U, Vo € Xy @ B™(0);

iii) f(x, k5 () € Xy, Vo € Xy @ B(5);

) hy(x) Lipschitz in Xy, with L. constant Ly, € Rxo;

) hy(f(x, k() =hs(2)<=h(z, ks (2)), Vee(X;OB"(5))\0.
]

In addition, we require the following assumptions to be verified together with[5.2.3land|5.2.4.

Assumption 5.2.5. Let X; be a sub-level set of hy (i.e. Xy={x€R": hy(x)<hs} ); then we
assume that the transition cost function h and the terminal cost hy satisfy the condition

: inf h — h(z, > hy. 5.5
{Lnel(r]l{zEC1(Xf)<I(1Xf€BB"L(5)){ f(x) (x U)}} d ( )

where § € Rsq is a positive scalar for which Points@ and of Assumption|5.2.4| hold. O

Remark 5.2.2. With regard to the choice of the terminal set, a sufficient procedure for obtaining
a set Xy satisfying Assumption [5.2.4 has been proposed in [66]. First, notice that, given a
locally stabilizing auziliary state-feedback controller k¢(x), a control Lyapunov function hy(x)

<

for flz,ks(x)) and a sub-level set Q; RPI under f(x,rs(x)) (ie., Qp 2 {z € R™ : hy(x)
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hy, hy € Rso} such that f(x,/if(sc)) € Qp « B(6),Yz € Qf for some § € Rsg) it is always
possible to find a positive definite functions h(zx,u) such that Point@ of Assumption|5.2.4| holds.
Then, it has been suggested to choose Xy = Qp « B(J), imposing a bound on the mazimal
admissible uncertainties which depends on .

On the other hand the constructive assumption posed in [66] is somewhat conservative. In this
regard, Assumption[5.2.5 allows to decouple the uncertainty bound which ensures the recursive
feasibility of the scheme from the particular choice of ky. In this way, the robustness of the

scheme depends only on the invariant properties of Xy through C1(Xy). (|

Now, the following Lemma ensures that the original state constraints can be satisfied by
imposing to the nominal trajectories in the RHOCP the restricted constraints introduced in

Definition[5.2.1]

Lemma 5.2.1 (Robust Constraint Satisfaction). Any feasible control sequence Uy 4y N1t ()
applied in open-loop to the perturbed system from time t to t + N. — 1, guarantees that the true
(networked/perturbed) state will satisfy x¢y;€X, Vje{l, ..., Nc}. O

Proof [Lemmal5.2.1] Given the state measurement Ti_r. (1), available at time ¢ at the controller
node, let us consider the combined sequence of controls u* formed by: 4) the subsequence used
for estimating @, ) (i.e., the true control sequence u;_. (+)¢—1applied by the NDC to the
plant from ¢ — 7c(t) to ¢ — 1) and ii) a feasible control sequence Uf,, n _yj,_, (), that is

uz;-rc(t),t+chl\t7‘rc(t) 2 collu_r_(t),e-1, ﬁf,t+Nc—1\t—Tc(t)]- (5.6)

Then, the prediction error &;_r (1)4ijt—r.(t) = Tp—ro ()i — Ti—ro(O)+ilt—ro(t), With 1 €

*

{1,...,Ne+7.(t)} and 2, ()4, obtained by applying Wy ()N 1|t (1) in open loop to

the uncertain system (5.1), is upper bounded by
i

Ly —1_
[Et—ree)+ilt—re(o)] < L; —d, Vi€ {l . N+ ()}

Jx

where d is defined as in Assumption [4.2.2. Being u, N1 [t—re(t) feasible, it holds that

Ty gt tilt—rot) € Xi(d),Vi € {7c(t) + 1,...,N. + 7.(t)}, then it follows immediately that

Tt 7o (8) i =Lt o (£) it — 7o () T Comre(8) it —7o (1) EX - u
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The proposed control scheme, which uses the MPC technique to compute the control se-
quences and a NDC strategy to compensate for network delays and dropouts, will be address as
MPC-NDC scheme.

A functional scheme of the proposed controller is depicted in Figure5.6!

Figure 5.6 Scheme of the mechanism used to compute the control sequence, based on pre-
diction (Pred.) and reduced horizon optimization (RHOCP). In evidence the input sequences

. .
used to perform the prediction, WYy 1o (t—1) and u;_r_(4),¢+—1, and the control sequence
[e]

computed by the reduced horizon optimization, uy, -\ n _1_r (1)

C
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t+7a,t+Ne—1]t—7c(t)
controller node

5.3 Formalization of the MPC—-NDC Scheme for TCP-like
Networks

The overall control scheme for NCS that has been presented in previous sections can be formally
described by the Procedure(5.3.1 below, which gives the sequence of operations that have to be
performed by the NCS components|?.

The sensor node, the controller and the smart actuator are in charge of processing informa-
tions and forming suitably structured data packets, by using some internal storage buffers and
computational resources. In this regard, we will neglect the issue of quantization raised by the

numerical implementation of the procedure.

2The low-level TCP-like communication protocol, in charge for packet routing and synchronization, is con-
sidered as a service provided by the network transparently to the components of the NCS
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In the sequel, we will denote as P,. and P, the data packets sent by the sensor to the
controller and by the controller to the actuator respectively, while P,.; will represent the ac-
knowledgment (which is, in turn, a data packet) transmitted by the actuator to the controller.
For the sake of clarity, all the packets will be addressed to as data structures of the form
P ={ P.data, P.time }, containing a data field and a time stamp field.

Moreover, denoting as M, the overall storage memory of the smart actuator, we assume that
M, is structured in buffers: i) M,.u € R™ x N., which is used to store a sequence of N, future
control actions and 1) M,.T € Z>¢ , which contains the time stamp of the information stored
in M,.u.

