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Series Editors’ Foreword

The Advanced Textbooks in Control and Signal Processing series is designed as a
vehicle for the systematic textbook presentation of both fundamental and innovative
topics in the control and signal processing disciplines. It is hoped that prospective
authors will welcome the opportunity to publish a more rounded and structured
presentation of some of the newer emerging control and signal processing tech-
nologies in this textbook series. However, it is useful to note that there will always
be a place in the series for contemporary presentations of foundational material in
these important engineering areas.

In 1995, our monograph series Advances in Industrial Control published Model
Predictive Control in the Process Industries by Eduardo F. Camacho and Carlos
Bordons (ISBN 978-3-540-19924-3, 1995). The subject of model predictive control
in all its different varieties is a popular control technique and the original mono-
graph benefited from that popularity and consequently moved to the Advanced
Textbooks in Control and Signal Processing series. In 2004, it was republished in a
thoroughly updated second edition now simply entitled Model Predictive Control
(ISBN 978-1-85233-694-3, 2004). A decade on, the new edition is a successful and
well-received textbook within the textbook series.

As demonstrated by the continuing demand for Prof. Camacho and Prof.
Bordon’s textbook, the technique of model predictive control or “MPC” has been
startlingly successful in both the academic and industrial control communities. If
the reader considers the various concepts and principles that are combined in MPC,
the reasons for this success are not so difficult to identify.

“M ~ Model” From an early beginning with transfer-function models using the
Laplace transform through the 1960s’ revolution of state-space system descriptions
leading on to the science of system identification, the use of a system or process
model in control design is now very well accepted.

“P ~ Predictive” The art of looking forward from a current situation and
planning ahead to achieve an objective is simply a natural human activity. Thus,
once a system model is available it can be used to predict ahead from a currently
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measured position to anticipate the future and avoid constraints and other
restrictions.

“C ~ Control” This is the computation of the control action to be taken. The
enabling idea here is automated computation achieved using optimization.
A balance between output error and control effort used is captured in a cost function
that is usually quadratic for mathematical tractability.

There may be further reasons for its success connected with nonlinearities, the
future process output values to be attained, and any control signal restrictions; these
combine to require constrained optimization. In applying the forward-looking
control signal, the one-step-at-a-time receding-horizon principle is implemented.

Academic researchers have investigated so many theoretical aspects of MPC that
it is a staple ingredient of innumerable journal and conference papers, and mono-
graphs. However, looking at the industrial world, the two control techniques that
appear to find extensive real application seem to be PID control for simple appli-
cations and MPC for the more complicated situations. In common with the ubiq-
uitous PID controller, MPC has intuitive depth that makes it easily understood and
used by industrial control engineers. For these reasons alone, the study of PID
control and MPC cannot be omitted from today’s modern control course.

This is not to imply that all the theoretical or computational problems in MPC
have been solved or are even straightforward. But it is the adding in of more process
properties that leads to a need for a careful analysis of the MPC technique. This is
the approach of this Advanced Textbooks in Control and Signal Processing entry
entitled Predictive Control: Classical, Robust and Stochastic by Basil Kouvaritakis
and Mark Cannon. The authors’ work on predictive control at Oxford has been
carried out over a long period and they have been very influential in stimulating
interest in new algorithms for both linear and nonlinear systems.

Divided into three parts, the text considers linear system models subject to
process-output and control constraints. The three parts are as follows: “Classical”
refers to deterministic formulations, “Robust” incorporates uncertainty to the sys-
tem description and “Stochastic” considers system uncertainty that has probabilistic
properties. In the presence of constraints, the authors seek out conditions for
closed-loop system stability, control feasibility, convergence and algorithmic
computable control solutions. The series editors welcome this significant contri-
bution to the MPC textbook literature that is also a valuable entry to the Advanced
Textbooks in Control and Signal Processing series.

August 2015 Michael J. Grimble
Michael A. Johnson

Industrial Control Centre

Glasgow, Scotland, UK



Preface

One of the motivations behind this book was to collect together the many results
of the Oxford University predictive control group. For this reason we have, rather
unashamedly, included a number of ideas that were developed at Oxford and in this
sense some of the discussions in the book are included as background material that
some readers may wish to skip on an initial reading. Elsewhere, however, the
preference for our own methodology is quite deliberate on account of the distinctive
nature of some of the Oxford results. Thus, for example, in Stochastic MPC our
attention is focussed on algorithms with guaranteed control theoretic properties,
including that of recurrent feasibility. On account of this, contrary to common
practice, we often eschew the normal distribution, which despite its mathematical
convenience neither lends itself to the proof of stability and feasibility, nor does it
allow accurate representations of model and measurement uncertainties, as these
rarely assume arbitrarily large values. On the other hand, we have clearly attempted
to incorporate all the major developments in the field, some of which are rather
recent and as yet may not be widely known. We apologise to colleagues whose
work did not get a mention in our account of the development of MPC; mostly this
is due to fact that we had to be selective of our material so as to give a fuller
description over a narrower range of concepts and techniques.

Over the past few decades the state of the art in MPC has come closer to the
optimum trade-off between computation and performance. But it is still nowhere
near close enough for many control problems. In this respect the field is wide open
for researchers to come up with fresh ideas that will help bridge the gap between
ideal performance and what is achievable in practice.

October 2014 Basil Kouvaritakis
Mark Cannon
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Chapter 1
Introduction

The benefits of feedback control have been known to mankind for more than 2,000
years and examples of its use can be found in ancient Greece, notably the float reg-
ulator of the water clock invented by Ktesibios in about 270 BC [1]. The formal
development of the field as a mathematical tool for the analysis of the behaviour
of dynamical systems is much more recent, beginning around 150 years ago when
Maxwell published his work on governors [2]. Since then the field has seen spectacu-
lar developments, promoted by the work of mathematicians, engineers and physicists.
Laplace, Lyapunov, Kolmogorov, Wiener, Nyquist, Bode, Bellman are just a few of
the major contributors to the edifice of what is known today as control theory.

A development of particular interest, both from a theoretical point of view but
also one that has enjoyed considerable success in terms of practical applications, is
that of optimal control. Largely based on the work of Pontryagin [3] and Bellman [4],
optimal control theory is an extension of the calculus of variations [5, 6] addressing
the problem of optimizing a cost index that measures system performance through
the choice of system parameters that are designated as control inputs. The appeal
of this work from a control engineering perspective is obvious because it provides
a systematic approach to the design of strategies that achieve optimal performance.
Crucially, the optimal control solution has the particularly simple form of linear
state feedback for the case of linear systems and quadratic cost functions, and the
feedback gains can be computed by solving an equation known as the steady-state
Riccati equation [7]. This applies to both continuous time systems described by sets of
differential equations and to discrete time systems formulated in terms of difference
equation models. The latter description is, of course, of special importance to modern
applications, which are almost entirely implemented using digital microprocessors.

The benefits of optimal control are, however, difficult to achieve in the case of
systems with nonlinear models and systems that are subject to constraints on input
variables or model states. For both these cases, in general, it is not possible to
derive analytic expressions for the optimal control solution. Given the continuing
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improvements in the processing power of inexpensive microprocessors, one might
hope that optimal solutions could be computed numerically. However, the associated
optimization problem is difficult to solve for all but the simplest cases, and hence it
is impracticable for the majority of realistic control problems. In the pursuit of opti-
mality one is therefore forced to consider approximate solutions, and this is perhaps
the single most important reason behind the phenomenal success of model predictive
control (MPC). MPC is arguably the most widely accepted modern control strategy
because it offers, through its receding horizon implementation, an eminently sensible
compromise between optimality and speed of computation.

The philosophy of MPC can be described simply as follows. Predict future behav-
iour using a system model, given measurements or estimates of the current state of the
system and a hypothetical future input trajectory or feedback control policy. In this
framework future inputs are characterized by a finite number of degrees of freedom,
which are used to optimize a predicted cost. Only the first control input of the optimal
control sequence is implemented, and, to introduce feedback into this strategy, the
process is repeated at the next time instant using newly available information on the
system state. This repetition is instrumental in reducing the gap between the predicted
and the actual system response (in closed-loop operation). It also provides a certain
degree of inherent robustness to the uncertainty that can arise from imperfect knowl-
edge or unknown variations in the model parameters (referred to as multiplicative
uncertainty), as well as to model uncertainty in the form of disturbances appearing
additively in the system dynamics (referred to as additive uncertainty).

Many early MPC strategies took account of predicted system behaviour over a
finite horizon only and therefore lacked guarantees of nominal stability (i.e. closed-
loop stability in the absence of any uncertainty). This difficulty was initially overcome
by imposing additional conditions, known as equality terminal constraints, on the
predicted model states. Such conditions were chosen in order to ensure that the
desired steady state was reached at the end of a finite prediction horizon. The effect
of these constraints was to render a finite horizon equivalent to an infinite horizon,
thereby ensuring various stability and convergence properties.

Imposing the requirement that predicted behaviour reaches steady state over a
finite future horizon is in general an overly-stringent requirement, and furthermore
it presents computational challenges in the case of systems described by nonlinear
models. Instead it was proposed that a stabilizing feedback law could be used to
define the predicted control inputs at future times beyond the initial, finite prediction
horizon. This feedback law is known as a terminal control law, and is often taken to be
the optimal control law for the actual system dynamics in the absence of constraints
(if that is available), or otherwise can be chosen as the optimal control law for the
unconstrained, linearized dynamics about the desired steady state. To ensure that this
control law meets the system constraints, thereby ensuring the future feasibility of
the receding horizon strategy, additional constraints known as terminal constraints
are imposed. These typically require that the system state at the end of the initial
finite prediction horizon should belong to a subset of state space with the property
that once entered, the state of the constrained system will never leave it.
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We refer to the MPC algorithms that are derived from the collection of ideas
discussed above as Classical MPC. These cause the controlled system, in closed-
loop operation, to be stable, to meet constraints and to converge (asymptotically)
to the desired steady state. However, it is often of paramount importance that a
controller should have an acceptable degree of robustness to model uncertainty.
This constitutes a much more challenging control problem. We refer to the case in
which the uncertainty has known bounds but no further information is assumed as
Robust MPC (or RMPC), and to the case in which model uncertainty is assumed to be
random with known probability distribution, and where some or all of the constraints
are probabilistic in nature, as Stochastic MPC (or SMPC).

Thus let the state model of a system be x™ = Ax 4+ Bu + Dw, where x and x*
denote, respectively, the current model state and the successor state (i.e. the state at
the next time instant), u is the vector of control inputs and w represents an unknown
vector of external disturbance inputs. For such a model it may be the case that the
numerical values of the elements of the matrices A, B, D are not known (or indeed
knowable) precisely; this corresponds to the case of multiplicative uncertainty. The
model parameters may however be known to lie in particular intervals, whether they
are constant or vary with time, in which case the uncertainty is bounded by a known
set of values. Typically these uncertainty sets will be polytopic sets defined by known
vertices or by a number of linear inequalities. To give an example of this, consider
the payloads of a robotic arm that may differ from time to time, depending on the
task performed. This naturally leads to uncertainty which can be modelled (albeit
conservatively) as multiplicative bounded uncertainty in a linear model. Similarly,
the additive disturbance representing, for example, torques arising from static friction
in the robot arm system discussed above, though unknown, will lie in a bounded set
of additive uncertainty.

Such a problem would almost certainly be subject to constraints implied by max-
ima on possible applied motor torques, or consideration of safety and/or singularities
which impose limits on the angular positions of the various links of the robotic arm.
A general linear representation of such constraints, whether they apply only to the
control input, or to the state, or are mixed input and state constraints, is Fx + Bu < 1.
The concern then for RMPC would be to guarantee stability, constraint satisfaction
and convergence of the state vector to a given steady-state condition or set of states,
for all possible realizations of uncertainty.

In a number of applications, however, uncertainty is subject to some statistical
regularity and can be modelled as random but with known probability distribution.
Thus consider the problem of controlling the pitch of the blades of a wind turbine with
the aim of maximizing electrical power generation while at the same time limiting
the fatigue damage to the turbine tower due to fore-and-aft movement caused by
fluctuations in the aerodynamic forces experienced by the blades. Although the wind
speed is subject to random variations, it can be modelled in terms of given probability
distributions. Furthermore, fatigue damage occurs when tower movement exceeds
given limits frequently. Therefore the implied constraint is not that extreme tower
movement is not allowed but rather that it happens with a probability which is below
a given threshold. This situation cannot be described by a hard constraint such as
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Fx 4+ Gu < 1, but can more conveniently be modelled by probabilistic constraints
of the form Pr{Fx 4+ Gu < 1} < p where p represents a given probability. It
is the object of Stochastic MPC to ensure that such constraints, together with any
additional hard constraints that may be present, are met in closed-loop operation, and
to simultaneously stabilize the system, for example by causing the state to converge
to a given steady-state set.

Classical, Robust and Stochastic MPC are the main topics of this book; the three
distinct parts of the book discuss each of these in turn. Our tendency has been in each
part of the book to start with background material that helps define the basic concepts
and then progressively present more sophisticated algorithms. By and large these are
capable of affording advantages over the earlier presented results in terms of ease of
computation, or breadth of applicability in terms of the size of their allowable set of
initial conditions or degree of optimality of performance. This in a way is a reflection
of the development of the field as a whole, which continuously aspires for optimality
tempered with ease of implementation.

This book only explicitly addresses systems with linear dynamics, but the reader
should be aware that most of the results presented have obvious extensions to the
nonlinear case, provided certain assumptions about convexity are satisfied. There are
clear implications of course in terms of ease of online computation, but the hope is
that with the increasing speed and storage capabilities of computing hardware for
control, this aspect will become less significant. Below, we give a brief description
of the salient features to be presented in each of the three parts of the book.

1.1 Classical MPC

The first part comprises a single chapter that describes developments concerning the
nominal case only, but simultaneously lays the foundations for the remainder of the
book by introducing key concepts (e.g. set invariance, recurrent feasibility, Lyapunov
stability, etc.). It begins with the problem definition and an unconventional derivation
of the optimal unconstrained control law; this is done deliberately so as to avoid
repeating the classical presentation of ideas of calculus of variations and Pontryagin’s
maximum principle. It then moves on to describe the dual mode prediction setting.
Some readers may object to the use of the term “dual mode” here since it is sometimes
reserved to describe a control strategy that switches between two different control
laws (e.g. when the system state transitions into a particular region of state space
around the desired steady state). Our use of the term “dual mode” refers instead to the
split of the predicted control sequence into the control inputs at the first N predicted
time-steps (which are not predetermined) and those that apply to the remainder of
the prediction horizon (which are fixed by a terminal feedback law). The terms mode
1 and mode 2 constitute in our opinion a useful and intuitive shorthand for the two
modes of predicted operation.
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Discussion then turns to set invariance, which in the first instance is introduced
in connection with a terminal control law. Subsequently this is developed into the
concept of controlled invariance, which is a convenient concept for describing the
feasibility properties of the system constraints combined with terminal constraints.
Instrumental in this and in the attendant proof of stability is the idea of what we call,
for lack of a better descriptive terminology, the “tail”. This constitutes a method of
extending a future trajectory computed at any given time instant to a subsequent time
instant, and provides a convenient tool for establishing both recurrent feasibility and
a monotonic non-increasing property of the cost. The former relates to the property
that feasibility at current time implies feasibility at the next and subsequent instants,
whereas the latter can be used to establish closed-loop stability.

A formulation of interest concerns an alternative representation of the prediction
dynamics that makes use of a lifted autonomous state space model. Here the state is
augmented to include the degrees of freedom in the control sequence of mode 1; this
provides a framework that expedites many of the arguments presented in the subse-
quent parts of the book, and it also leads to a particularly efficient implementation
of nominal MPC. Moreover, it enables the design of prediction dynamics that can be
optimized, for example with the aim of maximizing the size of the set of allowable
initial conditions.

The chapter also considers aspects of computation and presents early MPC algo-
rithms, one of which enables the introduction of a Youla parameter into the MPC
problem.

1.2 Robust MPC

The presence of bounded uncertainty leads to a generally more challenging control
problem which is addressed by RMPC and is discussed in the second part of the
book. We begin by considering the case of additive disturbances, examining first a
class of MPC strategies that perform prediction optimization over open-loop input
trajectories. These are distinct from strategies employing optimization over control
policies, which in essence are closed-loop prediction strategies in that they take
account of future realizations of uncertainty which, though not known to the controller
at current time, will be available when the control law is computed at a future time.

We begin our account by describing a state decomposition into nominal and uncer-
tain components. This, in conjunction with an augmented predicted state model,
enables the treatment of robust invariance and recursive feasibility and also suggests
convenient ways to define and compute maximal and minimal robust invariant sets.
Then, using the dual mode prediction paradigm and a nominal predicted cost, it is
possible to develop an RMPC strategy with guaranteed stability and convergence
properties.

Next we consider a game theoretic approach, a control strategy that is revisited
later when the case of mixed additive and multiplicative uncertainty is examined. This
approach uses a min-max optimization in which the cost is defined so as to set up a
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dynamic game between the uncertainty, over which RMPC performs a maximization,
and the controller, which selects the control input by minimizing the maximum cost.
Over and above the usual control theoretic properties of recursive feasibility and
convergence to some steady-state set, this approach also provides a quantification of
the disturbance rejection properties of RMPC.

The exposition then moves on to the tube RMPC methodology that appears to
have dominated the relevant literature over the past 15 years or so. According to this,
constraints are enforced by inclusion conditions that ensure the uncertain future state
and input trajectories lie in sequences of sets, known as tubes, which are contained
entirely within sets in which constraints of the control problem are satisfied. The
sets defining the tubes were originally taken to be low-complexity polytopic sets
(i.e. affine transformations of hypercubes), but were later replaced by more general
sets which are either fixed or scalable. Such tubes can be used to guarantee recursive
feasibility through the use of suitably defined constraints. The topic of open-loop
strategies for the additive uncertainty case is brought to a close through a review of
some early Tube RMPC strategies that deployed tubes with low-complexity polytopic
cross sections as well as a review of an RMPC strategy that achieved recurrent
feasibility with respect to the entire class of additive uncertainty through an artificial
tightening of constraints.

Open-loop strategies are computationally convenient but can be conservative since
they ignore information about future uncertainty that, though not available at current
time, will be available to the controller. For a given prediction horizon and terminal
control law, the best possible performance and the largest set of admissible initial
conditions is obtained by optimizing a multistage min-max control problem over all
feedback policies. This problem, and its solution through the use of dynamic pro-
gramming (DP), is considered next in the book. The drawback of this approach and its
implementation within an MPC framework is that computation grows exponentially
with the prediction horizon and system dimension.

The optimal solution can be shown to be an affine function of the system state
which is dictated by the set of active constraints. Thus, in theory, one could poten-
tially compute this function offline at the regions of the state space defined by differ-
ent sets of active constraints. The number of such regions however typically grows
exponentially with the size of the system and therefore this approach is not practi-
cable for anything other than low order systems and short prediction horizons. To
avoid this problem it is possible to use an approach based on an online interpolation
between the current state and a state at which the optimal control law is known. The
active constraint set is updated during this interpolation and an equality constrained
optimization problem is solved at each active set change. Although this active set
dynamic programming approach can lead to significant reductions in online com-
putation, it still requires the offline computation of controllability sets which may
be computationally demanding. In such cases it may be preferable to perform the
optimization over a restricted class of control policies, since this may provide a good
approximation of the optimal solution at a fraction of the computational cost.

One such policy employs a feedback parameterization with an affine dependence
on past disturbance inputs, resulting in a convex optimization problem in a number
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of variables that grows quadratically with the prediction horizon. Through the use
of a separable prediction scheme with a triangular structure it is possible to pro-
vide disturbance feedback that is piecewise affine (rather than simply affine) in the
disturbance. The resulting RMPC algorithm, Parameterized Tube MPC (PTMPC),
provides a greater degree of optimality for a similar computational load, with the
number of optimization variables again depending quadratically on the prediction
horizon. Computation can be reduced by using a scheme with a striped triangular
structure (for which the dependence of the number of optimization variables on hori-
zon length is linear) rather than a triangular prediction scheme. With this approach it
is possible to outperform PTMPC since the effects of the striped prediction structure
are allowed to extend into mode 2, thus effectively replacing the fixed terminal law
by one that is optimized online.

We next consider RMPC in the presence of multiplicative uncertainty. Early work
on this topic used a parameterization of predicted control inputs in terms of a lin-
ear state feedback law in which the feedback gain is taken to be an optimization
variable computed online at each time instant. The approach uses quadratic con-
straints, expressed as linear matrix inequalities, to ensure that the predicted state
is contained in ellipsoids within which constraints are satisfied. These ellipsoidal
sets also guarantee a monotonic non-increasing property for the predicted cost for
a polytopic class of uncertainty. The prediction structure of this approach was sub-
sequently enriched by introducing additional optimization variables in the form of
a perturbation sequence applied to the predicted linear feedback law. However, this
increases the required online computation considerably, making it overly demanding
for high order systems or systems with many uncertain parameters. A very signifi-
cant reduction in online computation can be achieved by using a lifted autonomous
model for the prediction dynamics. This latter approach also enables the dynamics
defining the predicted state and input trajectories to be optimized through an offline
optimization, thus maximizing the volume of an ellipsoidal region of attraction.

As in the case of additive uncertainty, multiplicative uncertainty can be handled
conveniently through the introduction of tubes defining the evolution of the predicted
state and control trajectories. This is considered next, first with tubes consisting of
low-complexity polytopic sets, and then with general polytopic tube cross sections
through appropriate use of Farkas’ lemma. A combination of these ideas with the
lifted optimized dynamics is discussed for the derivation of a min-max RMPC algo-
rithm for the case of mixed additive and multiplicative uncertainty.

1.3 Stochastic MPC

The final part of this book is dedicated to SMPC which deals with the case when
uncertainty is random, with known probability distribution, rather than simply being
known to lie in a given set. This opens up the possibility of incorporating statistical
information in the definition of optimal performance, and of allowing some or all of
the constraints to be of a probabilistic nature. Early versions of SMPC were concerned
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with the unconstrained case and considered the minimization of the one-step-ahead
variance or the expected value of a quadratic cost over a given prediction horizon.
However, use of only expected values removes much of the stochastic nature of the
problem, so these early algorithms, although historically important, cannot really be
classified as SMPC.

We begin our treatment of SMPC by defining the stochastic system models
together with the probabilistic constraints and discussing the basic assumption of
mean-square stability. Use is made of the dual mode prediction paradigm and the
unconstrained optimal control law is developed for a particular form of predicted cost.
This is then followed by the treatment of a mean-variance predicted cost SMPC. The
discussion is concluded by a review of some earlier stochastic predictive control
work, namely Minimum Variance Control and MPC through the use of moving aver-
age models in conjunction with chance constraints. Also included is a description of
earlier work based on a fully stochastic formulation in which both the constraints and
the cost are defined using the probabilistic information about the uncertainty. This
approach was developed in the context of a sustainable development problem which
is also discussed. Such a formulation appears to be eminently appropriate for a prob-
lem with such a strong stochastic element: it involves a prediction horizon, which
by definition has to be the inter-generational gap, and over which it is unrealistic to
model the uncertainties of world economy in a deterministic manner.

The following chapter presents useful tools for the construction of SMPC algo-
rithms such as recursive feasibility, supermartingale convergence analysis, proba-
bilistic invariance and Markov chain models. Using these ingredients, SMPC algo-
rithms are proposed using an expectation cost and a mean variance cost as well as
algorithms based on probabilistically invariant ellipsoids and algorithms based on
tubes with polytopic cross sections constructed on the basis of Markov chain models.

Our discussion of SMPC concludes by considering algorithms that use tubes with
polytopic and elliptical cross sections constructed on the basis of information on the
probability distributions of additive and multiplicative uncertainty. One feature of
these algorithms is that they achieve recursive feasibility by treating, at any predic-
tion time, the uncertainty up to the previous prediction time robustly. This is because,
at any given time, all earlier realizations of uncertainty will have already occurred
and will have taken any allowable value in the uncertainty class. We emphasize that
our preference is for uncertainty with finite support, despite the mathematical con-
venience of distributions such as the Gaussian distribution. In general uncertainty
distributions with infinite support do not accord well with realistic applications,
where model uncertainty never assumes arbitrarily large values. Moreover, assump-
tions of unbounded model uncertainty preclude the possibility of establishing control
theoretic properties such as stability and feasibility. Consideration is also given to
SMPC which addresses constraints on the average number of constraint violations.
The case of multiplicative uncertainty poses interesting problems in respect of the
online calculation of probability distributions of predicted states. We discuss how
this difficulty can be overcome through the use of techniques based on numerical
integration and random sampling.
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1.4 Concluding Remarks and Comments
on the Intended Readership

In summary, predictive control has experienced a phenomenal amount of develop-
ment, and this has been matched by wide acceptability in practice. Classical MPC is
now a mature research area in which further major developments are, in our opinion,
unlikely. The same however is certainly not true of RMPC, where the race is still
on for the development of approaches that provide an improved balance between
optimality and practicability of implementation. It is to be expected that fresh ideas
about the structure of predictions will emerge that will narrow the gap between what
can realistically be implemented and the ideal optimal solution. SMPC has itself
seen some significant advances but is still more in a state of flux, even in respect of
what its aims ought to be. This area will undoubtedly see in the future several major
stages of development. It is our hope that this book will seed some of the ideas that
will make this possible.

The levels of difficulty and technical detail of the book differ from chapter to
chapter. The intention is that Chap.2 should be accessible to all undergraduates
specializing in control, whereas Chaps.2, 3 and 5 should be of interest to graduate
students of control. With that in mind we have provided exercises (with solutions) to
these chapters in the hope that the students will be able to test their understanding by
solving the given problems. This can be done either as a paper-and-pencil exercise, or
with the aid of mathematical software such as MATLAB. Itis anticipated that Chaps. 4
and 6-8 would be read mostly by research students, researchers and academics. The
technical level here is more involved and testing one’s understanding could only
be attempted using rather sophisticated suites of (MATLAB) programs and for this
reason we have refrained from providing exercises for these chapters.
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Classical MPC



Chapter 2
MPC with No Model Uncertainty

2.1 Problem Description

This section provides a review of some of the key concepts and techniques in classical
MPC. Here the term “classical MPC” refers to a class of control problems involving
linear time invariant (LTT) systems whose dynamics are described by a discrete time
model that is not subject to any uncertainty, either in the form of unknown additive
disturbances or imprecise knowledge of the system parameters. In the first instance
the assumption will be made that the system dynamics can be described in terms of

the LTT state-space model

Xp+1 = Axg + Buy (2.1a)

yi = Caxy (2.1b)

where x; € R™, uy € R™, y, € R"™ are, respectively, the system state, the control
input and the system output, and k is the discrete time index. If the system to be con-
trolled is described by a model with continuous time dynamics (such as an ordinary
differential equation), then the implicit assumption is made here that the controller
can be implemented as a sampled data system and that (2.1a) defines the discrete
time dynamics relating the samples of the system state to those of its control inputs.

Assumption 2.1 Unless otherwise stated, the state x of the system (2.1a) is assumed
to be measured and made available to the controller at each sampling instant k =
0,1,...

The controlled system is also assumed to be subject to linear constraints. In gen-
eral these may involve both states and inputs and are expressed as a set of linear
inequalities

Fx+Gu<1 2.2)
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where F € R'¢*" G € R"*™ and the inequality applies elementwise. We
denote by 1 a vector with elements equal to unity, the dimension of which is context
dependent, i.e. 1 = [1 --- 117 € R"C in (2.2). Setting F or G to zero results in
constraints on inputs or states alone. A feasible pair (xi, uy) or feasible sequence
{(x0, uo), (x1,u1), ...} for (2.2) is any pair or sequence satisfying (2.2). The con-
straints in (2.2) are symmetric if (—xj, —uy) is feasible whenever (xi, uy) is feasible,
and non-symmetric otherwise. Although the form of (2.2) does not encompass con-
straints involving states or inputs at more than one sampling instant (such as, for
example rate constraints or more general dynamic constraints), these can be handled
through a suitable and obvious extension of the results to be presented.

The classical regulation problem is concerned with the design of a controller that
drives the system state to some desired reference point using an acceptable amount
of control effort. For the case that the state is to be steered to the origin, the controller
performance is quantified conveniently for this type of problem by a quadratic cost
index of the form

J o, fuosur,uz ) = 3 (Il + luellf) 23)
k=0

Here ||v ”?9 denotes the quadratic form v” Sv forany v € R and § = ST e R"*"v,
and Q, R are weighting matrices that specify the emphasis placed on particular states
and inputs in the cost. We assume that R is a symmetric positive-definite matrix (i.e.
the eigenvalues of R are real and strictly positive, denoted R > 0) and that Q is
symmetric and positive semidefinite (all eigenvalues of Q are real and non-negative,
denoted Q > 0). This allows, for example, the choice 0 = C TQyC for some
positive-definite matrix Q, which corresponds to the case that the output vector, y,
rather than the state, x, is to be steered to the origin. At time k, the optimal value
of the cost (2.3) with respect to minimization over admissible control sequences
{u, Uk41, U425 - - .} is denoted

J*(xp) = min J(xk, {uk,uk+1,uk+2...}).
Uk U415 Uk 42500
This problem formulation leads to an optimal control problem whereby the controller
is required to minimize at time k the performance cost (2.3) subject to the constraints
(2.2). To ensure that the optimal value of the cost is well defined, we assume that the
state of the model (2.1) is stabilizable and observable.

Assumption 2.2 In the system model (2.1) and cost (2.3), the pair (A, B) is stabi-
lizable, the pair (A, Q) is observable, and R is positive-definite.

Given the linear nature of the controlled system, the problem of setpoint tracking
(in which the output y is to be steered to a given constant setpoint) can be converted
into the regulation problem considered here by redefining the state of (2.1a) in terms
of the deviation from a desired steady-state value. The more general case of tracking
a time-varying setpoint (e.g. a ramp or sinusoidal signal) can also be tackled within
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the framework outlined here provided the setpoint can itself be generated by applying
a constant reference signal to a system with known LTI dynamics.

2.2 The Unconstrained Optimum

The problem of minimizing the quadratic cost of (2.3) in the unconstrained case
(i.e. when F = 0 and G = 0 in (2.2)) is addressed by Linear Quadratic (LQ)
optimal control, which forms an extension of the calculus of variations. The solution
is usually obtained either using Pontryagin’s Maximum Principle [1] or Dynamic
Programming and the recursive Bellman equation [2]. Rather than replicating these
solution methods, here we first characterize the optimal linear state feedback law that
minimizes the cost of (2.3), and later show (in Sect. 2.7) through a lifting formulation
that this control law is indeed optimal over all input sequences.

We first obtain an expression for the cost under linear feedback, u = Kx, for an
arbitrary stabilizing gain matrix K € R"#*"x using the closed-loop system dynamics

Xk+1 = (A + BK)xy

to write x; = (A + BK)*xg and uy = K(A+ BK)kxo, for all k. Therefore J (x¢) =
J (x0, {Kx0, Kx1, ...}) is a quadratic function of x,

J (x0) = x& Wxo, (2.4a)

W=>"(A+BK)" (Q+KTRK)(A+ BK)". (2.4b)
k=0

If A+ BK is strictly stable (i.e. each eigenvalue of A + BK is strictly less than
unity in absolute value), then it can easily be shown that the elements of the matrix
W defined in (2.4b) are necessarily finite. Furthermore, if R is positive-definite and
(A, Q) is observable, then J(xg) is a positive-definite function of x¢ (since then
J(x9) > 0, for all xg, and J(xp) = O only if xo = 0), which implies that W is a
positive-definite matrix.

The unique matrix W satisfying (2.4) can be obtained by solving a set of linear
equations rather than by evaluating the infinite sum in (2.4b). This is demonstrated
by the following result, which also shows that (A + BK) is necessarily stable if W
in (2.4) exists.

Lemma 2.1 (Lyapunov matrix equation) Under Assumption 2.2, the matrix W in
(2.4) is the unique positive definite solution of the Lyapunov matrix equation

W=(A+BK)W(A+BK)+Q+KT'RK (2.5)
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ifand only if A + BK is strictly stable.
Proof Let W, denote the sum of the first n terms in (2.4b), so that

n—1
Wa =D (A+BK)! (0 + KT RK)(A + BK).
k=0

Then W) = Q+ KTRK and W,,, 1 = (A+ BK)"W,(A+BK)+ Q+ KT RK for
all n > 0. Assuming that A + BK is strictly stable and taking the limit as n — oo,
we obtain (2.5) with W = lim,,_,oc W,,. The uniqueness of W satisfying (2.5) is
implied by the uniqueness of W, in this recursion for each n > 0, and W > 0
follows from the positive-definiteness of J (xp).

If we relax the assumption that A 4+ BK is strictly stable, then the existence of
W > 0 satisfying (2.5) implies that there exists a Lyapunov function demonstrat-
ing that the system x;+1 = (A + BK)xy is asymptotically stable, since (A, Q) is
observable and R > 0 by Assumption 2.2. Hence A + B K must be strictly stable if
(2.5) has a solution W > 0. O

The optimal unconstrained linear feedback control law is defined by the stabilizing
feedback gain K that minimizes the cost in (2.3) for all initial conditions x¢ € R"~.
The conditions for an optimal solution to this problem can be obtained by considering
the effect of perturbing the value of K on the solution, W, of the Lyapunov equation
(2.5). Let W + 0 W denote the sum in (2.4b) when K is replaced by K + K. Then
W + 6W and K + 6K satisfy the Lyapunov equation

W + W = [A+ B(K +5K)]" (W + 6W)[A + B(K + 6K)]
+ 0+ (K+6K) R(K +6K)

which, together with (2.5), implies that §W satisfies

SW = 6K [BTW(A + BK) + RK] + [(A+ BK)TWB + KT R]0K
+(A+BK) WA+ BK)+0KT(BTWB + R)6K
+0KTBT6W(A+ BK) + (A+ BK) 6W B 6K + KT BT6W B K.

(2.6)

For given 6 K| € R™>*"x consider a perturbation of the form
0K =¢ 5K1 s

and consider the effect on §W of varying the scaling parameter ¢ € R. Clearly
K is optimal if and only if xOT (W + 0W)xg > xOT Wxo, for all xo € R, for all
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0Ky € R"™>*"x and for all sufficiently small e. It follows that K is optimal if and only
if the solution of (2.6) has the form

W =€>6Wr+ W3+ - -

for all e € R, where W, is a positive semidefinite matrix. Considering terms in
(2.6) of order ¢ and order ¢, we thus obtain the following necessary and sufficient
conditions for optimality:

BT"W(A+ BK) + RK =0, (2.7a)
W, = 0, (2.7b)
Wy = (A+ BK)6Wa(A+ BK) + KT (BT WB + R)JK;. (2.7¢)

Solving (2.7a) for K gives K = —(BTWB + R)~'BT W A as the optimal feedback
gain, whereas Lemma 2.1 and (2.7¢) imply that

oo
W2 = (A+BK)! 6K] (BT WB + R)6K (A + BK)*
k=0

and therefore (2.7b) is necessarily satisfied since A 4+ BK is strictly stable and
BT W B + R is positive-definite.
These arguments are summarized by the following result.

