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Abstract

The use of data-driven and learning-based models in model predictive con-
trol (MPC) has gained an increasing popularity in recent years thanks to
the growing availability of data collected in industrial plants and on the
development of powerful deep learning techniques. In this framework, the
aim of this thesis is to design nonlinear MPC algorithms with guaranteed
stability and robustness properties based on data-driven models of the sys-
tem under control. A particular attention is devoted to the development
of strategies that take into account modeling errors and uncertainties, and
that guarantee offset-free tracking.

The first part of the thesis explores the design of MPC algorithms for
incrementally input-to-state stable (0ISS) nonlinear systems modeled by re-
current neural networks (RNN). This class of models can be trained using
input-output data, and stability properties of the model can be enforced
during the training procedure. Considering different RNN architectures,
the thesis develops output-feedback MPC algorithms that ensure closed-loop
stability, satisfaction of input and incremental input constraints, robust sat-
isfaction of output constraints in presence of uncertainties and offset-free
tracking. Moreover, considering a general JISS system, it is presented how
it is possible to guarantee stability considering a positive semi-definite stage
cost in the MPC optimization problem (e.g. for output weighting), and how
it is possible to enlarge the feasibility region employing an artificial reference.

The second part of the thesis considers data-driven models in the Koop-
man framework, and studies how convergence to the origin can be guaran-
teed in presence of modeling errors. First, an offset-free MPC algorithm is
designed for systems modeled using extended dynamic mode decomposition
(EDMD). Then, considering kernel based EDMD models, it is shown how
asymptotic stability of MPC without terminal ingredients can be achieved
provided that there exist suitable bounds on the modeling error.

The last part of the thesis presents the application of MPC to the current
control in synchronous reluctance motors, showing performance improve-
ment in presence of model uncertainties compared to the baseline control
approaches.

All the control algorithms developed in the thesis have been theoretically
analyzed, and their validity is assessed in simulation examples.
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Chapter 1

Introduction

Model predictive control (MPC) is a successful optimization-based control
technique, with a well-established theoretical framework, and a strong in-
dustrial impact [197]. It is based on a simple, yet effective idea. At each
sampling time instant, MPC solves an optimization problem over a finite
horizon to determine the best future input sequence to fed to the system
according to a given cost function. Then, only the first element of the op-
timal input sequence is applied to the plant, the new state is measured
and the optimization is solved again starting from the new state and on a
shifted window. Since the optimization is formulated over a finite horizon,
its solution can be computed online, and thus nonlinear systems and explicit
constraints can be easily taken into account.

MPC relies on a system model to perform predictions of the future evo-
lution of the system. The model can be obtained by first principles, using
data-driven methods, or by a combination of the two. The derivation of first
principle models can be time consuming, and is not trivial when the system
is complex and there is a lack of knowledge of the physical laws that govern
it. Moreover, there are often some parts of the system dynamics that are
difficult to model accurately, such as frictions or uncertainties due to the
manufacturing process. Even when a physical description of the system is
available, the identification of all the parameters of the model can be a hard
task. For these reasons, the use of data-driven models has a long history in
MPC, that starts from the very first formulations. In fact, some of the first
MPC algorithms relied on simple impulse response models identified from
plant data. In recent years, thanks to the growing availability of data and to
the development of powerful method, increasingly sophisticated data-driven
identification and control methods have been developed. Many industrial
processes generate and store huge amounts of process data at every time in-
stant of every day, containing all the information of process operations and
equipments, that can be exploited for model identification, control design,
fault detection and state and disturbance observations. The use of data-



Chapter 1. Introduction

driven control strategies allows to alleviate the need for human knowledge
in the loop, since it provides some standardized procedures for the controller
design that can be applied starting from the plant data, without requiring an
accurate knowledge of the physical laws of the system [106]. Moreover, there
have been a fruitful interchange of ideas between the deep learning and the
control community, allowing the development of new effective learning-based
methodologies.

Data-driven control methods can be classified in direct and indirect ap-
proaches. In direct data-driven control, the system data are directly used
for the derivation of a controller, completely avoiding the model identifica-
tion step. In this category find, e.g., iterative feedback tuning [102], virtual
reference feedback tuning [39] and methods based on Willems’ fundamental
lemma [62]. In indirect data-driven control, instead, a data-driven model
is identified first, and then is used to synthesize a model-based control. In
the literature, many data-driven MPC algorithms have been proposed. For
linear systems, a popular data-driven approach [13] is based on the use of
Willems’ fundamental lemma [241] avoiding the model identification step
and directly using input-output data [71, 163]. This direct method has been
shown to be equivalent to a (relaxed) indirect approach, where a linear model
is identified first, and then is used in the MPC predictions [167]. For non-
linear systems, a common indirect method consists in the use of data-driven
surrogate models. Such models can be obtained, e.g., by means of nonlin-
ear ARX models [61], neural networks [199], Bayesian identification [190],
Koopman operator-based system identification [137] and Gaussian process
regression [100, 135].

Both when using first principle models and data-driven ones, model un-
certainties and errors are unavoidable. MPC guarantees and performances
are strongly related to the model quality. Hence, the study of MPC al-
gorithms in presence of disturbances and uncertainties is a field of active
research. A part of the literature studies inherent robustness of MPC, i.e.
under which assumptions the MPC control law designed using the nomi-
nal model asymptotically stabilizes also the uncertain system [160, 87, 253].
Another widely studied field is the formulation of robust MPC algorithms,
that are explicitly designed to cope with uncertainties [169]. Many different
methods have been developed in the literature, that differ for the considered
framework (e.g. deterministic or stochastic), the objective, and the assump-
tions on the uncertainty.

The aim of this thesis is to study methods to guarantee stability, ro-
bustness and offset-free tracking of MPC using data-driven models in the
prediction and optimization step. This is done considering different classes
of data-driven models, based on recently proposed powerful learning tech-
niques. In the first part of the thesis, we provide a general introduction
on stability and on MPC. Then, we focus on the design of MPC for incre-
mentally input-to-state stable (6ISS) systems [210], using recurrent neural
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network (RNN) models. For this class of systems, we design different output-
feedback MPC algorithms with guaranteed stability [211] to solve a variety
of control problems, that include robust satisfaction of output constraints
in presence of model uncertainties [212, 213], offset-free tracking [215, 213,
77], constraints on the input variation [209, 77] and the use of a positive
semi-definite stage cost [77]. The algorithms are designed for different RNN
classes, and it is shown how to generalize the requirements to any JISS sys-
tem, without considering the specific model equations but only assuming the
knowledge of a 0ISS-Lyapunov function [77]. The third part of the thesis
considers data-driven models in the Koopman operator framework, and is
focused on the design of algorithms that guarantee convergence to the de-
sired equilibrium point. To this end, we exploit offset-free MPC algorithms
[208] or the bounds on the modeling error that are available for kernel-based
Koopman models [23, 216]. In the last part of the thesis we deal with a real
world application, that is the control on current in synchronous reluctance
motors, and we show how MPC can improve performances in presence of
uncertainties in comparison to standard baseline control strategies [214].

1.1 Thesis structure

The thesis is divided in four parts and is structured as follows.

Part I — Introduction to MPC and stability In the first part of the
thesis we introduce the concept of stability, and we give a general overview
of the aspects of MPC that are studied in the thesis. This part of the thesis
is composed by two chapters.

Chapter 2 introduces the stability notions that are used along the thesis,
considering both autonomous systems and systems with input. In the
second part of the chapter, a new result about incremental input-to-
state stability of interconnected discrete-time systems is presented.

Chapter 3 provides a general overview on MPC. First, we introduce the
MPC algorithm, and we describe the most common techniques to guar-
antee closed-loop stability. Then, we describe the more complex con-
trol problems that can be managed with MPC, and we summarize the
techniques used in the thesis to deal with them.

Part 1II — MPC for /ISS systems using RNN models This part of
the thesis is devoted to the design of MPC algorithms for incrementally
input-to-state stable (4ISS) systems. Most of the proposed MPC schemes
are based on data-driven models belonging to the class of recurrent neural
networks (RNN). Since the system under control is JISS, the considered
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RNN models are trained in a way that guarantees that they are also JISS.
This part of the thesis is structured as follows.

Chapter 4 After a brief review of the methods to model dynamical systems
using neural networks, this chapter introduces RNNs, and describes
the architectures that are considered in the thesis. For each archi-
tecture we report the sufficient conditions for §ISS, and we explain
how to train the model to guarantee the satisfaction of the stability
conditions.

Chapter 5 introduces the main ideas behind the design of observers and
MPC algorithms for JISS systems. These methods are then exploited
for the design of an MPC based on a recurrent equilibrium network
model of the system under control. The algorithm is tested in simula-
tion on a pH neutralization process.

Chapter 6 designs a robust MPC scheme based on a gated recurrent unit
model of the system. In particular, we guarantee satisfaction of input
and output constraints, recursive feasibility and stability in presence
of bounded uncertainties of the model. The algorithm is tested in
simulation on a four-tanks system.

Chapter 7 presents an MPC algorithm for long short-term memory net-
work models, that guarantees robust constraint satisfaction and offset-
free tracking of asymptotically constant set-points. To do so, the con-
trol algorithm includes an enlarged observer, a reference calculator,
and a robust MPC that exploits a constraint tightening technique to
guarantee constraint satisfaction in presence of model uncertainties
and disturbances. The pH neutralization process is consider as bench-
mark example to test the proposed control approach.

Chapter 8 studies the issue of constraints on the input variation in RNN-
based MPC. In particular, we propose a stabilizing MPC formulation
that can be applied to any JISS RNN model, under the knowledge of a
0ISS-Lyapunov function and of an observer with a suitable structure.
The design of MPC ingredients is exemplified in the case of a long
short-term memory network model, and is tested on the four-tanks
process.

Chapter 9 proposes an offset-free, output-feedback, tracking MPC algo-
rithm for generic 6ISS systems subject to input and input rate con-
straints. The algorithm allows to use of a positive semi-definite stage
cost (e.g. for output weighting), and includes an artificial reference to
enlarge the feasibility region. The algorithm is tested on the pH neu-
tralization process, considering a recurrent equilibrium network model
of the system.
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Part II1 — Data-driven MPC in the Koopman operator framework
In this part of the thesis we present some MPC design methodologies using
data-driven surrogate models based on the Koopman operator. A particular
focus is placed on the derivation of algorithms guaranteeing convergence to
the origin, exploiting offset-free MPC algorithms or bounds on the error of
the surrogate models.

Chapter 10 introduces the Koopman operator framework and extended
dynamic mode decomposition (EDMD), that is a data-driven method
to obtain approximations of the Koopman operator. In particular,
we present different approaches to derive surrogate models for au-
tonomous and actuated systems.

Chapter 11 presents an offset-free MPC algorithm using nonlinear Koop-
man-based models. Two formulations of the algorithm are provided,
considering both the case in which the target equilibrium of the system
is fully known and the case in which only a partial information about
the set-point is available. The algorithm is tested in simulation on the
van-der-Pol oscillator and on the four-tanks process.

Chapter 12 is devoted to the derivation of conditions on the error of the
surrogate model under which data-driven MPC asymptotically stabi-
lizes the system. The derived requirements are then verified for data-
driven models in the Koopman framework based on kernel EDMD,
exploiting the availability of point-wise bounds on the approximation
error. Our findings are demonstrated considering the van-der-Pol os-
cillator and the four-tanks process as simulation examples.

Part IV — Applications In this part of the thesis we focus on the use
of MPC in a real world application, consisting in the control of currents in
synchronous reluctance motors.

Chapter 13 presents stabilizing velocity form MPC algorithm for the con-
trol of currents in synchronous reluctance motors. From a theoretical
point of view, the main advantages with respect to the literature about
the use of MPC for the control of electric motors is the guaranteed
stability. In the simulations, the proposed method achieves similar
performances of the state of the art control based on PlIs and decou-
pling in the nominal case, but it is more robust to model uncertainties
and does not require a precise knowledge of the function that relates
inductances to currents, that is typically difficult to obtain.

Chapter 14 draws the conclusions of the thesis.
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1.2 List of peer-reviewed scientific publications

In the following we report the list of the publications derived from the work
described in this thesis.

Journal

e [216] Schimperna, I., Worthmann, K., Schaller, M., Bold, L. and
Magni L. (2025). Data-driven Model Predictive Control: Asymptotic
Stability despite Approximation Errors exemplified in the Koopman
framework. Submitted, available at https://arxiv.org/abs/2505.
05951.

e [77] Galuppini, G., Schimperna, I. and Magni L. (2025). Offset-free
Output Feedback Tracking MPC for 6ISS Nonlinear Systems Subject to
Input and Input Rate Constraints. IEEE Transactions on Automatic
Control.

e [210] Schimperna, I., Magni, L. (2025). On Incremental Input-to-
State Stability of interconnected discrete-time systems. Automatica,
179, 112406.

e [214] Schimperna, I., Rubino, A. and Magni, L. (2025). Velocity
Form MPC for Current Control in Synchronous Reluctance Motors.
IEEE Transactions on Control Systems Technology, 33(6), 2463-2469.

e [209] Schimperna, I., Galuppini, G., Magni, L. (2024). Recurrent
Neural Network Based MPC' for Systems With Input and Incremental
Input Constraints. IEEE Control Systems Letters, 8, 814-819.

e [213] Schimperna, I., and Magni, L. (2024). Robust offset-free con-
strained model predictive control with long short-term memory net-
works. IEEE Transactions on Automatic Control 69(12), 8172-8187.

e [212] Schimperna, I., and Magni, L. (2024). Robust constrained non-
linear model predictive control with gated recurrent unit model. Auto-
matica, 161, 111472.

Conference proceeding

e [208] Schimperna, I., Bold, L. and Worthmann, K. (2025). Offset-
free Nonlinear MPC with Koopman-based Surrogate Models. TFAC-
PapersOnLine, 59(19), 466-471. Presented at the 13th IFAC Sympo-
sium on Nonlinear Control Systems.

e [23] Bold, L., Schaller, M., Schimperna, I., and Worthmann, K.
(2025). Kernel EDMD for data-driven nonlinear Koopman MPC with
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stability guarantees. IFAC-PapersOnLine, 59(19), 478-483. Presented
at the 13th IFAC Symposium on Nonlinear Control Systems.

e [211] Schimperna, I., and Magni, L. (2024). Recurrent equilibrium
network models for nonlinear model predictive control. IFAC-Papers-
OnLine, 58(18), 226-231. Presented at the 8th IFAC Conference on
Nonlinear Model Predictive Control NMPC.

e [215] Schimperna, I., Toffanin, C., and Magni, L. (2023). On offset-
free model predictive control with long short-term memory networks.
IFAC-PapersOnLine, 56(1), 156-161. Presented at 12th IFAC Sympo-
sium on Nonlinear Control Systems.

1.3 Notation

Given two numbers a, b € Z, we use the abbreviation [a : b] := Z N [a, b].

Considering a vector v, v(;) is its j-th component, v is its transpose,
|v]|2 is its 2-norm, ||v]|e is its infinity-norm and [[v]|% = v Av is the squared
norm weighted with matrix A. |v| is the vector containing the absolute values
of the elements of v. |[v]| is used when the relation hold independently on
the choice of the norm. Inequalities between vectors are considered element
by element. Given two vectors v and w, v ® w is their Hadamard product
(element-wise product).

Considering a matrix M, M;) is its element in position ij, My is
its i-th row, M(,; is its j-th column, p(M) is its spectral radius, i.e. the
maximum absolute value of its eigenvalues, ||M ||2 and || M || are its induced
2-norm and co-norm, while || M |5 is its Frobenius norm. MT is the pseudo-
inverse of matrix M. With Aya. (M) and Ay (M) we denote the maximum
and minimum eigenvalues of the symmetric matrix M. Positive definite
and positive semi-definite matrices are denoted respectively by M > 0 and
M = 0. Given a matrix A = 0, AY/2 is the unique positive definite matrix
B such that BB = A.

0., is the m x n null matrix, I, is the n x n identity matrix and
1, and 0,, are respectively the vectors of ones and of zeros of n elements.
We use 0 instead of 0,,, when the dimensions are clear from the context.
diag(dy,...,d,) is the diagonal matrix with elements dy,...,d, on the di-
agonal.

We denote the ball of center zp and radius r > 0 as B,(zg) := {x € R" :
lx — zo|l2 < r}. The symbols @ and © represent the Pontryagin set sum
and difference, respectively.

The inverse of the function « is o~ !. id is the identity function from R
to R. The composition of the scalar functions i1 (r) and ~2(r) is denoted by
71 ©y2(r) := 71(72(r)), while their sum is (y1 + v2)(7) := 71(r) + 12(r). By
Cp(€3;R™), we denote the space of bounded continuous functions on a set €2
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with codomain R", and Cp(Q2) := Cp(Q2; R). The sigmoid activation function

is
1

O'(Z) = m

Activation functions o(-) and tanh(-) are applied to vectors element by ele-
ment.
We use the bold style to denote time sequences, i.e.

Uk ko ‘= {uk1>uk1+17 v )uk'g—l}'

The norm of the sequence uy, x, is

sup{||up|| : k1 < h < ka} it k1 < ko
Huk17k2H = . .
0 if k1 = ko

The subscripts indicating the initial and final time instants of sequences are
omitted when clear from the contest.

To indicate the discrete time instant, we typically use the subscript k,
i.e. xj denotes the value of the variable z at time k. In some parts of
the thesis, to improve clarity, the time dependency is expressed between
parenthesis together with the information about the initial state and the
input sequence, i.e. we use x(k;xzg,u) to denote the value of the variable x
at time k obtained starting from the initial state x¢ and applying the input
sequence u.

The mathrm style is used in the subscripts and superscripts that are not
variables.
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Chapter 2

Stability notions

In this chapter we formally present the stability notions used in the the-
sis. We first consider stability definitions for autonomous systems, and then
we define different types of stability for systems with input. The stabil-
ity notions are presented for discrete-time systems, but they all have a
continuous-time counterpart defined in similar way. The last part of the
chapter is devoted to the study of the stability properties of the intercon-
nection of incrementally input-to-state stabile (6ISS) discrete-time systems.
In particular, we derive two different formulations of the small gain theorem
for 9ISS systems.
Section 2.4 about the interconnection of 4ISS systems is based on:

e [210] Schimperna, I., Magni, L. (2025). On Incremental Input-to-
State Stability of interconnected discrete-time systems. Automatica,
179, 112406.

2.1 Comparison functions

The stability definitions make use of comparison functions [124], defined as
follows.

Definition 2.1 (K-function). A continuous function o : R>g — R>q is of
class KK if a(r) > 0 for all v > 0, it is strictly increasing and «(0) = 0.

Definition 2.2 (K-function). A continuous function v : R>g — R>¢ is of
class Koo if it is a class K function and vy(r) — oo for r — oo.

Definition 2.3 (KL-function). A continuous function 8 : R>gxZ>o — R>
is of class KL if B(r,k) is a class K function with respect to r for all k, it
is strictly decreasing in k for all v > 0, and B(r,k) — 0 as k — oo for all
r > 0.

We report here a useful property of comparison functions that will be
employed in the proofs.
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Property 2.1 (Weak triangle inequality, [124]). Given a € K and any
function p € K, for any r1,m2 € R>q it holds that

a(ry +r9) <ao(p+id)(r)) +ao (pt +id)(ry). (2.1)

A useful particular case of the previous property is obtained considering
p = id. In this case we get

a(ry +re) < a(2r1) + a(2r). (2.2)

2.2 Stability of autonomous systems

In this section we consider the stability properties of an autonomous discrete-
time system

Trey1 = f(ar) (2.3)

with state x € R™. System (2.3) can represent both an autonomous system
or the feedback connection of a system with a controller. Before stating the
stability definitions, we must introduce the concept of equilibrium point and
of positive invariant set of the autonomous system (2.3).

Definition 2.4 (Equilibrium point). A point & € R™ is an equilibrium point
of the system (2.3) if

z = f().
Definition 2.5 (Positive invariant set). A closed set X C R™ is positive
invariant for the system (2.3) if x € X implies f(x) € X.

2.2.1 Asymptotic stability

In this section we introduce the definitions of Lyapunov stability for the
system (2.3). Moreover, we introduce the concept of Lyapunov function,
and we state the Lyapunov theorem for asymptotic stability. For a more
detailed description of the topic, see [197, Appendix B]. Without loss of
generality, the stability definitions are referred to an equilibrium point in
the origin of system (2.3).

Definition 2.6. The equilibrium point x = 0 of the system (2.3) is:

1. Locally stable if, for each € > 0, there exists § = d(g) > 0 such that

lzo|| <0 = |zl <e, VEkeZso.

2. Unstable if it is not stable.

3. Locally asymptotically stable if it is stable and & can be chosen such
that
lzo|| <0 = lim xp = 0.
k—o0
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4. Asymptotically stable in the closed positive invariant set X including
the origin if it is stable and, for all xg € X,

lim z; = 0.
k—o00

5. Globally asymptotically stable if it is asymptotically stable in the set
X =R".

An alternative equivalent definition of asymptotic stability can be given
by means of comparison functions.

Definition 2.7. Suppose that the closed set X including the origin is a
positive invariant set for the system (2.3). The equilibrium point © = 0
of the system (2.3) is asymptotically stable in X if there exists a function
B € KL such that for all xo € X and for all k € Z>q

ekl < B([zoll, &)-

Proposition 2.1 (Proposition B.9 in [197]). Suppose that f is continuous.
Then, 4. in Definition 2.6 and Definition 2.7 are equivalent.

The verification of asymptotic stability using the definition is typically
a hard task. A common and often more straightforward method to study
stability is by means of Lyapunov functions.

Definition 2.8 (Lyapunov function). A continuous function V. : X —
R>o is a Lyapunov function for the system (2.3) if there exist functions
aq, a9, a3 € Ko such that for all x € X

ar(fJzll) < V()
V(f(z)) = V(z)

as([|zl)), (2.42)
—az([[z]])- (2.4b)

Theorem 2.1 (Lyapunov theorem). Suppose that the set X is closed and
positive invariant for the system (2.3). If the system (2.3) admits a Lya-
punov function, then the equilibrium point = 0 is asymptotically stable in
the set X.

2.2.2 Practical asymptotic stability

In this section we define practical asymptotic stability. In standard asymp-
totic stability, the system trajectories converges to the origin (or to the
considered equilibrium). If the origin of the system is practically asymptot-
ically stable, the state trajectories goes towards the origin in a first phase,
and then stagnates in a neighborhood of the origin of fixed size. This behav-
ior can be found in closed-loop systems where there is a mismatch between
the model used for controller design and the real plant under control.
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Definition 2.9 (Practical asymptotic stability). The origin of the system
(2.3) is said practically asymptotically stable (PAS) in the set X if there
exist B € KL and r > 0 such that for all xo € X and for all k € Z>q

ekl < B(loll, k) + 7. (2.5)

Remark 2.1. An alternative formulation of PAS requires the existence of
a function B € KL and a constant 7 > 0 such that

k|| < max{B(]|zol, k), 7}. (2.6)

The two formulations of the definition are equivalent. In fact we can exploit
that given a,b > 0, it holds that max{a,b} < a + b < max{2a,2b} to show
that, given 8 and r satisfying (2.5), there exist 5 and 7 satisfying (2.6), and
vice versa.

2.3 Stability of systems with input

In this section we consider the stability properties of a discrete-time system
with input described by

Tpt1 = f(zk, uk), (2.7)
where x € R™ is the state and u € R™ is the input. The input u; in system
(2.7) can represent both the controlled input of the system or an external
disturbance. The system can be both an open-loop system or the system
obtained by the feedback connection of a controlled system and a controller,
where the input represents the exogenous signals that influence the closed-
loop. As in the autonomous system case, we first introduce the definitions
of equilibrium point and positive invariant set for the system (2.7).

Definition 2.10 (Equilibrium point). A point (Z,4) is an equilibrium point
of the system (2.7) if

z = f(z,u).
Definition 2.11 (Positive invariant set). A closed set X C R™ is positive
invariant for the system (2.3) with inputsu € U if © € X implies f(x,u) € X
foralluel.

There exist several extensions of the concept of asymptotic stability for
systems with input. In this thesis we consider Input-to-State Stability (ISS),
that relates the behavior of state trajectories to the magnitude of the initial
state and of the input signal, Input-to-State practical Stability (ISpS), that
can be seen as en extension of PAS to systems with inputs, and Incremental
Input-to-State Stability (6ISS), that concerns the difference between couples
of state trajectories.

In the following, the stability definitions are stated with respects to the
sets X and U, where the set X is assumed to be positive invariant with
inputs u € U. If we have that X = R™ and &/ = R™, the stability properties
are said to be global.
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2.3.1 Input-to-State Stability

In this section we provide the definitions of ISS and of ISS-Lyapunov func-
tion. ISS means that the magnitude of the system trajectory is bounded
by a vanishing term that depends on the magnitude of the initial state,
and by a term that is related to the magnitude of the input signal. These
definitions for discrete-time systems were first introduced in [114]. For con-
venience, the definitions are given for an equilibrium point in the origin of
the system (2.7).

Definition 2.12. The system xpy1 = f(xg,ux) is Input-to-State Stable
(1SS) in the sets X and U if there exist functions f € KL and v € K
such that for any k > 0, any initial condition xg € X and any input se-
quence ug i, = {ug, w1, ..., ug—1} with up, € U for all h € [0 : k — 1], it holds
that

lzxll < BUlzoll, &) + v ([aoxll) - (2.8)

Definition 2.13 (ISS-Lyapunov function). A continuous function V : X —
R>g is an ISS-Lyapunov function for the system xpi1 = f(x, ux) if there
exist functions oy, as, ag € Koo and v € K such that for allx € X, ueld

ar([[z]]) < V(z) < ax(|lz]), (2.92)
V(f(z,u)) = V(z) < —az((lz]l) +y([lul)- (2.9b)

The following theorem is taken from [90], and is a generalization of [114,
Lemma 3.5] that does not require continuity of the Lyapunov function.

Theorem 2.2 (Lyapunov theorem for ISS). If the system xx11 = f(xk, uk)
admits a ISS-Lyapunov function in the sets X and U, then it is 1SS in X
and U.

Definition 2.13 of ISS-Lyapunov function is given in the so called dissi-
pation form. In the literature there exists also an alternative formulation,
called implication form ISS-Lyapunov function. For its definition and its
relation to the dissipation-form ISS-Lyapunov function, in particular for
systems with discontinuous dynamics, we refer the interested reader to [90].

2.3.2 Input-to-State practical Stability

ISpS is a similar property to ISS, but it does not require the system state
to asymptotically reach the origin when the input is null. Instead, it is
sufficient that the trajectory reaches asymptotically a neighborhood of the
origin of fixed size. An overview of ISpS can be found in [194].

Definition 2.14 (Input-to-State practical Stability). The system (2.7) is
Input-to-State Practically Stable (ISpS) in the sets X and U if there exist
functions € KL and v € K, and a constant r > 0, such that for any
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k € Z>o, any initial condition vo € X and any inpul sequence Ugj =
{ug, u1, ..., up—1} with up, €U for all h € [0 : k — 1], it holds that

ekl < B(llzoll, k) +~ (luoll) + 7.

Definition 2.15 (ISpS-Lyapunov function). A function V : X — Rxg
is an ISpS Lyapunov function for the system (2.7) if there exist functions
at,a9,a3 € K, v € K, and two constants c1,co > 0, such that, for any
r € X, u €U, it holds that

ar([z])) < V(z) < as(|lzl]) + e,
V(f(z,u)) = V(z) < —az([[z[)) + y([[ul]) + ca.

Theorem 2.3 (Lyapunov theorem for ISpS, [194]). If the system (2.7) ad-
mits an ISpS-Lyapunov function, then it is ISpS in the sets X and U.

2.3.3 Incremental Input-to-State Stability

6ISS is a property that describes the stability of state trajectories of a dy-
namical system with respect to each other. In particular, in a §ISS system,
the contribution of the initial state vanishes asymptotically, and the differ-
ence between state trajectories is bounded by the difference between the
corresponding input sequences.

Incremental stability properties of nonlinear continuous-time systems are
extensively studied in [7]. The interest in §ISS for discrete-time systems was
mainly stimulated by the design of robust MPC, where a crucial point to
prove recursive feasibility is the analysis of perturbed trajectories. In this
perspective, the notions of Incremental Global Asymptotic Stability, dISS
and 0ISS-Lyapunov functions are first introduced for discrete-time systems
n [11]. In [232], the main results of [7] regarding the Lyapunov characteri-
zation of §ISS systems are extended to the discrete-time framework.

Definition 2.16 (Incremental Input-to-State Stability). The system (2.7)
is Incrementally Input-to-State Stable (01SS) in the sets X and U if there
exist functions B € KL and v € K such that for any k € Z>q, any pair of
initial conditions xf, xB € X, any pair of input sequences uak and uak with
ud,up €U for all h € [0: k — 1], it holds that

ot — 2l < B2 — bl k) + (lude —wiill). (210

Definition 2.17 (Exponential dISS). The system (2.7) is exponentially 0 1SS
in the sets X and U if it is 1SS in X and U and the function 8 is exponential
in the second argument, i.e. there exist x> 0 and X\ € (0,1) such that

B(r,k) < prF.
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Definition 2.18 (4ISS-Lyapunov function). A continuous function V : X x
X — Rxq is a 01SS-Lyapunov function for the system (2.7) if there exist
functions a1, 09,03 € Koo and v € K such that for any xz*, 2 € X and
u?, uP € U it holds that

ar(|lz® — 2"|) < V(a*,2") < as([la* — 2”)), (2.11a)

V(f(a®u®), f(a®uP)) = V(a*2") < —ag(|lz* = 2"|)) +1([Ju* = u])).
(2.11b)

Theorem 2.4 (Lyapunov theorem for §ISS, [232]). If the system (2.7) ad-
mits a 61SS-Lyapunov function, then it is 1SS in the sets X and U.

2.3.4 Contraction

Contraction is a property similar to exponential §ISS, but that considers
couples of trajectories associated to the same input sequence. In this the-
sis, we consider contraction as defined in [155] and [201, Definition 2], and
reported in the following definition.

Definition 2.19. The system (2.7) is contracting with rate o € (0,1) if, for
any two initial conditions x%,mg and any input sequence Ugj, there exists
w > 0 such that
a__ b < kj.,.a __ b
[z — xpl] < pa®[lag — 2]l

2.4 Interconnection of incrementally input-to-state
stable systems

In this section we study the properties of the interconnection of §ISS systems.
The study of the stability of interconnected systems is very useful to deal
with complex systems, such as network systems [122], and can be exploited
in the control design. In this framework a common instrument are small
gain theorems. Different formulations of the small gain theorem exist in the
literature, depending on the considered stability property and on the class
of systems. For instance, small gain theorems were derived for ISS systems
both for continuous-time systems [109, 112] and discrete-time systems [114],
and for ¢ISS for continuous-time systems [7]. Small gain theorems are also
often exploited for control design [110, 111]. However, in the literature
there are not many results concerning the interconnection of discrete-time
0ISS systems, and the only available results are derived for systems with
a particular structure. For instance, in [30] and [28], the §ISS property of
multi-layer RNN is studied with reference to the particular equations of the
systems in exam, showing that if all the composing subsystems (i.e. the
RNN layers) are 0ISS, then the overall system is dISS. This is a particular
case of a more general result derived in [37] for the cascade connection of
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OISS systems. The aim of this section is to study the more general feedback
connection of discrete-time §ISS systems, deriving conditions under which
the overall system enjoys the 0ISS property. In particular, two different
small gain theorems are derived, one based on the definition of 4ISS and
one based on 0ISS-Lyapunov functions. Notably, the result for the cascade
connection of ISS systems of [37] is a particular case of the result derived
here.

For sake of simplicity, in this section all the stability properties are con-
sidered global. To improve clarity, we will explicitly state the dependence
of state trajectories from the initial condition and the input sequence. In
particular z(k, xo,u) denotes the state of the system (2.7) at time step k,
emanating from the initial state x¢ and applying the input sequence u.

To derive the results of this section, some additional definitions related
to 0ISS are required.

Definition 2.20 (Incremental asymptotic gain, [232]). The system (2.7)
has an incremental asymptotic gain if there exists ¥ € KC such that

limsup ||z (k; 2§, uS’k) — z(k; 3787‘18,1@)” <7 <Iimsup ||uf — UEH) .
k—o0 k—o0

Definition 2.21 (Incremental UBIBS, [232]). The system (2.7) is incre-
mentally Uniformly Bounded Input Bounded State (incrementally UBIBS)
if there exist o,v € K such that

b b b
I 00— X ocll < (28— a§1) + 7 (105,00 — wBocll)
where x{ ., and XB,OO are the state sequences obtained with initial states xf
and $8 and input sequences ug o, and ug,oo‘

Theorem 2.5 ([232]). Consider the system (2.7) and assume that f is
continuous. The following statements are equivalent:

1. The system (2.7) is §ISS.

2. The system (2.7) has an incremental asymptotic gain and is incremen-
tally UBIBS.

3. The system (2.7) admits a §ISS-Lyapunov function.

In the following, we consider the interconnected system

{$k+1 = f(@k, Yk, ur)

(2.12)
Yk+1 = 9(Tk, Y, Ug)

with z € R™, y € R™ and u € R™, and where f and g are continuous. The
0ISS property of the system (2.12) is studied by considering the difference
between two trajectories with initial states [#37 y37]" and [#5" 8], and

input sequences uf ., and uB s Tespectively.
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2.4.1 Small gain theorem for /ISS

In order to derive a small gain theorem for the system (2.12), the following
technical lemma is introduced first.

Lemma 2.1. Let h, : R" x R" — RP* and hy : R" x R"™ — RPv be two
continuous mappings. Assume that hy is such that if imsupy,_, . || has (22, 22)|
is finite then limsup,_,. |28 — 2P| is finite, and that hy is such that if

Hm supy,_, o0 || Ay (Y, y2)|| s finite then limsup,_,o [|y2 — yP| is finite. As-
sume that the following §ISS-like properties hold for the subsystems in (2.12)

o af)ll < o2 — Bl R) + v (I — ufall)
(2.13a)
+ (Hh Y1 Yor) I)
Iy o )1 < Byl — w1, ) + 3 (1 — )
(2.13b)
% (I1ha i X))
If there exist p1, p2 € Koo such that for all r >0
(i + p1) 07y 0 (id + p2) 0 7 (r) < 7 (2.14)

then the following properties hold for the interconnected system:

(P1) There exist o,y € K such that

X()k’XOk]H < [ 1‘8] > ( a b )
+v(|lugr —u . (2.15
i . fud —ubell) . (215)
(P2) There exists 4 € K such that
lim sup ‘ [h 2(2 k’xk ] H <# <1imsup luf — u?”) ) (2.16)

Proof. The proof is reported in Section 2.6.1.

Remark 2.2. Given functions vy, and vy, functions p1,ps € Ko, satisfying
(2.14), can be chosen as pi(r) = e1r and p2(r) = ear with €1,e2 > 0.

It is now possible to state the small gain theorem for JISS discrete-time
systems.

Theorem 2.6 (Small gain theorem for 6ISS). Consider the interconnected
system (2.12), and assume that each subsystem is 1SS with respect to u and

the state of the other subsystem, i.e.
b
Bill) + (I — yo,kug ,

(2.17a)

ot = afll < Bullag — bl k) + o (I -
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It = okl < Byl = w81 K) + Fu (b = ubell) + 70 (l1xd —xaku) .

(2.17Db)
If there exist p1, p2 € Koo such that for all r >0
(1 + p1) 07y © (id + p2) 0 7a(r) < 7 (2.18)
then the interconnected system (2.12) is §ISS with respect to u.
Proof. By applying Lemma 2.1 considering h,(z* 2P) := 2* — 2" and

hy(ya,yb) ;= y* — yP, it follows that the interconnected system (2.12) is
incrementally UBIBS and has an incremental asymptotic gain. Then, the
6ISS property follows from Theorem 2.5. O

Remark 2.3. The small gain condition (2.18) is equivalent to
(id4 p2) o vz 0o (id+ p1) o yy(r) < r

for [124, Lemma 27].

2.4.2 Small gain theorem for §ISS-Lyapunov functions

In many applications the §ISS property is proven by means of 1SS-Lyapunov
function. Hence, a formulation of the small gain theorem directly based on
0ISS-Lyapunov functions is derived in the following theorem.

Theorem 2.7. Assume that the subsystems in (2.12) admit §ISS-Lyapunov
functions V, and Vy, such that

ar(fa® = 2P) < Va(a®,2”) < ag(|ja® — ) (2.190)
Vil gt ut), flab P ) - Vale®, o) < 2190
— a3(Va(2®, 2)) + v (Vy (", 4”)) + yulllu® — u”|))
and
ar(ly* — ") < V(™ o°) < aallly® — ") (2.20a)
Vy(g(:l:av ya’ ua)7 g(xba yb7 ub)) - ‘/y(ya7 yb) < (2 20b)

— as(Vy(y y”)) + 7(Va(2®,2")) + Ju(Ju® — )

where aq, as, ag, @1, G, ag € Ko and are such thatid—a3 € IC, id—ag € I,
and ¥, Yu, ¥, Yu € K. If there exist functions p1, pa, b1, 2 € Koo such that
forallr >0

(id 4 p1) oaz o (id + p1) oy o (id + p2) o &zt o (id + pa) 0 7(r) <,
(2.21)

then the interconnected system (2.12) is §ISS with respect to w.
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Proof. The proof is reported in Section 2.6.2.

Remark 2.4. Two different small gain conditions, (2.18) and (2.21), have
been derived. These conditions depend on v;,7vy, and on as,~,as,y, respec-
tively, that are not uniquely defined given the considered system. v.,7y, and
as, vy, as, v are conceptually related, but the derivation of one set of functions
from the other is not straightforward, and is typically based on possibly con-
servative inequalities. Hence, the derivation of two independent conditions
s very useful.

2.4.3 Cascade connection

An useful particular case of the interconnection of two systems is the cascade
connection, i.e. when the system (2.12) is reduced to

{xk+1 = f($kayk7uk) (2.22)

Yk+1 = g<yk7uk)

In this case, if the two subsystems are 6ISS, it is always possible to apply
the results of Theorem 2.6 with v, = 0. In particular, the following result
holds.

Corollary 2.1. Consider the interconnected system (2.22). If the x-sub-
system is 1SS with respect to u and y, and the y-subsystem is 0ISS with
respect to u, then the overall system (2.22) is §ISS with respect to u.

2.5 Conclusions

In this chapter we have introduced the stability notions used in the the-
sis, and the corresponding formulations of the Lyapunov theorem. These
notions will be used in the reminder of the thesis to characterize both the
system under control in open-loop and the behavior of the closed-loop sys-
tem controlled by MPC. Moreover, we derived two different formulations of
the small gain theorem for the interconnection of discrete-time 6ISS systems.
In particular, the formulation of Theorem 2.7 is useful when the stability
analysis of the subsystems is carried out by means of Lyapunov functions.
Notably, the result for the cascade connection of §ISS systems of [37] is a
particular case of the generic feedback interconnection studied in this thesis.

2.6 Proofs

2.6.1 Proof of Lemma 2.1

The proof is divided in the proof of the incremental UBIBS-like property
(P1) and in the proof of the incremental asymptotic gain-like property (P2).
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Property (P1): From (2.13a)

b
1P (35,15 X010

(2.132) a b a b a b
< Balllad = b1, 0) + 7 (Ilud s = wiall) + 7 (10 (v 7801)

(2.13b) a b a b
< Balllas — b1, 0) + 7 (Jlud s — ub sl

= b
3 (By 1y = w511,0) + u (1108 = b sll) + 7o (I (8 s x5)11) )

8,y — a0 + 7 (I — il

3y 0 (id + p2) 0 % (11 o5 5501

+ 0 id + 03 ") (Bl — wb1,0) +3u (g — wiil))
for any py € K. By rearranging the previous inequality, one has that

(id = (9 © (id + p2) 0 72)) ([l (3§ 1 0. )

< Buolllg — 2b1,0) + v (I — uill)

3y 0 (id+ p3) (By(1lys — w511,0) + 3u (Il — ubil))
From (2.14), there exists a function p; € K such that

(id = (yy © (id + p2) 0 72)) (1) = p1 o vy 0 (id + p2) © Y (r).
Hence

pr oy o (id + p2) © 7z (|| (x§ s 0.1 1)

< Buollleg — 2b1,0) + 7 (I — uill)

+y 0 (id+ p5) (By(llys — w11, 0) + 3u (110 — ubsl))

Note that p3 := p1oy,0(id+p2)o~y, is the composition of functions of classes
K and K, hence it is a Ko function and is invertible. By using the weak
triangle inequality on the last term of the right hand side and applying ps !
to both sides, it is possible to obtain that there exist functions o1, € K
such that

b
b Z
st xbi0ll < n (| [ 2228

\)+mamm—umm. (2.23)

In a similar way it is possible to obtain that there exist functions o3,v2 € K

such that
b
[xg — {L‘g:|
Y0 — Yo

Iy . 75,01 < 2 | ) e (= ubel) . (220
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The incremental UBIBS-like property (2.15) follows from (2.23) and (2.24)
by taking o = \/of + 05 and v = /7§ + 3.

Property (P2): From (2.23) and (2.24) it follows that if
lim supy,_, HUZ — u}i“ is finite, then there exists some ¢ > 0 (depending on
lzg — 8, v — woll and [[u§ o — ug o [l) such that [[hs (2}, 23)] < ¢ and
|y (v, y2)|| < c for all k € Zso. Hence, the limits lim supy,_, o [|ha (23, 22)||
and limsupy,_, . [|hy (v, y2)|| are finite. Then, by assumption, also
lim supy,_, o |7 — 2P| and limsupy,_, ., ||y — yP|| are finite.

Define k := [g] Then
a by 132 a_ b T a b
Iho(at sl < Ballleg = whll k= B) + 7 (g, — uf )
+ 9 (I (3 ¥ 1)
< Bolek = F) o (I — w2 1)+ (I 07201

for some ¢ > 0. Take the limit superior and exploit its subadditivity property
limsup ||y (af, o5) | < Timsup 8, (e, k — k) + limsupy, (J[uf , — uf )

+ lim sup v, (th(y%k, yEk)H)
k—o0

k—o0

2.25)
< Yu <limsup | ug — u2\|> + <limsup [y (U y}i)l\z) :
k—o0
Similarly

lim sup ||y (v y2) || < Au <limsup l|uf — uE]) + Yy <limsup o (22, 22| ) -
k—ro0 k—ro0 k—ro0 (2' 6)

Substitute (2.26) in (2.25)

lim sup || hg (22, 2D)||
k—o0

Sw(m@mmwm@wm0+%Qmww@—@0)
k—o0 k—o0

o (1o fu — )

k—o00

(2.1)
<00 a4 pa) o (tmsup et o)

k—o0

#9047 o (s g = g1 )+ 9 (tmsup o — )

k—o0 k—o0
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for any ps € K. Rearranging the previous inequality

(id — (0 (id + p2) 0 72)) (hmsup ||hx<xz,:c};>||>

k—o00

<y 0 (id+ p5") 0 70 <nmsupuuz —u}zu) e (nmsupuuz —u};u) .

k—00 k—o0
From (2.14), with steps similar to the first part of the proof, it follows that

there exists a function p; € Ky such that

P10 Yy o (id + p2) 0 7z (hm sup || ha (27, xi)”)
k—o00

<o (id+ pQ_I) ° Yu (limsup |luf — uEH) + Yu <limsup ||uf — uEH) .

k—o0 k—o0

Then the incremental asymptotic gain-like property (P2) can be proven
by applying p3 ! to both sides of the inequality, and repeating the same
reasoning for lim supy,_, . ||hy (2, y2)||. O

2.6.2 Proof of Theorem 2.7

The proof of Theorem 2.7 makes use of the following auxiliary Lemma.
Lemma 2.2. If system (2.7) has a §1SS-Lyapunov function V such that
V(f (2™, u®), fa® uP)) = V(2®, )
< —ag(V (2™, 2”)) +y([|lu® = "|])

with as € Koo such that id — ag € K and v € IC, then there exist § € KL
and v € K such that

V(ﬂf(k‘, x%a ug,k)a $(kv $87 uak))
< 8 (Vb ab). k) + 3 — wiil)

where ¥ = agl o p~ Lo for any function p € Ko such that id — p € K.

Proof. Consider any function p € Ky such that id — p € K, and define
the sets S(k) := {(z®,z") € R" x R" : V(a®,2P) < b(k)}, where b(k) :=
azltop™to Y(llug pir — uB’kHH). Distinguish two cases:

(C1) (2, 2}) € S(k);

(C2) (af,2}) & S(k).
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Case (C1): One has that

V(@fy1s204) < (id = ag)(V(af, 23)) + 5 (lug — wll)

< (id — as)(V(af, 23)) + ([ g1 — u g ])-

Since id — a3 € K,

V(2hi1, QUEH) < (id — a3)(b(k)) +y(|[uf g1 — ug,kJrlH)

— (id = p) o az(b(k)) + b(k) — p o az(b(k))
+y(laf g1 — ug,kﬂ”)

— (id = p) o az(b(k)) + b(k)
<bk)=az'opto Y([[uf g1 — ug,kJrlH)

- b
= 'Y(”ug,k-H - uO,k+1|D

ie. (z%,,,2p.,) € S(k). Moreover, note that S(k + 1) 2 S(k) because

bk + 1) = A3 1y — 0ol > ARy, — by ) = b(K). Hence, if
the system is in Case (C1) at time step k, it remains in Case (C1) for all
the subsequent time steps.

Case (C2): One has that

= — (ld — p) o 053(‘/(]"27‘7:2))
—poas(V(af,23)) +y(luf — wgll)
< — (id— p) 0 ag(V (2, 22).

V(@ 204) = Vg aR) < — as(V(af,2p) + v(lluf —«g])

Since the system can be in Case (C2) only in the initial time steps, it is
possible to use [113, Lemma 4.3] to show that there exists a function g € KL
such that

V(g ap) < BV (af,25), k).

Finally, the Lemma is proven combining Cases (C1) and (C2). O

Proof of Theorem 2.7. In view of Lemma 2.2, it is possible to rewrite
(2.19b) and (2.20b) as

Vo(ad, 2b) < By (Vx(xg,q:b),k)

a3 0t (YUIVy (38 Y + vl — ubell))
Vy (yi ) < By (‘/y(yé’},y'&), k)

a0 oyt (TUIVa 081 + Fulug . — bl )
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for any couple of functions p,,p, € Ko such that id — p, € K& and id —
py € Ko and for some functions f3,, 8, € KL. Applying the weak triangle
inequality (2.1) and using (2.19a) and (2.20a), one obtains that for any

By By € Keo

Va(ah,af) < 8o (Jlah — <5l k)
+aztop; o (id+ ) o (Vv v I
a5t ot o (id+ iz ") o yu(llud = uf i)

and

Vy(yi,yp) < (Hyo yE’II,k)
+ag " op, ! o (id + py) o F(IVa(xE 4 x05) 1)
+az'op, o (id+ pyt) o Fu(|[ud g — ugll)

where £, (r, k) 1= Bz(ca(r), k) and By (r, k) := By(aa(r), k).
Pick fiz, pw € Koo such that (id + jiz) o (id 4 pz)(r) = (id + p1)(r) for all

r > 0 (this is always possible in view of [124, Lemma 23]), and p, such that
pyt = id+fi,. Similarly, pick fiy, py € Koo such that (id+ fy,)o (id+puy)(r) =
(id + p2)(r) for all » > 0, and p, such that p;l = id + fi. Then, in
view of (2.21), it is possible to apply Lemma 2.1 with h, = V,, hy = V,,
Yy = agl o(id+ p1) oy and v, = @gl o (id 4+ pg) o7 to obtain that there
exist 0,4,7 € K such that

=

ve — e

[l < (
V(y0k’y0k

) (e - ubal) om0
and

lim sup H [ b(oh o] ] H <7 (limsup lluf — uEH) : (2.27b)
k—ro0 ykvyk; k—o0

Inequalities (2.27a) and (2.27b) can be combined with (2.19a) and (2.20a)
to obtain that the system is incrementally UBIBS and has an incremental
asymptotic gain. Then, §ISS follows from Theorem 2.5. 0
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Chapter 3

Introduction to Model
Predictive Control

In this chapter, we introduce the basics of MPC and the main control prob-
lems that are analyzed in the thesis. First, we introduce the MPC algorithm
in the simplest case, that is the regulation to a constant set-point, and we
present the two main methods to achieve closed-loop stability, that are the
design of terminal ingredients and the use of a long enough prediction hori-
zon in combination with a cost controllability property of the system. Then,
we analyze the more complex control problems that will be studied in the
remaining parts of the thesis in combination with data-driven models. In
particular, output-feedback MPC schemes are introduced in Section 3.3. In
Section 3.4 we deal with the issue of state constraints in presence of model
uncertainty, and we give a general overview of robust MPC algorithms.
In Section 3.5 we introduce some algorithms for offset-free tracking MPC
in presence of disturbances and model-plant mismatch. A modified MPC
scheme to deal with incremental input constraints is shown in Section 3.6.
Finally, the use of artificial reference and of semi-definite stage cost in the
MPC algorithm are analyzed respectively in Sections 3.7 and 3.8.

The presentation of this chapter is done in a general way, and we intro-
duce all the main ideas while neglecting some of the technical details, that
will instead be treated in an exhaustive way in the following chapters for
each one of the specific MPC algorithms.

3.1 MPC algorithm
Consider a discrete-time system

Tpr1 = fon, ug) (3.1)

with state z € R™ and input v € R™. In the simplest formulation of the
MPC, the control objective is to perform regulation to a reference equilib-
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&
N
N

— MPC Plant

Figure 3.1: Block diagram of the MPC algorithm.

rium (Z, ) of the system. The control problem may include input constraints
u € U C R™ and state constraints x € X C R".

In the MPC algorithm, we solve a finite horizon optimal control prob-
lem (FHOCP) at each time step, and then we apply to the plant only the
first element of the optimal input sequence, according to the so-called reced-
ing horizon (RH) principle. Since the FHOCP solved at each time step is
initialized using the current value of the system state, the MPC algorithm
implicitly defines a state-feedback control law.

The cost function in the optimization problem is given by the sum of the
stage cost over N steps in the future, where N is called prediction horizon.
The stage cost is a function £ : R™ x R™ — R. A typical choice is the use
of quadratic positive definite stage cost functions, i.e. cost functions in the
form

Ua,u) = |z — 2§ + [lu —al% (3.2)

where Q = Q" € R™™ and R = R" € R™ ™ are positive definite matrices,
while (z,u) is the reference equilibrium of the system under control. The
final state in the optimization problem may be penalized more according to
a terminal cost V¢ : R™ — R. The terminal cost is often designed to take into
account the cost on the infinite horizon, and can be used to enforce stability
of the closed-loop. It is also possible to include a terminal constraint on the
last predicted state, that is given by the set A;. The terminal set is used to
ensure constraint satisfaction on the infinite horizon. The MPC algorithm
is reported in Algorithm 3.1. The algorithm considers the ideal case (also
called nominal case), in which the future predictions of the system used to
compute the cost and constraints are obtained using the system dynamics
(3.1). When the exact description of the system is not available, a surrogate
model can be used in (3.3c). A common method is the use of first principle
models or gray box models. In this thesis we explore the use of data-driven
models. Through the thesis, we use k to denote the current time step of the
system, while 7 is used as an index in the FHOCP predictions.

The block diagram that schematically represents the components of the
closed-loop with MPC is reported in Figure 3.1, where we can see the state-
feedback nature of the MPC control law. This schema will be modified
with additional blocks in the next sections to consider more complex control
problems.

In order for the MPC algorithm to be well defined, it is required that the
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Algorithm 3.1 Model Predictive Control

Input: Horizon N € N, input constraints U, state constraints X, stage cost
(-, ), terminal cost Vi(-), terminal set A}

For each £ =0,1, ...
(1) Measure current state x.

(2) Let u:= {uy k3N E Solve the finite horizon optimal control problem

N—-1

min > U win) + Vi(zyg) (3.3a)
i=0

st T = T (3.3b)
Tipik = (@i, wig), fori€[0: N —1] (3.3¢)
u, €U, forie[0: N —1] (3.3d)
Ty € X, forie[0: N —1] (3.3e)
TNk € Xt (3.3f)

to obtain the optimal control sequence u* = {uak, e ,ujv_llk}.
(3) Apply the MPC feedback law

optimal control problem (3.3) is feasible for all k. This property is not always
guaranteed when state constraints are present in the optimization problem.
Therefore, one of the key properties that must be guaranteed when designing
an MPC control law is recursive feasibility. The MPC control law is said to
be recursively feasible if the existence of a solution of the FHOCP at time
step k = 0 implies that the FHOCP is feasible Vk € Z>.

We introduce now some useful notation. We denote the MPC cost func-
tion as

N—

T(@,u) =Y g wg) + Vi)

1=

—_

where u := {ugp, ..., un_1x}, Tor = @ and z;; are defined according
to (3.3c). We also define V(x) := J(z,u*) as the optimal cost of (3.3).
V(z) is also called (optimal) value function. In some parts of the thesis, the
dependence of the cost function and of the value function from the prediction
horizon will be explicitly stated, and it will be indicated as a subscript, i.e.
by using Jy(z,u) and Vy(z).
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3.2 MPC stability

In general it is not guaranteed that the MPC Algorithm 3.1 stabilizes the
system (3.1). In fact, there are several examples in which the application of
the MPC control law renders unstable systems that are open-loop stable and
even linear, see, e.g., the chain of mass-spring-dampers example in Section
VII-A in [133]. For this reason, the study of stabilizing MPC algorithms
is very important. There are two main methods in the literature to design
stabilizing MPC algorithms. The first one relies on the design of the terminal
cost and terminal constraint. The second uses a sufficiently long prediction
horizon in combination with a cost controllability property of the system
under control.

In the simplest version, the stabilizing MPC algorithms require the use
of a positive definite stage cost ¢. This means that the stage cost must
satisfy the following assumption.

Assumption 3.1. There exists a function oy € Koo such that
Uz, u) = ||z — z[]) (3.5)
forallx € X andu e lU.

The most common choice is a quadratic stage cost as in (3.2), with
positive definite matrices Q and R. The use of a stage cost that is only
positive semi-definite is further discussed in Section 3.8.

3.2.1 Stability based on terminal ingredients

This method [169, 197] is based on the knowledge of a locally stabilizing
auxiliary control law p, for the system, that is used for the design of the
terminal cost V¢ and the terminal set A}.