The storage memory of controller node, M., in turn, is structured in buffers: i) M..U €
(R™ x N,.) X T4, which is a First-In-First-Out (FIFO) buffer used to store the control sequences
computed in the past T, time instants (each element is a sequence); i) M.,u € R™ x T,
which is used to store the inputs applied to the plant from time ¢ — 7. to t — 1 (each element
is a control move); i) M..x € R"™, which stores the last available state measurement; iv)
M._..T € Z>q, which contains the time stamp relative to M.z and v) two counters Mc.iseq € Z>0
and M_.4,, € Z>g.

Let us denote as < a data assignment operation. Given a buffer (array) B containing N
elements, let us denote as B(4) the i-th element of the array, with ¢ € {1,..., N}. Given a buffer
B containing M sequences of N elements each, let us denote as B(4,j) the j-th element of the
i-th sequence, with ¢ € {1,...,M} and j € {1,...,N}. Then, the following procedure can be

outlined.

Procedure 5.3.1 (MPC-NDC scheme for TCP-like networks). Assume that, starting from

time instant t = 0, the initial condition xq is known.

Initialization

1 Given xq, let M.z «+— xq;
2 Mg.u=M,u=M.U(1) Uy n,_1, with Uy, n,—1 feasible for xq;
3 M,.T = M..T — 0;
4 Meigeq = Mgy — 0.
Sensor node

1 fO?"t € ZZO
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Pox — x;
form the packet ;
P, T —1t

send Pg,.

Controller node
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which can be retrieved

o .
t+T o t+Ne—1[t—7c(t)’

1 forte Zso

2 if a packet Py, arrived

3 if P T > M. T

4 M..x « Pge.; (= xt—TC(t))

5 M..T « Pg..T; (=t—7c(t))

6 if the acknowledgment P ,c arrived

7 Mc.igeq — t—Pocr. T+1;

8 My — t—McToer, + 15

9 else

10 M iseq — Meiigeq+1;

11 Me.iy — Meiy + 1;

12 Mcau «+ col[Mcu(2),...,M..u(7.), M. UM_.iseq, Mc.iy,) |;

13 considering that Mc.x = x¢_ (1), compute the prediction Ty;_r 1) by using (4.9)
and the input sequence Uy_r (1) = col[Meu(Te — 7.(t) + 1),..., Mc.u(7.)]
where 7.(t) =t — M. T (see 5) ;

14 starting from Zy—r (), compute the prediction Tz, t—r.(+) by using (4.9)
and the input sequence u§7t+?a_1‘t_1_TC(t_1),
from the M. U(1) (see line[17);

15 solve the RHOCP initiated with & =17 (1), obtaining u

16 form ug,t+chl|t77'c(t) = COl[ug,t+?a71\t717*rc(t71)7 u§+?a,t+chl\t7'rc(t)]"

17  shift by one position the sequences in the register M.. U

and store M. U(1) < ug t+Ne—1|t—7c(t)’
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Pca~u — uf
18  form the packet t b+ Ne—1|t—o (£)
Pca-T —
19  send P,.
Actuator node

1 fOT’t € ZZO

2 if a packet P, arrived

3 if PouT > M,.T

4 My = Peg.u; (= U (6), =70 (6) 4 No—1]t—7re () )

5 M, T «— P...T; (=t—T14t))

6 form the packet P,..T — M, T ;

7 send Pacr 5

8 apply the control action uy = Mg.u(t — M,.T + 1). (= Uflt—rra(t) )

In the next section, the robust stability properties of the described control scheme will be

analyzed in presence of transmission delays and model uncertainty.

5.4 Recursive Feasibility and Regional Input-to-State Sta-
bility

The following Theorem states the recursive feasibility of the combined MPC-NDC scheme.

Theorem 5.4.1 (Invariance of the feasible set). Under Assumption|3.1.1, suppose that sz>]J;,

Assume that at time instant ¢ the control sequence computed by the controller, U, n _14_r (1)

is feasible. Then, in view of Assumptions 5.2.4, if the norm bound on the uncertainty

satisfies

d< —— v dist(R"\C1(X{),X ), —=7—dist(R"\ X d),X 5.7
_ICEIRJIEC}{HHH<L%C+I€LZC_1 ist(R™\C ( f)’ f)7 th\ic+& 1 18 ( \ X4, (d), f))}a( )

3The very special case Ly, =1 can be trivially addressed by a few suitable modifications to the proof of
Lemmal5.2.1. In general, if the true Lipschitz constant of the system is lower than 1, considering Ly, > 1 only
leads to more conservative results.
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then, the recursive feasibility of the scheme in ensured for every time instant t + i, Vi€ Z~g, while
the closed-loop trajectories are confined into X. Hence, the feasible set X pc is RPI under the

c-l networked dynamics w.r.t. bounded uncertainties. O

Figure 5.7 Sketch of the recursive feasibility result for the RHOCP with respect to the terminal
state constraint Xy. Given a feasible solution of the RHOCP at time ¢, initiated with the
reconstructed state Z¢¢_r ;) ( relying on a state measurement performed at time ¢ — 7.(t), with
Tc(t) = 3 in the example), if the uncertainty verifies the condition (5.7), then at time ¢t + 1,
given the reconstructed state ;y1441—r.(t41) (relying on the state measurement x4 1_- (141),
with 7.(t + 1) = 2 in the example), there exists a sequence which brings the nominal predicted
trajectory @4, |t+1—7,(t+1) i C1(Xy). Hence there exists a feasible control move which can
steer the state in Xy.