Theorem 2.1 (Discrete time algebraic Riccati equation) The feedback gain matrix
K for which the control law
u=Kx

minimizes the cost of (2.3) for any initial condition xo under the dynamics of (2.1a)
is given by

K=-B"WB+R)'BTwaA, (2.8)
where W > 0 is the unique solution of

W=ATWA+0—-ATWBB"WB+ R 'BTWA. (2.9)

Under Assumption 2.2, A + BK is strictly stable whenever there exists W > 0
satisfying (2.9).
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Proof The optimality of (2.8) is a consequence of the necessity and sufficiency of the
optimality conditions in (2.7a), (2.7b) and (2.7c). Equation (2.9) (which is known
as the discrete time algebraic Riccati equation) is obtained by substituting K in
(2.8) into (2.5). From Lemma 2.1, we can conclude that, under Assumption 2.2, the
solution of (2.9) for W is unique and positive-definite if and only if A+ BK is strictly
stable. ]

2.3 The Dual-Mode Prediction Paradigm

The control law that minimizes the cost (2.3) is not in general a linear feedback law
when constraints (2.2) are present. Moreover, it may not be computationally tractable
to determine the optimal controller as an explicit state feedback law. Predictive control
strategies overcome this difficulty by minimizing, subject to constraints, a predicted
cost that is computed for a particular initial state, namely the current plant state. This
constrained minimization of the predicted cost is solved online at each time step in
order to derive a feedback control law. The predicted cost corresponding to (2.3) can
be expressed

o0

T e Qo wnges ) = > (el + eI (2.10)
i=0

where x;|x and u;|x denote the predicted values of the model state and input, respec-
tively, at time k + i based on the information that is available at time k, and where
X0k = Xk is assumed.

The prediction horizon employed in (2.10) is infinite. Hence if every element of the
infinite sequence of predicted inputs {uq, U1k, . . .} were considered to be a free vari-
able, then the constrained minimization of this cost would be an infinite-dimensional
optimization problem, which is in principle intractable. However predictive control
strategies provide effective approximations to the optimal control law that can be
computed efficiently and in real time. This is possible because of a parameterization
of predictions known as the dual-mode prediction paradigm, which enables the MPC
optimization to be specified as a finite-dimensional problem.

The dual-mode prediction paradigm divides the prediction horizon into two inter-
vals. Mode 1 refers to the predicted control inputs over the first N prediction time
steps for some finite horizon N (chosen by the designer), while mode 2 denotes the
control law over the subsequent infinite interval. The mode 2 predicted inputs are
specified by a fixed feedback law, which is usually taken to be the optimum for the
problem of minimizing the cost in the absence of constraints [3—6]. Therefore the
predicted cost (2.10) can be written as

N-1

Ik (o s - = 2 (Il + el ) + el @10
i=0
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where, by Theorem 2.1, W is the solution of the Riccati equation (2.9). The term
| BINT ||%,V is referred to as a terminal penalty term and accounts for the cost-to-go
after N prediction time steps under the mode 2 feedback law.

To simplify notation we express the predicted cost as an explicit function of the
initial state of the prediction model and the degrees of freedom in predictions. Hence
for the dual-mode prediction paradigm in which the control inputs over the prediction
horizon of mode 1 are optimization variables, we write (2.11) as

N-1

J (g, w) = ||xi|k||2 ”ui\k”%e ||xN\k||zw~ (2.12)
Q
i=0

where wy = {uok, u1jk, ..., UN—1jk}-

The receding horizon implementation of MPC stipulates that at each time instant &
the optimal mode 1 control sequence uj = {ué| ko U ) is computed, and only
the first element of this sequence is implemented, namely u; = uél - Thus at each
time step the most up-to-date measurement information (embodied in the state xj)
is employed. This creates a feedback mechanism that provides some compensation
for any uncertainty present in the model of (2.1a). It also reduces the gap between
the optimal value of the predicted cost J (xi, ug) in (2.12) and the optimal cost for
the infinite-dimensional problem of minimizing (2.10) over the infinite sequence of
future inputs {uok, U1k, - - -J-

The rationale behind the dual-mode prediction paradigm is as follows. Let
{u8| © u?‘ i» - - -} denote the optimal control sequence for the problem of minimizing
the cost (2.10) over the infinite sequence {uq, 41|k, - - .} subject to the constraints
Fxjjx + Gujp < 1, for all i > 0, for an initial condition xox = xx such that this
problem is feasible. If the weights Q and R satisfy Assumption 2.2, then this notional
optimal control sequence drives the predicted state of the model (2.1a) asymptoti-
cally to the origin, i.e. x;x — 0 asi — oo. Since (x, u) = (0, 0) is strictly feasible
for the constraints Fx + Gu < 1, there exists a neighbourhood, S, of x = 0 with the
property that these constraints are satisfied at all times along trajectories of the model
(2.1a) under the unconstrained optimal feedback law, u = K x, starting from any ini-
tial condition in S. Hence there necessarily exists a horizon N, (Which depends on
xx) such that x;x € S, for all i > N. Since the optimal trajectory for i > N is
necessarily optimal for the problem with initial condition xy_ x (by Bellman’s Prin-
ciple of Optimality [7]), the constrained optimal sequence must therefore coincide
with the unconstrained optimal feedback law, i.e. ”?lk = Kxj, forall i > Ne.
It follows that if the mode 1 horizon is chosen to be sufficiently long, namely if
N > N, then the mode 1 control sequence, u,f, that minimizes the cost of (2.12)

subject to the constraints Fx;|x +Gu;jx < 1fori =0, 1, ..., N —1mustbeequal to
the first N elements of the infinite sequence that minimizes the cost (2.10), namely
”?lk =u?|kfori =0,...,.N—1.

For completeness we next give a statement of this result; for a detailed proof and
further discussion we refer the interested reader to [4, 5].
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Theorem 2.2 There exists a finite horizon Noo, which depends on xi, with the prop-
erty that, whenever N > Nyo: (i). the sequence uz that achieves the minimum
of J(xk,w) in (2.12) subject to Fxjjx + Gujp < 1fori =0,1,...,N —1is
equal to the first N terms of the infinite sequence {uglk, ”(1)\ s - - -} that minimizes
J (xi, {uok, w1k, - - .}) in (2.10) subject to Fxjjx + Gu;j < 1, foralli > 0; and (ii).
J O, w) = J (g, (g uf)ys D

It is generally convenient to consider the LQ optimal feedback law u = Kx as
underlying both mode 1 and mode 2, and to introduce perturbations ¢;x € R,
i =0,1,..., N — 1 over the horizon of mode 1 in order to meet constraints. Then

the predicted sequence of control inputs is given by
ujjk = Kxijk + cik, i=01,....,N—1 (2.13a)

uilk = Kxjjk, i=N,N+1,... (2.13b)

with xox = xi. This prediction scheme is sometimes referred to as the closed-loop
paradigm because the term Kx provides feedback in the horizons of both modes 1
and 2.

We argue in Sect. 3.1 (in the context of robustness to model uncertainty) that (2.13)
should be classified as an open-loop prediction scheme because K is fixed rather
than computed on the basis of measured information (namely xi). Nevertheless, the
feedback term Kx forms a pre-stabilizing feedback loop around the dynamics of

(2.1a), which assume the form
xi+1|k=@xi\k+Bci\k, i=0,1,...,N—1 (2.14a)

Xit1k = Pxik, i=N,N+1,... (2.14b)

where @ = A 4+ BK, with xox = xi. The strict stability property of @ prevents
numerical ill-conditioning that could arise in the prediction equations and the asso-
ciated MPC optimization problem in the case of open-loop unstable models [8].
For the closed-loop paradigm formulation in (2.13), the predicted state trajectory
can be generated by simulating (2.14a) forwards over the mode 1 prediction horizon,
giving
Xp = Myxp + Mg, (2.14¢)
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where
X1k Colk
k= |, &= :
XNk CN—1lk
@ B 0 -0
@2 ®B B -0
Mx = , Mc =
N ®N-1p oN—2p... B

On the basis of these prediction equations and the fact that the predicted cost over
mode 2 is given by ||xyk ||%V (where W is the solution of the Lyapunov equation
(2.5)), the predicted cost of (2.11) can be written as a quadratic function of the
degrees of freedom, namely the vector of predicted perturbations ¢;. The details of
this computation are straightforward and will not be given here. Instead we derive an
equivalent but more convenient form for the predicted cost in Sect. 2.7. For simplicity
(but with a slight abuse of notation) in the following development, we denote the cost
of (2.11) evaluated along the predicted trajectories of (2.13a) and (2.14a) as J (xx, ¢x),
thus making explicit the dependence of the cost on the optimization variables ck.

2.4 Invariant Sets

The determination of the minimum prediction horizon N which ensures that the
predicted state and input trajectories in mode 2 meet constraints (2.2) is not a trivial
matter. Instead lower bounds for this horizon were proposed in [4, 5]. However such
bounds could be conservative, leading to the use of unnecessarily long prediction
horizons. This in turn could make the online optimization of the predicted cost
computationally intractable as a result of large numbers of free variables and large
numbers of constraints in the minimization of predicted cost. In such cases it becomes
necessary to use a shorter horizon N while retaining the guarantee that predictions
over mode 2 satisfy constraints on states and inputs. This can be done by imposing
a terminal constraint which requires that the state at the end of the mode 1 horizon
should lie in a set which is positively invariant under the dynamics defined by (2.13b)
and (2.14b) and under the constraints (2.2).

Definition 2.1 (Positively invariant set) A set X € R" is positively invariant under
the dynamics defined by (2.13b) and (2.14b) and the constraints (2.2) if and only if
(F+GK)x <land ®x € X, forall x € X.

The use of invariant sets within the dual prediction mode paradigm is illustrated
in Fig.2.1 for a second-order system. The predicted state at the end of mode 1 is
constrained to lie in an invariant set X7 via the constraint xyx € X7. Thereafter, in
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To ™ mode 1 - mode 2 —»
A
Predicted state ’,' %
trajectory g X
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! : time step
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Terminal /“ e

constraint set, X

Fig.2.1 The dual-mode prediction paradigm with terminal constraint. The control inputs in mode 1
are chosen so as to satisfy the system constraints as well as the constraint that the N step ahead
predicted state should be inside the invariant set X7. Over the infinite mode 2 prediction horizon
the predicted state trajectory is dictated by the prescribed feedback control law u = Kx

mode 2, the evolution of the state trajectory is that prescribed by the state feedback
control law u; = K x.

In order to increase the applicability of the MPC algorithm, and in particular to
increase the size of the set of initial conditions xo; for which the terminal condition
XNk € X7 can be met, it is important to choose the maximal positively invariant set
as the terminal constraint set. This set is defined as follows.

Definition 2.2 (Maximal positively invariant set) The maximal positively invariant
(MPI) set under the dynamics of (2.13b) and (2.14b) and the constraints (2.2) is the
union of all sets that are positively invariant under these dynamics and constraints.

It was shown in [9] that, for the case of linear dynamics and linear constraints
considered here, the MPI set is defined by a finite number of linear inequalities. This
result is summarized next.

Theorem 2.3 ([9]) The MPI set for the dynamics defined by (2.13b) and (2.14b) and
the constraints (2.2) can be expressed

AMPL = (x  (F+ GK)®'x <1, i=0,...,v} (2.15)

where v is the smallest positive integer such that (F + GK)®"tx < 1, for all x
satisfying (F+GK)®'x <1,i =0, ..., v. If ® is strictly stable and (@, F + GK)
is observable, then v is necessarily finite.

Proof Let Y™ = {x : (F+ GK)®'x <1, i =0,...,n} forn > 0, then it can be
shown that (2.15) holds for some finite v using Definition 2.2 to show that the MPI
set YMPL s equal to X'V for finite v.
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In particular, if xox ¢ X' for given n, then the constraint (2.2) must be violated
under the dynamics of (2.13b) and (2.14b). By Definition 2.2 therefore, any x ¢ X'
cannot lie in YMPI g0 X™ must contain XMP!, for all n > 0.

Furthermore, if (F + GK)®"*!x < 1, for all x € X", then dx € X®
must hold whenever x € X (since x € X® and (F + GK)®"*'x < 1 imply
(F + GK)®'(®x) < 1fori = 0, ...v). But from the definition of X¥*) we have
(F + GK)x < 1forall x € X, and therefore X is positively invariant under
(2.13b), (2.14b) and (2.2). From Definition 2.2 it can be concluded that X is a
subset of, and therefore equal to X’ MPT

Finally, for v > n,, the set X ™) is necessarily bounded if (@, F + GK) is
observable, and, since @ is strictly stable, the set {x : (F + GK)®¥+Dx < 1}
must contain X' for finite v; therefore YMP! must be defined by (2.15) for some
finite v. O

The value of v satisfying the conditions of Theorem 2.3 can be computed by
solving at most vnc linear programs (LPs), namely

maximize (F + GK);®""'x subjectto (F +GK)®'x <1,i=0,...,n
X

forj=1,...,nc,n=1,...,v,where (F+GK); denotes the jthrow of F+GK.
The value of v clearly does not depend on the system state, and this procedure can
therefore be performed offline. In general v > n,, and (2.15) defines the MPI set as a
polytope. Therefore if X7 is equal to the MPI set, the terminal constraint xy|x € X7
can be invoked via linear inequalities on the degrees of freedom in mode 1 predictions.
It will be convenient to represent the terminal set X7 in matrix form

Xr ={x:Vrx <1},
so that with X7 chosen as the MPI set (2.15), Vr is given by
F+GK
(F+GK)®
Vr = )
(F+ GK)®"

Example 2.1 Figure?2.2 gives an illustration of the MPI set for a second-order system
with state-space matrices

112 0
AZ[O 0-95]’ F= [0.0787:|’ c=[-11] (2.16a)

and constraints —1 < x/8 < 1, —1 < u < 1, which correspond to the following
constraint matrices in (2.2),
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Fig.2.2 The maximal positively invariant (MPI) set, X’ MPIL for the system of (2.16a), (2.16b). Each
of the inequalities defining XM*! is represented by a straight line on the diagram

0 1/8 0
1/8 0 0
o —18 lo
F=|_15 o | =1 (2.16b)
0 0 1
0 0 -1

The mode 2 feedback law is taken to be the optimal unconstrained linear feedback
law u = Kx, with cost weights Q = CTCand R = 1,forwhich K = — [1.19 7.88].
The MPI setis given by (2.15) with v = 5. After removing redundant constraints, this
set is defined by 10 inequalities corresponding to the 10 straight lines that intersect
the boundary of the MPI set, marked XMP! in Fig.2.2. O

2.5 Controlled Invariant Sets and Recursive Feasibility

Collecting the ideas discussed in the previous sections we can state the following
MPC algorithm:

Algorithm 2.1 (MPC) At each time instantk =0, 1, ...:
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(1) Perform the optimization

minimize J(xg, k) (2.17a)

ck
subjectto (F + GK)xjx +Geijg <1,i =0,...,N — 1 (2.17b)
VTxN|k <1 (2.170)

where J (xi, ¢x) is the cost of (2.11) evaluated for the predicted trajectories of
(2.13a) and (2.14a).

(i1) Apply the control law uy = Kx; + ca‘lk, where ¢ = (cak, e C;FV—Hk) is the
optimal value of ¢; for problem (2.17). <

The terminal condition (2.17c) is sometimes referred to as a stability constraint
because it provides a means of guaranteeing the closed-loop stability of the MPC
law. It does this by ensuring that the mode 2 predicted trajectories (2.13b) and (2.14b)
satisfy the constraint (F 4+ GK)x;x < 1, thus ensuring that the predicted cost over
mode 2 is indeed given by [|xy ||%,V, and also by guaranteeing that Algorithm 2.1
is feasible at all time instants if it is feasible at initial time. The latter property of
recursive feasibility is a fundamental requirement for closed-loop stability since it
guarantees that the optimization problem (2.17) is solvable and hence that the control
law of Algorithm 2.1 is defined at every time instant if (2.17) is initially feasible.

Recall that the feasibility of predicted trajectories in mode 2 is ensured by con-
straining the terminal state to lie in a set which is positively invariant. The feasibility
of Algorithm 2.1 can be similarly ensured by requiring that the state xj lies in an
invariant set. However, since there are degrees of freedom in the predicted trajec-
tories of (2.13a) and (2.14a), the relevant form of invariance is controlled positive
invariance.

Definition 2.3 (Controlled positively invariant set) A set X C R™ is controlled
positively invariant (CPI) for the dynamics of (2.1a) and constraints (2.2) if, for all
x € X, there exists u € R" suchthat Fx +Gu < 1and Ax + Bu € X. Furthermore
X is the maximal controlled positively invariant (MCPI) set if it is CPI and contains
all other CPI sets.

To show that Algorithm 2.1 is recursively feasible, we demonstrate next that its
feasible set is a CPI set. Algorithm 2.1 is feasible whenever x; belongs to the feasible
set F defined by

Fn = {xk :deg such that (F + GK)xjjp + Gejg <1, i =0,...,N -1

and Vrxyk < 1}. (2.18)



26 2  MPC with No Model Uncertainty

Clearly this is the same as the set of states of (2.1a) that can be driven to the terminal
set X7 = {x : Vrx < 1} in N steps subject to the constraints (2.2), and it therefore
has the following equivalent definition:

Fn ={x0:3{ug, ..., un—_1} suchthat Fx; + Gu; <1, i =0,...,N —1,

ande EXT}. (219)

Theorem 2.4 If X7 in (2.19) is positively invariant for (2.13b), (2.14b) and (2.2),
then Fy C Fn41, forall N > 0, and Fy is a CPI set for the dynamics of (2.1a)
and constraints (2.2).

Proof If xo € Fu, then by definition there exists a sequence {ug, ..., uy—_1} such
that Fx; + Gu; <1,i =0,..., N — 1 and xy € Xr. Also, since Xt is positively
invariant, the choice uy = Kxy would ensure Fxy + Guy < 1and xy4+1 € &7,
and this in turn implies xg € Fy+1 whenever xo € Fy. Furthermore if xo € Fy,
then by definition ug exists such that Fxo + Gup < 1 and x; € Fy_1, and since
Fn_1 C Fy, it follows that Fy is CPI. [l

Although the proof of Theorem 2.4 considers the sequence of control inputs
{uo, ..., un—1}, the same arguments apply to the optimization variables ¢, in (2.17),
since for each feasible uy, k = 0, ..., N — 1, there exists a feasible c; such that
ur = Kxyp + c. Therefore, the fact that 7y is a CPI set for (2.1a) and (2.2) also
implies that Fy is CPI for the dynamics (2.14a) and constraints (2.17b). Hence
for any x; € Fy there must exist ¢; such that (F + GK)xx + Gcx < 1 and
Xp+1 = Pxx + Bey € Fn. Furthermore, the proof of Theorem 2.4 shows that if
k= cglk (where ¢; = (ca"lk, e cj‘\,_llk) is the optimal value of ¢ in step (ii) of
Algorithm 2.1), then the sequence

Cr+1 = (CT\k’ -~-,C*N,”k,0) (2.20)

is necessarily feasible for the optimization (2.17) at time k + 1, and therefore Algo-
rithm 2.1 is recursively feasible.

The candidate feasible sequence in (2.20) can be thought of as the extension to
time k 4 1 of the optimal sequence at time k. It is in fact the sequence that generates,
via (2.13a), the input sequence

{1k, .o, un—11k, Kxnk}

at time k + 1. For this reason, it is sometimes referred to as the tail of the solution of
the MPC optimization problem at time k, or simply the tail. As well as demonstrating
recursive feasibility, the tail is often used to construct a suboptimal solution at time
k 4+ 1 based on the optimal solution at time k. This enables a comparison of the
optimal costs at successive time steps, which is instrumental in the analysis of the
closed-loop stability properties of MPC laws.
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Theorem 2.4 shows that the feasible sets corresponding to increasing values of N
are nested, so that the feasible set F necessarily grows as N is increased. In practice
the length of the mode 1 horizon is likely to be limited by the growth in computation
that is required to solve Algorithm 2.1 (this is discussed in Sect. 2.8). However, given
that F increases as N grows, the question arises as to whether there exists a finite
value of N such that Fy is equal to the maximal feasible set defined by

oo
Foo=|J Fn.
N=1

Here F~ is defined as the set of initial conditions that can be steered to X7 over an
infinite horizon subject to constraints. However, F« is independent of the choice of
Xr; this is a consequence of the fact that, for any bounded positively invariant set
Xr, the system (2.1a) can be steered from any initial state in X7 to the origin subject
to the constraints (2.2) in finite time, as demonstrated by the following result.

Theorem 2.5 Let 7 = {xo : {uo, ..., un—_1} such that Fx; + Gu; < 1,i =
0,....,.N—1, and xy = 0}. If Xt in (2.19) is positively invariant for (2.13b),
(2.14b) and (2.2), where @ is strictly stable and (®, F 4+ GK) is observable, then
foo:UIOvozlfNZU?vtl}-]%'

Proof First, note that any positively invariant set X7 must contain the origin because
@ is strictly stable. Second, strict stability of @ and boundedness of X7 (which fol-
lows from observability of (@, F + GK)) also implies that, for any ¢ > 0, the
set B, = {x : |lx|| < €} is reachable from any point in A7 in a finite number of
steps (namely for all xo € Ar there exists a sequence {ug, ..., u,—1} such that
Fx;i +Gu; <1fori =0,...,n—1andx, € B,)since |®"x|| < ¢, forall x € X7
for some finite n. Third, since (A, B) is controllable and (0, 0) lies in the interior
of the constraint set {(x, u) : Fx + Gu < 1}, there must exist € > 0 such that the
origin is reachable in n, steps from any point in B, i.e. B, C .7-—,?)( . Combining these

observations we obtain {0} C Ay C ]—",? i, and hence ]—']?, C Fny C _7-',? N

for some finite n and all N > 0. From this we conclude that J5_; Fy =

U= 73 A

A consequence of Theorem 2.5 is that replacing the terminal set X7 by any
bounded positively invariant set (or in fact any CPI set) in (2.18) results in the same
set Foo. Therefore Fo is identical to the maximal CPI set or infinite time reachability
set [10, 11], which by definition is the largest possible feasible set for any stabilizing
control law for the dynamics (2.1a) and constraints (2.2). In general Fy does not
necessarily tend to a finite limit! as N — oo, but the following result shows that
under certain conditions F is equal to Fy for finite N.

UIf for example the system (2.1a) is open-loop stable and F = 0, then clearly the MCPI set is the
entire state space and Fn grows without bound as N increases. In general the MCPI set is finite if
and only if the system (A, B, F, G), mapping input u; to output Fx; + Guj has no transmission
zeros inside the unit circle (see, e.g. [11, 12]).
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Theorem 2.6 If Fyi1 = Fn for finite N > 0, then Foo = Fn.

Proof An alternative definition of Fx 1 (which is nonetheless equivalent to (2.18))
is that Fy1 is the set of states x for which there exists a control input u such that
Fx 4+ Gu < 1and Ax + Bu € Fy.If Fyy1 = Fy, then it immediately follows
from this definition that Fx42 = Fn+1. Applying this argument repeatedly we get
Fn+i = Fn,foralli = 1,2, ... and hence Foxc = Fy. O

Example 2.2 Figure 2.3 shows the feasible sets Fn of Algorithm 2.1 for the system
model and constraints of Example 2.1, for a range of values of mode 1 horizon N.
Here the terminal set X7 is the maximal positively invariant set XYMP! of Fig.2.2;
this is shown in Fig.2.3 as the feasible set for N = 0. As expected the feasible
sets Fy for increasing N are nested. For this example, the maximal CPI set is
given by Foo = Fy for N = 26 and the minimal description of F, involves 100

inequalities. O
1.5 ; ;
N =26
N =24
N =20
1 [CIN=16[
[ IN=12
[ IN=8
[ IN=4
0.5 [ IN=0 [
< or i
-0.5¢ g
1 i
_15 1 1 1 1 1 1 1 1 1
S0 -8 -6 -4 -2 0 2 4 6 8 10

Fig. 2.3 The feasible sets Fy, N = 4, 8, 12, 16, 20, 24, 26 and the terminal set 7y = X7 for the
example of (2.16a), (2.16b). The maximal controlled invariant set is Foo = F26
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2.6 Stability and Convergence

This section introduces the main tools for analysing closed-loop stability under the
MPC law of Algorithm 2.1 for the ideal case of no model uncertainty or unmodeled
disturbances. The control law is nonlinear because of the inequality constraints in the
optimization (2.17), and the natural framework for the stability analysis is therefore
Lyapunov stability theory. Using the feasible but suboptimal tail sequence that was
introduced in Sect. 2.5, we show that the optimal value of the cost function in (2.17) is
non-increasing along trajectories of the closed-loop system. This provides guarantees
of asymptotic convergence of the state and Lyapunov stability under Assumption 2.2.
Where possible, we keep the discussion in this section non-technical and refer to the
literature on stability theory for technical details.

The feasibility of the tail of the optimal sequence ¢ implies that the sequence
¢x+1 defined in (2.20) is feasible but not necessarily an optimal solution of (2.17) at
time k + 1. Using (2.20) it is easy to show that the corresponding cost J (Xg+1, Ck+1)
is equal to J*(x) — ||xx ||2Q — |Jug ||%Q. After optimization at time k + 1, we therefore
have

T* (1) < T*Gr) — lxlp — Nl (2.21)

Summing both sides of this inequality over all k > 0 gives the closed-loop perfor-
mance bound

o0
D (Il + Nuill) < J*(xo) = Jim J* (). (222)
k=0

The quantity appearing on the LHS of this inequality is the cost evaluated along the
closed-loop trajectories of (2.1) under Algorithm 2.1. Since J*(xy) is non-negative
for all k, the bound (2.22) implies that the closed-loop cost can be no greater than
the initial optimal cost value, J*(xq).

Given that the optimal cost is necessarily finite if (2.17) is feasible, and since each
term in the sum on the LHS of (2.22) is non-negative, the closed-loop performance
bound in (2.22) implies the following convergence result

li : %) =0 2.23
im (Ll + el ) (2.23)
along the trajectories of the closed-loop system. We now give the basic results con-

cerning closed-loop stability.

Theorem 2.7 If (2.17) feasible at k = 0, then the state and input trajectories of
(2.1a) under Algorithm 2.1 satisfy limy_, oo (X, ugx) = (0, 0).

Proof This follows from (2.23) and Assumption 2.2 since R > 0 implies uy — 0 as
k — oo; hence from the observability of (Q, A) and ||xk||g — 0 we conclude that
xr —> 0ask — oo. O
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Theorem 2.8 Under the control law of Algorithm 2.1, the origin x = 0 of the system
(2.1a) is asymptotically stable and its region of attraction is equal to the feasible set
Fn-If Q = 0O, then x = 0 is exponentially stable.

Proof The conditions on Q and R in Assumption 2.2 ensure that the optimal cost
J*(xx) is a positive-definite function of x; since J*(x;) = Oifand only if x; = 0, and
J*(xx) > 0 whenever x; # 0. Therefore (2.21) implies that J*(x;) is a Lyapunov
function which demonstrates that x = 0 is a stable equilibrium (in the sense of
Lyapunov) of the closed-loop system [13]. Combined with the convergence result of
Theorem 2.7, this shows that x = 01is an asymptotically stable equilibrium point, and
since Theorem 2.7 applies to all feasible initial conditions, the region of attraction
is F N-

To show that the rate of convergence is exponential if Q > 0 we first note that
the optimal value of (2.17) is a continuous piecewise quadratic function of x; [14].
Therefore, J*(x;) can be bounded above and below for all x; € Fy by

allxl? < J*(xx) < Bllell? (2.24)

where o and (3 are necessarily positive scalars since J*(xy) is positive-definite. If
the smallest eigenvalue of Q is A(Q), then from (2.24) and (2.21) we get

1 A
lxil* < —‘1 - == J*(x0)
a B
forallk =0, 1, ..., and hence x = 0 is exponentially stable. O

Example 2.3 For the same system dynamics, constraints and cost as in Example 2.1
the predicted and closed-loop state trajectories under the MPC law of Algorithm 2.1
with N = 6 and initial state x(0) = (—7.5,0.5) are shown in Fig.2.4. Figure2.5
gives the corresponding predicted and closed-loop input trajectories. The jump in
the predicted input trajectory at N = 6 is due to the switch to the mode 2 feedback
law at that time step.

Table 2.1 gives the variation with mode 1 horizon N of predicted cost J; and
closed-loop cost Jg(xg) = Z,fio(llxklle + ||uk||%-‘,) for x(0) = (=7.5,0.5). The
infinite-dimensional optimal performance is obtained with N = N, where Ny, =
11 for this initial condition, so there is no further decrease in predicted cost for values
of N > 11. However, because of the receding horizon implementation, the closed-
loop response of the MPC law for N = 6 is indistinguishable from the ideal optimal
response for this initial condition. O
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Fig. 2.4 Predicted and closed-loop state trajectories for Algorithm 2.1 with N = 6
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Fig. 2.5 Predicted and closed-loop input trajectories for Algorithm 2.1 with N = 6
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Table 2.1 Variation of predicted and closed-loop cost with N for xg = (—7.5, 0.5) in Example 2.3

N 6 7 8 11 >11
J*(x0) 364.2 357.0 356.3 356.0 356.0
Je1(xo) 356.0 356.0 356.0 356.0 356.0

2.7 Autonomous Prediction Dynamics

The dual-mode prediction dynamics (2.14a) and (2.14b) can be expressed in a more
compact autonomous form that incorporates both prediction modes [15, 16]. This
alternative prediction model, which includes the degrees of freedom in predictions
within the state of an autonomous prediction system, enables the constraints on pre-
dicted trajectories to be formulated as constraints on the prediction system state at
the start of the prediction horizon. With this approach the feasible sets for the model
state and the degrees of freedom in predictions are determined simultaneously by
computing an invariant set (rather than a controlled invariant set) for the autonomous
system state. This can result in significant reductions in computation for the case
that the system model is uncertain since, as discussed in Chap.5, it greatly sim-
plifies handling the the effects of uncertainty over the prediction horizon. In this
section we show that an autonomous formulation is also convenient in the case of
nominal MPC.

An autonomous prediction system that generates the predictions of (2.13a),
(2.13b) and (2.14a), (2.14b) can be expressed as

Zivik = Yz, i=0,1,... (2.25)

where the initial state zojx € R™=+Nm consists of the state xj of the model (2.1a)
appended by the vector ¢ of degrees of freedom,

Xk
Colk
20k =

CN—1lk

The state transition matrix in (2.25) is given by

® BE
v = |:O Y, ] (2.26a)
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dynamic controller plant model
+ u z
c+:Mc FE x+:Ax+Bu >
+
initial state cg initial state xg
K

Fig. 2.6 Block diagram representation of the autonomous prediction systems (2.25) and (2.26).
The free variables in the state and input predictions at time k are contained in the initial controller
state ¢y ; the signals marked x and u are the i steps ahead predicted state and control input, and x T,
¢ denote their successor states

where @ = A 4+ BK and

0L, 0 -0
00 L - 0
E=[l,,0---0], M=|:: : - = |. (2.26b)
00 0 -1,
00 O ---0

The state and input predictions of (2.13a), (2.13b) and (2.14a), (2.14b) are then
given by

Uik = [K E] Zilk (2.27a)

Xijk = [In, 0] zik (2.27b)

fori = 0, 1,.... The prediction systems (2.25) and (2.26) can be interpreted as a
dynamic feedback law applied to (2.1a), with the controller state at the beginning of
the prediction horizon containing the degrees of freedom, ¢, in predictions (Fig. 2.6).

2.7.1 Polytopic and Ellipsoidal Constraint Sets

The constraints (2.2) applied to the predictions of (2.27a), (2.27b) are equivalent to
the following constraints on the initial prediction system state zx = zZojk:

[F+GK GE| ¥z <1, i=0,1,... (2.28)

Clearly this implies an infinite number of constraints that apply across an infi-
nite prediction horizon. However, analogously to the definition of terminal invari-
ant sets in Sect.2.4, a feasible set for z; satisfying (2.28) can be constructed by
determining a positively invariant set for the dynamics zx4+1 = Wzx and constraints



34 2  MPC with No Model Uncertainty

[F + GK GE ] Zx < 1. Theorem 2.3 shows that the maximal positively invariant set
for these dynamics and constraints is given by

Z={z:[F+GK GE]¥'z<1, i=0,1,...,v;} (2.29)

where v, is a positive integer such that [F + GK GE]w"=T1z < 1, for all z satis-
fying [F + GK GE] viz<1,i=0,1,..., v,. Since Z is the MPI set, every state
zx for which (2.28) is satisfied must lie in Z. Given that a mode 1 prediction horizon
of N steps is implicit in the augmented prediction dynamics (2.25), the projection of
Z onto the x-subspace is therefore equal to the feasible set F defined in (2.18), i.e.

Fn = {x:EIcsuchthat [F+GK GE| W' m <1, i:O,l,...,VZ}.

The value of v, defining the MPI set in (2.29) grows as the mode 1 prediction
horizon N is increased. Furthermore, it can be seen from (2.26) that every eigenvalue
of W is equal either to O or to an eigenvalue of @, so if one or more of the eigenvalues
of @ lies close to the unit circle in the complex plane, then v, in (2.29) could be large
even for short horizons N. The equivalence of (2.27a), (2.27b) with (2.13a), (2.13b)
and (2.14a), (2.14b) implies that the online MPC optimization in (2.17) is equivalent
to

minimize J(xg, cx) subject to |:)chi| € Z. (2.30)
Ck k

which is a quadratic programming problem with v,n¢ constraints.

A large value of v, could therefore make the implementation of Algorithm 2.1
computationally demanding. If this is the case, and in particular for applications with
very high sampling rates, it may be advantageous to replace the polyhedral invariant
set Z with an ellipsoidal invariant set, &,:

minimize J (x;, ¢) subject to [i’]j €&, 2.31)
This represents a simplification of the online optimization to a problem that involves
just a single constraint, thus allowing for significant computational savings. Further-
more, using an ellipsoidal set that is positively invariant for the autonomous predic-
tion dynamics (2.25) and constraints [F + GK GE]z < 1, the resulting MPC law
retains the recursive feasibility and stability properties of Algorithm 2.1. Approxi-
mating the MPI set Z (which is by definition maximal) using a smaller ellipsoidal set
necessarily introduces suboptimality into the resulting MPC law; but as discussed in
Sect. 2.8, the degree of suboptimality is in many cases negligible.

The invariant ellipsoidal set £, can be computed offline by solving an appro-
priate convex optimization problem. The design of these sets is particularly con-
venient computationally because the conditions for invariance with respect to the
linear autonomous dynamics (2.25) and linear constraints [F + GK GE ] 7 <1
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may be written in terms of linear matrix inequalities (LMIs), which are necessar-
ily convex and can be handled using semidefinite programming (SDP) [17]. Linear
matrix inequalities and the offline optimization of &, are considered in more detail
in Sect.2.7.3; here we simply summarize the conditions for invariance of &, in the
following theorem:

Theorem 2.9 The ellipsoidal set definedby €, = {z : z! P,z < 1}for P, > Oisposi-
tively invariant for the dynamics zx+1 = Wz and constraints [F + GK GE] 7 <1
if and only if P; satisfies

P.—vTPw >0 (2.32)
and
H [F+GK GE]
(F+GK)T p >0, e/ He;<1, i=1,2,...,nc (233)
(GE)T z

for some symmetric matrix H, where e; is the ith column of the identity matrix.

Proof Theinequality in (2.32) implies ZTwT pwz < 7T Pz < 1, whichis asufficient
condition for invariance of the ellipsoidal set £, under zx+; = Wz;. Conversely,
(2.32) is also necessary for invariance since if P, — W1 P, % 0, then there would
exist z satisfying z7 WT P.Wz > zT P,z and z¥ P,z = 1, which would imply that
Wz ¢ &, forsome z € £;.