Assumption 3.2. The terminal set Xy and the terminal cost Vi are such
that, for an auxiliary control law p, : Xy — R™, it holds that:

1. X C X and contains the target equilibrium T in its interior;

2. Xt is a positive invariant set for the system under the auziliary control
law, i.e. f(x,pa(x)) € X for all x € X;

3. pa(z) €U for all x € Xg;
4. The terminal cost Vi : Xy — R>q is such that
Vi(f (3, 1a () — Vi) < —L(2, ra(2)) (3.6)
for all x € X;. Moreover, there exists ar € Koo such that

Ve(z) < af(||lx — Z||) V€ A (3.7)
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In the following, we state the main result about asymptotic stability of
MPC with terminal ingredients. The proof is reported for tutorial reasons,
and to introduce some of the notation that will be employed in the stability
proofs along the thesis.

Theorem 3.1. Let Assumptions 3.1 and 3.2 hold and assume that U is
bounded. Let Xy be the set of states from which there exists a solution of
the FHOCP. Then, the MPC Algorithm 3.1 is recursively feasible and x = &
1s an asymptotically stable equilibrium point of the closed-loop system in the
set Xn.

Proof. The proof is composed by the proof of recursive feasibility and the
proof of asymptotic stability.
Recursive feasibility. Assume that the FHOCP (3.3) is feasible at time

step k, and denote the optimal input sequence by uj := {“ak? e ,ujv_llk}.
Moreover, denote by xj := {x6|k’ e 7337\1\19} the associated optimal state
sequence, defined by l‘a‘k := x and :c;‘+1|k = f(:cl*‘k,uflk) Then, it is

possible to define a feasible input sequence ugy; at the subsequent time
step as

1~lk-‘rl = {u{‘kv re 7u7\f—1‘k7 Ma(l’?\ﬂk)} (38)

Note that the state trajectory associated to G4 is given by

ik‘-}—l = {xﬁka e 7:6;(\[‘]@ f(x,](\”k;?:u’a(xfl(\ﬂk))}

The sequence 41 respects the constraint (3.3d) in view of Point 3. of
Assumption 3.2. Moreover, the state trajectory Xj,1 respect constraints
(3.3e)-(3.3f) in view of Points 1. and 2. of Assumption 3.2. Hence, we have
shown the existence of a feasible sequence at time k -+ 1, which implies
recursive feasibility of the optimization problem.

Asymptotic stability. In this part of the proof we show that the optimal
MPC cost V() is a Lyapunov function for the closed-loop system in Xy,
by showing that it respects the conditions in (2.4). Using Assumption 3.1,
we can derive the lower bound

* x  (3:3b) * 3.5) -
Vi) 2 Lt ugp) =" L@, ugy) = ae(|lz —zf]).

To derive an upper bound for V(z), we first define the input sequence ty
obtained by applying iteratively the auxiliary control law p, to the system
(3.1) starting from z. In view of Points 2. and 3. in Assumption 3.2, the se-

quence Uy is feasible for all z € &. Denote by X, := {7 1 1Y, the associated
state trajectory. By MPC optimality, for all x € X we have that

N-1

V(z) < J(z, ) = Z (T pa(Tigp)) + Vi@ ) < Vi(x)
=0
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where the last inequality is obtained by applying (3.6) iteratively in a tele-
scopic sum. Then, in view of (3.7), we have that for all x € A}

V() < ax((le — ).

Then, the upper bound can be extended to all x € Xy using [197, Proposi-
tion 2.16].

To show the decrease of V(z), we make use of the feasible control se-
quence Uy defined in (3.8). In view of the MPC optimality, we have that

V(f (e MO (2n))) = V(aw) < T(f (@ M7 (2r)), Tpgr) — V()
= L@\ talz ) + Ve(f (@8 ta(Thpr))
— Vi) — Llap, 1™ (1))

(3.6) (3.5)
< U, MO () < (|| — ).

We have shown that V is a Lyapunov function on X. Then the MPC
closed-loop is asymptotically stable in view of Theorem 2.1. ([l

When the control problem is more complex, the proof of Theorem 3.1
can be modified in order to take into account all the possible differences with
respect to the nominal case. In particular, a main concern in the thesis is
the presence of differences between the model used in the MPC optimization
in (3.3¢) and the system under control, so that the initialization of the MPC
at time step k + 1 is different from xﬁ - Lhis is the typical case when data-
driven models are used, or when the state is not directly measurable and a
state observer is introduced in the closed-loop.

There exist several algorithms that exploit this method to guarantee
closed-loop stability [169]. The simpler method consists in the use of a
terminal equality constraint, firstly introduced in [123]. This algorithm con-
siders V; = 0 and Ay = {z}, which trivially satisfy Assumption 3.2 with the
control law g, (z) = . In this MPC algorithm, the state predictions must
arrive at the equilibrium at the end of the horizon. This method is easy to
design, but it often suffers of bad performances and of a limited feasibility
region, in particular when the prediction horizon is short. The decrease
of performances is related to the fact that the solution of the optimization
is strongly influenced by the terminal constraint and may not reflect the
objective required by the cost.

For linear systems with a quadratic stage cost, the design of termi-
nal ingredients is typically based on the use of the auxiliary control law
ta(z) = Kz, where the gain K € R™*" and the associated Lyapunov func-
tion Vi(z) = ||z||% can be derived, e.g., from the solution of the discrete time
Riccati equation associated to the infinite horizon linear quadratic control.
Then, the terminal constraint set can be chosen as a suitable sublevel set of
the terminal cost Vi(z), or as the maximal output admissible set (MOAS,
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[81]) of the closed-loop system associated with the feedback law u = Kuz.
The use of the MOAS has the advantage of providing a polytopic terminal
set. This method to obtain a stabilizing MPC algorithm can be extended
to nonlinear systems by using a linearization of the system under control in
the reference equilibrium, see [41, 161].

3.2.2 Stability based on cost controllability

The design of terminal ingredients may be a demanding task for nonlinear
systems, because it relies on the explicit knowledge of an auxiliary control
law, a Lyapunov function and a control invariant set. For this reason, MPC
algorithms that guarantee stability without the use of terminal conditions
have been developed both for discrete-time systems [20] and for continuous-
time ones [198]. The typical approach to achieve asymptotic stability with-
out terminal conditions relies on cost controllability, a controllability condi-
tion originally proposed in [86, 233], in combination with a sufficiently long
prediction horizon [92, 51], see [244] for a unifying comparison. In this case
Algorithm 3.1 is implemented using V¢ = 0 and X = X.
The following (standard) definition is taken from [20, Definition 1].

Definition 3.1 (Admissible control sequence). A sequence of control values
u = {ug|p, ..., Un_1)x} 15 called admissible for z;, € X and N € NU {oo} if

(@i, wip) € X and  wp €U

foralli € {0,1,...,N—1}. The set of admissible control sequences of length
N € NU {oo} is denoted by Uy (zy).

We can now introduce the cost controllability assumption required to
prove closed-loop stability.

Assumption 3.3 (Cost controllability). The system (3.1) with stage cost
l(x,u) is cost controllable, i.e. there exists a monotonically increasing and
bounded sequence (BN)nen such that, for every state x, there exists a control
sequence u € U () satisfying the growth bound

VN(SU) < JN(SL‘,II) < BNE*(‘%‘) VN € N, (3.9)
where £* := min, ey £(z,u).

If the stage cost £ is positive definite, i.e. it respects Assumption 3.1, the
cost controllability assumption implies the existence of a control sequence
that drives the system state to T asymptotically. Note that in (3.9) the first
inequality directly follows from the definition of the value function.

Then, the following stability theorem holds.
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Theorem 3.2. Let Assumptions 8.1 and 3.3 hold. Let the prediction horizon
N be chosen such that

(B2 =1)(By - DIIN,(Bi - 1)
ITs Bi = (B: = DITL,(Bi — 1)

Then, x = T is an asymptotically stable equilibrium point of the closed-loop
system in each sublevel set

€ (0,1). (3.10)

ay =

Vo= {z c X : Vy(z) <} Cint(X).

The proof of Theorem 3.2 shows that the value function Vy(x) is a
Lyapunov function of the closed-loop system satisfying

Vn (f (2, pMPC () = Vi (x) < —anl(z, xMPC(x)).

Condition (3.10) on the value of ay is satisfied when the prediction
horizon is sufficiently long, i.e. there exists N € N such that ay € (0,1)
for all N > N. However, it is in general difficult to find the minimum
value of N guaranteeing asymptotic stability, and its estimates can be rather
conservative [133]. For linear systems, there exist approaches based on the
Riccati equation to derive the minimum horizon that guarantees stability,
see [179] and [245, Section 5.5].

3.3 Output-feedback

The classic MPC algorithm defines a state-feedback control law. However,
the state of the system under control is not always directly measurable. In
output-feedback MPC the only measurable quantity is the system output
y € RP_ that typically is also the quantity of interest of the control. We
consider the output as a static function of the system state and input, i.e.

Yk = g(xk, ug). (3.11)

A common method to manage this situation is the introduction of a state
observer in the closed-loop. A state observer is a dynamical system that
takes as inputs the input u and output y of the system, and produces as
output £ € R™, that is an estimation of the system state x. Its general
equation can be written as

A~

Tpy1 = [( Tk, uk, Yi)- (3.12)

There exists a vast literature about the design of state observers [14]. Some
common methods include Luenberger observers [157], Kalman filters and
extended Kalman filters [238], high gain observers [126], moving horizon
estimators [197] and sliding mode observers [223].
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Figure 3.2: Block diagram of the output feedback MPC algorithm.

The schematic layout of the output-feedback MPC algorithm is reported
in Figure 3.2. With respect to the standard MPC closed-loop in Figure 3.1,
we have an additional block inserted between the plant and the MPC. Then,
in the FHOCP initialization (3.3b), the observer state estimation Z is used
instead of the real state value, which is not available. More specifically, the
initialization constraint (3.3b) is substituted by xq, = 2.

To study asymptotic stability of the output-feedback MPC closed-loop
composed by (3.1)-(3.11)-(3.12)-(3.4) it is possible to use similar techniques
to the state-feedback case. The main difference is that now the closed-
loop system has two states: the system state x and the observer state z.
Moreover, the MPC feedback law pMPC is a function of the observer state &
and not of the system state. To study stability, the effect of the two states
can be separated by performing a change of variables. Instead of considering
[z7 27]T, we study the system with states [e| 2]
the observer estimation error. Then, in a first step, we study the observer
estimation error dynamics. Typically, it is possible to infer stability of the
observer estimation error independently on the value of the system input.
Then, the closed-loop system can be seen as the cascade connection of two
systems: the one describing the observer estimation error, and a system

T where e .=z — % is

Er1 = f(@n, pMPO(E8)) + eppr-

The stability of this second subsystem can be studied by modifying the
standard MPC stability proofs to consider e;y; as an external perturbing
term.

The final stability result that can be derived depends on how the behavior
of the observer estimation error e is characterized in the first step of the
proof. If there are no uncertainties and disturbances affecting the system,
and the observer is properly designed, it is possible to show that the observer
estimation error converges to 0. In this case it is possible to show asymptotic
stability of the closed-loop system following the arguments of the proof of
Theorem 3 in [219]. Instead, when there are disturbances affecting the
system, the estimation error e does not converge to zero, but decreases until
it reaches a neighborhood of the origin whose size depends on the magnitude
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of the disturbance. In this case, it is typically possible to prove that the
closed-loop is ISS or ISpS with respect to the disturbance term.

3.4 State constraints and robust MPC

One of the main features of MPC is the possibility to explicitly include hard
constraints on the system state in the control problem formulation. The
stabilizing MPC algorithms described in the previous section are capable
to guarantee recursive feasibility. When the system under control behaves
exactly as its model, the satisfaction of constraint (3.3e) by the optimal
solution guarantees that also the system state respects the constraints. In
fact one has that zpq = f(zg, pMPC(21)) = x{lk.

However, in most of the practical cases, the model used in the MPC does
not exactly describes the behavior of the system under control. In presence
of model-plant mismatch or disturbances and state or output constraints, it
is necessary to rely on robust MPC techniques to guarantee robust feasibility
and constraint satisfaction despite the uncertainties [169].

There exist many different approaches to robust MPC, and they are
distinguished by how the uncertainty is characterized. In the deterministic
approaches, the uncertainty is described by a disturbance bounded in a
deterministic set. Alternatively, the uncertainty can be characterized in a
probabilistic framework. In this case, we have a stochastic MPC. The design
of the algorithm depends also on how the uncertainty is assumed to affect
the system. The simpler case is the one of additive uncertainty, where the
uncertainty effect is assumed to behave as an disturbance that is added to
the state equation. Another widely studied case is the one of parametric
uncertainty, that is an uncertainty affecting the parameters of the system
model.

In case of linear systems with deterministic additive uncertainty, the
most common solution is tube MPC [145]. For nonlinear systems in a de-
terministic setting, the most common approaches for the design of robust
MPC are constraint tightening methods, for example based on the Lipschitz
constant of the system under control [164, 191] or on an incremental control-
lability property [132], and min-max approaches [194]. In a stochastic frame-
work, some possible approaches can be found in [100, 69, 96]. Stochastic
MPC must also consider the issue of feasibility, that cannot be guaranteed
by the standard MPC algorithms in presence of unbounded disturbances.
Possible methods to solve this issue are the use of indirect feedback [101] or
of back-up controllers [188].

When a state observer is present, its estimation error is an additional
source of uncertainty that must be taken into account by the MPC. In most
of the literature about output MPC the observer estimation error is regarded
as a generic disturbance [204]. Few exceptions can be found in [130], that
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proposes a constraint tightening technique based on the evolution of the
maximum observer estimation error, and in [50], that uses a min-max opti-
mization problem to simultaneously compute a moving horizon estimation
and a robust MPC.

In this thesis, we consider deterministically bounded additive distur-
bances, and the presence of an observer estimation error. The proposed
robust MPC algorithms are based on the constraint tightening approach
proposed in [130], that exploits an incremental controllability property of
the system and an incremental stability property of the observer estimation
error. In particular, robust MPC algorithms considering recurrent neural
networks models will be designed and analyzed in Chapters 6 and 7.

3.5 Offset-free tracking

In presence of model-plant mismatch and disturbances, the MPC algorithm
does not guarantee zero-error regulation, and typically the closed-loop sys-
tem presents a static tracking error at steady state. A common method to
solve this issue is the use of the so-called offset-free MPC. This approach
was first introduced for linear systems in [186], and was further developed
in [159, 184]. The extension of offset-free MPC to nonlinear systems was
first proposed in [173]. Tutorial reviews and comparisons of different formu-
lations can be found in [183, 185].
More formally, the objective of offset-free MPC is to guarantee that

lim y, = y° (3.13)
k—o0

where 30 € R? is the MPC output reference. In this algorithm, the model
used for the MPC predictions is enlarged with an artificial disturbance d €
R™, obtaining an augmented model in the form

Tpy1 = fa(zk, ug, di) (3.14a)
A1 = di + wy, (3.14b)
Yk = gd(xkaukvdk’) (314C)

where fq and gq are such that

fd(x,u,O):f(x,u), gd(x,u,O):g(:c,u).

The term w € R™ represents the variation of the disturbance term between
consecutive time steps and, depending on the MPC formulation, it can be
considered equal to zero at all time steps or as an exogenous unknown van-
ishing input of the closed-loop, such that limg_ . wr = 0. We point out
that the disturbance model (3.14b) is not directly employed in the MPC
algorithm, but it is only used in the analysis of the closed-loop properties.
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Figure 3.3: Block diagram of the offset-free MPC algorithm.

The schematic layout of the offset-free MPC is reported in Figure 3.3,
and is composed by three main blocks. The first block is an observer. Dif-
ferently from the case considered in Section 3.3, the observer is based on
the augmented system (3.14), and estimates both the system state and the
disturbance term. If the system state is measurable, a deadbeat observer
can be employed to estimate the disturbance only, see [185, Theorem 15].
The observer outputs are the state estimation £ € R” and the disturbance
estimation d € R™. The second block of the schema is the reference cal-
culator, that computes the MPC references T, u starting from the output
reference 4 and from the current value of the observer disturbance esti-
mation d. In the more general version, the reference calculator solves the
following optimization problem

min (. (Z, ) (3.15a)
st. 7= fq(z,u,d) (3.15b)
y° = ga(z, 4, d) (3.15¢)
ueld, rTelX. (3.15d)

The function 4, : R™ x R™ — R is a steady state cost function, and it is
employed to choose between all the possible equilibrium points satisfying
(3.15b)-(3.15¢c). The optimization problem is assumed to be feasible and to
have a unique solution. If (3.15b)-(3.15c) have a unique solution, it is not
necessary to implement the reference calculator as an optimization problem,
but it is sufficient to compute the unique solution of the system of equations.
The output of the reference calculator are the MPC state and input refer-
ences T,u. Note that since the disturbance estimation d may change at
every time step, also the MPC references may vary. The last block of the
control schema is the MPC. The MPC employs the dynamics (3.14a) of the
augmented model to make the predictions, with the disturbance set at the
current value of the observer estimation d and maintained constant along
the horizon. The MPC predictions are initialized by the observer state esti-
mate . Moreover, in the MPC cost we penalize the difference of the state

38



Chapter 3. Introduction to Model Predictive Control

and input to the current value of the references ,u computed by the ref-
erence calculator. If the observer and the MPC are properly designed, this
algorithm is able to guarantee the offset-free tracking property (3.13) also
in presence of model-plant mismatch and asymptotically constant distur-
bances.

In this thesis, different offset-free MPC algorithms are developed. In
Chapter 7, a robust offset-free MPC algorithm is designed for long short-
term memory neural network models. The control algorithm proposed in
Chapter 9 for 4ISS systems guarantees the offset-free tracking property. Fi-
nally, an offset-free MPC algorithm is developed in Chapter 11 for Koopman
operator-based surrogate models.

For linear systems with measurable state, a convenient alternative to
offset-free MPC to achieve zero tracking error is the use of the velocity form
MPC [237, 16, 15], that does not require the introduction of an observer.
This method consists in considering in the MPC model the state increment
and the output error as an enlarged state, and the control increment as
manipulated variable. The velocity form MPC algorithm is described in
detail in Chapter 13, and is applied to the current control in synchronous
reluctance motors. A possible extension of velocity form MPC exists for
nonlinear systems [49], that requires a velocity-based linearization of the
model. In [185] it is shown that the velocity form MPC can be seen as a
particular case of offset-free MPC.

3.6 Incremental input constraints

With incremental input constraints (or input rate constraints), we indicate
constraints on the variation of the input between subsequent time steps,
ie. on Aup := up — urp_1. While input, state and output constraints are
commonly considered, the control input variation is often just penalized in
the cost, and is not included in the hard constraints. As a matter of fact,
the satisfaction of incremental input constraints can be very important to
guarantee the safety of the system. For example, in hydraulic networks, the
speed of control valves is usually limited. Fast valve operations results in
strong hydraulic transients, which could stress and eventually damage the
structure of the network [75]. Similarly, in mechanical systems, it is desirable
to avoid large accelerations and jerks that could wear out the system [147].
In the control of assisted an driverless vehicles, accelerations and jerks are
limited to improve passengers comfort [156]. In [56], incremental input con-
straints are introduced in the control of a mobile robot, in the consideration
of the safety and comfort needs in real life.

A common way to take into account constraints on the input variation
is to consider Au as an optimization variable in the MPC, and then employ
a discrete time integrator to obtain the control variable u. A discrete time
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Figure 3.4: Block diagram of the MPC algorithm with incremental input
constraints.

integrator can be represented in the Z-transform by the transfer function

2 = 7, O as the state-space system

Vg1 = Uk + Auyg
up = v + Auy

with input Aw, state v and output u. We point out that the state of the
discrete-time integrator at time k is equal to its output at time k£ —1. Hence,
in the following chapters, ug_1 is considered as state of the discrete-time in-
tegrator at time k, without introducing the additional notation v to indicate
the integrator state.

The resulting closed-loop is schematically represented in the block dia-
gram in Figure 3.4. We note that the system under control considered by
the MPC is composed by the discrete time integrator and the plant. Then,
when studying the stability properties of the closed-loop system in Figure
3.4, we have to consider that the state of the closed-loop system is composed
by the union of the plant state and the state of the discrete-time integrator.
Hence, if stability is enforced by means of terminal ingredients, both those
components must be considered in their design. This aspect is further stud-
ied in Chapters 8 and 9, considering the particular class of open-loop dISS
plants, in combination with recurrent neural network models.

3.7 MPC for tracking and the use of artificial ref-
erences

In the standard MPC algorithm, given the reference output y; € RP, the
state and input references (z,u) to be used in the MPC cost (3.2)-(3.3a)
can be computed as the equilibrium state and input associated to the out-
put y¢. Instead, in MPC for tracking, we consider the MPC reference as an
additional variable of the optimization problem, called artificial reference.
The artificial reference is given by the triplet (zg, us, ys), and it is constrained
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to be an equilibrium of the system under control, i.e.

rs = f(ws, us)

Ys = g(xs, us).

The MPC stage cost penalizes the difference of the state and input from the
artificial reference, instead of penalizing the difference from (Z, %) as in (3.2).
To ensure that the system is driven to the desired equilibrium, an additional
term Vo (ys — y¢) is summed to the cost function. The function Vo is called
offset cost, and must satisfy some technical convexity assumptions, see [151,
Assumption 2]. A common choice of the offset cost is the use of a quadratic
positive definite function Vo (ys — %) = [lys — %%, with T =TT = 0.

Let )V; € RP be a convex set of equilibrium outputs whose associated
equilibrium state and input respect the constraints. If all the elements of
the tracking MPC algorithm are properly designed, it is possible to prove
that the closed-loop is stable, fulfills the constraints throughout time and
converges to an equilibrium point such that

1. If yy € Yy, then limg_yo0 [Jyr — yill = 0;

2. If yy ¢ Vs, then limg_,oo |lyx — yZ|| = 0, where

*:= arg min V — ).
Ye g tnin o(Ys — )

This means that the system output reaches its reference y; if it is feasible. If
the reference is not feasible, then the output will reach the closest possible
value according to the offset cost, that is yZ.

The use of artificial references in MPC allows to enlarge the feasibility
region with respect to the standard MPC algorithm. In fact, one of the
possible issues of MPC is the limited size of the feasibility region in pres-
ence of constraints on the system state. This can be particularly critical
when a terminal set is introduced in the algorithm, that may reduce the
feasibility region and may deteriorate the performances with respect to the
unconstrained case. Moreover, the MPC for tracking allows to maintain
feasibility in presence of variations of the reference y; and when the y; can-
not be reached respecting the constraints. The introduction of the artificial
reference can be particularly beneficial when a terminal equality constraint
MPC algorithm is employed.

The MPC algorithm with artificial reference for linear systems is de-
scribed and analyzed in [150], and for nonlinear systems in [151]. The basic
approach is further extended to solve more complex control problems, e.g.
the tracking of dynamic target signals [131] and the use of semi-definite stage
costs [76], or to consider the use of harmonic artificial references, which al-
lows to further enlarge the domain of attraction [141]. For a comprehensive
review of MPC algorithms using an artificial reference we refer to [142].
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In this thesis, the use of artificial references is considered in the MPC
algorithm developed in Chapter 9 for §ISS systems, and in the velocity form
MPC schema designed for the current control in synchronous reluctance
motors in Chapter 13.

3.8 Semi-definite stage cost

In the classical MPC formulations described in the previous sections, a key
point to guarantee stability of the closed-loop is the use of a positive def-
inite stage cost £, see Assumption 3.1. However, in many practical cases,
the penalization of the system output is more meaningful than the penal-
ization of the full system state. This is in particular true when high order
and/or black-box models [153] are used in the MPC predictions. Due to the
high model dimensionality, the tuning of a state-based cost function may be
cumbersome and lead to suboptimal results. In all these cases, the use of a
semi-definite stage cost may be a solution. Stability results for NMPC with
positive semi-definite stage cost have been derived in [86]. This approach is
also studied in [133], where an analysis of the minimum prediction horizon to
guarantee stability is carried out, and in [76], where the use of semi-definite
stage costs is combined with the use of artificial references.

In this framework, the standard MPC stability proofs have to be suitably
modified. In particular, it is not possible to use the MPC optimal cost only as
Lyapunov function. Instead, the candidate Lyapunov function is composed
by the sum of the MPC optimal cost and of a cost detectability function W :
R™ — R>¢. The cost detectability function satisfies the following properties
foralueld and z € X

¥(z) < yop(ll — 7) (3.162)
W(f (2, ) — W(z) < —eop(|lz — ) + €z, u) (3.16D)

for some constants vg,ep > 0 and a Ko function . The key element in the
proof is inequality (3.16b), that requires that whenever the stage cost ¢(x, u)
is equal to zero, the cost detectability function decreases with a rate related
to the distance of the current state to the desired set-point. Cost detectabil-
ity functions can be obtained by relying on input-output-to-state stability
(IOSS) [38, 3] or on strict dissipativity methodologies [89, 104]. For non-
linear autoregressive-exogenous (NARX) models, and in case of quadratic
input-output stage cost, a suitable cost detectability function can be ob-
tained by relying on the knowledge of the lag/observability index (NARX
models are final-state observable) [133]. For linear systems and quadratic
cost, a quadratic cost detectability function can be computed by solving an
LMI problem, as discussed in [89].

Another class of MPC algorithms that do not consider a positive definite
stage cost is the one of economic MPC' [68, 196], that is outside of the scope
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of the thesis. In economic MPC there are no restrictions on the structure
of the cost, allowing also for negative stage costs. Typically, the cost in
economic MPC is related to some measurable physical quantity to minimize
or to some economic criterion. The stability proofs use different arguments
to the ones described in this section.
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MPC for 0ISS systems using
RNN models
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Chapter 4

Incrementally Input-to-State
Stable Recurrent Neural
Networks

The following chapters of the thesis are devoted to the design of MPC algo-
rithms for open-loop nonlinear dISS systems, using surrogate models based
on recurrent neural networks (RNN).

The choice of considering §ISS systems is motivated by different reasons.
The first one is safety. J§ISS systems have the property that similar input
sequences produce to similar output sequences. This is a desirable property
when using black-box identification. In fact, if small perturbations of the in-
put could lead to large output variations, it is hard to predict how the model
will behave with unseen values of the inputs. Moreover, since the system
state will be considered not measurable and we will use only input-output
data, it is desirable that the effect of the initial state vanishes asymptoti-
cally. The second reason is that limiting the class of systems simplifies the
control design with respect to the general case of nonlinear systems. In the
next chapters, the 6ISS property of the system will be extensively exploited
for the design of the MPC algorithms. Finally, a lot of real world systems
are 0ISS. For linear time-invariant (LTI) systems, asymptotic stability im-
plies JISS. For general globally Lipschitz continuous systems, a Lipschitz
constant in the interval (0,1) implies 0ISS [11]. The 0ISS property of the
system under control can be checked either by a direct computation of a
6ISS-Lyapunov function, or by relying on recent results related to conver-
gent dynamics or contraction-metric analysis, see e.g. [79, 231]. Moreover,
for non JISS systems, an inner closed-loop can be introduced to pre-stabilize
the system. This is a common method in complex control systems, where a
hierarchical control structure is often used.

RNNs are chosen for their flexibility, and for the possibility of being
trained by means of input-output data only. Moreover, we exploit the wide
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literature about RNN models that are open-loop 0ISS, see the results in [27]
and in the derived articles. This allows to have a model that provides the
same stability properties of the system under control.

After a general overview of the use of neural networks (NN) for system
identification, in this chapter we introduce the RNN architectures that will
be employed in the control schemes developed in the following chapters
of the thesis, that are long short-term memory (LSTM), gated recurrent
units (GRU) and recurrent equilibrium networks (REN). For each of these
architectures, we state sufficient §ISS conditions, and we explain how these
conditions can be enforced in the training. Finally, we give a brief summary
of other 6ISS RNN structures available in the literature.

The derivation of the 0ISS property of the REN model in Section 4.4.1
is taken from:

e [211] Schimperna, I., and Magni, L. (2024). Recurrent equilibrium
network models for nonlinear model predictive control. IFAC-Papers-
OnLine, 58(18), 226-231. Presented at the 8th IFAC Conference on
Nonlinear Model Predictive Control NMPC 2024, Kyoto, Japan.

4.1 Neural network models of dynamical systems

Neural networks (NN) are a powerful class of flexible and modular math-
ematical models, that can be learned with data-driven methods. In view
of their universal approximation capability [55, 105] and of their perfor-
mances, NNs have been extensively employed in control design from the
early days [107]. A very common application of NNs in the control field is
their use for the identification nonlinear systems models to be employed for
the design of model-based control algorithms, such as MPC [199]. Other
possible applications of NNs in control are detailed in [33], and include
the approximation of computationally intensive control laws [99, 67], the
synthesis of controllers directly from data [118, 58], the learning of model
uncertainties [248, 74] and their use as part of reinforcement learning algo-
rithms [148].

There exists a variety of different methods for the use of NNs for system
identification, spanning from purely black-box models to physics-informed
ones. When using a black-box approach, the choice of the NN architecture
depends on the available data. The simpler case is when the system state
is known and measurable. Then, it is possible to learn is the static map
f:R" x R™ — R™. Since this function is static and does not have a time
dependence, it is possible to use feed-forward neural networks (FFNN), such
as multi-layer perceptrons (MLP) to approximate it. This class of models
are sometimes called neural state-space models, and have been applied, e.g.,
in [154, 73]. Instead, when only input-output data are available, a different
approach is required to correctly describe the dynamic relation between these
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two quantities. Many works consider an autoregressive approach, in which
sequences of past inputs and outputs of the system are used to predict the
next system output [189, 220]. This can be done with NNs with different
architectures, including autoencoder structures [165]. Another successful
method is the use of recurrent neural networks (RNN), a family of NN
specialized to deal with sequential data. RNNs have the same mathematical
structure of a dynamical system, with an internal state that can memorize
the information contained in the past inputs of the network [84]. Reviews
of different approaches for the use of RNN models in MPC can be found in
[117, 146].

The alternative to purely black-box models is the use of physics-informed
approaches, in which the data-driven learning is combined with the avail-
able knowledge about the physics of the system [240, 121, 54]. One of the
possible methods involve the use of a physics-informed loss function in the
training phase, enforcing relevant physical relations [66]. Another strategy
consists in embedding the physical knowledge directly in the NN architec-
ture. This latter approach include cases in which some physical constraint,
e.g. the positivity of some quantity, is hard coded in the network architec-
ture [59], and the case in which the NN is designed with a structure that
matches the topology of the physical system. For example, in [82, 83|, the
authors design a physics-informed RNN (PI-RNN) composed by different
RNN modules, whose connection reflects the network structure of the un-
derlying system. Finally, another possible approach consists in models that
combines a physics-based part with a black-box part, as done, e.g., in [25].

4.1.1 Recurrent Neural Networks

RNNs, firstly introduced in [206], are a particular class of NNs able to deal
with sequential data and temporal dependencies, due to the presence of an
internal state. In the machine learning field, this architecture is mainly used
to process sequential data in applications like time series prediction, natural
language processing, translation and handwriting recognition. In this thesis,
RNNs are used to model dynamical systems from input output data. This
task corresponds to a sequence-to-sequence prediction considering sequences
of the same length, meaning that for each value of the input sequence the
RNN produces one value of the predicted output sequence. Mathematically,
RNNs are discrete-time dynamical systems in the form

Tpg1 = f(or, up)
Uk = g(xk, u),

with input v € R™, state x € R™ and output y € RP. Functions f and
g have a predefined structure that depends on the considered architecture,
and depend on trainable parameters called weights. This notation will be
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used throughout the thesis for all the different RNN architectures. In most
RNNs architectures, the state x is an artificial quantity used to store the
information about the previous inputs, and it has no physical meaning. The
output y corresponds to the prediction of the RNN, and the objective of the
training is to obtain a model whose output matches the real output of the
system under control. We follow the most common approach and we define
RNNs in discrete-time, but in the literature there exist also continuous time
RNN structures [249].

In this thesis we consider different RNN architectures. The first ones
are Long Short-Term Memory (LSTM) and Gated Recurrent Unit (GRU),
that are the most popular RNN architectures in the machine learning field.
In addition, we consider Recurrent Equilibrium Networks (REN), an archi-
tecture recently proposed in the control field [201] with interesting stability
properties. Since we assume that the system under control is 6ISS, we re-
quire that its model has the same property. This choice is often taken for the
design of RNN-based controllers for 6ISS systems [27]. The §ISS property
of the model allows to guarantee that the effect of the state initialization
vanishes, and that a small input variation does not lead to a large state
variation. This is a desirable property that is in general not satisfied by
NNs. In fact, it has been observed that NNs can be very sensitive to small
changes in inputs [229]. Moreover, since the state of the RNN models has
no physical meaning, it is desirable that its initialization does not affect the
output predictions in the long term.

4.2 Long Short-Term Memory

Long Short-Term Memory (LSTM) neural networks have been first intro-
duced in [103]. Their popularity is due to the fact that they solved the
vanishing gradient problem that affects the training of simpler RNN ar-
chitectures. LSTM neural networks have been successfully employed in a
variety of tasks in different fields, including to model dynamical processes
considered in automatic control, see [146] for a detailed list.

The LSTM module is composed by two states: the cell state ¢ € R™
and the hidden state h € R™, where n. is also called number of neurons.
Then, the LSTM state is 2 := [¢| h']T € R?". At each time-step k, the
LSTM network receives an input v € R™ and produces an output prediction
y € RP. Cell state and hidden state are modified through structures called
gates. The equations that describe the LSTM network are the following

ckr1 = 0(Wrug + Ushy + br) ® ¢,

4.1
+ o(Wiuy + Uihy + bi) @ tanh(Weuy + Uchg + be) (4-1a)
hgtr1 = J(Wouk + Ughy, + bo) ® tanh(ckH) (4.1b)
yr = Wyhy + by (4.1c)
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Figure 4.1: Schematic representation of the LSTM cell.

where both tanh(-) and o(-) activation functions are applied to vectors
element by element. Note that tanh(-) and o(-) are Lipschitz continu-
ous functions, with Lipschitz constants respectively of 1 and i. Matrices
W, Wi, We, Wy, € R*™ Up, U, Ue, Uy € R, Wy, € RP*™ and vectors
b, bi, be, by € R™, by € RP contain the trainable weights of the network. The
LSTM cell, described by the state equations (4.1a)-(4.1b), is schematically
represented in Figure 4.1.

4.2.1 Stability of LSTM networks

Stability conditions for LSTM models have been extensively studied in the
literature. The first results [225, 63] consist in conditions for asymptotic
stability of the autonomous LSTM model, and are based on linearization
approaches. Instead, in [172], the authors derived a sufficient condition for
the contraction of the LSTM model without biases for any value of the input.
The first stability result that takes into account the effect of the input is
the ISS condition proposed in [31]. Later, a different condition for ISS and
a condition for §ISS have been derived by the same authors in [230]. More
recently, a new and less conservative condition for ISS of LSTM networks
based on infinity norms have been proposed in [60].

In this thesis, we consider LSTM neural networks satisfying the sufficient
condition for 0ISS proposed in [230]. This condition is valid for inputs
bounded in the set

U:={ueR™: |Julloo < tUmax}- (4.2)

Assumption 4.1. The weights of the LSTM network (4.1) respect the con-
dition p(As) < 1, where

ot a
G001 ado + 30x[Us|l2

As =

o1
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and
Of := U(H[qumax Ut bf]HOO)’
&i 1= o (|| [Wittmax Ui bi][|so),
0o =0 H[Woumax Us bO]HOO)?

Fe := tanh(||[Wettmax Ue be]|loo);

0y := tanh < Uiaf ) ,
1—o0o¢

0i0¢

1 1
o= £ [Utls +0i|Uellz + 7 1Uel20c-

1—o0¢

Theorem 4.1 ([230]). Let Assumption 4.1 hold. Then it is possible to
upper bound the difference between any couple of system trajectories z® =
()T (BT and 2® = [(c®) T (hWP)T]T with the following inequality

e, - czﬂuz} [nca T ,
< As k k + Bs u? —up|le
[thﬂ SN b — hbl,) + Bollek = il

where

v
Bs:= |, _ _
’ [600 + %UX”WOH2

0i0c

1 1
ﬁ:ZHWfHQ +6'i||WCH2+ZHVVi”26C

1—o¢
and the LSTM system (4.1) is exponentially 6ISS in the sets X and U, where
X :=C x H, with

C .= {c ER": cf|, < fi";f}, (4.3a)
Hi={heR": |h|, <1} (4.3b)

4.2.2 Training of /ISS LSTM networks

In this thesis, RNNs are trained using datasets composed by input-output
sequences from the system that we want to model, and the data are divided
in standard way in training, validation and test datasets. The procedure
for the training of RNNs is based on gradient descent algorithms, such as
ADAM [127] and RMSProp [85], combined with a back-propagation through
time (BPTT) method for the automatic computation of the gradient of the
network with respect to its weights [84]. As loss function we consider the
mean squared error (MSE), which is defined as

11 <
o 2
MSE := E*T kEO | Yreal k — kaz )
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where T is the length of the sequence, y.c, are the real system output and
y are the RNN predictions. A key element to speed-up the training and
obtain a high prediction accuracy is the normalization of the model inputs
and outputs. This step is also useful to obtain inputs in a set in the form
specified in (4.2) and required by the stability conditions. After the training,
we use the FIT index to assess the quality of the final model, which is defined

as
FIT := 100 <1 - ”yeal_y”?> %,
”yreal - yangz

where yea 18 the vector containing the sequence of real outputs, y is the
vector of the predictions and yayg is the average of yrca1. The FIT index takes
values in (—o0, 100]%, with a FIT of 100% corresponding to a perfect model,
and a FIT equal to 0% corresponding to a model giving the same prediction
error as the trivial model predicting the average of the real output.

To train RNN networks satisfying a sufficient condition for stability,
we follow the procedure proposed and detailed in [33]. In particular, this
method allows to obtain a RNN model that satisfies any condition expressed
in the form

v <0,

where v is a scalar function of the system weights. This method consists
in adding a regularization term in the loss function that penalizes set of
weights that do not respect the stability condition, weighted by an hyper-
parameter AT. It is also possible to include an additional term in the loss
to penalize v also when it already satisfies the stability condition, weighted
by an hyperparameter A~. This is particularly useful in situations in which
it is desirable that the stability condition is satisfied with some margin, and
it helps to improve the smoothness of the training procedure avoiding con-
tinuous jumps between sets of weights that respect and do not respect the
stability condition. Then, the loss function employed in the training is

MSE + A" max{0,v} + A~ min{0, v}. (4.4)

Typically At is chosen larger than A\~ that can also be set to zero without
compromising the stability of the final model. To ensure that the final
model satisfies the stability condition, a condition on the termination of
the training can be added. In particular the training is terminated after
a predefined number of epochs only if the stability condition is satisfied,
otherwise it was left running for a larger number of epochs.

To use this method for the training of §ISS LSTMs, the condition of
Assumption 4.1 has to be first rewritten in the form v < 0. This was
done in [230] using the Jury criterion, where it is shown that the condition
p(As) < 11is equivalent to require that

1 1
—1+6¢ + ade + Zﬁxlon!b < ZﬁfﬁxHUon <1
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Recent results using both simulated [28] and real data [30] have shown
that the imposition of stability conditions in the training of RNNs may
slightly increase the number of epochs required for the convergence of the
training, but it does not affect the prediction capabilities of the model, even if
the space of admissible weights is reduced with respect to the unconstrained
case.

4.3 Gated Recurrent Units

Gated Recurrent Unit (GRU) neural networks have been firstly introduced
in [44] as a simplification of the LSTM structure, with a lower number
of trainable parameters for the same number of units. As LSTMs, GRU
networks are in the family of the gated RNN. In fact, also in this class of
networks, the state is updated through gate structures. The performances of
LSTM and GRU are comparable, and the choice of the best model depend on
the application [46]. As LSTMs, also GRUs have been exploited in a variety
of applications, both related and not related with automatic control [146].

The GRU model has a state € R™, and, given the input u € R™ of the
plant, it produces an output prediction y € RP. The model equations are
the following

Tpp1 = 2, Qg + (1 — 21) @ hy, (4.5a)
2 = o(Wup + Ugzy + b,) (4.5b)
i = o (Wrug + Uprg + by) (4.5¢)
hy, = tanh(Wyug, + Un(ry ® o) + by) (4.5d)
Y = Uok, + bo. (4.5¢)

where matrices Wy, W,, W, € R™*™ U, U,, U, € R"*" U, € RP*™ and
vectors by, b,, by € R™, b, € RP contain the trainable weights of the network.
2z = z(wk,up) is called update gate, while rp = r(xg,uy) is called forget
gate or reset gate and hy = h(xy,uy) is the candidate activation. The state
equation (4.5a) is schematically represented in Figure 4.2.

4.3.1 Stability of GRU networks

The literature about conditions for stability of GRU networks is less broad
than the one for LSTMs. The local stability properties of the autonomous
GRU network are studied in [224], while the stability of the GRU model with
input is studied in [28], where conditions for its ISS and ¢ISS are derived. In
this thesis, we consider GRU networks that satisfy the sufficient condition
for §ISS derived in [28] and reported in the following theorem. The stability
result is valid under the assumption that the input of the GRU is bounded
in the set
U:={ueR": |ul| <1}
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Figure 4.2: Schematic representation of the GRU cell.

This condition can be satisfied by a proper normalization of the input signals,
provided that the input is bounded.

Theorem 4.2 ([28]). If the GRU model (4.5) is such that

1 B 11+ éy
= bl (3100l )+ 3 T
Z

1Uz]lo0 <1 (4.6)

where

a=o(|Ws U, bills)
o =o(|We Ur bllly)
on = tanh(||[Wh,  Un byl

then it is 61SS in the sets X and U, where
X :={reR":|z|w <1} (4.7)

To train a GRU network respecting the 6ISS condition (4.6) it is possible
to use the same approach described in Section 4.2.2 for the training of §ISS
LSTM models.

4.4 Recurrent Equilibrium Networks

Recurrent Equilibrium Networks (REN) are a recently proposed RNN ar-
chitecture [201], designed as the recurrent counterparts of the feed-forward
deep equilibrium model proposed in [10]. One of the characterizing proper-
ties of this architecture is that it is possible to parametrize it in a way that
guarantees the model contraction property while performing the training in
an unconstrained way, without the need of adding regularization terms in
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the training loss. RENs are state-space models that include a nonlinear part
given by an equilibrium network [10], and have the following structure

Tp1 = Azg + Biwg + Baug + by (4.8a)
Yy = Coxy, + Dojwy, + Dosug, + by (4.8b)

where wy, is the solution of the equilibrium network
wy, = ¢(D11wg + Crog + Diguy + by) (4.8¢)

where z € R", w € R, u € R™ and y € RP. Note that (4.8c) defines
w implicitly as the solution of an equilibrium problem. ¢(+) is a nonlinear
activation function that is applied to vectors element by element and respects
the following assumption.

Assumption 4.2. The activation function ¢(-) is piecewise differentiable
and slope-restricted in [0, 1], i.e.

oo Pl = o) _

— a—b — )

Ya,b € R a # b.

Assumption 4.2 is satisfied by many commonly used activation functions,
such as the sigmoid, the hyperbolic tangent and the Rectified Linear Unit
(ReLU). The equilibrium network (4.8c) is said to be well-posed if for all
x and u there exists a unique solution w of the equation that defines the
equilibrium network. Sufficient conditions for the well-posedness of feed-
forward equilibrium networks have been found in [200], and are exploited in
[201] to extend the analysis to the recurrent counterpart.

4.4.1 Stability of the REN model

In this subsection, the stability and robustness properties of REN models
are analysed. In particular, a §ISS condition is derived following the method
proposed in [201] to analyse contraction.

Theorem 4.3. Consider the REN model (4.8) satisfying Assumption 4.2.
Given a € (0,1), if there exist P =P = 0 and A € DV such that

- [a*P —CJA] [AT] ,[AT]"
o=[% WLl e lm] o )

where W := 2A—AD1;—DJ; A and DT denotes the set of the diagonal positive
definite matrices, then the REN model is well-posed and exponentially 6 ISS.

Proof. The proof is reported in Section 4.6.1.

56



Chapter 4. Incrementally Input-to-State Stable Recurrent Neural
Networks

Remark 4.1. Condition (4.9) is the condition derived in [201] for the con-
traction of the REN. In Theorem 4.3 we have shown that this condition also
implies exponential 0ISS of the model. Exponential 61SS is a stronger prop-
erty than contraction. In fact contraction only characterizes the behavior
of couples of trajectories obtained applying the same input sequence, while
0ISS provides also quarantees for the behavior of state trajectories obtained
by applying different input sequences.

4.4.2 Training of REN models

When implementing a REN model, we have to consider that the equilib-
rium layer (4.8¢) is defined implicitly, and the computation of the value wy,
requires the solution of an equilibrium problem if Dq; is a full matrix. To
do so, it is necessary to use an iterative algorithm to solve the system of
equations. When training RENs using gradient descent, the Jacobian of the
equilibrium network (4.8c) with respect to the model weights must be com-
puted. The Jacobian expression can be found using the implicit function
theorem, as shown in [10], so that it is not necessary to backpropagate the
gradient through the solving algorithm used in the forward pass. A possible
method to simplify the REN implementation is to consider the subclass of
acyclic RENs, in which the matrix Dy, is strictly lower triangular, and the
solution of (4.8c) can be written in explicit form. In [201] it is shown that
this is not a limitation, as acyclic REN achieve similar performances to the
general REN. For the training of the REN models used in the simulation
examples of this thesis, the Anderson acceleration algorithm [5] has been
employed for the solution of the equilibrium problems.

To obtain a REN model satisfying condition (4.9), we use the direct
parametrization proposed in [201]. In particular, the REN model written
in the direct parametrization satisfies (4.9) for all the possible values of
the parameters. Hence, it is possible to use unconstrained optimization
methods for the training, without introducing regularization terms in the
loss function. This is an advantage because it does not require the tuning
of the hyperparameters A™ and A\~ weighting the regularization term in the
loss (4.4), which is typically done in a trial-and-error way.

4.5 Other /ISS RNN structures

4.5.1 Multi-layer RNN

The LSTM and GRU structures described in Sections 4.2 and 4.3 are shallow,
i.e. consisting of a single layer. In complex applications, one may benefit
from the use of RNNs composed by several layers, also called deep RNN. In
multi-layer RNNs, the state of the LSTM layer (4.1a)-(4.1b) or of the GRU
layer (4.5a) is not directly fed into an affine output transformation, but it
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is considered as input of the subsequent layer. The number of layers in the
RNN is a tuning parameter, that is chosen to improve performances.

In the literature, there exist sufficient conditions for JISS also for these
more complex structures. In particular, sufficient conditions for the 6ISS of
multi-layer GRU are derived in [28], and of multi-layer LSTM in [30]. Those
results show that if all the layers composing the deep GRU or the deep
LSTM satisfy the sufficient condition for 6ISS of the shallow network, then
the deep network is dISS. These results can be seen as a particular case of
the more general properties derived in Section 2.4 for the interconnection of

6ISS systems. In fact, as reported in Corollary 2.1, the cascade connection
of §ISS systems is §ISS.

4.5.2 Other classes of /ISS RNN

In the literature, there exist many other RNN classes whose stability prop-
erties have been characterized. One of the first networks to be characterized
in terms of ISS are echo state networks (ESN) in [8], where the network
is also used as surrogate model in MPC. Another class of NNs analyzed
from the stability point of view is the one of neural nonlinear autoregres-
sive exogenous (NNARX) models, i.e. NARX models in which FFNNs are
used as regressor functions to predict the future output value based on past
values of the system input and output. In [29], these models are written in
the form of a RNN, considering as state the concatenation of the previous
inputs and outputs used for regression. Then, sufficient conditions for ISS
and ¢ISS of the model are derived. In [57], a sufficient condition for 0ISS is
derived for a general class of RNN that includes ESN and NNARX models.
This condition is also exploited in the derivation of an LMI-based method
for control design. Finally, in [162], the authors study the ISS and §ISS
property of gated graph neural networks, a RNN architecture particularly
suited for distributed tasks.

All the stability conditions considered so far are global, i.e. are valid
either for z € R", or in a positive invariant subset of R where it is reasonable
that the RNN state lies at all time steps. This may a limitation in some
applications, for example when considering systems that are not globally
0ISS. To overcome this issue, in [143], some regional stability conditions for
a particular class of RNNs are derived.
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4.6 Proofs

4.6.1 Proof of Theorem 4.3
In the proof, the REN equations (4.8) are denoted in compact way by

T1 = f(on, uk)
Uk = 9(xk, u,).

Moreover, we denote the difference between trajectories using Az = z* —z°,

and similarly for the other variables. Finally,
V= Dllw + CL’L’ + D12u + bV.

The proof of well-posedness follows from Theorem 1 of [201].
The proof of 4ISS is based on the study of

V(e ") = || Azl

as a 0ISS-Lyapunov function. We first note that (2.11a) is trivially satisfied
in view of the quadratic nature of V (z?, zP).

Condition (2.11b) is now proven. To do so, we first derive some relations
between Aw, Ax and Au. Assumption 4.2 implies that

(6(a) = d(b))(a—b) = (¢(a) — ¢(b))* Va,beR. (4.10)
Then, for any diagonal matrix A > 0 we have that
Aw AAv > AwTAAw (4.11)
where
Av = C1Ax + D11 Aw + DigAu. (4.12)

By substituting (4.12) in (4.11) we obtain

—%AwTWAw + Aw ' AC Az + Aw ' ADsAu > 0. (4.13)

It is now possible to analyze the evolution of the §ISS-Lyapunov function
between consecutive time steps.

2
| £ ) = @t - 1aallh
= |AAz + By Aw + BoAul)% — || Az|%

(4.13)
< Az"ATPAAz + Aw' B PBiAw

+ Au' By PByAu+2Az" AT PB Aw
+2A2" AT PByAu + 2Aw " B PByAu

— Az PAx — @?Ax"PAz + a?AzT PAx

— Aw'WAw + 2Aw T AC1 Az + 2Aw T AD 5 Au
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(4.9) Az T Az
<[] el
+ Au' By PByAu + 28z AT PByAu
+2Aw ' (B] PBy 4+ AD13)Au+ (6* — 1)Az " PAx.
Since Q > 0,
T 2
~[au] o] =@ |[33]]]
< —Amin(Q) [|Aw]3
Then

) = £ 0|~ el

< —Amin(Q)Aw ' Aw + Au' B) PByAu

+2Az" ATPByAu+ 2Aw ' (B PBy 4+ AD13)Au
—(1-a®»Az"PAz.

Given 7 € (0, 1), by completing the squares, we obtain that

) = s~ Nl

< —7(1 —a®) Az PAz 4+ Au' By PByAu
1

Au' By PTAP 'ATPByA
Taoha—ayt" 7 284,
i.e. V(2% 2P) respects condition (2.11b). Then, in view of Theorem 2.4 and
on the existence of a §ISS Lyapunov function respecting (2.11a) and (2.11b),

the REN model is 4ISS. O
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MPC design for JISS systems
and application to REN
models

In this chapter, we introduce some of the main ideas that can be used for the
design of MPC algorithms for §ISS systems, and that will be exploited also
in the following chapters. In particular, we provide some guidelines for the
design of the MPC terminal ingredients and for the design of the observer,
exploiting the 0ISS property of the system under control. These general
ideas are then applied to the design of an MPC algorithm based on REN
models. The REN-based MPC is tested in simulation on a pH neutralization
process.
The REN-based MPC algorithm is taken from:

e [211] Schimperna, I., and Magni, L. (2024). Recurrent equilibrium
network models for nonlinear model predictive control. IFAC-Papers-
OnLine, 58(18), 226-231. Presented at the 8th IFAC Conference on
Nonlinear Model Predictive Control NMPC 2024, Kyoto, Japan.

5.1 Design of MPC algorithms for /ISS systems

In this section, we consider the problem of designing a stabilizing MPC
algorithm for a globally §ISS nonlinear system. In the formulation of this
chapter we only consider input constraints, with the input constraint set U
containing the input reference @ in its interior. We also consider the observer
design problem in case of output-feedback. This is the typical case when
using RNN models, in which the state does not have a physical meaning
but is an artificial quantity that is used to memorize the past history of the
system.
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5.1.1 MPC for /ISS systems

The 6ISS property of the system facilitates the design of stabilizing MPC
algorithms based on terminal ingredients. In fact, it is possible to use as
auxiliary control law to satisfy Assumption 3.2 the constant control law
pa(z) = @ for all z € R™. In view of the §ISS property of the system,
the state trajectory associated to the constant input @« converges to the
equilibrium state Z. Then, an open-loop 4ISS Lyapunov function can be
used as terminal cost of the MPC. Since the §ISS property is assumed to
hold globally, if there are no state constraints it is not necessary to introduce
a terminal constraint in the optimization. This is an advantage because it
allows to always have feasibility of the optimization problem.

In presence of constraints on the system state, it is necessary to introduce
a terminal set that respects Points 1. and 2. of Assumption 3.2. The simpler
design of the terminal set consists in the use of a sublevel set of a terminal
cost included in the state constraint set X. This aspect will be further
analyzed in the MPC design in Chapters 6 and 7.

5.1.2 Observer for /ISS systems

If the state of the system is not measurable, an observer must be introduced
in the closed-loop, as explained in Section 3.3. The 0ISS property is very
useful for the design of observers [7]. In fact, it can be seen as an “open-
loop observability” property, meaning that for §ISS systems the trivial open-
loop observer is guaranteed to provide a converging state estimation. This
property immediately follows from the definition (2.10) of 0ISS, where we
can see that if we provide the same input sequence to the system, the state
trajectories starting from any initial state converge asymptotically.
Typically, the open-loop observer does not provide the best performances
in terms of convergence speed of the state estimation. However, it can serve
as baseline for the design of more complex observers, and it ensures the
existence of an observer structure with guaranteed convergence properties.

5.2 MPC design for REN models

In this section, we show the procedure for the design of an observer and a
stabilizing MPC for a system modeled by a REN, following the ideas pre-
sented in the previous section. The control design and the stability analysis
are carried out under the assumption that the REN model (4.8) exactly
represents the dynamics of the system under control.

5.2.1 Observer for the REN model

The state x of the REN model has no physical meaning, but it encodes the
memory of the past inputs of the plant. So, when the REN model is used to
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provide the predictions for the MPC, it is important to initialize the state
in a meaningful way, that is consistent with the past history of the plant.
In order to do so, an observer is introduced in the control loop, and is used
to provide an estimate  of the state x of the REN model.