Control Horizon (at time t)

______________ Tig1)e-1
T x o (Te(t+1) = 2)

C1(Xy)
- . il A
-_l_- Available state measurements oA 1 Nl 1
at times ¢t and ¢ + 1 ® 10O TtENftr1re(t-1)
hd 1 1e Xf

ﬁ’ Reconstructed states at ¢t and ¢ + 1 \_.ﬁ_ _______ "
. 1 . ~
relying on x;_3 and x;_; repect. {G: W B 14 N[t 1 - (t41)
1
0 Predicted feasible state trajectories i : Tt Nelt—7e(?)
Closed-loop true perturbed trajectory | i 1 i | |
T T T T T T -f - >

t—3 t—-2t-1 ¢t t+1 t+2 t+3 t+4 t+5 t+6 t+7

Proof The proof consists in showing that if, at time ¢, the input sequence computed by
the controller Uy, n 1, () is feasible in the sense of Definition[5.2.3, then, if the perturbed
system evolves under the action of the MPC-NDC scheme, there will exist a feasible control
sequence at time instant t+1. Finally, the recursive feasibility follows by induction. First, notice
that Points ii) and iii) of Assumption|[5.2.4]together imply that dist(R™\Ci(Xy¢), Xf) > 6 > 0.

Now, the proof will be carried out in three steps.
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) Soynjt—ret)y € Xf = TegynNo4ijt+1-r+1) € Xyi  Let us consider the sequence

ii

~—

WY ()t N1t (t) defined in (5.6). It is straightforward to prove that the norm differ-
ence between the predictions &4 (¢)4jt—r.(t) a0d T4_r (1) 4j|t+1-r. (¢t+1) (initiated by z;_- ()

and @1 1_r (¢+41)), respectively obtained by applying to the nominal model the sequence

*

u:fk—TC(t),t—TC(t)+j—l|t—TC(t) and its subsequence Wyt (1) o ()41t — ()7 AT be upper
bounded by
Y A A
o ()i — B | < =S L= e e g 5.8
‘-Tt Te ()i t—7e () +i— Lt—7.(t)+j|t Tc(t)| > Lfm; Fa Ly —1 (5.8)

where we have posed i=7,(t)—7.(t+1)+1 and with je{i,..., No+7.(t)}. Considering now the

case j=N. + 7.(t), then (5.8) yields to |‘%t+Nc|t—Tc(t)+i_£t+Nc\t—Tc(t)| = |§3t+NC|t+1—TC(t+1)_
BN t—rot)| < (LZCJFTC(” — L;\ichTc(t)*i)/(fo —1)d. If the following inequality holds Yk €

{1,...,7.}

_ Ly -1 .
d< de (R™\C1(X /), X)),
f@ fCC

then &, n_jt+1-7.(t+1) €C1(Xy), whatever be the values of 7.(t) and 7.(t + 1). Hence, there
exists a control move Uy N, |¢41—7.(t+1) = Uf (Tt N [t+1—ro(t+1)) €U, With Ty : C1(Xy) — U
defined as

Ty(x) 2arg min {Ju—rs(a)]}. (59)
uEU:f(:v,u)EXf

which can steer the state vector from Z, n_|i41—-7.(t+1) 10 Tipn 41jt+1-7.(t+1) € Xpo A

pictorial representation of the recursive feasibility result is given in Figure 5.7

j:tfrc(t)+j\tf‘rc(t) € XJ(d) = i‘thC(t)+j|t+lch(t+1) € Xj_i(d), with 4 = 7.(t) — 7.(t + 1) +
1 and Vj € {7.(t) + 1,...,Nc +7.(t)}: Consider the predictions Z;_r (¢)4jjt—r.r) and
By 1 (t)+4j|t—r.(t)+i(initiated respectively by x;_. () and x,_; (+)4;), respectively obtained

. * 4 *
with the sequence uy and its subsequence uy__ )

(t),t—7c(t)+j—1|t—Tc(t) +it—Te(t)+j—1t—Tc(t)"
Assuming that 2y, )4 jjt—r.t) € X B*((L}, —1)/(Ly, —1)d), let us introduce 7 €
B"( (Lﬁf;z - 1)/(sz - 1)E)- Let ’Séi't—‘rc(t)+j|t—7'c(t)+i _i't—Tc(t)+j|t—7'c(t) +1, then, in view
of Assumption|3.1.1 and thanks to (5.8), it follows that

i

L _
SIS 2t —r ()4t re @)+ — Etmrpe(t)4le—ro ()| 0] SL;’” —d: (5.10)
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and hence, ¢ € B”((Li}z —1)/(Ly, —1)d). Since Ty, )45+ € X;(d), it follows that
Tt ro () tjlt—re(t) TE = Tt—ro(t)1jlt—re(t)+i TN E X, VN E Bn((L};z —1)/(Ly,—1)d), yielding

t0 By r (1) i t+1— 7o (t4+1) EXj—ro () 7o (t41)—1 (D).

iii) i‘t-‘rNclt—TC(t)eXf:>j:t+Nc+1|t+1—Tc(t+1)GXNC-‘rTc(t-i-l)(g); Thanks to Point m there exists a

feasible control sequence at time ¢+1 which yields to &, {14, |t+1—7.(t4+1)EX . If d satisfies

_ L —1 _
d< min 2l dist(R™M\ X (d), X5)
JE{Ne, .., Ne+7c} L;:l

it follows that 4114 N, [t41—7. (t4+1) EX N, +7.(t+1), Whatever be the value of 7.(t 4 1).

Then, under the assumptions posed in the statement of Theorem given zg € Xppc, and
being 7.(0) = 0 (i.e. at the first time instant the actuator buffer is initiated with a feasible
sequence) in view of Points i)Hiii) it holds that at any time t € Z~( a feasible control sequence

. — e _
exists and can be chosen as ut+1,t+NC+1|t+177C(t+1)*COl[ut+1,t+NC71|t7Q(t)7Ut+Nc|t+1—TC(t+1)]'

Therefore the recursive feasibility of the scheme is ensured. |

Remark 5.4.1 (Recursive feasibility and invariance of X/ pc). Given a delayed state measure-
ment Ty (1), if there exists a feasible sequence at time t, Uy 1y N,—1, we have that Ty (1) =
B(t, Tyjt—ro(t), We—r, (1)t —1), verifies the inclusion Ty;—r, 1) € Xnpo(e(t)), since gy n, -1 sat-
isfies all the constraints specified in (5.4) with i = 1.(t). Thus, proving that the scheme is
recursively feasible (that is, given a feasible sequence at time t, there exists a feasible sequence at
time t 4 1), would prove that T4 1|141—r,(t4+1), will belong to Xprpo(7e(t + 1)), whatever be the
value of T.(t + 1) in the set {0,...,7.}. Without loss of generality, assume that 7.(t + 1) =0,
then it holds that x441 = Ty11)041 € Xmpco-