We next show that (2.33) provides necessary and sufficient conditions for satis-
faction of the constraints [F + GK GE]z <1, forall z € &,. To simplify notation,

let F = [F + GK GE] and let }7} denote the ith row of F. Since
max{F;z subjectto ' P.z < 1} = (FI-PZ*‘FIT)I/Z
< ,

it follows that Fx < 1, for all x € &, if and only if I:}Pz_lﬁiT < 1 for each
row i = 1,...,nc. These conditions can be expressed equivalently in terms of a
condition on a positive-definite diagonal matrix:

Hl,l — F] Pz_lﬁlT

. >0
- —1 5T
an,nc - Fnc Pz Fnc
for some scalars H; ; < 1,i =1, ..., nc, and this in turn is equivalent to

H—FP'FT =0

for some symmetric matrix H with eiT He; < 1, for all i. Using Schur complements
(as discussed in Sect.2.7.3), this condition is equivalent to
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[HF"

P Pzi|50, el-THeifl, i=1,...,nc

which implies the necessity and sufficiency of (2.33). ]

2.7.2 The Predicted Cost and MPC Algorithm

Given the autonomous form of the prediction dynamics of (2.25) it is possible to
use a Lyapunov equation similar to (2.5) to evaluate the predicted cost J (xi, ¢x) of
(2.11) along the predicted trajectories of (2.27a), (2.27b). The stage cost (namely the
part of the cost incurred at each prediction time step) has the general form

X015 + lulz = Ix1% + IKx +cllf =x"(Q + K" RK)x + " ET REc
2k 0=27 KTRK KTRE
A | ETRK ETRE|"

Hence J (xx, ¢;) can be written as

o o0

2 2 2 2

I e) = D (el + luigelz) = D Nzl = lzolliy
i=0 i=0

where, by Lemma 2.1, W is the (positive-definite) solution of the Lyapunov equation

w=v"ww + Q. (2.34)

The special structure of W and O in this Lyapunov equation implies that its solution
also has a specific structure, as we describe next.

Theorem 2.10 If K isthe optimal unconstrained linear feedback gain for the dynam-
ics of (2.1a), then the cost (2.11) for the predicted trajectories of (2.27a), (2.27b)
can be written as

J (xk, e) = x{ Wyxg +¢f Weey

BTW.B+ R 0 0
0 BTW.B+R--- 0 (2.35)
W, = ) : .
0 0 BTW.B + R

where Wy is the solution of the Riccati equation (2.9).

Proof Let W = [‘XZXX v“,{;‘; ], then substituting for W, ¥ and Q in (2.34) gives
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Wy=oTW,®+ Q0+ K'RK (2.36a)
Wer = MW @ + ET(BTW, @ + RK) (2.36b)

W. = (BE)" W (BE) + (BE)" WeeM + MW« BE + MTW.M + ETRE
(2.36¢)

The predicted cost for ¢x = 0 is ||xk||%[,V, and since K is the unconstrained opti-
mal linear feedback gain, it follows from (2.36a) and Theorem 2.1 that W, is the
solution of the Riccati equation (2.9). Furthermore, from Theorem 2.1 we have
K = —(BTWB + R)"'BTW,A, so that BT W,® + RK = 0 and hence (2.36b)
gives W,y — M Tw,.® = 0, which implies that W, = 0. Therefore,

W, 0
W= [ 0 Wc]’ (2.37)

and from (2.36¢) we have W, — MT W.M = ET (BT W, B + R)E. Hence from the
structure of M and E in (2.26b), W, is given by (2.35). U

Corollary 2.1 The unconstrained LQ optimal control law is given by the feedback
lawu = Kx, where K = —(BTW,.B + R)"'BTW, A and W, is the solution of the
Riccati equation (2.9).

Proof Theorem 2.1 has already established that the unconstrained optimal linear
feedback gain is as given in the corollary. The question remains as to whether it is
possible to obtain a smaller cost by perturbing this feedback law. Equation (2.35)
implies that this cannot be the case because the minimum cost is obtained for ¢; = 0.
This argument applies for arbitrary N and hence for perturbation sequences of any
length. (]

Using the autonomous prediction system formulation of this section, Algo-
rithm 2.1 can be restated as follows:

Algorithm 2.2 Ateach time instantk =0, 1, .. .:

(i) Perform the optimization

minimize |l [|%, subject to [ik] €S (2.38)
Ck ¢ k
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where § = Z defined in (2.29) (v;n¢ linear constraints), or S = &, defined by
the solution of (2.32) and (2.33) (a single quadratic constraint).

(i) Apply the control law u = Kx; + Cglk’ where ¢; = (CS\k’ ... ,C*Ni”k) is the
optimal value of ¢, for problem (2.38). <

Theorem 2.11 Under the MPC law of Algorithm 2.2, the origin x = 0 of system
(2.1a) is an asymptotically stable equilibrium with a region of attraction equal to the
set of states that are feasible for the constraints in (2.38).

Proof The constraint set in (2.38) is by assumption positively invariant. Therefore,
the tail ¢; 1 = Mcj provides a feasible but suboptimal solution for (2.38) at time
k + 1. Stability and asymptotic convergence of x; to the origin is then shown by
applying the arguments of the proofs of Theorems 2.7 and 2.8 to the optimal value
of the cost J (xx, ¢f) at the solution of (2.38). [l

2.7.3 Offtine Computation of Ellipsoidal Invariant Sets

In order to determine the invariant ellipsoidal set &£, for the autonomous prediction
dynamics (2.25), the matrices P, and H must be considered as variables in the con-
ditions of Theorem 2.9. These conditions then constitute Linear Matrix Inequalities
(LMIs) in the elements of P, and H. Linear matrix inequalities are used extensively
throughout this book; for an introduction to the properties of LMIs and LMI-based
techniques that are commonly used in systems analysis and control design problems,
we refer the reader to [17].

In its most general form a linear matrix inequality is a condition on the pos-
itive definiteness of a linear combination of matrices, where the coefficients of
this combination are considered as variables. Thus a (strict) LMI in the variable
x = (x1,...,x,) € R" can be expressed

M) = Mo+ Mix1 + ...+ Myxy = 0 (2.39)

where My, ..., M, are given matrices.? The convenience of LMISs lies in the convex-
ity of (2.39) (see also Questions 1-3 on page 233). This property makes it possible to
include conditions, such as those defining an invariant ellipsoidal set in Theorem 2.9,
in convex optimization problems that can be solved efficiently using semidefinite
programming.

2 A non-strict LMI is similarly defined by M (x) > 0. Any non-strict LMI can be expressed equiv-
alently as a combination of a linear equality constraint and a strict LMI (see, e.g. [17]). However,
none of the non-strict LMIs encountered in this chapter or in Chap.5 carry implicit equality con-
straints, and hence non-strict LMIs may be assumed to be either strictly feasible or infeasible. We
therefore make use of both strict and non-strict LMIs with the understanding that M (x) > 0 can be
replaced with M (x) > O for the purposes of numerical implementation.
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A suitable criterion for selecting P, is to maximize the region of attraction of
Algorithm 2.2, namely the feasible set for the constraint sz P,z; < 1. This region is
equal to the projection of £, = {z : z/ P,z < 1} onto the x-subspace:

{x : Jc such that x” Pyx + 2¢” Poex +¢T Poee < 1)

where the matrices Py, Pyc, Pcx, Pec are blocks of P, partitioned according to

_ Pxx ch
P, = [ P PJ. (2.40)

By considering the minimum value of z’ P,z over all ¢ for given x, it is easy to show
that the projection of £, onto the x-subspace is given by

Ey = {x : xT(Pxx — PXCPCZIPXC)x < 1}.

Inverting the partitioned matrix P, we obtain

-1 _ ¢ - Sxx ch
Fo=5= [Scx S]

where )
Sxx = (Pxx - PXCPc_c]PXC) >

and hence the volume of the projected ellipsoidal set £, is proportional to 1/ det(S x_xl)
= det(Sxx). The volume of the region of attraction of Algorithm 2.2 is therefore
maximized by the optimization

meslxgmfilze det(Syx) subject to (2.32), (2.33) 2.41)

Maximizing the objective in (2.41) is equivalent to maximizing logdet(Sy),
which is a concave function of the elements of S (see, e.g. [18]). But this is not yet
a semidefinite programming problem since (2.32) and (2.33) are LMIs in P, rather
than S. These constraints can however be expressed as Linear Matrix Inequalities in
S using Schur complements.

In particular, the positive definiteness of a partitioned matrix

T
[l‘i‘;V:|>0

where U, V, W are real matrices of conformal dimensions, is equivalent to positive
definiteness of the Schur complements
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U>0and W—-VvU'VT >0,

or
Ws=0and U-VIWlv ~0

(the proof of this result is discussed in Question 1 in Chap. 5 on page 233). Therefore,
after pre- and post-multiplying (2.32) by S, using Schur complements we obtain the

following condition:
S wSs
[SlIJT s ] >0, (2.42)

which is an LMI in S. Similarly, pre- and post-multiplying the matrix inequality in
(2.33) by [(I) g] yields the condition

H [F+GK GE]S
g (F+GK)T g >0 (2.43)
(GE)T

which is an LMI in S and H. Therefore &£, can be computed by solving the SDP
problem

ma)bgirbr{lize logdet(Syx) subjectto (2.42), (2.43) (2.44)

andeiTHe,- <1l,i=1,...,nc.

Example 2.4 For the system model, constraints and cost of Example 2.1, Fig.2.7
shows the ellipsoidal regions of attraction &, of Algorithm 2.2 for values of N in the
range 5-40 and compares these with the polytopic feasible set Fy for N = 10. As
expected, the ellipsoidal feasible sets are smaller than the polytopic feasible sets of
Fig.2.3, but the difference in area is small; the area of £, for N = 40 is 13.4 while
that of Fg is 13.6, a difference of only 1 %. On the other hand 36 linear constraints
are needed to define the polytopic set Z for N = 10 whereas &, is a single (quadratic)
constraint.

Figure 2.8 shows closed-loop state and input responses for Algorithm 2.2, com-
paring the responses obtained with the ellipsoidal constraint z; € &, against the
responses obtained with the linear constraint set z; € Z for N = 10. The difference in
the closed-loop costs of the two controllers for the initial condition xg = (—7.5, 0.5)
is 17 %. O
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Fig. 2.7 The ellipsoidal regions of attraction of Algorithm 2.2 for N = 5, 10, 15, 20, 30, 40. The
polytopic sets F1o and X7 are shown (dashed lines) for comparison
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Fig. 2.8 Closed-loop responses of Algorithm 2.2 for the example of (2.16a), (2.16b) for the
quadratic constraint z; € &£, with N = 20 (blue o) and the linear constraints zx € Z with N = 10
(red +). Left state trajectories and the feasible set £, for N = 20. Right control inputs
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2.8 Computational Issues

The optimization problem to be solved online in Algorithm 2.1 has a convex quadratic
objective function and linear constraints, and is therefore a convex Quadratic Program
(QP). Likewise if Algorithm 2.2 is formulated in terms of linear constraints, then this
also requires the online solution of a convex QP problem. A variety of general QP
solvers (based on active set methods [19] or interior point methods [20]), can therefore
be used to perform the online MPC optimization required by these algorithms.

However algorithms for general quadratic programming problems do not exploit
the special structure of the MPC problem considered here, and as a result their
computational demand may exceed allowable limits. In particular they may not
be applicable to problems with high sample rates, high-dimensional models, or
long prediction horizons. For example the computational load of both interior point
and active set methods grows approximately cubically with the mode 1 prediction
horizon N.

The rate of growth with N of the required computation can be reduced how-
ever if the predicted model states are considered to be optimization variables. Thus
redefining the vector of degrees of freedom as d € RN"x+Nnu:

dr = (Colk> X11k> Cljk»> X20ks - - - » CN—1]k» XN|k)

and introducing the predicted dynamics of (2.14) as equality constraints results in an
online optimization of the form

minimize dl Hydy subjectto Dydy = hy, Cedy < h..
k

Although the number of optimization variables has increased from Nn, to Nn, +
Nny, the key benefit is that the matrices Hy, Dy, C. are sparse and highly structured.
This structure can be exploited to reduce the online computation so that it grows only
linearly with N (e.g. see [19, 20]).

An alternative to reducing the online computation is to use multiparametric pro-
gramming to solve the optimization problem offline for initial conditions that lie
in different regions of the state space. Thus, given that xj is a known constant, the
minimization of the cost of (2.35) is equivalent to the minimization of

J(d) = d" Hyd (2.45)

where for simplicity, the vector of degrees of freedom ¢ has been substituted by d
and the cost is renamed as simply J. The minimization of J is subject to the linear
constraints implied by the dynamics (2.14) and system constraints (2.2), together with
the terminal constraints of (2.35); the totality of these constraints can be written as

Cod < hg + Vox (2.46)
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Then adjoining the constraints (2.46) with the cost of (2.45) through the use of a
vector of Lagrange multipliers A, we obtain the first-order Karush—Kuhn-Tucker

(KKT) conditions [19]

Hod +CEX =0 (2.47a)
M (Cod — hg — Vox) =0 (2.47b)
Cod < ho + Vox (2.47¢c)
A>0 (2.47d)

Now suppose that at the given x only a subset of (2.46) is active, so that gathering all
these active constraints and the corresponding Lagrange multipliers we can write

Cod —ho — Vox =0 (2.48a)

A>0 (2.48b)

In addition, the Lagrange multipliers corresponding to inactive constraints will be
zero so that from (2.47) it follows that

d=—Hy'CIX (2.49)
The solution for \ can be derived by substituting (2.49) into (2.48a) as
A= —(CoHy 'CTY™ " (ho + Vox). (2.50)
and substituting this into (2.49) produces the optimal solution as
d=Hy'Cl — (CoHy 'CEY 7 (ho + Vox). (2.51)

Thus for given active constraints, the optimal solution is a known affine function of
the state. Clearly the optimal solution must satisfy the constraints (2.46) as well as
the Lagrange multipliers of (2.50) must satisfy (2.48a):

ColHy ' CL — (CoHy ' CHY 7 (o + Vox)] < ho + Vox

and

—(CoH'CTY ™Y (hy + Vox) > 0.
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These two conditions give a characterization of the polyhedral region in which x
must lie in order that (2.48a) is the active constraint set.

A procedure based on these considerations is given in [14] for partitioning the con-
trollable set of Algorithms 2.1 and 2.2 into the union of a number of non-overlapping
polyhedral regions. Then the MPC optimization can be implemented online by iden-
tifying the particular polyhedral region in which the current state lies. In this approach
the associated optimal solution (2.51) is then recovered from a lookup table, and the
first element of this is used to compute and implement the current optimal control
input.

A disadvantage of this multiparametric approach is that the number of regions
grows exponentially with the dimension of the state and the length of the mode 1
prediction horizon N, and this can make the approach impractical for anything other
than small-scale problems with small values of N. Indeed in most other cases, the
computational and storage demands of the multiparametric approach exceed those
required by the QP solvers that exploit the MPC structure described above. Methods
have been proposed (e.g. [21]) for improving the efficiency with which the polyhedral
state-space partition is computed by merging regions that have the same control
law, however the complexity of the polyhedral partition remains prohibitive in this
approach.

Example 2.5 For the second-order system defined in (2.16a), (2.16b), with the cost
and terminal constraints of Example 2.3 the MPC optimization problem (2.17) can
be solved using multiparametric programming. For a mode 1 horizon of N = 10
this results in a partition of the state space into 243 polytopic regions (Fig.2.9), each
of which corresponds to a different active constraint set at the solution of the MPC
optimization problem (2.17). O

A further alternative [15, 16] which results in significant reduction in the online
computation replaces the polytopic constraints z; € Z defined (2.29) by the ellip-
soidal constraint z; € &, defined in (2.44) and thus addresses the optimization

minimize ||z [f subjectto zf Pz <1, 7% = [)c"]j (2.52)
k

As discussed in Sect. 2.7, this results in a certain degree of conservativeness because
the ellipsoidal constraint zz € &, gives an inner approximation to the polytopic
constraint 7z € Z of (2.29). The problem defined in (2.52) can be formulated as
a second-order cone program (SOCP) in Nn, + 1 variables.? If a generic solution
method is employed, then this problem could turn out to be more computationally
demanding than the QP that arises when the constraints are linear. However, the
simple form of the cost and constraint in (2.38) allow for a particularly efficient
solution, which is to be discussed next.

3Second-order cone programs are convex optimization problems that can be solved using interior
point methods. See [22] for details and further applications of SOCP.
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Fig.2.9 The partition of the state space of the system of Example 2.5 into regions in which different
constraint sets are active at the solution of the online MPC optimization problem

To exploit the structure of the cost and constraint in (2.52), we use the partitions of
(2.37) and (2.40) to write z} Wz = x] Wyx + ¢! Weer and 2] P,zj = x] Poyxi +
2¢] Pexxy + €] Pecek, where use has been made of the fact that Py = P/ The
minimizing value of ¢ in (2.52) can only occur at a point at which the two ellipsoidal
boundaries, 07 = {z : z,{ Wzr = a} and 0E, = {zj : ZIT(PZZk = 1}, are tangential
to one another for some constant o > 0, namely when the gradients (with respect to
¢) are parallel, i.e.

Weer = p(Pexxi + PecCr), 1 <0 (2.53)

for some scalar y, or equivalently
¢ = My, Pexxi, My = (W, — pPec) ™" (2.54)
At the solution therefore, the inequality constraint in (2.52) will hold with equality

so that /1 can be obtained as the solution of x/ Pyyxy + 2¢] Pey + €] Pecex = 1,
which after some algebraic manipulation gives y as a root of

cc

é() = x! Py (MHWCPL;IWCMM - P—l) Pexxi +x] Poxi — 1 = 0. (2.55)
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Equation (2.55) is equivalent to a polynomial equation in g which can be shown
(using straightforward algebra) to have 2N roots, all corresponding to points of
tangency of 0, and ;. However (2.52) has a unique minimum, and it follows that
only one of these roots can be negative, as is required by (2.53).

By repeatedly differentiating ¢(u) with respect to p it is easy to show that the
derivatives of this polynomial satisfy

d" ¢
du”

>0 Vu<0.

This implies that the Newton—Raphson method, when initialised at u = 0, is guar-
anteed to converge to the unique negative root of (2.55), and that the rate of its
convergence is quadratic.

Thus the optimal solution to (2.52) is obtained extremely efficiently by substituting
the negative root of (2.55) into (2.54); in fact the computation required is equivalent
to solving a univariate polynomial with monotonic derivatives. The price that must
be paid for this gain in computational efficiency is a degree of suboptimality that
results from the use of the ellipsoidal constraint z; € &£, which provides only an
inner approximation to the actual polytopic constraint of (2.29). However, simulation
results [16] show that in most cases the degree of suboptimality is not significant.
Furthermore predicted performance can be improved by a subsequent univariate
search over a € [0, 1] with zx = (x¢, acy)) where ¢; is the solution of (2.52). To
retain the guarantee of closed-loop stability this is performed subject to the constraints
that the vector Wz; defining the tail of the predicted sequence at time k should lie
in the ellipsoid &£, and subject to the constraint Fxx + Guy < 1. This modification
requires negligible additional computation.

2.9 Optimized Prediction Dynamics

The MPC algorithms described thus far parameterize the predicted inputs in terms
of a projection onto the standard basis vectors e;, so, for example

N-1
Ck = Z Cilk€i+1
—

in the case that if n, = 1. As a consequence the degrees of freedom have a direct
effect on the predictions only over the N-step mode 1 prediction horizon, which
therefore has to be taken to be sufficiently long to ensure that constraints are met
during the transients of the prediction system response. Combined with the additional
requirement that the terminal constraint is met at the end of the mode 1 horizon for as
large a set of initial conditions as possible, this places demands on N that can make
the computational load of MPC prohibitive for applications with high sampling rates.
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To overcome this problem an extra mode can be introduced into the predicted
control trajectories, as is done for example in triple mode MPC [23]. This additional
mode introduces degrees of freedom into predictions after the end of the mode 1
horizon but allows efficient handling of the constraints at these prediction instants,
thus allowing the mode 1 horizon to be shortened without adversely affecting opti-
mality and the size of the feasible set. Alternatively in the context of dual-mode
predictions it is possible to consider parameterizing predicted control trajectories as
an expansion over a finite set of basis functions. Exponential basis functions, which
allow the use of arguments based on the tail for analysing stability and convergence
(e.g. [24]), are most commonly employed in MPC, a special case being expansion
over Laguerre functions (e.g. [25]).

A framework that encompasses projection onto a general set of exponential basis
functions was developed in [26]. In this approach, the matrices E and M appearing in
the transition matrix W of the augmented prediction dynamics (2.25) are not chosen
as prescribed by (2.26b), but instead are replaced by variables, denoted A, and C,
that are optimized offline as we discuss later in this section. With this modification

the prediction dynamics are given by

Zigik =¥z, 1=0,1,... (2.56a)
where
| xx | ® BC,
200k = [CJ, V= [0 A, ] (2.56b)

and the predicted state and control trajectories are generated by
ik = [K Ce)zig (2.56¢)

xik = [1 0] zik. (2.56d)

As in Sect.2.7, the predicted control law of (2.56c) has the form of a dynamic
feedback controller, the initial state of which is given by ¢;. However in Sect. 2.7 the
matrix M of (2.26) is nilpotent, so that MV ¢, = 0 and hence ujjk = Kxj, for all
i =N,N+1,.... For the general case considered in (2.56), A, is not necessarily
nilpotent, which implies that the direct effect of the elements of ¢, can extend beyond
the initial N steps of the prediction horizon in this setting.

Following a development analogous to that of Sect.2.7, the predicted cost (2.11)
can be expressed as J(xg, ¢x) = ||Z0|k||%v where W satisfies the Lyapunov matrix
equation

(2.57)

n n T T
W=wT W+ 0. QZ[Q—!—K RK K RCC:|.

cI'rRk CIRcC,
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By examining the partitioned blocks of this equation, it can be shown (using the same
approach as the proof of Theorem 2.10) that its solution is block diagonal

W O
w={%
whenever K is the unconstrained optimal feedback gain. Here W, is the solution of
the Riccati equation (2.9) and W, is the solution of the Lyapunov equation W, =
ACT WA+ CCT (BTW,B+ R)C.. By Lemma 2.1, the solution is unique and satisfies
W, > 0 whenever A. is strictly stable.

The constraints (2.2) applied to the predictions of (2.56) require that zox lies in
the polytopic set

Z={z:[F+GK GC]¥'z<1, i=0,1,...,v}, (2.58)

where [F + GK GC.| W"*!z < 1, for all z satisfying [F + GK GC.| Wiz <1,
i=0,1,...,v,. By Theorem 2.3 this is the MPI set for the dynamics of (2.56) and
constraints (2.2), and its projection onto the x-subspace is therefore equal to the feasi-
ble set for x; for the prediction system (2.56) and constraints [F + GK GCC] z<1.
The MPC law of Algorithm 2.2 with the cost matrix W defined in (2.57) and con-
straint set Z defined in (2.58) has the stability and convergence properties stated in
Theorem 2.11.

Alternatively, and similarly to the discussion in Sect. 2.7, it is possible to replace
the linear constraints zojx € Z by a single quadratic constraint zo|x € &; in order to
reduce the online computational load of Algorithm 2.2. As in Sect.2.7, we require
that £, = {z : zT P,z < 1} is positively invariant for the dynamics z;,1 = Wz and
constraints [F + GK GCC] zx < 1, which by Theorem 2.9 requires that there exists
a symmetric matrix H such that P,, A, and C, satisfy

P.—vTpPw >0 (2.59a)
H [F +GK GC]
(F+GK)] | =0, e] He; <1, i=1,...nc. (2.59b)
(GC)" :

Under these conditions the stability and convergence properties specified by Theo-
rem 2.11 again apply.

Using &, as the constraint set in the online optimization in place of Z reduces
the region of attraction of the MPC law. However, to compensate for this effect it is
possible to design the prediction system parameters A, and C, so as to maximize the
projection of &, onto the x-subspace. Analogously to (2.44), this is achieved by max-
imizing the determinant of [/, O]PZ_1 (1, 017 subject to (2.59a), (2.59b). Unlike
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the case considered in Sect.2.7, this is performed with A, and C, as optimization
variables. Viewed as inequalities in these variables, (2.59a), (2.59b) represent non-
convex constraints. The problem can however be convexified provided the dimension
of ¢y is at least as large as that of n,, [26] using a technique introduced by [27] in the
context of H oo, control, as we discuss next.

Introducing variables U, V € R"*¥¢ (where v, is the length of ¢;), & € R /x|
[ € R"™*" and symmetric X,Y € R"™*"x  we re-parameterize the problem by
defining

x! x"'v _ Y V ~
PZ=|:UTx—l ® :| le=[vT .:|’ C‘=UACVT’ F=CCVT
(2.60)

(where e indicates blocks of P, and PZ’1 that are determined uniquely by X, Y, U, V).
Since P, Pz_1 = I, we also require that

vvli =x-v. (2.61)

The constraints (2.59a), (2.59b) can then be expressed as LMIs in E, I', X and Y.
Specifically, using Schur complements, (2.59a) is equivalent to

P. PV
>
[\IJTPZ P, } =0,

and multiplying the LHS of this inequality by diag{IT”, 17} on the left and
diag{IT, IT} on the right, where IT = [ yox ] yields the equivalent condition

vl o |
[YX}[ ®Y + BT cpx}
XX||E4+®Y+ Bl &X
. Y X =0 (2.62a)
XX

(where the block marked « is omitted as the matrix is symmetric). Similarly, pre-
and post-multiplying the matrix inequality in (2.59b) by diag{Z, 17 } and diag{/, IT},
respectively, yields

H [(F + GK)Y + GT (F + GK)X]
|:YX] >0, eiTHeifl, i=1,...,nc.

*

XX
(2.62b)

Therefore matrices P;, A, and C, can exist satisfying (2.59a), (2.59b) only if the
conditions (2.62a), (2.62b) are feasible. Moreover, (2.62a), (2.62b) are both necessary
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and sufficient for feasibility of (2.59a), (2.59b) if v, > n, since (2.61) then imposes
no additional constraints on X and Y (in the sense that U and V then exist satisfying
(2.61),forall X, Y € R"*"x) The volume of the projection of £, onto the x-subspace
is proportional to det(Y’), which is maximized by solving the convex optimization:

m_g);ir}?i%e logdet(Y) subject to (2.62a), (2.62b). (2.63)

Finally, we note that the conditions (2.62a), (2.62b) do not depend on the value of
V¢, and since there is no advantage to be gained using a larger value, we set v, = ny.
From the solution of (2.63), A, and C, are given uniquely by

A.=U'gv T c.=rvT.

while P, can be recovered from (2.60).

A remarkable property of the optimized prediction dynamics is that the maximal
projection of &, onto the x-subspace is as large as the maximal positively invariant
ellipsoidal set under any linear state feedback control law [26]. The importance of this
is that it overcomes the trade-off that exists in the conventional MPC formulations
of Sects.2.7 and 2.5 between performance and the size of the feasible set. Thus,
in the interests of enlarging the terminal invariant set (and hence the overall region
of attraction), it may be tempting to de-tune the terminal control law. But this has
an adverse effect on predicted performance, and potentially also reduces closed-
loop performance. Such loss of performance is however avoided if the optimized
prediction dynamics are used since K can be chosen to be the unconstrained LQ
optimal gain, without any detriment to the size of the region of attraction.

Example 2.6 The maximal ellipsoidal region of attraction of Algorithm 2.2 for the
same system model, constraints and cost as Example 2.1 is shown in Fig. 2.10. Since
this is obtained by optimizing the prediction dynamics using (2.63), the number
of degrees of freedom in the resulting prediction system (i.e. the length of ¢; in
(2.56)) is the same as n,, which here is 2. The area of this maximal ellipsoid is 13.5,
whereas the area of the ellipsoidal region of attraction obtained from (2.44) for the
non-optimized prediction system (2.25) and the same number of degrees of freedom
in predictions (i.e. N = 2) is just 2.3.

Figure2.10 also shows the polytopic feasible set for x; in Algorithm 2.2 when
the optimized prediction dynamics are used to define the polytopic constraint set
Z in (2.58). Despite having only 2 degrees of freedom, the optimized prediction
dynamics result in a polytopic feasible set covering 97 % of the area of the maximal
feasible set Foo, Which for this example is equal to the polytopic feasible set for the
non-optimized dynamics with N = 26 degrees of freedom (also shown in Fig.2.10).
For the initial condition xg = (—7.5, 0.5), the closed-loop cost of Algorithm 2.2 with
the optimized prediction dynamics containing 2 degrees of freedom and polytopic
constraint set Z is 357.7, which from Table 2.1 is only 0.5 % suboptimal relative to
the ideal optimal cost with N = 11. O
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Fig. 2.10 Ellipsoidal region of attraction for optimized dynamics (with 2 degrees of freedom) and
ellipsoidal region of attraction for N = 2. Also shown are the maximal polytopic region of attraction
(F26) and the polytopic region of attraction for the optimized dynamics

2.10 Early MPC Algorithms

Perhaps the earliest reference to MPC strategies is [28], although the ideas of rolling
horizons and decision making based on forecasts had been used earlier in different
contexts (e.g. production scheduling). There have since been thousands of MPC
papers published in the open literature, including a plethora of reports on applications
of MPC to industrial problems. Early contributions (e.g. [29, 30]) were based on finite
horizon predictive costs and as such did not carry guarantees of closed-loop stability.

The most cited of the early papers on predictive control is the seminal work
[31, 32] on Generalized Predictive Control (GPC). This uses an input—output model
to express the vector of output predictions as an affine function of the vector of
predicted inputs

Y1k Aug

Ye=| : | =Cclu +y,{, Aug =

YNk Aun, 11k

Here N, denotes an input prediction horizon which is chosen to be less than or equal
to the prediction horizon N. The matrix Cg is the block striped (Toeplitz) lower
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triangular matrix comprising the coefficients of the system step response, Cg Auy
denotes the predicted forced response at time k, and y,{ denotes the free response
at time k due to non-zero initial conditions. The notation Au is used to denote the
control increments (i.e. Au;jx = u;jx — uj—1x). Posing the problem in terms of
control increments implies the automatic inclusion in the feedback loop of integral
action which rejects (in the steady state) constant additive disturbances.

The GPC algorithm minimizes a cost, subject to constraints, which penalizes
predicted output errors (deviations from a constant reference vector r) and predicted
control increments

Ji = =y O — yi) + Au! RAw, (2.64)

wherer = [r7 -+ 717, O = diag{Q,..., Q} and R = diag{R, ..., R}. By
setting the derivative of this cost with respect to Auy equal to zero, the unconstrained
optimum vector of predicted control increments can be derived as

N A\ —1 N
Auy = (chCG + R) cLow -yl (2.65)

The optimal current control move Augjy is then computed from the first element of
this vector, and the control input uy = Augk + ux—1 is applied to the plant.

GPC has proven effective in a wide range of applications and is the basis of a
number of commercially successful MPC algorithms. There are several reasons for
the success of the approach, principal among these are: the simplicity and generality
of the plant model, and the lack of sensitivity of the controller to variable or unknown
plant dead time and unknown model order; the fact that the approach lends itself
to self-tuning and adaptive control, output feedback control and stochastic control
problems; and the ability of GPC to approximate various well-known control laws
through appropriate definition of the cost (2.64), for example LQ optimal control,
minimum variance and dead-beat control laws. For further discussion of these aspects
of GPC and its industrial applications we refer the reader to [31-34].

Although widely used in industry, the original formulation of GPC did not guaran-
tee closed-loop stability except in limiting cases of the input and output horizons (for
example, in the limit as both the prediction and control horizons tend to infinity, or
when the control horizon is N,, = 1, the prediction horizon is N = oo and the open-
loop system is stable). However, the missing stability guarantee can be established
by imposing a suitable terminal constraint on predictions.

Terminal equality constraints that force the predicted tracking errors to be zero at
all prediction times beyond the N-step prediction horizon were proposed for reced-
ing horizon controllers in the context of continuous time, time-varying unconstrained
systems in [35], time invariant discrete time unconstrained systems [36], and non-
linear constrained systems [37]. This constraint effectively turns the cost of (2.64)
into an infinite horizon cost which can be shown to be monotonically non-increasing
using an argument based on the prediction tail. As a result it can be shown that
tracking errors are steered asymptotically to zero. The terminal equality constraint
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need only to be applied over n, prediction steps after the end of an initial N-step
horizon. Under the assumption that N > n,, the general solution of the equality
constraints will contain, implicitly, (N — n,)n,, degrees of freedom and these can be
used to minimize the resulting predicted cost (i.e. the cost of (2.64) after the expres-
sion for the general solution of the equality constraints has been substituted into
(2.64)). A closely related algorithm to GPC that addresses the case of constrained
systems is Stable GPC (SGPC) [38], which establishes closed-loop stability by ensur-
ing that optimal predicted cost is a Lyapunov function for the closed-loop system.
Related approaches [36, 39] use terminal equality constraints explicitly, however
SGPC implements the equality constraints implicitly while preserving an explicit
representation of the degrees of freedom in predictions.

The decision variables in the SGPC predicted control trajectories appear as per-
turbations of a stabilizing feedback law, and in terms of a left factorization of transfer
function matrices, the predicted control sequence is given by

we =V (e - 21 RGE@ D). (2.66)

Here z is the z-transform variable (z~! can be thought of as the backward shift
operator, namely 7! fr = fr—1), and X ™D, YY) are polynomial solutions
(expressed in powers of z~!) of the matrix Bezout identity

Y HAC Y +z7' X HBEH =1 (2.67)

For simplicity, we use uy instead of Auy and consider the regulation rather than
the setpoint tracking problem (i.e. we take r = 0). Here Bz, A(z™1) are the
polynomial matrices (in powers of z~!) defining right coprime factors of the system
transfer function matrix, G(z~!), where

Yir1 = G Hug = BzHAT @ Hug (2.68)

The determination of the coprime factors can be achieved through the compu-
tation of the Smith—-McMillan form of the transfer function matrix, G(z~') =
Lz HSE HR(™) where Sz = £ Hw!(z7!) with both £(z7!) and
W (z 1) being diagonal polynomial matrix functions of z ~!. The right coprime factors
canthenbe chosenas B(z™') = Lz HEGE™), Az = R™' @ Hw(z™"). Alter-
natively, B(z~!), A(z™") can be computed through an iterative procedure, which we
describe now.

Assuming that G(z~!) is given as

G(z—1>=d L_Ne

oM
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we need to find the solution, A(z~1), B(z™1), of the Bezout identity

N HAaE™hH =B HdiE™) (2.69)

for which (2.67) admits a solution for X (z =), ¥ (z~"). This solution can be shown
to be unique under the assumption that the coefficient of z in A(z ") is the identity,
and that A(z~!) and B(z™!) are of minimal degree. Equation (2.69) defines a set of
under-determined linear conditions on the coefficients of B(z~'), A(z™"). Thus the
coefficients of B(z~!), A(z™") can be expressed as an affine function of a matrix,
say R, where R defines the degrees of freedom which are to be given up so that
(2.67) admits a solution. The determination of R constitutes a nonlinear problem
which, nevertheless, can be solved to any desired degree of accuracy by solving
(2.67) iteratively. The iteration consists of using the least squares solution for R of
(2.67) to update the choice for the coefficients of Az™Y, B(z™D); these updated
values are then used in (2.67) to update the solution for Y(z7Y, X(z7"), and so on.
Each cycle of this iteration reduces the norm of the error in the solution of (2.67)
and the iterative process can be terminated when the norm of the error is below a
practically desirable threshold.