The observer for the REN model is designed with a structure similar
to the one of the REN model (4.8), but including in the state equation an
additional term to penalize the difference between the output predicted by
the observer and the real output. The equations of the REN observer are
the following

Tpy1 = Ay + Biy + Bauy + by + L(yr — k) (5.1a)
Wy, = qb(Dlll?}k + C12g + Disug + bv) (5.1b)
U = CoZp, + Doy, + Daguy, + by (5.1c)

where L € R™*P is the observer gain, that has to be properly tuned in order
to guarantee convergence, as reported in the next Theorem.

Theorem 5.1. If the plant behaves according to (4.8), with ¢(-) satisfying
Assumption 4.2, and respects the 01SS condition (4.9), and the observer gain
L is selected so that there exist P, = P = 0, A € DT and a, € (0,1] such
that

Qo = 0, (5.2)
where
- [a2P, —CJA (A=LCy)T |, [ (A—LCo)T i
@o = —AC; W | |(Bi—=LDy)"| °|(By—LDy)T"

and W := 2\ — ADy; — D{|A, then the observer provides an exponentially
converging and bounded state estimation, i.e. xp — I — 0 for k — oo and
there exist M > 0 and p € (0,1) such that

s, = @xlly < Mu* 2o — Zoll, - (5.3)
Proof. The proof is reported in Section 5.5.1.
Remark 5.1. A possible suboptimal choice of the observer gain is the open-

loop observer with L = 0,,. In fact, with this choice, (5.2) is trivially
satisfied for P, = P and a, = a.

5.2.2 MPC design

The objective of the MPC is to stabilize the system at an equilibrium point
(z,u,y) of the REN model, while respecting an input constraint u € Y. To
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do so, the following FHOCP is solved at every time instant k:

N-1
win Y (e = ol + o = aly) + s lown -3l (540
=0
st. xop = Ty, (5.4b)
Tiy1pk = J @ik wilr) (5.4¢)
uife €U (5.4d)

where 4 is such that @ € U, and the cost matrices are such that Q = Q" > 0,
R=R" = 0, P satisfies (4.9) and
)\mal‘(Q)

s = A=) (P)° (5.5)

In (5.4c), the function f represents the REN state equation (4.8a)-(4.8c).
Then, denoting by uj := {u6|k7 ...,u?v_”k} the optimal input sequence
at time step k, the MPC control law is selected according to the receding
horizon principle, i.e.
up = M (Er) = . (5.6)

5.2.3 Convergence properties

In the following theorem the main result about the stabilizing properties of
the proposed control schema is derived.

Theorem 5.2. If the REN model respects Assumption 4.2 and the §1SS
condition (4.9), the observer is tuned in order to satisfy (5.2), and the in-
put constraint set U is bounded, then the equilibrium point x = =, T =
of the closed loop composed by the plant (4.8), the observer (5.1) and the
MPC (5.6) is asymptotically stable.

Proof. The proof is reported in Section 5.5.2.

5.3 Illustrative example

5.3.1 pH neutralization process

To test the proposed algorithm, we considered the control of the pH neu-
tralization process proposed in [97]. This system is a simplification of the
process proposed in [95], that was specifically designed to test advanced
control strategies. This is a SISO system, with nonmeasurable state, and is
open-loop §ISS. The system is highly nonlinear, and its gain varies several
order of magnitude over a modest range of pH values. A schematic layout of
the process is reported in Figure 5.1. The process consists in a tank where
three flows of substances are mixed: an acid flow gi, a buffer flow g2, and
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il
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>k qa

Figure 5.1: Schematic layout of the pH neutralization process.

a basic flow q3. The basic flow ¢3 is considered as controlled variable. The
acid flow ¢; is considered constant at the nominal operating point. The
buffer flow g5 is an unmeasurable disturbance. The output of the system is
the pH on the output flow ¢4. The physical model of the plant is based on
conservation equations and equilibrium relations. Defining the state, input
and output of the system as

L= [Wa47 Wb47 hl]T7 U = qs, Yy = pH7

where W4 is a charge related quantity in the output flow, Wy is the con-
centration of CO?{ ions in the output flow, A is the tank level and the acid
flow ¢ is assumed to be a constant parameter, the process model can be
written in the form

i = f(z) + g(@)u + p(x)qe,

c(z,y) =0, (5.7)
where
Tag War = 2(1))
f@)=| magWa—2@) |,

(@1 — Coa(z) +2)")
[t (Was —2(1)

g(z) = ﬁ@(szﬂ—ﬂf@)) ,
1

14 2 x 10v—PK2
14 10PK1—y 4 10v—pK2~

c(z,y) = xqy + 10V —107Y + 25
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z=11.5cm W, =3.00-1073M q1 = 16.6mL/s

Cyps = 4.59 Wy = 0.00M g2 = 0.55mL/s

n = 0.607 Wao = —0.03M q3 = 15.6mL/s
pKl =6.35 ng = 0.03M qq = 32.8mL/s
pKo=10.25 W,3=3.05-10"3M Ay = 207cm?

hiy = 14dem  Wyg =5.00-107°M W,y = —4.32-107*M
pH =70 Wy =528-107*M

Table 5.1: Nominal operating conditions of the pH system.

The output equation (5.7) can be rewritten in explicit form as

§ ==, (2,y)ea(y)e,

where

142 x 10v—PK> . T
1+ 10rK1—y 4 10y—PK2’ ’

caly) = [1,

cy(z,y) = In(10) <1oy—14 +107Y

+ (2

10PE1—Y 4 10v—PE2 4(10pK1—y)(10y—pKz)
(1 4 10PK1—y 4 10y—PK2)2 ’

The nominal values of the model parameters are reported in Table 5.1.

5.3.2 Simulation results

For the MPC simulations of this section, the buffer flow ¢o is considered
constant at its nominal value, and the system input g3 = wu is considered

saturated in
u €U :=[12.5,17) mL/s.

To derive a REN model of the plant, a dataset is collected by forcing a sim-
ulator of the system with multilevel pseudo-random inputs, and the output
response is sampled with a sampling time Ty = 10s. A sequence of 20000
time steps is collected, and is divided into 15000 time steps for training,
2500 time steps for validation and 2500 time steps for testing. Then, the
training data is divided into shortest subsequences of 100 time steps each,
and the training was performed with a batch size of 25.

To simplify the implementation we considered an acyclic REN, where
Dy is strictly lower triangular, that has shown to provide models of similar
quality of the general REN. The training code is implemented in Python,
using PyTorch library. In particular, a model with n =5, ¢ = 8, hyperbolic
tangent as activation function and with guaranteed contraction property is
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Figure 5.2: Simulation results: output (pH).

trained using ADAM optimizer for 200 epochs. The final model used for
the MPC implementation obtains a satisfactory FIT of 86.8% on the test
dataset.

To select the observer gain L we solve the following optimization problem

max Amin (Qo) (5.8)

where Q, is computed fixing P, = P and &, = @&, and P is obtained ac-
cording to the formulas reported in [201]. This is a nonlinear optimization
problem, and is solved using Matlab fmincon function, initializing the solver
in the feasible point L = 0, ,. The idea behind the optimization (5.8) is
that large eigenvalues of Q, are related to a fast convergence of the observer
estimation error in view of Equation (5.12) in the proofs. In the FHOCP,
the cost matrices are set to @ = 100/, R = 1, and s is chosen according to
(5.5). The prediction horizon is set to N = 10. The simulation is carried out
in Matlab, and the FHOCP is solved using CasADi [6]. In the simulation,
step-wise variations of the output reference ¢ has been applied to the con-
troller. The resulting closed-loop trajectory is reported in Figure 5.2, while
the control variable evolution is reported in Figure 5.3, showing that the
controller is able to manage the plant in a satisfactory way and to respect
the saturation constraints on the input. A small static gain mismatch is
present, that is due to modeling errors.

5.4 Conclusions

In this chapter, an observer and a stabilizing MPC are proposed for the
REN model, following general design ideas that can be adapted to any JISS
model. The observer is based on the REN model equations, and a condition
for its convergence is derived. In the MPC formulation, a terminal cost
is introduced in order to guarantee closed-loop stability. Since no state or
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Figure 5.3: Simulation results: input (g3).

output constraints are considered, in view of the JISS property of the model,
it is not necessary to include a terminal constraint.

5.5 Proofs

5.5.1 Proof of Theorem 5.1

In this proof, we study the evolution of the observer estimation error z — Z.
By subtracting (5.1a) from (4.8a) and substituting the expressions (4.8b)
for y and (5.1c) for g, we obtain that

Thtl — Thy1 = (A — LCQ)(l‘k — ﬁjk) + (Bl — LD21)(wk — wk) (5.9)
Let’s now denote

vk := Diywg, + Crag + Digug + by
U = Dnywy + C12 + Disug + by

so that wy, = ¢(vy) and Wy = ¢(vx). We have that
v — Ok = C(z) — ) + D11 (wy — wy). (5.10)
In view of (4.10), for any diagonal matrix A > 0 we have that
(wi — ) T Ao — O3) > (wp — ) " A(wy — D).
Substituting (5.10) we obtain

1 R R . .
i(wk - wk)TW(wk — wk) - (.%'k — .%'k)TC;rA(wk — wk) < 0. (5.11)

Let’s now consider
~ T N
T — Tk Q T — Tk
wy — W, © |wp — g
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In view of (5.9) and positive definiteness of Qo, if z # &y,

) 2 _ L2
|Zkt1 — Zeallp, < ag ||z, — Zlp,

— 2wy, — &) " CF Mwy, — ) + (wp — dp) "W (wy, — iy, (5.12)
(5.11)
< a2 ok — 2l

Then the bound (5.3) and convergence can be proven by iterating the pre-
vious equation over k. O

5.5.2 Proof of Theorem 5.2

To study the stability of the closed loop system in presence of perturbation
terms due to the observer estimation error x — &, we consider as Lyapunov
function the optimal cost of the MPC, i.e.

wngﬂ

where x} = {xalk, ...,x?v‘k} denote the optimal state sequence at time k,

defined by xL—llk = f(wl*lk,u:‘k) with xa‘k = .

Firstly, we note that

2

2 2
o2l + o=l )+ o et

P

V(ix) > ald, — |3,

where a = \pin(Q).

To derive an upper bound for V' (&), we consider the suboptimal control
sequence Uy, = {fg|g, -, n—1|} defined by ;) := u for all i = 0,..., N — 1.
We denote with x; = {:ﬁmk, o :%N|k} the associated state trajectory defined
by jiJrl\k = f(jz\kvﬂﬂk) with ‘%0|k := 2. We have that

N-1
. - 2 - 12
V(@) < Z |1 — xHQ + s [|Zn - xHP'
i=0
Then, in view of the dISS property of the REN model, noting that  is the
state evolution with initial state T and input u, there exists b > 0 such that

V(@r) < bl — a3
Let’s now study the variation of the Lyapunov function between subse-
quent time steps. At time k + 1 we have that

N-1
CE |
=0

2 2

2
* = * — * _
Tilk+1 — xHQ + ‘ Wilk1 — UHR> +s Hlek—H - 5UHP
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where up, , = {u6|k+1, ...,uj‘v_llkﬂ} is the optimal input sequence at time
k+1, and x3, = {xg‘kﬂ, ...,x’;\”kﬂ} is the associated state trajectory,
defined by 33?+1\k+1 = f(:zakﬂ,u:lkﬂ) with a:ak,Jrl := Zp4+1. Note that, in
view of the presence of the observer, 2341 can be different from m{l k-

To prove the decreasing property of the Lyapunov function, we intro-
duce the suboptimal input sequence tgy1 = {@ogjpt1, - Un—1|p+1} defined
by 41 = u:+1\k for i = 0,..,N — 2 and uy_qp41 = u. We denote
by X1 = {Zojg+1, - TNjk+1) the associate state trajectory, defined by
Tit1kt1 = J(@ijgr 1, Qigg1) With Zopgpy := T

To take into account the different initialization of the FHOCP at each
time step we introduce the following error terms for i =1,..., N +1

P *
Ekti = Ti—1|k+1 — Ty

where 27, = f(x}*\,lk,ﬂ).
In view of optimality, we have that

=

V) € Y (@i —2lg + g —ally ) +sllewn - 2[5

]

N-1
* = 2 2 * N\ T
= ( ’ Tit1)k — xHQ + llerritallg + 227, — T) Q5k+i+l>
=0
= * 2 * 2
o[ T R P
i+1|k R N+1lk p

.
o

+ s llexrnlp + 25(T N — ) Peppn+1.

Then
R R T N 12
V(@) = V() < - H%\k - $HQ - Huovc - “HR
* 12 * 12 * 112
ey ool o,
N-1
2 T
+) ( lek+i+1llg + 2(z 1, — 2) Q5k+i+1>
i=0

+5 lenenllp +25(xh 0, — 2) T Pery v

Let’s consider now the terms related to the states at time steps k+ N and
k+ N —+ 1, and let’s use the 0ISS property of the REN. In particular, since
Z = f(z,u), the Lyapunov inequality (4.14) can be applied with Au = 0
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and 7 = 1:

2 2

2
* s * — * —
HW “’HQ“H@“NHM @’Hp S{[ENk f”Hp

2 2 2
< Amart@) [ =], i =] = o =2]].)

P
(4.14) 2 2
< Mrar @ [l — 2]+ 56 = 1) [ -2
N 112 5.5
< (sl @ = (1= @ in(P) [y — ], =0
Then
A ol * T 2 * U 2
V(Zgg1) = V(Er) < — H%Ik - xHQ - Hu0|k‘ - UHR Pk
where
N-1
Pk = Z ( H€k+z’+1||gg + 2(2 g — jf@g’“”“)
i=0

+ s llensnsllp + 25(@ 41, — %) Perpn41.

In view of the boundedness and convergence of the observer estima-
tion error, there exist M; > 0 such that ||eppiy1]y < My ||xg — 2x||y, and
€k+i+1 — 0 for k — oo, for all i =0, ..., N. Moreover, for the §ISS property
of the model and the boundedness of U, the system state zj is guaran-
teed to be bounded for any k. In view of (5.3) and of the boundedness of

zp, and of |lzo — Zoll,, there exist Mz, M3 > 0 such that Hx:+1|k’ _:EHQ =

My H:ﬂg‘k H = M ||z, — Z||y < M3, for i =0, ..., N. Then the Lyapunov
function V' (Zy) is such that
allir — 3 < V(&) < blldn - 2|3
V(@) = V(i) < —clldx — 2[5 + p
for some a,b,c > 0, where p; is bounded by a quantity that depends only
on ||z — Zxll,, and py, — 0 for k — oo.
In view of the properties of V' (&), stability of the equilibrium point

of the closed loop system can be proven following the proof of Theorem 3
in [219]. O
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Chapter 6

Robust MPC with GRU
networks

In this chapter, we consider the design of MPC for a 6ISS GRU model in
presence of output constraints. The proposed control algorithm includes a
state observer designed as in [32], and a constraint tightening method is used
in the design of the robust MPC algorithm to take into account the presence f
modeling errors and of the observer estimation error. In particular, we model
the uncertainty as an additive disturbance acting on the output of the GRU
model, and we design the constraint tightening inspired by [130] on the
base of an incremental Lyapunov function of the model and of a Lyapunov
function for the observer estimation error. The model Lyapunov function
is also used to derive the terminal ingredients for the MPC, following the
ideas already detailed in Section 5.1.1. Compared to the MPC formulation
for 6ISS GRU models proposed in [32], our algorithm does not require a
large prediction horizon, allowing to keep the computational cost low, and
considers the presence of output constraints.
The content of this chapter is based on:

e [212] Schimperna, I., and Magni, L. (2024). Robust constrained non-
linear model predictive control with gated recurrent unit model. Auto-
matica, 161, 111472.

6.1 Problem formulation and control algorithm

The objective of the GRU-based MPC designed in this chapter is to perform
regulation at a set point g, while respecting input saturation constraints

uelU ={ueR": ||ulle <1} (6.1)
and compact polytopic constraints on the output

ye)Y={yeR:Ly<h} (6.2)
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7 GRU based u y
— robust Plant
MPC
GRU
observer

Figure 6.1: Block diagram of the control scheme.

where L € R7P and h € R?. The formulation of the input saturation con-
straint as unity boundedness of u is very general, since it can be obtained by
applying a proper normalization to the input of the model. The schematic
layout of the proposed control algorithm is reported in Figure 6.1, and is
composed by two main blocks. The first block is an observer, that provides
an estimation of the state of the GRU model on the basis of the input and
the output of the plant. The second block is the robust MPC, that solves a
FHOCP and gives in output the first element of the optimal input sequence.
In the FHOCP, the evolution of the plant is predicted by the GRU model,
and the constraints are tightened to guarantee their robust satisfaction de-
spite the presence of model-plant mismatch and of the observer estimation
error. Moreover, the terminal ingredients of the FHOCP are designed to
guarantee stability.

6.2 Gated Recurrent Unit model and observer

6.2.1 Model properties and uncertainty description

We consider a GRU NN as model of the system under control, described
by equation (4.5). In this chapter we take into account the presence of
modeling errors. Hence, we denote the output of the GRU model produced
by equation (4.5e) by £ € RP instead than by y, to distinguish it from the
real system output y. The GRU model is also denoted in a more compact
way by

Try1 = f(2r, ug) (6.3a)
& = g(w). (6.3b)

We consider a GRU model satisfying the sufficient condition for JISS of
Theorem 4.2, with the state z € X', where X is defined in (4.7). Under this
condition, it is possible to define an incremental Lyapunov function for the
GRU model, that is used to define the terminal ingredients for the MPC
and the parameters for the constraint tightening.
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Lemma 6.1. If the GRU model respects condition (4.6), then
Vi(a®,2®) = [la* = 2"l
is an incremental Lyapunov function for the system (6.3), such that
Va((2™)F, (2)F) < psVa(a®,2P) (6.4a)
LUy (2* — 2) < ¢, Vi(2?, 2P) (6.4b)
where (z2)7 := f(z®,u), (z°)* := f(2P,u), ps :== 5, + (1 —7,)v and cs € RY
with cy(j) = ‘|(LUO)(j*)"OO'
Proof. The proof is reported in Section 6.6.1.

Note that if v < 1, then ps < 1. In fact ps is the average between 1 and
v weighted by 7, € (0,1). Hence, ps € (v, 1).

Because of model-plant mismatch, the GRU model is not an exact rep-
resentation of the dynamics of the system under control. We assume that
the real plant with input u and output y behaves as a perturbed version of
its GRU model, described by the following equations

Tpy1 = fon, ug) (6.5a)
Uk = g(xr) + wy i (6.5b)
where wy is bounded in the set
wy € Wy :={wy € R”: [Jlwyl|, < wy}

and wy € R can be estimated as the maximum output error of the model.

6.2.2 Observer

The state x of the GRU model has no physical meaning, hence it cannot be
directly measured from the system, but it needs to be estimated by means
of an observer. In particular, we use the observer for the GRU proposed
in [32], that is described by the following equations

Trgr = 21 @ 4 (1 — 2) ® Iy, (6.6a)
2 = o(Waoug + Undig + b, + Loy — ) (6.6b)
Tr = o(Wrug + UrZy + br + Le(yr — Ur)) (6.6¢)
hy, = tanh(Whuy, + Un (74 ® 1) + by) (6.6d)
Uk = Uoly + bo (6.6e)

where L,, L, € R"*P are observer gains that must be properly selected,
Zr = 2(Zk, ug, yx), Tk = 7(T, uk, yr) and hy = fl(:&k,uk,yk). In presence of
perturbations, it is not possible to guarantee that the observer estimation
error converges to zero. However it is possible to prove that it is ISS with
respect to the perturbation term wy.
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Lemma 6.2. If the plant behaves according to (6.5) and respects the 01SS
condition (4.6), x € X, & € X, u € U and the observer gains L, and L, are

selected so that
Vo < 1 (6.7)

where

1 _ 11+¢
o= [0l (310 = Ll + 00 + 1o

Z_LZ
11— 10— Lo

then the function
Voo — 2) i= 1z —

is an 1S8S-Lyapunov function for the system describing the observer estima-
tion error & — x with respect to the input wy, such that

Va(a* — 5%) < poVile — #) + 5yl (6.50)
LUy(x — &) < coVo(x — ) (6.8b)
2t — f(:%,u)Hoo < LimazVo(r — ) + K |lwy]| (6.8¢)

—

where xt = f(x,u), & is the next state computed by the observer (6.6),

Po i= 07+ (1 — G2)Vo, Co € RY with co(jy = ||(LUs) (jx)lloo, and

1 - 1
k= 1(1 + ¢h)||LZHOO + Z5Z||Uh||00||Lr||oo

1 - 1_
Limaz = 7 (1 +¢n) [|LaUollo + 72 1Unllog [ L:Uollo -

Proof. The proof is reported in Section 6.6.2.

Remark 6.1. A possible suboptimal choice of the gains of the observer that
satisfies the condition v, < 1 is the open loop observer with L, = L, = 0y, .
In fact with this choice vy = v, that is smaller than 1 by assumption.

Theorem 6.1. If the plant behaves according to (6.5) and respects the 61SS
condition (4.6), x € X,z € X, u €U, wy € Wy and v, < 1, then the system
that describes the observer estimation error x — & is 1SS with respect to the
mput wy.

Proof. The proof follows from Theorem 2.2, in view of the existence of an

ISS-Lyapunov function V,(z — ). O

6.3 MPC design

6.3.1 Tightened constraint design

On the base of the derived Lyapunov functions for the model and for the
observer estimation error, it is possible to introduce the coefficients a;, b; €
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R? for the constraint tightening that will be employed in the robust MPC.
Such coefficients are designed as follows [130]

ag = Co, b[) = 0q71, (69&)
Qit1 = Pol; + péLmaa:Cm (69b)
bit1 :=b; + a;w + cspiw, (6.9¢)
where w is such that
K Jwy |l <@ (6.10)

for all wy € W .

For the constraint tightening the MPC uses also a time variant term
éo € R related to the uncertainty of the observer. The evolution in time
of this term corresponds to the worst case evolution of the observer ISS-
Lyapunov function V,(z — 2):

Eoktl = Polok + 1. (6.11)

Note that depending on the values of é,0, po and w, é, can increase or
decrease, but its behavior is always monotonic with

w

lim €, = s := .
koo o 1—po

6.3.2 Robust MPC formulation

It is now introduced the Finite Horizon Optimal Control Problem (FHOCP)
solved by the MPC. In the FHOCP the deviation of states and inputs from
the reference values & and u is penalized. These references values are com-
puted from the GRU model (6.3) as the equilibrium state and input corre-
sponding to the output £ = y.

Definition 6.1 (FHOCP). Given the prediction horizon N, the FHOCP
for the robust MPC' is the following:

N-1
win 3 (oo =l = b= al) +slowe =l G120
s.t. o = Tk (6.12b)
Tivile = f(@i, wirr) (6.12¢)
L(Uozji, + bo) + wr, < h — aiéo — b; (6.12d)
Ui €U (6.12¢)
fori=0,..,.N—1
TNk € Xy (6.12f)
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where Q and R are positive definite matrices and are design choices, while

n)\max(Q)
The term wy, € RY for the constraint tightening is defined element by element
as
P
W) = Z ’L(jk)‘ﬂ}y (6.14)
k=1
forj=1,...4q.
X} is a terminal set chosen as a level line of the terminal cost
Xp={zxeR": ||z -z| <o} (6.15)
with
_L.*—_|_h._”o N — barry — .
0= min (G0)Y T (G) T ColN() T ON() T WL() (6.162)
[l
where
€o := max{éo 0, €co}- (6.16b)

At each time step k the solution of the FHOCP is denoted by uj =
{u6|k, v u?\,_”k}. According to the Receding Horizon principle, the MPC
control law is obtained applying only the first element of the optimal input
sequence, i.e.

Uk = ,UJMPC(ii'k, éOJg) = u6|k (6.17)

6.3.3 Recursive feasibility and stability analysis

In this section we analyze the recursive feasibility and stability of the pro-
posed control schema. First, note that in order to have a solution of the
FHOCRP, it is necessary that a > 0. To guarantee this condition we introduce
the following assumption on the set-point.

Assumption 6.1. The set-point  is such that
Ly < h—ésany —by —wrp.

Let’s define the state of the closed-loop system, shifted with respect to
the nominal equilibrium, as ¥ = [(z —2)" (2 —Z)7 (€, — €x0)]" and the
feasible set of states

XMPC.— L) 2,4 € X, é, is such that V(z — &) < &

. (6.18)
and 3 a solution of the FHOCP}.

Then, it is possible to state the following theorem concerning the properties
of the closed-loop system.
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I

-
T .

_

Figure 6.2: Schematic layout of the four-tanks plant.

Theorem 6.2. If the plant behaves according to (6.5), the GRU model re-
spects the 1SS condition (4.6), the observer gains are selected to satisfy con-
dition (6.7), Assumption 6.1 is satisfied and the following inequality holds

PN (Limaséos + @) < a(1 — py) (6.19)

for all k > 0, then the FHOCP is recursively feasible, the constraints (6.1)
and (6.2) are satisfied Vi) € XMPC and the closed loop system is 1SS with
respect to the input wy, for ¢ € AMPC and wy € Wy

Proof. The proof is reported in Section 6.6.3.

Remark 6.2. The satisfaction of inequality (6.19) depends on the values of
N, Liar and w. The value of Lya. is related to the observer gains L, and
Ly, that can be selected as small as needed, as noted in Remark 6.1. The term
N can be enlarged to satisfy the condition for recursive feasibility. However,
with large values of N, the requirement of Assumption 6.1 may become more
conservative, and the computation effort needed to solve the optimization
increases. Lastly, w is related to the maximum of the perturbation term
wy, that represents the modeling error. Hence, recursive feasibility can be
obtained for any value of the prediction horizon N when the modeling error
wy is small enough, by using a proper tuning of the observer gains.

6.4 Illustrative example

6.4.1 Four-tanks process

As numerical example to test the proposed control algorithm we consider
the four tank benchmark described in [4]. The schematic layout of the plant
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Symbol Value Unit Description

al 1.3le-4 m? Discharge constant of tank 1
as 1.5le-4 m? Discharge constant of tank 2
as 9.27e-5 m? Discharge constant of tank 3
aq 8.82e-5 m? Discharge constant of tank 4
S 0.06 m? Cross-section of the tanks

Ya 0.3 - Parameter of the 3-way valve
Yo 0.4 - Parameter of the 3-way valve
Qaran 3.26 m3/h  Maximum flow of ¢,

Abyron 4 m3/h  Maximum flow of g

Gmin 0 m3/h  Minimum flow of ¢, and g,
Ga 1.63 m3/h  Equilibrium of ¢,

Qb 2 m3/h  Equilibrium of ¢,

5 0.65 m Nominal level of tank 1

h3 0.66 m Nominal level of tank 2

h$ 0.65 m Nominal level of tank 3

hg 0.66 m Nominal level of tank 4

Q@ 1.63 m3/h  Nominal flow of ¢,

Q) 2.00 m3/h  Nominal flow of g,

Table 6.1: Numerical values of the parameters of the four tanks system.

is reported in Figure 6.2. The system is characterized by the following
differential equations:

=

ay

S
S

a
29h1 + 2\ /2ghs + 2q,

S S

a a
~22 2ghs + 2\ 2ghs + Lq,

5 5 (6.20)

where the states hq, ho, hg, hy are the water level in the four different tanks,
while the inputs are g, and g, and represent the inlet flows in the two valves.
The numerical values of the system parameters and their descriptions can
be found in Table 6.1.
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6.4.2 Simulation results

The objective of the developed control algorithm is to control the water
level in the two bottom tanks, hi and he, while respecting the following
constraints:

qa € [0.0,9.05] x 10~4m3 /s, hi € [0.0,2.0]m,
g € [0.0,11.1] x 10~4m? /s, hy € [0.0,2.0]m.

To obtain the dataset for the training of the GRU network, a simulator
of the plant is forced with a multilevel pseudo-random signal, and the output
response is sampled with a sampling time 7Ty = 25s. In particular, g, and
qp in the dataset are two piecewise constant signals, with random values
within the saturation constraints and a random changing step time. A
sequence of input-output data of 20000 time steps is collected, and it is split
in 15000 time steps for training, 2500 for validation and 2500 for testing.
Then, the training data is divided into shortest subsequences of length 500
time steps each, and the training is performed using a batch size of 5. To
enforce the JISS property in the final network, we use the procedure detailed
in Section 4.2.2. The training is performed in Python, using TensorFlow
library. The final network has n = 20 neurons, respects the §ISS condition
(4.6), and has a FIT on the test dataset of 92.7% for h; and of 89.7% for hs.
For the simulation, the observer gains L, and L, are selected to minimize
Vo, that is equivalent to minimize ||U, — LU, ||, and ||U, — L,Us||,. The
resulting gains are such that ||L.||., = 0.002 and ||L,||, = 0.003. The cost
matrices for the MPC are set to Q = I, and R = 0.011,,,, and we select a
prediction horizon of N = 15. wy is estimated as the maximum absolute
value of the prediction error on the test dataset in the normalized variables,
obtaining wy = 0.12. To try to keep as low as possible the initial observer
estimation error, the initial output of the plant is measured and Zg is set
to the equilibrium point of the GRU network corresponding to that output.
The initial value of é, is assumed to be 0.02, and it monotonically decreases
t0 s & 0.01. The simulation is performed by applying step-wise variations
of the reference g, where all the values of the reference respect Assumption
6.1. When y changes, the value of « that defines the terminal set is updated.
The simulation parameters are such that condition (6.19) is satisfied for
all & > 0. The closed-loop simulation is performed in Matlab, and the
FHOCP is solved with fmincon function of Matlab optimization toolbox.
The resulting closed-loop trajectories are reported in Figure 6.3, showing
that the controller is able to manage the plant in a robust satisfactory way
in spite of uncertainties due to modeling errors. Only a small static gain
mismatch is present.
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h1 (m)

Time (s) 104

Figure 6.3: Closed loop performances: output (solid red line) and references

(dashed blue line).

6.5 Conclusions

This chapter develops and analyses a robust MPC algorithm with input
and output constraints, based on the use of a GRU model. Robustness and
recursive feasibility are achieved using a constraint tightening approach,
based on Lyapunov functions for the model and for the observer estimation
error. The MPC formulation includes terminal ingredients that allow to
guarantee ISS of the closed-loop system with respect to the perturbation
terms without having requirements on the length of the prediction horizon,
allowing to maintain the computational effort tractable.

As also verified in the simulations, this control algorithm only guarantees
ISS of the closed-loop, and a static error may be present at steady state.
To solve this issue, in the next chapter we propose a robust MPC algorithm
that also includes offset-free tracking capabilities.

6.6 Proofs

For sake of readability, in some of the proofs the time index k is omitted, and
the quantities at the subsequent time step are denoted by the superscript T.
The following property is used in the proofs.

Lemma 6.3. Given two vectors x,y € R™
2 2 2
Iz +yll% < lzls + 1vl5 + 21z @yl (6.21)
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Proof.

lz +yl2% = (m?x |23y + y(i)‘) 2 = max(z(;) + v
= miax(x%i) + 7 + 220y

= max |:L‘%Z) + y(Qi) + 22 Y(s) |

< max[afy | + max |y, | + 2 max|zye)|

= [lzl% + lyll% + 211z ® yllo

6.6.1 Proof of Lemma 6.1

Preliminarily, note that if € X and u € U, then &,, 6, and ¢y, are bounds
for z, r and h, as shown in [28]. In particular we have that

12| < 2l < 72, (6.22a)
rgy < lrllo < 6, (6.22b)
Ihij)| < M1l < n. (6.22¢)

Moreover, in view of the symmetry of the sigmoid activation function o(-),
we have that for j =1,...n

O0<l—-0,< Z(4) <o, <1, (6.23&)
<5, < 1. (6.23b)

Condition (6.4a). Let’s start by denoting z* = z(z*,u), r* = r(z*, u),
h* = h(x*,u), and let’s adopt the same notation for 2P, P, hP. Moreover, let
Az = z* — zP. Let’s now consider the time evolution of the j-th component

of Ax:

+ _ _a _.a a a b _b b b
Az = 2ay) + (1= 2()hiy = 202 () = (L= 20) by
a a b b

It is possible to take the absolute value of both sides, and to study the
different terms separately. Firstly note that we have that |ij)| < zPlleo <1
in X', and that the bounds (6.22) hold.

Exploiting the lipschitzianity of o(-) we can derive that

a

1
b a b
126y — 2| = ‘Z 7 Hoo < 1Vl 1Al
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In a similar way, we have that

rd —p

1
< 1T 1Azl

!

b
() =il <

Finally, exploiting the lipschitzianity of tanh(-), we have that

b b
A — -0
< Ul |7 & 2~ 0 |
[o¢]
= [Unll Ta@(f’?a—l‘b)ﬂL(ra—rb)@bu
[o.¢]
< Ol (e 2~ 22+ [ =] )
o0 e
1 —
< N Unllo <4 ”Ur\|oo+ar) xa_bu ‘
o0

Combining the previous inequalities we have that for all j =1,....,n
’Ax(t'ﬂ < x| Az

where
a 1 _
ng = 2y + (14 BTl + (1= ) Wbl 31000+ ).

In view of the definition of infinity norm, to prove (6.4a), i.e. ||AzT|| <
ps ||Az|| ., it is sufficient to show that ky j < ps for all j. In this regard we
have that

kxj — Z(aj) 11+ qﬁh 1 1\ (6:23b)
v __.a 7 — < .
[ - !!U\\oo+|!Uh\\oo Ulloe +00 ) < v

Then for all j =1,...,n
kxj S v(1=2(5) + 205 =21 —v)+v
(6.23a)

< o,(1-v)+v=v(l-0a,)+07,=ps.

This concludes the proof of (6.4a).
Condition (6.4b). Consider the j-th row of LU,(2* —2P) for j = 1,...,¢:

(LU )(j*)(l‘aL -z ) < ||(LU )(g*)( - b)Hoo
< I(LU) (i lloo |2 = 2P0 = [[(LUo) (julloc Vi (z®, ).
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6.6.2 Proof of Lemma 6.2

Condition (6.8a). Let’s study the time evolution of the j-th component of
the observer estimation error, for all j =1,...,n:

vl — 30y = 2gym() + (L= 2)hg) — 2y — (1= ZG)hg)
=25y (2(j) — Z(j) + (24) — £())E ()
+ (1 =2y — b)) + (B = 2G))h)-

We can now take the absolute value of both sides, and study the different

terms separately. First, we note that X is a positive invariant set for z, since

fc?;.) is computed as the convex combination of Z(;) and ﬂ(j) € (—1,1). Then

|2 ()] < 2] < 1 and [Ag| < [[2lloo < ¢
Exploiting the lipschitzianity of o(-) we can derive that

IN

. . 1 . N
12G) = 2| = NIz = Zllo < 5 1Ua(@ = 2) = La(y = 9o

IN

1 ) 1
102 = LUl 2 = e + 7 1ol oy -
In the same way, we have that

rGy — Tl < e =7l

1 R 1
< W0 = Lelollog 12 = 2llog + 3 [ Lxllog [0yl -
Finally, exploiting the lipschitzianity of tanh(-), we have that

hiy bl < =] <l lr oo - ol

1Unllo lIm @ (& = 2) 4 (r = 7) ® 2[|

1Uhllo (0 |2 = 2l + lIm = 7ll0)

1 — ~
Tl <4 Us = Lo, + ar) o — 3l

IN

IN

1
+ 1 1Uhllog [Le oo 1wyl o -

Combining the previous computations we have that for all j =1,...,n

‘xa) - ff?;)| < ko l|T = 250 + Fw,jllwyllo

where
1 _
Foj 1= 2(j) + 7 (1 +¢n) 1Us = LoUsllo

1 —_
+ (=29 Wl (105 = Ll 401
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1 1
v = 7 (14 @n)l|Lalloo + (1 = 2(5)) 7 [ Ubllool| L lloo-

It is now sufficient to show that k,; < po for all j and Ky ; < w for
all j to prove condition (6.8a). The inequality for sy ; follows immediately
considering that 1 —z(;) < 7, as already noted in (6.23b). Considering k., j,
we have that

Koj — 2(i 1 B 11+¢
BLED 0 (4105 Lalll 01 + 1 0 - Ll
— Z(]) B Z(])
(6.23b)
< 1.
Then

foj < Vol = 2(j)) +2(j) = 2(j(1 — vo) + 1o
(6.23a)
< (1 =)+ v =vo(l —7,) 4+ 7, = po-
Condition (6.8b). The proof is similar to the proof of condition (6.4b)

in Lemma 6.1.
Condition (6.8c). Let’s study 21 — f(&,u)

Let’s now take the infinity norm of both sides of this expression, and consider
separately the different terms of this sum. In view of lipschitzianity of o(-)

and of the fact that Hiz(a%, u, y)H < ¢n, we have that

|G uy) = 2(@w) @ @ = @, uy)|
1 N
< 7 1La(y = )l |2 = h&,w,9)|_
1 _
< 11+ 60) (IZUolloo 1o = g + ILallog oy o) -

Note now that
A R 1 .
172w, y) = 7(@, )l < 7 1L:(y = )l
1 R 1
< 7 10l 2 = g + 7 el iy
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Then, in view of lipschitzianity of tanh(-) and of (6.23b)

~

(0= 22, 0) @ (h(@, w, ) — (i, w)
< (1= z(2,w))

HOO

oo 1Un(2 @ (2, u, y) — & @ 7(2,w))]|
1_ .
< 704 1Unlloe (16:Tollog 12 = 2l + [ Lalloo vy llc)
Combining the previous computation we obtain that

|

so that (6.8c) is proven. O

:i‘+

- f(i"u)Hoo < Lmax H:E - jHoo + K ||waoo’

6.6.3 Proof of Theorem 6.2

Proof of the satisfaction of constraints (6.1) and (6.2) for ¢ € xXMPC,
Satisfaction of (6.1) is obtained thanks to the constraint (6.12e) in the
FHOCP. To prove satisfaction of (6.2), first note that for j =1,...,q

wL(j) = wr;le%y L(j*)wy. (6.24)

Then
(6.5b) (6.8b) . .
Ly, =" LUz +bo +wyr) < L(UsZy + bo+ wy )+ coVo(zr — k)
(6.12b)(6.18) R
> L(Uo$0|k + bo) + Lwy,k + Co€o.k

(6.24) (6.92)(6.12d)
< LUomgip +bo) +wp + coboy < h—aoéo + aoéor = h.

Definition and study of the candidate solution. We define now a candi-
date solution for the FHOCP that will be exploited both in the proof of
recursive feasibility and in the proof of stability. Firstly, given the op-
timal solution uj of the optimization problem at time step k, let’s de-
note with xj = {$6|k’ ...,:L'}*V_llk} the associate state trajectory defined by
x;+1|k = f(m;“k,uak) with xa‘k := 2. Let’s also define 27, := f(a?j\%, w).
Then, let’s define w1 = {ﬁ“kﬂ}f\i—ol the candidate solution at time step
k + 1, where w41 := u:Jrl\k for i =0,..,N — 2 and 4y_qp41 := u. Con-
sider also the associate trajectory X1 = {Zojp+1, - Tnjkt1) defined by
Tit1kt1 = J(@ijpg1s Qigg1) With Zojggy := B

Note that, in view of the presence of the term wy, and of the observer,
Zx11 can be different from xﬁ > and this difference propagates along the
prediction horizon so that &;_q341 # :Ul*‘ - In the following, we derive bounds
on the difference between the optimal state trajectory at time step k and
the candidate solution at time step k£ + 1. In this regard, let’s define for
i=1,...N+1

Ehti = Ti1lkt1 — Tjjp-
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For i = 1 we have that ex 1 = Zo|p41 —:r’l*‘k = Tp+1— f(Tp, u6|k). In view
of (6.8¢c)

(6.8¢)
lerilloe < Lmaz l2e — Erlloe + £ llwykllo
(6.18)(6.10)
< Lmaxéo,k + w.

Then, for i = 2,..., N + 1, in view of (6.4a), we have that
lertilloe < A1 lenttllo
< Ps_lea:E |zr — @kHoo + Pé_l"‘& Hwy,kHoo (6.25)
S péil(Lmaa:éo,k + w)

Proof of recursive feasibility. We first verify that the terminal set is
designed so that z € Xy = L(Usx +b,) + wr, < h —ané, — by. We first
note that

Usx + by = Up(x — ) + UpZ + bo = Up(z — Z) + 3.
Consider now the j-th row of L(Usz + b,) + wp, for j = 1,...,q and for
r € X
(L(Uoz + bo) +wr) ) = (L(Us(x — Z) + 7) + wL) ()
= (LU,)(js)(x = 7) +9) + L J + wrj)

< (LUo) oy (= 2)|| . + L7 + wi)
< LUo) | o 12 = Zll oo + Ly + wi)
(6.15)

15
< J(ZU) o [l oo @ + LT + wrg)

6.16) )
< hgy = eoan(g) = bng)

—~

< hg) = €oan(j) — by
le. x € Xf - L(UoiL‘—l- bo) <h-—ané, — byn.

Then, using the candidate sequence introduced in the previous part of
the proof and in view of the fact that x € Xy = L(Usx + by) + wr, <
h —anéq , — by, recursive feasibility with respect to (6.12d) can be proven
as follows:

L(UoZjj41 + bo) +wi,

6.4b
L LUty bo) 1w+ eVl o)
(6.12d)

< h—aiy1éok — biv1 +Csllerrivtllo
(6.9)(6.25)

< h — poaio i — PsLmaxCs€o
— bi — a;w — s + cspg(Limaz ok + W)
(6.11) .
="h—aiéo k1 — b;.
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Finally, we can prove recursive feasibility with respect to the terminal
constraint (6.12f), i.e. prove that HiNIkH — i"HOO < « given that ||5z:j\,“C —
Too <

|Znpr — 2|, < H57N|k+1 - x;\””kHoo + Hx’;w”k — §7HOO

(6.4a)
< leren+illoe + 25

N H
[e.e]
(6.25) (6.19)
< péV(Lmaméo,k + U_J) +psa < o
Proof of stability. First, note that the evolution of the state é, does not
depend on wy, and that &, — e for k — oo.
Then, instead of studying directly the evolution of the closed loop states

[; : ﬂ , it is possible to make a change of variables and study the equiva-

lent system with state :f_af . The advantage is that in Theorem 6.1 we

have already derived the ISS property for the subsystem that describes the
evolution of x — . Hence it is now sufficient to study the subsystem that
describes the evolution of & — Z, considering x — & as an additional input.
To do so, we consider as candidate ISS-Lyapunov function the optimal cost
of the MPC optimization, i.e.

N-1 5

A _ —n2 12 _
Viee—2) = 3 (g — 73 + i — allE) +5 za - 7] -

i=0
We start by proving that our candidate Lyapunov function respects (2.9a).
We have that

V= 2) 2 o = 2l 2 Anin (@)~ 7

Consider now the input sequence t;, = u for i = 0,...,N — 1, and the
corresponding state trajectory ;. This input sequence is feasible at least
for &y, close to z, i.e. for || — Z||2 < ¢ for some § > 0. Hence, for Z such
that ||z — Z||2 < 0, we have that

N-1
Vier—2) < 3 [aak — 215 + s ||awn — 2]
=0

In view of the JISS property of the GRU model there exist y > 0 and
A € (0,1) such that

1Zigg — zll2 < uX'||Zopp — zll2 = pX' |12 — ][2-
Therefore there exist a constant b > 0 such that if ||Z — Z|| < & then
V(@ — ) < bllay — 3.
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Consider now I}, such that ||Zp — Z|| > J. Note that there exists Vy,q > 0
such that V(i — Z) < Vinae in AMPC. Then

Vinaz
52

V(i —z) < &% — Z|3.
Hence we have that

V(g — ) < bl — 23

with b = max{b, Vm‘”} so that (2.9a) is verified.
We consider now the variation of the Lyapunov function between subse-
quent time steps, to prove that (2.9b) is verified:

V(g1 — ) = V(2 — T)

N—-1
2
= 3 (Uars = 33 + ey = ) + s |opus = 3

7=

N—-1 2
(3 (ot - 13 - )

=0

Considering the feasible solution 1, we have that the corresponding
cost is larger or equal than the optimal cost at timestep k£ + 1. Then

V(i’kJrl — i’) — V(.@k — (17)

N—
_ ~ 112
Z | Zije+1 — l‘HQ + [T g1 — UH%%) +s ||$N\k+1 - xHOO
=0
2
( (s = 213+l — @ik ) + 5|y - xHOO>

Ml — 2llG — lugy, — all%
N-1

+ 3 (18 aprs — 2l o — 213)

=1

3 (lasaers = allk = e = allk) + e -jess — 2l
1

=

7

2
+ lan—1jps1 — @R+ 5 || ENprr — szo — sz, — fHOO :

In this expression, all the terms related to the input cancels out in view of
how the candidate input sequence was selected, except for —||u8‘ L, — Ul
Considering now the state terms between time steps k+1 and k+ N —1,
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we have that

=

-1
(Nzicrjpsa — 2l — Nl — 2l13)

ﬁ.
2!—'
[y

(e + i — 212 = o — 213
1

i

=2

(lewsilldy + @ = ) Qeni)

)

i=1
Consider now the state terms at time steps k + N and k£ + N + 1, i.e.
~ _2 * _|I12 ~ _112
ln-1per = 2lld = 5 ok — 7|+ s |@nmen - 3l

We have that

1Z 811 — el = 2k, — Z + enin D

- T
= e — 21G + llewsn 1% + (@R — ) ' Qegn-

Moreover, recalling that & 41 = f(Zy_1jk+1,%), in view of the §ISS prop-
erty of the GRU network, one has

(6.4a)
~ 12 ~ _112
sllanen =2l < 802 [ En—apn — 2|
2
= 502 [ — 3+ enen
(6.21) 2 9 ~
<o || — ||+ so? NewenllZ + 2502 o — 7| lewinlc

Then the following inequality holds:

- _ |12 - 12

|ZN—1)kt1 — ZL'H2Q —s HZE}(V“C — :BHOO +s H$N|k+1 - ZL'HOO
2

< fo\”k - jHQ + sp?

+ llensnlIB + (@hp — 2) T Qengn

N 12
o

2

. _
TNk _1‘H

o0

+ 8p2 lensn||Z + 2502

T = 2| llewsnloo-

Using the fact that for a vector v € R" it holds ”’UHQQ < Amaz(Q) ||v]|3 and
that ||v||,, < v/ ||v|ly, we have that

2

Hﬁ/\k - jHQ + sp?

2

*
TNk _fCH

N 112

o0

(e 9]

< (Mas(@) — (14 2)9) o — 2] 0.
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Finally, we have that
=zt = zl1E — llugy, — allk < —Amin(@)ll2k — 2]3.
Combining all the computations we obtain that
V(dpsr — @) — V(dp — ) < —c||& — |3 + (k)

where ¢ = \pin(Q) and

N-1

y(k) =) <H€k+iHé + (@), — f)TQﬁlm) +llenenlld + @hp — ) Qenen
i=1

T 502 llens |12 + 2502

T = 3| _ lewinlloc
[e.e]

In view of the bounds for ej; derived in (6.25) and on the boundedness
of the states of the GRU, there exist functions vy, 7v2 € K such that

V(dgt1 —7) — V(3 — 7) < —cl|dr — 7|13 + 1 (lzk — 3xl) + 72wy k)

i.e. V(& — ) is an ISS-Lyapunov function for the subsystem describing the
evolution of £ — Z, considering as inputs  — & and wy.

To sum up, we have shown that the closed loop system can be described
by two connected subsystems. The subsystem that describes the evolution
of x — % is ISS with respect to the input wy, and is independent by the
subsystem describing the evolution of & — Z. The subsystem that describes
the evolution of £ — Z is ISS considering as inputs « — & and wy. Then,
in view of [114, Theorem 2], the overall system composed by the cascade
connection of the two subsystems is ISS with respect to the input wy. O
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Chapter 7

Robust offset-free MPC with
LSTM networks

In this chapter, we design an MPC algorithm for §ISS LSTM models that
takes into account constraints on the system output and guarantees offset-
free tracking of slow time variant references. In particular, the algorithm
proposed in [230] has been modified to cope with time variant set-points
and disturbances, output constraints and to guarantee zero-error regulation
for asymptotically constant set-points and disturbances. Robust satisfaction
of the output constraints is obtained with a constraint tightening method
inspired by [130] and similar to the one proposed in the previous chapter.
The control algorithm proposed in this chapter includes also an augmented
observer and a Reference Calculator to guarantee offset-free tracking in pres-
ence of model uncertainties and external disturbances [173]. The design of
the observer and of the MPC terminal ingredients for the LSTM model are
inspired by [230], but are modified to solve a more complex control problem.

The material in this chapter is taken from:

e [213] Schimperna, I., and Magni, L. (2024). Robust offset-free con-
strained model predictive control with long short-term memory net-
works. IEEE Transactions on Automatic Control 69(12), 8172-8187.

A preliminary version of the work, that does not consider output constraints,
is published in:

e [215] Schimperna, I., Toffanin, C., and Magni, L. (2023). On offset-
free model predictive control with long short-term memory networks.
IFAC-PapersOnLine, 56(1), 156-161. Presented at 12th IFAC Sympo-
sium on Nonlinear Control Systems.
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Figure 7.1: Block diagram of the control scheme.

7.1 Problem formulation and control algorithm

In this chapter, we consider as system under control a nonlinear plant with
unknown dynamics, input ugs € R™, output ys € RP and a possible un-
known bounded asymptotically constant disturbance dy4. The plant input is
saturated, i.e.

Ugp € U¢ = {U¢ eR™: U, min < Ug < u¢7max} (71)
With g min, Upmaez € R™, and the output has to be limited in

Yo € Yo = {ys €ER? : Ygmin < Yo < Ygmaz} (7.2)

With Yg min» Yp,mae € RP. For sake of simplicity in this chapter we only con-
sider box constraints on the output, but all the derivations can be extended
to polytopic constraints following the methods presented in Chapter 6.

Assumption 7.1. The plant has the same number of inputs and outputs,
i.e. m =Dp.

Remark 7.1. Assumption 7.1 is typical of offset-free MPC schemes [173]
for nonlinear systems, and is required to have a unique input combination
associated to each output at equilibrium. However, if m > p the proposed
algorithm can still be applied by selecting a subset of p inputs to be used for
control and leaving the other m — p inputs constant.

The objective of the control is to achieve null error at steady state for
an asymptotically constant reference yg also in presence of model-plant mis-
match and of bounded asymptotically constant plant disturbances dy, and
to respect input and output constraints. The proposed control algorithm,
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whose block diagram is reported in Figure 7.1, is based on an LSTM nominal
model of the plant. A key element to obtain a well tuned LSTM model is the
normalization of input and output signals, that is represented in the scheme
with the blocks “N” and that consists in an affine transformation that scales
the variables in a predefined range (typically [-1,1]). The normalized input
is denoted with u and the normalized output with y. For the normalized
variables constraints (7.1)-(7.2) become

ueU={ueR": |lull, < tmas} (7.3)
where U4 € R and is typically equal to 1, and
Y€ y - {y € RP: Ymin < Y < ymax} (74)

where Ymin> Ymaz € RP.

To achieve null error at steady state, the LSTM model is augmented
with an asymptotically constant disturbance term d. Then an observer
based on the equations of the LSTM model provides an estimation z of
the state z of the LSTM and an estimation d of the disturbance d. At each
sampling instant the current values of the normalized set-point y° and of the
disturbance estimation d are used by a Reference Calculator to compute the
current values of input and state set-points @ and z for the MPC. The last
block is the MPC, that solves a FHOCP and gives in output the first element
of the achieved optimal control sequence. Since in the control problem
formulation output constraints are considered, to ensure recursive feasibility
in presence of the observer estimation error and time variant set-points, it
is necessary to rely on a robust MPC algorithm.

As usually done for the analysis of offset-free control schemes, closed-loop
stability and constraint satisfaction will be proven in Section 7.2.1 under the
assumption that the plant behaves according to its LSTM model with an
asymptotically constant additive disturbance d, as reported in Figure 7.2,
while offset-free will be shown in Section 7.2.2 for the real closed-loop system
(Figure 7.1) under the assumption that closed-loop convergence is not lost.

In the next subsections the different components of the control scheme
are presented in detail.

7.1.1 LSTM model

We consider a LSTM model of the system under control, described by (4.1).
We denote the model prediction produced by (4.1c) by £ € RP instead of
y, to distinguish it from the real output of the plant. The LSTM model is
indicated in a more compact way by

1 = f(xg, ug) (7.5a)
&k = g(x) (7.5b)
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Figure 7.2: Block diagram of the nominal closed-loop control scheme, where
the real plant is replaced by its LSTM model augmented with a disturbance
term.

where x = [¢" hT]T € R?". In the following, we assume that the model re-
spects the 0ISS condition of Assumption 4.1. Then, it is possible to compute
an incremental Lyapunov function for the model. Such Lyapunov function
will be used to define the terminal cost, the terminal constraint and the
constraint tightening for the MPC.

Lemma 7.1. Let the LSTM model respect Assumption 4.1, and denote x? =
()T (W), 2P = [(®)T (RP)T]T with 2,2 € X (defined in Theorem
4.1), and Py the solution of the Lyapunov equation A(;TPSA(; — P, = —Qys for
some symmetric positive definite matrix Qs. Then the function

o A — Cb
Vet 2b) = H Hma - hb'\lﬂ

Py

is an incremental Lyapunov function for the system (7.5), such that for all
uel

csl|z® — bug < Vi(a2?, xb) < cgullz® — buQ (7.6a)
V((5)*, (%)) < paVa(a®, ) (7.6b)
[Wy(h* = hP)| < e Vi(a, ") (7.6¢)
where (xa)—i- = f($a7u)7 (xb)+ = f(xbvu); Csl = )\min<Ps); Csu =

Anaa(Be), ps = /1 = 322423 and ¢, € RP with
csi) = ||[0 1Waimlly) P2

Proof. The proof is reported in Section 7.5.1.

96



Chapter 7. Robust offset-free MPC with LSTM networks

7.1.2 State and disturbance observer

We introduce now a disturbance model to take into account the inaccuracy
of the model and the effect of the possible disturbance ds. The disturbance
is denoted by d € RP, and is modelled as the integral of a bounded unknown
input w € RP, that represents its variation. This representation is motivated
by the fact that one of the goals of the chapter is to guarantee zero error
at steady state when y° and dg4 are constant, and therefore w is null. The
equations of the LSTM model augmented with the disturbance are

Ck+1 = U(quk + Uthy, + bf) & ck

(7.7a)
+ o(Wiug + Uihy + b;) @ tanh(Weug + Uchy + be)
hieer = o (Wougs + Uohys + bo) ® tanh(cps1) (7.7b)
dit1 = dp + wy (7.7¢)
Y = Wyhg + by + di; (7.7d)
and are also denoted by
Xk+1 = faug(Xk: uk) + Ewg (7.8a)
Y = gaug(Xk) (78b)
where x := [z7 d"]" and matrix £ can be obtained from (7.7). Observer

convergence, robust constraint satisfaction and offset-free tracking can be
achieved only for bounded disturbances. For this reason in the following d
and w are assumed to be bounded, i.e. d € D := {d € R : ||d|| ., < dmaaz}
and w € W:={w € R : |w|| < wmaz}-

To achieve offset-free tracking it is necessary that for the model aug-
mented with the constant disturbance there exists an equilibrium associated
to any possible pair (u,y), and that this equilibrium is unique, see [173, As-
sumption 2]. In the following lemma and corollary it is shown that in view
of the §ISS property of the LSTM model it is sufficient to add the distur-
bance only on the output transformation to satisfy this property. Hence,
the disturbance is not included also in the state equations.