Now, assuming that the initial condition Ty, at time t = 0, is known to the controller
(i.e.,7.(0) = 0) and that the sequence stored in the actuator buffer is feasible, by induction
it follows that

zt € Xppo, Yt € Zso. (5.11)

We can conclude that Xy pc is RPI for the NCS driven by the MPC-NDC' scheme. O

Considering that the transmission delay is bounded as well as the sequence of control action
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forwarded by the controller, then the control input applied to the plant can be viewed as the
output of a time-varying control law &y pc—npc(t). Notably, the closed-loop perturbed system

becomes time-varying, i.e.,
l‘t-‘rl = g(taxh dt) , Lo = f07t S ZZO (512)

with g(t,l‘t,dt) = f(xh /’QMPC—NDC(t)) + dy.

Now, the following important stability result can be stated.

Theorem 5.4.2 (Regional Input-to-State Stability). Under Assumptions[3.1.115.2.4) if the
bound on uncertainties verifies (5.7), then the closed-loop system system (5.12), controlled by
the proposed MPC-NDC strategy kypo—npe(t,Xi—z,, 1), is regional ISS in Xppo with respect
to additive perturbations d; € B"(d). O

Proof [Theorem [5.4.2] Recalling that we have posed the assumption that, at time ¢ = 0, the
FIB contains a feasible control sequence, then, in a worst case situation, the system will be
driven in open-loop for 7, time instants (see Procedure(5.3.1). With regard to the ISS property,
this observation implies that the bound on the trajectories after 7, should depend on z=, and

the regional ISS inequality (2.15) has to be modified as follows

|Z‘(t + Ta, E?a ’ v)|§max{ﬂ(|f;a ‘7 t)a7(||v[t+?a71] ||)}’ VtGZEOa VE7Q 657 (513)

where Tz, is the state at time 7, after the system has been driven for 7, steps by the open-loop
policy stored in the buffer at time t = 0. In view of previous consideration, the proof consists in
showing that there exist a ISS-Lyapunov function V(¢ 4+ 7, x¢47,) for the closed-loop system.

To this end, let us define the following positive-definite function V° : R® — Rx

VO (ttr,t—ro(t) = J%H(i"tm\t—n(t)7u§+a,t+zvc—1|t—rc<t>7Nc‘ﬂ) (5.14)

where &y 17 |t—7, () = L(t+Ta, Te_r (1), We—r,(t),t47,—1) is & prediction obtained with the nominal
model initiated with z;_ ;). Notice that V° corresponds to the optimal cost subsequent to the

reduced horizon optimization. Now, consider the following candidate ISS-Lyapunov function
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V:ZZOXRnHRZO

— A —
V(t+Ta, 247,) = JFH<33t+?a 7u?+?a,t+chl\thc(t)7 Nc_Ta>

t+Ne—1 X R (5.15)
= Zﬁ h(xl|t+?a’ul|t—-rc(t)> + by (TN t47.)
l=t+T,
where T4y, 4 jjt47,, J € {1,...,Ne — T4} are obtained using the nominal model initialized with

(o)

Zy4r, 147, = Ti+7, and the sequence W N1 t—ru(t) (which is optimal for Z; =, ;- (+) and

o

4T A No—1[t—7o(t) 18 1O computed in correspondence of

not for x41+,). Notice that, since u
Ttyr,, but exploiting a past state information x,_; (), V becomes a time-varying function of
the state. We will show in the following that V(¢ 4+ 7, x¢17,) verifies the ISS inequalities with

time-invariant bounds.

Suppose, without loss of generalit;H, that Ly, #1. Now, let us point out that, in view
of (5.8), the inclusion z;,=, € Q£ Xme"((L%*'?“ —1)/(Ly, —1)d) implies &;y7,t—r.(t) €
X whatever be the value of 7.(t). Then, by Assumption [5.2.4, the control sequence
ﬁt+?a,t+NC71\t7-rc(t) éCOl[Kf(jjtJr?aﬁffc(t))a"{f(-%tJr?aJrl\tf'rc(t))v~ .. 7Kf(-i‘t+chl|tf’rc(t))] is feasible
for the RHOCP, hence the set Xy;pc is not empty.

Now, our objective consists in finding a suitable comparison function to upper bound the
candidate ISS-Lyapunov function V (t 474, z¢17,). By adding and subtracting V°(Z;4 =, t—r.(t))
to the right-hand side of (5.14), we obtain

t+N.—1

VIE+ T mim) < 3 h(itmm,uﬂt,%(t)) _h(i‘”t*"'c(t)’u?ltfrc(t»
=t17,

. . 5.16

Fh (TN feara) = P (Bep N i—ro(r) (5.16)

o kol o T
+JFH(93t+ﬂ\t—rc(t) Tt No— 1]t —7e(8) NC_T‘I) ’

In view of Assumptions[3.1.1[5.2.3 and thanks to (5.8), the following inequalities holds

t+N.—1

h(fl\tfn(t)’ u?|tfrc(t)> —h (i‘l\H“?a’uatfrc(t)) )
ch(t)+?a_1NC—ﬁ—1'
< thzi—l ZL‘}‘IHd[tJF?a—l]H (5.17)
f j:0

I=t+7,

x
?rti 1 LNC _?ai

fw fﬂ')
<L di= 1l

4The case L f»=1 can be trivially addressed with a few suitable modification to the proof of theorem|[5.4.2
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moreover

Trt

\hg(Begnft+7,) = hp(Zee N, jt—re())] < Lny ﬁL;\S_%_lud[t—&-ﬂ—ﬂHv (5.18)

and

. o _
JFH(xtJF?a‘t*Tc(t) YWy 7o b+ Ne—1[t—Te () NC_T“)

< JFH(i't-‘r?a“—Tc(t)’ﬁt+?a,t+NC71|t7'rc(t)’NC_F@) (5.19)
t+N.—1 5 ~ .