Substituting (2.68) into (2.66), pre-multiplying by Y(z~") and using the Bezout
identity (2.67) provides the prediction model:

Vi1 = Bz ek + y,{H

up = Az Hep + u,{

(2.70)
Here y,‘(f and u ,J: denote the components of the predicted output and input trajectories
corresponding to the free response of the model due to non-zero initial conditions.
Consider now the dual coprime factorizations Bz HA 'z H=A"1z"HBE™,
X Hy 1@ =7 'z"HX () satisfying the Bezout identity

TIXEhH Teh ][Be™H v 10
ii—1 poo—1 -1 Ay | = (2.71)
Az™H —=B@E™H||AE™YH) —z7 X (™) 01

Detailed calcu~lation, based on sirpulating forward ~in time the relationships I?(z_ Dyug

= cr — 2 'X@ Hyryr and Az Hyre1 = B Huy, leads to the following

affine relationship from the vector of predicted controller perturbations, ¢; =

(coks - - -» en—11%) (With ¢jjp = 0, for all i > v), to the vectors of predicted out-
puts, Y« = (V1jk - - - » YN|k), and inputs, g = (Uojk, - - ., UN—1]k):
R | R AR A
77X Y — — 77X Y k (2.72)
|: CA —Cé uy 0 H; _HB ll]I(7
where N = v 4+ na, ¥ = Ok-ny—1s---» ) and u} = (ug_py, ..., up—1)

denote vectors of past input and output values and n4,ny,ny are the degrees
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of the polynomials Az7H, Xz, Y(zH. The C and H matrices are block
Toeplitz convolution matrices, which are defined for any given matrix polynomial
Feh=F+Fz '+ - +F,z by

Fp 0 0 0 -0 Fu Fn_1 F

F F 0 0 ---0 0 Fy F
Cr=|FnFu1--F O ---0|, Hr=|0 0 ---F,
0 F, - F Fy -0 O 0 ---0
| 0 0 - Fy Fpyy - Fo| [0 0 -0

where the row-blocks of Cr and Hf consist, respectively, of N and m blocks.

The solution of (2.72) for the vectors, y; and uy, of output and input predictions
is affine in the vector of the degrees of freedom ¢y, and hence the predicted cost is
quadratic in ¢g. In particular the Bezout identity (2.71) implies an explicit expression
for the inverse of the matrix on the LHS of (2.72), which in turn implies the solution

FAR Rl e | A A ]

w| [Ca k Ca —CZ—IX HA _HB ulf ’

The second term on the RHS of this expression corresponds to the free responses of
the output and input predictions, and, on account of the structure of the convolution
matrices in (2.72) and the Bezout identity (2.71), these free responses are zero at the
end of the prediction horizon consisting of N = v 4 N4 steps. From this observation
and the finite impulse response of the filters B(z ) and A(z~!) in (2.70), it follows
that SGPC imposes an implicit terminal equality constraint, namely that both the
predicted input and output vectors reach the steady value of zero at the end of the
horizon of N = v+ N4 prediction time steps, and this gives the algorithm a guarantee
of closed-loop stability.

Equality terminal constraints can be overly stringent but it is possible to modify
SGPC so that the predicted control law of (2.66) imitates what is obtained using the
predicted control law, u;jx = Kx;jx + ¢i, of the closed-loop paradigm. This can be
achieved through the use of the Bezout identity

Y HAEH +z7'X@ HBE™) = Auz™h (2.73)

where A.;(z™!) is such that B(z~!) and A.;(z!) define right coprime factors of the
closed-loop transfer function matrix (under the control law u = Kx + ¢). The fact
that the same B(z~!) can be used for both the open and closed-loop transfer function
matrices can be argued as follows. Let lg?(z_1 ), A(z‘l) be the right coprime factors
of (zI — A)~! B such that BA(Z_I) = (zI — A)é(z_l). The consistency condition
for this equation is N (z/ — A)é(z_l) = 0 where N is the full-rank left annihilator
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of B (satisfying the condition N B = 0). This is however is also the consistency
condition for the equation

BAu(z Y=zl —A—BK) ' Bz,

which implies that B(z™!) can also be used in the right coprime factorization of
(zI—A—BK) ' B.Thus the same B(z~!) = CB(z™") can be used for both the open
and closed-loop transfer function matrices given that these transfer function matrices
are obtained by the pre-multiplication by C of (z/ —A) " 'Band (zI —A—BK)~'B,
respectively. The property that acommon B(z~!) can be used in the factorization of
the open and closed-loop transfer function matrices can also be used to prove that the
control law of (2.66) guarantees the internal stability of the closed-loop system [40]
(when Y (z71), X(z~1) satisfy either of (2.67) or (2.73)).

SGPC introduced a Youla parameter into the MPC problem and this provides
an alternative way to that described in Sect.2.9 to endow the prediction structure
with control dynamics. This can be achieved by replacing the polynomial matrices
Y(z™Y, X(z"), respectively by

Mz H=YchH-z"oehHBE™)
NeH=Xz"H+4aczhHoe™h

where Q(z~!) represents a free parameter (which can be chosen to be any polynomial
matrix, or stable transfer function matrix). If ¥ (z~!) and X (z™1) satisfy the Bezout
identity (either (2.67) or (2.73)), then so will M(z~") and N(z 1), which therefore
can be used in the control law of (2.66) in place of Y(z Y and X (z7!). The advantage
of this is that the degrees of freedom in Q (z~1) can be used to enhance the robustness
of the closed-loop system to model parameter uncertainty or to enlarge the region of
attraction of the algorithm [38].

At first sight it may appear that the relationships above will not hold in the
presence of constraints. However this is not so, because the perturbations c; have
been introduced in order to ensure that constraints are respected and therefore
the predicted trajectories are generated by the system operating within its linear
range. These prediction equations can be used to express the vector of predicted
outputs and inputs as functions of the vector of predicted degrees of freedom,
¢ = (COks - - - s CN—1]k» Coo» Coos - - -) Where coo denotes the constant value of ¢ which
ensures that the steady-state predicted output is equal to the desired setpoint vector
and the vector ¢, contains Nn, degrees of freedom. Clearly for a regulation problem
with r = 0, cs, would be chosen to be zero. SGPC then proceeds to minimize the
cost of (2.65) over the degrees of freedom (cok, ..., cy—1jk) subject to constraints
and implements the control move indicated by (2.66).
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The algorithms discussed in this section are based on output feedback and are
appropriate in cases where the assumption that the states are measurable and available
for the purposes of feedback does not hold true. In instances like this one can, instead,
revert to a state-space system representation constructed using current and past inputs
and outputs as states (e.g. [41]) or a state-space description of the combination of
the system dynamics together with the dynamics of a state observer (e.g. [42], which
established invariance using low-complexity polytopes, namely polytopes with 2n,
vertices).

2.11 Exercises

1 A first-order system with the discrete time model
Xir1 = 1.5xg + uy

is to be controlled using a predictive controller that minimizes the predicted perfor-
mance index

1
J (e, wok, k) = z (xi2|k + 10“1'2|k) + qx%\k
i=0

where ¢ is a positive constant.

(a) Show that the unconstrained predictive control law is u = —0.35x; if g = 1.

(b) The unconstrained optimal control law with respect to the infinite horizon cost
Z,fio(x,% + 10u,%) is ury = —0.88x;. Determine the value of g so that the
unconstrained predictive control law coincides with this LQ optimal control
law.

(c) The predicted cost is to be minimized subject to input constraints

—05 <u; < 1.
If the predicted inputs are defined as u;x = —0.88x;, for alli > 2, show that

the MPC optimization problem is guaranteed to be recursively feasible if u;
satisfies these constraints for i = 0, 1 and 2.

2 (a) A discrete time system is defined by

01
Xi+1 = [0 OJ xe vk =[10]x

where « is a constant. Show that —1 < y; < 1, for all k¥ > 0 if and only if
la] < 1 and
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=[]

(b) A model predictive control strategy is to be designed for the system

1 1
X1 = [g OJ X+ [O} ue, ye=[10]x, —-1<up=<1

where «v and 3 are constants, with || < 1. Assuming that, fori > N, the i steps
ahead predicted input is defined as

ik = [ 0] xik,
show that:
o] N-—1 1 0
() D O +uin) = D Gl +ul) + (8% + Dxjy [O 1 ] XN k-
i=0 i=0 I-a

(i) —1 <uj < 1foralli > N if

[j}] < 1Bl o < m .

(c) Comment on the suggestion that an MPC law based on minimizing the cost in
(b)(i) subjectto —1 < u;x < 1fori =0, ..., N —1 and the terminal constraint
xyik = 0 would be stable. Why would it be preferable to use the terminal
inequality constraints of (b)(ii) instead of this terminal equality constraint.

3 A system has the model

01 I-1 1
xk+l:|:_1 Oi|xk+§|:1i|'4k, yk:E[l I]Xk.

(a) Show that, if u; =

oo
>R +ud) = ol

il
[}

(b) A predictive control law is defined at each time step k by u; = u(’gl «» Where
(u(";lk, e, u*]‘v_llk) is the minimizing argument of

N—1
: 1(.2 2 2
min Z 2 (yilk + “i|k) + [lxnll ™

UQk s UN—1]k *
i=0

Show that the closed-loop system is stable.
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(c) The system is now subject to the constraint —1 < y; < 1, for all k. Will the
closed-loop system necessarily be stable if the optimization in part (b) includes
the constraints —1 < y;p < 1,fori =1,2,..., N +1?

4 A discrete time system is described by the model xx1| = Axy + Buy with

03 —0.9 0.5
A—[—o.4—2.1]’ B‘[l ]

where u, = Kxi for K = [0.244 1.751], and for all k = 0, 1... the state x; is
subject to the constraints
I[1 =1]x| = 1.

(a) Describe a procedure based on linear programming for determining the largest
invariant set compatible with constraints |[1 —1] x| < 1.
(b) Demonstrate by solving a linear program that the maximal invariant set is
defined by
{x: Fx <land F®x <1},

1 -1 0.42 —0.025
where F = |:_1 | :| and @ = [—0.16 —035 :|

5 Consider the system of Question 4 with the cost Z,iio(llxk ||2Q + ||uk||%€), with
QOQ=1Tand R =1.

(a) ForK = [0.244 1.75 l], solve the Lyapunov matrix equation (2.5) to find W and
hence verify using Theorem 2.1 that K is the optimal unconstrained feedback
gain.

(b) Use the maximal invariant set given in Question 4(b) to prove that x;;x =
[1 0] W'z satisfies the constraints |[1 —1] x;x| < 1,foralli > 0if [F 0] W'z
<1fori=0,1,..., N + 1, where

1= _[A+BK BE e
R e AR M

010---00
001---00
E=[10---0]eRN M=|::: ::|eRVV
000---01
000---00

(c) Show that the predicted cost is given by

1.330.58
0o e0) = Il + pllel, W = [0.58 4_64] . p=6.56.



60

2  MPC with No Model Uncertainty

(d) For the initial condition xo = (3.8, 3.8), the optimal predicted cost,

J (x0) = min J(xo,¢) subjectto [F 0] \yi[’“’} <1,i=1,...,N+1
ceRN C

varies with N as follows:

N 8 9 10 11
J3% (xo0) 00 826.6 826.6 826.6

(the problemis infeasible for N < 8). Suggest why J}; (xo) is likely to be equal to
826.6, for all N > 9 and state the likely value of the infinite horizon cost for the
closed loop state and control sequence starting from xg under u; = Kx; + CS\ X
if N =09.

6 For the system and constraints of Question 4 with K = [0.244 1.751]:

(a)

(b)

(©)

(d)

(e)

Taking N = 2, solve the optimization (2.41) to determine, for the prediction
dynamics 71 = Wz, the ellipsoidal invariant set {z : z7 P,z < 1} that has
the maximum area projection onto the x-subspace. Hence show that the greatest
scalar « such that xo = («, «) satisfies zg P,zo < 1 for zg = (xg, ¢p), for some
co € R%isa = 1.79.

Show that, for N = 2, the greatest « such that xo = («, ) is feasible for the
constraints [F 0] Wizg<1,i=0,...,N+1,forzp = (xg, ¢p), for some
co € R?, is o = 2.41. Explain why this value is necessarily greater than the
value of « in (a).

Determine the optimized prediction dynamics by solving (2.63) and verify that

096 0.32
Co=[-122-045], A = [_0.015 _0.063} ’

and also that the maximum scaling « such that x9 = («a, «) is feasible for

28 P.zo < 1 for zg = (xo, ¢9), for some ¢y € R?, is a = 2.32.
Using the optimized prediction dynamics computed in part (c), define

- [A+BK BC.
o=

and show that x;;x = [I 0] Wiz satisfies constraints |[1 —1] Xiik| < 1, for all
i > 0if [F 0] Wiz < 1fori = 0,...,5. Hence show that the maximum
scaling « such that xg = (v, «) satisfies these constraints for some ¢g € R? is
o = 3.82.

Show that the optimal value of the predicted cost for the prediction dynamics
and constraints determined in (d) with xo = (3.8,3.8) is J*(xg) = 1686.
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Explain why this value is greater than the predicted cost in Question 5(d) for
N = 9. Whatis the advantage of the MPC law based on the optimized prediction
dynamics?

7 With K = [0.067 2], the model of Question 4 gives
0.33 0.1
A+ BK= [—0.33 —0.1} '

(a) Explain the significance of this for the size of the feasible initial condition set
of an MPC law which is subject to the state constraints |[1 1] x| < 1rather than
the constraints of Question 4?7

(b) Explain why the feasible set of the MPC algorithm in Question 5(d) (which is
subject to the constraints |[1 —1] x| < 1) is finite for all N.

8 GPC can be cast in terms of state-space models, through which the predicted
output sequence yx = (Y1, ..., YN|k) can be expressed as an affine function of
the predicted input sequence w;y = (ugjk, ..., UN,—1k) as Yx = Cixp + C,ug.
Using this expression show that the unconstrained optimum for the minimization
of the regulation cost Jy = y,{ QYk + u,{l@uk, with Q = diag{Q, ..., Q} and
R = diag{R, ..., R}, is given by

* b T A -1 7
ul = — (R + T ch) cT OCyxt.
Hence show that for

0.83 —0.46 0.26
A= [—0.05 0.86 ] B= [0.55]’ ¢ =[o67071],

and in the absence of constraints, GPC results in an unstable closed loop system for
all prediction horizons N < 9 and input horizons N, < N. Confirm that the open-
loop system is stable but that its zero is non-minimum phase. Construct an argument
which explains the instability observed above.

9 (a) Compute the transfer function of the system of Question 8 and show that the
polynomials

X(z7" =21.0529z71 —32.2308, Y(z~!) =19.8907z"' +1

are solutions of the Bezout identity (2.67).

(b) It is proposed to use SGPC to regulate the system of part (a) about the origin
(i.e. the reference setpoint is taken to be »r = 0) using two degrees of freedom,
¢, = (cojk, 1)), in the predicted state and input sequences, the implicit assump-
tion being that ¢; x = 0, foralli > 2. Form the 4 x 4 convolution matrices C %
Cy,Cj4, Ci and confirm that
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-1
) -la-cll
C; —Cj Cp —C,1y
Hence show that the prediction equation giving the vectors of predicted outputs
Yi = (V1ik - - - » Y4jx) and inputs wg = (uq, - . ., U3jk) is
126 —199 11.9
03x3 p
[lylk} - [23} [Ock ] —| 211 =322 199 [y';,] :
k Al P21 —1331 21.1 —126 | L%
02x3

(c) Show that the predicted sequences in (b) implicitly satisfy a terminal constraint.
Hence explain why the closed-loop system under SGPC is necessarily stable.

10 For the data of Question 9 plot the frequency response of the modulus of
K@z ™hH/(1+ G HK(z™")) where

Xz H+AzHoe™

Kz H)=~=
=Y — B hoe

for the following two cases:

(@ Qi H=0
b) 0z H=—-11.7z"1+43

Hence suggest what might be the benefit of introducing a Youla parameter into SGPC
in terms of robustness to additive uncertainty in the system transfer function.
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Part 11
Robust MPC



Chapter 3
Open-Loop Optimization Strategies
for Additive Uncertainty

The essential components of the classical predictive control algorithms considered
in Chap.2 also underpin the design of algorithms for robust MPC. Guarantees of
closed-loop properties such as stability and convergence rely on appropriately defined
terminal control laws, terminal sets and cost functions. Likewise, to ensure that
constraints can be met in the future, the initial plant state must belong to a suitable
controllable set. However the design of these constituents and the analysis of their
effects on the performance of MPC algorithms becomes more complex in the case
where the system dynamics are subject to uncertainty. The main difficulty is that
properties such as invariance, controlled invariance (including recursive feasibility)
and monotonicity of the predicted cost must be guaranteed for all possible uncertainty
realizations. In many cases this leads to computation which grows rapidly with the
problem size and the prediction horizon.

Uncertainty is a ubiquitous feature of control applications. It can arise as a result
of the presence of additive disturbances in the system model and can also be multi-
plicative in nature, for example as a result of an imprecise knowledge of the model
parameters. In either case it is essential that certain properties (including closed-loop
stability and performance) are preserved despite the presence of uncertainty, and this
is the main preoccupation of robust MPC (RMPC). In this chapter and in Chap.4,
consideration will be given to the additive case, whereas the multiplicative case will
be examined in Chap.5. These topics will be re-examined in later chapters in the
context of stochastic MPC.

Within the range of approaches that have been proposed for robust MPC, there is
a fundamental difference between strategies in which optimization is performed over
open-loop prediction strategies and those that optimize the parameters of predicted
feedback laws. This chapter discusses open-loop optimization algorithms; these are
often conceptually simpler and generally have lower computational complexity than
their counterparts employing closed-loop strategies. However the techniques intro-
duced here for determining feasibility of robust constraints and closed-loop stability
analysis carry over to the closed-loop strategies considered in Chap. 4. The chapter
begins with a discussion of robust constraint handling, then describes cost functions
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and stability analyses, before continuing to describe alternative approaches based
on the online optimization of tubes that bound predicted state and input trajectories.
The chapter concludes with a discussion of early robust MPC algorithms.

3.1 The Control Problem

We consider the system model that is obtained when a disturbance term representing
additive model uncertainty is introduced into the linear dynamics of (2.1):

Xp+1 = Axg + Bup + Dwy. 3.1)

Here D is a matrix of known parameters and wy € R"* is a vector of disturbance
inputs, unknown at time k.

As in Chap.2, the system matrices A, B are assumed known, u; € R"™ is the
control input at time k and the state x; € R"* is known at time k. The disturbance wy
is assumed to belong to a known set )V, namely, at each time instant k, we require that

wkEW.

The disturbance set WV is assumed to be full dimensional (i.e. not restricted to a
subspace of R"») and D is assumed to be full rank, with rank(D) = n,,. We also
assume that Y contains the origin in its interior. Clearly, if the origin did not lie in
the interior of W, then the model uncertainty in (3.1) could be represented as the
sum of a known, constant disturbance and an unknown, time-varying disturbance
belonging to a known disturbance set that does contain the origin in its interior.
A constant disturbance would result in a constant offset in the evolution of the state
of (3.1), which could be accounted for by a translation of the origin of state space;
with this modification it can always be assumed that the origin lies in the interior of
W.

The disturbance set W is further assumed to be a convex polytopic set. Any
compact convex polytope may be represented by its vertices, for example

W = CofwY, j=1,...,m}, (3.2)

where w), j = 1,..., m are the vertices (extreme points) of W and Cof-} denotes
the convex hull. An alternative description in terms of linear inequalities is given by

W={w:Vw <1}, (3.3)

for some matrix V € R"V>" that specifies the hyperplanes bounding W. Here V is
assumed to be minimal in the sense that ny is the smallest number hyperplanes that
define the boundary of V. The linear inequality representation (3.3) is usually more
parsimonious than the vertex representation (3.2). This is because the number, m,
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of vertices of YV must be at least as large as the minimal number, ny, of rows of V
because WV is by assumption full dimensional, and m is typically much greater than
ny. However both representations are employed in different RMPC formulations,
and depending on the context we will make use of either (3.2) or (3.3).

In this chapter, we introduce some notation specific to sets.

e The Minkowski sum of a pair of sets X', ) € R" is denoted X & ), and is defined
as the set (see Fig.3.1)

XpY={zeR'":z=x+y, foranyx € X and y € )}.
e The Pontryagin difference of two sets X', ) C R”, denoted X © ), is the set
XoY={zeR':z+ye X, forally € YV},

sothat Z =X 66 Yifandonlyif ¥ =Y & Z.
e The image of X C R” under a matrix H € R™*" is defined as the set

HX ={ze€R":z= Hx, forany x € X}.

Thus, for example HX = Co{Hx(j), j=1,...,q}if X is a compact convex
polytope described in terms of its vertices as X = Co{x/), j =1,...,¢}.

e Foraclosedset ¥ C R" and F € R™*" h € R™ weuse FX < h to denote the
conditions

max Fx < h.
xeX

Here and throughout this chapter the maximization of a vector-valued function is
to be performed elementwise, so that max,cy Fx denotes the vector in R” with
ith element equal to max,cy F;x, where F; is the ith row of the matrix F.

As in Chap.2 the system is assumed to be subject to mixed constraints on the
states and control inputs
Fxi +Guiy <1 (3.4)

and performance is again judged in terms of a quadratic cost of the form of (2.3).
However, in the uncertain case considered here, the quantity

oo

D (ki + lusi 1) (3.5)
i=0

evaluated along trajectories of (3.1) is uncertain at time k since it depends on the
disturbance sequence {wg, Wi+1, - - .}, Which is unknown at time k.

To account for this, we consider two alternative definitions of the cost when
evaluating predicted performance: the nominal cost corresponding to the case of no
model uncertainty (i.e. wx = 0 for all k); and the worst-case cost over all admissible
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._.Fi{E =1
T Firx =1 —maxyecy Fiy

Fig. 3.1 A graphical representation of the Minkowski sum X @ Y of a pair of closed convex
polytopic sets X, ), and of the linear constraint F;x < 1 appliedto X @ Y. If Z = X @ Y, then
F;Z < lisequivalentto F;X <1 — h; for h; = max,cy F;Y

disturbance sequences (wyx € W for all k). In the latter case, we introduce into the
stage cost of (3.5) an additional quadratic term which is negative definite in wy to
ensure a finite worst-case cost; this results in the H o, cost of classical robust control.

Robust MPC algorithms employing open-loop and closed-loop optimization
strategies possess fundamentally different properties. To make this distinction clear
we introduce the following definition.

Definition 3.1 (Open-loop and closed-loop strategies) In an open-loop optimiza-
tion strategy the sequence of control inputs, {uok, u1k, ...}, predicted at time k is
independent of the realization of the disturbance sequence {wo, wijk,...}. In a
closed-loop optimization strategy the predicted control sequence {ug, U1k, - - .} is
a function of the realization of the disturbance sequence {wojx, Wi, - - .}.

By a slight abuse of terminology, we refer to the closed-loop paradigm introduced
in Sect.2.3 as an open-loop optimization strategy when it is used in the context of
RMPC. In (2.13) the control inputs predicted at time k are specified by the closed-loop
paradigm fori =0, 1, ... as

uilk = Kxij + cijk (3.6)

where K is a fixed stabilizing feedback gain, and c;x for i =0,..., N — 1 are
optimization variables with ¢;x = 0 for i > N. Clearly u;; depends on the state
xix and hence on the realization of wo, ..., w;—1x. Strictly speaking therefore
(3.6) is a closed-loop strategy. However the optimization variables cop, ..., cy—1jk
do not depend on the realization of future uncertainty and hence they appear in the
state predictions generated by (3.1) as an open-loop control sequence applied to
pre-stabilized dynamics:

Xit1k = Pxij + Bejjx + Dwi (3.7

fori =0, 1,...,where ® = A 4+ BK. Therefore the closed-loop paradigm is equiv-
alent to an open-loop strategy applied to this system. Throughout this chapter, as in
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Chap. 2, we assume that K is the optimal feedback gain in the absence of inequality
constraints on the system states and control inputs.

A closed-loop optimization strategy optimizes predicted performance over a class
of feedback policies which is parameterized by the degrees of freedom in the opti-
mization problem. The approach benefits from information on future disturbances
which, though unknown to an observer at current time, will be available to the con-
troller when the future control input is applied to the plant. We note here that robust
MPC based on closed-loop optimization has the distinct advantage that it can pro-
vide the optimal achievable performance in respect of both the region of attraction
and the worst-case performance objective. Closed-loop optimization strategies are
considered in detail in Chap.4 and their advantages over open-loop strategies are
discussed in Sect. 4.1.

3.2 State Decomposition and Constraint Handling

The future values of the state of the system (3.1) are uncertain because of the unknown
future disturbances acting on the system. However, given knowledge of a set con-
taining all realizations of the disturbance input, sequences of sets can be determined
that necessarily contain the future state and control input, and this is the basis of
methods for guaranteeing robust satisfaction of constraints. Because of the linear-
ity of the model (3.1), the component of the predicted state that is generated by the
disturbance input evolves independently of the optimization variables when an open-
loop optimization strategy is employed. Since the constraints (3.4) are also linear,
the worst-case disturbances with respect to these constraints do not depend on the
optimization variables and can therefore be determined offline. This leads to a com-
putationally convenient method of handling constraints for open-loop optimization
strategies. In fact the resulting constraints on predicted states and inputs are of the
same form as those of the nominal (uncertainty-free) MPC problem, and are simply
tightened to account for the uncertainty in predictions.

This section discusses the application of the constraints (3.4) to the predictions of
the model (3.1) under the open-loop strategy (3.6). We first decompose the predicted
state into nominal and uncertain components, denoted s and e, respectively. Thus,
let x;x = sijk + e;jjx, where the nominal and uncertain components evolve for i =
0, 1, ... according to

Sit1k = Psijk + Beijk, (3.8a)
eivik = Pejjk + Dwjk, (3.8b)

with initial conditions eqx = 0 and sojx = xi.

As in Sect.2.7, it is convenient to augment the predicted model state with the
degrees of freedom in predictions by defining an augmented state variable z € R,
n; =ny + Nny,
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=[)):

where ¢ is the vector of optimization variables, with ¢x = (cok, . .., cy—1jx) attimek.
Then the nominal predicted state is given by s;jx = [, 0] zix, where ;4 x evolves
fori =0, 1, ... according to the autonomous dynamics

Zi+1k = YZik- (3.9

Here, the matrix ¥ and the initial condition zo|x are defined by

_|® BE | Xk
¥ = |:0 Mi| and zox = [Ck]
with E and M given by (2.26b). In terms of the augmented state z;x we obtain the
predicted future values of the state and control input generated by (3.6) and (3.7) as

xik = [I 0] ziik + eik (3.10a)
uik = [K E]zig + Kei. (3.10b)

The predicted state and input sequences in (3.10) satisfy the constraints (3.4) if
and only if the following condition is satisfied for alli =0, 1, ...,

Fxjj + Gujje <1 Y{wo, ..., wi—ip} € Wx - x W,
Therefore the constraints (3.4) are equivalent to the following conditions
FWizopu <1—h;, i=0,1,... (3.11)
where
F=[F+GK GE]
and the vectors £; are defined for all i > 0 by

ho = 0 (3.12a)
hi = max W+ GRe, i=12,... (3.12b)

{wok, - wi— 1k JEW XX

From (3.8b) we obtain e;jx = wi—1jx + - + @ 2wy + @~ wop, and hence h;
in (3.12b) can be expressed

i—1
h,-:Z max (F + GK)®'Dw;, i=1,2,... (3.13)
J

P20 w;eW
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or equivalently by the recursion

hi = hi—1 + max (F + GK)®''Dw, i=1,2,...
weW

Since the maximization in this expression applies elementwise, /; is determined by
the solution of in, linear programs, each of which determines the maximizing value
of w for an element of an individual term in (3.13).

Comparing (3.11) with (2.28) it can be seen that the robust constraints for additive
model uncertainty are almost identical to the constraints for the case of no uncertainty
that was considered in Chap. 2. The difference between these two cases is the vector
h; appearing in (3.11). The definition of 4; in (3.12) implies that this term simply
tightens the constraint set by the minimum that is required to accommodate the
worst-case value of ¢; i, namely the worst-case future uncertainty with respect to the
constraints.

3.2.1 Robustly Invariant Sets and Recursive Feasibility

The conditions in (3.11) are given in terms of an infinite number of constraints,
and from (3.13) these depend on the solution of an infinite number of linear pro-
grams. Clearly, this infinite set of conditions is not implementable, and it is nec-
essary to consider whether (3.11) can be equivalently stated in terms of a finite
number of constraints. A further question relates to recursive feasibility of (3.11).
Specifically, whether there necessarily exists ¢4 so that, if the conditions of (3.11)
are satisfied by zojx = (xx, ¢x), then they will also hold when zgx is replaced by
20k+1 = (Xk+1, Ck+1)-

Both of these issues can be addressed using the concept of robust positive invari-
ance. We define this in the context of the uncertain dynamics and constraints given by

Zivl =Wz + Dw;, w; € W (3.14a)
Fzi<1, i=0,1,... (3.14b)

Note that the constraints of (3.11) are satisfied if and only if (3.14b) holds for all
w; € W,i =0,1,...,if D is defined as

D:[ﬂ.

Definition 3.2 (Robustly positively invariant set) A set Z C R is robustly posi-
tively invariant (RPI) under the dynamics (3.14a) and constraints (3.14b) if and only
if Fz<land¥z+ Dw e Zforallw € W, forall z € Z.
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It is often desirable to determine the largest possible RPI set for a given sys-
tem. This is defined analogously to the case of systems with no model uncertainty
considered in Sect.2.4.

Definition 3.3 (Maximal robustly positively invariant set) The maximal robustly
positively invariant (MRPI) set under (3.14a) and (3.14b) is the union of all RPI sets
under these dynamics and constraints.

Unlike the case of no model uncertainty, for which the maximal invariant set is
necessarily non-empty if @ is strictly stable, the MRPI set for (3.14a) and (3.14b) will
be empty whenever the disturbance set WV is sufficiently large. Since the constraints
(3.14b) are equivalent to (3.11), it is clear that the MRPI set can be non-empty only if
the constraint tightening parameters 4; defined in (3.12) satisfy #; < 1foralli. From
the expression for /; in (3.13), where @ is by assumption a stable matrix (i.e. all of
its eigenvalues lie inside the unit circle), it follows that /; has a limit as i — oo and
hence, we require that

lim h; < 1. (3.15)
11— 00
The conditions under which this inequality holds will be examined in Sect.3.2.2.
Assuming that (3.15) is satisfied, the following theorem (which is a simplified version
of a result from [1]) shows that the MRPI set is defined in terms of a finite number
of linear inequalities.

Theorem 3.1 [f(3.15) holds, then the MRPI set ZMR¥! for the dynamics defined by
(3.14a) and the constraints (3.14b) can be expressed

ZMRPL _ o Pl <1—hy, i =0,...,0) (3.16)

where v is the smallest positive integer such that Fovtly <1 —h,yy for all z
satisfying FW'z <1— h;, i =0, ..., v. Furthermore v is necessarily finite if ¥ is
strictly stable and (W, F) is observable.

Proof For any nonnegative integer n, let Z" denote the set
ZMW =z F¥iz<1—h;, i=0,...,n}.

If Fgvtlz <1 —hyy for all z € ZW), then, since h; 1 > h; + F¥! Dw for all
w € W, the following conditions hold for all z € Z @),

(a) FW'(Wz+ Dw) <1—h;forallw e W, fori =0,...,v,
(b) Fz <1.

These conditions imply that Z*) is RPI under the dynamics (3.14a) and constraints
(3.14b), and hence Z @) C ZMRPL pyrthermore ZMRPT must be a subset of Z™ for
alln > 0,sinceifz ¢ Z () then z cannot belong to any set that is RPI under (3.14a)
and (3.14b). Hence ZMRPI — z®) if pyvt+l, <1 —ph,  forallz € Z¥).
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It can moreover be concluded that ZMRPL — Z ) for some finite v since ZMRPL jg
necessarily bounded given that (¥, F) is observable, and because Z'+1) = 2" n
{z: F¢tDz <1 —h, ), where {z: F¢*tDz <1 —h,, 1} must contain any
bounded set for some finite n since ¥ is strictly stable and since (3.15) implies that
the elements of A, are strictly less than unity for all n > 0. O

Since the conditions (3.11) hold if and only if (3.14b) holds for all w; € W,
i =0,1,..., Theorem 3.1 implies that the constraints of (3.11) are equivalent to the
condition that zox € Z MRPI 'y hich is determined by a finite set of linear constraints.
In addition, the MRPI set for the lifted dynamics provides the largest possible feasible
set for the open-loop strategy (3.6) applied to (3.7). To see this, consider for example
the projection of ZMRPL in (3.16) onto the x-subspace,

Fn = {x : 3¢ such that F¥' [)cc:| <1-h;i =Ov~--vV}' (.17

Analogously to the case of no model uncertainty considered in Sect.2.7.1, Fx has an
interpretation as the set of all feasible initial conditions for the predictions generated
by (3.6) and (3.7) subject to constraints (3.4):

Fn = {XOZH{CO,-n,CN—l}
such that (F + GK)x; + Ge; <1, i =0,..., N — 1,
and xy € Xr, Y{wo, ..., wn_1} €W X --- X W}. (3.18)

(Here the use of an open-loop strategy means that, for given xp, the sequence
¢ = {cp, ..., cy—1} must ensure that the constraints are satisfied for all possible dis-
turbance sequences {wy, ..., wy—_1} € W x --- x W.) This interpretation of Fy
implies that the predicted state N steps ahead must lie in a terminal set, X7, which
is RPI for (3.1) under u; = K x;. Furthermore, from (3.17) and the definition of ¥,
the terminal set X7 must be the intersection of ZMRPI with the subspace on which
¢ = 0, so that

X =[x :[(F+GK) GE]w! mgl—hi, i=0.1..]
={x0: (F+GK)xi <1—h;, xiy1 =®x;, i =0,1,...}.

It follows that X7 is the maximal RPI set for (3.1) under uy = K xj subject to (3.4).
Therefore Fy contains all initial conditions for which the constraints (3.4) can be
satisfied over an infinite horizon with the open-loop strategy (3.6) and with ¢c;jx =0
foralli > N.

Having established that the conditions in (3.11) can be expressed in terms of a
finite number of constraints, and that these constraints allow the largest possible set
of initial conditions x|, under the open-loop strategy (3.6), we next show that these
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conditions are recursively feasible. This property, which is essential for ensuring
the stability of a robust MPC strategy incorporating (3.11), can be established by
defining a candidate vector ¢ of optimization variables at time k + 1 in terms of
a vector ¢; which satisfies, by assumption, the constraints (3.11) at time k. As in
Sects.2.5 and 2.7.2, we define, this candidate as ¢4+ = Mc¢, so that

Ci+1lks i=0,...,N—2
i I i>N—1

Since uy = Kxi + coj implies xg 41 = @x; + Beoje + Dwy, we then obtain
Silk+1 = Silk + &' 'Duy, i=0,1,...

and hence
20k+1 = Yzor + Dwy.

But ¢ satisfies (3.11) at time k if and only if zoy € ZMRPL, 50 the requirement that
Ck+1 = Mcy should satisfy constraints at time k + 1 is equivalent to requiring ¥ z +
Dw € ZMRPLforallw € Wandall z € ZMRPL This is ensured by the robust positive
invariance of ZMRPl under (3.14a) and (3.14b). It follows that there necessarily exists
¢x+1 such that zojx 41 € ZMRPL henever 201k € ZMRPL 4nd hence this constraint set
is recursively feasible.

3.2.2 Interpretation in Terms of Tubes

Tubes provides an intuitive geometric interpretation of robust constraint handling
and are convenient for analysing the asymptotic behaviour of uncertain systems. In
particular, a tube formulation allows the condition (3.15) on the infinite sequence
of constraint tightening parameters /; to be checked by solving a finite number of
linear programs. Because of the model uncertainty in (3.7), the predicted states are
described by a tube comprising a sequence of sets, each of which contains the state
at a given future time instant for all realizations of future uncertainty. The use of
tubes in control is not new (e.g. see [2, 3]), and they have been used in the context
of MPC for a couple of decades (e.g. [4, 5]); their use in MPC has led to specialized
techniques such as Tube MPC (TMPC) (e.g. [6]) which are discussed in more detail
in Sect.3.5.