Lemma 7.2. If the dynamical system xpi1 = f(xk,ur) is exponentially
61SS in the sets X and U, then, given a constant input w € U, there exists
a unique corresponding equilibrium state x* € X, such that

¥ = f(z",u). (7.9)

Corollary 7.1. For the augmented system (7.7), given (u,y) with u € U,
there exist unique values (z*,d*) with x* € X such that

= f(z*,u) (7.10a)
y=g(z")+d". (7.10b)
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Proofs. The proofs of Lemma 7.2 and of Corollary 7.1 are reported in
Section 7.5.2.

We design now an observer to obtain an estimation ¥ = [2 " cZT]T, with
i = [¢" hT|T, of the state x of the augmented LSTM model (7.7). The
structure of the observer is based on the LSTM observer proposed in [230],
but it has an additional equation for the estimation of the disturbance d.
The equations of the observer are the following

épr1 = o(Wruy, + Uphy, + by + Le(yp — ) ® &
+ o (Wiug, + Uiy, + bi + Li(ye — §k)) ® tanh(Weuy, + Uchy, + be)

(7.11a)
hiy1 = o(Wouyp, + Ushy 4 bo + Lo(yx — 91)) @ tanh(égy1) (7.11b)
dps1 = sat(dy + La(yr — 9k), dmaz) (7.11c)

g = Wyhy, + by + dj, (7.11d)

where sat(v, Umqz ) denotes the saturation operator between —v,,q, and vpqz,
that is applied element by element when v is a vector. The observer gains
L¢, Li, Lo € R™*P and Lgq € RP*P are selected according to the following
assumption.

Assumption 7.2. Denoting
o1 = o ([[[Withmaz, Us — LWy, by, LWy, 2L¢dmaz]|l o),

3'i = O'(H[Vviumaa:a Ui — LiWy, b, LiWyv 2Lidma3€”’00)v
3—0 = U(H[Woumama Us — LOWy> b0> LoWya 2L0dmam]Hoo)7

. 1 o0,
o= —
41— o¢

1
|Ur — LiWy |2 + 73| Ucl|2 + Za'cHUi — LiWy 2,

B o 1 &0,

1
== L —0c|| L
T el + 3l il

of 1o B
Aq = |6,0¢ 5 Gol + 10| Loll2 | (7.12)
0 |[LaWyll2 1T, — Lall2

the observer gains L¢, Li, Lo, Lq are selected so that p(Aq) < 1.

Remark 7.2. In Theorem 7.1 it is shown that Aq is the matriz dynamic
for an upper bound of the estimation error dynamic.
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Remark 7.3. A possible suboptimal choice for the gains of the observer
that satisfies Assumption 7.2 is Ly = L; = Lo = 0y, and Lq = {41, with
0 < lq < 2. With this choice the matriz Aq becomes

As | 024

Ay —
10 ZaWyll2 | Tla -1

and therefore the eigenvalues of Ay are the eigenvalues of As and an eigen-
value in |[lqg — 1] € [0,1). Hence, because the LSTM is tuned with the con-
straint that p(As) < 1, p(4q) < 1.

The following lemma defines a positive invariant set for the state x of
the observer, in which it is possible to prove the convergence of the observer
estimation.

Lemma 7.3. If hy € H and dy, € D, Vk € L, then the set T := Cx H x D,
with L
A~ g0,
C=<¢ccR":|¢ < ¢
{eerrija, < 2%

is a positive invariant set for the observer (7.11).

Proof. The proof is reported in Section 7.5.3.

We can now derive the main results related to the observer convergence.

Theorem 7.1. If the plant behaves according to (7.7) with x € X, d € D
and w € W, Assumption 4.1 holds, fhe observer parameters are selected
according to Assumption 7.2 and X € L, then the function

& - cllz
Voo x) = || |1l = hlla ||| . (7.13)
ld—dl2) [,
where P, is the solution of the Lyapunov equation A P Ay — P, = —Q,

for a matriz Q, = Q) = 0, is an incremental Lyapunou function for the
observer estimation error, such that

o [[X = xll2 < Vo, x) < coullX — xllo (7.14a)
Vo, xT) < poVo(XX) +w (7.14b)
Wy (h = h) + (d = d)| < coVa(x,x) (7.14c)
X" = faug (X )|y < LinazVo (X, X) (7.14d)
where T = faug(x, )+Ew x 1 is the next state computed by the observer
(7 11), Co1 = \/ Amin(Po), o 1=/ Amaz (Po), po := /1 — 322(@ € (0,1),

w:= /P o(3,3) Wmaz s Lmax > 0 and c, € RP with

o pi/2
oy = | [0 [Wygnll, 1] B2
Moreover, if wp, — 0 for k — oo, then the observer provides a converging

state estimation, i.e. ||xx — Xkl — 0 for k — oo.
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Proof. The proof is reported in Section 7.5.4.

Remark 7.4. In view of the properties of the Lyapunov function Vo(Xx, X),
the observer estimation error is also ISS with respect to the disturbance w.

7.1.3 Reference Calculator

One of the most important characteristics of the proposed algorithm is the
possibility to be applied with time variant set-point and disturbances un-
known in advance. In order to do so the MPC assumes a constant set-point
along the prediction horizon but it is designed to preserve, under suitable
assumptions, recursive feasibility even if the exogenous signals change at
any time instant. To manage possible variations of the set-point %° and/or
of the disturbance estimation d, a Reference Calculator is introduced in the
control loop. The goal of the Reference Calculator is to provide the state
and input references z = [¢' h']" and @ for the MPC, that are computed
by solving the following system of equations:

z = f(z,u) (7.15a)
y* = g(z) + d. (7.15b)
To guarantee offset-free of the closed-loop system, we introduce the fol-

lowing assumption on the set-point ° and on the LSTM model. An addi-
tional assumption on the set-point y" will be introduced in the next section.

Assumption 7.3. The set-point y° and the LSTM model (7.5) respect the
following conditions:

1. there exists a bounded set Y° C RP such that yg e Vk e Z>o;
2. the set-point is asymptotically constant, i.e. yg — % for k — oo;

3. WYy € YO, Vd € D, there exists (Z,u) with u € U solving (7.15), and
the Jacobian matrix

(7.16)

s tnvertible.

Remark 7.5. The assumption that the Jacobian matriz (7.16) is invertible
implies that there exists a neighborhood of (y°,d) where the solution of the
Reference Calculator (7.15) is unique.

Moreover, since a large variation of the set-points Z, u is critical for the
MPC recursive feasibility, in the following lemma an upper bound for the
variation of the state set-point Z between consecutive time-steps is derived.
This upper bound depends on the variation of the set-point ° and on the
observer parameters.
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Lemma 7.4. Under Assumption 7.3, given the mazimum output estimation
error &, = MaXrezs, Yk — Ukllo, there exists a finite constant K such that

|Z 541 = Zelly < K (| Lallo &y + K |1 — vl - (7.17)
Proof. The proof is reported in Section 7.5.5.

Remark 7.6. In general K cannot be computed explicitly, but it can be
estimated numerically by gridding.

7.1.4 Robust MPC formulation

The robust MPC solves at every time-step a FHOCP where the evolution of
the states of the system is predicted with the LSTM model and is initialized
with the observer state estimation. The cost function penalizes the deviation
from the state and the input set-points computed at the current time instant
by the Reference Calculator, that are assumed constant along the prediction
horizon. The terminal cost and the terminal set are designed to stabilize the
closed-loop system. To ensure satisfaction of the output constraints despite
the observer estimation error, the disturbance and the set-point variation,
a constraint tightening approach similar to the one proposed in [130] and
also used in Chapter 6, and a time variant terminal set are employed. For
the constraint tightening, we use a time variant term é, € R related to the
uncertainty of the observer, whose evolution is described by

€ok+1 = Pobo,k + W. (7.18)

Depending on the values of é, 0, of p, and of w, é, can increase or decrease,
but its behavior is always monotonic with

w

(7.19)

lim €, = éx = .
o0 (o) 00 1_P0

Definition 7.1 (FHOCP). Given the prediction horizon N, the FHOCP
for the robust MPC' is the following

win Z (e = aully + e = ) + | [ Z 2| crzom

5.t To = Tk (7.20Db)

Tipae = f(@ik k) (7.20¢)

Wyl + by + dimaslp < Ymaz — Gi€ok — bs (7.20d)

Wyhig + by — dmazlp = Ymin + Gi€ok + bi (7.20¢)

Ui €U (7.20f)
fori=0,..,.N—1

Tk € Xp(k) (7.20g)
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where Q@ = 0 and R = 0 are design choices, while Pr = 0 satisfies the
Lyapunov condition A;PfA(S — Pr < —qla, where ¢ = Aoz (Q). Coefficients
a; € RP and b; € RP for the constraint tightening are defined as

ag = Co, bo = 0p71 (7.21&)
Qi1 = Polli + pécs,uLmaxCo,s (721b)
bit1 :=b; + a;w (7210)

X¢(k) is a time variant terminal set, chosen as a sublevel set of the terminal
cost:

wo={[lew i, <n} e

with

= gIerHl}o]mm{%k s O ) (7.23a)
where
max,__ _1/2 e
o850 1985 L7, et~y s e~y
mzn _1/
= 0 155 P, ) =) 2 = vy g

(7.23¢c

)
)

éo,k = max{é(),k? éoo} . (7 23d)
Remark 7.7. The coefficients for the constraint tightening defined in (7.21)
are defined analogously to Chapter 6. However, the constraint tightening
formulation in (7.20d)-(7.20e) is different from the one in (6.12d), because

it takes into account also the upper bound of the disturbance dqz-

At each time-step k the solution of the FHOCP is denoted by uj =
{u’5| oy e uj(v_” .} According to the Receding Horizon principle, the MPC
control law is obtained applying only the first element of the optimal input

sequence, i.e.

MPC(

up = M (@, Co ks Ty Uk Y) = U (7.24)

7.2 Stability and offset-free results

In this section we analyze the properties of the closed-loop. To guarantee
offset-free results, in Section 7.2.2 we have to introduce a mild assumption
on the convergence of the closed-loop of Figure 7.1. However, we first have
to prove recursive feasibility and stability for the nominal closed-loop system
reported in Figure 7.2, where the plant is substituted by the LSTM with an
additive disturbance on the output (7.7).
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7.2.1 Recursive feasibility and stability analysis

In this subsection recursive feasibility and stability of the nominal closed-
loop system reported in Figure 7.2 are analyzed. First note that in order to
have a solution of the FHOCP, it is necessary that a; > 0 for all k € Z>o.
To guarantee this condition, the following assumption on the set-point is
introduced.

Assumption 7.4. The set-point y° is such that

ylg(]) < ymax(j) - 2dmar - aN(j)éo,k — bN(j) (725&)
Yr(j) > Ymin(g) T 2dmaz + an(j)ok + by () (7.25D)

forall j =1,....,p, for all k € Z>y.

Consider the closed-loop system composed by the augmented LSTM
(7.8), the observer (7.11), the Reference Calculator (7.15) and the MPC
(7.24). This system has state

=1[c"hT T hT d" &))"
and inputs d and y°. Let’s now define the feasible set of states and inputs

AMPC .— L, d, ")z e X, xeZ,de D,y ),
éo is such that V5(x, x) < é
and 3 a solution of the FHOCP}.

Remark 7.8. In the feasible set XMFPC it is required that é, is an upper
bound for Vo(X,x). This condition is similar to require that é, is an upper
bound of the observer estimation error. In fact, using Equation (7.14a)
and Vo(X, x) < €, the following inequality relating é, and ||x — X||, can be
derived:

I~ Kl < 22
X~ Xllog > —-
2 Co,l
In the following theorem the main result for the nominal closed-loop
schema described in Figure 7.2 is derived.

Theorem 7.2. Let the LSTM model respect Assumption 4.1, and let As-
sumptions 7.1, 7.2, 7.8, 7.4 hold. Then there exist Lymae > 0, Lg > 0
and AyY,.. > 0 such that for Lmas < Lmaz, |Lllq < La and y° such that
Hy,gJrl — ng < AYY . for all k € Zq, for the closed-loop system composed
by the augmented LSTM (7.8), the observer (7.11), the Reference Calculator

(7.15) and the MPC (7.24) the following properties hold:

e constraints (7.3) and (7.4) are satisfied ¥(¢,d,y°) € XMPC;
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e the FHOCP is recursively feasible, i.e. (Vy,dy,yY)) € XMPC - —
(djk-‘rlu dk-}—la y2+1) € XMPC;

e the closed-loop system (7.8)-(7.15)-(7.24) is ISpS with respect to the
observer estimation error x — x in XMPC;

o if d, = do for k — oo, then

klirn le — Yool =0
—00

where

Yoo = [é; BoTo E; B; g; éoo]T
and Too = [l hL]T and tis are the solution of (7.15) when y° =y
and d = do.

Proof. The proof is reported in Section 7.5.6.

Remark 7.9. To satisfy the condition on the rate of change of y° it is
sufficient to pass the set-point through a rate limiter.

7.2.2 Offset-free result

It is now possible to follow the results in [173] to show that the proposed
scheme based on the model augmented with the disturbance and on the
Reference Calculator guarantees offset-free at steady state also when applied
to the real plant (see Figure 7.1), provided that the uncertainty on the model
is sufficiently small to preserve convergence and constraints satisfaction, as
assumed in the following assumption.

Assumption 7.5. The plant disturbance dy is bounded and asymptotically
constant, and the closed-loop system composed by the plant, the observer
(7.11), the Reference Calculator (7.15) and the MPC (7.24) respects the
constraints and converges to constant values strictly in the interior of the
feasible set.

Theorem 7.3. If Assumptions 7.1, 7.2, 7.3, 7.4, 7.5 are satisfied and the
LSTM model respect Assumption 4.1, then the closed-loop system composed
by the plant, the observer (7.11), the Reference Calculator (7.15) and the
MPC (7.24) is offset-free at steady state, i.e. Yo — yg’oo for k — oo, where

Y9 o = limy o0 3
Proof. The proof is reported in Section 7.5.7.
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7.3 Illustrative example

As benchmark example to test the proposed control algorithm we consider
the pH neutralization process described in Section 5.3.1. The objective is
to control the pH (that is the output y4) by acting on the alkaline flow
g3 =: ug, respecting the input saturation constraint

ug € Uy = [12.5,17] mL/s.

In this chapter, the buffer flow ¢o is considered as an unmeasurable time
variant disturbance. As output constraint we consider the set V, = [6.0,9.0].

7.3.1 LSTM model identification

To extract the dataset for the training of the LSTM model, a simulator of the
plant is forced with multilevel pseudo-random signals, and the input-output
response is sampled with a sampling period of Ty = 10s, as done in [230]. In
particular, the input signals for the plant simulator are piecewise constant
signals with random values in Uy, where each constant value is applied for
a random time between 1075 and 10075. 15 sequences of Ny = 1500 time-
steps each are extracted, and are split in 10 sequences for training, 3 for
validation and 2 for testing. All the sequences are generated considering the
disturbance constant at its nominal value go = 0.55mL/s. Before the train-
ing, inputs and outputs are normalized using their maximum and minimum
values present in the training dataset, so that -1 <u <1 and -1 <y < 1.

The LSTM neural network is developed in Python 3.9, using Tensorflow
2.8. To obtain a final network respecting the JISS condition of Assumption
4.1, the training loss and the stopping rule for the training are modified as
detailed in Section 4.2.2. In this case, the tuning of hyperparameter A~ in
the loss function (4.4) is important to obtain a a model that satisfies the
0ISS condition by a larger margin, providing a model with smaller values of
ps. In fact, a small value of ps, together with a small value of p,, implies
that coefficients a; defined in (7.21) are smaller, leading to a less conservative
constraint tightening for the MPC.

For the MPC simulations we use an LSTM model with n = 5 neurons
and with a FIT on the test set of 94.0%. The network is trained using ADAM
optimizer for 1000 epochs, with a learning rate of 0.001 and hyperparameters
AT = 0.03 and A~ = 0.02. The final model respects the §ISS condition of
Assumption 4.1, and has ps = 0.92 when the incremental Lyapunov function
Vs is computed using )s = 100015.

7.3.2 Control implementation

To tune the controller we assume dy,q; = 0.1, that corresponds to the 5% of
the range of variation of the output in the training dataset, since the output
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Figure 7.3: Evolution of the output of the LSTM model (blue line) compared
with reference y° (black dashed line), and evolution of the disturbance d
(orange dash-dotted line). y" and d are selected to respect the sufficient
conditions for recursive feasibility of Theorem 7.2.

is normalized in [—1, 1], and @ = 0.01. Under this assumption, the following
parameters are used. The cost matrices are set to @@ = Is, and R =1, and
the prediction horizon to N = 5. The observer gains L¢, Li, L, are chosen
by solving the optimization proposed in [230, Proposition 3|, while Lq is set
to 0.01. The matrix P, is obtained by solving the Lyapunov equation with
Qo = 100013, leading to po, = 0.99, Lier = 8.4x 1074, wpnar = 4.3x107° and
€ = 1.04. Concerning the parameters related to the recursive feasibility
condition, K = 2.67 is estimated by gridding, while €y is set to 0.03. This
value is clearly affected by the quality of the initialization of the observer.
In the considered simulations this bound is always largely respected. The
initial value for the observer state is set to the state equilibrium of the
LSTM model associated with the initial output of the system under control
and dy = 0. With the considered parameters, the time variant interval for
y” needed to satisfy Assumption 7.4 converges to [6.49, 8.51] after an initial
transient.

7.3.3 Simulation results

First, the conservatism of the feasibility/stability conditions is tested by
performing some simulations where the controller is applied on a perturbed
version of the LSTM model. In the first simulation, reported in Figure 7.3,
slow variations of the set-point y° and of the disturbance d are applied, in
order to respect all the sufficient conditions required by Theorem 7.2. As
predicted by the theory, recursive feasibility, stability and zero error are
fulfilled. Then, considering that all the bounds have been derived using a
sequence of possibly conservative inequalities, we carried out an analysis
to verify the applicability of the control in presence of larger variations of
the set-point y° and of the disturbance d, that do not satisfy the sufficient
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Figure 7.4: Evolution of the output of the LSTM model (blue line) compared
with reference y° (black dashed line), and evolution of the disturbance d
(orange dash-dotted line). The sufficient conditions for recursive feasibility
of Theorem 7.2 are not respected, but recursive feasibility is maintained in
the practice.
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Figure 7.5: Evolution of the output of the LSTM model (blue line) com-
pared with reference y° (black dashed line), and evolution of the disturbance
d (orange dash-dotted line). In the time instants highlighted in gray the op-

timization problem (7.20) is not feasible and the control law is selected by
solving (7.20) without constraints (7.20d)-(7.20e)-(7.20g).
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Figure 7.6: Evolution of the output of the real plant (blue line) compared
with reference yg (black dashed line), and evolution of the plant disturbance
dg (orange dash-dotted line), when Lgq = 0.01.
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Figure 7.7: Evolution of the output of the real plant (blue line) compared
with reference yg (black dashed line), and evolution of the plant disturbance
dy (orange dash-dotted line), when Lq = 0.1.

conditions required by Theorem 7.2. In particular, in Figures 7.4 and 7.5,
simulations with increasingly larger set-point and disturbance variations are
reported. In the simulation reported in Figure 7.4 feasibility is never lost,
while in Figure 7.5 in the time instants highlighted in gray the FHOCP
is not feasible because of the large variations of y°. Notably, feasibility is
maintained also with large step variations of the disturbance d.

Then, the controller is applied to the real plant (represented by the
physical equations describing the system). Since model uncertainty is not
estimated, the bounds d,,,; and w are considered as tuning parameters of
the control. Also é, is considered as an additional tuning parameter of the
control, since the states of the plant do not coincide with the states of the
LSTM. The first simulation is carried out using the same parameters of the
simulations performed using the LSTM model, and is reported in Figure 7.6.
It can be noticed that the response of the plant to the disturbances is very
slow, and null error is reached only after a very long transient. Hence, in a
second simulation, Lq is increased to 0.1 to make the disturbance estimation
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in the observer faster. With this tuning of the observer p, = 0.97, Liqr =
8.5x 1072 and é,, = 0.38. In this case, the asymptotic interval for y° needed
to satisfy Assumption 7.4 is [6.57,8.43]. The resulting trajectory is reported
in Figure 7.7, and it can be seen that the control is able to correctly manage
the plant, maintain the recursive feasibility and achieve null tracking error
also in presence of disturbances.

7.4 Conclusions

In chapter we proposed an MPC control scheme based on an LSTM model
of the plant under control. The MPC algorithm is able to take into account
input and output constraints and to guarantee null error at steady state
also in presence of modelling errors and of asymptotically constant bounded
disturbances. Offset-free is obtained by introducing the estimation of a
disturbance term in the observer, that is used to update at every time-
step the reference values for the MPC cost. The satisfaction of output
constraints in presence of the observer estimation error and time variant set-
point is obtained using a constraint tightening technique, based on an upper
bound of the norm of the observer estimation error. The key element for the
design of the constraint tightening is the derivation of incremental Lyapunov
functions for the LSTM model and for the observer, whose parameters are
employed in the definition of the coefficients for the constraint tightening. In
the FHOCP formulation for the MPC a time variant terminal constraint is
also introduced, that guarantees recursive feasibility in presence of variations
of the reference values. Then, ISpS and convergence are proven by means of
a Lyapunov function, different from the optimal cost because considers the
deviation from the asymptotic values of state and input set-points that are
a-priori unknown.

The main limitation of the proposed approach is the conservatism of
the robust constrained MPC algorithm that must cope with both the dis-
turbances and the set-point variations. In order to partially reduce this
limitation an artificial reference approach could be adopted, avoiding the
restriction on the tightened constraints introduced by the set-point varia-
tion. Further improvement could be achieved by deriving less conservative
bounds along all the proofs. However most of the conservatism is inherent in
the worst case deterministic approach. As shown in the simulation example
it is possible to find a compromise between a-priori feasibility guarantee and
performance by adapting some of the algorithm parameters.

7.5 Proofs

The following lemmas will be used for the proofs.
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Lemma 7.5 (Property 3 in [230]). Given two vectors a,b € R™ and a
positive definite matriz M, for any ¢ # 0 it holds that

1
w+w%§a+ﬁnw%+@+w)wm (7.26)

Lemma 7.6. Given two sets of n numbers each, {a1,...,an} and {b1,...,b,},
one has that

in a; — min b; > min (a; — b;).
G2 i = iy e b (727

Proof. Equation (7.27) can be rearranged as

min a; > min b; + min (a; — b;).

i€[1:n] 1€[1:n] i€[1:n]
Let’s now denote ¢; = a; — b; for i € [1 : n]. Then

min a; = min (b; + ¢;) > min (b; + ¢;) = min b; + min ¢;
i€[1:n) 1€[1:n] 1,j€[1:n] 1€[1:n] jE[l:n]

= min b; + min ¢; = min b; + min (a; — b;).
i€[1:n] i€[ln] 1€[1in] 1€[1in]

7.5.1 Proof of Lemma 7.1

Condition (7.6a) is easily verified for the definition of V.
Condition (7.6b) can be verified as follows:

%«ﬁw«fvv=¢H$Qii$¥WﬂT%L%Qiiﬁ%ﬂﬂ
@?¢W;:$mf@ﬂhmﬁiﬂm
:Vm;:ﬂﬂnﬂ‘%mﬁiﬂﬁ

whﬁ_ﬁﬁ Mﬁ:ﬁHQ
=] [

Finally, to verify condition (7.6¢), consider the j-th row of |Wy (h?* — hP)|

= ps‘/s(an xb)‘
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for j =1,...,p:
W, (B — BP)| = ‘[Ol,n Wy (o) [fCLZ _ ZZ}
< |[0nall [Wyiinll] H';fz _ Zv\'\ﬂ
= [fo 1l 2R e ]
<0 1ol 2 e [ ]|

= e Vela® 2?).

7.5.2 Proofs of Lemma 7.2 and of Corollary 7.1
Proof of Lemma 7.2

Existence of x*: We first prove that if a constant input u is applied to
a JISS system, then the resulting state trajectory is asymptotically con-
stant. Considering any possible initial state xg, and applying the definition
of 0ISS (2.10) with z§ = xo, 2§ = z1 = f(zo,u) and u} = up = u for all
h=0,....k—1, it follows that

k41 — 2]l < B(llz1 — o[, k).

Hence the difference between xy.1 and xy becomes small when & increases.
By summing up the previous inequality one has that limp_, |27 — 2o <
Y reo B(llzr — zo||, k), that is finite in view of the exponential nature of
the function 5. Then, the resulting trajectory is asymptotically constant.
Moreover, given any u there exists * solving (7.9), that corresponds to
the asymptotic value of the trajectories associated to the constant input wu.
Finally, 2* € X in view of the positive invariance of X.

Uniqueness of x*: Consider the definition of ISS (2.10), and assume
that there exist two different equilibrium states z; and zy corresponding
to the same input w. Under this assumption it is possible to study the
evolution of the system with 3 = 2%, 2b = 2} and u} = u} = u for all
h=0,...,k—1. Then, for the §ISS assumption, it follows that [|z& — 2P| — 0
for k — oo. This is a contradiction with the fact that x} and xzy are two
different equilibrium states. Then the equilibrium state z* is unique. O

Proof of Corollary 7.1

The existence and uniqueness of z* follows from Lemma 7.2. Then there
exists a unique value d* satisfying (7.10b), that is d* = y — g(x™). O
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7.5.3 Proof of Lemma 7.3

First, we recall from [230] that &y, Gi, 0, and . are bounds on the values
of the gates of the LSTM. In particular, if h € ‘H and v € U, then for
i1=1,....n¢

lo(Wiu + Ugh + bt) (5| < oy, (7.28a)
lo(Wiu + Uih + b;) ;)| < a3, (7.28Db)
lo(Wou + Ush + bo) ()| < o, (7.28¢)
| tanh(Weu + Uch + be) ()| < . (7.28d)

Consider Equation (7.11b) for k. H is an invariant set for h because each
component of iLk_H is computed as the product between a sigmoid function,
whose output lies in (0,1), and an hyperbolic tangent, whose output lies
in (—1,1).

Moreover, D is an invariant set for d in view of the saturation in Equa-
tion (7.11c).

It is now proved that Cisa positive invariant set for ¢. First note that
ifuel, hh €M, d,de D, in view of (7.7d), one has that

lo(Weu + Ush + b + Le(y — @))(j)|
—0 ((qu + Urh + by + Le(y — z)))u))

<o (|Wru + U + b + Loty - )5

< 0( max Amax‘(qu+Ufﬁ+bf+Lf(y—g))(j)D (7.29)
u,h,h,dd
=0 ( max || Weu+ Ugh + be + Le(y —g)||oo>
u,h,h,d,d
< o([[[Wrumaz, Us — LWy, by, LWy, 2L¢dmazll|oo) = oy
and that )
|o(Wiu + Uih + b + Li(y — 9)) )| < 0. (7.30)

ConsiAder now the j-th component of ¢, and assume ¢, € é, h, iLk eEH
and dg,dr € D. By taking the absolute value of the j-th component of
(7.11a) one gets

|Crt1()| < lo(Wruy + Uthy, + be + Le(y — )il - 16k

+ |o(Wiug + Ushy + bs + Li(y — §)) )| - | tanh(Weuy, + Uchy, + be) )|
(7.284)(7.20)(7.30) o 516
ot|Crj| + 010 < 1 &

— O¢

i.e. C is a positive invariant set for state ¢. O
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7.5.4 Proof of Theorem 7.1
The proof is divided in three parts:

1. Derivation of an upper bound for the evolution of the observer esti-
mation error;

2. Proof of the properties (7.14) of the observer Lyapunov function Vg;
3. Proof of convergence, under the assumption that wy — 0 for £ — oc.

Part 1: First note that, in a similar way to (7.29), it is possible to show
that X
lo(Wou + Ush + bo + Lo(y — 1)) (j)] < 0o (7.31)

Let’s now define the error variables e. := c—¢, e}, := h—h and eq := d—cZ,
and let’s study their evolution in time.
Consider the time evolution of e,:

+_ At

+
c — —C

€ C

= o(Wiu + Ush + bg) @ ¢ + o(Wiu + Uih + b)) ® tanh(Weu + Uch + be)
- (a(qu + Ugh + b+ L(y — §)) @ &
+ o(Wiw+ Uih + by + Li(y — ) ® tanh(Weu + Uch + bc))
= o(Wiu + Uth + by + Le(y — §)) ® (¢ — &)
+c® (a(qu + Uth + by) — o(Wiyu + Ugh 4 by + L(y — g)))
+o(Wiu + Uih + b)) ®
(tanh(WCu + Uch + b) — tanh(Weu + Uch + bc))
+ tanh(Weu + Uch + b)) ®
(U(VViU +Uih +bi) — o(Wiu+ Uih + b + Li(y — z)))) :
Taking the norm of both sides, exploiting ¢ € C, (4.1¢), (7.28), (7.29), (7.31),
the definition of ¢, and the fact that o(-) and tanh(-) are Lipschitz con-

tinuous functions with Lipschitz constants respectively of % and 1, one has
that

oi0c. 1
1—o0¢4

ledll2 < Grllecll2 + |Uth — Uth — LWy (h — h) = Le(d — d)]|2

. 1 . . .
+ 5'iHUc(h — h)”g + 6CZ”Uih — Uh — LiWy(h — h) — Li(d — d)”z
2 6’16'(: 1
- 1—o0¢4

(1Ur = LeWyll2llenll2 + [ Lel[2]leall2)
_ 1_
+ ail|Ucll2/lenll2 + Zac(HUi — LiWyllallenll2 + [ Lill2[leall2)-
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Ordering all terms one has

led |2 < &¢llec|l2

1 oi0 1
(G20~ LWyl + sl + Gl = LV e el

11—5?

(229 Ly + ol Lill ) fleal (7.32)
— —_— i e .
11— o bl 10¢ 2 dll2

= Gillecll2 + allenll2 + Bllealla-
Consider the time evolution of ey,:
eflr =hnt —ht
= oc(Wou + Uoh + b,) ® tanh(c™)
— o(Wou 4 Ush + by + Lo(y — §)) ® tanh(éh)
= o(Wou + Ugh + by + Lo(y — §)) ® (tanh(cT) — tanh(¢*))
+ tanh(ct) ® (O‘(WOU + Ush + bo) — 0(Wou + Ugh + bo 4+ Lo (y — Q)))

Taking the norm of both sides, exploiting (7.28), (7.29), (7.31), the definition
of , lipschitzianity of o(-) and tanh(-), one has that

) R 1 . . .
ler [l2 < Folle™ —é™ |2 + 0x lUoh = Uoh = LoWy(h — ) = Lo(d — d) |2
. 1 1
< Golled ||z + foUo — LoWyll2|lenl2 + foLonHede-

By substituting |lef || with its upper bound (7.32) and ordering all terms
one has

- ~ - 1,
leyll2 < Godillecll2 + Fllenllz + (508 + 7x/ Loll2) ealla- (7.33)

Consider the evolution in time of eq. First define d;, := d + Laq(y — 9),
that is (7.11c) without the saturation operator. Then

A

€ans = A" —df,=d+w—d—LaWy(h—h) — La(d — d)
= (Ip — Ld)ed — LdWyeh + w.
By taking the norm of both sides one has that
Hectns”2 < [|[LaWyll2llenll2 + I — Lall2[leall2 + [lw]2- (7.34)

Moreover, noting that [} |l2 < |let, [l2, it is possible to write in matrix
form (7.32), (7.33) and (7.34), obtaining

e 12 lec|2 0
leyll2| < Aa | llenll2| + [0 llwll2 (7.35)
leg 2 leall2 1
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where Aq is defined in (7.12).

Part 2: Condition (7.14a) is easily verified for the definition of V5.
Proof of (7.14b) is shown in the following:

16 = | g | [le—cle] [0
Vo™ x ™) = || | K = h*|l2 < ||Aa [l[h=hll2| + 0] llwlly
ld* —a*lla] I, ld—dl.] [1 N
&= cll2 0
<A [l =nl2| |+ [o] lwl,
Hd_ d||2- P, 1 P,
The two terms of this sum are now considered separately.
For the first term we have that
~ =1l A 4T ~
& - cllz lé - cllz & - cllz
Ag |l =nlz|| = | [lh=nl2| ATP.A4 |lIh - hl,
ld —dll2] 1|, Llld —dff2] ld —dll2
- ST .
& - clla &~ ell
= | {lh=hlla| (o= Qo) |k — 2
Llld — d]f2] [d — dl|
. 2 1A 2
& - clls & - clls
< {13 = wll] || = A (@0 || 10— 2z
ld —dll2] 1l Llld —dll2] 1],
9 le = el
< [(1- Fme@en) o e
ld—dllo] |1,
_ o 2min(@o) o -y
)\mw(Po)Vo(Xa X) = poVo(X: X)

For the second term, in view of boundedness of set W, we have that

there exists a finite constant w such that for all w € W

0
0
1

[l

Po

It follows that Vo (X, x) < poVo(X, X)

§ ﬁ/Po(3,3)wmax =:w.

+ w.

Condition (7.14c) is now verified. Consider the j-th row of |[W, (h —h) +
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(d—d):

Wy (h = h) + (dggy — dgjy)]

c—¢
= |01 WyGe) L] |7 =1
d—d
e — el
< {0 HWY(J'*)Hz 1} ”h_if”?
ld —dll2
e — el
= | [0 [Wygioll, 1] B2RY2 | 0 = il
ld —dll2
e —éll
< |[[0 yially 1] B2, - P27 [lin = Rlla || = cogy Vol -
ld —dll2

2

Finally, to study condition (7.14d), first note that

et — ()Z,U)Hz
_faug HQ Hth Xau)HQ
ld* = fa(x,wll2] 1l

where f. and fj, represent Equations (7.7a) and (7.7b) respectively, and fq
represents Equation (7.7c) without the term wy.

Consider ¢t — fo(x,u):
— fe(R,u) = o(Wru + Ugh + by + Le(y — §)) ® ¢
+ o(Wiu + Uih + b + Li(y — §)) ® tanh(Weu + Uch + b,
~ (U(qu + Ush + bg) ® ¢
+ o(Wiu 4 Uih + b)) @ tanh(Weu + Uch + bc))
= (U(qu + Uth + b + Le(y — §)) — o(Wru + Uh + bf)) ® ¢
+ (o(Wiw + Uik + b + Lily - 9))
— o(Wiu + Ush + bi)> @ tanh(Weu + Uch + be).

Taking the norm of both sides, exploiting the positive invariance of the set
Z, the upper bound (7.28d), and lipschitzianity of o(-) and tanh(-) we have
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that

= e, < 7 ILey = Dl el
1 .
+fna<—@wﬁwmuwww+mh+m>

1 & O'C a; O'C

41—
+fmnmwmqh—hu+~ﬁawmﬁw—41 (7.36)

LWl [ |, + 7 1el 2% a4,

1 0’10'0
— (32 1wl + Joe sl ) - ],

00
(\hulc+-wmm)w d,.

Consider bt — fi(%, u):

— (X, u) = o(Wor + Ugh + b + Lo(y — §)) ® tanh(é )
- (a(Wou + Uph + o) ® tanh(fo(X, u
- (U(Wou + Uoh + bo + Lo(y — )
— o(Wou + Ush + bo)) ® tanh(é)
+ (tanh(¢) — tanh(fo(X, u))) @ o(Wou + Ush + by).

TakiAng the norm of both sizes, exploiting the positive invariance of the
set Z, the upper bound (7.28¢), lipschitzianity of o(-) and tanh(-), and by
substituting (7.36) we have that

A R 1 0’10' N _
Jive = o), = § 02ty = )l tons (775 ) 4 e+ = £
1 alac
< Ztanh <1 ) [ LoWy |l Hh hH
1 3’1ch
+  tanh <1 ) o] Hd dH
) (7.37)
1 0’10'
+ 5o <41 | LWy |, + ac |LiWy HQ) =),

O'fO'C
‘o (ng <t qoelialy) - d-
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Consider d — fq(%, u):

~

@~ faGe )|, = ||sat(d + La(y = ), dar) — d

< |d+ Loy -9 -d

2
L=l =a)l,  (738)

< LWy lly || = ]| + 1 Zallz |- d] -

Combining (7.36), (7.37) and (7.38), we have that

16" = fo(Xs u)ll2 le = éll
Ih* = fu(xwll2| < L |[Ih = hll2 (7.39)
ld* — fa(x;w)ll2 |d — dl|

where L is a matrix that can be obtained from (7.36)-(7.37)-(7.38). In
particular

0 a B
L= |0 7|LoWylly + o 7 ||Lolly + 70
0 | LaWy]l, [ Lally
with .
1 o0 1
& = 17 i ;f ||LnyH2 + 10}: HLiWyHQ
_ 1 5’15’0 1_
= —||L — - Li
Bi= gLl 75 + g0e 1 Lill
1 éiﬁc
O 71} h ~ .
T c‘rf>
Taking the norm of both sides of (7.39), we have
o~ el yapue [l I
X7 = faug (o w)lly < || L IR =hll2 ||| = || LR 2R57 {llh = Al
Ild — dl2] |, ld —dll211],

IN

‘ﬁRﬁ”mVH%x)

so that Equation (7.14d) is verified with L4, 1= HLPJUQHQ‘

Part 8: If w, — 0 for k — oo, then observer convergence immediately
follows from (7.35). O
7.5.5 Proof of Lemma 7.4
Let’s define §° :=d — y° and ¢ := [z7 @"]T. Then the equilibrium problem
(7.15) can be rewritten as the problem of finding the solution of F(3°,¢) = 0,
with

f({z'v ’L_L> - 'f:|

F(Qovg) = |:g($) _|_g0
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In this proof the function ¢ = v(§°) such that F(3°,v(4°)) = 0 is studied.
Let’s define the following Jacobian matrices of F' in the point (°,v(9%)):

oo [BUED - L0 -7)
TR b A vhi |

Under Assumption 7.3, the implicit function theorem states that

v
g0

(3°) = =[Jc @, 7@ N T (3°,7(3") = K(3°).

Let’s denote K (9°) = [Kz(9°)" Ka(§®)T]", where Kz(°) are the first 2n,
rows of K (§°) and K;(¢") are the remaining m rows. Then, denoting

K = max HKE@O)HQ
§9:40€)0,deD

it is possible to obtain a relationship between the maximum variation of
and the variation of ¢°:

Zet1 — Zilly < K H?ngﬂ - ngQ‘

Note that the maximum that defines K is always finite in view of the bound-
edness of the sets J° and D.

The variation of §° = d— yY can be given by a variation of the dis-
turbance estimation d and /or by a variation of the set-point y". This two
contributions can be separated, obtaining

@41 = anlly < K ||des = du|, + K o = sfll,-  (7:40)

The maximum variation of the disturbance estimation d depends on the
maximum estimation error €, and on the observer gain Lg. In particular it

holds that

(7.11¢) . B
< [1Lalyr = G0)lly < [1Lally & (7.41)

~

HCZk+1 — dy,

2

Then, combining (7.40) and (7.41), (7.17) is proven. O

7.5.6 Proof of Theorem 7.2
The proof is divided in 3 parts:

1. Proof of satisfaction of constraints (7.3) and (7.4), given that (¥, d,y°) €
XMPC'
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2. Proof of recursive feasibility, that is divided in:

(a) Show that if [¢" AT]T € X;(k) then Wyh+by + dimazlp < Ymaz —
aNéo,k - bN and Wyh + by - dmaz]-p > Ymin + aNéo,k + bN;

(b) Show that the candidate solution satisfies (7.20d) and (7.20e);

(¢) Show that the candidate solution satisfies the terminal constraint
(7.20g).

3. Proof of ISpS and convergence, that is divided in:

(a) Proof of ISpS;

(b) Proof of convergence.

Part 1: If p € XMPC the satisfaction of the input saturation (7.3)
follows from constraint (7.20f) of the FHOCP formulation. Also the satis-
faction of the output constraint (7.4) is guaranteed by the control design.
In particular y < Ymase follows from

(7.14c) . .
Y = Wyhk + by + dk S Wyhk + by + dk + COVO(X]C7 Xk’)
< Wyho‘k + by + dmamlp + CoéoJc

(7.21a)(7.20d)
< Ymax — A0€o,k + a0€o k = Ymaz-

The fact that yr > ymin can be proven in a similar way:
(7.14c¢) R R )
yr = Wyhg + by +dp > Wyhg + by + dp — coVo (X, X&)

> Wyho‘k + by - dmamlp - Coéo,k

(7.21a)(7.20¢)
> Ymin T G0€o0,k — A0€o.k = Ymin-

Part 2a: To verify that if x € X(k) then the tightened output con-
straints are satisfied, first note that if € X¢(k) then

- c—¢ c—c
W50~ ] = (01 Wags] | \ : \“’ [Wsioll, H‘h - h‘l‘w‘fj

_ , ~1/2 p1/2 | [le = Crll
=0 [[Wygo [l )P 5 {Hh—ﬁkug

(7.42)

_ lle — &l
< ‘[0 “Wy(j*)}|2]Pf I/QHQ' H [Hh — hl:;”i]

" o Wagrall ] e

Py

120



Chapter 7. Robust offset-free MPC with LSTM networks

Considering now the j-th row of Wyh + by + dy421p, we have that

Wy (b + by(j) + dimaz
= Wy(s) (h = i) + Wy sy b + by(j) + di(j) — di(j) + dmaa

(7.15b) _ .
= Wy(j*)<h — hk) + y,g(j) — dk(j) + dmaz

< Wy (h = B)| + 93y + 2dimas

(7.42) )
<10 Wy l,12 2] o+ 1)+ 2

(7.23a) 3 (7.23d) R
< Ymaz() ~ ANG)Cok —ONG) = Ymax(j) — ANG)Eok — ON(j)-

In a similar way it is possible to prove that Wyh + by — dpmazlp > Ymin +
anéo + by. In fact, considering the j-th row of —Wyh — by + dyazlp, We
obtain that

= Wyinh = by) + dmae

= ~Wy ey (h = hi) = Wy hi = by(j) — di(j) + di(y) + dimaa

(7.15b) _ R
=" =Wy (h = hi) = 4y = dr(s) + dimaz

< ‘Wy(]*) (h - Bk)‘ - y?]) + Qdmaz

(7.42) B
= H[O HWY(J*)HQ]Pf 1/2H20ék —y?j) + 2z
(7.23a) (7.23d)

S “Ymin() ~ ONG)Cok TONG) = Ymin(j) — ANG)Cok — ON()-

Part 2b: Given the optimal solution uj of the optimization problem
at time-step k, let’s denote with x} = {xglk, v J:jv_”k} the associate state
trajectory defined by x:Jrl\k = f(xak, uflk) with xak := Zy. Let’s also define
TN pafe = @ Wer)-

Let’s define ug,q = {ﬁi|k+1}¢]i61 the candidate solution at time-step
k+1, where ;41 := u:+1|k fori =0,...,N—2and dy_qp41 := Ug+1. Note
that 4x11 € U for Assumption 7.3. Consider also the associate trajectory
Xkt1 = {Zojk+1s o TNjpt1) defined by Ty gy == f(Zijgr1s Uijp41) with
Tojg41 = Lht1-

Preliminarily, note that thanks to Lemma 7.1 and Theorem 7.1 we have

that
Fglkﬂ] R
dk+1 dk
(7.14d)

< Cs7uLmax‘/0(>A<ku Xk) < Cs,uLmaa:éo,k

(7.6a)
~ *
Vs(%\kﬂa xl\k) < G

~ *
Lojk+1 — ‘Tl\kH2 < Csu

‘ 2

and that using Lemma 7.1 and inequality (7.6b) recursively it follows that

Vs(jz'\k-i-lv l':_:,_”k) < Cs,uPéLma:L‘éo,k (7-43)
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for ¢ = 0,..., N. Moreover, as shown in Part 2a of the proof, since x}‘\”k €
Ay (k)

W, hf}(\[‘k + b + dmax]-p < Ymaz — aNéo,k: — by
W h} \k+b dma:c]-p Eymm—i-a]véo,k—i—bN.
Hence, %;;41 satisfies (7.20d) for i = 0,..., N — 1 as shown in the following

Wyh“k_,_l + by + dmazly
(7.6¢)
Wyh:-l-l\k + CS‘/S('%ﬂk—i—b x:+1\k) + by + dmaxlp
(7.20e)(7.43) )
< Ymazx — ai+1éo,k —bit1 + Cs,up;Lmazéo,sz

= Ymax — poaiéo,k - Cs,ungmaméo,sz —b; — a;w + Cs,upéLmaxéo,sz
= Ymax — aiéo,k—H — b;.
In a similar way it follows that Z;;4.; also satisfies (7.20e) for i = 0,..., N —1:

- Wyﬁi\k—i—l - by + dmazlp
(7.6¢) . ~ .
< 7Wyhi+l|k + CS‘/S(xi|k+17 xi+1|k) - by + dmaxlp
(7.20¢)(7.43) A , A
< —Ymin — Qi+1€0k — biJrl + Cs,upéLmazeo,sz

(7.21) . i . _ i 5
= —Ymin — Poli€ok — Cs,upsLmameo,sz —b; —a;w + Cs,upsLmaxeo,sz

(7.18)

—Ymin — @i€o k+1 — ;.

Part 2c: In this part we prove that Zyjy41 € Xp(k +1), ie

H [ |CN\k+1 - Ck+1||2] < it (7.44)
BN s1 — Pl
starting from the fact that xN‘k € X¢(k), ie.
HCN|k crll2
- < ag. 7.45
Hlllhmk Bl )

Comparing (7.44) and (7.45) it is apparent that both the sides of the in-
equalities change. Hence, an upper bound for the left hand side of (7.44)
and a lower bound for the variation of the right hand side are computed in
the following.

Before deriving the upper bound for the left hand side, we derive the
following preliminary inequalities:

(7. Ga) 1 (7.43)

Cs,u
57

Lmazeo k

e’ (7.46)
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and
leN1ps — Crrall2 ek — Crrll2 (r47)
||hN+1‘k; hk+1”2 HhN“g hk+1||2 P :
with pg :=, /1 — ﬁ(ﬂ)' The proof of this inequality is similar to the proof

of Equation (7.6b) in Lemma 7.1, using Qs = ¢la.
Then, the upper bound for the left hand side of (7.44) is

“ [|CNI<;+1 - Ck:+1\|2}
IAne+1 — hitll2

<

[||CN|k+1 - CN+1|k||2]

ANkt = P paell2

|cN+1|k - §k+1H2
HhN+1|k hk‘—i-lH?
HCN\k+1 - CN+1\;€H2
||hN\k:+1 hN+1|k||2

Py

(7.47) €N = Creall2
||hN\k hk+1”2

> maw( )

f

< )\maz(Pf) Hi'NUﬁ—i-l _$7V+1\kH

+ ps HC}KVVC B ?kHz +p H [Hck - Ck+1‘2} (7.48)
Hh?V\k — hy[2 P / Ak — hpyll2
(7.45)(7.46) c ) i )
e B (20 Lo + s =l ) + e
S7
(7.17) .

c . _ - _
< A777,(117(JDf) (cs’lpévLmazeo,k + PfK HLdHQey + pr Hyngrl - yg”g)
s’

+ prog.

Let’s now compute a lower bound for the possible variation of « (right

hand side of (7.44) and (7.45)):

(7.23a)

mm max . min
Qpy1 — @ = min min{al g, ol b — min min {al 5, ol
Jmin, min {ogie, afity | — min min {ajii®, of
(7.27) , ,
QMmaT o min min
2 jgﬁf;]mm oy — of it gty — afy
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Noting that

max min min
min {% k1 — OG5k s Xpy1 — Qg

= nin {_ [0 Wy ]Pf_1/2H;l (s = vi)
- [0 1Wyinl ‘WH ) (Borer = o),

10 Wy 1,172 H yk+1(')—92(j)>

[0 W L v o = 2o}
=l e \yf‘i+l<f>—y2<j>’

o G RO

it is possible to derive that

ap < Qpq1 + maX {H [0 [[Wy(se) H _1/2H ’yk+1(J O(J)‘}
—jrerﬁg] {H[O Wy ll,) _1/2H () (Eok — €o,k+1)} (7.49)
< onn+ s {0 1l ‘”QH ey sk}

From (7.48) and (7.49) it is possible to obtain

H [ N1 — Ck+1|!2]
BN g+1 — Prgall2

(7.48) c ) _ ) _
< )\mam(Pf) < csjupéVLmaxeo,k + pr HLdHQ €y + pr Hyl(c)—l-l - ngQ)

s,1

+ prag
(7.49) Csu N N _ _ = 0 0
< Amaz (Pr) 671'05 Lipazéor + prI [ Lally &y + prK Hyk+1 - kag
S,

+ (pr — Dagy
—1/2]| 1
+ pfjiqaj.).(p{H[O HWy(a‘*)Hz]Pf / H2 ‘y2+1(]‘) - yl(c)(j)’} + Q1.

Finally, note that pf < 1 by definition and aiy; > 0 for all k in view of
Assumption 7.4. Then there exist Lyqe > 0, Lq > 0 and Ay2,,. > 0 such
that for Lz < Limaz, ||Lally < La and y° such that Hy,gJrl - y2H2 < Ay
[N k+1 — 5k+1”2]
7 7 < Oy

H [’hNUc—H — hrgll2
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Part 3: To prove the ISpS and convergence properties of the closed-loop
system we introduce a candidate Lyapunov function with a structure similar
to the optimal cost of the MPC where the asymptotic values of the state
and input set-points are used, instead of their values at time-step k. Note
that these values cannot be used in the MPC cost function because they are
unknown. The candidate Lyapunov function is defined as

N-1 [Nk — Cooll2 i

~ _ N|k 0

Wei= 3 (e = Foolly + sy~ o) + | % 5~
£ N\k oo |2 P

* * * * 3 3
where U jjor -5 WN 1|1 and PR AR defined as in Part 2b of this proof,

and :L"j\,'k = [(c}‘v‘k)T (hy\”k)—q T. Note that W}, is a function of x = Ty, éq £,
Xy, and g, because all these values are needed to compute the optimal input
sequence uy.

In Part 3a, a lower bound and an upper bound for W) and a bound
on the variation of W} between subsequent time-steps are derived to prove
ISpS. In Part 3b, convergence is shown by studying the asymptotic values of
the bounds, under the assumption that y,g — 9% and dj, — doo for k — co.

Part 3a: The lower bound for Wy follows from

Wi 2 [|lzfy, — Zollg = 134 — ZosllG = Amin(Q)l|25 — Zoo 13- (7.50)

The upper bound for W}, is now proven.

Consider the possibly suboptimal control input u, = {&Z‘k}f\i _01 with
Uy, = Uy, for all i, and denote by Xj = {Zg|g, ..., Ty} the correspondent
state trajectory with initial condition Zg); := Zx. Note that there exists
w1 > 0 such that this control input is feasible at time-step k for all z; such
that Hi’k — .kaQ < u.

Three different cases are considered:

L. Hi“k - j00”2 < £ and Hi‘k - fooHQ < %?

V

2. ”fi’k - i'OOHQ

I

122
D)
L.
bR
5 and [|Z) — Tooll > 5.

IN

3. ij - 500”2
Case 1: ||Z — Toolly < § and ||Zf, — Toolly < 5.
In this case the sequence uy, is feasible. In fact

lér = Zxlly < e — Zoclly + 13k — Toclly < 5+ 5 = o

Let’s introduce new variables for the difference between the set-point at
step k and the set-point for £k — oo

0T = Tk — Too, OUk := Uk — Uso,

0CL := C — Coo, 571k = Bk — 7100

125



Chapter 7. Robust offset-free MPC with LSTM networks

Terms 0%y, 0y, 0k, Oy can be related to czk — do and yg — 2 with a rea-
soning similar to the proof of Lemma 7.4. In particular, under Assumption
7.3, there exist finite constants K, and K, such that

10zk]ly < K

dk_JooHQ‘i‘RmHyg_ngHQ (7513‘)

192, < Ko

i = doo |+ o 08 = 9%l - (7.51b)

Considering Wy, we have that

N-1 HC* _Ek”Q 2
_ _ N|k
Wi < 3 (i = el + o —welli) + || 2 ]

N—-1
+ 3 (0wl + ol + 20 — 2) T Q0 + 2w, — k) R
=0

.
||5Ck||2} [\|5Ck||2]
+ - P, .
‘ [H5hk\|2 il

|00 |2
This expression contains the optimal cost of the MPC optimization at step
k, that is

2 —
o | It — Cell2
1Pk = Pkl

Py

play e — all2] ||
Vi = E (:C’-k — |13 + |lud,, — g 2)+ Nle - .
g H ik HQ H ik HR ”hyv\k _ hk”2

f

Consider now the cost associate to the suboptimal control input 4y, and
note that it is greater or equal than the optimal cost, i.e.

S e = el ]|
Vi < Z Hi:l‘k — J_CkHé + H [ NIk Ok 2} .
pard 1Ak = Prllz] 1] p,

Now we use that

. _ 2
HEN“C - ?kHQ <\ (Pf)
I = hell2] ||, — "

P

2

H”?NU@ —CicHﬂ
Ihne = Pill2

2
= Amax(Pf)HjNUﬂ - jk”%

and that, in view of Assumption 4.1 and Theorem 4.1, there exist 7 > 0 and
A € (0,1) such that Vi >0

& — Zulla < BX o — Zkll2 = AN || &% — Zkl2
to obtain that there exists a constant b > 0 such that

Vi < bll&k — k13 = bll&x — Zoo — 0Tk 3

= bl|&k — Zool[3 + bII6TR|[3 — 2b(2), — Too) 02
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Therefore
Wi, < b||&), — Zooll5 + B(K) (7.52)
where
N-1
(152113 + 104l13 +2(7, — )T Q0T + 20w, — @) " Rowy )
=0
. _ T
H [II(SCkHﬂ Lo | len = Cllz P [||5_5k||2}
1672k |2 1w — hell2 16722

+ b||5l’k||2 - Qb(ZEk - i’oo) 0%

In view of (7.51) and boundedness of D and )°, terms 0%, dtg, d¢, and
Shy, are bounded for all k € Z>o. In addition, inputs are limited in ¢/ and
states are limited in C x H. Then there exists a constant ¢1 > 0 such that
B(k) < ¢ for all k € Z>o.
Case 2: ||Z, — Too|ly > §.
There exists Wyqe > 0 such that Wi < Winaee in XMPC. Then

4W, _
Wy, < Mm‘” & — Tooll3 - (7.53)

Case 8: ||Z, — Toolly < § and ||Tg, — Toolly > §
We have that

Wi < 0|2 — Zool3 + B(k) (7.54)
with B(k) = Wi < Winaz-
Hence, in view of (7.52), (7.53) and (7.54),

Wi < b2k — Tool3 + 1 (7.55)

with b = max {i), 4”;%} and ¢; = max {¢1, Winaz }-
Let’s now study the variation of W} between subsequent time-steps.