= Y A (Emrot) Upt—re(t)) + P (FBes Noji—re(t))-
I=t+T7T4

where, given Zy4=,|1—r.t) € Xy, we have posed

Toyrotilt—rot) = f(@igmati—t)t—rot)s Ff @earatrj—ipt—ror) € Xy, Vi €{1,...,Ne = Ta}.
COnSidering that Z;i)f\j_til h (‘%llt—Tc(tﬁ a”t_ﬂ,-c(t))‘f' hf (‘%t+Nc|t—Tc(t) S hf (‘f:t"!‘?alt—Tc(t))’ then the

following bound can be established

JFH(jtJr?a\t*n(t)7u(t)+?a,t+Nc—1\t—'rc(t)’NC_?CL) S hy (@i ji—r) — hp(Tez,) + he(eaz,)

Trt

< thﬁ\ld[tﬁfuﬂ + hy(@es7,)-
(5.20)
Finally, in view of (5.17) (5.18) and (5.20) the following inequalities hold

= LZLI Ljf\ic_?afl Ne—Tq—1
V(t+7Ta we47,)< L1 L =1 " L, Ly, + Ling | sz, —ull + hyp(zes7,)
< onl|zr,l) + or(lldpsr, -y ll), Vour, €Xp, VdeEM ., g
(5.21)
where
()AL, s
Li=1[ LT _
A fa fa Ne—Ta—1
0’1(8)_Lfm71 Lfmfl +thsz —|—th S
The lower bound on V(t + 74, +47,) can be easily obtained using Assumption
V(t +Ta, Tt47,) > Mxig7,), VTitr, € Xmpre (5.22)

Then, in view of (5.22), the ISS inequalities and (2.3) hold respectively with
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2 = Xypc and :Xme"((th —1)/(Ly, —1)d). Moreover, in view of Point i) in
the proof of Theorem [5.4.1] given the (feasible) control sequence computed at time ¢,
U N1 (t) = COl[ug,tJr?a71|t717‘rc(t71)7 Wiz, 14N, 1), the sequence Wy n 11— r(i41) =
col[ug, t-‘,—NC—l\t—TC(t)?ﬂf(£t+Nc|t+1—Tc(t+1))]7 with @y (-) defined as in (5.9), is a feasible sequence
(in general, suboptimal) at time ¢ + 1. The subsequence uf Tt Lt Nolt— e () along the reduced

horizon gives rise to a cost which verifies the inequality

N ¢ _
JFH<xt+?a+1|t+1f'rc(t+1) Wy T 41t Nt —7o (1) Nc—Ta)

[e] ot o = - o)
< JFH<$t+?n,|t—Tc(t) Y T bt No— 1|t —7o(t) Nc_Ta) - h<xt+?a\t—7'c(t)7 ut|tf'rc(t)>
t+N.—1

+ Z h(jl|t+1—7'c(t+1)au?|t—-rc(t)> - h(j:ut—'rc(t)au?\t—fc(t)) (5.23)
I=t+7,+1

+h(§7t+Nc|t+1f'rc(t+1) ) ﬂf(-i‘t+Nc\t+17'rc(t+1)))

Fhp(Zer N1 i1 (t41)) = P (T N = ro(t))

Now, by (5.16), (5.17) and we have that

_ R o _
V(t+Ta+1,2047,41) < JFH(xt+?a+1|t+lfrC(t+l)7ut+?a+17t+Nc|t_-,—c(t)v Ne—Tq

L?rt_ 1 LNC 7?a_ 1 _ (524)
fz fz Ne—Tq—1
+sz_1 Lfm_l +thLfT ‘| Hd[t-‘r?a]Ha

and that

JFH(L%t-‘r?a\t—‘rc(t)7u§+?a,t+chl\t77’c(t)7 Nc—ﬂ) =
L1 l LY T

_ (5.25)
fa Ne—To—1
Ly -1 + Ly Ly, ] g7, -1 ll-

V(t + ?a, $t+?a) +

Moreover, in view of Point @ of Assumption [5.2.4 and thanks to Assumption [5.2.5, it follows
that

PE N, 7ot 10 Uf (B Nojttmat1)) T hp(Bep Nt 1ftrma 1) =P (Ees N, jt17, )
< hp(ZiaNojt47a+1) —hp(Eegna7,) (5.26)
< Lh,fLﬁc_?”_lﬂd[Hﬂ] I

Then, we have that the following inequality follows from (5.23) by using (5.24), (5.25), (5.26)
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V(t + ?a + ]., .Tt+?a+1) —V(t + ?a; $t+?a)

< —h(i”tﬁa lt—7e(t) u§|tfrc(t)>
t+No—1

+ Z h(jl\t+1—76(t+1),u?|t_7-n(t)) - h<i'l|t—7'c(t)au?|t_rc(t))

l=t+7T,+1 _ N =
_ L1 L™ Te 1 _
Ne—Tq—1 fz fz Ne—Tq—1
+ [thwa +2 ( I -1 + Ln; Ly >] lldje47.]]

Ly —1

= ’h(xt”a : “glt—rc(t))
Trt

L fa ||d H_’_LhL;jil fa
Ly, —1 T Ly 1

e L1 [ LT i}
thch\icf‘rafl +2 fa (Lh fa +thL;\icTa1>‘| Hd[tJr?a]H

+

Finally, by using Point of Assumption |5.2.4, the third ISS inequality can be obtained

V(t+Ta+ 12z, +1) =V({E+ Ta, 247,
<-h L Ly -1 L Ly —1Lp™ -1
<—h(|zes7,]) + "L -1 + "Ly, —1 Ly —1

Jx

L7r1 LY T _
+2L;$—1 (Lh fme 3 +thL§c\iC e 1>]||d[t+7a]||

< —as(|zisr,|) + o2(ldir, ), Ve, €EXmpe, VAEM g, g

Ne—Fo—1
+ thfo
(5.27)

where

Trt Te N.—Tq
Lol L AL
Ly —1 "L, —1 L; —1

L1 LY Taq _
N £ (Lh L +thLﬁc‘“‘1>1.