Denoting the tube containing the predicted states as the sequence of sets
{X0|k, X1|k, ...}, where Xilk = Sijk + e€ijk € )C}|k, i=0,1,...,and using the decom-
position (3.8) yields

Xk = {si} @ Eipk
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where e;x € & i for all i. Here the Minkowski sum {s;x} @ & simply trans-
lates each element e;|; of the set &, to ik + e;x. The sets that form the tube
{Eojks E1jk, - - .} evolve, by (3.8b), according to

Eivik = PE ) @ DW (3.19)
for all i > 0, with initial condition £y = {0}. Thus &;x can be expressed

i—1
Ek=DWOPDW - @' 'DW = >/ DW. (3.20)
j=0

The state tube {AXyk, X1k, ...} implies a tube for the predicted control input,
{Uok, Uk, - . .}, where u; . € Ui for all i. In accordance with (3.6), U; i is given
fori =0,1,...by

Uik = {Ksik + ci} © K&k

In this setting, the constraints (3.4) are therefore equivalent to

F({wizmk} o [(])} 5”,{) <1, i=01,... 3.21)

Comparing (3.21) with (3.11) it can be seen that the amount by which the constraints
on the nominal predictions z;|x must be tightened in order that the constraints (3.4)
are satisfied for all uncertainty realizations is

hi = max (F + GK)ej,

e €€k

which is in agreement with (3.13). This is illustrated in Fig.3.2.

A consequence of (3.21) is that the requirement, which must be met in order for
the MRPI set to be non-empty, that #; < (1 — €)1 for all i > 0 and some € > 0 is
equivalent to

(F+GK)r<(1 -1, i=0,1,... (3.22)

for some € > 0. However (3.20) implies that &1y = & @ @' DW and hence Eilk
is necessarily a subset of & k. Therefore the conditions in (3.22) are satisfied if
and only if they hold asymptotically as i — oo. This motivates the consideration of
the minimal robust invariant set, which defines the asymptotic behaviour of & as
i — oo.

Definition 3.4 (Minimal robustly positively invariant set) The minimal robustly
invariant (mRPI) set under (3.8b) is the RPI set contained in every closed RPI
set of (3.8b).
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S0|k

» time step

Fig. 3.2 An illustration of the state tube and constraints for the case that G =0 and x is
2-dimensional

Because of the linearity of the dynamics in (3.8b), each set &y, i =0, 1, ...
generated by (3.19) with initial condition &y = {0} must be contained in an RPI set
of (3.8b). Given also that &;x C &4+1) and that, in the limitas i — oo, & in (3.20)
is clearly RPI, the mRPI set for (3.8b) is given by

o0
JmRPL - @ @/ DW. (3.23)
j=0

Unfortunately, unlike the maximal RPI set, the minimal RPI cannot generally be
expressed either in terms of a finite number of linear inequalities or as the convex
hull of a finite number of vertices. This is a consequence of the fact that, unless @' = 0
for some finite i, & is a proper subset of &k for all i > 0. As a result it is not in
general possible either to compute X™RP! or to obtain an exact asymptotic value for
h; asi — oo. Instead it is necessary to characterize the asymptotic behaviour of &«
by finding an outer bound, JmRPL satisfying AmRPL 5 ymRPL Given a bounding set
X mRPL 5 corresponding upper bound, floo, can be computed that satisfies floo > h;
for all i, thus providing a sufficient condition for (3.15).

The bound /s can be computed using several different approaches, however
the method presented here is based on the mRPI set approximation of [7]. This
approximation is derived from the observation that, if there exist a positive integer r
and scalar p € [0, 1) satisfying

@ DW C pDW (3.24)

then

r—1 r—1 —1
éqﬂbw c @¢jDW®pEB¢jDW®p2r69¢jDW-~-
j=0 j=0 j=0 j=0
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But GB;;E) @/ DV is necessarily convex (since JV is by assumption convex and

hence @7/ DWW is also convex), and for any convex set X’ and scalar a > 0 we have
X & aX = (1 + «a)X. It therefore follows that

00 r—1
@Po'pwca+p+p+--)EPe/pw
j=0 j=0
r—1
1 ]
= —@e/pw
—

Defining

~ 1 .
AR = (ol pw (3.25)
p

it can be concluded that XY™MRPI JmRPL

The mRPI set approximation given by (3.25) has the desirable properties that it
approaches the actual mRPI set arbitrarily closely if p is chosen to be sufficiently
small. In addition, for any p > 0 there necessarily exists a finite r satisfying (3.24)
since @ is strictly stable by assumption. Most importantly, XMRPL i5 defined in terms
of a finite number of inequalities (or vertices), and this allows the corresponding
bound fzoo to be determined as

1 r—1 ) 1
_— max (F + GK)®'w; = ——h
l—pjzowjew( ) T —p "

hoo =

which gives a sufficient condition for (3.15) as

hoo = Lh, <1, (3.26)
L—p
for any r and p satisfying (3.24).

In order to check whether the condition (3.24) is satisfied by a given disturbance
set W = {w : Vw < 1}, matrix @ and scalars r and p, note that 8 € pDW if and
only if VD@ < p1, where DT is the Moore-Penrose pseudoinverse of D (i.e. DT =
(DT D)1 DT). Therefore (3.24) is equivalent to

max VD @ Dw < pl. (3.27)

weWW
This can be checked by solving ny linear programs.

Example 3.1 A simple supply chain model contains a supplier, a production facility
and a distributor (Fig.3.3). At the beginning of the kth discrete-time interval, a
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Fig. 3.3 A simple supply Supplier Manufacturer Distributor
chain model

Raw Product

material

Demand Demand

quantity u; of raw material is delivered by the supplier to the manufacturer. Of this
material, an amount wy  is transferred to other manufacturers, and the remainder is
added to the amount x; 4 held in storage by the manufacturer. A fraction, ax; x of
this is converted into product and transferred to the distributor, who stores an amount
x2 k and supplies wy x to customers. The value ov = 0.5 is assumed to be known,
while the demand quantities w x and wy  are unknown at time k but have known
bounds.

The system can be represented by a model of the form (3.1) with state x; =
(x1.k, X2.k), control input u; and disturbance input wy = (wq k, w2 k). As a result
of limits on the supply rate, the storage capacities and the demand, we obtain the
following input, state and disturbance constraints:

0<ur <05, (0,0)<xx<(1,1), (0.1,0.1) < wg < (0.2,0.2).

The viability with respect to these constraints of the control strategy (3.6) can be
determined using the robust invariant sets discussed in Sect.3.2.1. To this end, we
first determine a (non-zero) setpoint about which to regulate x;. Given that only
bounds on wy are available, and in the absence of any statistical information on w,
it is reasonable to define the setpoint in terms of the equilibrium values of states
and inputs (denoted x% and «Y) that correspond to a constant disturbance (w®) at the
centroid of the disturbance set. Therefore, defining

w® = (0.15,0.15), u° =03, x°=(0.3,0.5),

the system model can be expressed in terms of the transformed variables x® = x — x©,

u‘s:u—uoandw‘s:u)—1uoasx,f+l :Ax,f—}—Bui—i—Dw,fwith

05 0 1 ~1 0
A:[O.S 1] B:[o] D:[o —1]

and with constraints

—03<u) <02, (=0.3,-05) <x! <(0.7,0.5)

5 (3.28)
(—0.05, —0.05) < wy < (0.05,0.05).
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Fig. 3.4 The elements of the constraint tightening parameters h;, fori =0, ..., 6 (circles) and the
elements of hoo = (1 — p)~ 1, (dashed lines) with r = 6 and p = 0.127 in Example 3.1. The solid
lines show the evolution of h; for i > 6 to give an indication of the asymptotic value, /o,
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Fig.3.5 Thesets&; jn Example3.1fori = 1,2, 3,4, 5, 6 (black lines); the minimal robust invariant
set approximation X™RPl = (1 — p)~1€&, for r = 6, p = 0.127 (red line); and the constraint set
{e: (F 4+ GK)e < 1} (green line)
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Using the open-loop strategy (3.6), with K chosen as the unconstrained LQ-optimal
feedback gain for the nominal system and the cost (3.5) with Q = [ and R = 0.01,
we obtain K = [—0.89 —0.78], which fixes the eigenvalues of ® = A + BK at0.61
and 0.005.

To determine whether the set of feasible initial conditions is non-empty, we first
check whether (3.15) is satisfied by checking the sufficient condition (3.26). We
therefore need values of r and p < 1 such that ®" DWW C pDW; these can be found
by computing the minimum value of p that satisfies (3.27) for a given value of r,
and then increasing r until p is judged to be sufficiently small. Here it is expected
that a value of p around 0.1 will be small enough for hoo to provide an accurate
estimate of s1,. Taking r = 6, for which the minimum value of p satisfying (3.27) is
p = 0.127, weobtain o = (0.72,0.31,0.52,0.52, 0.38, 0.56) (Fig. 3.4)—note that
h; is a 6-dimensional vector because there are n¢c = 6 individual constraints in (3.28).
Hence /o < 1, which implies that the minimal RPI set approximation AmRPL ¢
proper subset of {e : (F + GK)e < 1} (as shown in Fig. 3.5). Theorem 3.1 therefore
indicates that the maximal RPI set defined in (3.16) is non-empty for all N > 0.

The MRPI sets ZMRPI for this system under the open-loop strategy (3.6) can be
computed for given N using Theorem 3.1. The set F of all feasible initial conditions,
which by (3.18) is equal to the projection of the corresponding MRPI set onto the
x-subspace, is shown in Fig. 3.6 for a range of values of N. For this example there
is no increase in the x-subspace projection of the MRPI set for N > 4, since Fy is
equal to the maximal stabilizable set Foo. O

0.9+
0.8
0.7 F
0.6

3N 051

0.4

*
*

0.3

n
=

* =
. =
‘smmmma®

0.2F

0.1F

Fig. 3.6 The feasible initial condition sets Fy, N = 0, 1 3,4, for Example 3.1; also shown are
the sets {x : (F + GK)(x — x°) < 1} (dashed line) and X™RPL g {x0} (dotted line)
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3.3 Nominal Predicted Cost: Stability and Convergence

When faced with the problem of defining a performance objective for robust MPC
given only the knowledge of a nominal value and a bounding set for the model
uncertainty, a nominal cost is a simple and obvious choice that can provide desirable
closed-loop stability properties. This section defines a robust MPC strategy that
combines a nominal cost with the robust constraints formulated in Sect.3.2. We
analyse closed-loop stability and convergence using a technique based on /, stability
theory.

We use the term nominal cost when referring to a predicted performance index
evaluated along the predicted trajectories that are obtained when the model uncer-
tainty is equal to its nominal value. As in Sect. 3.2, the nominal value of the additive
uncertainty w in the model (3.1) is taken to be w = 0. Then, assuming the open-loop
strategy (3.6) and a quadratic cost index of the form (2.10), the nominal predicted

cost J (sojk, {colks - - -» cn—11k}) = J (Sojk, €k) is defined as
o
T (o ex) = D> (lsie g + vk lz)- (3.29)
i=0

where {s;|x,i =0, 1, ...} is the nominal predicted state trajectory governed by (3.8a)
with so|x = xx, and v;jx = Kk + cijx. Throughout this section K is assumed to be
the optimal unconstrained feedback gain for the nominal cost (3.29). However the
methods discussed here are also applicable to the case that K is non-optimal but
A + BK is stable (see Question 4 on p. 114).

Expressing s;|x in terms of the augmented model state employed in Sect. 3.2, we
obtain s;jx = [/ O]z;x, where z;; is generated by the autonomous dynamics (3.9)
in an identical manner to the autonomous prediction system considered in Sect.2.7.
Therefore, using Theorem 2.10, the cost (3.29) is given by

o0
J(soe ) = D lzinelly = llzoiely (3.302)
=0

~ [0+KTRK KTRE
Q‘[ ETRK  ETRE]|’ (3.300)

and, by Lemma 2.1, the matrix W in the expression for J (so|x, ¢x) can be determined
by solving the Lyapunov equation (2.34). Furthermore, given that K is the uncon-
strained optimal feedback gain, Theorem 2.10 implies that W is block diagonal and
hence

2 2
J (soik, €x) = Ilsoillw, + ek,

where W, is the solution of the Riccati equation (2.9), and where W, is block diag-
onal: W, = diag{BTWxB +R,...,BTW.B + R}. Combining the nominal pre-
dicted cost with the constraints constructed in Sect.3.2 we obtain the following
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robust MPC strategy, which requires the online solution of a quadratic program with
Nn,, variables and nc (v + 1) constraints.

Algorithm 3.1 Ateach time instantk =0, 1, ...

(i) Perform the optimization
minimize | cg ||%V subject to Fw! |:)ch1| <1—h;,i=0,...,v (331
Ck ¢ k

where v satisfies the conditions of Theorem 3.1.
(i) Apply the control law uy = Kx; + Cak, where ¢; = (Cglk’ e C}k\/—uk) is the
optimal value of ¢, for problem (3.31). <

The assumption in step (i) that v satisfies the conditions of Theorem 3.1 implies
that the constraint set {z = (xz, ¢¢) : Foiz<1-— hi, i =0,...,v}isrobustly posi-
tive invariant, and, as discussed in Sect. 3.2.1, this ensures that the optimization (3.31)
is recursively feasible. Therefore C(>)k| « €xists for all k and the state of the closed-loop
system under Algorithm 3.1 is governed for k =0, 1, ... by

Xip1 = Pxi + Befy + Dwy. (3.32)

However the MPC optimization (3.31) is equivalent to the minimization of the nom-
inal cost (3.29) and, unlike the case in which there is no model uncertainty, there is
no guarantee that the optimal value J;* will be monotonically non-increasing when
the system is subject to unknown disturbances.

We therefore use an alternative method of analysing closed-loop stability. First
we demonstrate that the sequence {||c(’§‘ ells ||cT| lls - - .} is square-summable, and we
then use [, stability theory to show that the closed-loop system imposes a finite [,
gain between the disturbance sequence {wg, w1, ...} and the sequence {xo, x1, ...}
of closed-loop plant states. Finally, we use this result to conclude that x; converges
asymptotically to the minimal RPI set X™RPT,

The discussion of recursive feasibility in Sect.3.2.1 demonstrates that ¢y =
M cz is feasible but suboptimal for (3.31). Therefore cz 41 necessarily satisfies
g1 llw. < IMc;llw,, which, from the definitions of M and W, implies that

2 2 2
||CZ+1 I w, = ||CZ [ w, — ||Cf)k\k Il R+BTW,B" (3.33)
From this bound we obtain the following result.

Lemma 3.1 Let A\(R) denote the smallest eigenvalue of R in the cost (3.29), then

> 1
* 2 *12
gncolkn < 5y bl (3.34)
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Proof Summing both the sides of (3.33) over k =0, 1, ... and using the bound
”C||§2+BTW.B > A(R)||c||?, where A(R) > 0 due to R > 0, yields (3.34). O

We next give a version of a result from /5 stability theory which states that the /5
gains from the inputs CS‘ « and wy to the state of the closed-loop system (3.32) are
necessarily finite since @ is assumed to be strictly stable.

Lemma 3.2 All trajectories of the closed-loop system (3.32) satisfy the bound

o o0 o0
Dbl < lxolld + 7 D el +73 D llwell® (3.35)
k=0 k=0 k=0

for some matrix P > 0 and some scalars ~1, 2, provided ® is strictly stable.

Proof There necessarily exists P > 0 satisfying P — &7 P& > I, since @ is
strictly stable (see, e.g. [8], Sect.5.9). Using Schur complements it follows that
there exists P > 0 and positive scalars 71, v, satisfying

P o™Pl [0 0[w*h O 0 B"P] [, 0
P® P PB PD|| 0 5 °I,,][0 D"P 00|

Using Schur complements again, we therefore have

P 0 O o7 I,, 00
0 vl O |—|B'|P[®BD]=| 000
0 0 A3, DT 000

Pre- and post-multiplying both sides of this inequality by (x, CS‘ ¢+ Wi) and using
(3.32) we obtain

2 2 2 2 2 2 2
Ixellp 4+ 1 lcou ™ + 2 lwell™ = llxllp = llxell,

and summing both sides of this inequality over k = 0, 1, ... gives (3.35). (]

A consequence of inequalities (3.34) and (3.35) is that the closed-loop system
under Algorithm 3.1 inherits the bound on the /; gain from w to x that is imposed by
the linear feedback law u = K x in the absence of constraints. These inequalities can
also be used to analyse the asymptotic convergence of xi. Thus, let x; = s; + ey,
where sy and ej are the components of the state of the closed-loop system (3.32) that
satisfy

Skl = Psg + Bc{’jlk (3.36a)
ex+1 = Per + Dwy (3.36b)

with so = xo and ep = 0. Then from (3.35) and Lemma 3.2 applied to (3.36a) we
obtain
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%IISkII < lIxollp + = /\(R) leg 1, (3.37)

and it follows that s — 0 as k — oo. Moreover, since x; = s; + e; where e; lies
for all k in the mRPI set X™RPI defined in (3.23), the asymptotic convergence of s
can be used to demonstrate convergence of x; to X™RPL This final point is explained
in more detail in the proof of Theorem 3.2, which summarizes the results of this
section.

Theorem 3.2 For the system (3.1) with the control law of Algorithm 3.1:

(a) the feasible set Fy defined in (3.18) is robustly positively invariant;
(b) for any xo € Fn, the closed-loop evolution of the state of (3.1) satisfies

2 2 2
];)nxkn < lxollp + —% A(R) leg +’72Z||wk|| (3.38)

for some matrix P > 0 and scalars v1, v2;
(c) xx converges asymptotically to the minimal RPI set X™RPl of (3.23).

Proof The RPI property of the feasible set Fy follows from the definition of the
constraint set in (3.31) as a RPI set, whereas the bound (3.38) is a direct consequence
of bounds (3.34) and (3.35). Furthermore, by (3.37) ||s¢|| is square-summable, so for
any given € > ( there must exist finite n such that s € B, = {s : ||s|| < €} for all
k > n, and therefore

xp € E ® B, Yk > n,

where & is the bounding set for ¢; defined by &1 = @& & DW with & = {0}.
Since & < X™RPI for all k, we have

xp € X™RPLpy B Wk > n,

and it can be concluded that x; converges to X™RPl as k — oo. ([

3.4 A Game Theoretic Approach

Robustly stabilizing controllers that guarantee limits on the response to additive
disturbances can be designed using the linear quadratic game theory of optimal con-
trol [9, 10]. By choosing the control input so as to minimize a predicted cost that
assumes the worst-case future model uncertainty, this approach is able to impose a
specified bound on the /> gain from the disturbance input to a given system output.
This strategy has its roots in game theory [11], which interprets the control input and
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the disturbance input as opposing players, each of which seeks to influence the behav-
iour of the system, one by minimizing and the other maximizing the performance
index. For this reason it is also known as a min-max approach [12].

The idea has been exploited in unconstrained MPC (e.g. [13, 14]) but the concern
here is with the linear discrete-time constrained case [15, 16]. Control laws that aim
to optimize the worst-case performance with respect to model uncertainty can be
overly cautious. On the other hand, game theoretic approaches to MPC based on
the minimization of worst case predicted performance can avoid the possibility of
poor sensitivity to disturbances which could be exhibited by MPC laws based on
the nominal cost considered in Sect.3.3. At the same time, the approach retains the
feasibility and asymptotic convergence properties of robust MPC.

According to the game theoretic approach, the cost of (2.3) is replaced by

o
J(xo fuo, o ) = max }Z(||xi||2Q+||ui||%g—v2||w,~||2). (3.39)
0 W1--s i=0

The scalar parameter y appearing in this cost limits the /> gain between the disturbance
input w and the output y = (Q'/2x, R'/?u) to ~. If there are no constraints on inputs
and states, then the maximizing feedback law for w in (3.39) and the feedback law
for u that minimizes J are given by [17]

u=Kx, w=Lx (3.40)

where

[Izj = _([gﬂ W, [B D]+ [’5 _321])_1 [gﬂ WA (3.41)

and W, is the unique positive definite solution of the Riccati equation

W, =ATW,A+0Q

— ATW, [B D] ([gﬂ W, [B D] + [g _221])_1 [gﬂ W, A.

(3.42)

This result can be derived in a similar manner to the Riccati equation and optimal
feedback gain for the unconstrained linear quadratic control problem with no model
uncertainty in Theorem 2.1.

Under some mild assumptions on the system model (3.1) and the cost weights
in (3.39) (see, e.g. [17] for details), the solution to the Riccati equation (3.42) exists
whenever 7 is sufficiently large that 21 — DT W, D is positive-definite, and more-
over the resulting closed-loop system matrix @ = A + BK is strictly stable. Clearly,
it is important to have knowledge of the corresponding lower limit on 42, and it may
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therefore be more convenient to compute W, simultaneously with the minimum
value of 72 using semidefinite programming. For example, minimizing v> subject to
the LMI

[s 0 ] [(AS+BY)T} [SQI/2 YTRI/Z}
=0

2 T
* vl D 0 0
N S 0 (3.43)
* * 1

in variables S, Y and 72, yields the corresponding solutions for W, = S! K=Y Wx
and L = (v*I — DTW,D)~'DT W, (A + BK). Throughout this section we assume
that v21 — DT W,D > 0 holds.

In order to formulate a predictive control law based on the cost (3.39), we adopt
the open-loop strategy (3.6), with K defined via (3.41) as the optimal unconstrained
state feedback gain for (3.39). By determining the maximizing disturbance sequence
for any given x; and optimization variables ¢, the predicted cost, which we denote
as J (xk, k), along trajectories of (3.7) can be obtained as an explicit function of
xy and cg. This is consistent with the definition of an open-loop optimization strat-
egy because it enables the entire sequence ¢; = {coj, . .., cn—1)x} that achieves the
minimum worst-case cost to be determined as a function of xj.

The following lemma expresses J (xk, k) as a quadratic function of x; and ¢, by
considering the worst-case unconstrained disturbances in (3.39). Clearly, the result-
ing worst-case cost may be conservative since it ignores the information that the
disturbance wy lies in Y. An alternative cost definition that accounts for the con-
straints on the disturbance w by introducing extra optimization variables is discussed
at the end of this section.

Lemma 3.3 The worst-case cost (3.39) for the open-loop strategy (3.6) is given by

T Gos e = Ixllfy, + lleel, (3.44)

where Wy is the solution of the Riccati equation (3.42) and W, is block diagonal:

BTW.B + R 0
W, = (3.45a)
0 BTW.B + R
W =W, +W,D*I —D"W,D)"'D"W,. (3.45b)

Proof Let zojk = (xx, ¢) and consider evaluating the cost (3.39) along the predicted
trajectories generated by the dynamics z; 4 1x = ¥ zjjx + Dw,-|k,i =0, 1,...Clearly
the cost (3.39) must be quadratic in (xg, ¢x). Furthermore, the minimizing control
law and maximizing disturbance are given by the linear feedback laws (3.40) in the
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absence of constraints and so J (0, 0) = 0 must be the minimum value of J (x,0)
over all x and c. Therefore the cost must have the form J(x;, ¢x) = ||Z0|k||€i/ for

some matrix W, and hence

o0
2 2 2 2
lzowll%, = max > (lzigl — ¥ lwill
s {w0|k»wl\k’--~}l,_0( ! 0 ! )

o0
2 2 2 2 2 2
= max N — w max ; T — w;
wmk[nzmkug Plhworl” + D (=il = il )]

ks W2lks--1 %
I I i=1

= llzomlig + max {119 zou + Dwo I, =2 woe I’} (3.46)

with Q defined as in (3.30b). The maximizing disturbance is therefore woy =
(21 — DTWD)~' DT Ww zo, so that ||ZO\k||€I/ = z&k(é + wTW'W)zop where

W =W+ WD®*1—DT"WD) 'DTW.
Invoking (3.46) for all zqx then gives
W=vTWww+0,

and the block-diagonal form of W together with the expressions for its diagonal
blocks in (3.45a, 3.45b) then follow from the definition of ¥ in terms of the uncon-
strained optimal feedback gain K. [

The cost of Lemma 3.3 can be used to form the objective of a min-max RMPC
algorithm based on an open-loop optimization strategy. As in Algorithm 3.1, we use
the set ZMRPI constructed in Sect.3.2.1 to invoke constraints robustly and to guar-
antee recursive feasibility. Given the linearity of these constraints and the quadratic
nature of the cost (3.44), the online optimization is again a quadratic programming
problem with Nn, variables and nc (v 4 1) constraints.

Algorithm 3.2 At each time instantk =0, 1, .. .:

(i) Perform the optimization
minimize ||ck||2v subject to Fy! |:xk:| <1—h;, i=0,...,v (3.47)
Cx We Cr

where v satisfies the conditions of Theorem 3.1.
(i) Apply the control law uy = Kxi + cglk, where ¢} = (Cak’ e c;“\,_llk) is the
optimal value of ¢ for problem (3.47). <
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The control theoretic properties of the nominal robust MPC law of Algorithm 3.1
apply to this min-max robust MPC strategy since the same method is used to construct
the constraint set in each case, and because their respective cost matrices W, and WC
have the same structure. These properties can be summarized as follows.

Corollary 3.1 (a) Recursive feasibility of the optimization (3.47) is ensured by
robust invariance of ZMRPLnder the dynamics zojk+1 = Wzok + Duwy,
Wi € W.

(b) The bound (3.34) (with W, replaced by WC ) holds along closed-loop trajectories
of (3.1) under Algorithm 3.2 as a result of the block-diagonal structure of W..

(c) Lemma 3.2 applies to the closed-loop trajectories under Algorithm 3.2. since
® = A + BK is by assumption strictly stable.

(d) From (a)—(c) it follows that the conclusions of Theorem 3.2 apply to Algo-
rithm 3.2; thus the state of (3.1) converges asymptotically to the minimal RPI
set X™RPL (3 23) associated with the control law that is defined by the solution
of the Riccati equation (3.42).

In addition to these properties, the closed-loop system has a disturbance /> gain
that is bounded from above by -y, as we show next.

Theorem 3.3 For xg € Fy and any nonnegative integer n, the control law of Algo-
rithm 3.2 guarantees that the closed-loop trajectories of (3.1) satisfy

n

n
D (el + lueliz) < Ixollf, + ey, +97 D lwxll*. (3.48)
k=0 k=0

Proof The effect of the actual disturbance at time k on the optimal value of the cost
can be no greater than the worst case value predicted at time &:

o
7 2 2 2 2
Ty = max > (lxiglly + lwielk — ¥ lwiel®)
{wilks Wit11ks---} iy

2 2 202
> llxllp + llurlz — 7 llwll
oo

2 2 2 2
+ o max S (i I + e 1 = 22wl ?)

{wi1k, wig2pic,--} ry
where u;jk+1 = Kxjj+1 + ik foralli =0, 1, ... Hence

TGk €f) = Il + luklz — Y lwell + J (eagr, M),

and since (xx+1, Mcj) is feasible for (3.47), the minimization (3.47) atk + 1 ensures
that J (Xkt1, Mej) > J (Xk+1, € 1)- For all k we therefore obtain
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; 2 2 _ 2 2,
JE = xellp + Nuelly — v~ lwell™ + Ty

where j: = J(xz, ¢;). Summing this inequality over k =0, 1,...,n yields the
bound (3.48) since Wx and Wc are positive-definite matrices. [l

In essence (3.48) defines an achievable upper bound on the induced Ho, norm of
the response of the output y = (Q'/?x, R'/?u) to additive disturbances. This aspect
will be revisited in a more general setting in Chap. 5, where consideration is given
to the case in which both additive and multiplicative uncertainty are present in the
model.

Example 3.2 Applying the min-max approach of Algorithm 3.2 to the supply chain
model of Example 3.1 we find that, for cost weights Q = I and R = 0.01, the
minimum achievable disturbance I, gain is 7> = 8.15. Setting > = 10 in (3.39)
results in the optimal unconstrained feedback gain K = [—1.27 —1.55]. This places
the eigenvalues of @ at 0.22 and 0.005, which indicates that the auxiliary control law
u = Kx is more aggressive than its counterpart for the nominal cost in Example 3.1.
As a result, for » = 6, the minimum value of p satisfying (3.27) is considerably
smaller at p = 1.3 x 1073, and the minimal RPI set and its outer approximation
are also smaller (Fig.3.7). The areas of X™RPl and XmRPL 4re 0.0594 and 0.0595,
respectively; for comparison the areas for Example 3.1 are 0.073 and 0.096.

The more aggressive feedback gain K for the min-max approach is more likely to
conflict with the input constraints of this example, and this is reflected in the maxi-
mum element of fzoo being closer to unity (here fzoo = (0.67,0.29, 0.29, 0.29, 0.29,
0.61, 0.91)). As a consequence, the feasible set given by the projection, Fy, of the
maximal RPI set ZMRPT onto the x-subspace is smaller than the feasible set for the
same horizon N in Example 3.1. This can be seen by comparing Figs.3.6 and 3.7.
Figure 3.7 also indicates that a horizon of N = 18 is required in order to achieve the
maximal feasible set F,, whereas the maximal feasible set (which for this example
is identical for the nominal and min-max approaches) is obtained with N =4 in
Example 3.1. O

To account for the disturbance constraints (3.3) in the definition of the MPC
performance index, we replace the worst-case cost (3.39) with

N—-1
Y 2 2 2 2 2
J(xo, fuo, ur, .. = max > (Ixillg + luillz — ¥ llwill®) + w3, -
w;eWW 4 x
i=0,...N—1 =0

(3.49)

Given the definition of WX in (3.42), the cost (3.49) is equivalent to an infinite
horizon worst-case cost in which the maximization is performed subject to w; € W
fori =0, ..., N — 1 and without constraints on w; for i > N. With the definitions
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Fig. 3.7 The feasible initial condition sets Fy, N = 0, 1’; .., 18, for Example 3.2; also shown are
the sets {x : (F + GK)(x — x°) < 1} (dashed line) and X™RP! @ {xO} (dotted line)
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oN oN-1p...oB B oN-Ip... oD D]
K 0 0 R % ]
Cux = s Q= - ,Iéz ) V= . ,
; )
KO0 v R \%4
L W, i
the sequences of predicted states Xy = (Xojk, . . ., Xn|k) and inputs w; = (ugjk, - . .,
un—1x) for the open-loop strategy (3.6) can be written explicitly in terms of xi, ¢
and the disturbance sequence wy = (wojk, ..., Wy—_1jk) as

Xi = Cyx X + CycC + Cryy Wi,
u; = CuxXg + ¢,
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and the cost (3.49) for the open-loop strategy (3.6) at time k can be expressed

Jeed = max {ICun + Coeer + Cruwily

wie{w: Vw<1}

+ 1Cux (Coxi + Caci+ Cruwi) + el = FlIwel?}. (3.50)

This maximization problem is a quadratic program, and it is convex if the matrix

A=~ —CT (O +CI RCu)Cry (3.51)

X

is positive-definite. Assuming that A > 0, a more convenient but equivalent mini-
mization can be derived from (3.50) using convex programming duality. This is based
on the fact that, for G > 0, the optimal value of the QP:

T 1.7
max —5x° G 3.52
xefx: Ax<b) g x=ax X (3.52)

is equal to the optimal value of the dual problem defined by the QP:

in b'A+Lg—ATN'G(g—ATN), 3.53
)\e{I{I:I)I\IEO} +5(9 ) (g ) (3.53)

(see e.g. [18] for a proof of this result).

Lemma 3.4 For A > 0, the worst-case cost (3.49) for the open-loop strategy (3.6)
is equal to

Xk T W, 0 Xk Xk
J(x,e) = mi T —2uTW,
(xk» €x) o fmin_ [CJ [0 Wc] [Ck] w Wiz [Ck]
+ 2671+ T W (3.54)

where Wx satisfies the Riccati equation (3.42), WC is defined in (3.45), and

W#z = VA*leTw ((Q + CuTxRCuX) [Cxx CXC] + CT R [O I])

ux

Wy =vavr,
Proof This follows from (3.50) and the equivalence of (3.52) and (3.53). O

To use the worst-case cost (3.54) as the objective of the MPC optimization, we
replace the optimization (3.47) in step (i) of Algorithm 3.2 by the following problem
in N(n, + ny) variables and nc (v + 1) + Nny constraints.

T v
Xk We O (x| o 7w [*% T Ti
mlgj’rrllilze [Ck] |:O Wc] [ck] 2p" Wy, [ck]+2u 1+p" Wyp
(3.55)

Xk

subject to Fw! |:
Ck

]Sl—hi, i=0,...,v

=0
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With this modification the online MPC optimization remains a convex quadratic
program; note however that it involves a larger number of variables and constraints
than the online optimization (3.47).

The presence of disturbance constraints implies that (3.54) gives a tighter bound on
the worst-case performance of the MPC algorithm in closed loop operation than the
cost of (3.44); hence the optimization (3.55) is likely to result in improved worst-case
performance of the MPC law. However, although the guarantee of recursive feasibility
is not affected, the stability and convergence results in (b)—(d) of Corollary 3.1 no
longer apply when (3.47) is replaced by (3.55) in Algorithm 3.2. This is to be expected
of course, since the presence of the disturbance constraints (3.3) in the definition of
the worst-case cost (3.49) implies that u = Kx is not necessarily optimal for this
cost, even when the constraints on x and u in (3.4) are inactive. Therefore, in the
general case of persistent disturbances, the MPC law will not necessarily converge
asymptotically to this linear feedback law.

On the other hand a bound on the disturbance /; gain similar to (3.48) does
hold for the closed-loop system when (3.55) replaces the optimization in step (i) of
Algorithm 3.2. This can be shown by an extension of the argument that was used in
the proof of Theorem 3.3.

Theorem 3.4 If xo € Fy and A > 0, Algorithm 3.2 with (3.55) in place of (3.47)
satisfies, for all n > 0, the bound:

n

n
(el + lellR) < T o, €§) +7 > llwel®. (3.56)
k=0 k=0

Proof From Lemma 3.4 the optimal value of the objective in (3.55) is equal to
N—1
T, ¢f) = ma% D (el + Nuell = 7 lwiel®) + lewpel,

Wik

—0,...N—1 =0

but fanly, = maxuy, (xwillg + levplz — 7> lwnill® + lxyv-el, ) sothat
X X

N
J e = ma%Z il + el = 7 wiel?) + e el
Wik €
=0

i=0,...,N*
2 2 2 2
> [l + Nl — ¥ llwxl
N—-1
+ ma% D (i1l + luiiert 1% = 7> Nwies11%) + w115,

wl|k
=1,.N i=0
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where u;jx11 = Kxjjq1 + cfﬂ‘k foralli =0, 1, ... It follows that

TG €)= il + luelz — ¥ lwiell® + J (et Mej)

2 2 2p 2 F
> Ixelly + lluklg — v lwell™ + J Gt €y

and hence

n

n
D (Il + luell%) < J (o, €)= T Gonrs €y) + 77 D lwil®
k=0 k=0

which implies the bound (3.56) since J (x,¢) > 0 for all (x, ¢). The conclusion here
that J (x, ¢) isnonnegative follows from the convexity of J (x, ¢) and from the fact that
the optimal unconstrained feedback laws given by (3.40) are feasible for sufficiently
small x; thus J (0, 0) = 0is the global minimum of J (x, ¢). Note also that J (x,c)is
necessarily convex whenever A > 0 because the expression maximized on the RHS
of (3.50) is convex in (x, ¢) for any given w, and since the pointwise maximum of
convex functions is convex [19]. (I

A numerical example comparing the minmax MPC strategies defined by the alter-
native online optimizations of (3.47) and (3.55) is provided in Question 7 on p. 116.