Consider the Lyapunov function at time-step k + 1:

N-1

2
} i, [N ot1 — Cooll2
Wiy = Z (Hxakﬂ - xooHQQ + Huakﬂ - uooH%z) + H [ Nl

i—o HhN|k+1 OOHQ

P

where uj_ | = {USIkH’ . u?VIk‘Fl} is the optimal sequence given by the MPC

at step k + 1 and z7 Tkl = f (x5 Tfgips U \k+1) with acS'kH := Txy1. Note
that 41 can be different from mﬁ x- It is possible to derive the following
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upper bound for Wiq:

N-1

Wit £ 3 (1051 = @osald + N — nsa )
=0
* - 2 N—1
[HCNk+1 Ct1(l2

+ + 3 (N0 lB + 0as I
=0

s — i 2

P
+ 202y — Trpr) QOTppr + 2(ufjyyy — ﬂk+1)TR5ﬂk+1)

_ 2 ~ T _
[0Ck+1]I2 N b1 — Crrall2 [[0Ck-+11l2
+ ’ * | .

¢ +92 z ¢
|6hk11]l2 I pgs1 — heall2 |0hk 1|2

P

This expression contains the optimal cost of the MPC optimization at step
k + 1, that is

N-1

Vier = D (I2fees = Terld + s — i)
i=0
_ 2
I ||C}(V|k+1 - €k+1”2
Hh?\/lkﬂ — hgyall2 '

Consider now the feasible trajectory ;41 fori = 0,..., N—1 used in Part
2b of this proof. Noting that the cost associated to the feasible trajectory
is greater or equal than Vi, we have

N-2
Wig1 < > (Hiilkﬂ = Ty + lf g, — ﬁk+l”§z)
=0
~ _ 2 — - 2
+1Zn—1pr1 — Zesrllg + |Gkt — W llm
2
+ N6z 1|3 + N0t |7

i H [H?leJrl - Ck+1||2]
P

11 — hrg 2

N—-1
+ Z (2(z;f|k+1 — Zpg1) ' QOTpyy + 2(ufjj gy — ﬂkH)TRéakH)
1=0

||5Ck+1|!2}
+ —
H [||5hk+1||2

2

+2

_ T
lEN ea _ngH? " [’5Ck+1”2]
P

Hh}(\/\k+1 — hill2 ||5Bk:+1|\2
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Therefore, the variation of the Lyapunov function is bounded by

N—-2
Wi = Wi < 3 (IZier1 = Bl + ludge — il
=0
~ _ 2
1EN k1 — §k+1H2]
AN 1 — P2

e = Fesald + H[
Py

+ N§zks1llg + N dn1]|7

N-1
+ Z <2(a:;|k+1 — Tp1) " QOT gy + 2(ufjjyy — uk+1)TR5uk+1>
=0
2
+2

se
+ H|‘|‘5l§k+l‘\||2]
k+1li2] ]| p,

Ni(” ik — Zoolldy + lufjy, — @ ||2) o~ 2l
— T — T wy — U - .
=0 i mele ik Tl ”h7\f|k — hool|2

_ T
ler k41 = Ck+1”2] " [||5Ck+1Hz
|

Hh?\f|k+1 - Bk+1H2 ’5Bk+1||2

2

= = llagy — Foolld — llugyy, — Tocll

N—-1
+ 3 (Wi — el = 2 — 7o 3)
=1
N—-1
+ 3 (e = eI = i = tol%) + w11 — Tl

=1
| 2

|c?v|k - §00”2
e — ocllz

N-1
+ Z (2($ak+1 — i‘k+1)TQ(5i‘k+1 + 2(uf|k+1 — ﬁk+1)TR5ﬂk+1>
=0

AN kg1 — Prsll2

2
‘ . H [nfmkﬂ - Ck+1|!2]
P Py

.
1N k41 = Chtall2 [6Ck+1ll2
+2 ¢ |

1Ay — P2 |0hkq1 ]2
I6ek11]l2] )
- N(6Zhg |3 + NSiig |3 + H [ Cht1 2] |
16hk+1ll2] || p,

We introduce now the error terms related to the fact that T4, =
Tpy1 7 xﬁ ,, because of the presence of the observer in the control loop:

R~ *
Ckt+itl = Tilk+1 — Tip1 |k
e = *
€ck+N = CN-1]k+1 — CN|k>
1 *
Enk+N = hN_1jk+1 — Py
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The different terms of the upper bound of Wy 1 — Wy are now considered
separately.

Consider the state terms at time-steps between k£ + 1 and kK + N — 1:

=

-1
(N — o1l = 2, — 7oclB)

7

1
N—

[ay

(e = Zoo + erti = 024113 = 2 — 2ocll?y)
=1

-
I

=2

(2 = 7o) T Qenss — 6h11) + llenss — 57k [13 ).
1

-
Il

Consider the input terms at time-steps between k+ 1 and k£ + N — 1:

=

-1

(It = sl = Ny — e %)

2

1
N—

[y

(Mg = e = S = Il — iocl)
=1

-
I

=2

(2w — o) " RO ) + (N = 1)l|0111 |3

=1

Finally, consider the state terms at time-steps K+ N and K+ N + 1. In
view of Lemma 7.5 we have that, for any ¢ # 0,

1Z 811 — Thiallo = 28 — Too + errn — 0Th 1 [[)
(7.26) 2 * = 2 1 = 2
< (T +e9)llehpe — Toollg + | 1+ o lew+n — 0kl

_ 1 _
< g1+ Py — Tl + (1 i S0) leken — 62l

‘ [”CR}W — Cooll2

e 1+ 2 . _
Q( ' ) ||hN|k _ hoo||2

2
1 _
+ <1 + 2) ”€k+N — 6$k3+1||2@
9 2

Moreover, for any ¢ # 0,

H [’?Nk—&-l - §k+1\|2] (4.1) ‘Ag |:||~6N—1|k+1 - ?k—s—l”z} ?
1Pnikr1 = hesall2] [~ 1PN =11 = hasall2] {] p,
g [||c7m—goo+ac,k+N—5gk+1u2] 2

| 1PN = Poo + EngkrN — Ohital2 ATPeds
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2

(7.26) HC;V g Eoo||2
< (1—1—902) [Hh | 2
Nk~ froo AT PrAs
2
1 € —dc
4 (1 . 2) H [‘|‘|€C,k+N - 5Zk+1|||’2] .
Then the following inequality holds:
2 2

HCN\k;+1 - Ck+1||2]
IANk+1 — Pl

N = Fral + H [
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By construction F; is selected such that A}Png — Py < —qls. Therefore
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In this expression:
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kol *
o Terms €p4i, €ck+N, Enk+N are present because Tjy1 # T e These
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e Terms 0Zj41, OUpq1, OCri1, Ohpyq are present because the reference
values £ and u change at each time-step with the variation of the
disturbance estimation dj,. As already noted in (7.51), these terms are
bounded.

e Inputs are limited thanks to MPC constraint (7.20f).
e States are limited in the set AMPC,

Moreover, since
55, = Toollg + [y, — Toolli = Amin(@) 125 — Zooll3,
there exist constants ¢ = A\pin(Q) and ¢ > 0 and a K-function 4 such that
Wisr = Wi < ¢l — Tooll3 + (I — Xally) + 2. (7.57)

In view of (7.50)-(7.55)-(7.57), W}, is an ISpS-Lyapunov function. Then,
the closed-loop system (7.8)-(7.15)-(7.24) is ISpS with respect to the observer
estimation error x — ¥.

Part 3b: To prove convergence, first note that if d, — du for k — oo, the
observer estimation error y —x converges to 0 in view of Theorem 7.1. Then,
in view of (7.51), terms dZy, dtg, ¢, and §hy, converge to 0 for k — oo.

The bounds on Wy, and on Wy,1 — Wy, are now studied for k& — oo.

Consider the upper bound of Wy. If d, — doso and yg — 3% for k — oo,
in view of observer convergence, T — ZToo| — 0 for k& — oo. Then there
exists k € Zxg such that |2 — T, < & for all k > k. Hence, for k > k,
only Cases 1 and 2 of the upper bound can appear. Then

Wi < b|&k — Zool2 + B(k) (7.58)

where B(k) — 0 for k — oo for the convergence of %y, 0k, 6¢; and Shy.

Consider the bound on Wj1 — Wy of Equation (7.56). We have that
~v(k) — 0 for k — oo in view of the convergence of the observer estimation
error and of 8%y, 6y, 6¢; and Ohy.
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Then for k > k the Lyapunov function Wj, is such that

0|2k — Tool|3 < Wi < b|ldg — Zooll2 + B(k) (7.59a)
W1 = Wy < —c & — Zooll3 + 7 () (7.59D)
for some a,b,c > 0, with 5(k) — 0 and (k) — 0 for k — oc.

The fact that limg_,o0 [|x — Yoo|| = O follows from (7.59), observer con-
vergence proven in Theorem 7.1 and (7.19). U

7.5.7 Proof of Theorem 7.3

The proof follows the proof of Theorem 4 in [173].
In view of Assumption 7.5 the output of the plant converges to a constant
value ¥4 oo. Then it is sufficient to prove that yg o = yg o

In view of Assumption 7.5, the observer states & and d converge to
asymptotic values, denoted by Z, and doo. By Corollary 7.1 and Theorem
7.1, the observer is nominally error free (i.e. it reaches steady state only if
y = 1), and at steady state satisfies

Too = [(Zoo; Uso) (7.60a)
Yoo = 9(fo0) + doo (7.60b)

where uos is the input generated by the controller (Reference Calculator +
MPC), and is a function of &, doo, yg ~- From (7.60a), Assumption 7.3 and
Theorem 7.2 it follows that

yg,oo = g(jjoo) + ‘joo' (761)
Hence, from a comparison of (7.60b) and (7.61), it follows that y4 o = ygm.
O
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Chapter 8

RNN-based MPC for
systems with input and input
rate constraints

In this chapter, we propose an MPC algorithm based on a generic 4ISS RNN
model for systems with input and incremental input constraints (also called
input rate constraints). To take into account the incremental constraint
on the input, the input variation is considered as control input, and an
integrator is introduced to obtain the actual system input. Closed-loop
stability is guaranteed by means of a suitable terminal cost and a terminal
equality constraint only on the state of the integrator, that is the input of the
system. Since state/output constraints are not considered, and in view of the
stability property of the RNN model, no terminal constraint on the model
state is required. This is a significant advance because it is not necessary
to introduce conservative contracting constraints to cope with the observer
estimation and modeling errors. In fact the equality constraint on the state
of the integrator is not affected by uncertainties. The proposed algorithm is
then applied to control a four-tanks process modeled with an LSTM network.
To satisfy all the assumptions introduced in the general algorithm, the input
constraint is tightened with respect to the set considered for stability.
The content of this chapter is taken from:

e [209] Schimperna, I., Galuppini, G., and Magni, L. (2024). Recur-
rent Neural Network Based MPC for Systems With Input and Incre-
mental Input Constraints. IEEE Control Systems Letters 8, 814-819.

8.1 Problem formulation

The objective of this chapter is to design an MPC algorithm for a nonlinear
system, given its RNN model. In particular, the problem of regulation to
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a set point g is considered, while respecting constraint on the input and on
the maximum input variation, i.e.

uel, Aue AU, (8.1)

where Aug = up, — ugp—_1, U C R™ is a bounded closed set and AU C R™
includes the origin in its interior. In the following, the RNN model will be
denoted in compact form as

Tpr1 = f(ok, uk) (8.2a)
Yk = g(zx) (8.2b)

where v € R™ is the input of the model, y € RP is the predicted output,
x € R™ is the RNN state, and the pedix k£ denotes the time dependence.
As in previous chapters, we consider RNN models that are 6ISS. The model
properties are formalized in the following assumption.

Assumption 8.1. The model (8.2) is §ISS in the sets X5 and U'SS D U,
and there exists an incremental Lyapunov function Vi(x®,zP) such that for
any xz®, P € X198 4 e Y158

alla® — 23 < Vi(a®,2") < bfla® — 2|3 (8.3)
Vi(f (2 u), f(z,u)) = Vi(2®,2") < —clla® — 2P|} (8.3b)

for some a,b,c > 0. Moreover, Vf(a:a,azb) 18 locally Lipschitz continuous in
any bounded set, i.e. given any bounded set X C XS5 if x® &2 2P € X then
there exist a finite constant Ly such that

Ve(a®, ) = Vi(#*, 2°)| < Ly [|l2® = 2, -

0ISS conditions and incremental Lyapunov functions that satisfy (8.3)
have been presented in the previous chapters for LSTMs, GRUs and RENs,
and can be found also for other particular classes of RNNs [57]. Moreover,
the property of local Lipschitzianity is satisfied by quadratic functions, that
are the most common types of Lyapunov functions used to study RNN
stability.

8.2 Control algorithm

In Figure 8.1, we report the scheme of the proposed control algorithm. It is
composed by three main blocks. The first one is the observer, that is needed
to properly initialize the predictions in the MPC. As already mentioned
in the previous chapters, the observer is necessary because in general the
state x of the RNN model is not measurable and has no physical meaning.
The second block is the MPC. To take into account the constraint on the
input variation, the MPC considers Au as optimization variable. The value
of the control variable u is obtained from Awu by means of a discrete time
integrator.
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Y | RNN based | Au z U Plant Yy
MPC z—1 an
1 - —
RNN
T observer

Figure 8.1: Block diagram of the control scheme.

8.2.1 Observer

In view of the §ISS property of the model, it is always possible to design a
converging observer, see Section 5.1.2. In particular, we consider an observer
satisfying the following assumption.

Assumption 8.2. There exists an observer for the RNN model that can be
written in the form

Tp1 = f(Zg, ur) + 02 (T, U, Yr) (8.4)

where

162 (2x, wr, Yr)llo < Limae |76 — T | (8.5)

for some Lyar > 0. The observer satisfies the following properties:

1. there exist a finite k > 0 and a set X such that for any zg € X, and
for any input sequence in U, &y, € X158 Yk > k;

2. the observer estimation error converges to 0, i.e. for any input sequence
inlU, ||xg — zk|| = 0 for k — oo.

Observers respecting Assumption 8.2 have been designed for LSTMs
in [230], for GRUs in [32] (see also Chapter 6), for RENs in Chapter 5 and
for other particular classes of RNNs in [57].

8.2.2 MPC design

The MPC solves at every sample time instant a FHOCP, where the devia-
tions from the state and input reference values T and u are penalized. The
references values are computed from the RNN model (8.2) as the equilibrium
state and input corresponding to the output y. It is assumed that u € U
and Z € X5, Let Auy, = {Augp,...,Auy_q}. Then, the FHOCP is
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given by
N-1
min (Hffz‘\k = |, + fJuge — a7, + HA“MH;A) +sVi(zype, T) (8.62)
=0
st T =Tk, Ugk = Uk—1 (8.6b)
UN|k = U (8.6¢)
fori=0,....N —1
Lit1lk = f(xi|k7ui+1\k) (8.6d)
Uik = Uik + Ay, (8.6e)
ujp €U (8.6f)
Auyy, € AU. (8.6¢)

In the cost function (8.6a), the matrices Q = Q' = 0, R = R" = 0,
Ra = RZ = 0 and

(8.7)
are design choices. In order to guarantee closed-loop stability, the terminal
equality constraint (8.6¢) is introduced on the last element of the input
sequence, while no terminal constraints are introduced on the system state.

Denote by Auj, = {Auak, - Au?vfuk} the optimal solution of the FHOCP.
According to the receding horizon principle, the MPC control law is

Auy = ,uMPC(fk,Uk—l) = Auak-
Then, the system input is

up = wp—1 + M (Ek, wp1). (8.8)

8.2.3 Stability analysis

In this section, the stability properties of the closed-loop system are ana-
lyzed, under the assumption that the system behaves according to its RNN
model.

Firstly, note that the feasibility of the FHOCP depends only on the value
of uj_1 and not on the initial state, since there are no state constraints.
Hence, define

L{MPC(Q) = {u €U : 3 a sequence Augy, ..., Aun_q|,

respecting (8.6¢)-(8.6e)-(8.6f)-(8.6g) with ug, = u}.

The size of UMPC depends on the incremental constraint set Al and of the
prediction horizon N. In presence of a small set Al it may be necessary to
enlarge N to obtain a sufficiently large feasibility set /MPC ().
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Theorem 8.1. Let Assumptions 8.1-8.2 hold. Then, for the closed-loop
system composed by the RNN model (8.2), the observer (8.4) and the MPC
(8.8), the FHOCRP is recursively feasible and the closed-loop system converges
tox =2, u=1u, &=z with domain of attraction x € X155y e UMPC(7),
T e k.

Proof. The proof is reported in Section 8.5.1.

8.3 Illustrative example with LSTM models

This section discusses how the control algorithm proposed in Section 8.2 for
the generic RNN model can be applied to the particular case of LSTM net-
works, considering as system under control the four-tanks process described
in Section 6.4.1.

8.3.1 Algorithm for the LSTM model

Consider the LSTM model (4.1) satisfying Assumption 4.1. Then, the LSTM
model is §ISS in the sets XS := C x H and U™S, where C and H are defined
in (4.3) and

USS = {u e R™: ||ull, < Umaz}-

Under the 0ISS condition, the function

a c*—ch
‘/f(x 7$b) = H |:‘|||ha o hb|‘||22:|

: (8.9)

P

is an incremental Lyapunov function for the LSTM model, where P € R?*?
is the solution of the Lyapunov equation’

AfPAs — P = —1y,

= [(e)T (h*)T]T and 2P = [(c®)T (hP)T]T. Note that condition (8.3) is
fulfilled with @ = Apin(P), b = Apmaz(P) and ¢ = 1. Therefore, Vi(2?, zP)
can be used to define the terminal cost for the MPC.

We consider the observer for the LSTM model proposed in [230], that is
described by

Crr1 = o(Wruy + Uthy, + br + Le(yr — 9x)) ®
+ o (Wiug, + Uihy, + b; + Li(ye — 91)) ® tanh(Weuy, + Uchy, + be)

(8.10a)
iLk_H = U(Wouk + Uoilk + by + Lo(yk — gk)) X tanh(ékH) (810b)
Y = Wyibk + by (8.10c¢)

The Schur matrix As is defined in Assumption 4.1.

139



Chapter 8. RNN-based MPC for systems with input and input rate
constraints

The state of the observer is & = [¢" iLT]T € R?"_ and Ly, L, Lo, € R™%*P are
the observer gains. Under a proper selection of L¢, L; and Ly, the LSTM
observer (8.10) provides a converging state estimation, i.e. ||Zx — zg|| — 0
for k — oo, for any &g € R?"e.

The observer structure satisfies (8.4)-(8.5). In particular, it is possible to
prove (8.5) by following the proof of Theorem 7.1 with d = d = 0. However,
it is not guaranteed that X™S is an invariant set for the observer state Z,
as required by Assumption 8.2. To circumvent this issue, a tightened input
constraint set U such that U C int(U'SS) can be considered in the MPC
formulation. In fact, if & C int(4™%), then there exists a positive invariant
set X C int(X15%) for the LSTM state. The observer convergence implies
that for any ¢ > 0 there exists a finite k such that ||}, — 24| < e for all
k > k. Hence, there exists k such that #j is sufficiently close to zj to
guarantee that zj, € XSS in view of the fact that zj € X.

In conclusion, in view of the existence of an incremental Lyapunov (8.9)
for the LSTM model that satisfies Assumption 8.1, and of an observer that
satisfies Assumption 8.2, the proposed control algorithm can be applied
using an LSTM model, provided that the input constraint set is such that
U C int (USS).

8.3.2 Simulation results

For the simulation example, we consider the four-tanks process described
in Section 6.4.1. We consider the operational and safety constraints ¢, €
[0.0,9.05]x10~*m3 /s, g € [0.0,11.1]x10~*m3 /s and Aq,, Agy € [~1.0,1.0] x
10~*m?/s, where Aq, and Ag, are the maximum input variations between
subsequent sampling instants. The need for incremental input constraint is
motivated by the fact that the system is actuated by pumps, whose accel-
eration is related to wear and electrical consumption [53].

To derive the LSTM model of the plant, a sampling time of Ty = 25s is
considered. The model is trained using an input-output dataset composed
of 20000 time steps, that is split in a training set of 15000 time steps, a
validation set of 2500 time steps, and a test set of 2500 time steps. The
training set is then divided into subsequences of 1000 time steps each, and a
training of 1000 epochs is performed using a learning rate of 0.001 and Adam
optimizer [127]. The loss function is the sum of the mean squared error and
of a regularization term used to enforce the JISS property, see Section 4.2.2.
The model inputs and outputs are normalized within the range [-1,1], using
the maximum and minimum values of the input constraints to normalize the
inputs, and the maximum and minimum values in the training dataset to
normalize the outputs. The resulting network has n. = 10 neurons, achieves
a FIT on the test dataset of 93.4% for hy and of 87.9% for ho, and fulfills
the 0ISS condition considering w;,q, = 1.05, that is larger that the range of
feasible inputs in the normalized variables.
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hy (m)

Time (s) «10%

Figure 8.2: Closed-loop trajectories: output (orange solid line) and reference
(blue dashed line).

qu (m?/s)

@ (m*/s)

Figure 8.3: Closed-loop trajectories: input (blue solid line) and constraints
(black dashed lines).

For the design of the control algorithm, the observer is tuned according
to the optimization proposed in [230], whereas the cost matrices for the
MPC are set to @ = Ia,., R = 1I,,, Ra = I, and s is selected according
to (8.7) with the equality. The considered prediction horizon is N = 10.
The closed-loop simulations are performed in Matlab, and the optimization
problem is solved numerically using CasADi [6].

The output, input and input variation of the closed-loop trajectories for
the four-tanks process are reported respectively in Figures 8.2, 8.3 and 8.4.
It can be seen that the control system is capable of correctly managing the
plant and respecting the constraints on the input and on the input variation.
Moreover, the simulation shows that the proposed algorithm is able to handle
also step-wise variations of the reference, and not only constant references as
proven in Theorem 8.1. In fact, the feasibility of the FHOCP only depends
on the input, so it is maintained provided that the new reference u is such
that the current value of the input is in UMFC(q).
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Ag, (m*/s)

Agy (m*/s)

Figure 8.4: Closed-loop trajectories: variation of the input (blue solid line)
and constraints (black dashed lines).

8.4 Conclusions

In this chapter, an MPC algorithm based on a 6ISS RNN model is proposed
for systems with hard constraints on the input and on the input incremental
variation. Closed-loop convergence is guaranteed by introducing a general
formulation for the terminal cost, while a terminal equality constraint on
the optimal input sequence takes into account the presence of the integrator.
Remarkably, the proposed approach can be easily applied to different JISS
RNN architectures. In the application to LSTM models it is shown how it
is possible to manage the case where the §ISS property is valid only in an
invariant set.

8.5 Proofs

8.5.1 Proof of Theorem 8.1

Denote the optimal input sequence and state trajectory computed by the
MPC at time step k respectively by uy = {uak}f\io and xj = {x:'k}fvzo,
where ma‘k = 23 and uak = Up_1.

To prove recursive feasibility, assuming that the FHOCP is feasible at
time step k, it is sufficient to consider as candidate solution at time step k+1
the sequence Alyy; = {Adgjqr, - AlUy_1jkt1}, defined by Aty =
Au;rl‘k for i = 1,..., N — 2 and Aty_j4 = 0, that trivially satisfies
constraints (8.6¢)-(8.6f)-(8.6g).

In view of Assumption 8.2, there exists a finite value k > 0 such that &y, €
XSS for all k > k. Moreover, for Assumption 8.1, the set X155 is positive
invariant for the model state . Hence, along the proof of convergence, it
is assumed that & € X155 and = € XS, which is true for all £ > k. In
addition, in view of Assumption 8.2, ||z — Z|| is bounded and converges to
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zero. Hence, the observer innovation dx is considered as a disturbance term,
and it is shown that the closed-loop system is ISS with respect to it. Then,
convergence follows in view of (8.5) and of the convergence of the observer
estimation error.

In order to prove ISS, consider the optimal cost of the MPC V(x,u) as
candidate ISS-Lyapunov function, i.e.

N

Vi = 3 (e — ol + iy — allk + 18w, ) + sVl o)
=0

—

where r = xfj, and u = uf,. Note that V' is also a function of u, that is the
state of the discrete time integrator at time step k.
Firstly, derive a lower bound for V(z,u)

V(z,u) > llogy — 2llg + llugy, — all%

9 9 (8.11)

> Amin(Q) |z = 23 + Amin(R) [Ju — all3 -

To derive an upper bound for V(z,u), consider as candidate solution

at time k the sequence Aty = {Adgg, ..., AlUn_1|;}, Where Adg, = 4 —u

and Aty = 0 for ¢ = 1,..., N — 1. This solution is feasible for u in a

neighborhood of 4. Denote by X = {ji\k}ﬁio the associate state trajectory.
One has that

N-1
~ _112 —1n2 _ 2 ~ _
Vie,u) < Y ||Fg = 2o + llu— @l + 1a = ullfy + sVi(@np ).
i=0

In view of the §ISS property of the model and of (8.3a), there exists b, > 0
such that, for u in a neighborhood of ,

V(z,u) < by ||z — CEHS + (Amaz (R) + Amaz(RA)) Hu - EHS . (8.12)

Given this local upper bound, the existence of an upper bound for any
u € UMPC (@) follows from [149, Lemma 4].

To prove the decreasing property of V(z, u), denote u™ := u+pu x,u)
and 2t := f(z,u™) + dz. The term dz due to the observer presence is
regarded as an external disturbance. Consider now the candidate solu-
tion Auy4; introduced to prove recursive feasibility. Denote by Gjy1 =
{tojk41, -+ Unjp41} the associate input sequence, defined by tgjpyq = u’t
and Ui qjkt1 = Ujjp1 + AUpgr for @ € [0 1 N — 1], and by Xpy1 =
{Zoje41, -+ TNje41} the associate state trajectory, defined by Zgjpyq = 2
and Ziy 1k = [(Tijpg1 Gigrpprr) for i € [0: N —1].

Define $7V+1|k: = f(asjwk,@), and denote egy; == Tj_qp41 — xl*‘k, for ¢ €

MPC(

143



Chapter 8. RNN-based MPC for systems with input and input rate
constraints

[1: N]. Then

._\

(H%um #llg + e = all

=0
2 . _
+|A z|k+1HRA> + sVi(ZNjk+1,T)
NZ 2 2 Nt
-3 (lese= el o=l o], )
- SVf($N|k= z)

—112 —112 * 2
< —llo = 2 =l - || A,

N—-1
2 T _
+ 3 (lensilly + Qs - )
=1

+ SVf(i‘N|k+1,.2_7) + Hi‘N_H]H_l - .i‘Hé — SVf(LE?V'k,,i‘)

Consider now the terms related to the terminal cost. First, note that
INk+1, Ty 1k and Z are bounded in view of the boundedness of U and of
the dISS property of the system. Then, in view of Assumption 8.1, there
exists a Lipschitz constant Ly, such that

Vi(@Njp+1:2) = Vi@ 2)| < Ly leksnslly -
Then

SVf(.fN‘k+1,f) + H5'N71|k+1 — a’:”i2 — sz(a:Mk,a’:)
< Vi@ @) + leip — 218 — Vi@ ©)
+ 5Ly llersnially + lers vy + i nQ(@h — )
< sVi(f (@ @), £(2,0) = Vi (@1 B) + Amax (@) [ 27 — 13

— 2 —
+ 5Ly |leptn+1lle + llew+nllg + €11+NQ(9C7\7|1§ — )

(8.3b) « _12 * =112
< —sellaip — 213+ Amac (@), — 213

= 2 T -
+ 5Ly |leksn+1lla + lewen o + e n @@y, — )

87) 2 T x -
< sLv [lepintalls + lerinllg + ery v Q@@ — 2)-
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Combining the computation, one has that
V(zT,ut) - V(z,u) <

2
_n2 — 12 *
I = 21 — llu = alf, — | A |

N-1
2 _
+ 3 (lensilly + el @Gy, - @)
=1
— 2 —
+ 5Ly lersniilly + lerinlly + i v Q@i — 7).

In view of the boundedness of U and of the JISS property of the system, the
values of ‘/Ejlk are bounded for ¢ =1, ..., N. Moreover, ;41 = dz and, for the

0ISS property of the model, ||exrit1lly < B(|[0z]y,7) for a KL-function 3.
Then, there exists a K-function v such that

Vet u®) = V(z,u) < — o - 2)g — llu—allz + (I8l (8.13)
In view of (8.11)-(8.12)-(8.13), the closed-loop system is ISS with respect

to the disturbance dz. Convergence follows from the fact that dx — 0 for
k — oo. O
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Chapter 9

Offset-free tracking MPC for
0ISS systems with input rate
constraints

In this chapter we propose a stabilizing MPC formulation for 4ISS systems
that considers simultaneously

1. output feedback,

2. artificial reference-based tracking,

3. offset-free tracking of asymptotically constant references,

4. input rate constraints and penalty,

5. use of a positive semi-definite stage cost (e.g. for output weighting).

The proposed MPC algorithm is highly modular, with each aspect taken
care of with few specific ingredients, and it joins in a unique framework
different aspects that have already been analyzed separately in the previous
chapters. For the proposed control algorithm, we prove recursive feasibility
and stability by relying on terminal ingredients, and on a cost detectability
function. The size of the feasible region depends on input and input rate
constraint, and on the length of the horizon, and can greatly benefit from
the use of artificial reference variables. The MPC formulation is tested in
simulation on the pH neutralization process, whose dynamics is modeled by
means of a REN model. In the example it is also shown how to design and
tune an observer to estimate both the state and the disturbance, starting
from an observer for the state only, using the small gain theorem.
The content of this chapter has been published in:

e [77] Galuppini, G., Schimperna, I. and Magni L. (2025). Offset-free
Output Feedback Tracking MPC for 6 ISS Nonlinear Systems Subject to
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Input and Input Rate Constraints. IEEE Transactions on Automatic
Control.

9.1 Preliminary notation and definition

In this chapter, given a set A C R™, we use the notation

S(A) := max a1 — azl2.

ay,as€A
We also introduce the following definition.

Definition 9.1 (Uniformly strongly convex function, [221]). A function
V : R™ = R is uniformly strongly convezx if there exists a constant o > 0
such that for all z1,22 € R™ and X € (0,1)

V(1= N1+ Azg) <(1 = A)V(z1) + AV (x2) — %ak(l = Nllz1 — zaf3.

9.2 Problem statement

In this chapter, we consider as system under control a disturbed discrete-
time system given by

Tpt1 = f(@k, uk) (9.1a)
di1 = di + wg (9.1b)
Ya = Mg, ug) + d, (9.1c)

with state x € R”, input v € R™, and output yq € RP, with p < m. Func-
tions f : R” x R™ — R™ and g : R" x R™ — RP are assumed continuous.
di € D C RP and wr € W C RP? represent respectively an output distur-
bance term and its variation, and the sets D and WV are assumed closed and
bounded. In the following, we will indicate the disturbed system (9.1) by
Y4, and we will use zq := [27 d']T to denote its state, and fq(z,u,d,w)
and hq(z,u,d) to denote its dynamic equation and output transformation
functions, respectively.

The objective of the chapter is to design an output-feedback tracking
MPC based on the nominal model ¥ of the system, given by

Tpr1 = f(xp, ug) (9.2a)
Yk = h(wg, uk), (9.2b)

where y € RP. The system is subject to hard constraints on the control
input and the control input rate: u, € U, Auy, € AU for all k € Z>g, with
Auy = up — up_1, and with & C R™ and AU C R™ compact sets with non
empty interior, and AU containing the origin in its interior. We define y,g as
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the exogenous setpoint signal to be tracked at time instant k, and assume
y,g e )V forall k € Z>p, with V0% C R? a closed and bounded set.

The nominal model ¥ is assumed to be JISS, as formalized in the fol-
lowing assumption.

Assumption 9.1 (JISS property of the model). The model (9.2) is §ISS,
and there exists a §1SS-Lyapunov function V(x® — xP) such that for any
22, 2P € R™, u?, u® € R™

ar([|a® — 2Pll2) < V(2 —a®) < as(||z® — 2"[|2), (9.3a)
V(f(a*u®) = f(z”uP) = V(2 — ") <—az([la® — 2°[l2) + 1 (|2 — 2|2)
(9.3b)

with a1, s, a3 € Koo and v1 € K.

Let an equilibrium state, input, and output of the system X be denoted
by (xs,us,ys). Then, by introducing an arbitrarily small constant £, > 0,
define the set of admissible equilibrium states, inputs and outputs such that
the constraints are not active as

U= {u:u+e, €U,V eyl <ent,
Zs = {(:L’,’U,) eR™™:ue Z/Ala T = f(:c,u)},
ys = {y = h(l’,U) : ($,U) € ZS}

Assume Zg is non empty, and define ); as a non empty convex subset of ).
Note that, since U is bounded and X is 0ISS, then ) and )} are bounded.

Assumption 9.2 (Uniqueness of the equilibrium). For any equilibrium out-
put ys € Y, there exists a unique equilibrium (zs,us,ys). Moreover, there
exist Lipschitz continuous functions gx : Vi — R"™ and gy : Yy — R™
such that x5 = gx(ys) and us = gu(ys), i-e. f(gx(¥s) Ju(vs)) = gx(ys) and
h(gx(Ys); gu(¥s)) = Ys-

Define then a function g : Yy — R such that [z] u]]" = g(ys) =
[9x(ys) T gu(ys)T]T, and let L, be its Lipschitz constant. The dependence of
xs(ys) and ug(ys) on ys may be omitted in the reminder of the chapter for
sake of compactness.

Remark 9.1. Assumption 9.2 is frequently introduced in the design of MPC
for tracking as well as offset-free MPC' (see e.g., [151, 76, 142, 173]) to
ensure convergence of the closed-loop to the desired steady-state. Moreover,
if the equilibrium (xs,us,ys) is univocally determined by ys, and f and h
are continuously differentiable, a straightforward way to verify g is (locally)
Lipschitz is checking that the Jacobian

<af(x,u> 1 ) 0 (2.)
oz T=Tg n ou T=Ts
U=1ug U=us (9.4)
Oh(x,u) Oh(x,u)
oz T=Ts ou T=Tg
U=1us U=1us
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y" +: Yt MPC Au z u System | ¥Yd
z—1 Yd
- t
u
z Observer

d

Figure 9.1: Block scheme of the control algorithm.

is nonsingular for all (xs,us) € Z5. Moreover, when uniqueness of the couple
(s, us) € Z5 corresponding to any ys € Yy does not directly follow from f and
h, it can be restored by properly restricting Zs to exclude multiple choices.

9.3 Control design

This section is devoted to the description of the proposed control method-
ology. The block scheme of the control algorithm is reported in Figure 9.1,
and includes a state observer, an MPC, and an integral action acting on
the plant input. At each time instant k, the observer provides estimates
for both plant state and output disturbance (&) and czk) The MPC is in
charge of forcing the plant output yq 1 to track the setpoint yg. To do so,
the MPC is designed based on the knowledge of the nominal §ISS system 3
only, and the unmodeled output disturbance dj is considered by modifying
the setpoint provided to the MPC with the disturbance estimation obtained
with the observer. Therefore, the MPC setpoint is given by

Yok = Yh — dp.

Moreover, the integral action allows constraining and penalizing in the MPC
both the plant control input ug, and the control input rate, Awug. Each
element of the control scheme is discussed in detail in the reminder of this
section.

9.3.1 State Observer
Consider a generic time invariant observer for the system 4, with structure

Fagr1 = fa(Er, ug, di, 0) + 0xa(Zn, up, dy, yar)

_ [f(j’i’ “k)] [533(5%,%,@73/(1,1@) (9.5)
di 0d(Zr, g, diy Ya k)
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where 2q = [T d']T € R™P is the estimate of the state of ¥4, and
82 (2K, U, dg, ya k) is the observer innovation!. Note that any time invari-
ant observer &qx4+1 = fa(Zk, Uk, dk, Ya,k) can be written in this form with

0xq(T, uk, di, Yak) = fa(@k, vk, di, yar) — fa(@r, ug, di,0). The state esti-
mation error is given by

€d,k ‘= Td,k — i’ng. (9.6)

Note that the disturbance w affecting the plant is not measurable, and its
dynamics not available. This motivates the choice of setting wy = 0 in the
design of the observer, thus resulting in a constant output disturbance.

Assumption 9.3 (Bound on the observer innovation term). There exists a
function aor € K such that ||dz|l2 < aoi(|ledl|2)-

Assumption 9.3 ensures that for eq = 0 the observer state evolves without
any correction based on the system output yq 5. Now, let Yo be the system
that describes the dynamic relation between the system inputs, and the
observer estimation error, i.e. the system with state eq and inputs u and w.

Assumption 9.4 (ISS of the observer estimation error). The system ¥¢ is
1SS with respect to the disturbance w, for any input sequence in U.

Assumption 9.5 (Boundedness of initial conditions). There exist bounded
sets Xqo C R™P and Xq0 C R"P such that xq9 € Xa and Zq0 € Xap-

Note that since 4 is a design choice, its boundedness required by As-
sumption 9.5 can be directly enforced in the algorithm design.

Lemma 9.1 (Boundedness of system and observer states). Under Assump-
tion 9.1, 9.4 and 9.5, if up, € U for all h = 0,....,k — 1, then there exist
bounded sets X C R™ and 23(1 C R™P, such that x;, € X and Tak € /'%d, for
all k € Zzo.

Proof. The fact that xj is bounded Vk € Z>q follows from Assumption
9.1, and boundedness of u. Then, since 241 = eqr — Tak, the fact that
24 is bounded follows from the ISS property of the observer and from
boundedness of w, d, x, x40 and Zq. O

9.3.2 MPC Formulation

As in Chapter 8, to constrain and penalize the control input variation, the
MPC considers a system Y, given by the model ¥ extended by an integral

Y824 (2, uk, di, yax) will be also denoted as dzq in the reminder of the chapter, for
sake of compactness.
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action, as follows

Tp1 = f(xp, ug) (9.7a)
up, = Up—1 + Aug (9.7b)
yr = h(zg, ug). (9.7¢)

We denote by xx = [z} u]_,]T and yj the state and output of the ex-

tended system (9.7). The steady state of %, is given by [z u]]T =
[9x(¥s) T gu(ys)T]T, that we will denote in a compact way by xs.

For a given state estimation j, a given input u;_1, and a given setpoint
yt7k2, the cost function of the proposed MPC is

Nf
IN(Zk, Uk—1, Yt ks AUk, Ys k) = E Zi — T s Uil — Us ks AUy 1)

=0 (9.8)
+ Vi(@ Nk — Ts ks Ys,k) + VO (Us ik — Yiok)
+

V(2 — Tg o, Uk—1 — Us k)

[ary

where Auy, = {Ay; k}fi 61 is the sequence of control input variations, ys is
the artificial reference at time k, and N is the control horizon. z;;, and u,
are respectively the predicted states of the system and of the discrete time
integrator, obtained by applying Auj to the system X, with initial state
(2] u] ,]T. The function ¢ : R*™*+™m — R.q is the stage cost function,
the function V¢ : R® — Ry>( is the terminal cost function, the function
Vo : RP — R is the offset cost function, and the function ¥ : R"™™ — R
is the cost detectability function. Specifically, Vo is necessary to regularize
the choice of the artificial output reference ys; with respect to the actual
output reference yy y, see [151]. If the stage cost is positive semi-definite
(i.e. it does not satisfy Assumption 3.1 on positive definiteness), the cost
detectability function W is necessary to regularize the choice of the artificial
steady-state zg;, with respect to the current estimated state 2y, see [76].

The MPC for tracking control law at time step k is derived from the

2Recall that the actual MPC setpoint is gt r = yo — dy, to account for the current
disturbance estimation available at time instant k.
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solution of the FHOCP

AglklIylk IN(Zk, uk—1, Yt k5 AUk, Ys k) (9.9a)
st T =Tk, Uk = Uk—1 (9.9Db)
Tip1k = f( @ik, wipap), forie[0: N —1] (9.9¢)
Uip1fk = Uilk + Ay, for i€ [0: N —1] (9.9d)

up €U, forie[0: N —1] (9.9¢)
A, € AU, forie[0: N —1] (9.9f)

Ts g = f(Tsks Us k) (9.9g)
(Ts e Us k) € Zs (9.9h)

Ys o = h(@s e, Us k) (9.9i)

Ys.k € Vs (9.9j)

UN|g = Us k- (9.9k)

Denote the optimal input sequence and output reference respectively by
Auy(Tg, uk—1,Ytk) = {Auﬁk}f\fol and y (L, ug—1, Yt k), and the corre-
sponding optimal cost by Vi (&x,uk—1,ytk). Moreover, let O gx(y;k)
and v}, := gu(yr,). According to the receding horizon policy, the closed-
loop control law pn (2, uk—1, Yt.k) is

~ *
IN (L, k=1, Yo k) = Aug.

Then, the system input is

Uk = Ug—1 + N (Thy Wk—1, Yo k)-

Remark 9.2. The feasibility of the FHOCP does not depend on the initial
system state, since there are no state constraints, but only depends on the
value of up_1, given the input rate constraint set AU, the prediction horizon
N, and on the auxiliary reference constraint set V. In particular, if Y = Vs,
then the FHOCP can be made feasible for all ug—1 = ugp, € U by selecting
a sufficiently small value of ey. In fact, for 0ISS systems, given a constant
mput U € Z], there always exist (unique) associated equilibrium state T and
equilibrium output y (see Lemma 7.2), and therefore (Z,u) € Z5 and y € Y.
Since AU contains the origin, it is possible to choose € sufficiently small
to guarantee that, even if up_1 € U \ U, the closest u € U is a feasible
auxiliary input reference, while Tuom = U — ug_1 and Tuim =0 fori =
1,..., N —1 is a feasible control sequence. If instead Y, C Vs, the FHOCP 1is
feasible at least for all w1 = ug), € U such that Ysk = h(xs k> uop) € Mx,
where xgj) = f(:xs7k,u0|k). In fact, under these assumptions, the control

sequence Auyy = 0 for i = 0,..., N — 1 satisfies all the constraints in the
FHOCRP. For all the other values of up_1, feasibility can be achieved if the
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prediction horizon N is sufficiently long. Hence, the introduction of an
artificial reference allows to enlarge the feasibility region of the FHOCP
with respect to standard MPC, where the feasibility cannot be guaranteed for
short horizons N if ur—1 1s far from the input reference associated to yi i
(compare, e.q., with Chapter 8).

To provide stability guarantees, the stage cost function, the offset cost
function and the cost detectability function must fulfill the following as-
sumptions.

Assumption 9.6 (Local Lipschitz continuity). Let X := {# e R" : 3d €
RP : g€ X} CR" and D:={de€RP : 33 €R" : &g € Xy} CRP, and
assume that the stage cost function, the terminal cost function, the offset
cost function, and the cost detectability function are Lipschitz continuous
forzeX,uel, Aue AU, deD, 3, €X,deD, (xs,us) € Zs, ys € Wi,
yY € V0. Let their Lipschitz constants be Ly, Ly, Ly,, Ly, respectively.

Note that all sets considered in Assumption 9.6 are bounded by definition
or in view of Lemma 9.1.

Assumption 9.7 (Stage cost polynomial upper bound). Given the stage
cost U(x — xs,u — ug, Au), there exist constants A1, Ao > 0 and n1,m2 > 1 so
that

Uz — zs,u — ug, Au) — U(x — 25,0,0) < A |lu — ugl[2" + A2[|Aul|2*  (9.10)
for (xz,u) in a neighborhood of (xs,us), u € U, Au € AU and (xs,us) € Zs.

Assumption 9.8 (Cost detectability function). There exists constants ~,
€0, >0 and & > 1, and a Ko function p such that

U(z — 26, u — us) < you(lx — xsll2) < ellx — x5, (9.11a)
U(zgy1 — Tsyup — us) — V(T — T, Up—1 — Us) (9.11b)
< —eop(|lxr — xsll2) + £(xk — @5, up—1 — us, Auy),

for any xp, € R™, any ug—1 € U, any Aug, € AU and any (zs,us) € Zs.

For a discussion of different methods for the design of cost detectability
functions satisfying Assumption 9.8, see Section 3.8. Moreover, in Section
9.5 we will explore how to design cost detectability functions for 4ISS systems
if the parts of the cost associated to the input and the input rate are positive
definite.

Assumption 9.9 (Offset cost function). For all ys € Yy and all y, € RP,
the offset cost function Vo : RP — R is a uniformly strongly convex positive
definite function of class C' with locally Lipschitz continuous gradient such
that the minimizer

¢ = arg min —
Ys g min o(ys — yt)
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s unique. Moreover, there exists a Ko function ag such that

Vo(ys — yt) — Vo(ys — yt) > ao(llys — ys ll2)-

Assumption 9.9 can be satisfied, e.g., using a quadratic offset cost func-
tion [151].

Assumption 9.10 (Terminal cost). Let Vi(x — xs,ys) be a Lyapunov func-
tion such that for all v € R",ys € My, and x5 = g<(ys), there exist constants
b >0 and o > 1 which verify

Vi(z — s, ys) < bllz — x[|3 (9.12)
and
Vi(f(z,us) — 2, ys) — V(o — x5, y5) < —l(x — 24,0,0). (9.13)

Remark 9.3. Assumption 9.10 requires a decrease bounded by an open-
loop stage cost (i.e. uw = ug and Au = 0). Therefore, following the ap-
proach discussed in Section 5.1.1, if the §1SS Lyapunov function V defined
in Assumption 9.1 is locally Lipschitz continuous in any bounded set, and
can be upper bounded as in (9.12), then Assumption 9.10 can be (con-
servatively) verified by multiplying V with a positive constant s, so that
Vi(x — xs,ys) = sV (z — x5), and the following inequality holds

—sas(||lz — xs]2) < —L(x — 24,0,0).

This idea was followed in Chapter 8 for the design of the terminal cost
function, where a lower bound for s is also provided in Equation (8.7).

Remark 9.4. The proposed control design is highly modular, since each re-
quirement (output feedback, artificial-reference tracking, offset-free, positive
semi-definite stage cost, input rate constraints and penalty) is taken care of
with few, specific ingredients introducing design overhead. FEach ingredient
can be straightforwardly removed from the design if the associated require-
ment does not need to be satisfied.

9.4 Stability Analysis

In the following theorem we report the main result of this chapter concerning
the stability and convergence properties of the proposed control scheme.

Theorem 9.1. Suppose that Assumptions from 9.1 to 9.10 hold. Then, for
any feasible u_1,> the closed-loop system Y composed by the plant X4, the
MPC' controller, the discrete-time integrator, and the observer, fulfills the

3See Remark 9.2.
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constraints and is ISpS with respect to the bounded disturbance w. Moreover,
consider asymptotically constant setpoint y° and output disturbance d (i.e.
asymptotically vanishing disturbance w), and denote their asymptotic values
by ygo = limy_ oo yg and doo = limy_,oo di.. Then, for any feasible u_1, the
closed-loop system Y converges to an equilibrium point such that

1. Ifys.00 € Vs, then limy_s o0 [|[Yk—Yt,00|| = 0 and limg_,o Hyd,k—ygoH =0.

2. If Yt.oo & Vi, then limg oo [|[Yk — YS ooll = 0 and limg o [[ya k — (Y500 +
doo)[| =0

where

yg,oo ‘= arg min VO(Z/s - yt,oo),
Ys €Vt
. ,0 7
yt,oo - yoo - d007
doo := lim dj, = dos.
k—o00

Proof. The proof is reported in Section 9.8.2.

9.5 Input and Input-Rate Regularization

The control design introduced in this chapter allows to use a generic positive
semi-definite stage cost in the FHOCP. This section specializes the design to
the case of a stage cost that is positive definite with respect to input rate and
input, while being positive semi-definite with respect to the system state.
Specifically, the section discusses how to exploit the knowledge of a 6ISS-
Lyapunov function for the original system > to derive a cost detectability
function ¥ satisfying Assumption 9.8 for the extended system >,. Note
that this result can be useful in many situations, including the case of output
weighting. In fact, with output weighting, the stage cost is typically positive
definite with respect to the system output, but only positive semi-definite
with respect to the system state.

Assumption 9.11. Consider a 6ISS-Lyapunov function V' for the nominal
system X defined in Assumption 9.1. Assume that it is Lipschitz continuous,
and that there exist constants ¢ > 0 and £ > 1, so that, for any x € X, and
any (xs, us) € Zg

Vi(z — ) < cllz — x5 (9.14)
Moreover, there exist constants ay,cp > 0 such that
Uz — xgyu — us, Au) > (ag + €0)71 (2||u — us||2) + agy1(2]|Aull2)  (9.15)

for any x € X, (xg,us) € Z5, u € U, Au € AU, and v1 as defined in
Assumption 9.1.
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Then, the following Lemma shows how to exploit Assumption 9.11 to
compute a suitable cost detectability function W by directly scaling the JISS
Lyapunov function V' of the nominal system .

Lemma 9.2. Consider the §1SS system X, and suppose Assumption 9.11
holds. Then, Assumption 9.8 holds with V(x — xs,u — ug) = a;V(x — ).

Proof. The proof is reported in Section 9.8.3.

Note that Assumption 9.11 requires a sufficient penalization of both input
and input rate in the stage cost. Assumption 9.11 is not required to hold if
VU is directly derived for the extended system ¥, as discussed e.g. in [197,
133].

9.6 Illustrative example

This section showcases the application of the proposed control scheme on the
the pH neutralization process described in Section 5.3.1 using a REN model,
and it also illustrates a possible approach to design an observer satisfying
Assumption 9.4 based on the small gain theorem [114].

In particular, the pH neutralization process is considered with the buffer
flow go constant at its nominal value, with a sampling time Ty = 10s and
subject to the following constraints on the input and input rate:

u € [12.5,17)mL/s, |Au| <0.2mL/s.

9.6.1 REN model

For the MPC implementation a REN model of the system under control is
considered, similarly to the numerical example of Chapter 5. In particular,
we consider the same model dimension (i.e. n =5, ¢ = 8), training data and
training parameters except for the number of epochs, increased to 250, and
the learning rate, that is initially set to 5 x 1072 and decreased to 1 x 1073
after 50 epochs. To simplify the design, we use a simplified version of the
REN, removing the contribution of u; and z; in the output transformation,
obtaining a model with equations

Ty1 = Az + Bizg + Baug + by (9.16a)
2k = tanh(Dnzk + Chzy, + Disug, + bv) (9.16b)
yr = Coxy + by, (9.16¢)

whereu € R, y € R, z € R’ and z € R®. Also in this example we consider an
acyclic REN, where Dy is strictly lower triangular. The final network ob-
tains a FIT of 85.9%, comparable but slightly worse than the result obtained
in Chapter 5 for the REN with the complete output transformation. Note
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that the offset-free formulation of the MPC allows to achieve zero steady
state error despite the model plant mismatch.

For the REN model, the lipschitzianity of the function ¢ associating
the equilibrium (g, us) to the steady state output ys has been verified by
numerically checking that the associated Jacobian is nonsingular for all ys €

N/

9.6.2 Design of the augmented observer

The state observer for both model state and disturbance is designed by
augmenting the observer for the REN model proposed in Chapter 5, which
guarantees a converging estimation of the REN state only, and does not cover
the estimation of the disturbance. In this work, the small gain theorem is
used to derive a condition for the convergence of the augmented observer,
starting from convergence of the original observer, so that Assumptions 9.3
and 9.4 are fulfilled. The observer has the following equations

T4 = A2y + B12g + Boug + by + L(yar — k) (9.17a)
2r = tanh(DHék + C12g + Disug + bv) (9.17b)
i1 = d + La(yax — Ux) (9.17c)
Jk = Codip + by + di (9.17d)

where L € R®*! and Lyq € R are tunable gains. The first two equations
(9.17a)-(9.17b) for the estimation of the model state have the same structure
of (5.1a)-(5.1b), except for the presence of d in the definition of §. In
Theorem 5.1 a condition on the gain L is provided, under which it is shown
that for the observer with d = 0

[Tk+1 = Epgallp, = [[(A = LC2) (ke — k) + Ba(zk — 2i)||p, (9.18)

< aollzr — Tkl ‘
for a positive definite matrix P, and a, € (0,1) (see Equation (5.12)). In
particular, this condition is satisfied by the trivial open-loop observer with
L=0.

To study the estimation error of observer augmented with the distur-
bance, it is possible to consider the overall error as the interconnection of
two subsystems: a subsystem describing the estimation error on the state
x — 2, and one describing the estimation error on the disturbance d — d. In
this way it is possible to use the small gain theorem to derive a sufficient
condition for the stability of the interconnection of the two systems. Con-
sider first the system of x — z, and assume that L satisfies the conditions of
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Theorem 5.1

|Zks1 — Trr1llp,

(9-16é9'17) ||(A . LCQ)(«TI@ — :i‘k) + Bl(Zk - 2k) - L(dk - CZk)”PO

< [[(A = LC)(wk — dk) + Bi(zk — 2)||p, + |L(dk — di)| p,
)

(9.18 X /2 .
< ollrr — @kllp, + |1 Py/“Ldr — di)|l2

< aollzk, — 2kl p, + 1Pa/2LI2 )| dk — dill2-

Consider now the evolution of d — d

i1 — dpra 2
ORI (1, — Lo)(d — di) — LaCalar, — i) + w3
< |IT, — Lallalldi — dill2 + | LaCa (s, — &) 12 + l[wi 2
= [T, — Lallallds — dill2 + | LaCa Py ? P2 (g — &1) 2 + [|wk|2
<|T, — Lallolldi — dill2 + | LaCa Py (|2l ak — 2xllp, + llwi2-
It is now possible to apply the small gain theorem for Lyapunov functions
[114, Theorem 3] to the interconnection of the subsystems with Lyapunov

functions |z — 2| p, and ||d — d||2, respectively, to obtain the following suf-
ficient condition for the ISS of the complete system with respect to w:

(1= ao) 'L+ &)l Ll2(1 = 1Ty — Lall2) ™ (1 + )| LaCaPy 2|2 < 1

for some £ > 0. In case of single output systems, if Lq is selected in (0,1),
the condition reduces to the following condition on the gain L:

(1 —ao) (L + &) |23 L2 (1 + )| CoaPy 2]z < 1. (9.19)

For the tuning of the observer for the simulations, Ly = 0.5 is chosen.
To select L, first the optimization (5.8) is solved, and then the resulting
gain is multiplied with a sufficiently small constant so that the small gain
condition (9.19) is satisfied. This procedure can be applied to augment the
design of converging observers for more general nonlinear systems and obtain
observers that meet Assumptions 9.3 and 9.4.