Ne—To—1
—|—thwa

Ly —1

Finally, in view of (5.21), (5.22) and (5.27), it is possible to conclude that the closed-loop system
is regional ISS in Xy pc with respect to d € B"(d). [ ]

5.5 Formalization of the NDC—-MPC Scheme for UDP-like
Networks

In the case of UDP-like networks, no ACKs are sent by the actuator node to the controller. In

this scenario, the problem of delayed arrival of packeted input sequences to the actuator (which
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may lead to wrong open-loop predictions at the controller side, due to the fact that the truly
applied input sequence is not known to the controller if a specific strategy is not adopted to
compensate for the lack of ACK’s), could represent a major source of uncertainty. Thus, with
the aim to recast the formulation in a deterministic framework, such that the sequence used by
the predictor to obtain Z; would coincide with the true input sequence applied by the actuator
to the plant from time ¢ — 7.(t) to t — 1, a possible solution consists enlarging the buffer length

N,, as specified in the following assumption.

Assumption 5.5.1 (Buffer length in UDP-like networks). The buffer length of the smart actu-
ator, which is equal to the length of the input sequence sent by the controller to actuator, verifies

Ne>Te+7q+ 1.

In this set up, being N, also the length of the sequence computed by the controller to be
forwarded to the actuator, we have that N. > 7, + 1. The optimization, in the UDP-like case,
has to be performed over an input sequence, namely ;= , + N, —1|t—r. (1), consisting of No —7,
control actions. Moreover the RHOCP has to be initiated with the predicted state &, 7,17 (¢)-

The input sequence used to obtain &7 ,1—r () IS

u

u (5.28)

* J— * C
1o (£),t-+Tre — 1 _COI[ut—TC(t),t—Q’ t—1,t+ﬂt—1|t—1—n(t—1)]

*
t—7e(t),t—

*

t—1—7.(t—1),t+N.—2

(&

where u AT —1[t—1—Te(t—1)

yandu are respectively a subsequence of u

(which can be retrieved recursively from a buffer in which the sequences u* are stored at each

C

computational step) and a subsequence of the control sequence uy_, ,. y ot 1T (t—1)

com-

C

puted at time ¢ — 1. At this point, noting that the first 7,; elements of uf_, b No—2lt—1—7e(t—1)

coincide with the subsequence uy_; ;.- o, then (5.28) can be rearranged as

* _ * c
W ere—1 =MW ) o U g1 1)) (5.29)

where the control action uffﬂﬁl‘tflfn(tfl) is the element of the optimal subsequence

uto—ﬂf,—1,t+Nc—ﬂt—2|t—1—n(t—1)’ obtained by solving the RHOCP at time ¢ — 1 (ie.,

U o g1 —r(t—1) = Y7y —1[t—1—ro(t—1))- Dy this position, with suitable few modifications to

the proof Theorem [5.4.1, it is possible to show that the proposed scheme is robustly recursively
feasible in the UDP-like framework and that the closed-loop system is regionally ISS stable.
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Remarkably, given a buffer sequence length N, the further shortening of the optimization hori-
zon may reduce the degree of optimality of the control action with regard to the TCP-like

formulation.

The MPC-NDC control scheme for UDP-like networkH can be formally described by the
Procedure|5.5.1 listed below. In this case, the buffers M..U, M,.i5¢q and M..i,,, introduced in
Procedure|5.3.1, are not used, while the buffer M..u must be enlarged to store 7,; + 7. control

actions.

Procedure 5.5.1 (MPC-NDC scheme for UDP-like networks). Assume that, starting from

time instant t = 0, the initial condition xq is known.

Initialization

1 Given xgq, let M..x «— xq;
2 Mgu=M_,u«—uUyn,_1, with Uy, n,—1 feasible for xo;
3 M,. T =M_.T « 0.
Sensor node
1 forteZ>g

Px — x;
2 form the packet ;
P, T —t
3 send Pge.
Controller node

1 fOT’t S ZZO

2 if a packet Py arrived

3 if Pse. T > M. T
Y M..x +— P,..x; (= xt—rc(t))
5 M, T — P, T; (=t—7(t))

6 considering that Mc.x = xy_, (1), compute the prediction &y _,j¢—r.x) by using (4.9)

and the input sequence uszC(t) which can be retrieved from M..u

AT —17

5The low-level UDP-like communication protocol, in charge for packet routing and synchronization, is con-
sidered as a service provided by the network transparently to the components of the NCS
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(see (5.29) and Linel9);

7 solve the RHOCP initiated with &yy=,,)t—r.(1), obtaining vy . P4 No—Lfemre(t)?

C p— (&3 o .
8 Jorm Wy Ne—1]t—7e(t) — COl[ut,tJr?rt71|t7177'c(t71)7 ut+?rt,t+chl\t7'rc(t)]’

9 store Mc.u < col[M..u(2),..., M..u(Ty),

U m i re )
Pou—uf

10 form the packet o ttNe—llt=re(t) .
P T+t

11 send P,.