3.5 Rigid and Homothetic Tubes

The focus of this chapter has so far been on robust MPC laws with constraints
derived from the decomposition (3.8) with initial conditions sojx = xx and egjx = 0
for the nominal and uncertain components of the predicted state. In this section,
we consider alternative definitions of the nominal state and uncertainty tube that can
provide alternative, potentially stronger, stability guarantees. The stability properties
of the nominal cost and game theoretic approaches of Sects. 3.3 and 3.4 were stated
in terms of a finite /; gain from the disturbance input to the state and control input
in closed-loop operation, as well as a guarantee of asymptotic convergence of the
system state to the mRPI set for the unconstrained optimal feedback law. Instead,
by relaxing the requirement that soix = x4 and egx = 0, the tube MPC approaches
of this section, which are based on [6, 20], ensure exponential stability of an outer
approximation of the mRPI set.

The guarantee of exponential stability of a given limit set for the closed-loop
system state comes at a price. This is because the initial condition yx = {0} in the
uncertainty tube dynamics (3.19) results in an uncertainty tube {Eoj, 1, - - .} which
is minimal in the sense that &; ;. is the smallest set that contains the uncertain compo-
nent of the predicted state given the disturbance bounds. Consequently, if egx 7 O,
so that the initial set £, contains more points than just the origin, then the amount
by which the constraints on the nominal predicted trajectories must be tightened in
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order to ensure that constraints are satisfied for all realizations of uncertainty will
be overestimated. This leads to smaller sets of feasible initial conditions than are
obtained using the methods of Sects.3.3 and 3.4.

However the flexibility afforded by allowing non-zero initial conditions for the
uncertainty tube enables the algorithms of this section to reduce the potential conser-
vativeness of their constraint handling. This possibility is developed here by combin-
ing different linear feedback laws in the definition of the predicted input trajectories.
For a robust MPC algorithm employing the open-loop strategy (3.6), the size of the
feasible set of states depends on the sizes of the MPI set for the nominal model and
the mRPI set in the presence of disturbances, both of which depend on the feed-
back gain K. For a small mRPI set we require good disturbance rejection, whereas
a large MPI set for the nominal dynamics requires good tracking performance in the
presence of constraints. These can be conflicting requirements, thus motivating the
consideration of closed-loop strategies for which the uncertainty tube {Eox, E1j, - - .}
may depend explicitly on the future state and constraints. Within the framework of
open-loop strategies however, this issue can be addressed by incorporating different
linear feedback gains in the nominal and uncertain components of the dynamics (3.8).

To this end, let x;x = s;x + e;x, and

uilk = Ksije + Keeijk + cijr, (3.57a)
Si+1jk = Psijk + Beijk, (3.57b)
etk = Peeifk + Dwik, wijx € W (3.57¢)

where ® = A + BK and @, = A 4+ BK,. The freedom to choose different gains
K, and K can allow for improved disturbance rejection without adversely affecting
the MPI set for the nominal state. However, in this framework, the initial conditions
eoix = 0 and sox = x; cannot be assumed because there is no single value of cqx41
that makes ujx = Ksyjx + Keepjx + cix equal to ugjg1 = Kxgy1 + o1 for all
wi € W. Therefore the method described in Sect.3.2.1 for ensuring recursive fea-
sibility of an open-loop strategy would fail with this parameterization. However, if
&ojk is permitted to contain more points than just the origin, then it is possible to con-
struct a feasible but suboptimal trajectory at time k 4 1 by choosing s;x+1 = i1}k,
eik+1 = €it+1jk and ¢jjiy1 = ¢jy1x fori =0, 1, ... This is the case for tube MPC
algorithms considered in this section that allow non-singleton initial uncertainty sets.
Note that in this context, and throughout the current section, the term “nominal state”
does not have the usual meaning (namely the state of the disturbance-free model)
because sox is not necessarily chosen to coincide with the current state xojx = x.

3.5.1 Rigid Tube MPC

The convenience of the decomposition (3.57) is that, if sox is chosen so that egx =
Xolk — Sojk belongs to a set S that is RPI for (3.57¢), namely if
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®,S®DWCS, (3.58)

then e;x mustalsoliein S foralli = 1,2, ... Itis assumed that S is compact, convex
and polytopic, and is described by ng linear inequalities:

S ={e:Vge < 1}.

Under these circumstances the predicted trajectory {eg, €1k, - - .} lies in a tube
of fixed cross section S. Such tubes were used in [6]; we refer to them as rigid tubes
to distinguish them from homothetic tubes [20] which allow for variable scaling of
the tube cross sections.

This strategy simplifies the problem of ensuring robust satisfaction of the con-
straints (3.4). Applying these constraints to the predicted trajectories of (3.57)
requires that

FWizop <1—hg, i=0,1,... (3.59)

where zo;x = (Sojk, €x) is the initial state of the autonomous dynamics (3.9) and the
vector g can be computed offline by solving a set of linear programs:

hs = max(F + GK,)e.
ecS

The RHS of each constraint in (3.59) is independent of the time index i. By Theo-
rem 2.3 therefore, the infinite sequence of inequalities in (3.59) can be reduced to an
equivalent constraint set described by a finite number of inequalities: zojx € ZMPL
Under the necessary assumption that 5 < 1, ZMPl is defined by

ZMPL = (o Pl <1—hg, i=0,...,v},

where v is the (necessarily finite) integer that satisfies the conditions of Theorem 2.3
with the RHS of (2.15) replaced by 1 — k.

Using rigid tubes to represent the evolution of the uncertain component of the
predicted state of (3.1) causes the uncertainty in predicted trajectories to be overes-
timated, especially in the early part of the prediction horizon. This results in smaller
feasible sets of initial conditions than the exact approach described in Sect.3.2.1.
Clearly S can be no smaller than the minimal RPI set for (3.57¢), and to reduce the
degree of conservatism it is therefore advantageous to define S as a close approxi-
mation of the minimal RPI. For example

r—1
1 .
S=— @D 3.60
l_pjepo w (3.60)

where r and p € [0, 1) satisty @, DW C pDW. The following lemma shows that
this choice of S meets the condition (3.58) for robust positive invariance.
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Lemma 3.5 The set S in (3.60) satisfies (3.58) and hence is RPI for (3.57c).

Proof Under the assumption that @, DW C pDW, we obtain

r—1
1 ; 1
.S ® DW= —— P o/ DW e —a;DW e DW
l—pj:1 I=p

r—1

Poiowe ILDW@DW
. —p

j=l1

1
L—p

N

1 r—1 }
— EB @/ DW = 8.
g 0

The final ingredient needed for the definition of a robust MPC algorithm is the
choice of the cost function. This is taken to be the nominal cost of (3.29), with
si|k defined as the nominal predicted trajectory generated by (3.57b) and with v; x =
Ksiji + cijx forall i. Therefore, we set J (sojx, €k) = llzojk ||%V where W is the solution
of the Lyapunov equation (2.34), and by Theorem 2.10 we obtain

2 2
J (soik, ¢x) = Ilsoillw, + llerllyy, -

Unlike the nominal cost of Sect. 3.3, the initial condition, sox, from which this cost
is computed is not necessarily equal to the plant state x, but is instead treated as an
optimization variable subject to the constraint that egx = xx — sojx € S. This choice
of cost is justified by the argument that the primary objective of the MPC law is to
steer the plant state into or close to the mRPI set associated with the linear feedback
law u = K.x (which by assumption has been designed to provide good disturbance
rejection), and that x; necessarily converges to the mRPI approximation S if so|x
converges to zero. Since the aim is to enforce convergence of sy, the cost weights
Q and R in (3.29) are taken to be positive-definite matrices [6, 20].

The resulting online optimization problem is a quadratic program in Nn, 4+ ny
variables and n¢ (v + 1) 4+ ng constraints.

Algorithm 3.3 Ateach time instantk =0, 1, .. .:

(i) Perform the optimization

C .. 2 2
minimize S C
nimi soi llw, + llexllyy,

subject to FY! [sglk] <1-hg, i=0,...,v (3.61)
k
Xk — Sok €S

where v satisfies the conditions of Theorem 2.3 with the RHS of (2.15) replaced
by 1—hg.
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(i) Apply the control law uy = K sf)"l o T Ke(xr — SS\ O+ cgl «» Where (sg| &> €) is the
optimizer of problem (3.61), and ¢} = (c(”)‘lk, e C}kV—llk)' <

To determine the feasible set for the state x; in (3.61), let F IS\, denote the feasible
set for s in the optimization (3.61):

% = {s ¢ 3¢ such that P’ [2] <1-hs i=0,...v}

Then, given that any feasible state x; must satisfy x; = sojx + eojx for some egx € S,
the set of feasible initial conditions for Algorithm 3.3 can be expressed as

.7:N=.7‘-13\'/@S.

Theorem 3.5 For the system (3.1) with the control law of Algorithm 3.3, the feasible
set Fy is RPI, and S is exponentially stable with region of attraction equal to Fy if
O >0and R > 0in (3.29).

Proof Todemonstrate that F is RPI, suppose that x; € Fy sothat (s(’)"| 0 €1 € ZMPI

and x; — 55, € S. Let sojt+1 = @sg, + BE¢ and et1 = M, then since ZMPI

is an invariant set for the autonomous dynamics (3.9) and S is RPI for (3.57) it
follows that (sgjx+1, Ck+1) € ZMPL 4nd Xk+1 — Sojk+1 = Pe(xk — Soik) + Dwi € S
for any disturbance wy € W; therefore (sojk+1, ¢x41) is feasible for (3.61), implying
Xk+1 € ]'—N.

The exponential stability of S follows from the definition (3.29) of the cost in
(3.61), which implies the bound

T(sguq1- €hp) < T (G €0) — (solly + 1K so + <5 17)-

Therefore, by the same argument as was used the proof of Theorem 2.8, the closed-
loop application of Algorithm 3.3 gives, for any xo € Fy and all k£ > 0,

b, _AQ[*
I* < a‘ b ||So\o|| s

for some constants a, b > 0 satisfying a||s0|k||2 < J(sa"lk, cp) < b||s0|k||2 for any
xi € Fn, and where A(Q) is the smallest eigenvalue of Q. The constraint sgl 0=
xp —e for e € S implies that min,cs [lxx —ell < llsgy [I; hence the distance of xi
from S is upper-bounded by an exponentially decaying function of time. (]

Example 3.3 Considering again the supply chain model of Example 3.1, K and
K, are initially chosen to be equal, with K = K, = [—0.89 —0.78], which is the
unconstrained LQ-optimal feedback gain for the nominal cost with Q = I, R = 0.01.
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Fig. 3.8 The feasible initial condition sets Fy, N = 0, 1, 2, 3, 4 for Algorithm 3.3 with K, = K
chosen as the unconstrained LQ-optimal feedback gain (black lines). Also shown are the maximal
feasible set for Algorithm 3.1 (solid red line) and the maximal feasible set for Algorithm 3.3 with
K. equal to the unconstrained min-max optimal feedback gain of Example 3.2 (solid blue line),
and the mRPI sets for the unconstrained LQ-optimal and unconstrained min-max optimal feedback
gains (dotted red line and dotted blue line, respectively)

The set S is taken to be the mRPI set approximation (3.60) for » = 6, p = 0.127, so
that h s is equal to the value of hoo in Example 3.1. The feasible initial condition sets,
Fn,N =0,1,2,3, 4, for Algorithm 3.3 are shown in Fig. 3.8; for these choices of K,
K. and S, the largest possible feasible set for Algorithm 3.3 is obtained with N = 4.
For comparison, the figure shows the maximal feasible set of states for Algorithm 3.1
(which is also obtained for N = 4). This contains and extends outside the feasible
set for rigid tube MPC as a result of the conservative definition of the uncertainty
tube in Algorithm 3.3. For this example, and for all values of N, Algorithm 3.1 has
6(N + 2) constraints whereas Algorithm 3.3 has 6(N + 2) + 8 constraints.
Replacing § with a smaller mRPI set approximation reduces the degree of con-
servativeness of the constraints in Algorithm 3.3. In fact Fig. 3.8 shows that almost
all of the discrepancy between the maximal feasible sets of Algorithms 3.1 and 3.3
disappears if K, = [—1.27 —1.55] (which is the unconstrained min-max optimal
feedback gain for ,yz = 10) and, as before, K = [—0.89 —0.78]. However, the max-
imal set is then obtained for a larger value of N; here N = 20 is needed to achieve
the maximal feasible set. O
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3.5.2 Homothetic Tube MPC

The rigid tube MPC described in Sect.3.5.1 assumes that uncertainty in the error
state e is uniform through the prediction horizon. This however is conservative given
that e could initially be small (indeed eqx = O if so;x = xx), and the set containing
the uncertain component of the predicted future state only approaches the mRPI set
asymptotically. Rather than tightening constraints on the nominal predicted trajecto-
ries by considering the worst case ¢;|x € S as is done in rigid tube MPC, it is therefore
more reasonable to assume that

€ilk € Ozi|kSO (3.62)
for positive scalars a;k, i =0, 1, ... that are taken to be variables in the online
optimization, and where the set

S'=(e: Vi <1y (3.63)

is determined offline. This replaces the rigid tube {S, S, . . .} that is used in rigid tube
MPC to bound the uncertainty tube {Eojk, 11k, - - -} with an uncertainty tube given
by {ao|k80, al‘kSO, ...}. The sets ai|k80 in this expression are homothetic to S°,
and hence, the approach is known as homothetic tube MPC [20].

The presence of the scalar variables «;x implies that SY (unlike S) need not
be RPI for the error dynamics (3.57c). Instead it is assumed that S° is compact
and satisfies the invariance condition 45680 C 89, A convenient way to invoke the
inclusion condition (3.62) is through a recursion relating ok to ;x so as to
ensure that ;1 x € ai+1|k80 whenever e; |, € a,-|k80. The required condition! can
be expressed as

;S ® DW C i1,k S°, (3.64)

or equivalently, given the representation (3.63), as
0 0
o max Ve®,.e + max VeDw < ol 3.65
it max Vs @ee + max Vs i1k (3.65)
This condition is equivalent to

ajje +w < ajpipl (3.66)

IThis is a simplified version of the more general inclusion condition that is considered in [20]:
{Dsik + Beijk} @ PooipS® @ DW C {si 1k} @ ig 1S
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where the vectors e and w can be computed offline by solving a pair of linear pro-
grams:

e = mfx Vg@ee subject to Vge <1
w = max VSODw subjectto Vw < 1.
w

Given that the condition (3.66) ensures that ¢; x € ai|k80 throughout the predic-
tion horizon, the constraints (3.4) can be invoked as

FW'izo +aixhd <1, i=0,1,... (3.67)

where zojx = (Sok, €x) is the initial state of the autonomous dynamics (3.9) and
where the vector h% can be computed offline by solving a linear program:

h% = max(F + GK,)e subject to Ve < 1.
e

Hence, robust satisfaction of the constraints (3.4) by the predicted trajectories of
(3.57) is ensured by conditions (3.66) and (3.67), which are linear in the variables
So0lk> €k = (COks -+ -» cn—1)k) and ok, T =0, 1, ...

To restrict the sequence {agk, i =0,1,...} to a finite number of degrees of
freedom, we invoke (3.66) for i > N by the sufficient condition

Qiglk = A +p, i =N, N+1,... (3.68)

where A\ = ||e||s and i = ||w||s. For simplicity we assume here that the condition
(3.68) is to be imposed after a horizon equal to N, but in general this could be replaced
by any finite horizon. Under the necessary assumption that A < 1 the dynamics of
(3.68) are stable and converge to the limit

1
CETINM

Thus, fori > N, o is given in terms of ay; by
__\i—N = =
ik = A" (ang — o) + @,
and (3.66), (3.67) therefore constitute an infinite set of linear constraints in a finite
number of variables: so, ¢ = (cok, - - -, cN—1x) and {agp, ..., ay_1x}. These

constraints are equivalent to a finite number of linear conditions by the following
result, the proof of which is similar to the proof of Theorem 2.3.

Corollary 3.2 Let v be the smallest integer greater than or equal to N such that

Fortlz 4+ (WH Ny —a@) +a)hl <1
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forall z and {a, ..., ayn} satisfying
— a:h° = _
Fwiz < 1 a,ﬁs, i=0,...,N—1
“1-(N"Nav-a+a)hrd, i=N,....v

ae+w<qjy1l, i=0,...,N—1

then (3.67) holds for all i =0, 1, ... Furthermore v is necessarily finite if ¥ is
strictly stable and (¥, F) is observable.

The definition of an online predicted cost is needed before an algorithm can be
stated. This is taken to be the same as the cost (3.29) employed by rigid tube MPC,
but with the addition of terms that penalize the deviation of «;|x from the asymptotic
value a,

N-1
2 2 =12 ~\2
T (sojk- k- o) = llsope 1y, + lleellfy, + D qalain — @* + palani — @7,
i=0
(3.69)
where oy = (jk, - - ., ank)- In order to ensure the monotonic non-increasing prop-

erty of the optimized cost, we assume that the weights p,, g, > 0 satisfy the condi-
tion
oz (1= 7"g, (3.70)

This results in an online optimization consisting of a quadratic program in
Nny +ny + N + 1 variables and nc(v + 1) + N 4 ngo constraints, where ngo is
the number of rows of Vg.

Algorithm 3.4 At each time instantk =0, 1,...:

(i) Perform the optimization

N—-1
minimize lso I3y, + llexlfy, + D qalein — @ + palani — @)
i=0

subject to Fy! |:s2]|<k] <1- a”khos, i=0,...,v

ajjke +w < oyl i=0,...,.N—1
Qijk = )\FN(O(NU( —a)+a =N,.
Xk — S0|k € Oé()‘kSo
(3.71)
where v satisfies the conditions of Corollary 3.2.
(i) Apply the control law u; = KSO|k + K.(x; — S0|k) + CO|I<’ where (s()lk, ck, ak)
is the optimizer of (3.71), and ck (CO|k’ .. cN 1|k) <
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Theorem 3.6 For the system (3.1) and control law of Algorithm 3.4, the set Fn of
feasible states x for (3.71) is RPIL, and aS° is exponentially stable with region of
attraction equal to Fn if O, R > 0 and q,, > 0 in (3.69).

Proof The recursive feasibility of the optimization (3.71) is demonstrated by the
argument that was used to show recursive feasibility in the proof of Theorem 3.5.
The exponential stability of &S can be shown using the feasible but suboptimal
values for the optimization variables in (3.71) at time k + 1 that are given by

SOlk+1 = Q)SE)klk + BECE;lk, Ckt1 = MCZ,

ak+] = (ale, ceey Oé*le, )\(a*le - &) + &).

These allow the optimal value of the cost in (3.71) at time k + 1, denoted J =
J(sglkH, czH, O‘ZH)’ to be bounded as follows,

N
T S NPsi+BEC [y, + 1M 15, + D qalofyy— @)+ paX (o — a)°
i=1
N—1
< |1@sgu+BECh I3y, + IMci 3y, + D qalaf— &+ palay— @)
i=1

< JiF = (Isgill g + 1K sy + €ilIR) — qalagy — @7,

where (3.70) has been used. By the argument of the proof of Theorem 2.8 therefore,
for any initial condition x in the feasible set F for (3.71), we obtain, for all k¥ > 0,

o _ bl min{A(Q). qa)|f
sl + o — al = |1 — —====

(Isgoll® + logo — &l*). (3.72)
where a, b > 0 are constants such that, for all x; € Fy,

a(lsoll® + laow — &%) < T (g €8) < b(llsopell* + laow — al?).

Since x; — eg‘ = s(’)‘l  and egl « € aél kSO, the minimum Euclidean distance from x;

to any point in &S° is bounded by

& lag, — al
: * * 0|k
min |lxx — el < |xk — eo| = lIsoll + ———— max_ el
- * | \ *
eEaSO a0|k O|k eea;’;lkso
= lIsgiell + Blagy, — al (3.73)
\ |

where 3 = max, ;50 [le]l/a is a constant, and it follows from (3.72) and (3.73) that
the distance of x; from &S is upper-bounded by an exponential decay. ]
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The cost and constraints of the HTMPC optimization (3.71) can be simplified (as
discussed in Question 9 on p. 117) if the set S is robustly invariant for the error
dynamics (3.57c). We note also that it is possible to relax the constraints of this
approach using the equi-normalization technique described in [21]. This is achieved
through exact scaling of the set S, allowing for an expansion of the region attraction
of Algorithm 3.4. Further improvements in the size of the feasible initial condition
set can be achieved by formulating the degrees of freedom ;| as vectors rather
than the scalars that, in Algorithm 3.4, scale the set S° equally in all directions.
This is possible through an appropriate use of Farkas’ Lemma, and is discussed in
detail in Chap. 5.

3.6 Early Robust MPC for Additive Uncertainty

To conclude this chapter we describe two of the main precursors of the robust MPC
techniques described in Sects. 3.2, 3.3 and 3.5. The first of these is concerned with a
robust extension of SGPC for systems with additive disturbances [22]. This approach
imposes tightened constraints on nominal predicted trajectories to ensure robust-
ness, and it also provides conditions for recursive feasibility analogous to those of
Sect.3.2.1, but in the context of input-output discrete time models and equality ter-
minal constraints. We then discuss the tube MPC algorithms of [4, 23]. These use
low-complexity polytopes to bound predicted trajectories, treating the parameters
defining these sets as variables in the online MPC optimization. Similarly to the
homothetic tubes considered in Sect.3.5.2, the condition that these tubes should
contain the predicted trajectories of the uncertain plant model is invoked through a
recursive sequence of constraints.

3.6.1 Constraint Tightening

This section describes a formulation of robust MPC for the case of additive distur-
bances which is based on the SGPC algorithm described in Sect.2.10. As in Sect. 3.3,
a nominal cost is assumed. This is computed under the assumption that the nominal
disturbance input is zero, and is therefore equal to the predicted cost when there are no
future disturbances. In the constant setpoint problem considered in Sect.2.10, SGPC
with integral action steers the state asymptotically to a reference state (which for
simplicity is taken to be zero in this section) whenever the future disturbance reaches
a steady state. However, this presupposes recursive feasibility which is achieved
in [22] through constraint tightening. The tightened constraints are derived in two
stages, the first of which achieves an a posteriori feasibility that ensures the feasi-
bility of predictions, and the second invokes feasibility a priori so that feasibility is
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retained recursively. The terms a posteriori and a priori are used in the sense that the
former involves conditions based on past information whereas the latter anticipates
the future in an attempt to ensure recursive feasibility.

To simplify presentation we consider here the case of a single-input single-output
system. The convenience of the SGPC approach is that, for the disturbance-free
case, it develops prediction dynamics which involve transfer functions described by
finite impulse response (FIR) filters. Hence, a terminal (equality) stability constraint
can be imposed on predicted trajectories implicitly, without the need to invoke any
terminal constraints. This convenience can be preserved for the case when an additive
disturbance is introduced into the system model (2.68):

2 bh L]
=@ T e
77 b(z™hH

a1

Ck

Y (3.74)

where a(z™!) = Az Daz™), AzH=1-z""! and ¢ = m&c with &
denoting a zero mean white noise process, and where the polynomial matrices
Az™YH, B(z7Y) in (2.68) are replaced by polynomials a(z™h), b(z™1) for the single-
input single-output case considered here. As explained in Chap.?2, consideration is
given to the control increments, Auy (rather than the values of the control input, uy),
as a means of introducing integral action into the feedback loop.

Similarly to the decomposition of predicted trajectories in Sect. 3.2, we decompose
the z-transforms, y(z "), u(z~ "), of the predicted output and control input sequences
according to

yz H=yPeH+y@c™, wuehH=uPE)+u®P .

Here, y\, 4" denote nominal predicted output and input sequences that corre-
spond to the disturbance-free case, while y(z), 1@ model the effects of the addi-
tive disturbance in (3.74). Following the development of Sect.2.10, the control
law Au®(z71) = (c(z‘l) — z_lN(z‘l)y(l)(z_l))/M(z_l) for some polynomials
N(z71) and M(z71), results in predictions

YV =27 e + yr @) (3.752)
2V =a e + Aus(2) (3.75b)

provided that N (z7Hand M(z7hH satisfy the Bezout identity

a@ HME Y + 7 HNETH = 1. (3.76)
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Note that y(z) and Au ¢(z) in (3.75) are polynomials in positive powers of z that
relate to past values of outputs and control increments, thereby taking account of
non-zero initial conditions.

In the absence of disturbances, a terminal equality constraint requiring the nominal
predicted outputs and inputs to be identically zero after a finite initial prediction
horizon is imposed implicitly by setting Au(z~!) = Au (z~1). The case of non-
zero disturbances can also be handled through use of the Bezout identity (3.76).
From (3.74), Au® (z=") and y® (1) are related by

az Hy@eE ™) - b auP ) = h,

and (3.76) therefore implies that the transfer functions from & iz Hto y(z) (z7!) and
Au@ (z71) have the form of FIR filters if the predicted control increments are defined
by Au(z™!) = (c(z_l) - z_lN(z_l)y(Z_l))/M(z_l) since from (3.75b) we then
obtain

yPE =M@z HeE™h (3.77a)
MA@ = 7 INGETHEET. (3.77b)

The fixed order polynomials M(z~ '), z7!N(z~!) appearing in these expressions
enable the worst-case values of the predicted values for y®, Au® to be computed
conveniently and thus allow constraints to be applied robustly, for all allowable
disturbance sequences & z™hH.
To illustrate this point, consider the case where the system is subject to rate
constraints only:
[Aujl <R, 1=0,1,...

Then the implied constraints on the nominal control sequence must be tightened to
give
|Aul)| <R—Rf. i=0.1.... (3.78)

where R? denotes the prediction i steps ahead of the worst-case absolute value of
Au®@ in (3.77b). To determine this, some assumption as to the size of uncertainty has
to be made, and (analogously to the disturbance set (3.3)) a bound can be imposed
through (;x, which would in practice be limited as

Gkl <d, i=0,1,....
Given this limit it is straightforward to compute Rf, by writing (3.77b) in terms of

Cz7h as
AP = -z INEHIAGCTHCETY - &,



108 3 Open-Loop Optimization Strategies for Additive Uncertainty

and then extracting the worst-case value of the coefficient of 77l in Au@(z7hH
over the allowable range of values of coefficients of ¢ (z~1). Given that M (z~!) and
A”z(|1 k) (z~!) are both finite-degree polynomials in z~!, it is clear that only a finite
number of terms: Rf, i=0,1,..., v, for finite v, need to be evaluated in order to
invoke the constraints (3.78) over an infinite prediction horizon.

Condition (3.78), imposed on the degrees of freedom in (3.75b), namely the
coefficients of ¢(z~!), defines the a posteriori conditions that ensure the feasibility
of the control input increments, given the current measurements. However, this is not
enough to guarantee recursive feasibility, as can be seen by considering the tail at time
k + 1 of atrajectory that was feasible at time k. This tail is generated by replacing the
c(z~1) polynomial in (3.75) with z(c(z‘l) - c0|k). In the absence of disturbances,
such a tail would necessarily be feasible, but through the initial conditions term,
Au g, of (3.75b), the effect on the sequence of predictions for Au® at time k + 1
due to non-zero ¢ will be the addition of a term which can be shown to be

Fau(Ce Gr1) = =N H( Gt — G,

This term must be accommodated by the tightened constraints when they are applied
at the next time instant, k 4+ 1. Thus application of (3.78) at time k 4+ 1 must ensure
that for each prediction step i, Rf — RfH is at least as large as the modulus of
the corresponding element of fa, ((k, (k+1). Detailed calculation shows that this is
indeed the case if the tightening parameters are

Ri =0, Rf, | =Rl +2d|IN; 1|, i=1,...,u—1 (3.79)
where £ denotes the sum of the degrees of a(z ™) and ¢(z ") and WV is the coefficient
of z7" in N(z~!). The constraint (3.78) with (3.79) defines the a priori feasibility
conditions which also satisfy the a posteriori conditions and are in fact the least
conservative constraint tightening bounds that provide the guarantees of recursive
feasibility.

The development presented in this section has obvious extensions to absolute
input (rather than rate) constraints as well as mixed input/output constraints. Indeed,
as shown in Sects. 3.3 and 3.5, a similar constraint tightening approach can also be
extended to state space models and to algorithms other than SGPC. What makes
the approach described here convenient is the fact that, by using the Bezout iden-
tity (3.76), the uncertainty tube converges to the mRPI set in a finite number of steps.
This ensures that the sequence of constraint tightening parameters Rf, Rg, ...con-
verges to a limit in a finite number of steps, without the need for the more general, but
computationally more demanding, theoretical framework of Sects.3.2.1 and 3.2.2.

3.6.2 Early Tube MPC

Uncertainty tubes that are parameterized explicitly in terms of optimization vari-
ables were proposed in the robust MPC algorithms of [4, 24]. Although similar in
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this respect to the homothetic tubes of [20], the tubes of [4, 24] allow more variation
between the shapes of the sets defining the tube cross section than simple transla-
tion and scaling of a given set. To avoid the need for large numbers of optimization
variables, attention is restricted to tube cross sections defined as low-complexity
polytopes. The approach is explained in this section within the context of additive
model uncertainty; the application of low-complexity polytopes to the case of multi-
plicative model uncertainty (which was proposed in [4, 23]) is discussed in Chap.5.

A low-complexity polytope is a linearly transformed hypercube. Let S;x denote
the low-complexity polytope defined by

Sik = {x CQ = Vsx < @} (3.80)

where Vs € R™*"x js non-singular and q; ko Clilk € R+ Then the condition that the
state x € R"~ of (3.1) belongs to S;jx can be expressed as 2n, linear inequalities. It
is convenient to define a transformed state vector as

&= Vsx.

In terms of this transformed state, the open-loop strategy of (3.6) and the correspond-
ing prediction dynamics (3.7) can be re-written as

i = K&y + ik, (3.81a)
ik = P& + Beijk + Dwik, (3.81b)

where @ = Vs @ Vgl, B = VsB, D= VsD and K = KVgl.As before, we assume
that ¢;jx = 0 for all i > N, where N is the mode 1 prediction horizon, and K is
assumed to be the unconstrained LQ-optimal feedback gain.

Low-complexity polytopic tubes provide a compact and efficient means of bound-
ing the predicted state as a function of the degrees of freedom (co, ..., cy—1x) in
(3.81b), the initial state {ojx = Visxx, and the disturbance set W. This can be achieved
by propagating the tube cross sections recursively using the following result.

Lemma 3.6 For A € R*"*"% Jet AT = max{A, 0} and A~ = max{—A, 0}, then
y <y < yimplies

ATy—A"§ <Ay <Aty — ATy, (3.82)
and, for each of the 2n elementwise bounds in (3.82), there exists y satisfying
y=y= y such that the bound holds with equality.

Consider the conditions on Q> Wilks Cilk and W in order that x;|x € S;x implies
that Xi+1lk € Si+l\k- If we define

wp = min Dw, wp = max Dw,
wew wewW
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then, given that x; i € ik, the elements of ;. 1k are bounded according to a;, j, <
it1jk < @itk where

&t qj — D ayy + Beiw + wp < Qi (3.83b)
Therefore the tube {So|k, . . . , Sn|k} contains the predicted state trajectories of (3.1) if
and only if these conditions hold fori =0, ..., N — 1, starting from Qo = Qojk =

Vsxi.
~ Under the conErol law of (3.81a), the constraints of (3.4), expressed in terms of
F=F Vg Uand K , can be written as

(F + GK)éj + Geip < 1. (3.84)
These constraints are satisfied for all {;x € S;jx if and only if
(F+GK)" @i — (F+ GK) oy + Gegpe < 1 (3.85)

This takes care of constraints fori = 0, ..., N — 1, whereas the constraints fori > N
are accounted for by imposing the condition that the terminal tube cross section
should lie in a terminal set, S, which is RPI. To allow for a guarantee of recursive
feasibility, [4, 24] proposed a low-complexity polytopic terminal set:

{x :|Vsx| < ar} (3.86)

where the absolute value and inequality sign in (3.86) apply on an element by element
basis. This terminal set is invariant under the dynamics of (3.81b) and the constraints
of (3.84) for ¢;x = 0 if and only if

|| + max{iwp, —wp} < ar, (3.87)
and
|F +GKlar <1 (3.88)

The conditions (3.87) and (3.88) follow from the fact that, for |£| < a7, the achievable
maximum (elementwise) values of cﬁf and (F + Glg)g are |®|ar and |F + GK |ar
respectively.

Combining the robust constraint handling of this section with the nominal cost
of Sect.3.3 gives the following online optimization problem which is a quadratic
program in N (n, + 2n,) variables and 2(N + 1)n, + Nnc constraints.
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e 2
Ck%ﬁllalﬁ/?}l:z(?N ”ck”Wf
subjectto  (3.83), (3.85) fori =0,..., N — 1, (3.89)

QN = —ar, QN = o7

Qo = ok = Vsxi

The optimal value of ¢ for this problem is clearly also optimal for the problem
of minimizing, subject to the constraints of (3.89), the nominal cost J(xg, ¢x) =
||xk||%vx + |lek ”%VL- defined in (3.29). Hence the stability analysis of Sect. 3.3 applies
tothe MPClaw u; = Kxj + cf‘)lk, where ¢ = (cglk, e c;‘\,_“k) is the optimal value
of ¢ for problem (3.89). In particular, recursive feasibility is implied by the feasibility
of the following values for the variables in (3.89) at time k + 1:

Ckp1 = Mcj,
% —. _ —% . _
Qe = Qi Cilkl = Fipqpee £ =0, N =1
a4 =&, ANkt = —Er-
where ¢ and g;?‘l k,a;"l i =0,..., N are optimal for (3.89) at time k. The constraints

of (3.89) must therefore be feasible at times k = 1, 2, ... if the initial condition xg
lies in the feasible set for (3.89) at k£ = 0. In addition, the quadratic bound (3.38)
holds for the closed-loop system, and asymptotic convergence of xj to the minimal
RPI set X™RPI defined in (3.23) follow from Lemmas 3.1, 3.2 and the bound (3.37).

We close this section by noting that the offline computation that is required so that
the MPC optimization (3.89) can be performed online concerns the selection of Vg
and ar defining the terminal set in (3.86). Since this terminal set must be invariant,
a convenient choice for Vg is provided by the eigenvector matrix of @ with the
columns of Vg that correspond to complex conjugate eigenvalues of @ replaced by
the real and imaginary parts of the corresponding eigenvectors. With this choice of
Vs, a necessary and sufficient condition for existence of ar satisfying (3.87) is that
the eigenvalues of @ should lie inside the box in the complex plane with corners at
+1 and £ (Fig.3.9). Having defined Vg, the elements of o can be determined so
as to maximize the volume of the terminal set subject to (3.88) through the solution
of a convex optimization problem.

Despite their computational convenience, the relatively inflexible geometry of
low-complexity polytopes makes them rather restrictive. For this reason Chap.5
replaces low-complexity polytopes with general polytopic sets through an appropri-
ate use of Farkas’ Lemma (see [25] or [26]).
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Fig. 3.9 The box in the Im
complex plane with vertices 1
at £1 and £ (shaded
region)
Re
-1 0 1
-1

3.7 Exercises

1 A production planning problem requires the quantity u; of product made in week
k,fork =0, 1, ... to be optimized. The quantity wy of product that is sold in week k
is unknown in advance but lies in the interval 0 < w; < W and has a nominal value
of w. The quantity x4 remaining unsold at the start of week k + 1 is governed by

Xkl =Xk +up —wg, k=0,1,...