9.6.3 Simulation results

For the implementation of the MPC, the stage cost and the offset cost are
set to

Uy — ys, u — us, Au) = ly — w515, + llu —uslldy, + [AulF,
Vo(ys — u) = llys — w17,
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with

Q, =100, Q,=1, R=100, T =10°

The prediction horizon is set to N = 3. In the proof of Theorem 4.3, it
is shown that the REN model has a §ISS-Lyapunov function in the form
V(z® — 2P) = [j2* — 2P||%, where P € R™ " depends on the weights of
the network. Then, the terminal cost for the MPC is chosen as Vi(x —
Ts,Ys) = s||@ — x4]|%, where the scalar parameters s is selected according
to (8.7) considering @ = Cy Q,Ca, and the cost detectability function is
(2 — s, u — us) = ag||z — xs||% where the scaling parameter a, is selected
as proposed in Section 9.5. The nonlinear MPC problem is solved using
CasADi with Ipopt optimizer [6].

The MPC is compared with the one proposed in Chapter 8, which can
also cope with input rate constraints, but it is designed for regulation at a
constant setpoint. In particular, the algorithm does not include an artificial
reference and does not offer offset-free tracking capabilities. In the compar-
ison we use an observer the same expression and gain L, with the exception
of equation (9.17c), which is equivalent to set Ly = 0. The MPC is tuned
using the same positive semi-definite stage cost £ and terminal cost V;, even
if Chapter 8 only proves stability for positive definite stage costs. In this
simulation it was not possible to use the prediction horizon N = 3, because
it gave infeasibility in presence of changes of the reference. This is in accor-
dance with the theory, since in Chapter 8 recursive feasibility is proved only
for constant references, and the step-wise variations of the setpoints have
been treated as reinitializations in the simulation. To maintain feasibility in
presence of the first setpoints variations, the prediction horizon was enlarged
to N = 20.

The results of the simulations are reported in Figure 9.2. The simulation
with the MPC of Chapter 8 stops at 4000s, because the algorithm is designed
under the assumption that the reference output respects the constraints.
When this condition does not hold, the FHOCP results infeasible for any
prediction horizon N. Instead, with the proposed algorithm feasibility is
maintained also for the infeasible setpoint in the interval [4000, 5000]s, and
the system reaches the closest feasible output. In this example no external
disturbance is introduced in the simulation, but there are modeling errors
in the REN model used by the MPC, that cause a static gain mismatch
for the MPC of Chapter 8, where the estimation of the disturbance is not
implemented. Instead, the proposed algorithm tracks feasible setpoints with
zero error, and achieves similar transient performances of Chapter 8 with a
shorter prediction horizon.
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Figure 9.2: Closed-loop simulation. Top: output yq for the proposed MPC
(blue, solid line) and for the MPC from Chapter 8 (orange, dashed line),
setpoint 3 (black, dotted line), and auxiliary reference ys (green, dashed-
dotted line). Middle-top: input u for the proposed MPC (blue, solid line)
and and for the MPC from Chapter 8 (orange, dashed line), constraints
(black, dashed-dotted lines) . Middle-bottom: input rate Awu for the pro-
posed MPC (blue, solid line) and for the MPC from Chapter 8 (orange,
dashed line), constraints (black, dashed-dotted lines). Bottom: tracking er-
ror y° — yq for the proposed MPC (blue, solid line) and for the MPC from
Chapter 8 (orange, dashed line).
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9.7 Conclusions

This chapter deals with offset-free, output feedback, tracking MPC for §ISS
systems subject to input and input rate constraints. Specifically, the control
scheme offers recursive feasibility and stability guarantees, by relying on a
Lyapunov-based terminal weight on the system state, and on a terminal
equality constraint on the system input. A cost detectability term can be
included in the controller cost function to enable the use of positive semi-
definite stage cost (e.g. in case of output weighting for black-box or high
dimensional models). The use of artificial reference variables allows for an
extended feasibility region. A state observer that estimates the system states
and an output disturbance allows output feedback and offset-free tracking
of asymptotically constant reference signals. The proposed approach can be
applied to linear asymptotically stable systems [77] and to nonlinear ones,
including systems modeled using RNNs, as shown in the illustrative example.

9.8 Proofs

9.8.1 Auxiliary lemmas

Lemma 9.3. Consider system ¥, subject to constraints (9.9¢)-(9.9k). Sup-
pose that Assumptions from 9.2 to 9.10 hold. Consider a given setpoint y,
and assume that for a given state x, and a given integrator state u, the op-
timal solution to the FHOCP is such that x = x}(x,u,yt) = gx(yZ (T, u, yt)),

u = u;(x7u7yt) = gu(y;(xauv yt)) Then, VN($7U7Qt> = VO(yg - yt)

Proof. The lemma is proved by contradiction. Assume that Vo(yr — y) >
Vo(yS —yt). Then, since y¢ is the unique minimizer of Vo, y # y$. Consider
g € 10,1], and define then ys as

Js = Bys + (1 = B)ys. (9.20)

From the definition of set )}, it follows that u} € U. Therefore, there exists
a 3 € [0,1) such that, for §s given by a 3 € [, 1], the sequence of inputs
Au = {Aﬁ“k}i]\i_ol, defined by Adygy, := sy — u, and and Ady, := 0 for
it =1,...,N — 1, and the auxiliary reference g = ¥s constitute a feasible
solution to the FHOCP. Denote by Z;, ¢ = 0,..., N, the associate state
trajectory. From the Lipschitz continuity of the functions g, gx and gy, and
taking into account that y¥ — g5 = (1 — B)(y¥ — vJ) and the optimality of
the solution, the following holds

VO(y; - yt) = VN(-’E,U,yt) < JN(»T’Uayt;AﬁaZ)s)

(9.11a) A o . o
< E(x; — s, u: — Us, Us — u:) + Vf(f(x;uS) — Ls, yS)

+ Vo(ds — u) + el — %5
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(9.13)
< E(x; - UCs,U§ — Us, Us — U;) + Vf(x; - xsﬂl/s)

— 0(xF — 24,0,0) + Vo (9s — ) + cllxt — x5
(9.10)(9.12) N . m N e N e
< Mllud = allE A Nollul — ||+ bllat — @3
+ Vo(ds — u) + el — %5
Ass<.9.2 In — 4 - I — 4 -
> 01l ||ys ySHZ + 92 g ||ys ySHZ
0Ly llyE — Gl + Vo (ds — ye) + cLSllyE — 355
(9.20)
=V gL (L — B)M |y — yS |3 + 9oL (1 — B)™ |yt — yS |22
+OLI(1 = B)7 |yt — v2 115 + Vo(ds — ye) + L1 — B)El|yr — 2115,

From the convexity of Vo, it follows that

Vo(ts —ye) < BVo(yd —ue) + (1 = B)Vo(ys — vr).

Therefore

Vo(yz —ye) < i LT (1 — B)M |lys — o2 ||7"
+ 2L (1 = B)™lys — wells® + oLy (1 = B) llye — wslls
+BVolyt — ) + (1= BVolyl — w) + cLS(1 — B)*[lys — w2 ll5,

which leads to the following inequality

Vot —ue) = VoS —ye) < gL (1 — B)" Mgk — y||2"
+ g2 L (1= B)2 7 lyd — 2|32
+BL (1= B)7 Myt — y2llS + LS (L — B) Myt — u2ll3-

Since o,m1,m2,& > 1, taking the limit of both sides of the inequality as
0 approaches 1 from the right, leads to

Vo(ys —yt) — Vo(ys — ) <0
which in turn leads to a contradiction and concludes the proof. O

Lemma 9.4. Suppose that Assumptions from 9.1 to 9.10 hold. Then, there
exists a Koo-function aq verifying

X = x¢ 2 > aallix — x¢ll2) (9.21)
for all yy € Yy and all feasible X € (AA’ x U), with x$ = g(y2).

Proof. First note that ||y — xill2 = 0 <= |[x — x&ll2 = 0. In fact,
IX —xZll2 =0 = |Ix — x|z = 0 follows from Lemma 9.3, while ||x —
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X2 =0 = |Ix — x%ll2 = 0 follows by optimality. Then it also holds
X = x2ll2 >0 <= |Ix — xill2 > 0.

Moreover, since the set U is compact, in view of the §ISS property of 3,
Zs is also compact. Then, there exists a I function aqg verifying

X = x5z = aa(llx = x¢ll2)
for all y¢ € ); and all feasible y. O

Lemma 9.5. Consider a discrete-time, monlinear time invariant system
Yia, with input u and state x?, and a discrete-time, nonlinear time invariant
system Xy, with input v = z* and state xP. Assume L, is ISS w.r.t. u,
and Xy is ISpS w.r.t. v. Then, the overall system X, with input u and state
x=[(@)" (2?)T]T is ISpS w.r.t. u.

Proof. For X,, there exist functions 8, € KL and v, € K, such that
for any k € Z>o, any initial condition zfj € R™ and any input sequence
ug, = {uo, ut, ..., up—1} with up, € R™ for h =0, ...,k — 1, it holds

[k ll2 < Balltll2; k) +7a (o k) - (9-22)

For X, there exist functions £, € KL and v, € K, and a constant ¢ > 0,
such that for any k € Zx¢, any initial condition xB € R™ and any input
sequence vq i = {vo, V1, ..., Vk—1} with v, € R™ for h =0, ...,k — 1, it holds

lzRll2 < Bo(llgll2: k) + 7 (Ivorl) + ¢ = Bu(llgll2, k) + 7 (Ix541) + ¢
(9.23)

The proof is inspired by the proof of Proposition 4.7 in [7], and makes use
of the weak triangle inequality (2.2). Define k := [%£], where [-] denotes the
ceiling function. Then

b (9.23) b _ .
laklls < Bulllalles k= k) + 7 (IxE,0) +

"2 B (Bl )+ (el + k= B) - (12, 1) +¢
< B (3601812, F), = &) + B (33 (x5 zl1) & — F)

+ B (3. k= B) 4 (I, )) +

L 8, (380l ).k~ F)
+ B (3 (Balll2bl2, 0) + 7 (Ilugzll)) - &~ F)
+ By (3¢, k — k) + @+ 7 (Ballldll2, k) +7a (lugll))
< B (365 (labll2, k), k — k) + By (370 (2Ba(ll78]2,0)) , & — k)
+ B (37 (270 (luogll)) . B = k) + B (30, k — k) + ¢
1 (28a (282 1) + 7 (29 (g l) -
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Then
Izl < Balllzdll2, k) + Bo(llzbll2. k) + 4 (o) + ¢ (9.24)
where
Ba(r, k) == By (37 (28a(r,0)) , k — k) + 7, (28a(r, k)
Bu(r, k) = By, (38u(r, k), k — k)
A(r) == Bp (37 (27a (1)), 0) + b (27a (1))
@ = B (3p,0) + ¢

Finally, ISpS of the complete system comes from the sum of (9.22) and
(9.24). O

9.8.2 Proof of Theorem 9.1

The proof of Theorem 9.1 requires three steps. Recursive feasibility of the
FHOCP is proved for any y; in the first step. ISpS w.r.t. the disturbance w
is proved for the closed-loop system ¢ in the second step. Asymptotic con-
vergence of the closed-loop system Y ¢ is proved for asymptotically constant
setpoint y° and output disturbance d in the last step.

Recursive Feasibility

Consider the optimal solution to the FHOCP at time step k, that is given by
Auj = {Aui‘k}f\; _01 and y7,, and denote the corresponding optimal input
and state trajectory by ul*|k and 7, for i = 1,..., N, where $6\k = I} and
u6| p = Ug—1. Assuming that the FHOCP is feasible at time step k, recursive
feasibility can be proven by considering as candidate solution at time step
k+1:

o the feasible auxiliary reference ¥ x+1 = ¥,

e the control sequence Aty = {Aﬂﬂkﬂ}f\f{)l, defined by A4 1=
Au;+1|k fori=0,..,N —2and Atuy_yj41 := 0, which satisfies all the
constraints in the FHOCP.

Input-to-State Practical Stability

Consider the overall closed-loop system Y¢. Since Assumption 9.4 holds for
any input sequence in U, Y¢ can be reformulated as the series connection of
the system that describes the observer estimation error >, and the closed
loop system X, composed of the system 3, the MPC controller, and the
discrete time integrator, where the observer estimation error eq acts as an
input. Since Assumption 9.4 ensures that Yo is ISS with respect to the
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disturbance w, in order to conclude that the overall closed-loop system is
ISpS with respect to the disturbance w, the proof first shows that ¥, is ISpS
with respect to the state estimation error eq, and then relies on Lemma 9.5
to derive the stability properties of full system.

To prove that 3, is ISpS with respect to eq, the following candidate ISpS
Lyapunov function is considered, where Y;, = [#] u]_,]T

Wi = W (Xx; Aug, 42 y)
= IN (ko Uk—1, Y005 AL, Y2 1) — VO (Ys 00 — Ytioo)-

The proof shows that W is an ISpS Lyapunov function, by deriving lower
and upper bound to W, as well as to its decrease, consistently with Defini-
tion 2.15.

Lower Bound Consider the following lower bound
Wi 2 U@k — 2 g wk—1 — U o Augyy)
+ Vo (¥ r — Ytoo) = Vo(Usoo = Ytioo) + U (Ek — s —1 — ugy)-
From Assumption 9.9 and Lipschitz continuity of g, it holds
Wi > (&g — 25 gy ug—1 — ugj Augy)
(&g, — 2l g w1 — udy) + ao(Ly X — XS oo ll2)-

Then, there exists a Ko function do defined as Go(r) = ao(Lg_lr) such
that

A, * * *
Wi 2 U@k — 2 g uk—1 — U g, Augy)

. . . . . R (9.25)
+ \Ij(‘rk = Ly ky Uk—1 — us,k) + aO(HXs,k - Xs,oo”2)'
Note that Assumption 9.8 can be rearranged as
0T — % gy U—1 — UL oy Aug )
s,k s,k 0|k (9.26)

+ W (Eg — 2%, uk—1 — uly) > opll[Xe — XZxll2)-

Combining (9.25) and (9.26), and using the weak triangle inequality (2.2),
there exists a Ky function ayp so that

Wi > ao(lIxSk — Xs.oll2) +eon(llxe — XExll2)
> aw (2lIxEk — Xeooll2) + aw (2lIxe — X kll2)
> aw (X5 k — Xeoollz + Xk — XEkll2)-

Therefore, applying the triangle inequality, a lower bound for Wy is obtained:
Wi = aw ([Xk — XS 00l2)- (9.27)
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(o <

Upper Bound For this part of the proof, we define x2 = [(z%)T (u) '] :=

9(g)-
The proof starts by adding and subtracting Vo (yZ; — yt.k) to W:

N-1
o * * * * *
Wi = Y afjy — oy, uly, — ulp, Aujy)
=0

+ VE@ N — 250 Yor) T VoWl — Yo) + U(Ek — 2, w1 — udy)

— Vo(Ys,oo = Yt,00) + Vo(¥sr — Ytk) — Vo (¥ — k)

08, .
=" VN (%k, uk—1,Yek) + Vo (¥ar — Yt.oo) — Vo Uik — Yik)

— Vo(¥s so — Yt,00)-
(9.28)

Consider now the case in which u$, —uy_1 € AU, i.e. the input steady-state
reference ug’ 1. is reachable in one sjcep from up_1. A locally feasible sequence
A, = {Aﬁ“k}f\gol can be defined by At 1= ug ) — ug—1, and Adp, =0
for i =1,...,N — 1, and the (locally) feasible auxiliary reference g := y<,.
Denote by ;, ¢ = 0,..., IV, the associated state trajectory. Then, usiﬁg
Assumption 9.10,

VN (Zk, wk—1, Yo.k) < IN(Zk, Uk—1, Yt k5 AUk, Us k)
X . o A
= U( T — TG, uk—1 — Ug g, Allg|,)

N-1
+ Z (T — 751, 0,0) + Vi (ZNje — 25 g, Ys k)
i=1

+Vo(ysr — yor) + U(Tp — 5k, uk—1 — g 1)
(913) . . 3 ~ 0 o
< g(xk = Ly Uk—1 — Ug s Au0|k’) + W(xﬂk — Ts k> ys,k)
+Vo(Yer — yok) + W (Tx — T3 g, uk—1 — Ug )
(9-12) A o o o ~ o o
< U3 — Lg k) Uk—1 — Ug > Ug | — Ug—1) + bH$1|k - Is,k”2
+Vo(Ysr — yok) + U(Tp — 5 ks uk—1 — ug 1)
Ass.9.6 . o o - o o
< Lelleg — xggll2 + 2Lelluk—1 — uggll2 + bl Ty — 25419

+Vo(Ysr — yor) + U(Tg — 25 g, up—1 — udp)-

In view of the §ISS property of the model, there exists a KL function 8 such
that

1 Zae — 2 kll2 < BlZop — 28ll2,7) = BllEk — 2Ckll2, ).

)
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Then

VN (Zky uk—1,Ye.k) < Lel|Zk — 28 ll2 + 2Lo[Jug—1 — ug g ll2
+0B([|2k — 25 kll2, 1) + Vo(ys s — vuk)
+ V(2 — :c;k, Up_1 — ugk)

Therefore, there exist two K functions 81 and fs such that

VN (@, up—1,y5.1) < Brll2r — 23k ll2) + Ba([lug—1 — ug g ll2)

+Vo(Yer — yok) + W (Bp — 25 g, up—1 — udp)-
Combining with the expression of Wy, and using the upper bound for ¥

(9.28)(9.11a) )
Wi < Bulllee — 2kll2) + Ba(llur—1 — ug gll2)

+ Vo (Wer — Yik) — Vo(¥s co — Yt,00)|

+ Vo (Yek — Yto0) — Vo (Ui — Yek)| + vor(l[ Xk — xSkll2)
Ass.9.6
< Bl — 2dkll2) + Ba(llup—1 — uggll2) +vor(lXe — Xekll2)

+ Lvo |Yek — Yok — Ysoo + Ytiooll2
+ Lvp 195k — Ytioo — Yar + Yok
< BilllEr — 25k ll2) + Ba(llue—1 — uggll2) +vor(lXk — Xekll2)
+ Lo 1Ysr — s ooll2 + 2Lvo |9k — Yt,00ll2-

|2

Then, there exists a K function B3 such that

Wi < Ba(lIXe — xekll2) + Lvollver — s coll2 + 2Lvo 19k — Yt.ooll2
< Ba(lIXk + Xeoo — X500 — Xeakll2)
+ Lo 1Ys 1k — Ys.ooll2 + 2Lvo 19tk — Yt,00ll2-

Hence, there exists a Ko, function Sy defined by By (r) := (3(2r) such that

Wi < Bw ([IXk — Xs.ooll2) + Bw (XS 00 — Xekll2)
+ Lvollvsk — s soll2 + 2Lvo 19k — Yt.coll2
= Bw ([IxXx — XS oo ll2) + P15,

with
Pk = Bw (IXe 00 = Xell2) + Lvo 1Yk — Vs ooll2 + 2Lv Y1,k — Yt,c0ll2- (9:29)

Then, using Lipschitz continuity of the function g, there exists a K function
Bw such that

ik < B (198x — ¥0oll2) + 2Lvo Iy — ySollz + 2Lvg lldso — dill2.
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In view of [221, Theorem 2.5], of the properties of Vo and of convexity of
Y, there exists a I function w such that

198k = ¥0cll2 < WUy = voollz) = w(llyf — di — (¥ — doo)ll2)-  (9:30)

Hence, by applying the weak triangle inequality, there exists a I function
wy such that

pir < O1([lyp — y%ll2) + @1 (|lde — dsoll2) < 5y

where

P i= G1SOY) + &1(S(D)). (9.31)

Since all the sets involved in the definition of p; are bounded, it holds
p1 < 0o. To conclude

Wi < Bw ([IXk — Xe.00ll2) + 21 (9-32)

Given this local upper bound derived under the assumption that u;?’k -
up—1 € AU, the existence of an upper bound valid also if “:,k —up_1 ¢ AU
can be derived from [149, Lemma 4] by showing that W (z,u,y) < oo for
all 2 € X, y* € 9, d € D, and all feasible u. First, based on (9.28), Wy, <
IN(Zks Uk—1, Yt k3 AUk, Ys k) VO (U2 —Yt,00) — VO (U 1 —Yt.k) — VO (Ys 00 — Yt 00)
for all feasible Auy,ysx. Then, boundedness of Jy and Vo follows from
boundedness of their arguments and Assumption 9.6. Specifically, bound-
edness of # and d follows from Lemma 9.1; boundedness of ys follows from
boundedness of Y° and boundedness of D; boundedness of ys follows from
boundedness of Y;; boundedness of u follows from boundedness of .

Decrease For this part of the proof, we recall that u, = up_1 +
”N(‘,ﬁ/ﬁ Uk—1, yt,k)v and that

Thr1 = f(ﬂA?k, uk) + 537d,k‘ (933)

In the following, dxq is considered as an external disturbance. The candi-
date Lyapunov function at time k + 1 is given by

W1 = W(Xpt1; AUy 1, Y pr1)

. . * * o
- JN<$k+17 Ul yt,oov Auk+17 ys,k+1) - VO <ys7oo - Z/t,oo)

where Auj, ; and y}, ., are the optimal control sequence and optimal aux-
iliary reference computed by the MPC at step k + 1, given the observer
estimate Zg1.
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Adding and subtracting V0<y:,k+1 — Yt kt1) leads to

N-1
Wit1 = Z Uikt = Ty 15 Wikt 1 — UG 1> AWy q)

i=0

+ Vf(JCN|k+1 - $§,k+1, y;kJrl) + VO(y:,kJrl — Ytoo)

+ W (Trg1 = 8 1o Uk — U y1) — VO (Ys oo — Yti0o)

+ VoY k1 — Yek+1) — Vo(Ys k1 — Yok+1)

08
< VN (kt1s Uk Yt k1) — VO(Us 00 — Yt,o0)

+ Vo (Ya ki1 — Yt00) — VO (Ul i1 — Yt kr1)]

Ass.9.6 . o
< VN @kt e Yokt 1) — Vo (Ysoo — Ytioo)

+ LVo Hyt,kJrl - yt,ooH2-

Consider now the feasible sequence Aty 1 = {Ad Y _01, defined in
the proof of recursive feasibility, and the feasible auxiliary reference ys 41 :=
Ys - Then

VN @kt 15 Uk, Yo k1) < IN (Tt Uk Yekr 15 AUgy1, Ts k1)
= JIN(Try1, Uk Yokt 15 A1, Y3 k)
Hence, denoting by Z;;41 and ;41 the state and input trajectories asso-
ciated to Atgq, we have that
N-1
Wiy < Z f(i“ukﬂ - w;k,ﬂukﬂ - U;,ka Aﬂi|k+1)
i=0
+VE@ N1 — T Yon) + Vo(Ysr — Yekt1)
+ U (Bpy1 — 2% g, Uk — U g)

+ Lvo 19t k41 — Yt00ll2 — Vo(yg,oo — Yt,00)-
Then

Wiq1 — W
N—1
~ * o~ * ~ ~ * *
< ( D UE et — T g1 — U Aligperr) + ViEvpp1 — 255 055)
=0
A * *
+ Vo (War — Ytkr1) + VU (Tpy1 — T5g, uk — uly)

+ Lvo it = oclls = Vo(ble = o))
N—-1
— (D el — iy — g D) + Vi, — T vik)
=0
Vo (Wk = o) + Wk — Tl 1 — 05) = Vot — o))
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1

~ x  ~ " -
= E f(%‘\kﬂ — g ks Wilk+1 — Ug k> Aui\k+1)
i=0

N-1

* * * * *
- E e(xdk — Tg k> uz|k — Ug k> Au1|k)
=0

+ VE@Nkr1 — 25 Yen) — VE@N e — T80 Yok)
+ VoW — Yek+1) — Vo (Ui k — Yt,00)
W (Bpp1 — gy ur — ulp) — U(Tk — 38, ub—1 — Up)

+ L |9t k1 — Ye,00|2

Ass.9.6 Nl . . N .
< E U Tijpg1 — T g Uir1 — Us gor Aljjp41)
i=0
1
* * * * *
— > Uy — s wy, — ul g, Aufy)
i=0
~ * * * * *
+ Vi@ N kg1 — TEgr Yak) — Vf($N|k = T ks Y k)
A * * -, * *
+ W (Bpp1 — 2wk — uy) — Wk — T g, up—1 — ugy)
+ 2Ly, |y k1 — Yt,ooll2

- - " -
= Z f(xi\k-s-l = Lg ks Wilk+1 — Us ko> Aui\k-H)

1=

[\

—1

- g(x;]k — T U:|k — U s Auak)

=1
+ VE@Nkr1 — 25 Ynk) — VE@N e — T80 Yok)
+ W (Bpp1 — g ur — ulp) — U(Tk — 5wk — ulp)
+ 2Lvg [y k1 — Yt,ooll2
F AT N1t — TE g UN—1 |41 — U AUN_1[hp1)
—U(z) — 33;,6, Up—1 — u;k, Auak).

Define Z 1, using the auxiliary control law Aty =0, i.e. Ty i =
f(x’]*\”k,ﬁNH‘k) where @y, = @y Then, by adding and subtracting
VE(Z N1k — T3 g ys*k) and E(m?\,'k — xQ}k,0,0), and recalling Aty _qp41 = 0,
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we have that
Wit — Wy
N-1

< Z (511 — T8 g Wim 1|k — UG gy Al 1k41)
i—1
- g(x:\k — T s Uz*\k — U s Auﬂk)’
+UEN -1kt — T3k 0,0) — L@}y — 25, 0,0)]
+ VHE N1 — 2 Yak) — Vi@ N1k — 25k Ve k)]
+ W (@p1 — 2Lk — ulp) — V(& — L, up—1 — udy)
—U(Tg — x;k, Ug—1 — U;,kv Auak) + 2Lv, [y k1 — Yt,00l2

+VE@E N1k — TEgo Yik) — Vf(ﬂvug — Tk Yik) + 5(357\/\1@ — 21, 0,0).
(9.34)

Due to Assumption 9.10

VE@ N1k — Tk Yor) — VI@N 1 — 258 Yak) + 0@ — 255, 0,0) < 0.
(9.35)
Due to the definition of Atg1, Lipschitz continuity of ¢, and JISS of the
system X
N-1
Z V(511 — T8 g Uim 1 — UG gy Al 1)k41)
i=1
-t x;]k: - ﬂfg,kv Uzﬁk - u;,kv Auf\kﬂ
N-1
= Z (&1 — T Whpg, — US g AU (9.36)
i=1
- (33:|k - x:,k:“;]k — Uk Auz*\k)’
Ass.9.6 Ay 5 N Ass.9.1
<Y LillF e —2lle < nllozall2)
i=1
with a K-function ;.
Lipschitz continuity of ¢, and 6ISS of the system 3 also imply that

|£(55N—1\k:+1 - x;,kn 0, O) - E(l‘}(v\k - x;,k:’ 0, O)|
Ass.9.6 5 . Ass.9.1 (937)
< Lell@noape —apllz < re(llozall2)

with a KC-function ~s.
Moreover, due to the Lipschitz continuity of V¢, and dISS of the system 3

VE(E N1 — 2op Yar) — VE@E N1 — TEk Yo k)|
Ass.9.6 B B Ass.9.1 (938)
< LyllEngr — Ineaelle <0 vs(lldzall2)
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with a C-function ~s.
In view of Assumption 9.8, Lipschitzianity of ¥, and using Lemma 9.4,
it holds that

~ * * *
- g(xk = Ly > Uk—1 — Ug > AuO\k)

+ W (@1 — g ur — ulp) — V(@ — T, up—1 — udy)
(9.33) .

=" =Tk — gy ub—1 — U, Aug)
+ U (f (hy un) + 0xap — 2L g, up — uly) — V(T — %, up—1 — Ul )
U (f Gy ur) — e — ) — U (f () — g —uly)  (939)
(9.11b) A X A . X

< —eop(llXe — Xkll2) + W (f (T, uk) + 0Tak — 255, uk — uly)
- ‘ll(f(‘%ka Uk) - x;ku U — u;k)
(9.21), Ass.9.6 A R

< —v([[Xe = Xsxll2) + Lwlldzq k2

with a Coo-function v. Furthermore

v(0.5] %k — Xe 00ll2) < V(051X — XSk ll2 + 05Xk — XS 0oll2)
< vl = xS xll2) + vllIxer = XS ooll2)-

Then there exists a Kso-function Y

2) < —0(0.5]Xk — XSooll2) + v(IIXEk — XS ooll2)
< =T(1Rk = X ooll2) + V(XL — Xeooll2)-

~ o
iy _
(X — Xok (9.40)

Combining (9.34), (9.35), (9.36), (9.37), (9.38), (9.39), (9.40), we have
that

Wier = Wi < n(ll0zakll2) +72(l0zarll2) +v3(l0zarll2) + Lel[dzarlle
+ V(XS R = Xeooll2) + 2L Wtk+1 — Ytooll2 = T(IXk — X2 coll2)-
Then, there exists a KC-function 4 such that
Wipr — Wi < =Y ([[Xe — Xe.0oll2) + va([[02qx]|2)
+u(l[Xek = Xsooll2) + 2Lvg 1Yt k+1 — Yt,00ll2-
Due to Assumption 9.3, there exists a KC-function « such that
Wieer = Wi € =001k~ xecll2) + 2 (leail)

+u(lIXsk = Xsooll2) + 2Lv, |9t k41 — Yt.ooll2
= =T(IxXx — Xso0ll2) +v(lleakll2) + p2.k

with
P2k = V([Xsk — Xeooll2) + 2Lv, 1Yt,k+1 — Yt,o0ll2- (9.41)
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Moreover, using Lipschitz continuity of the function g, there exists a Kqo-
function © such that

P2 < O(1YSs = Yosollz) + 2Lvo 19051 — yo6ll2 + 2Lvg lldoe — dial2-

Using (9.30) again and applying the weak triangle inequality, there exists a
K-functions @y

pak < Pp = @2(SO°)) + D(S(D)). (9.42)

Since all the sets involved in the definition of p, are bounded, it holds
Py < 0o. To conclude

Wi = Wi < =TIk — XS ooll2) + v(llearll2) + P2 (9-43)

In view of (9.27), (9.32) and (9.43), it is possible to conclude that W, is an
ISpS Lyapunov function for the closed-loop system 3. The ISpS property of
the overall closed-loop system Y ¢ with respect to the disturbance w follows
from Assumption 9.4 and Lemma 9.5.

Remark 9.5. Based on the ISpS-Lyapunov function constants, p; and psy,
it is possible to provide (a conservative) estimate of the ISpS constant ¢,
and characterize the transient behavior of the closed-loop system. Note that
Py and py depend only on the size of sets Y° and D. Therefore, the tran-
sient behavior of the control loop can be improved by being more restrictive
in the choice of available setpoints (thus reducing S(Y°)), and, based on As-
sumption 9.4, by improving the observer initialization (thus reducing 8(25))
In fact, according to Assumption 9.4, S(@) decreases as S(W) decreases.
Also note that, if the control scheme is used for disturbance rejection only,
then Y = {32}, and S(J°) = 0. Additionally, in case of measurable dis-
turbance d, dj, = dy and S(D) = S(D). Finally, as it will be detailed in
the following Subsection, the ISpS-Lyapunov function can be used to prove
asymptotic convergence in case of asymptotically constant setpoint y° and
output disturbance d.

Asymptotic Convergence

To prove asymptotic convergence, consider the term p;j appearing in the
upper bound for W, as defined in (9.29). Then, in view of Assumption 9.9,

for k — 00, Y1k = Yt,cos Yo — Ysoo and therefore z3, — 27 and ug, —
ug o~ Therefore py ;. — 0 for k — oo, and
Wi < Bw ([[Xk — X2.00ll2)- (9.44)

Similarly, consider the term p j, appearing in the decrease of W, as defined
in (9.41). Then, for k — oo, dzq ) — 0 in view of Assumptions 9.3 and 9.4,
and both y; 1 and Y x+1 — Yt,00. Moreover, in view of Assumption 9.9, for
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3
S,00

k — 00, Y$p = Ysoo and therefore 23, —
p2, — 0 for E — oo, and

& <
and ug ) — ug . Therefore

Wit = Wi < =T([[Xe = X.ooll2)- (9.45)

Thus, asymptotic converge follows from (9.44) and (9.45), and from As-
sumption 9.4. In fact, for Kk — oo, Assumption 9.4 and w; — 0 guaran-
tee that Z), — x5 and d, — dj, while (9.44) and (9.45) guarantee that
Xk = Xsoor Therefore, xy — xg o, ur — ug o and yp — 43 oo I Y100 € Wi,
then y;ioo = Y00, Which implies yr — ¥.00. Since yp = yqr — dp and
Yok = y,g — cik, and recalling that dp — ds for kK — oo, it can be concluded
that yq 5 — y%.. On the contrary, if Yoo & Vb, using again yi = ya r — di, it
holds yak — Ys oo + doo- O

9.8.3 Proof of Lemma 9.2

The existence of a suitable upper bound follows from (9.14) and ||z — xs|| <
Ix = xsll:
(9.14) ¢ :
alV(x—as) < apcllz — x|3 < aecllx — xsll3-

To prove the decrease property, start by upper bounding the decrease of the
0ISS-Lyapunov function V'

agV(Tre1 — xs) — agV(zg — xs)

(9.3b)
< —agas(l|lzn — sll2) + aen (luk — usll2)

(9.7b)
=" —apa3(||lrr — wsl]2) + aryi([Jur—1 + Aug — usl|2)

< —ago(|log — xsl2) + am (2fjup—1 — usll2) + aeyi (2] Augl]2).
Then, by adding and subtracting e;v1 (2||ux—1 — usl|2), and using Assump-
tion 9.11, we have that
agV (g1 — xs) — agV(rg — xs)
< —agas(f|lzr — asll2) — e (2flur—1 — usll2)

+ (ae + e0)n (llur—1 — usll2) + aey (2| Aug|2)

(9.15)
< —agas(||zr — wsll2) — o1 (2llur—1 — usll2)

+ f(.’L‘k — Tg, Ug—1 — Us, Auk‘)
Therefore, there exists a constant €9 and a Koo-function p such that

agV(Tpy1 — xs) — agV(r — )
< —eop(|lxr — xsll2) + Uxk — xs, upg—1 — us, Aug,)

for any xp € R™, any up_1 € U, any Aug € AU and any (zg,ug) € Z5. O
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Data-driven MPC in the
Koopman operator
framework
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Chapter 10

Introduction to the
Koopman operator

This part of the thesis is devoted to the design of MPC algorithms using
Koopman operator-based surrogate models. The Koopman operator was in-
troduced in the 1930s by Koopman [136], and provides a powerful theoretical
framework for data-driven analysis, prediction, and control of dynamical sys-
tems. In the last years, approaches related to Koopman’s idea have received
significant interest [36], and many Koopman-based data-driven methods for
estimation and control of dynamical systems have been developed [181], see
also the recent review [226]. One of the key features of Koopman-based sur-
rogate models is the availability of bounds on the model estimation error.
This property can be exploited to provide guarantees on the behavior of the
MPC algorithm when applied to the real plant.

In this chapter, we introduce the Koopman operator and different data-
driven methods for its approximation. Moreover, in Section 10.5, we present
a brief review on the use of Koopman-based models in MPC.

10.1 Definition of the Koopman operator

The Koopman operator is a linear but infinite dimensional operator that
encodes the behavior of the associated nonlinear autonomous dynamical
system [171, 205]. In this thesis, we define the Koopman operator for
discrete-time systems, even if the Koopman operator was first developed in
the continuous-time framework. The main reason for this choice is that we
want to exploit the Koopman operator theory to derive data-driven models
of dynamical systems, and the system data are inherently in discrete-time.
Moreover, discrete-time is the typical framework for MPC, that is the final
goal for the use of these models in the thesis.
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Observable ¥ Koopman K1
S R

Initial state Evaluation
-

System dynamics

Next state

f(x)

Evaluation

Figure 10.1: Schematic representation of the definition of the Koopman
operator (10.2).

Consider an autonomous discrete-time system given by

Tp1 = f(zk) (10.1)

with a map f: Q — R™, with Q C R™ a compact and non-empty set. For
sake of simplicity, in this thesis we assume the set {2 to be positive invari-
ant for the system (10.1), and we refer to [134] for the necessary technical
modification needed to manage the case in which this property is not valid.
The Koopman operator K : Cp(f(€2)) — Cp(€2) associated to system (10.1)
is defined considering functions ¢ : R™ — R, called observables, by the iden-
tity
(Kv)(@) = b(f@) Vo e, ¥ eC(FQ). (10.2)

The idea behind (10.2) is illustrated in Figure 10.1. The Koopman opera-
tor propagates the observable function 1, obtaining another function K.
Evaluating this new function in the original state x is equivalent to compute
the next state of the system, that is f(x), and evaluating the observable in
the next state. This means that the Koopman operator allows to compute
the value of the observable functions in the next system state without using
the system dynamics f.

10.2 Approximation of the Koopman operator for
autonomous systems

The Koopman operator provides a nice theoretical framework for the deriva-
tion of alternative descriptions of dynamical systems. What is particularly
of interest is the possibility of obtaining approximations of the Koopman op-
erator for unknown systems using data [18]. The most popular method to do
so is extended dynamic mode decomposition (EDMD), which is described
in the next section. EDMD has been successfully applied in many fields,
including climate prediction [9], molecular dynamics [247], power systems
[251], turbulent flows [80], neuroscience [35], and deep learning [65].
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10.2.1 Extended Dynamic Mode Decomposition

Extended Dynamic Mode Decomposition (EDMD) is a data-driven method
to obtain a finite-dimensional approximation of the Koopman operator [242].
Consider a finite dictionary of observable functions {1; € C,(R™) : j € [1 :
M]}, and let V := span({t;} ep1:a]) be the M-dimensional space spanned
by the chosen observables. With EDMD we obtain an estimation of PyK|y,
that is the compression of the Koopman operator restricted to the finite
dimensional space V. In particular, K|y denotes the restriction of the Koop-
man operator to the functions in V, i.e. it represents how the Koopman
operator acts on the functions in V, while Py denotes the projection onto
V. The projection operation is needed because it is not guaranteed that
the result of the application of the Koopman operator to functions in a
given subspace remains in the same subspace. In view of the linearity of the
Koopman operator, the estimation of PyK|y is a matrix K € RM*M

In EDMD, K is obtain as the solution of a linear regression problem.
We assume to have a dataset D := {(x;, 7] )}, containing couples of state
and subsequent state, where the subscript ¢ is the index of the data item
and o] = f(x;) for all i € [1: d]. Note that it is not required that the data
come from the same trajectory. Let

U= (¢1,..., %) " (10.3)

be the stacked vector of observables, with ¥ : R” — RM™. Then, we can
create the following matrices of lifted data

Uy = [U(z1) ... U(zq)], Ty :=[T(z]) ... ¥(z])]. (10.4)

The approximation K of PyKly is then given by the solution of the linear
regression problem

K = argmin |KUyx — Uy | p,
KERMxM

which can be explicitly computed by
K= (UxUg) ' 0Uxuy.
It is now possible to write the data-driven model, which can be given either

in the lifted space, i.e. the space of observable, or in the original state space.
The model in the lifted space is given by

zo = ¥(xo) (10.5a)
Zh1 = K2 (10.5b)

and describes the evolution of the vector of observable functions z € RM.
To obtain the value of the original system state x from the value of the lifted
state z we need the projection operation

xr = Pozyg.
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There are different possible methods to perform the projection. In the sim-
plest case the coordinate functions are included in the observables, i.e. we
have that ¢;(z) = z;) = ¢/« for i € [1 : n], where e; denotes the i-th
unit vector of R™. Then, the projection simply consists in taking the first n
components of the lifted state z, i.e.

2= In Opx(ri—n) | 2k

When the coordinate functions are not included in the observables, it is
possible to identify a linear projection matrix C € R™*M such that z = Cz
from data. In order to do so, consider the data matrix

Then, C is the solution of the linear regression problem

C = argmin [|C¥x — X]||F, (10.7)
CeRn XM

whose solution can be obtained in closed-form. More advanced projection
methods have been developed in [235], but are outside of the scope of the
thesis.

With the model in the lifted space we can perform multi-step predictions
using the linear model (10.5b), where the only step that involves a nonlinear
function is the lifting of the initial state (10.5a). However, this method often
has poor performances for predictions over a long horizons. This is due to the
fact that it is not guaranteed that the predicted next lifted state 2™ can be
written as W(Z1) for some ZT € R™. This causes an error that accumulates
in multi-step predictions, causing a degradation of performances. This issue
can be solved by writing the model in the original state space. To do so,
a reprojection operation is performed at each prediction step, obtaining a
model R

Tpr1 = PoK¥(xg).

This model is nonlinear, since the state is lifted at each step, but it provides
better performances for long prediction horizons, as pointed out in [168] and
[180, Remark 20].

In [138], it is shown that EDMD converges to the Koopman operator in
the infinite data limit and for an infinite number of observables. However,
only a finite number of data are available for identification, and a finite
number of observables is used to derive the EDMD model. Hence, it is
interesting and useful to derive finite-data error bounds for EDMD models.
The first results about finite data error bounds can be found in [170, 255].
Then, the probabilistic error bounds were further extended to stochastic
systems using both i.i.d. and ergodic sampling in [180], also for systems
with inputs.
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10.2.2 Choice of the observables

When deriving an EDMD-based model, the choice of the observables dic-
tionary is critical for the performances. Hence, many observable selection
methods have been developed in the literature [168, 18].

First, it is a good practice to include the constant observable in the
dictionary. Typically, the index 0 is assigned to the constant observable, i.e.
to(z) = 1. Then, the simplest method to design the other observables is
to use functions belonging to standard classes, such as monomials or radial
basis functions (RBF). This choice is straightforward, but it does not always
provide the best prediction accuracy.

When there is some information about physics of the system, an effective
choice is the use of physics informed observables. In this category we include,
e.g., observables given by functions that are likely to appear in the state
equations and observables that encode information about the symmetries
of the system. An example is the use of trigonometric lifting functions
for state variables related to angles. The effectiveness of physics informed
observables has been shown in [24] for the derivation of surrogate models of
non-holonomic robots, where the model obtained with a small dictionary of
physics informed observables achieves a higher prediction accuracy than the
model based on a large dictionary of monomials.

A different successful approach consists in the use of data-driven meth-
ods. A widely spread technique is the use of NNs [252] and deep learning
methods. In this category we find, e.g., the use of autoencoder structures to
learn simultaneously the lifting and projecting function and the matrix ap-
proximation of the Koopman operator [158, 9]. In [45], the authors present
an hybrid method that combines the use of NNs for learning lifting func-
tions and a physics-informed loss to ensure consistency in the projection
step. Another data-driven method for the choice of observables is use of
kernel functions, that will be described in details in Section 10.4.

10.3 Koopman operator for systems with input

While the theoretical framework of the Koopman operator for autonomous
systems is well understood, its extension to systems with input is still object
of research [193, 181]. In particular, various approaches have been proposed
to generalize EDMD to actuated systems, which provide models with differ-
ent degrees of complexity and approximation capabilities.

In the next sections, we describe different methods to obtain Koopman-
based surrogate models for the discrete-time system

Tpy1 = f(zg, ug) (10.8)

with state x € 2 C R"™ and input v € & € R™. System (10.8) can be inher-
ently defined in discrete-time, or it can be derived from the discretization of
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a continuous-time system fed with a piecewise constant input.

10.3.1 Extended Dynamic Mode Decomposition with con-
trol

Extended Dynamic Mode Decomposition with control (EDMDc) is the sim-
plest method to generalize EDMD to actuated systems, and it provides a
linear surrogate model in the lifted space. Dynamic mode decomposition
with control was first introduced in [192], and was connected to the Koop-
man framework in [193].

In EDMDc, the approximated Koopman model is given by

2o = V(o)
2p41 = Az + Buy
xp = Cxy,

where A € RM*XM B ¢ RMXm and ¢ € R™M . Similarly to the matrix
K in EDMD for autonomous systems, the model matrices A, B,C' can be
identified from data by means of a linear regression problem. In this case,
the dataset is given by D := {(x;, u;, z;)}L , with 7 = f(z;,u;). Defining

=11
U:=lu ... uq,
and ¥y and ¥y as in (10.4), matrices A, B are obtained by solving

(A, B) = argmin ||y — AVx — BU||F,
A,B

while C' is obtained as in the autonomous case by solving (10.7).

Even if the basic formulation of EDMDc uses state data, this method
can also be implemented when measurement of the system state are not
available. In this case it is possible to use sequences of past input and
output values in place of the state, see, e.g., [137, Section 7.1] and [116].

EDMDc is simple to implement and the linearity of the model is at-
tractive from a computational point of view. However, in [108] it is shown
that EDMDc may be insufficient to describe the overall system dynamics,
even when the inputs enters linearly in the state dynamics. To improve the
description capabilities of Koopman-based models it is possible to use more
complex methods, such as bilinear EDMD [34].

10.3.2 Bilinear EDMD

Bilinear EDMD is a method for the extension of EDMD to control-affine
systems that was firstly proposed in [243], and provides a model that is
bilinear in the lifted space. Consider the discrete-time control-affine system

Tp1 = f(2r, up) = go(zk) + G (g )uy (10.9)
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where © € Q C R” is the state, v € U C R™ is the input, and G(x) =
[91(2) - gm(2)]T.

Remark 10.1. Continuous-time control-affine systems are a very wide class
of systems, and control affinity is assumed by many nonlinear control tech-
niques, such as feedback linearization and sliding mode control [125]. Con-
sider a continuous-time control-affine system of the form

i(t) = fla(t), u(t) = Jo(x(t)) + Gla(t))u(t),

a sampling time Ty > 0, and a piecewise constant input u(t) = uy for t €
[kTs, (k+1)Ts). Then, the corresponding discrete-time sampled-data system
with zero-order hold is given by

(k+1)Ts (k+1)Ts
Tpr1 = T + / go(z(r))dr + / G(z(7))up dr
kT kT

where xy := x(kTy) and (1) = x(T; xR, uK). As pointed out, e.g., in [178]
and [22, Remark 4.1], this discrete-time system is approzimately control-
affine, with an error term that scales with T2.

Hereafter, we consider bilinear EDMD as proposed in [187]. This method
exploits the property that the Koopman operator approximately preserves
control affinity. In particular, system (10.9) can be seen as the linear com-
bination of the autonomous systems gg, g1, ..., gnm weighted by the input

components u(;). Hence, given a fixed control value u € U, an approxima-

tion of the Koopman operator IA(U € RM*M ig given by a linear combination

of matrices K; € RM*M for i ¢ [0 : m], where M denotes the number of
observables. Let up = 0 and consider the inputs u; € U, i € [1 : m] providing
a base of the input space R™. Moreover, consider the coefficients \; solving
the linear equations

Ri=FKo+> N (f{, . f?0> . (10.10)

~

The Koopman matrices K, i € [0 : m], corresponding to the inputs u; can
be identified from data. To do so, we can consider m + 1 distinct datasets
D; := {(xzj,x:;)}?’zl for i = [0 : m]. The data in D; are obtained applying
the constant input u;, i.e. a:;; = f(xij,u;). Each matrix IA(Z is obtained as

in the autonomous system case using the data in D;.
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Then, the model reads

zZ0 — \Il(xo)
21 = Ky 2

x = Pozy,

and is bilinear in the lifted space. It is also possible to consider a model in
the original state space by adding a projection at each time step, obtaining

Th+1 = PQf?uk\If(:L’k)

If we consider a system with an equilibrium in the origin, i.e. with
f(0,0) = 0, and a dictionary of observables U = (3g,11,...,¢y)" with
o(x) = 1, it is possible to enforce a certain structure in the Koopman ma-
trices to ensure that the equilibrium is preserved in the data-driven surrogate
model. This is done in SafEDMD proposed in [228], where the Koopman
matrices are structured as

= 1 0 = 1 0
L N o

with K; € RMFDXMHD) for all i € [0 : m] and A, B; € RM*M and b; € RM.

The advantages in the use of bilinear EDMD in comparison to EDMDc
are the better approximation capabilities [34], and the availability of finite
data error bounds on the approximation error, that have been derived in
[180, 207].

10.3.3 LPYV formulation

In [108] it is shown that EDMDc and bilinear EDMD are insufficient to fully
capture the dynamic of a general actuated nonlinear system

Trp1 = f(Tr, ug).

Therefore, the authors propose a linear parameter-varying (LPV) approach,
where the matrix B of the linear model in the lifted space depends on the
state and input of the system. This approach is able to represent a wide
class of nonlinear systems, but the surrogate model has a complex structure,
that is less attractive when the model is used for control purposes.

10.4 Kernel EDMD

Kernel extended dynamic mode decomposition (kEDMD) is a technique for
the approximation of the Koopman operator based on the use of kernel
functions, that was proposed for the first time in [128, 129]. One of the
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advantages of this method is that it does not require the selection of observ-
able functions, since the dictionary consists of the canonical features of an a
priori chosen kernel function centered at the data points. In particular, we
follow the procedure proposed in [134], that allows to derive finite-data er-
ror bounds exploiting the properties of the reproducing kernel Hilbert space
(RKHS) induced by the considered kernel functions.

Kernel EDMD has been recently extended to systems with input in [22],
where finite-data error bounds are derived also for this more complex frame-
work. The identification algorithm of kEDMD allows to use data samples
with arbitrary input values. This is an advantage compared to bilinear
EDMD for actuated systems, where the use of different datasets obtained
with constant values of the input is required for the identification. An alter-
native data-driven kernel-based Koopman method for control-affine systems
that shares the advantage of flexible state-control sampling was proposed
in [19], using an additional kernel function to express the dependency on
the control input. Therein, however, no error bounds were provided.

10.4.1 Reproducing kernel Hilbert spaces

A function k : R™ x R™ — R is a symmetric and strictly positive definite
kernel function if, for every set X = {x1,...,2,} C R" of pairwise distinct
elements, the kernel matriz Kx = (k(z;, xj))ﬁjzl is positive definite. Then,
for z € R"”, it is possible to define the canonical features ®, of k as

O, (x) :=k(z,z), zeR" (10.12)

By completion, the kernel k induces an Hilbert space H of functions with
inner product (-,-)m, see [239]. In addition, the elements f € H fulfill the
reproducing property, i.e.

f(x) = (f, D) VzeR",

showing that point evaluation is well defined in H. H is called reproducing
kernel Hilbert space (RKHS).

In the following, we use piecewise-polynomial and compactly-supported
kernel functions based on the Wendland radial basis functions (RBF) @5}%1: :
R"™ — R with smoothness degree k € N, where ®RBF (2) := ¢, 1 (||z]]2). The
RKHS induced by the Wendland kernels coincides with fractional Sobolev
spaces with equivalent norms [239], a key property, which also holds for
Matérn kernels; see [70]. The induced (Wendland) kernel is given by

k(z,y) = dni(llx —yl2)  forz,y € RY,

where functions ¢, ;, depend on the space dimension n and on the smooth-
ness degree k, and can be found in [239, Table 9.1]. For k£ = 1, the Wendland
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RBF is defined by

L —7“47" T
I

0 otherwise

for n € {2,3}, and by

b1 (r) = 3—1(](1—7“)5(5r+1) r<l1
" 0 otherwise

for n € {4,5}, and is such that ¢, 1 € C*([0,0), R).

10.4.2 Kernel EDMD for autonomous systems

Consider the autonomous discrete time system (10.1), and a set of d € N
pairwise distinct data points

X ={x1,...,2q4} CQ,

and assume that the images of the data points through the discrete time
dynamics (10.1) are known, i.e. we have the set {f(x1),..., f(z4)}. Then,
using (10.12), it is possible to define the features as {®,,,...,P,,}, and
the d-dimensional subspace of features as V := span{®,,,...,®,,} C H.
Moreover, we can define Px as the orthogonal projection onto V, i.e., for
f € H, Pxf solves the regression problem

. 2
min — .
e ||9 fH]HI

By the reproducing property, Px f interpolates f at X. The objective of
kernel EDMD is to use the data points in X and their images to obtain the
matrix approximant K of PxKly. As derived in [134, Equation (3.7)], the
solution of this problem is given by

K = K{'Kpx Ky € R4, (10.13)

where Kp(xy = (k(w, F(wj)))gl’jzl and Kx is the kernel matrix of the set X.

Then, for an observable function ¢ € H C Cy(F(€2)), the surrogate dynamics
are given by

d

Yat) et (@) =Y (Kix) P, (@), (10.14)

=1

where ¥x = (¢¥(x1),...,9%(xq))", and o+ is the propagation through the
approximation of the Koopman operator of the observable 1.
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In [134, Theorem 5.2] it is shown that the quality of the kEDMD approx-
imator of the Koopman operator depends on the fill distance of the dataset
X, defined as

hx :=sup min ||z — z;]|2.
reQTi€X

In particular, the following uniform error bound holds.

Theorem 10.1 (Error bounds, [134]). Let H be the RKHS on ) generated
by the Wendland kernels with smoothness degree k € N. Let the right-hand
side f € bean,ﬂ (G R™) of system (10.1), with o,y := 2L + k. Then, there
exist constants C, hg > 0 such that the bound on the full approzimation error

1K = K|, @mm < CHET? (10.15)

holds for all sets X := {x;:1 € [1:d]} C Q, d € N, of pairwise-distinct data
points with fill distance hx, hx < hg.

We note that, for a large number of data points in X, the computation
of the approximation of the Koopman operator (10.13) can be numerically
unstable due to bad conditioning of the kernel matrix Kx. To alleviate this,
one may include regularization by replacing Ky' with (Kx + AI)~! with
regularization parameter A > 0. Error bounds in the spirit of Theorem 10.1
for this regularized surrogate were proven in [22, Theorem 2.4].