Actuator node

1 forteZ>g

2 if a packet P, arrived

2 if Poo. T > M,.T

4 Ma-u — Pca-u; (: ug—Ta(t)vt_T‘l(t)+NC_1‘t_TTt(t) )

5 M, T «— P..,.T; (=t—1a(t) )

6 apply the control action uy = My.u(t — M,.T + 1). (= ug\t*ﬁt(t) )

5.6 Example

In order to show the effectiveness of the devised control scheme, the closed-loop behavior of
the following nonlinear system (forward-Euler discretized version of an undamped single-link
flexible-joint pendulum) is simulated first in nominal conditions and then under the simultaneous
presence of model uncertainty and unreliable communications between sensors, controller, and
actuators

T(1)1=% (1) T s (2),

x(2)t+1:$(2)t_%[MgL sin(eq),)+k o) o))

(5.30)

T(3)41=L(3) T LT (a),

T
2@ =@+ [k (20, —2e),) +4]

l’ozf,tEZZO

where z(;),, i€{1,...,4} denotes the i-th component of the vector x;, T;=0.05 s is the sampling

interval, I=0.25 kg - m? the inertia of the arm, J=2kg - m? the rotor inertia, g=9.8 ms? the
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gravitational acceleration, M =1kg the mass of the link, L =0.5m the distance between the
rotational axis and the center of gravity of the pendulum-arm, k=20 N - m/rad the stiffness
coefficient of the link. The control objective consists in stabilizing the system toward the (open-
loop unstable) 0-state equilibrium, while keeping in the trajectories within prescribed bounds
depicted in Figure([5.10 (green).

The following auxiliary linear controller is used kf(x) = [-55.92 —7.46 124.01 19.22] - «,
with Xy = {z e R*: 2T Pp-2 < 1}, hy(z) = 10*(2T - Py -z) and

1.3789 -0.0629 —1.7904 —0.1508
—0.0629 0.0186 0.1404 0.0074
—1.7904 0.1404 3.1580 0.2216
—0.1508 0.0074 0.2216 0.0292

Py =10°

The predictive controller has been set up with control sequence length N.=12, and quadratic

stage cost h(z)=zT Q-+ Ru?, where Q=diag(10,0.1,0.1,0.1) and R=10"3.

Figure 5.8 Scheme of the single-link flexible-joint pendulum used in the example.

My Sin(x(l))

T(2)

In the uncertain/unreliable networked scenario, a TCP-like protocol has been simulated,
with delay bounds 7.=7,=>b, while the nominal model is subjected to the following parametric
uncertainty M,,0m=1.05M.

The timing diagrams of the simulated networked packet-based communication links are given
in Figure[5.9. Notice that, due to the use of a TS strategy, the networks delays 7., and 7. have

been decoupled from the age of information used in the nodes 7, and 7., retaining only the
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packets which carry the most recent information.

Finally, Figure[5.10 shows the trajectories of the state variables in the nominal case (black)
and in the uncertain/delayed conditions (blue). Notably, the constraints are fulfilled and the
recursive feasibility of the scheme is guaranteed even in the networked case. At the opposite, if
a network delay compensation strategy is not used, then system (5.30), controlled by a nominal

MPC, becomes unstable even for small delays7.=7,=2, as shown in Figure/5.11.

Figure 5.9 Timing diagrams of feedback and control communication links. Each slanted seg-
ment in 7., and 7. diagrams represents a successfully delivered data packet form the sending
time (square) to the arrival time (triangle). The length of each segment represent the age of
the packet at the receipt instant. In 7. and 7, diagrams the triangles represent the age of the
information retained in each node thanks to the TS strategy.
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5.7 Concluding Remarks

In this chapter a networked control system, based on the combined use of a constraint tight-
ening based model predictive controller with a network delay compensation strategy, has been
designed with the aim to stabilize toward an equilibrium a constrained nonlinear discrete-time
system, affected by unknown bounded perturbations and subjected to delayed packet-based
communications in both sensor-to-controller and controller-to-actuator links.

The characterization of the robust stability properties of the devised scheme represents a
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Figure 5.10 Trajectories of the state variables of system (5.30) controlled by the combined
strategy MPC+NDC over an unreliable network with uncertainty (blue : 7. = 7, = 5) and in
nominal conditions (black : 7. =7, = 0).
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Figure 5.11 Trajectories of the state variables for system (5.30) controlled by a nominal NMPC,
without delay compensation (7.=7,=2). Feasibility gets lost and instability occurs.
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significant contribution in the context of nonlinear networked control systems, since it estab-
lishes the possibility to enforce the robust satisfaction of constraints under unreliable networked
communications in the feedback and command channels, even in presence of model uncertainty.

Moreover, the problem of guaranteeing the recursive feasibility of the scheme has been ad-
dressed.

By exploiting a novel characterization of the regional Input-to-State Stability in terms of
time-varying Lyapunov functions, the networked closed-loop system has been proven to be Input-
to-State Stable with respect to bounded perturbations.

In the belief of the author, the strategy presented in this chapter can be further used to
deploy constrained advanced-step MPC schemes (in which the control actions computed by the
controller are applied to the plant after a fixed time interval) with ISS guarantees. Indeed, the
advanced-step MPC, in which a constant delay affect only the controller-to-actuator path, turns
out to be a particular case of the delayed networked configuration considered in the present

work.
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Appendix A

A.1 Main Notations and Basic Definitions

Let R, R>¢, Z, and Z>( denote the real, the non-negative real, the integer, and the non-negative

integer sets of numbers, respectively. The Euclidean norm is denoted as | - |.

For any discrete-time sequence v : Zso — R™, |lv| £suprsof|vr|} and
v | £ sup o<k<-{|vk|}, where ¢; denotes the value that the sequence v takes on in corre-
spondence with the index k. The set of discrete-time sequences of v taking values in some
subset T C R™ is denoted by M~. Given a sequence v € M~ and two non-negative integers
k € Z>o and t € Z>(, we will denote as vy + the subsequence formed by elements indexed from

ktot (ie., vgy 2 LU0k, Ukg1s -, V1,0t }).