Limits on storage and manufacturing capacities imply that x and u can only take
values in the intervals
O=x =X, O=<ur=U.

The desired level of x in storage is x°, and the planned values ugk, u1, ... are to
be optimized at the beginning of week k given a measurement of xy.

(a) What are the advantages of using a receding horizon control strategy that is
recomputed at k = 0, 1, ... in this application instead of an open-loop control
sequence computed at k = 0?

Let the planned production at time k be u;jx = W — (x;)x — X0 + cijk fori =
0,1,..., where (co, ..., cn—1jk) = €k is a vector of optimization variables at
time k, c;)x = 0 fori > N, and x; is a prediction of x;.

(b) Let s;x be the nominal value of x;; — x0 (namely the value that would be
obtained if w;x = W for all i > 0, with sox = x — xo). Show that the nominal
cost J (xi, ¢x) = D02, s?lk is given by
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2 2
T (s ) = (o — xND? + Jleel|®.

(©) If sijk + eijk = xij — x0, verify that eik € [ — W, w] for all i > 1. Hence
show that u;x € [0, U] and x;x € [0, X] for all w;x € [0, W] and all i >0
if and only if the following conditions hold,

cik +w +x% e [W, X] i=0,...,N—1
Citk — Ci—1k € 10, U — W] i=1,...,N—1
cop + W +x° —x¢ €[0,U — W]
cN—1k € [-(U = W), 0]

and state the conditions on X, U, W that are required in order that the feasible
set for x¢ is non-empty.

(d) Let ¢; be the minimizer of the cost in (b) subject to the constraints in (c) at time
k, and define the MPC law as uy = w — (x; — xo) + cak, where ¢, is the first
element of c;:. Show that the constraints of (c) are recursively feasible and that
ca"l 4 converges to zero as k — oo.

(e) Explain why xo < w + x¥ is needed for feasibility of the constraints of (c) at
k = 0. How might this condition be relaxed?

2 If @ is a nilpotent matrix, with @" = 0 for some integer n > 0, and ¥ is defined

by
01, O 0
00 I, -~ 0
_ oI _ . . Nny,xNny
W_[OM], M=|: . elR
00 0 -1,
00 0 -.---0

for a given matrix I", prove that ¥ is nilpotent with ¥ = 0 form =n + N.
Use this property to write down expressions for:

(a) the minimal RPI set for the dynamics ex4+| = @ex + Dwy,

(b) the set of inequalities defining the maximal RPI set for the system z3+1 = Wz +
Dwk and constraints F 7z <1,

(c) the conditions under which the set of feasible initial states for the system z;41 =
Wzr + Dwy and constraints Fz; < 11is non-empty,

where wy, lies in a compact polytopic set W for all k and D = [€:|
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3 A system has dynamics xx4+1 = Axy + Buy + wy and state constraints Fx <1,

with
~1 02 I I
A= [—0.25 0.65] b= [—0.5]’ k= [—1}

where the disturbance input wy is unknown at time k and satisfies, for all k > 0

oo = fus [ <[} 4] 1]}

for some constant scalar parameter o > 0.
Verify that ® = A + BK is nilpotent if K = [0.5 0.3]. Hence determine the
maximal RPI set, ZMRPL(5) for the system zx+1 = ¥z + Duwy, wy € oW, where

Y is defined as in Question 2, with N =2 and I" = B [1 O]. Show that ZMRPI()
2

is non-empty if and only if & < %.
4 For the system considered in Question 3 an MPC law is defined at each time instant
k=0,1,...asuy = Kx; + C(>)k|k’ where ¢} = (cglk, c’flk) is the solution of the QP:

. . X
¢; = argmin llexl|? subject to I:cki| e ZMRPL( )
Ck k

and where K and ZMRPI(4) are as defined in Question 3. The controller is designed
to operate with any o in the interval [0, %), and o can be assumed to be known and
constant when the controller is in operation.

(a) Show that the closed-loop system is stable if the MPC optimization is feasible
at time k = 0. What limit set will the closed-loop state converge to?

(b) Comment on the suggestion that better performance would be obtained with
respect to the cost Z/?io(”)fk ||2Q + uf), for a given matrix Q > 0, if the MPC
optimization at time k was defined

2
|:xki| ” subject to |:xki| e ZMRPL(( 5,
k||l Ck

- .
¢ = arg n&n

where W is the solution of the Lyapunov equation

o O+KTK KT 0
wW-—vTwe =0, 0= K 0 0
0 0 0
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5 (a) A matrix @ and a compact convex polytopic set WV satisfy the inclusion

(b)

©

condition
®"W C pW

for some integer » and p € [0, 1). Show that s, < fzoo, where

00 1 r—1

hooiz max F@jwj, flooi— max F@jwj
— w;eW — P~ wjeWw
]=0 J ]=0 J

and prove that the fractional error, (fzoo — hoo)/ hoo, in this bound is no greater
than p/(1 — p).

For (A, B) and Wy as defined in Question 3 and K = [0.479 0.108], use the
bounds in (a) to determine /i, to an accuracy of 1 % when @ = A + BK and
W = 0.1W,.

Suggest an over-bounding approximation of the minimal RPI set for the system
er+1 = (A + BK)er + wi, wr € VW which is based on the inclusion condition
in (a). What can be said about the accuracy of this approximation?

6 A robust MPC law is to be designed for the system xi+1 = Axy + Buy + wi with
the state constraints Fx < 1 and disturbance bounds wy € 0.5, where (A, B), F
and W) are as defined in Question 3. The predicted control sequence is parame-
terized as u;jx = Kxjjx + cijp with K = [0.479 0.108], where ¢ for i < N are
optimization variables and ¢;x = O foralli > N.

(a)

(b)

()

For N = 1, construct matrices ¥, D and F such that Fxjj = F Zijk for all
i >0,wherez 1k =Yz + l_)warl- and hence determine the constraint set for
Zx = (xk, i) that gives the largest possible feasible set for x; for this prediction
system.

Determine the matrix W, defining the nominal cost

o

2 2 T
Z(”Silk” + Ul'|k) =2 W zg
i=0

for the nominal predictions s; 41k = (A + BK)s;jx + B and vk = Ksjjx +
Cilk, With soi = xy. Verify that for xg = (0, 1) the minimal value of this cost
subject to the constraints computed in (a) is 1.707.

Starting from the initial condition xo = (0, 1), simulate the closed-loop system
under the MPC law u; = Kx; + cg‘ &> assuming that the disturbance sequence
(which is unknown to the controller) is given by

wo, wi, wa, w3, ..} = HO()S} ’ [_8'5} ’ [095} ’ [—85“
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and verify that the closed-loop state and control sequences satisfy

3
D (lxkl® + ug) = 4.49.
k=0

7 The worst case predicted cost:

o0
M 2 2 2 2
Jea, e = max > (Ibgl® + w5y — Vlwgill?)
{we, wet1,---} pry

is to be used to define a robust MPC law for the system with the model, distur-
bance bounds and state constraints of Question 6, with N = 1 and v> = 3.3. For this
value of 42 the unconstrained optimal feedback gain is K = [0.540 0.249] and the
corresponding Riccati equation has the solution

W= |: 2.336 —O.904j|
T 71 -0.904 2.103

(a) Determine W, and W, so that f(xk, cr) = ||xk||%vx + ”ck”%vf-

(b) Find the smallest integer v such that F¥"*1z <1 — h,, for all z satisfying
Fwiz <1—h;, fori =0,...,v. Hence, solve the MPC optimization (3.47) at
k = 0for xo = (0, 1), and verify that the optimal solution is c3 = 0.051 and that
J*(x0) = 2.294.

(c) Consider the alternative worst-case cost defined by

N-—1
¥ 2 2 2 2 2
T ey = max > (liel® + uy — 7w 1?) + vl -
w i €W 4 x
i=0,..,.N—1 =0

and determine the matrices W,,;, Wy, in the online MPC optimization of (3.55).
Hence verify that the optimum cj is unchanged but J*(xo) = 2.222.

(d) Why is the predicted cost smaller in (c) than (b)? What are the advantages of (c)
relative to (b), and what are the possible disadvantages?

8 In this problem the rigid tube MPC strategy (Sect.3.5.1) is applied to the sys-
tem with model x;41 = Axx + Buy + wg, state constraints Fx; <1 and distur-
bance bounds wy € W, W = 0.4W), with A, B, F and W as given in Question 3,
and feedback gain K = K, = [0.479 0.108], which is optimal for the nominal cost

Z,fio(llxk ||2 + u,%) in the absence of constraints.

(a) Forr =2 and ® = A + BK find the smallest scalar p such that @ W C pW
and compute hs = max,cs Fe where
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1
S=—WaooW).
I—p

(b) For predictions u;jx = Kxix + cjjk, with ¢jp =0 fori > N and N = 1, verify
that the maximal invariant set for the dynamics zx41 = ¥z and constraints
Fz <1—hg,k=0,1,...1is

ZMPL — (7 . Foiz <1—hg, i =0,1,2)
- @ BE
where F = [F O] and ¥ = [O Mi|.
(c) The online MPC optimization is performed subject to the constraints (sox, ¢x) €
ZMPL and x; — sojk € S. Explain the function of the optimization variable so|x
and the reason for including the constraint x; — sojx € S. How can this constraint

be expressed in terms of linear conditions on the optimization variables?

(d) Determine the matrices Wy, W, that define the nominal predicted cost

e¢]

2 2 2 2
D (il + vi) = lso iy, + lleell,
i=0

where s; 1 1x = Asijk + Bk, vix = Ksijk + cijk. Solve the MPC optimization
for xo = (0, 1) and verify that the optimal value of the objective function is
lIsgolliy, + llegllgy, = 0.122.

(e) What is the advantage of using a different feedback gain K, in the definition of
S and implementing the controller as u; = Ks{';‘k + Ko(xp — s(’)‘lk) + c(’;‘k?

9 The homothetic tube MPC strategy of Sect.3.5.2 does not require the set S to
be robustly invariant for the dynamics, ex+1 = @ey + wy, wi € W, of the uncertain
component of the predicted state. This question concerns a simplification of the
online HTMPC optimization that becomes possible when S° is replaced by a set,
S = {s : Vgs < 1}, which is robustly invariant for these dynamics.

(a) Show that, if @S @ W C S, thene + w < 1 where

e =max Vg®e w = max Vsw.
eeS weWw

(b) Show that, if v > N — 1 is_an integer such that Fovtl, <1 — hs (where
hs = max.cs Fe, and ¥, F are as defined in Question 8(b)) for all z and

(o, ..., an—1) satisfying
Fviz <1-—ajhsg, i=0,...,v
aje +w < aj+11, i=0,...,.N—1
o =1, i>N,
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then, for the system xx4+1 = Axy + Bug + wg, wi € VW and control law uy =
K xj + cojk, there exists (s, ¢k, o) satisfying the following constraints for all
k > 0 if they are feasible at k = 0:

FlI/izk <1-ojxhs, i=0,...,v
ajke +w < ojpl, i=0,...,N—1
ik =1, i>
Xk — Sojk € QoS
with zx = (Sok, €&)» €k = (COlks - - - » CN—1]k)> Qk = (QOk» - - - » AN—1]k)-
(¢) L'et ¢ = (cg| koo cN_1 i) be optimal for the problem of minimizing the pre-
dicted cost at time k:
N—1
2 2 2
T (sojk> k> o) = llsope iy, + llexllfy, + D, galaig — 17,
i=0

over (sojk, Ck, o) subject to the recursively feasible constraints of part (b), where
W, satisfies the Riccati equation (2.9) for Q, R > 0, W, = diag{BTWxB +
R,...,BTW,B + R} and q,, is any nonnegative scalar.

Show that, if this minimization is feasible at k = 0, then for any disturbance
sequence with w; € W for all k > 0, the closed-loop system xjy1 = Axgx +
Buj + wi underthe MPClaw u, = Kxi + cak satisfies the constraints Fx; <1
for all k > 0, and its state converges asymptotically to the set S.

10 This question considers the design and implementation of the homothetic tube
MPC strategy of Question 9 for the system model, disturbance bounds and constraints
of Question 8.

(a) Using the set S determined in Question 8, namely
1
S=—WeoW)
I—p

where p is the smallest scalar such that >V C pWV, determine e and w defined
in Question 9(a). Verify that, for N = 1, the smallest integer v satisfying the
conditions of Question 9(b) is v = 2.

(b) Taking g, = 1 solve the MPC optimization defined in Question 9(c) for xo =
(0,1) and N = 1. Why is the optimal solution for ¢¢ in this problem equal to
the optimum for rigid tube MPC computed for the same xp in Question 8(d)?

(c) Compare HTMPC in terms of its closed-loop performance and the size of its
feasible initial condition set with: (i) the robust MPC algorithm of Question 6
and (ii) the rigid tube MPC algorithm of Question 8.


http://dx.doi.org/10.1007/978-3-319-24853-0_2

References 119

References

1.

2.

3.

oo

10.

11.

12.

13.

14.

18.
19.

20.

21.

22.

23.

24.

25.
26.

I. Kolmanovsky, E.G. Gilbert, Theory and computation of disturbance invariant sets for discrete-
time linear systems. Math. Probl. Eng. 4(4), 317-367 (1998)

D.P. Bertsekas, I.B. Rhodes, On the minimax reachability of target sets and target tubes. Auto-
matica 7, 233-247 (1971)

D.P. Bertsekas, Dynamic Programming and Optimal Control (Academic Press, New York,
1976)

. Y.I. Lee, B. Kouvaritakis, Constrained receding horizon predictive control for systems with

disturbances. Int. J. Control 72(11), 1027-1032 (1999)

. J. Schuurmans, J.A. Rossiter, Robust predictive control using tight sets of predicted states.

Control Theory Appl. IEE Proc. 147(1), 13-18 (2000)

. D.Q. Mayne, M.M. Seron, S.V. Rakovi¢, Robust model predictive control of constrained linear

systems with bounded disturbances. Automatica 41(2), 219-224 (2005)

. S.V. Rakovic, E.C. Kerrigan, K.I. Kouramas, D.Q. Mayne, Invariant approximations of the

minimal robust positively invariant set. IEEE Trans. Autom. Control 50(3), 406—410 (2005)

. M. Vidyasagar, Nonlinear Systems Analysis, 2nd edn. (Prentice Hall, Upper Saddle River, 1993)
. L. Yaesh, U. Shaked, Minimum H,-norm regulation of linear discrete-time systems and its

relation to linear quadratic discrete games. IEEE Trans. Autom. Control 35(9), 1061-1064
(1990)

T. Basar, A dynamic games approach to controller design: disturbance rejection in discrete-
time. IEEE Trans. Autom. Control 36(8), 936-952 (1991)

J. von Neumann, O. Morgenstern, Theory of Games and Economic Behavior (Princeton Uni-
versity Press, Princeton, 1944)

P.O.M. Scokaert, D.Q. Mayne, Min-max feedback model predictive control for constrained
linear systems. IEEE Trans. Autom. Control 43(8), 11361142 (1998)

G. Tadmor, Receding horizon revisited: an easy way to robustly stabilize an LTV system. Syst.
Control Lett. 18(4), 285-294 (1992)

S. Lall, K. Glover, A game theoretic approach to moving horizon control, in Advances in
Model-Based Predictive Control, ed. by D.W. Clarke (Oxford University Press, Oxford, 1994),
pp. 131-144

. Y.I Lee, B. Kouvaritakis, Receding horizon H, predictive control for systems with input

saturation. Control Theory Appl. IEE Proc. 147(2), 153-158 (2000)

. L. Magni, H. Nijmeijer, A.J. van der Schaft, A receding-horizon approach to the nonlinear H

control problem. Automatica 37(3), 429—435 (2001)

. A.A.Stoorvogel, A.J.T.M. Weeren, The discrete-time Riccati equation related to the H, control

problem. IEEE Trans. Autom. Control 39(3), 686—691 (1994)

R. Fletcher, Practical Methods of Optimization, 2nd edn. (Wiley, New York, 1987)

S. Boyd, L. Vandenberghe, Convex Optimization (Cambridge University Press, Cambridge,
2004)

S.V. Rakovié, B. Kouvaritakis, R. Findeisen, M. Cannon, Homothetic tube model predictive
control. Automatica 48(8), 1631-1638 (2012)

S.V. Rakovic, B. Kouvaritakis, M. Cannon, Equi-normalization and exact scaling dynamics in
homothetic tube MPC. Syst. Control Lett. 62(2), 209-217 (2013)

J.R. Gossner, B. Kouvaritakis, J.A. Rossiter, Stable generalized predictive control with con-
straints and bounded disturbances. Automatica 33(4), 551-568 (1997)

Y.1. Lee, B. Kouvaritakis, Linear matrix inequalities and polyhedral invariant sets in constrained
robust predictive control. Int. J. Robust Nonlinear Control 10(13), 1079-1090 (2000)

Y.1. Lee, B. Kouvaritakis, A linear programming approach to constrained robust predictive
control. IEEE Trans. Autom. Control 45(9), 1765-1770 (2000)

F. Blanchini, S. Miani, Set-Theoretic Methods in Control (Birkhduser, Basel, 2008)

G. Bitsoris, On the positive invariance of polyhedral sets for discrete-time systems. Syst. Control
Lett. 11(3), 243-248 (1988)



Chapter 4
Closed-Loop Optimization Strategies
for Additive Uncertainty

The performance and constraint handling capabilities of a robust predictive con-
trol law are limited by the amount of information on future model uncertainty that
is made available to the controller. However, the manner in which the controller
uses this information is equally important. Although the realization of future model
uncertainty is by definition unknown when a predicted future control trajectory is
optimized, this information may be available to the controller at the future instant of
time when the control law is implemented. For example, the prediction, u; , at time
k of the control input i steps into the future should ideally depend on the predicted
model state i steps ahead, but this is unknown at time k because of the unknown model
uncertainty at times k, ..., k +i — 1, even though the state x;; is, by assumption,
available to the controller at time k + i. In order to fully exploit the potential benefits
of this information, a closed-loop optimization strategy is needed that allows the
degrees of freedom over which the predicted trajectories are optimized to depend on
the realization of future model uncertainty.

This chapter considers again the control problem defined in terms of a linear
system model in Sect. 3.1, which is restated here for convenience:

Xk+1 = Axg + Buy + Dwy. 4.1)

The matrices A, B, D are known, the state x; is known when the control input uy is
chosen, and wy is an unknown additive disturbance input at time k. As in Chap. 3,
w is assumed to lie in a compact convex polytopic set YV containing the origin,
described either by its vertices:

W = Cofw", j=1,...,m}, 4.2)
or by the intersection of half-spaces:

W={w:Vw <1}, 4.3)
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122 4 Closed-Loop Optimization Strategies for Additive Uncertainty
and the state and control input of (4.1) are subject to linear constraints:
Fxy +Gupy <1, k=0,1,... 4.4)

for given matrices F' € R v and G € R"e*"«,

The control objective is to steer the system state into a prescribed target set under
any possible realization of model uncertainty, while minimizing an appropriately
defined performance cost. Consideration is given to general class of control laws,
and hence we remove the restriction to open-loop strategies that was imposed in
Chap. 3.

A predictive control law that employs a closed-loop optimization strategy opti-
mizes predicted performance over parameters that define predicted future feedback
policies. In its most general setting, the problem can be solved using dynamic pro-
gramming, and the first part of this chapter gives a brief overview of this technique
and its application to robust MPC for systems with additive disturbances. In prac-
tice, the computation required by dynamic programming is often prohibitive. To
render computation tractable, it may therefore be necessary to restrict the class of
control policies considered in the MPC optimization, and the later sections of this
chapter consider approaches that optimize over restricted classes of feedback poli-
cies in order to reduce computation. We discuss policies with affine dependence on
disturbances, and then consider more general piecewise affine parameterizations. As
in Chap. 3, the emphasis is on the tradeoff that can be achieved between computa-
tional tractability and performance while ensuring satisfaction of constraints for all
uncertainty realizations.

4.1 General Feedback Strategies

Robust optimal control laws for constrained systems subject to unknown disturbances
were proposed in [1-4]. The essence of these approaches is to construct a robust
controller as a feedback solution to the problem of minimizing a worst-case (min-
max) performance objective over all admissible realizations of model uncertainty.
The description of model uncertainty in terms of sets of allowable parameter values
leads naturally to set theoretic methods for robust constraint handling (e.g. [3, 4]).
This is the starting point for this chapter’s discussion of closed-loop optimization
strategies for the system (4.1) with disturbance sets and constraints of the form of
(4.3) and (4.4).

Multistage min-max control problems can be solved using Dynamic Programming
(DP) techniques [5, 6]. In principle, the approach is able to determine the optimal
feedback strategy in a very general setting, i.e. given only the performance objective,
the system dynamics, the constraints on states and control and disturbance inputs,
and knowledge of the information that is available to the controller at each time step.
Consider for example the problem of robustly steering the state of (4.1) from an
initial condition xp, which belongs to an allowable set of initial conditions that is to
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be made as large as possible, to a pre-specified target set, X7, over N time steps. This
problem can be formulated (see e.g. [4]) as an optimal control problem involving a
terminal cost Z(xy) defined by

I()CN) - [0 if XN E. XT
1 otherwise

From the model (4.1) and the assumptions on the information that is available to
the controller, it follows that the maximizing disturbance at time i depends on the
control input u;, whereas the minimizing control input must be computed without
knowledge of the realization of the disturbance w; at time i. Therefore the optimal
sequence of feedback laws u}(x),i =0, ..., N — 1 can be obtained by solving the
sequential min-max problem:

~v(x0) = min max - min max Z(xy). 4.5)
uo wo UN—-1 WN-1
Fxo+Gup<1l wpeW Fxy_1+Gun_1<1 wy_1eW

Dynamic programming solves this problem by recursively determining the opti-
mal costs and control laws for successive stages. Thus let m = N — i, where i is the
time index and m denotes the number of stages to go until the target set is reached.
Then set Z(x) = Z(x) and, form =1, ..., N, solve:

w] (x, u) = arg max Iy _1(Ax + Bu + Dw) (4.6a)
weWw
ui(x) = arg muin A (Ax + Bu + Dw] (x, u)) (4.6b)
Fx+Gu<l
with
Th () =I5, (Ax + Bu(x) + Dw (x, u;‘(x))) (4.6¢)

The sequence of feedback laws u} (x;),i =0, ..., N — I satisfying (4.6b) neces-
sarily steers the state of (4.1) into X7 over N steps, whenever this is possible for the
given constraints, disturbance set and initial condition. The set of initial conditions
from which X7 can be reached in N steps is referred to as the N-step controllable
set to X7.

Definition 4.1 (Controllable set) The N-step controllable set to A7 is the set of
all states xo of (4.1) for which there exists a sequence of feedback laws u (x), i =
0, ..., N — 1 such that, for any admissible disturbance sequence {wg, ..., wy_1} €
W x - x W, we obtain Fx; + Gu; <1,i=0,...,N—1 and xy € Xr along
trajectories of (4.1) under u; = u} (x;).

In (4.6), the problem of computing the N-step controllable set is split into N
subproblems, each of which requires the computation of a 1-step controllable set. The
conceptual description of the procedure given by (4.6) has the following geometric
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interpretation [4]. Let X denote the m-step controllable set to X7. Then clearly
XM is the set of states x such that there exists u satisfying Fx 4+ Gu < 1 and
Ax + Bu+ Dw € Xr forallw e W, i.e.

XM = (x : Ju such that Fx + Gu < 1, and Ax + Bu € X7 © DW).

By (4.6), the m-step controllable set X" is defined in terms of X"~ for m =
1,2,...,Nby

X = {x : Ju such that Fx + Gu < 1and Ax + Bu € X"~ o DW)

with X@ = X7. Given the polytopic uncertainty description (4.2) and the linearity
of the dynamics (4.1) and constraints (4.4), X (m) is therefore convex and poly-
topic whenever it is non-empty. Hence, given the representation X"~ = {(x :
H™=Dyx <1}, X can be determined for m = 1,2, ..., N using the following
procedure.

Algorithm 4.1 (Controllable sets) Set xO — Xr.Form=1,2,...,N:

(i) Compute /'9(1"_1) = XD o DW. Since X"~V = {x : H™=Dyx < 1}, this
is given by xm=b — {x: Hm Dy <1— h;,—1} where each element of £, |
is the solution of a linear program, namely

hyp—1 = max H™ Dy,
we

(i) Define Y"—1 C R™+Hmu a5 the set

m—1) - [H™DA HM=DB] [x h—1
Yy _i(x,u).[ F G § <1-— 0 .

(iii) Compute X' as the projection of )™ ~1 onto the x-subspace:
X = {x : Ju such that (x, u) € Y™V}

and determine H™ such that {x : H™x < 1} = X, <

In applications of dynamic programming to receding horizon control problems,
the target set X7 is usually chosen as a robustly controlled positively invariant (RCPI)
set, i.e. X is robustly positively invariant for (4.1) and (4.4) under some feedback
law. In this case, it is easy to show that the controllable sets X’ m m=1,..., N are
themselves RCPI and nested:

xm - x W=D 2...D xM > Xy.

This nested property necessarily holds because, under the assumption that X7 is
RCPI, Xr must lie in m-step controllable set to X7 for m = 1,2, ... It follows
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that X7 € XD and hence XV is itself RCPL. By the same argument therefore,
xm c xm+D and hence XY™ is RCPI form = 1,2, ....

To illustrate the procedure of Algorithm4.1, we next consider its application to a
first-order system. For this simple example, the controllable set can be determined by
straightforward algebra, providing some additional insight into each step of Algo-
rithm4.1. We also compare the controllable set for a general closed-loop strategy
with the sets of initial conditions from which a given terminal set can be reached
under either a fixed feedback law or an open-loop strategy.

Example 4.1 A first-order system with control and disturbance inputs is described
by the dynamics
Xk+1 = Xk + Uk — Wk.

The state x, control input « and disturbance input w are scalars that are constrained
to lie in intervals:
xel0,X], uel0,U], wel0, W]

The control objective is to steer the state into a target set X7 = [x O xO1,
In this example, X m) the m-step controllable set to X7, is equal to an interval
on the real line, i.e. foreachm = 1, ..., N we have

xXm — [i(m),)f(m)].

It is therefore straightforward to determine the recursion relating the (m — 1)-step
controllable set to the m-step set without using Algorithm4.1. Consider first the
conditions defining the upper limit of X' in terms of X" ~1_ By linearity, x "~ D
must be the 1-step ahead state from x ™ for some control input # and disturbance w.
Since u > 0 and w > 0, the maximum over u of the minimum over w of X =
¥"=D — y + w is obtained with u = w = 0. Similarly, for the lower limit of X",
the worst case value of w (in the sense of maximizing x™ = x=D —y 4+ w) is
W, while the minimizing value of u is U. Taking into account the constraint that
0<x m) < M) < X we therefore obtain

2 = max{0, xX" Y +w—-U}, ™ =min{X, x" D). 4.7)
We can verify this result using Algorithm4.1: X=D = xm=1 5 [_W, 0] in
step (1) yields
xm=1 _ [x™D 4w, gm-Dy

so the conditions defining Y™~ in step (ii) are

0<x<X, xX"Viw<x4u<i"V o0<u<uU,
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and, performing step (iii) by eliminating u using

x+u>x"D 4w Vu € [0,U] ifandonlyif x >x™V4+w—-U

x+u< )Z(m—l) (m—1)

Yu € [0, U] ifandonlyif x <x
we therefore obtain X = [x(™) "] as defined in (4.7).

To demonstrate the improvement in the size of controllable set that is achievable
using a general feedback law rather than a particular linear feedback law or open-loop
control, consider a specific example with the constraints

x€[0,5], uel0, 1], welo, 1],

and target set
Xr =[x, 391 =13,4].

In this case the control input can exert a greater influence on the state than the
disturbance input since U > W, and it is therefore to be expected that the m-step
controllable set converges for finite m to the maximal controllable set for any horizon.
Figure4.1 shows that X for m > 6 is equal to the maximal set X'* = [0, 4].
(Note that the upper limit of X cannot exceed the upper limit ¥© = 4 of the
target interval because u is constrained to be non-negative.)
With an open-loop control law such as
u=w, w=W/2=

3

Bl

weget XY = [x"=D L w — @, xmD _ 9] =[x 4 ;1‘, xm=b _ }‘].Con-
sequently the set of states from which X7 can be reached in m steps necessarily
shrinks as m increases and is in fact empty for m > 2 (Fig.4.1).

Consider next the maximal controllable sets that can be obtained with a linear
feedback law. A solution of (4.6b) for the optimal feedback is given by

u= min{U, max{0, K(x — ;(0))}}

with K = —1 for all m, and it can moreover be shown that any control law capable
of generating the m-step controllable set for m > 2 must depend nonlinearly on
x. However it is possible to approximate the m-step controllable set using a linear
feedback law. Thus, for example

u=K@x—x0)
ensures u = 0 for x = ¥(¥) = 4, which maximizes the upper limit of the set of initial

conditions that can be driven in m steps to X7 under linear feedback. The gain must
satisfy K < —0.5 in order that the lower limit of the m-step set to X7 extends below
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Fig. 4.1 The m-step controllable sets for Example4.1 with m < 8 for general feedback laws
(markedwith ). Also shown are the sets of states that can be steered to X7 = [3, 4] inm steps under
the linear feedback law u = —0.51(x — 4) (marked A), and open-loop control u = w (marked [J)

x© =3 and for this range of gains, the asymptotic size of the m-step set for large
m is limited by the constraint # < 1. Hence the asymptotic m-step set under this
linear feedback law necessarily increases as |K| decreases, while the number of
steps needed for convergence to this set increases as | K| decreases. For a horizon
N =8, the 8-step set is maximized with K = —0.51 (to 2 decimal places); this is
shown in Fig.4.1. o

In addition to its uses in computing robust controllable sets, dynamic programming
can also be used to solve problems involving the minimization of performance indices
consisting of sums of stage costs over a horizon. For example, the optimal value of
the quadratic min-max cost with horizon N considered in Sect. 3.4:

T (x0) = min  max
Fxo+Gup<1l woeW
N—-1
. 2 N2 A2y 2 2
min o max 3 Ol + el = e + i,
Fxn_1+Guy_1<1 wy_1eW i=0
xNEXT

(4.8)
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can be rewritten, using the fact that the optimal values of u; and w; depend, respec-
tively, on x; and (x;, u;), as

y . 2 2 2 2 .
Jy@) = min  max {||xo||Q+||uo||R—v lwol® +---+  min
Fxo+Guo<1 woeW Fxy_1+Guy_1<1
XNEXT

2 ) 2 2
max XN — Uun_— — WN — X v .
max [H N-1llpFllun—1llig =7 llwy—117+I N”WX]J
wy_1EW

This exposes the structure of the optimal control problem as a sequence of subprob-
lems. Each subproblem involves the optimization, over the control and disturbance
inputs at a given time step, of a single stage of the cost plus the remaining cost-to-go.
Therefore, analogously to (4.6a—4.6c), the optimal closed-loop strategy at time i is
given by the solution of

(u;k(x), w; (x, u)) = arg n}lin max Jy_i(, u, w) (4.9a)
Fx+Gu<l weW

subject to Ax + Bu € YN 71" g Dy,

where X' is the m-step controllable set to a given target set X7, and where m =
N — i is the number of time steps until the end of the N-step horizon. The cost with
m steps to go, Jm, is defined for m =1,2,..., N by the dynamic programming
recursion

I u,w) = llx[1h + lulk = Pllwl* + Jj_ (Ax + Bu+ Dw) ~ (4.9b)

with 5 5
T 0) = Ty (x, (), wi(x, uj(x))) (4.9¢)

and the terminal conditions:

VIGES (4.9d)
xO0 = x;. (4.9¢)

The corresponding receding horizon control law for a prediction horizon of N time
steps is given by u = u, (x).

The decomposition of (4.8) into a sequence of single-stage min-max problems
in (4.9a—4.9¢) enables the optimal feedback law to be determined without imposing
a suboptimal controller parameterization on the problem. However, (4.9) shows an
obvious difficulty with this approach, namely that at each stagem = 1,2, ..., N the
function Jv;‘l_l (x) giving the optimal cost for m — 1 stages must be known in order
to be able to determine the optimal cost and control law for the m-stage problem.
Conventional implementations of dynamic programming for this problem therefore
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require the optimal control problem to be solved globally, for all admissible states.
This makes the method computationally intensive and, crucially, it results in poor
scalability of the approach because the computational demand grows exponentially
with the dimensions of the state and input variables.

Predictive controllers aim to avoid such computational difficulties by optimizing
the predicted trajectories that emanate from a particular model state rather than
globally, and this is the focus of the remainder of this chapter. We next describe two
general feedback strategies before discussing parameterized feedback strategies that
optimize over restricted classes of feedback law. The remainder of this chapter uses
the following example problem to illustrate and compare robust control laws.

Example 4.2 A triple integrator with control and disturbance inputs is given by (4.1)
with

110 0 100
A=|(011(, B=|0|, D=|010]{.
001 1 001

The disturbance input w is constrained to lie in the set JV defined by

—0.25 0.25
W=qw:|-025| <w <1025
—0.25 0.25

and the state x and control input u are subject to constraints
~500<[100]x<5 —4<u<4

so that the constraints take the form of (4.4) with

02 00 0

—0.00200 0
F=1"0 o0l 9= 025
0 00 —0.25

The cost is defined by (4.8) with the weights

100
0=000|, R=0.1, ~>=50,
000

and the terminal weighting matrix W, is defined as the solution of the Riccati equa-
tion (3.42). The terminal set X7 is defined as the maximal RPI set for (4.1) and (4.4)
under u = Kx, where K = [—0.77 —2.40 — 2.59] is the optimal feedback gain for
the infinite horizon cost (3.39).
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Fig. 4.2 The projections onto the plane {x : [0 1 0]x = 0} of the terminal set X7 and the mRPI set
X™RPT ynder u = K x

Figure4.2 shows the projection of the terminal set X7 onto the plane on which
[0 1 0]x = 0. For comparison, the projection of the minimal RPI set under u = Kx
is also shown in this figure. The projections of the N-step controllable sets to X7
onto the plane [0 1 0]x = 0, for4 < N < 10, are shown in Fig.4.3. O

4.1.1 Active Set Dynamic Programming for Min-Max
Receding Horizon Control

At each stage of the min-max problem defined in (4.9a—4.9¢), the optimal control
and worst case disturbance inputs are piecewise affine functions of the model state at
that stage. This is a consequence of the quadratic nature of the cost and the linearity
of the constraints, and it implies that the optimal control law for the full N-stage
problem (4.8) is a piecewise affine function of the initial state xo. Each constituent
affine feedback law of this function depends on which of the inequality constraints
are active (namely which constraints hold with equality) at the solution, and it follows
that the regions of state space within which the optimal control law is given by a
particular affine state feedback law are convex and polytopic.

A possible solution method consists of computing offline all of these polytopic
regions and their associated affine feedback laws, in a similar manner to the multi-
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Fig. 4.3 The projections onto the plane {x : [0 1 0]x = 0} of the N-step controllable sets to X7
for N =4,5, ..., 10 and the terminal set X7

parametric approach considered in Sect.2.8. The optimal feedback law could then
be determined online by identifying which region of state space contains the cur-
rent state. This approach is described in the context of linear systems with unknown
disturbances and piecewise linear cost indices in [7]. However, as in the case of no
model uncertainty, the approach suffers from poor scalability of its computational
requirements with the dimension of the state and the horizon length. An illustration
of this is given in Example4.3, where, for a horizon of N = 4 the number of affine
functions and polytopic regions defining the optimal control law for (4.9a—4.9¢) is
around 100 (Fig.4.4). For N = 10, the number of regions increases to around 10,000
(Fig.4.5),implying a large increase in the online computation that is required to deter-
mine which region contains the current state, as well as large increases in the offline
computation and storage requirements of the controller.