10.4.3 Kernel EDMD for systems with input

In this section, we consider the extension of kEDMD for discrete-time control-
affine systems in the form of (10.9), with Lipschitz continuous maps gg :
Q — R" and G : Q@ — R™™ as proposed in [22]. We denote the Lip-
schitz constants of go and G respectively by L, and Lg. For the re-
lation to continuous-time systems, we refer the interested reader to [22,
Rem. 4.2] and [227], where it is shown that the uniform and proportional
error bounds presented below are preserved for fixed € and sufficiently small
time step At > 0 if only the continuous-time system is control affine. More-
over, incorporating minor modifications analogously to [228] leads to a bi-
linear data-driven surrogate model as shown in [227]. This method allows
to use flexible data sampling, and is not restricted to the use of datasets
obtained with constant values of the input as the bilinear EDMD method
described in Section 10.3.2. In particular, we consider a dataset composed
by data points in the form (x,u,z), with 2t = f(z,u). The key idea of
the kEDMD identification algorithm is to use the procedure described in the
previous section for autonomous systems to obtain data-driven approxima-
tions of the functions gg and G. However, differently from the autonomous
system case, the data points do not directly contain the information about
the functions g;(x), ¢ € [0 : m]. Hence, in [22], a two steps algorithm for
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the KkEDMD model identification is proposed. In Step 1, the available data
points are used to reconstruct an approximation

H = (o) | Glar)] € R0+

of the matrix [go(z;) | G(x;)] in some virtual observation points (or cluster
points) z; € X. This step is based on a clustering algorithm, where for each
virtual observation point z; we use d; data points contained in B, (z;) to
derive H;. In the following, rx > 0 is called cluster radius, and its value
is related to the prediction accuracy of the surrogate model. We point out
that the points x; are called virtual because no sample is required in them.
In Step 2, the interpolation coefficients are computed analogously to the
autonomous case by using the approximation values H; from Step 1.

The algorithm is based on the following data requirements assumption.

Assumption 10.1 (Data requirements). Let the set of virtual observation
points
X :={z1,...,2q4} CQ

the cluster radius rx > 0 and the bounded input set U C R™ be given. Then,
for eachi € [1:d], assume to have d; > m+1 data triplets (x;j, uij, asjj), je€
[1:d;], with pairwise distinct u;;, where x:; = f(@ij, wij), ®ij € Bry (x:) N,
u;j €U and

rank([ui | ... | uig,]) = m. (10.16)

The KEDMD identification procedure is reported in Algorithm 10.1.

If we choose the coordinate functions as observables, i.e. ¥;(z) = z'e;

for i € [1: n], we obtain a state space surrogate model in the form

Trt1 = f(xp, ug) = go(xk) + G (xg)ug. (10.18)

The superscript € refers to the error bounds, that are reported in the fol-
lowing theorem and depend on the fill distance of the virtual observation
points hx and on the cluster radius rx.

Theorem 10.2 (Error bounds for kEDMD, Theorem 4.3 in [22]). Assume
that the data respects Assumption 10.1, and consider the kEDMD model
(10.18) built by Algorithm 10.1. Then, there exist C,ho > 0 such that for
any set X C Q with hx < hg, the error between the real system f and the
kEDMD model f¢ satisfies

1f (2, u) = (2, u) || < CD(@) (1 4+ [lufl1) =: € (10.19)
for all (z,u) € Q x U, where
D) := iy ' dist(z, X) max||Hpg |

1/2
Ty —1 —\ e l/2
o (TR ) 100+ o o

with H := [go G] and u := maxy,ey ||t oo-
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Algorithm 10.1 KEDMD for control-affine systems

Input: Virtual observation points X and data triplets (z;;, us;, x;;)
respecting Assumption 10.1.

Step 1 (Clustering):

For each i € [1: d|:

e Set
U = [ 1 1 ]
Us1 Usid,
e Set
H; := argmin H[;U;'i | ... ] l‘j;l] — HZ-UZ-HF.
H; v
Step 2 (Interpolation):
The propagation step of an observable v is
O(f () ~ ot (@) = 3 [(f{o n Zu(j)f(j)w] o Ee®)(1017)
i=1 j=1

with I?j = K)}lng (X)K)}l, where K x is the kernel matrix of the set X and

(K5, (k1) = k@, Gj(21)) = k(Z, (H1) (5,55 1))

forall k,l € [1:d] and j € [0 : m].

10.5 Koopman operator for MPC

Koopman operator-based surrogate models have been successfully employed
in MPC in a variety of different applications. Many works focus on the use
of EDMDc-based surrogate models, that are computationally attractive for
their linearity in the lifted space. In fact, if the cost is quadratic and the
constraints are polytopic in the lifted space, the MPC optimization problem
can be formulated as a quadratic program (QP) that can be solved in a more
efficient way than the nonlinear program that is typically obtained from
nonlinear MPC. One of the first papers to propose EDMDc-based MPC
is [137], and the scheme was extended to robust linear tube-based MPC
in [256]. In [116], recursive feasibility and ISS are proved for a linear MPC
algorithm in the lifted space, based on a multi-step Koopman predictior
that improves prediction accuracy compared with the standard single-step
predictor.

The use of more complex classes of Koopman based-surrogate models in
MPC is less computationally attractive, because it requires the solution of
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a nonlinear optimization program. However, the better prediction accuracy
make it a preferable choice in some application [34], and the availability of
bounds of the modeling error provides an appealing theoretical framework to
derive guarantees on the closed-loop stability. In [177], a bilinear continuous-
time surrogate model is used in a Lyapunov-based predictive controller with
guaranteed closed-loop stability. This work, however, does not consider the
prediction error due to uncertainties. The model uncertainties are considered
in [246] and [21], where the error bounds of the EDMD surrogate models are
exploited to prove PAS of the closed-loop with MPC applied to the original
system, respectively with and without terminal conditions.

To reduce the computational effort of MPC based on a bilinear EDMD
model, some authors propose to approximate at each step the bilinear model
in a linear one by fixing the value of the state in the bilinear term [34, 120].
This method allows to exploit the highest prediction accuracy of bilinear
EDMD, while reducing the computational cost of the solution of the opti-
mization problem to the solution of a QP.

EDMD-based MPC has been employed in a variety of applications, in-
cluding soft actuators [236], control of vehicles [47], power grid transient
stabilization [139], nonlinear chemical process systems [176], power sys-
tems [257], and control of non-holonomic robots [203].
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Offset-free MPC for EDMD
models

EDMD models have been successfully applied in MPC in a variety of applica-
tions. Moreover, thanks to the availability of bounds on the approximation
error, PAS of EDMD-based MPC with and without terminal conditions was
proven respectively in [246] and [21]. In particular, it is shown that the sys-
tem state converges asymptotically to a neighborhood of the origin, whose
size depends on the quality of the model used in the predictions, and the
closed-loop presents a non-zero asymptotic error. As already discussed in
the thesis in Section 3.5 and Chapters 7 and 9, a possible remedy is offset-
free MPC, which is able to guarantee zero steady-state error in presence of
model-plant mismatch. In [222], linear offset-free MPC has been used in
combination with EDMDc surrogate models, showing promising results. A
similar method is employed in [42], where EDMDc-based offset-free MPC
shows an improvement of performance in the control of a soft manipulator
with respect to a standard EDMDc-based MPC.

In this chapter, we propose a nonlinear offset-free control algorithm for
bilinear EDMD surrogates. Unlike the general case studied in offset-free
MPC, we consider the state of the system to be measurable. Hence, an
observer is designed to estimate the disturbance state only. Two different
formulations of the MPC are proposed. In the simpler first case, the target
equilibrium of the system under control is considered fully known. In the
second case, only partial information about the desired set-point is available.
Then, a reference calculator is included in the algorithm to compute the state
and input references for the MPC based on the estimation of the disturbance
state. The control algorithm is tested in two simulation examples. The first
is the van-der-Pol oscillator, where the information about the equilibrium is
known. The second is the four-tanks process, where only an approximated
value of the equilibrium of the system is available.

The content of this chapter has been developed during the visiting period
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at TU Ilmenau, and is published in:

e [208] Schimperna, I., Bold, L. and Worthmann, K. (2025). Offset-
free Nonlinear MPC with Koopman-based Surrogate Models. TFAC-
PapersOnLine, 59(19), 466-471. Presented at the 13th IFAC Sympo-
sium on Nonlinear Control Systems.

11.1 Problem formulation

Consider a discrete-time control-affine system under control

Tpr1 = f(on, ux) = go(xr) + G(wr)up, (11.1)

with state x € R™ and input v € U, where Y C R™ is a compact and
convex set containing the origin in its interior. The dynamics of system
(11.1) is assumed unknown, and a data-driven surrogate model is used for
MPC design. In particular, the objective is to design an offset-free MPC
algorithm based on an offline-learned data-driven surrogate model of the
system (11.1), denoted by

A~

Tp1 = flag, ur),

obtained using bilinear EDMD. The surrogate model is obtained as described
in Section 10.3.2, and is given by

Tyt = PoKy, U(xp), (11.2)

where K, is defined in (10.10). For sake of simplicity, we consider an ob-
servables dictionary WU = (g 11 ... ¥pr)" € RM+1 including the constant
observable and the coordinate functions, so that 1o(z) =1 and ¥;(z) = x;
for i € [1 : n]. In this way, the projection P reduces to a matrix multipli-
cation, and the model becomes

~

Tpy1 = [ Onx1 I, OnX(M—n) ]Kuk\I/(xk)

11.2 Offset-free MPC

In this section, we present the offset-free MPC algorithm. Therein, the
model is augmented by a disturbance term, which is estimated online by
an observer and used, together with the model, in the optimization step
of the MPC scheme. A specific observer structure is proposed for EDMD
surrogate models, where the state is measurable and only the estimation of
the disturbance term is required. The offset-free MPC algorithm can handle
both the following two distinct cases:
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(ke) Known Equilibrium: full information about the system equilibrium is
available.

(ue) Unknown equilibrium: only partial knowledge about the equilibrium
is available.

In the following, we will first present the offset-free MPC algorithm for the
known equilibrium case (ke), and then we will introduce the modifications
that are needed to manage the case (ue).

11.2.1 Case of known system equilibrium

The objective of the MPC is to track without offset a constant reference,
that is an equilibrium of the real system. In some cases the physics of the
system allows us to know the full information about the equilibrium (Z,u)
of system (11.1), that we want to track. In the following, it is assumed that
@ is in the interior of . The control objective for the closed-loop system is
lim z, = &, lim ug = a.
k—oo k—o0
In offset-free MPC, the model used in the optimal control problem is
augmented with a term d € R" to compensate for the presence of modeling
errors. In particular, this term is added to the state equation of the model,
and is estimated by an observer with the following equations

Zp = f(Zh-1, up—1) + di1,

i’k = Tk, (11.3)

Czk = ClAk_l + (T — Tg).
The observer includes a state £ € R™ that is used to keep in memory the
previous value of the state of the system, but is not used by the MPC, and a
term & € R™ that is the one-step prediction of model corrected by d starting
from the previous value of the system state. The output of the observer is d,
that is used to update the MPC prediction model. If the system state is
unmeasurable, a state and disturbance observer can be employed, as shown,
e.g., in [173].

The MPC is designed based on the augmented model with stage cost
function ¢(z,u) : R® x R™ — R>(. At time step k, the MPC algorithm
solves the following finite horizon optimal control problem

N-1
m&n Z i — Ty uyyp — 1)
=0

s.t. Tok = Tk (11.4)

i1k = f(xiwmui\k) +dy,
up €U forallie [0: N —1],
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given the measured initial value zj, where u := {ug|g,...,uny_1x}. Note
that the disturbance estimation from the observer is added to the state
equations in the MPC optimal control problem (11.4), and it is kept constant
along the horizon. The MPC control determines the control value uy, that
is given by

MPC(

7 *
U = T, di) = U

where ug‘ i 18 the first element of the optimal input sequence.

Remark 11.1. Our MPC formulation does not consider a terminal cost or
a terminal constraint. Hence, a sufficiently long prediction horizon should be
used to guarantee recursive feasibility and stability of the MPC closed-loop,
see Section 3.2.2.

Remark 11.2. In the description of offset-free MPC we have considered
a system model in the form of (11.2), where a projection operation is per-
formed at each prediction step. The projection step improves the quality of
the predictions, in particular with long prediction horizon, see, e.g., [168]
and [180, Remark 20]. However, it is also possible to implement the offset-
free MPC in the lifted space, without including a projection operation at
each prediction step. In this case the disturbance state has the dimension of
the lifted space, i.e. de RM+1 " and the prediction model used in the MPC
algorithm has the form

zolk = Y(zk),
Ziie = Kuy 2 +dp, 1 €[0: N 1.

The observer has the same structure of (11.3), but is designed in the lifted
space.

11.2.2 Case of unknown system equilibrium

In some systems only partial information about the equilibrium is available.
An example is when we only know the values of a subset of the states at the
equilibrium. The controlled output is y. that is a function of the state

Yo = ()

and y" is the desired setpoint for y.. The control objective for the closed-loop
is to reach an equilibrium such that

. 0
lim yer =y .
k—o0

To derive the full information about the equilibrium to be used in the MPC
cost function, a reference calculator is introduced in the algorithm. The
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reference calculator solves the following optimization problem

Igliul’l O (z,u) (11.5a)
st. = flz,u)+d (11.5Db)
r(z) =y’ (11.5¢)
u€el, (11.5d)

where £, : R" x R™ — R>q is a steady state cost function. It is assumed
that (11.5) is feasible and that its (unique) solution is denoted by (Z,w) and
represents the reference to be used by the MPC. If (11.5b)-(11.5¢) have a
unique solution, then it is not needed to implement the reference calcula-
tion as an optimization problem, but it is sufficient to compute the unique
solution of the system of equations. The MPC references are updated at
every time step depending on the current value of d. All the other parts of
the algorithm are implemented as described in the previous subsection. The
complete algorithm is summarized in Algorithm 11.1.

Algorithm 11.1 Offset-free MPC

Input: Horizon N € N, stage cost £ : R" x R™ — R>(, data-driven model f ,
input constraints U, steady state cost function ¢, : R" x R™ — R>q, con-
trolled output function r, controlled output set point °.

Initialization: Set k = 0 and czo =0.

(1) Measure current state x.
(2) Solve (11.5) to obtain the MPC reference (z,@).

(8) Solve the optimal control problem (11.4) to obtain the optimal control
sequence u* = {uak, ... 7“7\[—1\/&}‘

(4) Set the feedback law pMPC(xy,, d),) = ugy, and shift k =k + 1.
(5) Update the disturbance dj, with equation (11.3) and go to (1).

Now, we recall the theoretical results available in the literature for offset-
free MPC, which also apply with EDMD-based surrogate models. First,
define the modeling error as

wi = f (@, ur) — f (@, ug).
Then, the following theorem follows from Theorems 14 and 15 in [185].

Theorem 11.1. Assume that w is bounded and asymptotically constant, i.e.
there exists w such that

lim wj = w.
k—o00
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Then limy_so0 T — i = 0 and limy_o0 dj, = @, where & is defined in (11.3).
Moreover, if the closed-loop system reaches an equilibrium with input Use
and state T, then 7(xs) = Y.

Remark 11.3. The theorem is formulated in considering the system equi-
librium unknown. The case with the known system equilibrium can be seen
as a particular case.

Remark 11.4. The error bounds of the EDMD model has been exploited
in [21] to prove practical asymptotic stability of EDMD-based MPC. Practi-
cal asymptotic stability means that the tracking error reaches a neighborhood
of the origin, but in general it does not go to zero in view of the presence
of modeling errors. The proposed offset-free MPC' algorithm overcomes this
issue, allowing the system to asymptotically reach the reference with zero
error.

11.3 Illustrative examples

11.3.1 Van-der-Pol oscillator

As first example, we consider the nonlinear control-affine van-der-Pol oscil-
lator

Z1(t) = xa2(t)

. . (11.6)
Zo(t) = v(1 — x1(t)) x2(t) — 21(t) + u(t)

with parameter v = 0.1. We consider the discretization of the ODE (11.6)
obtained with the classic Runge-Kutta method of fourth order and step
size Ty = 0.05. This results in a discrete-time system

Tpr1 = f(xg, ug) (11.7)

which serves as ground truth. We point out that the system (11.7) is not con-
trol affine as assumed in (11.1), but the offset-free MPC is still able to exactly
stabilize it, as shown in the following. For the approximation of the Koop-
man operator we use bilinear EDMD as described in Section 10.3.2. d = 1000
data points are sampled on the set Q = [~2,2]? for each of the datasets D;,
i € {0, 1} required for the derivation of the bilinear EDMD model. We have
used a large number of data points to ensure a high prediction accuracy of the
model, but similar results are obtained considering d = 100. The dictionary
of observables is chosen to be {¢(z) = 222 : p,q € [0: 3] and p+ ¢ < 3},
so it contains all monomial functions of the state variables up to degree 3.
Other possible choices for the observable functions have been discussed in
Section 10.2.2.

The objective of MPC is to reach the equilibrium point in the origin
of the system, that is (z,u) = (0,0). In this example, the value of the
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Figure 11.1: Norm ||xg||2 of the closed-loop solution of the van-der-Pol oscil-
lator (11.7) for bilinear EDMD-based and EDMDc-based MPC and offset-
free MPC, and for SafEDMD-based MPC.

equilibrium can be easily deduced from the physical meaning of the state and
input variables. The MPC stage cost function is chosen to be the quadratic
function 4(x,u) = ||1‘H22 + |Jul|% with weighting matrices Q@ = I and R =
10_2, subject to —2 < u < 2. For our simulations, the horizon N = 50 is
set. In Figure 11.1 the errors in closed-loop simulations with initial state
29 = (1.0,1.0)" are reported. The bilinear EDMD-based offset-free MPC
and a standard bilinear EDMD-based MPC are compared to (offset-free)
EDMDc-based MPC. In addition, we also report the results for a SafEDMD-
based MPC algorithm. It can be seen that standard MPC can only provide
practical asymptotic stability (see [21]), and the error stagnates at a value
close to 107°, which also occurs in the EDMDc-based MPC case with a
slightly larger offset. Instead, offset-free MPC, for both bilinear EDMD-
and EDMDc-based algorithms, provides exponential convergence towards
the origin, and the closed-loop behavior of the two algorithms is almost
the same. The same precision is reached by using SafEDMD-based MPC
without using the offset-free technique. This is due to the structure of the
Koopman matrices in (10.11), which preserves the equilibrium of the system.

11.3.2 Four-tanks system

As a second example, we consider the four-tanks system [4] described in
Section 6.4.1. We consider a sampling time of Ty = 25s. As in the previous
example, the classic Runge-Kutta method of fourth order is used to numeri-
cally solve the integrals. For this system only an approximation (Z, @) of the
equilibrium is available, and is given by & = (0.65,0.66,0.65,0.66) "m and
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@ = (1.63,2.0) "m3/h. The objective of the control is to drive the controlled
output r(z) = (z1,72)" to the value y° = (#1, Z2) for input constraints U =
[0,3.26]m3/h x [0,4]m3/h. First, we carry out some simulations assuming
that the full equilibrium information is available. These simulations are de-
noted with “known equilibrium” (ke) in the following. To do so, the real
value of the system equilibrium (Z, %) associated to y° is calculated using
the system equations, which leads to Z = (0.65,0.66,0.6417,0.6882) "m and
o = (1.666,1.974) "m3/h. Note that this is in general not possible in a
realistic setting, where only data from the system are available. For the
derivation of the model, the states and inputs are shifted so that the equi-
librium (Z, @) corresponds to the origin, and the inputs are scaled using their
maximum value, so that each component of the shifted and scaled input lies
in the set [—2,2]. As observables, we used monomials up to degree 2, re-
sulting in M = 14 functions, and we considered d = 1000 data points for
each approximation of the Koopman operator. The state data are randomly
sampled with a uniform distribution in the set Q = [0.2, 1.36]2 x [0.2, 1.30]2.
Then some simulations are performed without using the information about
the real value of the system equilibrium and are denoted by “unknown equi-
librium” (ue). In this case, the model is obtained by shifting the states
and inputs so that the approximated equilibrium (Z, %) corresponds to the
origin. In both the known equilibrium case and the unknown equilibrium
case, the offset-free MPC is compared with a standard bilinear EDMD-based
MPC. For all closed-loop simulations, the initial state of the system is 20 =
(1.0,1.0,1.0,1.0) . The cost of the MPC is £(z,u) = ||z — Z||3 + lu — 1%,
where @ = Iy, R = 107*I,, and the prediction horizon is set to N = 50.
In the offset-free MPC in the unknown equilibrium case, the reference cal-
culator solves (11.5b)-(11.5¢) using Newton’s method at every time step to
compute the reference (z,u) for the MPC. In the simulation with standard
MPC and unknown equilibrium, the approximated equilibrium (Z, @) is used
in the MPC cost instead of (z,@).

Figure 11.2 shows the comparison of the tracking error of the controlled
output of standard MPC and offset-free MPC based on bilinear EDMD and
EDMDc for the scenario of a known equilibrium. As for the van-der-Pol
oscillator, the errors of both MPC algorithms stagnate, whereas offset-free
MPC leads to higher precision. In this example, the difference between bi-
linear EDMD and EDMDc becomes very obvious. Not only is the offset
for EDMDc clearly higher when using MPC, but also the decay of the er-
ror is noticeably slower with offset-free MPC. In Figure 11.3, the norm of
the tracking error for bilinear EDMD-based MPC and offset-free MPC is
pictured for the two cases of a known and an unknown equilibrium. The
error is larger when the real value of the equilibrium is unknown, and an
approximation is used in the MPC implementation. Steady-state error is
instead not present in the simulations with the offset-free MPC, both in the
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Figure 11.2: Output error |r(z) — 3°||2 the four-tanks system for EDMD-
based MPC and offset-free MPC comparing EDMDc and the bilinear ap-
proach for a known equilibrium.
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Figure 11.3: |r(z) — y°||2 of the four-tanks system for EDMD-based MPC
and offset-free MPC, in the cases with unknown equilibrium (ue) and known

equilibrium (ke).

201



Chapter 11. Offset-free MPC for EDMD models

known and unknown equilibrium cases.

11.4 Conclusions

In this chapter we proposed an offset-free algorithm for the control of systems
modeled using EDMD. The observer is designed to estimate a disturbance
term that is used to modify the prediction model of the MPC. To handle
the case when the full information about the equilibrium is unknown, a ref-
erence calculator can be included in the closed-loop to provide the state and
input references for the MPC. The effectiveness of the proposed approach
is illustrated with two simulation examples, in which the offset-free MPC
provides better performance compared to the standard EDMD-based MPC.
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Chapter 12

Asymptotic Stability of
kernel EDMD-based MPC in
presence of approximation
errors

In this chapter, we derive conditions under which data-driven MPC guaran-
tees asymptotic stability in presence of approximation errors in the surrogate
model. In fact, approximation errors are always present in data-driven mod-
els, and are related to the choice of the model class used for approximation
and to the finite amount of data available for the identification. While the
asymptotic stabilization of a steady-state equilibrium can be guaranteed in
the nominal case, i.e. when the model used in the optimization step coincides
with the system under control, in presence of modeling errors typically only
PAS can be achieved. PAS means that the tracking error decreases until a
certain threshold, and then stagnates to a value different from zero. The
stagnation value can typically be related proportionally to the underlying
approximation error.

Hence, the first contribution of the chapter is a general framework for
stability analysis of MPC with data-driven surrogate models subject to ap-
proximation errors. In particular, we show that if the error of the surrogate
can be bounded in a proportional way, the MPC algorithm designed using
the data-driven surrogate model asymptotically stabilizes the system. With
proportional we mean that the error vanishes at the desired set point, and
its magnitude is bounded by a quantity that depends on the size of the state
and input. We show that proportional error bounds imply the preservation
of cost controllability for the data-driven model provided a sufficiently high
approximation accuracy. Then, invoking this controllability property, we
rigorously show asymptotic stability of the origin w.r.t. the MPC closed-
loop using the surrogate model in the prediction and optimization step if
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the prediction horizon is sufficiently long, where the origin serves as a pro-
totypical controlled steady state.

The second part of the chapter is devoted to the verification of the as-
sumptions for the class of KEDMD surrogate models. To this end, we con-
sider the learning framework proposed in [22], suitably modified to ensure
that the model is consistent with the system dynamics in the origin. We
derive proportional and uniform error bounds without requiring invariance
assumptions on finite dictionaries, and under non-restrictive data require-
ments.

The content of this chapter has been developed during the visiting period
at TU Ilmenau, and has been submitted to:

e [216] Schimperna, I., Worthmann, K., Schaller, M., Bold, L. and
Magni L. (2025). Data-driven Model Predictive Control: Asymptotic
Stability despite Approximation Errors exemplified in the Koopman
framework. Submitted, available at https://arxiv.org/abs/2505.
05951.

The preliminary version of this work, that considers a less general learning
framework and where only PAS is proven (instead of asymptotic stability),
is published in:

e [23] Bold, L., Schaller, M., Schimperna, I., and Worthmann, K.
(2025). Kernel EDMD for data-driven nonlinear Koopman MPC with
stability guarantees. IFAC-PapersOnLine, 59(19), 478-483. Presented
at the 13th IFAC Symposium on Nonlinear Control Systems.

12.1 Data-driven MPC formulation

Consider a discrete-time nonlinear control system given by

Tpr1 = f(xg, ug) (12.1)

with state € R™ and input v € U, where Y C R™ is a convex and compact
set containing the origin in its interior, i.e., 0, € int(i). The system
dynamics f is assumed to be continuous and locally Lipschitz continuous
in its first argument, i.e., for each compact set K C R” there is a Lipschitz
constant Ly = L;(K) such that, for all z,y € K

1f(z,u) = Fly,w)lle < Lyllz =yl Vuel. (12.2)
Let the origin be a controlled equilibrium of the system (12.1) for the control

input v = 0, i.e. f(0,0) = 0. The objective is to control the system to the
origin using an MPC controller, while taking the input constraints v € U
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into account.! However, since the system dynamics (12.1) is assumed to be
unknown, the MPC design is based on a data-driven surrogate model

Tpg1 = [ (zp, up), (12.3)

with e € (0,&], £ € (0,00). The superscript ¢ refers to the approxima-
tion accuracy and, throughout the chapter, will be used to refer to all the
parameters related to the surrogate dynamics (12.3). Typically, the approx-
imation error depends on the available data (quantity, distribution, etc.).
To be more precise, we consider models accompanied by proportional error
bounds, where proportional means that the error is zero at the origin and
grows, at most, proportionally in the size of state and input. This property
is formalized in the following assumption.

Assumption 12.1 (Error bounds on a set §2). Consider a set @ CR"™ con-
taining the origin 0y, in its interior. Let f¢ defined by (12.3) be a surrogate
model for the control system (12.1). For every € € (0,&], let the surrogate
model satisfy

1. proportional error bound
1f (@, u) = [ (2, u)ll2 < Gllzlle + ¢ llull2 (12.4)
2. uniform error bound
1f(z,u) = f*(z,u)ll2 < n° (12.5)

for all x € Q, uw € U such that the parameters c, c,, and n° satisfy
lim, o+ maX{CZa Cos 778} = 0.

The proportional error bound (12.4) of Assumption 12.1 requires that
the surrogate model is exact at the origin, which is a reasonable assumption
since the control objective is to stabilize the equilibrium located at the origin.
While a proportional error bound is highly beneficial close to the origin, it
may become rather conservative if the distance to the desired set point,
i.e., the equilibrium located at the origin, grows. Then, using the uniform
bound (12.5) on the approximation error may result in tighter bounds.

In addition to Assumption 12.1, we require uniform Lipschitz continuity
of the surrogate model in the approximation accuracy ¢ to derive asymptotic
stability of the origin w.r.t. the MPC closed loop.

Assumption 12.2 (Lipschitz continuity of surrogate model). Consider a
set Q C R™ containing the origin 0, in its interior. Let the surrogate dy-
namics (12.3) be locally Lipschitz continuous in the first argument on the

!The upcoming analysis can be directly applied to the regulation of arbitrary controlled
equilibrium by considering the shifted dynamics.
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set Q uniformly in w € U and € € (0,&], i.e., for every compact set K C Q
there exists L = L(K) such that, for every ¢ € (0,€|, there is a Lipschitz
constant Lye with Ly < L satisfying

15 (@, u) = f*(y,u)ll2 < L[l = yl2
forallz,y € K and u € U.

In Section 12.3, we verify Assumptions 12.1 and 12.2 for data-driven
surrogate models (12.3) generated by kernel EDMD using the Koopman op-
erator theory under a suitable smoothness assumption on the system under
control on bounded sets (2.

In the following MPC algorithm, we use the quadratic stage costs

Uz,u) = H:rHé + |lul%k =2"Qx +u" Ru (12.6)

with symmetric and positive-definite weighting matrices @Q € R™ "™ and R €
R™*™_ Moreover, we require the following notion of admissibility.

Definition 12.1 (Admissible control sequences). A control sequence u =
{ur}n=g' C U of length N € NU {+00} is said to be admissible. The set of
admissible control sequences is denoted by Uy .

Admissibility according to Definition 12.1 does not depend on the system
dynamics meaning that the definition is the same for the original dynam-
ics (12.1) and the surrogate model (12.3).

The proposed data-driven MPC scheme is summarized in Algorithm 12.1.

The (optimal) value function Vg : R" — R>q for the MPC algorithm
associated to the optimal control problem (12.7) is defined by

with J5(2,u) == SN 0(ac(i; 2, 1), u;) and 2°(i;2,u) defined in (12.7).
Analogously, we define the nominal cost Jy(z,u) := Zz’]\i—ol 0z(i;2,0),uy),
where z(i;2,u), i« € [0 : N — 1] is obtained by propagating the original
system dynamics (12.1) starting from x(0; 2, u) = &. Finally, we define the
nominal optimal value function by

VN(QAZ) = inf JN(.QAZ,H).

ueldy

12.2 Asymptotic stability of MPC

In this section, we prove asymptotic stability of the origin for the MPC
closed-loop dynamics defined in Algorithm 12.1. Since no terminal ingre-
dients are used in the MPC formulation, we rely on cost controllability in
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Algorithm 12.1 Data-driven MPC

Input: Horizon N € N, surrogate f€, input constraints U, stage cost £.

Initialization: Set k = 0.

(1) Measure current state zj and set & = x.

(2) Let u := {u; fi ! and solve the optimal control problem

ucely

Nf
min 3 o (62, ), w)
)=

s.t. 2°(0;2,u (12.7)

2*(i+ 1;2,u) = f5(2°(i;&,u),u;) for i € [0: N — 1],

*x1N—-1

i Ji=0 *

(3) Apply the MPC feedback law p%(Z) = ufj at the plant to generate the
closed-loop

to obtain the optimal control sequence u* = {u

w1 = fan, piv(@r),

shift & = k + 1, and go to Step (1).

combination with a sufficiently long prediction horizon N (see Section 3.2.2),
to ensure a relaxed Lyapunov inequality

VN(f(&,pn (7)) < VN(2) — anb(Z, un (L))

with ay € (0,1], where puy denots the MPC control law using the orig-
inal dynamics f in the optimization step (2), see [51, 245] and also [133]
for an extension to detectable stage costs. Then, asymptotic stability of the
MPC closed-loop can be concluded using relaxed dynamic programming [91].
ay € (0,1] is called suboptimality degree (performance index) since the
MPC closed-loop costs on the infinite horizon are bounded by Vi (Z)/an,
e.g., a factor two for ay = 0.5. The computation of the suboptimality de-
gree o using cost controllability was originally proposed in [86, 233] as well
as further elaborated in [88, 92|, see also [244] for a unifying comparison. In
particular, we follow the recent formulation of cost controllability proposed
in [51, Assumption 1].

Definition 12.2 (Cost controllability on a set S). Consider a set S C
R™ containing the origin 0, in its interior. The system (12.1) with stage
cost (12.6) is cost controllable on the set S if there exists a monotonically
increasing and bounded sequence (By)nen = (Bn(S))nen such that for
every & € S there exists a control sequence u = u(Z) € Uy that renders the
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set S invariant and satisfies the growth bound?
VN(i’) S JN(ic,u) S BNg*(.@) (12.8)
for all N € N with £*(2) := minyey £(2,u) = Hi‘HZ?

Cost controllability links controllability to the performance measure ¢
and, thus, ensures that the the system can be controlled to the origin suffi-
ciently fast.

Next, we derive asymptotic stability of the origin for the MPC closed-
loop relying on the surrogate (12.3) in the optimization step. To this end, we
first show in Proposition 12.1 that the growth condition (12.8) is essentially
preserved if only the approximation is sufficiently accurate, i.e., if the error
bound of Assumption 12.1 are sufficiently small. Then, we conclude asymp-
totic stability in Theorem 12.1 and, finally, even prove cost controllability
in Corollary 12.1.

Proposition 12.1. Suppose that system (12.1) is cost controllable on a
set S. Further, let N € N be given and the Assumptions 12.1 and 12.2 hold
on a set Q satisfying S ® B,y (0) € Q with r(N) = Z?;Bl L' for all
e € (0,¢]. Then, for the surrogate model (12.3), the growth bound (12.8)
is satisfied on S for all N € [1 : N] uniformly in e, i.e., there exists a
monotonically increasing sequence (BIEV)NE[I:N] parametrized in € such that,
for each pair (z,N) € S x [1: NJ|, there exists u = u(Z) € Uy satisfying

V() < Jy(2,u) < By - 0%(2). (12.9)

Moreover, lim,_,q+ B, = By for all N € [1: NJ.

The statement holds also upon switching the roles of f and f¢, i.e. if the
cost controllability condition (12.8) holds for the surrogate model f¢, then
the growth bound (12.9) holds for the original system f for all N € [1: NJ.

Proof. The proof is reported in Section 12.6.1.

Proposition 12.1 shows that the growth bound (12.8) characterizing cost
controllability of the system (12.1) is preserved for the surrogate model (12.3)
up to a maximal horizon length N. The restriction to an arbitrary, but fixed
maximal horizon is necessary to apply the proposed proof technique in view
of the condition S & B, (xy,:(0) C € for all € € (0,£]. Otherwise, one has
either to enlarge the set © on which Assumptions 12.1 and (12.2) hold or
reduce &.

Note that, differently from cost controllability as stated in Definition 12.2,
the sequence (Bj) yeqi.n) derived in Proposition 12.1 is finite. In particular,
if max{c},c;} > 0, the terms B}, defined in (12.18) grow unboundedly for

2The first inequality directly follows from the definition of the value function and is
only stated to link (12.8) to cost controllability as stated in [92].
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N — o0o. However, a finite sequence is sufficient to infer asymptotic stabil-
ity of the origin w.r.t. the MPC closed-loop resulting from Algorithm 12.1
for sufficiently small € (and, thus, sufficiently small ¢; and ¢, in Assump-
tion 12.1). The existence of a bounded sequence (B%)yen of infinite length
satisfying the characteristic growth bound (12.8) of cost controllability for
the data-driven surrogate model will then be proved in Corollary 12.1 lever-
aging the then established asymptotic stability.

The results of Proposition 12.1 are similar to [21, Proposition 9], but
a tighter bound on the difference between By and B%; is provided and it
is clarified that for a given ¢ > 0, the sequence (Bf)y¢j1.n) can only be
derived up to some horizon N. Moreover, it is shown that the statement
is symmetric and holds switching the role of the system and the surrogate
model. This property, which was not studied in [21], can be particularly
useful in practical applications, in which the real dynamics is unknown and
cost controllability can only be checked on the surrogate model.

In the following theorem, we derive the first main result of this chapter.
In essence, we show that, if the nominal MPC controller asymptotically
stabilizes the origin, the data-driven MPC controller also ensures asymptotic
stability of the origin w.r.t. the resulting closed-loop dynamics.

Theorem 12.1. Let the assumptions of Proposition 12.1 hold with an op-
timization horizon N = N such that an € (0,1] holds, where an is given

by’

_ BBy = DIL(Bi - 1)
Hfiz Bi—(By—1) Hz’j\;:@(Bi -1)

Then, there exists eg € (0, €] such that the MPC' controller of Algorithm 12.1

ensures asymptotic stability of the origin on each sublevel set Vi ©(c) := {x €
R™ | Vi (x) < ¢} satisfying the set inclusion Vi ©(c) C S for e € (0,¢ep).

ay = (12.10)

Proof. The proof is reported in Section 12.6.2.

Based on Theorem 12.1 we can now even prove cost controllability of the
surrogate model, i.e., existence of a bounded sequence (Bj)xen satisfying the
growth bound (12.8) on the sub-level set V(c) for which we were able to
conclude asymptotic stability in Theorem 12.1.

Corollary 12.1 (Cost controllability of the surrogate model). Let the as-
sumptions of Theorem 12.1 hold. Then there exists a monotonically increas-
ing and bounded sequence (By})ken such that cost controllability holds for the
surrogate model, i.e. for all pairs (£, N) € V°(c) x N, there exists u € Uy
satisfying

Vi (2) < Jy(#,u) < Bl (2).

3The condition an € (0,1] is always satisfied for sufficiently large N according to [92]
if the system (12.1) is cost controllable with a bounded sequence (Bn)neng-
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Proof. The proof is reported in Section 12.6.3.

Corollary 12.1 shows that cost controllability is inherited by the data-
driven surrogate model (12.3) provided that Assumptions 12.1 and 12.2 hold.
This result extends Proposition 12.1, in which the growth bound is only
shown for finitely many optimization horizons N, N € [1: N].

Remark 12.1. We point out that the sets ) and S are not employed in
the MPC' algorithm meaning that we have not yet incorporated state con-
straints. Rather, we assume cost controllability of the original system (12.1)
on a set S and, then, require Assumptions 12.1 and 12.2 on a (sufficiently
large) set Q, such that S @ r(N)n® C , in which we have to collect data
to generate the surrogate model (12.3). Clearly, a larger set S (and, thus,
also a larger set Q) allows for a larger sublevel set, which corresponds to the
(guaranteed) domain of attraction. The incorporation of state constraints is
left for future research and requires additional care to ensure recursive fea-
sibility. This might, e.g., be done based on the techniques proposed in [20]
or using the recently introduced concept of a constraint horizon [64], where
only a finite number of predicted state are forced to obey the imposed state
constraints. Moreover, we incorporated state constraints in a data-driven
MPC with stabilizing terminal conditions in our recent work [217], where
the constraints were tightened based on the Lipschitz constant L of the sur-
rogate model. Then, combining both ideas using Assumptions 12.1 and 12.2
may resolve problems with so-far missing state constraints.

Finally, we emphasize the symmetry in the derived results meaning that
verifying cost controllability of the surrogate model (12.3) for sufficiently
small accuracy parameter ¢ would suffice to conclude cost controllability
of the original system and, thus, also to ensure asymptotic stability of the
MPC closed loop based on the surrogate model, but applied to the original
system (12.1).

12.3 Application to kernel EDMD surrogate mod-
els

In this section, we show how the assumptions used to derive asymptotic sta-
bility of the MPC closed-loop in Section 12.2 can be met using Koompan-
based surrogate models. To this end, we leverage kEDMD, for which point-
wise error bounds on the approximation errors are available, see Theo-
rem 10.2. However, the error bound of Theorem 10.2 is proportional only
for a cluster radius rx = 0, which corresponds to zero approximation error
in Step 1 of the identification algorithm. In fact, if rx = 0 and we have a
cluster point in the origin, i.e. £1 = 0, the bound (10.19) becomes

1f (2, 1) — (@, 0) |l < Ch Y dist(x, X) < OB V2|22
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where C := C(1+max,ey ||ul|1) -max, , | H(pq)llm- To achieve a proportional
error bound also for rx > 0, in the following we modify Step 1 of the kKEDMD
identification algorithm.

12.3.1 Modified KEDMD identification algorithm

Consider the control-affine discrete-time system under control

1 = f(zg, ug) = go(zr) + Gxg)ug (12.11)

with locally Lipschitz-continuous maps go : £ — R™ and G : Q — R™™
with Lipschitz constants Lg,, Lg on €2 and control input u restricted to a
compact set U C R™ containing the origin in its interior. We denote by g; :
Q — R™ the i-th column of the matrix-valued map G. Moreover, go(0) =0
is assumed, so that the origin is an equilibrium of the system (12.11) with
u = 0.

We consider similar data requirements of the standard kKEDMD, but in
addition we require the presence of a virtual observation point in the origin.

Assumption 12.3 (Data requirements). Let
X ={x1,...,2q4} CQ

with 1 = 0 and a cluster radius rx > 0 be given. Then, for each i € [1:d],
let* di > m + (1 — 01;) and data triplets (:Uij,uij,:nfj), j €1 :d], with
pairwise distinct u;; be given such that x;; € By, (x;) NQ, x;; = f(zij, uij),
and rank(U;) = m+ 1 for all i € [1 : d], where

Ui = |: 1 1 :| c R(m+1)><di

Uil .- Ujg,

Assumption 12.3 requires D := 2?21 d; data triplets.

Step 1 (Clustering): Approximation of the values go(z;) and G(x;) at
the virtual observation points x;, i € [1 : d]. The data triplets (x;;, s}, x:;),
j € [1:d;], are used to compute an approximation

of the matrix [go(z;) | G(x;)] for each z; € X by solving the linear regression
problem

H;, = argHmin ez m:h] - HiUiHF-

K3

The solution may be expressed by the pseudoinverse U,LT, which, for every
virtual observation point x;, is well defined in view of Assumption 12.3.

461; is the Kronecker-8, i.e., 611 = 1 and 61; = 0 for i € [2:d].
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Later, we will become interested in a uniform bound on max;c(1.q v/d; HUZ.TH.
On the one hand, this may be achieved by generating (sufficiently) exciting
control values w;;, j € [1 : d;], following the guidelines derived in [218] lever-
aging, among others, subspace-angle conditions, to ensure data efficiency
(di = m+ (1 —01;)). On the other hand, one may also use randomly chosen
input values in combination with a slightly larger d;, see [22, Remark 4.6].
To derive proportional error bounds for the surrogate model, we directly
incorporate our knowledge for the data point z; = 0, that is, go(z1) = 0.
Hence, we set jo(x1) = 0 while G(z;) is obtained by solving the reduced
regression problem

G(an) = axg min [t 11ty = Gl |-+ ]|
1

resembling the approach presented, e.g., in [234, Section II1.B].

Step 2 (Interpolation): The interpolation coefficients are computed anal-
ogously to Section 10.4.3, which leads to the following propagation step of
an observable :

m

Yl w) v ) =30 (Ko + Yo wKy)ux]  @ale)  (12.12)

=1 7j=1
with K; = K"K (x)Ky", where
(5,000 (k) = (g, gj(21)) = kg, (Hi) (x j11))

for all k,0 € [1:d] and j € [0 : m], and §; denotes the j-th column of G.
Then, we directly construct the state-space surrogate of system (12.11), i.e.,

(V1)2 (2k, ug)
Tpr1 = [ (p, ug) = : = g (xp) + G (zp)up,  (12.13)

(n)d (2h; uk)

using the approximants (12.12) of the Koopman operator with observables
Yo(w) = 2y for £ € [1:n], that is,

d
(G5 () () = > (K;(2(0))x) (5yPa, (@),

=1

for £ € [1:n] and (¢,75) € [1: n] x [1 : m], respectively. The i-th column of
G* will also be denoted by g;.
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12.3.2 Error bounds for kKEDMD

In the following, we verify Assumptions 12.1 and 12.2 for the proposed
Koopman surrogate model (12.13) of the control-affine dynamics (12.11). To
this end, we derive the inequalities (12.4) and (12.5) and establish (uniform)
Lipschitz continuity on the bounded set 2. The bounds depend on the fill
distance hx and on the cluster radius rx, and can be made arbitrarily tight
by appropriately decreasing these two parameters of the proposed data-
driven approximant.

The uniform error bound derived in the next theorem extends Theo-
rem A.1 of the extended arXiv version® of [22] to control systems by adapting
the arguments used in the proof of [22, Theorem 4.3].

Theorem 12.2 (Uniform approximation error). Let k > 1 be the smoothness
degree of the Wendland kernel function. Further, let the dynamics (12.11)
satisfy f € Cgon’k](Q;R”) with op ) = "TH + k. Suppose that the data
satisfies Assumption 12.83 with fill distance hx and cluster radius rx sat-
isfying hx < hg and rx < hx/2, respectively. Then, there exist constants
C4,C9, hg > 0 such that the error bound

1f (2, 1) — £5(2,0) oo < Cih 4 Coc| K arx (12.14)

holds for all (z,u) € Q x U, where ¢ is defined by

1/2
= d: UT . @RBF 0 1/2 TKf]_ .
¢i= max Vi|[Uf |2 - @75 (0) pepil®X v Ko

Proof. The proof is reported in Section 12.6.4.

As can be seen in Theorem 12.2, the approximation quality depends on
the fill distance hx of the grid X of cluster points and on the cluster radius
rx > 0. In particular, by choosing the cluster radius rx such that the two
terms are balanced, we may ensure the uniform upper bound 7° := 2C} hlgﬂ/ 2
such that (12.5) holds. The choice of the virtual observation points not only
influences the first term of the error bound via the fill distance, but also
| K¢ [|2 and ¢ in the second term. Depending on the choice of X, the cluster
radius 7x has to be chosen sufficiently small to compensate for Coc|| K " |2.

In the following lemma we verify Assumption 12.2 for the kKEDMD sur-
rogate model, i.e. we show that the surrogate model is Lipschitz in the first
argument, uniformly in « and e.

Lemma 12.1 (Lipschitz continuity of surrogate f€). Let the assumptions
of Theorem 12.2. Then, there exist constants hg, L > 0 such that, if the fill
distance hx and the cluster radius rx satisfy hx < hy and rx < hx/2, the

5See the arXiv preprint https://arxiv.org/abs/2412.02811.
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surrogate f¢ defined by (12.13) is Lipschitz continuous in x uniformly in u

with Lipschitz constant Ly < L, i.e.

15 (z,u) = f(y, u)lla < Lye||z — yl|2 (12.15)
holds for all x,y € Q and u € U.

Proof. The proof is reported in Section 12.6.5.

The continuity in Lemma 12.1 is uniform in the approximation bound
e > 0. This is in contrast to finite-element dictionaries, see [207], where the
derivative of the functions increases for decreasing mesh size.

The uniform error estimate in Theorem 12.2 still contains a constant
offset in the upper bound, which results from Step 1 of the approximation
scheme. Given an exact approximation of gy and G at the grid points in X,
i.e., rx = 0, the error bound (12.14) is proportional in the distance to the
grid points. In the following, we show how one can obtain a proportional
error bound even if rx > 0 holds. To this end, we leverage the fact that we
used the knowledge of the drift dynamics in the origin, that is, we enforced
g6(0) = 0 in the first step of the algorithm, so that the model exactly
describes the system in the origin. This is done in the following proposition.

Proposition 12.2 (Proportional error bound). Let the assumptions of The-
orem 12.2 hold. Then, there exist constants hg,ro such that, if the fill dis-
tance hx and the cluster radius rx satisfy hx < hg and rx < rg, we have
the proportional error bound

[f (2, u) = [ (2, u)lla < lllle + cllull2,

forallx € Q, u e U, where 5, = C’1h§(71/2 dist(z, X) + Cocl| K3 ||larx, and

m
b2 k—1/2
¢, :=Cjy h +m  max Cy_ |uplh +n§:c )
T Jgo VX i=[1:m],ucld ng‘ (l)‘ X i=0 o

where cx; are defined in (12.24) and depend linearly on the cluster radius
rX.

Proof. The proof is reported in Section 12.6.6.

Remark 12.2. For the kEDMD surrogate, the coefficients in the propor-
tional error bounds ¢, and ¢, are functions of the fill distance hx and of the
cluster radius rx, and can be rewritten as

¢, = c;‘h];(_l/z +chrx

£
X
€ hyk+1/2 r
Cp = Cuhy +c,rx
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for suitable c}, cl,, c., ci,.

which s related to the location and number d of virtual observation points.
For increasing d, the minimal eigenvalue of the kernel matrix Kx may
decrease, and consequently ||K)_(1H2 may increase. Hence, to satisfy given
bounds for ¢, and c;,, one should first select the location of the virtual ob-
servation points (that is related to the fill distance hx ) to obtain sufficiently
small terms cghl)f(_l/2 and th];(H/Q. Given the location of the virtual obser-
vation points, HK)_(IHQ is fized. Then, in a second step, it is possible to select

the cluster radius rx sufficiently small to satisfy the required bounds for the

hoer,ch e, The terms ¢, and cl, have a dependence on || K (|2,

terms chrx and crx.

The proportional error bound derived in Proposition 12.2 may be more
conservative than the bounds of Theorem 12.2 further away from the origin,
but converges to zero for (z,u) — (0,0), which is a key property to rigor-
ously show asymptotic stability of the MPC, as shown in Theorem 12.1 and
summarized in the following theorem.

Theorem 12.3. Let Assumption 12.83 on the data hold and consider the
data-driven MPC scheme summarized in Algorithm 12.1 using the kEDMD
surrogate model (12.13) of the control-affine dynamics (12.11) in the pre-
diction and optimization step. Let N € N be such that ay defined in
(12.10) s in (0,1] and assume that the system is cost controllable on a
set S C QO By, see Definition 12.2, with u € Un. Then, if the fill
distance hx and the cluster radius rx are sufficiently small, Algorithm 12.1
asymptotically stabilizes the system (12.11).

Proof. We have verified (12.4) and (12.5) of Assumption 12.1, and Assump-
tion 12.2 for the kKEDMD surrogate of the control-affine dynamics (12.11) in
Proposition 12.2, Theorem 12.2, and Lemma 12.1, respectively. Hence, all
assumptions of Theorem 12.1 hold in view of the imposed cost controllability
and the assertion can be inferred. O

12.4 TIllustrative examples

In this section, we illustrate the asymptotic stability of the origin w.r.t.
the MPC closed loop using the kEDMD surrogate in the prediction and
optimization step by conducting numerical simulations. In the following, we
denote by physics-informed kEDMD (PI-KEDMD) the models obtained
with the modified Step 1 for the encoding of the equilibrium as described
in Section 12.3.1, and with kEDMD the models obtained according to [22]
without modifying Step 1 (see Algorithm 10.1).

12.4.1 Discretized Van-der-Pol oscillator

The first example is the forward Euler discretization of the nonlinear van-
der-Pol oscillator (11.6). The Euler discretization yields the discrete-time
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control-affine system

xf =z + Tsx9

l‘2+ =9+ Ts(v(1 — 1:1)21‘2 —x1+u)
with parameters Ty = 0.05, v = 0.1, and control constraints U = [—2, 2]
on the domain 2 = [-2,2]?. The kEDMD surrogate (12.13) is constructed
using Wendland kernels with smoothness degree k = 1, see Section 10.4.1

for details. The cluster points are chosen according to a Padua grid. The
set of Padua points of order p in the domain [—1,1] x [—1,1] is defined as

{(s, i), 0<j <p,1<k< LSJHJH;J.}

where ; = 1 if p and j are both odd and d; = 0 otherwise. Then, the pair
(pe5,mk) is defined by

2%k—2 .

_ g ] cos @k=2)m p+1)7r 4 odd,
Hj = COS ) Mk -= (2k—1)m .

cos (77 j even.

Moreover, we add a cluster point in the origin to the Padua grid, according to
Assumption 12.3. The Padua grid is properly scaled to cover the domain Q.
Padua grids of order p € {25,50} are considered, resulting in d € {352, 1327}
state-space sample points. In comparison to a uniform grid, the use of
a Padua grid allows to have a more uniform error through the domain,
and lower condition numbers in the model matrices. In fact, Padua points
minimize, analogously to Chebychev nodes in one dimension, the Lebesgue
constant and, thus, the condition number and are, thus, preferable. The use
of a uniform grid with a large number of data points may lead to numerical
problems in the solution of the optimal control problem.

For each cluster point x; € X, d; = 25 random control values u;; € U
are chosen, yielding the data points (xij,uij,x;;). Herein, w;; and u;; are

drawn according to our data requirements with rx = g to specify the

neighborhood of x;. For the derivation of the PI-kEDMD model Step 1 of the
algorithm is modified for the cluster point z; = 0 by setting go(x1) = 0, while
in the KEDMD model Step 1 is performed in the same way for all cluster
points. The MPC cost function is chosen as in (12.6) with matrices @ = I
and R = 1074, The following closed-loop simulations emanate from the
initial state zo = [0.5 0.5]", and consider a prediction horizon N € {10,30}
in MPC. The comparison of the closed loop error with different number of
clusters and different prediction horizons is reported in Figure 12.1.

In the simulations with the kKEDMD model, we observe practical asymp-
totic stability only: the error stagnates at a positive constant value. The
tracking accuracy increases with the number of cluster points. This is ex-
pected, as a large number of cluster points is related to lower modeling
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10—1 4
10—3 1
10—5 1
S
£ 1077 4 ~
w d=352,N =10, PI-kEDMD ~,
10-9 d=352,N =10, kEDMD =
— d=1327,N =10, PI-kEDMD
-+ d=1327,N =10, KEDMD
107 { — =352, N =30, PI-kEDMD
—— d=352,N =30, KEDMD
10-13 | —+ d=1327,N =30, PI-kEDMD
-+ d=1327,N =30, kEDMD
0 200 400 600 800 1000
Step k

Figure 12.1: Van der Pol: Error ||z||2 for the kKEDMD-based MPC closed
loop with different horizons and number of clusters.

errors. On the other hand, the PI-.kEDMD models allow to reach a lower
error, with a decrease up to the solver tolerance at around 10~14, in accor-
dance to the shown asymptotic stability property of the MPC closed loop.
We also notice that a fast decrease to the origin is obtained with the pro-
longed prediction horizon N = 30 — a property related to the degree of
suboptimality ay. Finally, in Figure 12.2; we report the trajectories of the
same simulations in the phase space. We can see that, while the asymptotic
behavior is strongly related to the accuracy of the model in the origin, the
transient behavior is mainly influenced by the prediction horizon and the
number of cluster points.