Given a compact set A C R"™, let JA denote the boundary of A. Given a vector z € R",
d(z,A) £ inf {|¢ —z|,£€ A} is the point-to-set distance from xz € R™ to A. Given two sets
A CR" B C R", dist(4,B) £ inf {d(¢, A),( € B} is the minimal set-to-set distance. The
difference between two given sets A C R™ and B C R", with B C A, is denoted as A\B £
{z:2 € A,z ¢ B}. Given two sets AcR"™, BER™, the Pontryagin difference set C' is defined as
C=A~B =2 {zecR":2+¢€ A VE e B} Given a vector n € R” and a scalar p € Ry, the
closed ball in R™ centered in 7 of radius p is denoted as B™(n, p)= {£ € R™ : |¢—n| < p}. The
shorthand B™(p) is used when n = 0.
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A.2 Comparison Functions

The notions of functions of class K, class K, and class KL are used to characterize stability
properties of the control schemes presented in the dissertation.

A function o : R>9—R> belongs to class K if it is continuous, zero at zero, and strictly
increasing.

It belongs to class K if it belongs to class K and is unbounded.

A function 3:R>oxZ>0—R>¢ belongs to class KL if it is nondecreasing in its first argument,
nonincreasing in its second argument, and lim s_o3(s, t) =lim ;. 3(s, t)=0.

In the sequel, a collection of some well-known properties of comparison functions is presented.

Property A.2.1 (Comparison functions). Let aq(-) and as(:) be both K-functions;as(-) and
ay(-) be K-functions and let B(-,-) be a KL-function. Finally, let s,s1,s2 € R>q be positive

scalars. Then

1) ai;'() is a K-function;

2)  «a1o0ay(-) is a K-function;

3) ajof(,-) is a KL-function;

4) max(ai(s),aa(s)) and min(ay(s), az(s)) are both K-functions;

5)  ai(s1+s2) < aq(2s1)) + a1(2s2), Vs1,s2 € Rxo;

6) ai(s1)+ aa(s2) < ar(s1 + s2) + ao(s1 + s2), Vs1, 52 € Rx;

7)  ai(s1) + as(s2) < min(ay (0.5(s1 + s2)) + a2(0.5(s1 + s2))), Vs1,52 € R>p;

8) there exists a Koo-function as(-) such that as(s) < as(s), Vs € Rsg and s — as(s) is a

Koo-function.

A.3 Brief Introduction to Set-Invariance Theory

Let us consider the discrete-time dynamic system
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Ti41 = g(xtavt)v te ZZOaxO =T (A]‘)

with ¢(0,0) = 0 and where z; € R™ and v; € T C R” denote the state of the system
and a bounded disturbance (exogenous input), respectively. The discrete-time state trajectory
of the system (A.l), with initial state  and disturbance sequence v € M, is denoted by
z(t,z,v), t € Z>g.

Definition A.3.1 (RPI set). A set = C R™ 4s a Robust Positively Invariant (RPI) set for
system (A.1) if g(zy,v) € 2, Vay € Z and Vo, € T. O

Consider the nonlinear discrete-time dynamic system
Ter1 = f(@e,ur,01), t € Lo, To = To, (A.2)

where z; € R™ denotes the state vector, u; € R™ the control vector and v; € Y is an uncertain
exogenous input vector, with T C R” compact and {0} C Y. Assume that state and control

variables are subject to the following constraints
xe € X, t€Z>o, (A.3)

u € U, t € Z>g, (A4)

where X and U are compact subsets of R" and R™, respectively, containing the origin as an

interior point.

Given the system (A.2), let f(z;,u;) , with f£(0,0) = 0, denote the nominal model used for

control design purposes.

Let Zy14)¢, 1 € Z»o denote the state prediction generated by the nominal model on the basis
of the state informations at time ¢ under the control sequence w; y+,—1 = colluy, ..., Upri—1],

that is

i =f (Topiz1|ts Ut rio1), Tye = x¢, t € L>0,1 € L. (A.5)

Moreover, when it will be necessary to point out the dependence of a nominal trajectory on
the initial condition z; with a specific input sequence u;+4;—1, we will also use the notation

33(2733t711t,t+i—1) = Tt4i|t-
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Having introduced the nominal transition map f (z,u), the following definition can now be

posed.

Definition A.3.2 (C;(X,Z)). Given a set 2 C X, the i-step Controllability Set to =, C;(X,E),
is the set of states which can be steered to = by a control sequence of length i, ug;—1, under the

nominal map f(x,u), subject to constraints (A.3) and (A.4), i.e.

ro€X: Fug;1€UX...xU such that
Ci(X,2)2 #(t,zo,upi-1)EX, VE € {1,...,i— 1},

and :i'(Z, X0, uoyi_l) €=,

The shorthand C; (2) will be used in place of C; (R™, E) to denote the one-step controllability set
to 2, [17].

In order to give a complete our overview on basic concepts of set-invariance theory, also some
notions of set-valued analysis (see [10]) must be introduced. In this regard, let us introduce the

following definition.

Definition A.3.3 (F(z)). Given the nominal transition function f(z,u), the set-valued map
F: XY, YCR" is defined as
Fa) 2 | flau). (4.6)

ueU 0

Definition A.3.4 (LSC). A set-valued map F: X—Y is called Lower Semi-Continuous (LSC)

in X if Vo' €X, given e€Rsq, I6€R< such that inequality |2 —xz" | <8 implies

F(z') C F(z") @ Be).

Noting that the predecessor operator generates the natural weak set-valued preimage [28] of
a given set 2 C Y under F, C1(2)=F"1(E)2{zeX : F(z)NE#£0}, a computability result for

F~1(Z) would imply the computability of C;(Z).
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To this end, let us introduce the notion of robust robust controllability set, which plays a key
role in the computability theory for set-valued operators, since it represents the best computable

approximation of the true predecessor set [29].

Definition A.3.5 (RC;(X,Z)). Given a set = C X and the nominal map f(z,u), the i-step
Robust Controllability set to = is defined as RC;(X,Z)2C;(X,int(Z)). O

The following important theorem can be stated.

Theorem A.3.1 (Geometric Condition for Invariance,[17]). A set = € R™ is a control/positively

invariant set if and only if 2 C C1(Z). O
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