12.4.2 Four-tanks process

As a second example, we consider the four-tank system described in Section
6.4.1, with a sampling time Tg = 10s. In particular, the discrete-time version
of (6.20) obtained with the forward Euler method is considered as ground
truth. The controlled state for this system is the equilibrium given by & =
[0.65, 0.66, 0.6417, 0.6882]'m and @ = [1.666, 1.974]"m3/h. To derive
the KEDMD surrogate model, the state and inputs are shifted around the
origin. The state domain, where we sample, is Q = [0.2 m,1.36 m]? x
[0.2 m, 1.30 m]?, while the input is constrained by the set U =

[0 m3/h,3.26 m3/h] x [0 m3/h,4 m3/h]. The cluster centers are chosen in
a uniform grid in €. Moreover, an additional cluster center is added at the
equilibrium. We consider datasets with d € {626, 1297, 2402} cluster centers,
that correspond to v/d —1 € {5,6,7}. We decided to stick to a uniform
grid, because the explicit construction of a grid minimizing the Lebesgue
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d=352,N =10, PI-kEDMD
d=352,N =10, KEDMD
0.41 —. 4=1327,N=10, P-kEDMD
«++s d=1327,N =10, KEDMD
—— d=352,N =30, PI-kEDMD
0.21 == d=352,N=30, kKEDMD
—. d=1327,N =30, PI-kEDMD

=+ d=1327,N =30, KEDMD

X2

0.01

—0.2 1

—0.4+

0.0 01 02 03 0.4 05

Figure 12.2: Van der Pol: trajectories of the kEDMD-based MPC closed
loop with different horizons and number of clusters.

constant in dimensions higher than two is more involved and we did not run
into numerical issues. Possible approaches to reduce the condition number
of the model matrices are the use of the cartesian product of Padua grids
or of more sophisticated approaches as outlined, e.g., in [115]. The cluster
radius is rx = 2/d for all the models, and 25 data points (acij,uij,a:;;) are
are considered in each cluster. For the closed-loop simulations, we consider
an initial state 2o = [1.0, 1.0, 1.0, 1.0] "m, MPC cost matrices @ = I, and
R = 107%1I,, and a prediction horizon N = 10.

The errors of the closed loop simulations are reported in Figure 12.3.
As in the previous example, we can see that the error reaches a higher
accuracy with the PI-.kEDMD model, and the accuracy increases with a
larger number of cluster points. The number of cluster points also influences
how quickly the error decreases, which occurs more slowly for d = 626. In
this example, the closed loop behavior remains the same if the prediction
horizon is increased to N = 20, see Figure 12.4.

12.5 Conclusions

In this chapter, we have proposed a framework to rigorously show asymp-
totic stability of an equilibrium w.r.t. the MPC closed, where data-driven
surrogate models are used in the optimization step, assuming cost control-
lability of the original system. The key ingredients are three properties of
the data-driven surrogate: First, a uniform Lipschitz continuity w.r.t. the
approximation accuracy (see Assumption 12.2). Second and third, uniform
and foremost proportional finite-data error bounds (see Assumption 12.1).
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1071
103
s Qe
£10°°
w
10-7 d =626, PI-kEDMD
d =626, KEDMD
—— d=1297, PI-kEDMD
o | == d=1297, kEDMD
107° 1 — d'=2402, PI-kEDMD
— — d=2402, KEDMD

0 100 200 300 400 500
Step k
Figure 12.3: Four-tank: Error ||z — Z||2 for the kEDMD-based MPC closed
loop with horizon N = 10.

Then, cost controllability is preserved and the desired asymptotic stability
can be inferred despite the use of the data-driven surrogate for the predic-
tion and optimization in MPC. Then, we rigorously verified all assumptions
for a data-driven kEDMD surrogate models using Koopman operator the-
ory resulting in finite-data error bounds. Finally, the theoretical results are
verified by numerical simulations for two representative examples.

Note that the proposed method requires the exact knowledge of the sys-
tem equilibrium to be implemented. When this information is not available,
it is possible to rely to offset-free MPC algorithms, as described in Chap-
ter 11. Moreover, the stability analysis can be extended to consider the
presence of state constraints, disturbances and time-varying reference sig-
nals, which are not taken into account in this paper and require additional
treatment as outlined in Remark 12.1. In addition, also an extension towards
input-output data based would be of interest.

12.6 Proofs

12.6.1 Proof of Proposition 12.1

For given N € N, let & € S and u € Uy satisfy the growth bound (12.8),
and denote xj := x(k; Z,u) and x}, := 2°(k; 2, u).

First, we show xj, € , k € [1: N]. Note that cost controllability yields
zp €59, k € [L : N]. We show |25, — xx]| < r(k)n® = Zf:_ol L’]}EnE by
induction. For k = 1, we exploit (12.5) to derive

27 — 21|l = £ (2, u0) = f°(&, uo)[| <"
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103
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107°
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Figure 12.4: Four-tank: Error ||zj — Z||2 for the kEDMD-based MPC closed
loop with horizon N = 20.

Now, we assume that the assertion holds for k£, and we prove it for k + 1.
We have

251 — Trrrll = | f (o, un) — (g, ur) + (T, ur) — (20, ur) |
< | f(wg, ur) — £ (op, wp) || + 115 (2, ur) — (2%, wr) |
<0+ Lye||ag, — x|

k—1 k
SO LYt = Y Er
=0 =0

Hence, we have @, € S @ By 4y (0) € S @ B, (5, (0) € Q for all k € [0 : N,
so that Assumptions 12.1 and 12.2 hold.
Now, we study the difference between Jy (2, u) and J5(2,u). Let A :=

Amax (@) and A := min{Apin(Q), Amin (R)}. Then, we have

(12.6)
Oy, we) — e, un) = |25 — 2o + 2y + lluel i — lzelld + luel &
< Maf, — zrll3 + 2M]|2f — zell2lzk 2.

Then, using the shorthand notation ey, := ||z}, — x4||2 for the error, summing
up this inequality over k € [0: N — 1] yields (as e = 0 for k = 0)

_ N-1
Ti(w) < In(aw) + MY ek + 2enlloillz).

Hence, we next derive bounds on e} and eg|lzg[2. To this end, the error
k1 = |75 —Tpy1ll2 at time k+1 is estimated using the triangle inequality
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by

epr1 = || 5 (af, up) — fah, wp) + flag, up) — f(@r, ur)l2
(12.4),(12.2)
< cellaflle + cullurlle + Ly llaf, — zell2

= CiUHxZ — Tk + kaQ + CuHukHQ + Lf”l'i — .’L‘k”g
< cal|zpll2 + cullukllz + (L + cx)ex
< e(llaplle + llull2) + (Ly + co)er (12.16)

<eY " (Lytea) il + ). (12.17)

with ¢ := max{c,,c,}. Let d := Ly + ¢,. Using inequality (12.16) and the
fact that (a + b)? < 2a? + 2b%, we get

eip <A (|len-1l3 + llun—13) + 2d%e;_,

126 -, 5 5
< AN Al(wg—1,up—1) + 2d%€e;_y

k—1 .
< 4623—1 . Z;O (2d2)k—1—ze(xi’ Uz)

= 43°)\ 1-Zj:1(2d2)3 Y(zn_j,un_j).

Analogously, leveraging inequality (12.17) and the fact that 2|a/|2]|b|l2 <
llal|3 + ||b]|3 yields

<z (lzill3+Hluil3+2llzll3)

k—
exllalla < Z =1 (Taillallzwllz + Tulla ol )

ki1 (zm, w) + 25*(:%))

C)\i i- 1( (p—j, up—j) + 20 (%))

We begin with studylng the term Zk 1 ez Then, applying the derived

inequality for ek yields

N-1 o N—1

k
eﬁg Z2d2j 15 :L’k gy Uk— ])
k=1 k=1 j=1

W
\y‘ Ql

Then, noting that the summation ij;ll 25:1 is equivalent to ) ;- J<k<N-1=
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Z D\ _; and invoking the assumed cost controllability (12.8) leads to

N—1 9 N—
ei <

k=1 J

=

N
\>/‘ Ql

N-1
[2(12] IZEZL‘]{; jr Uk— ]}
k=j

=Yoo )
4 *
P LY YT By (@),

=:icN

1

IN
QL

We proceed similarly for the term Zg:_ll erllzrlo:

N—-1 c N—-1 k
> eulonl < 55 323 " (g, ug) + 207 ()
k=1 - k=1 j=1
: N—1 N—j—1 N-1
= 2 ( Z U@y, ur) kz_] () )
N——
(12:8) =(N—j)t*(z;)

< By—;t*(2)

N—-1
1 , .
<eé— A 'By_i + 2By max &P (N — ) ) *(z
< 62)\< jE:1 N—j + N Jpax | ( J)) (2),

=:CN

with d = Ly + ¢, and ¢ = max{c,, ¢, }.
Combining the previous estimates leads to

J%(2,0) < (By + ey +eey) (5(2) = B (2), (12.18)

where, for each N € [1: N], B, — By for ¢ := max{cZ, ¢5} — 0 as claimed.

Finally, note that the proof is only based on the bounds on the difference
between zj and z7. Hence, the same reasoning can be applied to derive a
bound on Jy (&, u) starting from J5 (z,u). O

12.6.2 Proof of Theorem 12.1

First, we show a relaxed Lyapunov inequality

VN (2, piy (@) < Viy(2) — afvl(z, piy (2))- (12.19)

for the surrogate system f¢, following the proof of [21, Theorem 10]. First,
we infer a lower bound on the optimal value function by

Vy(2) = inf Jy(% u) 2> inf £(2,u) = 1217 > Amin(@Q)1213.

ucly
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Second, we derive an upper bound on the value function Vg on the set S
directly follows from the imposed (and essentially preserved) growth bound
(12.9). Then, the suboptimality index a5 of the surrogate model (12.3) is
defined analogously to Formula (12.10) using the sequence (B5)N., instead.
Since B — B; converges monotonically for ¢ — 0 in view of Proposi-
tion 12.1, we have that a3, € (0,an) for all € € (0,e0) for some sufficiently
small ¢g € (0,¢]. This ensures the relaxed Lyapunov inequality (12.19)
with Lyapunov function V§, ¢ € (0,£] by applying [92, Theorem 5.4] and
[51, Theorem 1] on V“(c) provided c is chosen sufficiently small such that
Vy©(c) € S. Hence, we established the value function V() as a Lyapunov
function for the closed-loop of the surrogate dynamics f¢.

In the following, we derive novel bounds to show that V is a Lyapunov
function also for the system dynamics f. We have that

VE(F(2, 15y (2))) = VE(F (s 5y (2)) EVE (B 1 (8))) — V(52 0 (2)))
(12.19)
LV VR @) - abl(@ i () + VE(F@ 1 (@) — VE(F (@ 10 (2))):
(12.20)

Next, we exploit the proportional bounds of Assumption 12.1 to derive a
bound for V5 (f(z, uy(2))) — Vi (f5(2, u5(2))). To this end, we recall that
fe(&, p5y(2)) = 2°(1; &, u*), where u* is the optimal solution of (12.7) with
initial state £, and we denote the real successor state of the system by z+ :=
f(@, 15 (2). @ = (@)X, represents the solution of MPC optimization
problem initialized with #+ := 2°(1;2,u*).5 Then, for the optimality of
MPC, we have that

Vi (f(@, 1y (2)) —VN(f(2, py(2))) (12.21)
—VE ()< T (1)
N-1
< (e(f(i;xta),ai)—e(xa(i;gztﬁ),ai)).
=0

Consider now the i-th term of this summation

(2 (527, 0), ;) — £(2°(i; 27, Q), @)

U202t (it @) — Ila (s 3, )13

< 1Qlllaf (2t B) — 2557, W) - 2% (52, @) + 27 5T, @)l
=||xe (i2F,0) — 2= (5;2F,0)+22° (42 F,0) | 2

< 2Qlllaf (i E T, W) ot (55, 1) — 2552, W)

+HQ2ll2® (2%, 1) — 2652, )3, (12.22)

Note that  is never computed in practice, but is needed to define Vg (f¢(&, u% (£))) in
the relaxed Lyapunov inequality (12.19), which we are going to leverage in the remainder
of the proof.
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where we have used the inequality
lall3r = 1Bl3; = (a +0)" M(a —b) < ||M]]2]la — bllz]|a+ bll2.

In the following, we derive upper bounds for the two terms appearing in
(12.22), that are ||z¢(i; 27, 0) — 2°(i; 27, 1) |2 and ||2°(i; 27T, @) ||

First, we consider the term ||z°(i; 2, a) — 2°(3; 21, 0)||2. For i = 0, we
use the proportional error bound (12.4) of Assumption 12.1 to derive that

12°(0; 2%, 1) — 2°(0; 27, )|l = |27 — 2|2
(45 € (A NE (A (12:4) €114 EN,E (A
= @, p5(@) = (@ un@)le < Gllzlle + Gllpn (@)l

Using Lipschitz continuity of the surrogate model (12.3) given by f¢ with
Lipschitz constant L - due to Assumption 12.2, we obtain for ¢ > 1

o (2%, @) — 2% (s, @) 2 < Lycllo® (0,3, @) — 2(0s 2+, @)
< Ly (]2 + G llui (@)]]2)-
Second, we consider the term ||2°(i; 2T, 0)[]2. For the growth bound

of f¢ derived in Proposition 12.1 and for the relaxed Lyapunov inequality
(12.19), we have that

N-1
VR (e (@ pi (@) = Y L (537, ), @)
i=0
(12.19) (1

: 2.9)
< V(@) < Bye(@) = Byllzlle-
Since, for each i € [0 : N — 1], we have the inequality

(o (:8%, 1), @) 2 [l2°(627, )15,

we also have

l2°(;; 2%, 013 < By ll25).

By exploiting standard inequalities of weighted squared norms and taking
the square root, we have that

iz ) < 4By e
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Then, substituting this inequalities in (12.22), we obtain

e(xa(% .ZL‘+, ﬁ)? al) - g(xa(lv i'—i_v ﬁ): ﬂ’l)

)\mam N i N N
< 20Qy B ol L (il + @)
QUL el + 5l (8)2)°
AmaxQ i N ~ ~
< Qe BRI+ llellalin @)

<gzca(llzl3+us @)13)
+2/1Qll2L% (521213 + (52l (@)13)-
Substituting this back in (12.21) and (12.20), we obtain that

VR (f (@, pi (2))) SVR (@) — o (@, piy (2)) + Coll2 13 + Culluiy ()13,

where

N—-1 )\max i 1 .
¢ ::2HQIIQZ< By g He e ) + f)>
i=0 man

and
N-1
Amagc Q 1 1 £
Cu::2|Q||QZ( BRI ((Q; f520u+( fscuy).
’L=0 min

C, and C, can be made arbitrarily small with a sufficiently small propor-
tionality constants ¢, and ¢§. Then there exists a sufficiently small g (po-
tentially further tightened in comparison to our first choice resulting from
the computation of the lower bound o3 on the suboptimality index) such
that ¢, ¢, are sufficiently small to ensure the inequality

—af (&, 1y (@) + Call2ll3 + Culluiy ()13 < —all3

for some a € (0,03}) and for all ¢ € (0,e09). This completes the proof
and, thus, shows asymptotic stability of the MPC closed loop based on the
surrogate model (12.3). O

12.6.3 Proof of Corollary 12.1

The proof resembles the proof of Proposition 6 in [174]. In the proof of
Theorem 12.1, in (12.19), we showed that there exists a sufficiently small e
such that

VN (@, piy (@) < V() — ol i (2))
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holds for all x € Vy(c). Then, denoting by umpc the input sequence
obtained applying the MPC control law p5; to the surrogate f¢, we can
relate the infinite-horizon optimal cost to a5,

Vo () < IS (&, umpe) < D L2 (65 &, umpc), piy (2% (33 £, uvpe)))
=0

< (@3) ™Y (VR (s # uaiec)
1=0

— VR (% (15 2, wapc), 1y (055, waec))
< (af)TIVE (@) < (o) TIBRE(2).
Since Vi (2) < V5 1(2) < VL (2) for all N € N, it follows that
V(@) < (o) BRI (@).

Hence, the growth bounds holds with Bf, := Bj; /a5 for k > N, which shows
the assertion. O

12.6.4 Proof of Theorem 12.2

In a first step, completely analogous to [22, Proof of Theorem 4.3], we obtain

| H pg) () — (H:) o] < V/2di(Lgo + Le@)||U] |2 - rx

for i € [1: d], where H : R" — R™*("+1) is defined by H(z) = [go(z) | G(z)]
and 7 := max{||u||s : © € U}. Due to uniform continuity of the kernel k on
Q x Q,7 we get the estimate

1K, (x) — Ky, (x)ll2 < elLgy + Lo max{y/2d;|Uf||2 | i € [1: d]}rx
(12.23)

for a constant cx > 0 depending on the continuity modulus of the kernel k.
Consequently, (12.23) implies
1K — Kx' Koo Kx' 2 = 1K (K ox) — Ky, x0)) K x 2
< KX 31K (x) — Kgyx0ll2

< B max VAU rx

with é = v2cx - (Lgy + La).
Next, we prove the assertion or, to be more precise, we show inequal-

ity (12.14) with h];(_l/2 dist(x, X) instead of hl;rlﬂ, which will turn out to be

"With © we denote the closure of the set Q.
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beneficial in the proof of Proposition 12.2. Using [239, Theorem 11.17] with
multiindex |a| = 1 together with [22, Theorem 3.7], we get the proportional
bound
_ _ L k—1/2 :
(K5 Ky 0 K5 ox) Tkx (2) — ¢ 0 gj(2)] < b [l ]lu dist(z, X)
with é > 0 for all ¢ € H and ky := (®,,,...,®,,) . Thus, by the triangle
inequality, we obtain a bound on the full error:

> ~1k—1/2 ;. ~ —
(Bjox) kex(@) = 9 o g;(@)| < (e dist(, X) + e K5 ) ol

Last, choosing the coordinate functions as observables, we have that the
observable function ¢ is linear. Thus,

m

o(z) = (go(z) + G(z)u) = p(go(x)) + Z o(gj(x))u;

and hence, we get (12.14) with Cy = ¢max;c(y.y,) ||7|lm and
Cy = ¢maX;e(1.y) ||zi]lm, where z;, i € [1 : n] denotes the i-th coordinate
map. O

12.6.5 Proof of Lemma 12.1

In the proof, the notation Jy is used to denote the Jacobian of the function
f, and J;, is used to denote the Jacobian of f w.r.t. its argument x.

Let z,y € Q and u € U be given. Then, it holds by using Taylor’s
theorem

fo(auw) = fo(you) + (2 = y) " Tpe (€ u)
for some £ € {€ € R" | € = (t—1)z+ty, t € [0,1]}. Hence, we may estimate

175 w) = f2(y, w) |2 < o = w2l Tre 2 (6, w) = Tpa(€u) + Tfa(€u)ll
<z = yll2(lJp 2 (& w) = Tpe (& u)ll2 + [[T52(8, w)l2)-

In the following, let g; for i € [0 : m] be the approximation of g; obtained
with rxy = 0, i.e. without errors in Step 1 of the identification algorithm. To
compute a bound for ||Jg- (&, u) — J¢ (&, u)||2, we first leverage the control-
affine structure and, then, apply [239, Theorem 11.17] with multiindex |a| =
1 to obtain

[ fe(2,0) = Tpalzu)ll2 < [Jgg(2) = Jgo(2) + o (2) = o (2)l]2

+ D (g (2) = Jgu(2) + 5, (2) = g (2))ugll2
i=1
% k—1/2
< |:CJ90 + rilgj( Zl CJQi ‘u(i) ’} hyx
+ {1750 (2) = Jgs (2Dl + Y 11(T5,(2) = g (2))ugy 12,
=1
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where Cy, , i € [0 : m], are constants independent of hy and rx. Analo-
gously to the proof of [22, Theorem 4.3, letting up = 1, we can estimate for
i€[0:m]and j€[l:n]

1(V3ij(2) = Vgi;(2)uill2

1 -1
< oL, 2 s di (e 102 ) 1 e )l 5

< ALy |2 d Mo ) ®REF
< gl o (s 1071 ) B0

X IUTK;UHK;HQTX = cxi (12.24)

CHICIESS

where kx(2) = (k(z1,2),...,k(zq,2))" and Ly, are the Lipschitz con-
stants of the matrix-valued functions Jg,. Since the function f is contin-
uously differentiable w.r.t. its first argument on the compact set (2, we have
|Jf2(&u)||2 < C € (0,00). Overall, we have verified inequality (12.15) with
Lipschitz constant L= given by

m
C+ Cy, hk 2 4 m max CJg_ |u,~]h§(_1/2 + anXi.
i=[1:m],u ¢ P
Hence, suitably adjusting the cluster radius rx depending on the virtual
observation points and, thus, ||K 3|2, shows the statement. O

12.6.6 Proof of Proposition 12.2

To prove the statement, we first show that the difference || J¢< (2, u)—Jr(x, u)||2
between the differentials of f and f¢ is bounded. From the proof of Lemma 12.1
we obtain the bound

I ) =T g, w) |2 < Cpp Wb max ol e
m|,u i=0

—
=:c5

To compute a bound for ||Jyse (x,u) — Jfu(x,u)|l2, we exploit the error
bounds of Theorem 12.2, to obtain

1 u(@,u) = Jpu(z, w)ll2 = |G5(z) — G(@)|2
< CyETY2 dist (2, X) 4 Cocl|[ K larx =: &5,

Now, let e(z,u) := f¢(z,u) — f(z,u). In view of the modified learning
algorithm, there is no approximation error in the origin, i.e. €(0,0) = 0. We
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now study e(z,u) using Taylor’s theorem. There exists t € [0, 1] such that,
denoting z = txr and v = tu,

lle(z, u)ll2 = 1] €(0,0) +Jea (2, 0)2 + Jeu(z, v)ull2
=0
< g a(z0) = Jralz 0)2llzllz + 152 u(z,0) = Tz, 0)[2)lull2

< llzllz + cgllull2;

which proves the statement. Il

229



Chapter 12. Asymptotic Stability of kernel EDMD-based MPC in
presence of approximation errors

230



Part IV

Applications

231






Chapter 13

Velocity form MPC for
current control in
Synchronous Reluctance
motors

In recent years, Synchronous Reluctance motor (SynchRel) drives have gained
attention in academia and industry as an alternative to induction motors
and Permanent Magnet Synchronous Motors (PMSM). SynchRel motors are
a cheap solution since no rotor windings and no rare-Earth materials are re-
quired. Hence, this chapter is devoted to the design of an MPC algorithm for
the control of currents in a SynchRel motor. Differently from the majority of
the control schemes available in the literature, our design considers the sta-
bility issue of MPC. In particular, we propose an equality terminal constraint
formulation of velocity form MPC, and we introduce an artificial reference
in the optimization to enlarge the feasibility region and improve the closed-
loop performances. This algorithm is simple to implement, does not require
the introduction of a state observer, and guarantees zero tracking error in
presence of the model approximations. The proposed equality constraint
formulation of the velocity form MPC does not require terminal inequal-
ity constraints. This is an advantage compared to the method proposed in
[15], where the terminal region may require a large number of inequalities
constraints to be described, resulting in a significant increase of the compu-
tational complexity for the solution of the optimization problem. The MPC
is inserted in a cascade scheme that involves also an external loop for the
control of the motor speed. The velocity form MPC is based on a linear ap-
proximation of the SynchRel electrical dynamics in the (d, q) reference frame
[182], that does not require a precise knowledge of the inductance values of
the motor. Finally, the effectiveness of the proposed algorithm is compared
in simulation to a current control based on Proportional-Integral (PI) regu-
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lators and decoupling and to a classic MPC, also considering uncertainties in
the inductances models, showing better performances both in the nominal
and in the perturbed case.

The work reported in this chapter was carried out in collaboration with
SPIN Applicazioni Magnetiche Srl, and is published in:

e [214] Schimperna, I., Rubino, A. and Magni, L. (2025). Velocity
Form MPC for Current Control in Synchronous Reluctance Motors.
IEEE Transactions on Control Systems Technology, 33(6), 2463-2469.

13.1 Introduction to the control of electric motors

Two main concepts that are often used for the control of SynchRel motors
are Direct Torque Control (DTC) [144] and Field-Oriented Control (FOC)
[166, 17, 250]. DTC is known for its robustness and fast dynamics [26], but
can lead to high current distortions and torque ripples [43]. FOC is able to
improve the efficiency of the system [119] and the torque response [195], but
requires precise values of the system parameters to be implemented.

When a speed sensor is available, a common approach to implement
the motor control is to apply a cascade scheme, where an inner closed-loop
controls the motor currents, that have a fast dynamics, and an external
closed-loop controls the speed and provides the references for the current
control. The most common implementation of the cascade schema employs
PI regulators for both the control loops. When a rotational transducer is
not available, position estimation algorithms can be applied to obtain the
speed value [94].

An alternative to classical approaches for the control of electric motors is
the use of MPC, that can be employed in a cascade schema to substitute the
PI in one or both the two control loops [152, 2], or can be used as a unique
controller for both the speed and the currents [175, 40]. The advantages of
the use of MPC in electrical drives and power electronics are the possibility
to be applied to a variety of systems, and the fact that constraints, nonlin-
earities and multivariable systems can be easily considered [52]. Moreover,
MPC is based on a model of the system under control, that is typically
available in these applications. There are two possible ways to implement
MPC for transistor-based systems: Finite Control Set MPC (FCS-MPC)
and Continuous Control Set MPC (CCS-MPC). In FSC-MPC, the transis-
tor states are directly regarded as control variables, without the need of an
additional modulation stage [78, 202, 140]. Instead, in CCS-MPC, a contin-
uous optimization problem is considered and the determination of switching
sequences is delegated to an external modulator [78, 254]. CCS-MPC is
typical more computational demanding, but recent works have shown that
with the current technologies and optimization algorithms it is possible to
solve the MPC optimization problem in real time even in the high sampling
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frequencies required by the motor drives. For instance, in [48], an explicit
MPC algorithm [12] is employed to solve the quadratic programming prob-
lem associated to the MPC for the current control of a PMSM. The worst
case solution time is assessed, and the proposed approach is experimentally
validated. In [254], instead, the MPC optimization problem related to the
current control in SynchRel motors is solved online on embedded hardware,
and meets the sampling times required by the application.

The stability and feasibility issues are often neglected when MPC is
applied for the control of electric motors, and the few works considering these
problems are focused on FCS-MPC. The stability issue is considered in [93]
in the control of induction motors, where the FCS-MPC objective function
is reformulated using the Lyapunov function time derivative as objective
function, and introducing some stability constraints in the optimization.
In [1], closed-loop practical stability of horizon-one quadratic FCS-MPC
for linear power converters is obtained by designing the terminal cost and
terminal set for the MPC on the base of the discrete time Riccati equation.

The use of velocity form MPC for the control of electric motors is not
a novelty. For instance, velocity form MPC is applied to SynchRel motors
in [72] for the regulation of the currents at constant set-points. Since no
input and state constraints are considered, the solution of the MPC is a
linear state feedback control law that can be computed explicitly. In [40],
the velocity form MPC is considered for the control of speed and currents
in a PMSM. However, none of the cited works provides a formal analysis of
the stability of the closed-loop system.

13.2 Stabilizing MPC in velocity form

13.2.1 Incremental model
Consider a discrete-time linear model in the form

Tyl = Axy, + Buy (13.1&)
Yk = Cay, (13.1b)

where x € R™, u € R™, y € RP and the subscript k denotes the discrete time
instant. The objective of the control is to steer the output of the system
to a desired reference 1.f, also in presence of model uncertainties. The
following standard assumption on the model is required to introduce the
integral action.

Assumption 13.1. The pair (A, B) is controllable, m > p, and the input-
output system does not have invariant zeros in 1, i.e.

K I,-A —-B|\ _ n
ran _C 0 =n-+p.

235



Chapter 13. Velocity form MPC for current control in Synchronous
Reluctance motors

To derive the velocity formulation, the model is firstly enlarged with an
integral action on the tracking error

Tyl = Az + Buy (13.2&)
Vg1 = Vg + €kt1 (13.2Db)

where ey := Y — yret- The enlarged system (13.2) is not directly used in the
MPC design. Instead, an incremental system is considered, with states that
are the variations of the states of (13.2), and the input variation as controlled
input. In particular, the incremental system has state ¢ := [dx| e"]T €
R and input du € R™, where éx, := z — z1—1 and duy := up — Up_1.
The dynamics of éz can be derived as follows

0xpy1 = Tpg1 — Tp = Axy, + Buy, — (Awp—y + Bug_1)
= A(xy — xk—1) + B(ug — up_1) = Adxy + Bduy.

The dynamics of e is derived in the following way

€ktl = Vg4l — Vg = Vg + Ykl — Yref — Uk
= O%pq1 — Yret = C(0Tpy1 + Th) — Yret
= C(Adzy + Boug) + Cxr — Yres
= CAbxy, + CBouy, + (Yr — Yref)
= CAdbx; + e, + CBouy,.

Combining the previous computations, the following dynamics is obtained

5$k+1 o A O (5(13k B
[6k+1} a [CA Im} [ek] " [CB] ouk (13.3)
W \f—/
A B

to be used as model for the MPC.

13.2.2 MPC formulation

The objective of the MPC is to steer the incremental variables dz and du
and the error e to zero, independently on the value of the reference yyef,
while respecting the input constraints given by the compact set &4 C R™.
This is an advantage with respect to other MPC formulations, because it
is not required to use the model, which may be inaccurate, to compute the
equilibrium correspondent to the reference.

Stability of the closed-loop system with the MPC control law is obtained
using a terminal equality constraint. This strategy is simple to implement
and does not require the use of possibly computationally expensive algo-
rithms for the offline computation of the terminal set. However, the intro-
duction of the terminal constraint can lead to problems of infeasibility and a
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decrease of performances. In particular, feasibility can be achieved only for
values of the initial state £ that are sufficiently close to zero, and the solu-
tion of the optimization is strongly influenced by the terminal constraint and
may not reflect the objective required by the cost. To solve these issues, it
is possible to introduce an artificial reference y in the optimization problem
[150]. The artificial reference is an additional variable of the optimization
problem, and its deviation from the real reference s is penalized in the
cost.

The velocity form MPC with equality terminal constraint and artificial
reference solves the following optimal control problem

N-1

im0 (Il + el +17 = el (13.42)
5.t. Eok = [ oy ] (13.4Db)
Yk — 7
Eiv1pp = A& + Bouyy, i=0,...,N—1 (13.4c)
ui|k:uk_1+i5uj|k euU +=0,...N—-1 (13.4d)
j=0
Enie =0 (13.4e)

where the cost matrices Q = Q' = 0, R=R" > 0and S = ST = 0
are design choices. Note that the artificial reference ¢ is used in (13.4b) to
initialize the prediction error. Initializing the error as the difference with
respect to the artificial reference allows the error with respect to the real
reference (i.e. ¥ — yref) to be different from zero at the end of the horizon.
In this way feasibility is guaranteed also in presence of sudden variations of
Yret- Denoting the optimal input increment sequence by 6u6|k, - 6“?\[—1“{’
the control law is obtained according to the receding horizon principle as

Up = Up_1 + MMPC(5$k, Uk—15 Yk yref) = Up_1+ (5u6‘k (135)
Note that state constraints are not considered in the MPC formulation be-
cause they are not present in the SynchRel motor application, but they can
be easily included in the algorithm.

13.2.3 Stability result

The equality terminal constraint formulation of the velocity form MPC al-
lows to prove stability of the closed-loop system. Moreover, the introduction
of the artificial reference guarantees recursive feasibility also when ¢ varies
or is outside of the set of the set-points that can be reached while respecting
the input constraints. All these results can be derived along the lines of
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Symbol Description Unit
Iq, 1 Stator currents [A]
Va, Vy Stator voltages [V]
Ry Stator winding resistance Q]
L4, Ly  Inductances [H]
w Mechanical speed of the rotor [rad/s]
We Electric speed of the rotor [rad/s]
T Torque produced by the motor [Nm]
11, Load torque [Nm]
Np Number of pole pairs -
ky Friction coefficient l\i:ldf
J Motor inertia [kg - m?]

Table 13.1: Parameters of the SynchRel motor model.

[151, Theorem 2]. In order to do so, the set of admissible equilibria is first
defined as

YV:={yeRP:3(z,u) e R" xU
such that y = Cx, © = Ax + Bu}.

Theorem 13.1 ([151]). Let Assumption 15.1 hold and the prediction hori-
zon satisfy N > n+ p. Then, if a feasible solution to (13.4) exists at time
k =0, the resulting MPC controller is recursively feasible and asymptotically
steers the system (13.1) to the admissible set-point y, where

~ . 2
g := argmin ||y — yretl -
yey

13.3 Reluctance synchronous motors control

The mathematical model of the SynchRel motor can be divided into the
electric subsystem and the mechanical subsystem. In Table 13.1 the descrip-
tions of the physical quantities involved in the motor model are reported.
The electrical subsystem of the SynchRel motor can be described, using the
Clarke-Park transformation, with respect to the (d, ¢) reference frame [182],
that is rotating synchronously with the rotor, with the following equations

:_—&Id<t) + ;
La(la(t), 14(t)) La(a(t), I4(1))
Lallalt), (1)

Ia(t) Va(t)
(13.6a)

+ we(t)
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Figure 13.1: Inductances Lq (left) and L (right) as functions of I3 and 1.
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La(14(t), Iq(t))
~ el a0 () 4

where we(t) = np-w(t). The subscripts d and q indicate the quantities on the
two axes. V = [Vg V] " is the control variable, that can be forced by means
of an inverter. The electric state I = [I4 I4]" is considered measurable. The
output of the electric dynamics is the torque produced by the motor, that
is a nonlinear function of the currents

Vq(t)
(13.6b)

T(t) = gnp(Ld(fd(t)a 14(t)) = La(La(t), Io(£)) La(t) Lo (t)- (13.7)

Given the torque T', the mechanical dynamics of the motor can be described
by
1

w(t) = F(T(t) = Tu(t) — kww()lw(®)]) (13.8)

where T1, is an external time variant load torque, whose value is in general
unknown and unmeasurable. In Equations (13.6) and (13.7) the inductances
L4 and Ly are nonlinear functions of the currents Iq and I,. The values
assumed by the inductances at a given value of current can be estimated
using the Finite-Element Method (FEM). In particular, in the simulations,
two 2-dimensional Look-Up Tables (LUT) obtained from FEM data are used
to relate the values of Ly and L with the values of Iy and I,. The plots
of the inductances as functions of Iy and I, for the considered motor are
reported in Figure 13.1.

13.3.1 Cascade control scheme

The objective of the motor control is to track a speed reference wyer by
acting on the stator voltages Vq and V, and to reject the unmeasurable
disturbance given by the load torque 71,. In Figure 13.2 the scheme of the
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Electric Mechanical
Wref + Tre Ire
—f>o—> MTPA/ | ref| Current X» dynamics I» dynamics 5
B MTPV coAntroller (13.6)-(13.7) (13.8)
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I .|
Wm Speed
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sensor

Figure 13.2: Block diagram of the general schema of the motor control.

motor control is reported. Since the motor dynamics is composed by two
main parts with different time constants, a cascade control scheme is typ-
ically applied. In particular, an internal control loop is closed around the
electric dynamics (13.6), that is faster, while an external control loop con-
siders the mechanical dynamics (13.8). This technique allows to exploit the
redundancy of the control action in order to minimize the power consump-
tion. In fact, two control variables V4 and V; are available to control a single
output w. Hence, it is possible to select, between the different combinations
of the control variables that give w.ef as output, the more energy efficient
one. This is done by means of the MTPA/MTPV (Maximum Torque Per
Ampere/Maximum Torque Per Volt) block, as it is better explained later.

To obtain a measurement of the motor speed, a speed sensor is included
in the schema. The sensor can introduce measurement noise and a nonlin-
earity, for example due to the quantization error. To mitigate these effects,
that act mainly in high frequency, a low-pass filter G¢(s) is typically in-
troduced after the sensor. The motor currents are assumed measurable by
the inverter. The control variables V3 and V, are saturated at a value that
depend on the external voltages supplied to the inverter Vpc. In particular

Va, Vg € [ ] . (13.9)

The external speed controller is composed by two blocks. The first block
is a PI, whose output is interpreted as a torque reference Tyos. The second
block, denoted by MTPA/MTPV, provides the optimal current reference
Liet = [Layer I ,ref]T given the torque reference T, and the measured and
filtered speed wy,. In particular I, is the couple of currents that provides
the torque Tyo¢ at the current speed of the motor using the minimum amount
of power and respecting the machine constraints. The MTPA/MTPV block
is typically implemented using a LUT, that can be derived from the FEM
data.
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13.3.2 Current control with velocity form MPC

To implement the velocity form MPC, a discrete-time linear approximation
of the electric dynamics (13.6) in a working point is considered. The work-
ing point is defined by the nominal values of the speed @w and of the load
torque T1,. By considering the equilibrium of (13.8), it is possible to derive
the steady state motor torque 7" in the working point as T = T, + kyw©|@|.
Then, the desired values of steady state currents Iy and I can be derived
as the output of the MTPA/MTPV block with inputs 7' and @. Finally, the
values of the inductances in the working point Lgq and L, can be obtained
from I4 and I, using the FEM data, as Lq = Lq(I4, I4) and Lq = Lq(Ia, 1)

Then, the continuous time linear approximation of the electric dynamics
is

o= [ gl )5 )b s

where We = np - w. Note that a single working point is considered in order
to derive the linear approximation. The same approximated model is used
in the MPC also when the working point varies, and the zero tracking error
property is maintained despite the model mismatch thanks to the velocity
formulation of the MPC. To derive a discrete time model to be used in the
MPC, (13.10) is discretized with a sampling time 7T using a zero-order hold
method, obtaining a discrete time linear model in the form

Tyl = Axy, + Buy (13.11)

where

_ [Id(kTs)} w — [Vd(kTs)]
LG T Ve T
with k € Z>(. Since the objective is to control with zero offset the current
on both axes, in the output transformation (13.1b) C' = I, is considered.
The model obtained in this way satisfies Assumption 13.1 on controllability.
Then, the velocity form MPC is implemented as described in Section 13.2,
considering (13.9) as input constraint set.

13.4 Implementation and simulation results

In Table 13.2 the numerical values of the parameters considered in the sim-
ulation, carried out on the true continuous-time system, are reported. An
encoder is employed as speed sensor, that introduces a measurement error
due to the quantization in the measurement of the rotor angle. To mitigate
this effect a low-pass filter with transfer function

1

Gr(s) = 10,0025
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Parameter Symbol Value Unit
Stator resistance Ry 0.62 Q]
Pole pairs Np 3 -
Friction coefficient kw 5x 1076 I\ng
Motor inertia J 8.4 x 1073 [kg-m?|
Inverter sampling frequence % 8000 [Hz]
Nominal speed w 2500 [rpm]
Nominal load torque Ty, 10 [Nm]
DC supply voltage Vbe 650 V]

Table 13.2: Numerical values of the parameters for the motor simulator.
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Figure 13.3: Comparison between the motor speed w (blue), the the encoder
measure (green) and the filtered measure wy, (orange).

is introduced on the measured speed. The bandwidth of the filter is chosen
to alleviate the effect of the oscillations on the measured speed, but not too
narrow in order to avoid large delays that could compromise the stability of
the closed-loop. In Figure 13.3 an example of the encoder measure compared
with the actual angular velocity of the motor w and the filtered measure wy,
is reported. The presence of the filter significantly improves the quality of
the measure used to implement the control, but some oscillations are still
present on the filtered measure wy,.

For the simulations, a time variant speed reference and a time variant
load torque profile, reported in Figure 13.4, of the duration of 106 s are
used. The reference speed profile varies between 1870 rpm = 196 rad/s and
2645 rpm = 277 rad/s, while the load torque varies between -35.9 Nm and
28.5 Nm. This duty cycle comes from a traction automotive application,
and is selected in order to excite the motor in different working points for
the currents.

The PI for the speed closed-loop is tuned on the base of a linearization of
the mechanical dynamic (13.8) around the desired working point, taking into
account the delay effect introduced by the filter G¢(s). The selected propor-
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Figure 13.4: Load torque and speed reference profiles considered in the
simulations.

tional and integral constants are respectively Kp = 1 and K7 = 20. The cost
matrices for the velocity form MPC are set to Q = diag(0.1,0.1,10,5), R =
0.1Iy and S = diag(100, 10), while the prediction horizon is N =n + p = 4,
that is the minimum value that guarantees the properties of Theorem 13.1.
Note that the error of the current on the d axis is penalized more than the
one on the g axis because the variation of the current on the d axis is in
general slower, since Lq > L.

The velocity form MPC algorithm is compared with a schema with PI
controllers and decoupling, that is the most commonly used in the indus-
try, and with a classic MPC. All the simulations are implemented in Mat-
lab/Simulink environment on a standard laptop, and the MPC optimization
is solved using Matlab quadprog function. This setup does not allow to
analyze the real time feasibility of the optimization problem, since in the
considered application the controller is typically implemented on a micro
controller. Nevertheless, recent works [254, 48] have shown that MPC algo-
rithms for electric motors with a similar complexity to the one proposed in
this chapter can be successfully implemented in real time.

13.4.1 Current control with PI and decoupling

A PI control with decoupling is considered as first baseline controller for
the inner closed-loop. The electric dynamics (13.6) is firstly decoupled by
considering new auxiliary control variables

a(t) = Va(t) + we(t) Lq(La(t), Iq(t)) I(t) (13.12a)
a(t) = Vo(t) — we(t) La(la(t), Iq(£)) La(t). (13.12b)
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Then, considering the values of the inductances in the working point, the
following linear approximation of the decoupled electric dynamics is obtained

falt) = ~721a(0) + 7 a(0) (13.132)
Ia(t) = = 2 14(6) + 2 Va(0). (13.13b)

In this way the MIMO system is approximated as a collection of two SISO
independent subsystems, and a PI controller for each subsystem can be
tuned using standard techniques. In particular, the zeros of the two Pls
are selected to cancel the poles of the SISO approximation of the decoupled
system (13.13). Then, the two gains are selected to have a bandwidth of
about 500 rad/s for the two closed-loops. The gains of the PI for the d axis
are Kp = 24 and K1 = 300, while for the ¢ axis are Kp = 4.8 and K71 = 300.
The outputs of the two Pls are V4 and f/q, and the original control variables
Va and V can be retrieved from (13.12). Note that to apply (13.12) the
values of the speed w and of the inductances Lq(Iq4,Iy) and Lq(I4, I4) must
be known.

13.4.2 Current control with classic MPC

As a second baseline controller, a classic MPC for regulation is considered.
The classic MPC considers the same linear discrete time model (13.11) of
the velocity form MPC, and uses a quadratic stage cost that penalizes the
difference of the state and input with respect to their references x,.. and
Uref, that are the equilibrium state and input correspondent to the output
Yret- In particular et = Yrer and uger = B~ (Iz — A)z.ef. The optimization
problem of the MPC is the following

N-1
min 3 ([l = oty + s = et ) + [las = el |3
1=0
s.t. Tojk = Tk
$i+1|k :Aitl‘k—f—BUzlk ZZO,,N—l
wip €U i=0,.,N—1

where Q, R and S are design choice, and in the implementation are set to
Q = 10*I,, R = I,, while S is selected as the solution of the discrete time
Riccati equation. The prediction horizon is selected to be the same of the
velocity form MPC, i.e. N = 4. Then, denoting with uak,.. Uy 1k the
solution of the optimization, the MPC control law is ug = ug,. Note that,
as typical for this application, this formulation of MPC does not guarantee
closed-loop stability. The introduction of a terminal inequality constraint
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Figure 13.5: Currents with the velocity form MPC control: reference (blue)
and actual values (orange).
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Figure 13.6: Speed with the velocity form MPC control: reference (blue)
and actual value (orange).

to guarantee stability is not straightforward since the MPC references may
change at each sampling instant.

13.4.3 Simulations on the nominal system

In Figures 13.5-13.10 the currents and speed of the closed-loop simulations
with the three controllers are reported. In the current profiles of all the
simulations there are regions where the current references have large os-
cillations, in particular on the d axis. This is due to the interpolation of
the values in the MTPA/MTPV LUT, that in those regions are less dense.
Small oscillations on the current references are also present independently
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Figure 13.7: Currents with the PI and decoupling control: reference (blue)
and actual values (orange).
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Figure 13.8: Speed with the PI and decoupling control: reference (blue) and
actual value (orange).

on the working point because of the oscillations on the filtered speed mea-
sure wy,. Both the velocity form MPC and the PI with decoupling are able
to control the motor in a satisfactory way, giving comparable closed-loop
performances. Instead, the classic MPC is not able to correctly follow the
current reference on the ¢ axis, and the tracking error on the current causes
a degradation of the speed profile. This is due to the approximation errors
in the model used by the MPC, that are not compensated by the presence of
an integral action as in the velocity form MPC. Moreover, the simulations
show that the introduction of the artificial reference is a key element for the
implementation of the velocity form MPC with the terminal equality con-
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Figure 13.9: Currents with the classic MPC control: reference (blue) and
actual values (orange).
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Figure 13.10: Speed with the classic MPC control: reference (blue) and
actual value (orange).

straint. If the artificial reference is not included, the optimization problem
results infeasible. Note that the velocity form MPC is based on constant
values of Lq and Ly, and does not require the use of the LUT describing
the relation between the currents and the inductances. On the contrary, the
decoupling in the PI control scheme assumes the knowledge of the relation
between the inductances and the currents. If only constant values are used,
as for the MPC, the closed-loop has a strong oscillatory behavior, and the
simulation, reported in Figure 13.11, encounters an error after about 1.4
s. This is an important difference because the derivation of the LUT can
be time consuming since it requires a FEM model of the motor or specific
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Figure 13.11: Currents and speed with PI and decoupling control, using
constant inductance values to compute the decoupling terms: references
(blue) and actual values (orange). The simulation encounters an error after
about 1.4 s.

experiments on the physical machine. Moreover, both FEM and physical
experiments are affected by uncertainties. Hence, in the next subsection,
the performances of the velocity form MPC and of the PI control are tested
in presence of uncertainties in the inductances values.

13.4.4 Simulations in presence of model uncertainties

To test the robustness of the proposed control approaches to errors in the
inductances values, some additional simulations are carried out using per-
turbed versions of the inductances LUT in the motor simulator. Firstly,
some measurements of the inductances have been performed on the physical
motor at different values of Iy and I, and the measured values Lq ., and
Lqm have been compared with the nominal values obtained from the FEM
model Lq, and Lgy. In this way the following uncertainty ranges have been
derived
Ld,m Lq,m
0.88 < —— <1.26, 0.72 < —= < 1.53. (13.14)
Ld,n Lq,n
Note that since Ly < Lq it is expected that the uncertainty on L is in
proportion larger than the uncertainty on Lg. To derive the perturbed
LUTs it was considered that the error on the inductance may be different in
different current regions, but the inductances that correspond to close values
of currents are similar. Hence, some matrices of random coefficients in the
ranges (13.14) with a dimension that is much smaller than the dimension of
the inductances LUT have been extracted. Then, the random matrices have
been linearly interpolated to obtain matrices of the same dimension of the
LUT, to be multiplied element by element with the nominal LUT to obtain
the perturbed LUT. Using this procedure, 7 different sets of perturbed LUT
have been derived. The simulations have been preformed using the nominal
LUT in for the controller, and the perturbed LUT in the motor simulation
model.
The results of the simulation with one of the perturbed LUT are in
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Figure 13.12: Currents with the PI and decoupling control, and the per-
turbed LUT in the simulation model: reference (blue) and actual values
(orange).
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Figure 13.13: Speed with the PI and decoupling control, and the perturbed
LUT in the simulation model: reference (blue) and actual value (orange).

Figures 13.12-13.15. The performances with the velocity form MPC are
comparable with the simulation with the nominal model of the motor. This
is expected, because only one value of inductance is used in the MPC algo-
rithm, and the algorithm is already designed to cope with modeling errors.
Instead, in the simulation with the PI, there is a degradation of performances
with respect to the simulation with the nominal model of the motor. In par-
ticular, in some time intervals some undesired oscillations appear on the
speed profile (see Figure 13.13).

249



Chapter 13. Velocity form MPC for current control in Synchronous
Reluctance motors

10
< 0
=
10

-20
0 10 20 30 40 50 60 70 80 90 100
Time [s]

30 F E
= 20 | ]
=~ 10 e

0k | | | | | | | | | | |
0 10 20 30 40 50 60 70 80 90 100
Time [s]

Figure 13.14: Currents with the velocity form MPC, and the perturbed LUT
in the simulation model: reference (blue) and actual values (orange).
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Figure 13.15: Speed with the velocity form MPC, and the perturbed LUT
in the simulation model: reference (blue) and actual value (orange).

13.5 Conclusions

In this chapter, the use of velocity form MPC for the control of currents in
SynchRel motors is proposed. The velocity form MPC is designed to guaran-
tee closed-loop stability and zero-error regulation, and consists in a quadratic
programming optimization problem that can be solved in efficient way. The
introduction of an artificial reference in the MPC is fundamental to guaran-
tee feasibility and better performances in presence of the terminal equality
constraint. The velocity form MPC algorithm requires the knowledge of a
single value of inductance for the implementation. This is a significant im-
provement with respect to the standard PI control with decoupling, where
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the use of accurate values of the inductances is fundamental to maintain an
acceptable closed-loop behavior. Moreover, the velocity form MPC shows
better performances in presence of model uncertainties with respect to the
PI and decoupling control, and can explicitly manage the voltage saturation
constraints.
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Conclusions

In this thesis, we studied how to provide theoretical guarantees on stability,
robustness and performances in nonlinear MPC using data-driven models,
with a particular focus on the presence of modeling errors. This was achieved
considering two families of models: RNNs and Koopman operator-based
models.

RNNs were used to model open-loop J0ISS systems. Since the system
under control was assumed to be J§ISS, we have considered RNN models
satisfying the same stability property. The 0ISS property of the model
was exploited in the design of the ingredients of the MPC algorithm. In
particular, we showed how to design observers for this class of systems and
how a §ISS-Lyapunov function of the model can be employed to synthesize
stabilizing terminal ingredients for the MPC and constraint tightening for
robust satisfaction of output constraint. In this framework, we have also
shown how it is possible to manage hard constraints on the input variation
and how to prove stability in presence of positive semi-definite stage costs.
On the performance point of view, we showed how to implement offset-
free MPC to achieve zero-error regulation in presence of modeling error
and disturbances, and how to employ an artificial reference to enlarge the
feasibility region of the optimization problem. The MPC algorithms were
designed for different RNN architecture. Along the chapters, we highlighted
that the general design ideas can be applied to all the RNN classes, provided
that the JISS property is guaranteed, and even to JISS systems that are not
described by RNNs. Instead, the specific expression of the MPC ingredients
(such as the terminal cost or the observer structure) have to be adapted
depending on the particular equations of the model.

For Koopman operator-based models, we focused on the problem of con-
vergence of MPC to the desired equilibrium. Our main result is that it
is possible to guarantee asymptotic stability of data-driven MPC provided
that there exist sufficiently tight proportional and uniform error bounds on
the modeling error. Moreover, we showed how these requirement can be
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satisfied using kernel EDMD to approximate the Koopman operator. When
proportional error bounds cannot be guaranteed or when the full descrip-
tion of the reference equilibrium is unknown, an alternative to ensure that
the closed-loop reaches asymptotically the setpoint is the use of offset-free
MPC, that was presented in Chapter 11 using different model classes in the
Koopman framework.

Finally, in the application to the current control of SynchRel motors,
we showed a possible way to implement a stabilizing MPC that guarantees
offset-free tracking in a real world application, obtaining an improvement
of performances with respect to standard control strategies in presence of
uncertainties in the motor model.

The results of this thesis allows to combine powerful learning-based
methods with MPC in a safe way. In particular, the derived theoretical
results take explicitly into account the presence of uncertainties in the data-
driven models. This is an improvement with respect to many results in
the literature, that are often based on heuristics or are derived only in the
nominal case, i.e. assuming that the data-driven model exactly describes
the plant. The theoretical results are validated in simulation on popular
benchmark processes, showing the effectiveness of the proposed approaches.

14.1 Future research directions

The results of this thesis open many possible future research directions and
extensions.

Uncertainty estimation for RNN models The robust MPC algorithms
proposed for RNN models rely on the assumption that the uncertainty is
bounded. However, we did not provide a rigorous method to assess the
uncertainty bounds, that have been estimated from testing data in the sim-
ulation examples. If the bounds are underestimated, there is the risk of
loss of feasibility and of constraint violations, while an overestimation of the
uncertainty leads to a high conservatism of the algorithm. The availability
of bounds on the modeling errors could also allow to extend the stability
analysis carried out in Chapter 12 to RNN models.

Stochastic MPC The boundedness of uncertainty assumed by the robust
MPC algorithms proposed in the thesis is not always easy to guarantee in
a real world setting. Moreover, most of the deterministic approaches to ro-
bust MPC suffer of conservatism, in particular in the nonlinear framework.
A possible method to reduce the conservatism while maintaining (probabilis-
tic) guarantees on the constraint satisfaction is the use of stochastic MPC
algorithms.
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Extension to multi-layer RNN All the RNN-based MPC algorithms
presented in the thesis rely on shallow RNNs, i.e. RNNs composed by a
single layer. However, it has been shown that for complex systems the
use of multi-layer RNNs (also known as deep RNNs) can provide a higher
prediction accuracy. The results of Section 2.4 and of [28, 30] show that
if each layer of a deep RNN is JISS, then the overall model is §ISS. This
property could be exploited to design MPC algorithms for deep RNN models
similarly to how it was done in the thesis for shallow RNNs.

Enlargement of the class of systems for RNN-based MPC In the
thesis, we have always considered systems that are open-loop JdISS to be
modeled with RNNs. While this choice guarantees a degree of safety, since it
ensures that the state initialization vanishes and that similar input sequences
lead to similar output predictions, it also reduces the class of systems to
which the control algorithms can be applied. Hence, the study of RNN-based
MPC for systems that are not open-loop dISS would expand the applicability
of the methodology to many more systems.

Koopman-based MPC with terminal ingredients In Chapter 12 we
have derived conditions on the modeling error that guarantee asymptotic
stability of data-driven MPC without terminal ingredients. Similar results
can also be obtained for MPC with terminal ingredients, in the presence of
proportional and uniform error bounds and of a properly designed quadrat-
ically upper bounded terminal cost [217].

Other Koopman-based MPC extensions The results in Part I1I of the
thesis are focused on the stability properties of Koopman-based MPC algo-
rithms, but do not consider the presence of state constraints. The availability
of tight error bounds in error bounds in EDMD models could also allow to
design robust MPC algorithms, see the preliminary results in [217]. More-
over, an interesting open research point is the derivation of error bounds
for kernel EDMD for stochastic systems, see the recent results in [98] for
autonomous stochastic dynamics, that could be applied in the design of
stochastic MPC algorithms. Finally, the use of input/output data for the
derivation of Koopman-based models would broaden the applicability of
Koopman MPC to the wide class of systems with unmeasurable states.

Application to real world systems The proposed data-driven MPC
algorithms have been successfully tested in simulation on different bench-
mark examples. However, the thesis lacks of experiments on real world
applications, that would further confirm the effectiveness of the proposed
approaches.
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