To avoid computing the optimal feedback law at all points in state space, it is
possible instead to use knowledge of the solution of (4.9a—4.9¢) at a particular point
in state space to determine the optimal control law at the current plant state. This is
the motivation behind the homotopy-based methods for constrained receding horizon
control proposed for uncertainty-free control problems in [8, 9] and developed sub-
sequently for min-max robust control problems with bounded additive disturbances
in [10, 11].

Algorithms based on homotopy track the changes in the optimal control and worst
case disturbance inputs as the system state varies in state space. For the problem
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-25 -20 -15 -10 -5 0 5
X

Fig. 4.4 Active set regions in the plane {x : [0 1 O]x = 0} for N = 4 (74 regions). The dashed
lines show the intersection of the terminal set X7 with this plane

15 T T T T T

-200 -150 -100 -50 0

Fig. 4.5 Active set regions in the plane {x : [0 1 O]x = 0} for N = 10 (6352 regions). The dashed
lines show the intersection of the terminal set X7 with this plane
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(4.9a—4.9¢), this is done by determining, for a given set of active constraints, the
optimal feedback laws at each stage of the problem and hence the optimal state,
control and worst case disturbance trajectories as functions of the initial model state.
As the initial model state xp moves along a search path in state space towards the
location of the current plant state, a change in the active set is detected by determining
the point at which any inactive constraint becomes active, or any active constraint
becomes inactive. This information allows the active set to be updated, and a new
piecewise affine control law to be determined, thus enabling the initial model state to
move into a new region of state space while continuing to track the optimal solution.

With the search path for the initial model state xo defined as a straight line in state
space, the detection of an active set change becomes a univariate feasibility problem
with linear constraints. Furthermore the computational requirement of updating the
optimal solution after an active set change scales linearly with the horizon length
and polynomially with state and input dimensions. Clearly this is not the whole story
because the overall computation also depends on the number of active set changes,
and, as is usual for an active set solver for a constrained optimization problem, upper
bounds on this grow exponentially with the problem size. In practice, however, the
number of active set changes is likely to be small, and, when used in a receding
horizon control setting, the algorithm can be initialized using knowledge of the
active set corresponding to the optimal solution at a previous sampling instant.

A summary of the method is as follows. Suppose the optimal cost for the sub-
problem (4.9a) with N — i — 1 stages to go is given by

T ) =xTPx +2x] gi + 1 (4.10)

for some matrix P;, vector g; and scalar r;, and let the active constraints in problem
(4.9a) be given by

E;j(Ax + Bu) = 1 (4.11a)
Fix +Giu=1 (4.11b)
Viw =1 (“.11c)

(where E; (Ax + Bu) = 1 represents the active constraints in the condition Ax +
Bu € XN=i=1 g DW). The first-order optimality conditions defining the maximiz-
ing function w} (x, u) are given by

2 T T T T
1-DTPD VI [w] _[DTP, Dg;
[ Vi 0 [lm|=] o |WHBOE T

where 7); is a vector of Lagrange multipliers for the constraints (4.11c). Under the
assumption that + is sufficiently large that the maximization subproblem in (4.9a) is
concave, namely that

VI (v*1 = D" P;D)V; 1 >0,
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where the columns of V; | span the kernel of V;, the maximizer w;“(x, u) is unique
and is given by

wienw] _ |
I:U;k(xa u):| = M;(Ax + Bu) + m;

for some matrix M; and vector m;. Similarly, for the minimization subproblem in
(4.9a), let
[P ¢:]=[Pi ai]+[PiD O][M;i m;].

Then the first-order optimality conditions defining the minimimizing function u (x)
are given by

R+BTPB BTE! G [u; BT P. A —BT g,
E;B 0 0 vi | =— E; A Xk + 1 s
Gi 0 0 ||m F; 1

where v;, n; are, respectively, Lagrange multipliers for the constraints (4.11a),
(4.11b). Assuming convexity of the minimization in (4.9a), or equivalently

[BTET GI'], (R+ B P;B) [E"B] =0
L

G,
where the columns of [EiB] span the kernel of [EiB], then
G; 11 G;
u; (x)
vi(x) | =Lix +1;,
i (x)

for some matrix L; and vector /;.

The affine forms of u (x) and w (x, u) imply that the optimal cost J ~_; (x) for
N — i stages to go is quadratic, justifying by induction the quadratic form assumed
in (4.10). Furthermore, having determined M;, m;, L;, [; foreachi =0,..., N — 1
for a given active set, it is possible to express as functions of xo the sequences of
minimizing control inputs and maximizing disturbance inputs

u(xo) - {Mé, LI M*Nfl}a W(XO) - {wE)ka sy w;k\jfl}v
and the corresponding multiplier sequences
nxo) ={ng, ... ny_1}, v(xo) ={vg, ....vny_1} p(x0) = {ug. - - W_1)-

If u(xp) and w(xg) satisfy the constraints of (4.9a—4.9¢) and if the multipliers satisfy
n(x9) > 0, v(x9) > 0, p(xg) > 0, then these sequences are optimal for the N-stage
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problem (4.8) provided the constraints in (4.9a—4.9¢) are linearly dependent. The
affine form of each of these functions implies that xp must lie in a convex polytopic
set, which for a given active constraint set, denoted by .4, we denote as R(A).

Algorithm 4.2 (Online active set DP)
Offline: compute the controllable sets x0 x@ W) o Xr.
Online, at each time instantk =0, 1, .. .

(i) Set x = x; and initialize the solver with xéo) and an active set A® such that
x(go) € R(A®). At each iteration j =0, 1, .. .:

(a) Determine M;,m;, L;,l; for i =N —1,N —2,...,0, and hence deter-

mine u(xo), W(xo), 7(x0), ¥(x0), p(xo).
(b) Perform the line search:

o) = maic « subject to x(()j) + alx — x(()j)) € R(AD).
a<

(c) Ifa¥) < 1,set x(()j D _ x(gj ) L aW(x — x(()j )) and use the active boundary
of R(AW) to determine AYHD from AW,
Otherwise set A} = AW and proceed to (ii).

(ii) Apply the control law uy; = ug(x). <

If the constraints of (4.9a) are linearly dependent, the optimal multiplier sequences
may be non-unique [12]. This situation can be handled by introducing into the prob-
lem additional equality constraints that enforce compatibility of the linearly depen-
dent constraints. The first-order optimality conditions can then be used to relate the
multipliers of these additional constraints to the free variables appearing in the solu-
tions for the multipliers of linearly dependent constraints. Furthermore the degrees
of freedom in the optimal multiplier sequences can be chosen so as to ensure that
the multipliers are continuous when the active set changes. With this approach, the
sequences of primal and dual variables are again determined uniquely as functions
of x¢, and the continuity of these sequences at the boundaries of R(A) in xg-space
is preserved (see [11] for details).

The optimization in step (i) of Algorithm4.2 can be initialized with a cold start by
setting xéo) = 0and A©) = @, since by assumption the origin lies inside the minimal
RPI set for the unconstrained optimal feedback law u = K x, and hence all constraints
are inactive for this choice of x¢. Alternatively, if the previous optimal solution is
known, then it can be warm started by setting x(()o) at time k equal to the plant state
xx_1 at the previous time step and setting A® equal to the corresponding optimal
active set Aj_,. Convergence of the optimization in step (i) in a finite number of

iterations is guaranteed since the active set AV 1 is uniquely defined at each iteration
and since there are a finite number of possible active sets.
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Finally it can be shown that the control law of Algorithm4.2 is recursively fea-
sible and robustly stabilizing for the system (4.1), for all initial conditions in the
N-step controllability set, XY™ to Xr. Recursive feasibility follows from the con-
straints of (4.9a—4.9¢) since these ensure that, at each time k, x;; will necessarily
be steered into XV~ Closed-loop stability for all initial conditions xg € X™) can
be demonstrated using an identical argument to the proof of Theorem 3.4 to show
that the bound:

n

n
D (el + luellZ) < T* o) +7* D llwel? (4.12)

k=0 k=0
holds for all n > 0 along closed-loop trajectories under Algorithm4.2.

Example 4.3 For the triple integrator of Example 4.2, Figs. 4.4 and 4.5 show regions
of state space within which the optimal control law for problem (4.8) is given by a
single affine feedback law, for horizons of N =4 and N = 10, respectively. Since
this is a third-order system, figures show the intersection of these regions with the
plane {x : [0 1 O]x = 0}. As expected, for any given active set A, the region R(A)
is a convex polytope, and the union of all regions covers the N-step controllable
set. The terminal set X7 is contained in the region R({J), within which the solution
of (4.8) coincides with the unconstrained optimal feedback law, u = Kx. Note that
R(9) is not necessarily invariant under # = K x, and hence R (¥J) extends beyond the
boundaries of X7 even though A7 is the maximal RPI set for u = Kx. Comparing
Figs.4.4 and 4.5, it can be seen that the number of active set regions increases rapidly
with N.

To illustrate how the online computational requirement of Algorithm4.2 varies
with horizon length for this system, the optimization in step (i) was solved for
50 values of the model state randomly selected on the boundary of X®) for
N =1,2,...,20. Each optimization was cold started (initialized with x(()o) = 0 and
A© = @), Figure4.6 shows that the average, maximum and minimum execution
times per iteration' for the chosen set of initial conditions depend approximately
linearly on N. This is in agreement with the expectation that the computation per
iteration should depend approximately linearly on horizon length. Despite expo-
nential growth of the total number of active set regions with N, the number of
iterations required is a polynomial function of N for this example. This is illustrated
by Fig.4.7, which shows that the average number of iterations grows approximately
as 0(0.25N?). For N = 20, the average total execution time was 0.58s and the
maximum execution time 2.23s. O

IThe execution times in Fig.4.6 provide an indication of how computation scales with horizon
length—Algorithm4.2 was implemented in Matlab without being fully optimized for speed.
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Fig. 4.6 Computation per iteration of the optimization in step (i) of Algorithm4.2 for Example 4.3
with varying horizon N; average execution time (solid line), and minimum and maximum execution
times (dotted lines)
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Fig. 4.7 Number of iterations of the optimization in step (i) of Algorithm4.2 for Example 4.3 with
varying horizon N; average (solid line) and maximum (dashed line)

4.1.2 MPC with General Feedback Laws

As stated previously, dynamic programming methods that provide global solutions
are often computationally prohibitive, particularly for problems in which the optimal
control is only required locally in a particular operating region of the state space.
Although the approach of Sect. 4.1.1 reduces computation using active sets that apply
locally within regions of state space, the approach requires prior knowledge of the
controllable sets. However, even when performed offline, the computation of these
controllable sets can be challenging, and this is a particular concern for problems
with long horizons and for systems with many states and input variables.
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A major advantage of MPC, and perhaps its defining feature, is that it determines
an optimal control input locally, usually for a particular value of the system state, by
propagating input and state sequences forwards in time. Since the constraints (4.4)
are linear and the disturbance set WV is polytopic, it should not be surprising that
each vertex of the controllable set to a convex polytopic target set is determined by a
particular maximizing sequence of vertices of WV in (4.5). Therefore, to allow for the
full generality of future feedback laws that is needed to achieve the largest possible
set of feasible initial conditions, a predictive control strategy must assign a control
sequence to each possible sequence of future disturbance inputs [13]. The approach,
which is described in this section, leads to an optimization problem with computa-
tion that grows exponentially with horizon length. As a result it is computationally
intractable for the vast majority of control applications and is mainly of interest from
a conceptual point of view. However the approach provides important motivation for
the computationally viable MPC strategies that are discussed in Sect.4.2.

Consider a sequence of disturbance inputs, each of which is equal in value to one
of the vertices w/, j =1,...,m,of the disturbance set VWV in (4.3):

WD, Wy,

As before we assume that the plant state x; is known to the controller at the ith
time step and a causal control law is assumed; thus u; depends on x; but cannot
depend on xj41, X2, ... If {wo, ..., wi—1} = {wl, ... wl}, then it follows
that u; is a function of x¢ and (ji, ..., ji). Hence we denote the control sequence
as {ug, uM, w22} and denote {xg, xUV, xU1:72) 1} as the corresponding
sequence of states, which evolve according to the model (4.1):

xUY = Axg + Bug + DwV (4.13a)

andfori =1,2,...,
xUtesdisdit1) = AxUtendi) o By Uteesdi) 1 Doyl | (4.13b)
In this prediction scheme, the m' distinct disturbance sequences {wln), . wlidy,
in which j, € {1,...,m} forr =1, ..., i, generate m' state and control sequences

with the tree structure shown in Fig.4.8.

The linearity of the dynamics (4.1) implies that the convex hull of xU1++Ji+1) for
Jjrefl,...,m},r=1,...,i + 1 contains the model state x; 1 under any convex
combination of control sequences {ug, uUV, ..., ul++J)}. To show this, let Xog =
{x0}, Uy = {uo}, and fori = 1, 2, ... define the sets

X; = Cof{xUtdd (i . i) € Lk, (4.14a)
U; = Co{ulr=3 (ji, ..., ji) € Li}, (4.14b)
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Fig. 4.8 The tree structure of predicted input and state sequences when each element of the distur-
bance sequence is equal to one of the m vertices of the disturbance set W, shown here for a horizon
of N =3

where L; denotes the set of all possible values of the sequence {ji, ..., ji}:

ﬂ,‘ ={(j1,...,j,')2jr [S {1,...,m}, r = 1,...,i},
for any positive integer i. Then, for any given x; € X;, there necessarily exists

u; € U; such that x; 1 € X; 41 for all w; € W. In particular x; € X; implies x; =
z(jl o dDELs At jl.)x(fl ’’’’ ) where A(jr, ..., j;) are non-negative scalars satisfying

= D Agejput

gives o o
Axi + Bu; € Co{AxUtdi) 4 Byt - (jy .. ji) € Li),

but from (4.13a, 4.13b) and from the definition of X; in (4.14a) we have

Co{AxVrd) 4 Bulv=d) (i, ji) € Liy @ W = Xiq, (4.15)
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and it follows that the tubes {Xo, X1, ...} and {Uy, Uy, ...} necessarily contain the
state and control trajectories of (4.1) for any disturbance sequence {wg, wy, ...} with
w; € Wioralli =0,1,....

Consider now a set of input and state trajectories predicted at time k in response to
disturbance sequences, {woj, - .., wi—1jk} = {wYV, ..., w}, consisting entirely

of vertices of W. In order that the state and control trajectories {xo|k,x,£m,

x,ﬁ‘/l’jZ), ...} and {uojk, u,((jl), u,((jl"m, ...} generated by the model:
9 — Axy + Buoy + Dw'" (4.16a)
Ve B i) gl ) gy U I) 4 py Ui = 1,2, (4.16b)

satisfy the constraints (4.4) for all (ji, ..., ji) € L;, we require that
Fxi + Guog <1 (4.17a)
and, fori =1,2,...,
Fx{ 9 4 GudtI) < 1, forall (ju, ..., j;) € Li. (4.17b)

These constraints are imposed over an infinite future horizon if (4.17a, 4.17b) are
invoked fori =1, ..., N — 1 together with a terminal constraint of the form

xlgjl """ IN) e Xr, forall (ji,..., jN) € LN, (4.18)

where Xt is a robustly positively invariant set for (4.1) and (4.4) under a particular
feedback law. Assuming for convenience that this control law is linear, e.g. u = Kx,
Xr can be defined as the maximal RPI set and determined using the method of
Theorem 3.1.

Let Fy denote the set of feasible initial conditions x for (4.17a,4.17b) and (4.18),
ie.

Fn = [xk s Huopk, u/(cjl), R u/ijl""’]Nfl)} for (ji,..., jN—1) € Ln—1
such that {xy, x,Ej‘), e x,&jl """ jN)} satisfies

(4.16a,b), (4.17a,b) fori =1,..., N — 1, and (4.18)}. (4.19)

Theorem 4.1 Fy is identical to XN), the N-step controllable set to Xt for the
system (4.1) subject to the constraints (4.4), defined in Definition4.1.

Proof From (4.14a, 4.14b) and (4.15), constraints (4.17a, 4.17b) and (4.18) ensure
that every point xo € Fy belongs to X To show that Fy is in fact equal to XV,
note that, if X7 = {x : Vrx <1}, then XY™ can be expressed as {x : fr(x) <1}
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where fr(-) is the solution of a sequential min-max problem:

fr(xg) = min max --- min max max  Vr,xn,
uQ wo UN—1 WN—1 re{l,..., ny}
Fxo+Gup<1l woeW Fxy_1+Guny_1<1 wy_1eW
(4.20)

in which Vr, is the rth row of V7. Each stage of this problem can be expressed
as a linear program, and hence the sequence of maximizing disturbance inputs
is {w(j'),..., w(/N)} for some sequence (ji,..., jy) of vertices of W. There-
fore xo € X™) if and only if the optimal control sequence for this problem
is {ug, w9V, ..., ulrJiN-D} guch that VyxUi-iN) < 1. Since xg € Fy if Vr
xUiN) < 1 for some sequence {ug, uV, ..., ul/t-+iN-D} foreach (ji, ..., jy)
€ Ly, it follows that every point xg € X'™ also belongs to Fy. O

The following lemma shows that Fp is robustly positively invariant under the
control law uy = ugjk.

Lemma 4.1 Forany N > 0, Fy is RPI for the dynamics (4.1), disturbance set (4.2)
and constraints (4.4) if ux = uojx.

Proof Since wy € W, there exist non-negative scalars \;, j =1, ..., m, such that
m
2i=1Aj=1and

m
wy = Z/\jw(-/).
j=1

Therefore, for any given {x;, x,ijl), x,ﬁjl’h), ...} and {uop, u,((jl), u,((jl’h), ...} satis-

fying (4.16a, 4.16b), (4.17a, 4.17b) and (4.18), the trajectories defined by

m m
_ @) Gtoesdi) _ (odtoendi) 5 _
UQk+1 = E )\juk U Y= E )\juk Yoi=1,...,N—2,
= =1

I W L S R Y
=1
for all (ji, ..., ji) € L, and
s iN=1) _ K (155 JN=1) for all (i . r
Uiy = KX ) orall (ji,..., jn—1) € Ly—1
x I IV I = UL IND 4 Dy UM forall (i, ., jiv) € Ly

satisfy, at time k + 1, the constraints of (4.16a, 4.16b) (by linearity), (4.17a, 4.17b)

ifu =Kx. ]
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Theorem4.1 shows that xg lies in the N-step controllable set to a given target set
if and only if a set of linear constraints is satisfied in the variables {ug, ulin oo
u U=y, (J1,---, jN=1) € Ly—1. This feasibility problem could be combined
with any chosen performance index to define an optimal control law with a set
of feasible initial conditions equal to the controllable set for the given target set
and horion. Furthermore, by Lemma4.1, a receding horizon implementation of any
such strategy would necessarily be recursively feasible, and hence could form basis
of a robust MPC law. However, the feasible set Fy is defined in (4.19) in terms
of the vertices of the predicted tubes for states and control inputs. In general, the
optimal predictions with respect to a quadratic cost will be convex combinations of
these vertices, and hence additional optimization variables would be needed in the
MPC optimization if a quadratic performance index were used. With this in mind,
a linear min-max cost is employed in [13], the cost index being defined as the sum
of stage costs that depend linearly on the future state and control input. This choice

of cost has the convenient property that the optimal control sequence is given by

{uok, uj', .. u,i' ~IN=11 for some (ji, ..., jn—1) € Ln—1.

Linear or plecewise linear stage costs have the disadvantage that the uncon-
strained optimal is not straightforward to determine, and in [13] the terminal con-
trol law is restricted to one that enforces finite time convergence of the state (i.e.
“deadbeat” control) in order that the cost is finite over an infinite prediction hori-
zon. Instead we illustrate the MPC strategy here using a performance index sim-
ilar to the nominal cost employed in Sect.3.3. In this setting, we first reparame-
terize the predicted control input trajectories in terms of optimization variables

() = {cok, ¢ (]1), R c](('“"""/Nfl)} forl = (ji,..., jN—1) € Ln—1, so that

uoik = Kxp + cojk

Grony [ Ex it credd =y N 4.21)
k legjl’m’]l), i = N, N + 1’ o

Next define a set of nominal state and control trajectories, one for each sequence
I =(1,..., jn—1) € Ly—1, as follows

o = Ksip e, sp=osfi+ B, i=0.1... N-1

l|k’ i+1k —
) ) o O] f
z|k—Ksl\k’ Sitik = @sl‘k, i=N,N+1,...

where C(|l)< is the ith element of the sequence c,((l) foreachl € Lx_1,namely cl(f,i = Co|k

fori = 0and cl(ll,)( = c,((j1 """ D fori = 1, ..., N — 1. Finally, we define the worst case

quadratic cost over these nominal predicted sequences as

o0
I
J(sop. (e, 1 € Ly-1)) = eﬁleZ(us,ﬂ,inwn viLl1%) (4.22)
T i=0


http://dx.doi.org/10.1007/978-3-319-24853-0_3

4.1 General Feedback Strategies 143

Assuming for convenience that K is the unconstrained LQ-optimal feedback gain,
Theorem2.10 gives

I 1
J (sops fe, 1€ Ly—1}) = lisowlly, + + max ey 13,

where W, is the solution of the Riccati equation (2.9), and where W, is block
diagonal, W, = diag{BTWXB +R,...,BTW,.B + R}. Hence the problem of min-
imizing J (so|k, {c,(cl)}) is equivalent to the minimization of ||so|« II%VX +a? subject to
a? > ||c,((l) ”%VL- for all / € Lx_1. This is a convex optimization problem that can be
formulated as a second-order cone program (SOCP) [14].

By combining the cost of (4.22) with the linear constraints defining F, we obtain
the following MPC algorithm.

Algorithm 4.3 (General feedback MPC) Ateachtime k =0, 1, ...:

(i) Perform the optimization

minimize  max ||C ”%Vg
(e 1eLy_1) LN

; . 4.2
subjectto (4.16a,b), (4.17a,b),i =1,...,N — 1, (4.23)
(4.18) and (4.21).
(i) Apply the control law u = Kxx + ¢, where [|ej*[|5,, is the optimal value of
the objective in (4.23) and c(l)* ={c (>)k|k’ el ;{]' nIN= 1)*)_ 4

The online optimization in step (i) can be formulated as a SOCP in n, m" —
1)/(m — 1) variables, ne(m® = 1) J(m—1)+ nrm™ linear inequality constraints
and m" + 1 second-order cone constraints, where ny is the number of constraints
defining Xr. Furthermore Algorithm 4.3 is recursively feasible and enforces conver-
gence to the minimal RPI set associated with u = K x, as we now discuss.

The feasibility of (4.23) at all times given initial feasibility (i.e. xg € .7:N) is
implied by Lemma4.1. Therefore, defining cojx+1 and [ Ji’l""/’) fori =1, -1

analogously to the definitions of uqx1 and u,((ﬂl f )in the proof of Lemma4.1 gives

m
cowrt = D Ajey”

m
tseesdi) _ Ut Jidx .
(o) _Z)\]ck ,i=1,...,N—2
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foreach ! = (ji, ..., jn—1) € Ln—1, and hence by convexity we have ||c,(<ljrl ||2 L=
||c§(*||%vc - ||C8|k||%€+BTWXB foralll = (ji,..., jn—1) € Ln—1. The optimization of

(4.23) at time k + 1 therefore gives

D* )2 Dx 2 * 2
el I3, — e 13, = ekl prw. s

which implies (by Lemma3.1) that cg‘k — 0 as k — oco. From Theorem3.2, it
follows that the I, gain from the disturbance input w to the state x is upper bounded
by the I bound for the unconstrained system under ¥ = Kx, and furthermore
X — XRPL a5 & 5 00, where X™RPI ig the minimal RPI for (4.1) under u = K x.

Finally note that the control law of Algorithm4.3 can also guarantee exponen-
tial convergence to an outer approximation, S, of X™RPL jf So|k 18 retained as an
optimization variable in (4.23). Specifically, replacing the objective of (4.23) with
J(s0/k» {c,(f) , I € Ly—1}) and including x; — soix € S as an additional constraint in
(4.23) ensures, by an argument similar to the proof of Theorem3.5, that the opti-
mal value J (s(*)‘| o c,((l)*) converges exponentially to zero and hence that S is expo-

nentially stable with region of attraction equal to Fy. This argument relies on the

existence of constants a, b satisfying a ||s(3"| % 1><J (s()"| o c,({l)*) < b||s6“| X 1%, which is

ensured by the continuity [14] of the optimal objective of (4.23) and by the fact that
VCre c,((l)*) > 0, whereas J (g c,((l)*) = 0 if and only if xoy lies in S.

Example 4.4 Although the general feedback MPC law of Algorithm4.3 and the
active set DP approach of Algorithm4.2 are both feasible for all initial conditions
in the N-step controllable set X, their computational requirements are very dif-
ferent. The exponential growth in the numbers of variables and constraints of the
optimization in step (i) of Algorithm4.3 implies that its computation grows very
rapidly with N. For the system of Example4.2, we have n, = 1, no =4, m = 8§,

10" . . s

Numbers of variables and constraints

10° F
—¥— Number of variables
—o— Number of constraints
100 ” 1 1
0 5 10 15

Horizon N

Fig. 4.9 Numbers of variables and linear inequality constraints for Algorithm4.3 in Example 4.4
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nt = 11, and the number of optimization variables and linear inequality constraints
grow with N as shown in Fig. 4.9. Even this simple third-order problem is limited to
short horizons in order that the optimization (4.23) remains manageable; for exam-
ple, if the number of optimization variables is required to be less than 1000, then N
must be no greater than 4. O

4.2 Parameterized Feedback Strategies

Dynamic programming and MPC laws based on general feedback strategies have
the definite advantages that they can provide optimal performance and the maximum
achievable region of attraction. However, as discussed in Sect.4.1.2 for the case of
min-max robust control (and as also discussed in [15, 16] for stochastic problems),
the computation of optimal control laws for these approaches often suffers from
poor scalability with the problem size and the length of horizon. It is therefore per-
haps inevitable that closed-loop optimization strategies with computational demands
that grow less rapidly with problem size should be sought for robust MPC. These
approaches reduce computation by restricting the class of closed-loop policies over
which optimization is performed.

One such restriction is to the class of time-varying linear feedback plus feedfor-
ward control laws, where the linear feedback gains are parameters that are to be
computed online. However, the dependence of the future state and input trajectories
on these feedback gains is non-linear, and the optimization of predicted performance
is non-convex. A way around this is offered by the Youla parameterization introduced
into MPC in [17]. On account of the Bezout identity of (2.67), the transfer function
matrices that map additive disturbances at the plant input to the plant output have
an affine dependence on the Youla parameter. This property is exploited in [18] to
devise a lower-triangular prediction structure in the degrees of freedom, leading to a
convex online optimization. Later developments in this area, known as disturbance-
affine MPC (DAMPC), are reported in [19, 20]. These proposals lead to an online
optimization in a number of variables that grows quadratically with the length of
the prediction horizon. This can be reduced to a linear growth if the lower-triangular
structure is computed offline, but of course the resulting MPC algorithm is then no
longer based on optimization of a closed-loop strategy.

An alternative triangular prediction structure to that of [18-20] was proposed
in [21], which, like the approach of Sect.4.1.2, parameterized predicted future feed-
back laws in terms of the vertices of the disturbance set. In this setting, the input
at each prediction instant is known to lie in the convex hull of a linear combination
of polytopic cross sections defined by the inputs associated with the disturbance set
vertices. The approach thus implicitly employs a parameterization that defines tubes
in which the predicted inputs and states will lie, and for this reason it is known as
parameterized tube MPC (PTMPC). The disturbance-affine MPC strategy can be
shown to be a special case of PTMPC (albeit with a restricted set of optimization
variables) and both approaches have a number of optimization variables that grows
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quadratically with the prediction horizon. This can be reduced to a linear dependence
if, instead of the triangular structure of PTMPC, a striped structure is employed [22].
This section discusses these three parameterized feedback MPC strategies.

4.2.1 Disturbance-Affine Robust MPC

A simple but highly restrictive feedback parameterization replaces the fixed linear
feedback gain K in the open-loop strategy (3.6) with a linear time-varying state feed-
back law to give u;x = K( )xl|k + cijk, where K( 2 and ¢; fori =0,..., N — l are
to be optimized online at each time k. Aless restrlctlve class of control laws is obtained
by allowing the state dependence to be dynamic, in which case the time- varylng state

feedback is replaced by a convolutional sum, i.e. u;x = le —o Ky = Dy jlk =+ Cilk-
This class can be further widened if the state dependence of the control law is allowed
to be both dynamic and time varying over the prediction horizon:

i
Uik = Z Ki(\]k)lek + Cijk (4.24)
j=0
leading to prediction equations with a lower-triangular structure [18]

we = Kixy + ¢
(0)
Ko o -~ 0

0 1
i K{lg K}VQ 0 (4.25)
K, =
(0) (1) (N 1)
KyZ 11k Ky_ 1k~ KN 11k
Here x; = (xok, ..., xnik) and wi = (uop, ..., uny—1x) are vectors of predicted
states and inputs for the model of (4.1), with xgx = xi. Also ¢ = (cok, - - - CN—11k)

is a vector of feedforward parameters, and the subscript k is used as a reminder that
K and ¢, are to be computed online at each time k.

Using (4.1) the state predictions X, can be written in terms of the future control
and disturbance inputs, u; and wy = (wok, ..., WN—1|k), aS

Xi = Crx X + Cyyug + Cyyy Wi (4.26)

where Cyy, Cy, and Cyy, respectively, denote the convolution matrices from x, u
and w to x given by
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1 0 00 0 0 0
A B 00 D 0 0
Cxx= : »Cxuz : .o viw: : .o :
AN-1 AN=2B ... B 0 AN=2D ... D 0
AN AN-IB ... AB B AN=ID ... AD D
4.27)
Substituting (4.26) into (4.25) and solving for uy, yields
w = (I — Ky Co) ' KiCrxxi + (I — Kk Cr) 'ex
+ (I — KiCri) ' KiCrupWi (4.28a)
Xk = [Cxx + Cxu(l — kkcxu)ilkkcxx]xk + Cu (I — Iekcxu)ilck
+ [Cxw + Cou(I = K Crit) ™ KiCorp | Wi (4.28b)

where (I — Ky C,y) is necessarily invertible since it is lower block diagonal with all
its diagonal blocks equal to the identity. Thus, for given Ky, the predicted state and
control trajectories are given as affine functions of the current state and the vector
of future disturbances. For any given value of Ky, the worst case disturbance with
respect to the constraints (4.4) could be determined by solving a sequence of linear
programs similarly to the robust constraint handling approach of Sect. 3.2. However,
for the closed-loop optimization strategy considered here, K is an optimization
variable, and Eqgs. (4.28a, 4.28b) depend nonlinearly on this variable. As a result,
the implied optimization is non-convex and does not therefore lend itself to online
implementation.

As mentioned in Sect. 2.10, the state and input predictions can be transformed into
linear functions of the optimization variables through the use of a Youla parameter,
and this is the route followed by [18]. Thus (4.28a) can be written equivalently as

we = Lywg + i, (4.29)
with
Vi = (I — KiCr) 'K Coxx + (I — Kk Crit) i (4.30a)
0 0 -~ 0 0
LY o 0 0
[ < Co) LK h Lo 0 0
Ly = — KiCyy)” KiCyy = 20k 20k . (4.30b)

) A
Ly Ly—ipe - Ly—ie O

The transformation of_ (4.30a) is bijective, so for each ¢y there exists a unique v, and
vice versa. Likewise Ly is uniquely defined by (4.30D) for arbitrary K. On account
of the lower-triangular structure of Ly, the control policy of (4.29) is necessarily
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causal and realizable in that u;x depends on disturbances wojx, . .., w;—1x that will
be known to the controller at the ith prediction time step. The corresponding vector
of predicted states assumes the form

Xp = CxxXp + Cruy Vi + (Crw + Cxul:k)wk~ 4.31)
The parameterization of (4.29) implies a disturbance-affine feedback law (e.g.
[19, 23]) and is the basis of the disturbance-affine MPC laws proposed for example in
[18, 20].
The predictions of (4.29) and (4.31) can be used to impose the constraints of (4.4)
over an infinite future horizon by invoking
Fxig +Guip <1, i =0,...,N—1, (4.32a)
together with the terminal constraint, xyx € X7 = {x : V7x < 1}:

Vrexnie <1, (4.32b)
where A7 is RPI for (4.1) and (4.4) under a feedback law u = Kx with a fixed gain
K . Here the linear dependence of the constraints (4.32a, 4.32b) on x; ; and u;|x means
that they can be expressed in the form

Fx; + Guy <1,

where F and G are block diagonal matrices:

F G

sl
I
Qu
Il

Using (4.29) and (4.31), these constraints are equivalent to

F,vi + max W(Fw + ﬁuik)w <1— Fyxg,

weWx.-x

where Fy = FCyy, Fy = FCyxy + G, F,, = FCyy, and the maximization is per-
formed element wise.

The vertex representation (4.2) of WV allows these constraints to be expressed as a
set of linear inequalities in vi. Thus, in the notation of Sect.4.1.2, with w® denoting
the vector (w"?, ..., wUN)) of vertices of W for each I = (ji, ..., jn) € Ly, the
constraints (4.32a, 4.32b) are equivalent to linear constraints in v and Li:

Fuvi + (Fy + FuLw® <1 — Fyxy foralll € Ly. (4.33)
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An alternative constraint formulation that preserves linearity while avoiding the expo-
nential growth in the number of constraints with N that is implied by (4.33) uses
convex programming duality to write these constraints equivalently as [20]:

Hl1l<1- Fxxk — Fuvk, H; >0, Hk‘_/ = Fw + Fuik. (4.34)

Here H; € RWne+n)xnv s a matrix of additional variables in the MPC optimization
performed online at times k = 0, 1, ... and V is a block diagonal matrix containing
N diagonal blocks, each of which is equal to V. Therefore, (4.34) constitutes a set
of linear constraints in decision variables vg, Ly and Hy, and the total number of
these constraints grows linearly with N. The technique used to derive (4.34) from
(4.33) and the equivalence of these sets of constraints is discussed in Chap.5 (see
Lemma5.6).

We next consider the definition of the predicted cost that forms the objective of
an MPC strategy employing the constraints (4.34). One possible choice is a nominal
cost that assumes all future disturbance inputs to be zero, i.e. w;x =0,i =0,1, .. ..
By combining a quadratic nominal cost with the constraints (4.34), the online MPC
optimization can be formulated conveniently as a quadratic program. It can be shown
that the resulting MPC law ensures a finite /; gain from the disturbance input to the
state and control input (see [20] for details), but the implied /> gain could be arbitrarily
large because the nominal cost contains no information on the feedback gain matrix
L. By including in the cost an additional quadratic penalty on elements of Ly,
it is possible to derive stronger stability results [24], in particular the state of the
closed-loop system can be shown to converge asymptotically to the minimal RPI set
under a specific known linear feedback law. However, this approach relies on using
sufficiently large weights in the penalty on Ly, and we therefore consider here a
conceptually simpler min-max approach proposed in [25], which uses the worst case
cost considered in Sect. 3.4.

The predicted cost is therefore defined as the maximum, with respect to distur-
bances w € W, of a quadratic cost over a horizon of N steps:

N—-1
7 2 2 2 2 2
J(xo, {ug, uy,...}) = max Z X; + ||u; - w; + lxn %, .
(x0, {uo, uy, -..h) max, . (Ixillg + Nuillg = lwill*) + 1 N||WX
i=0,..,.N—1 =0

(4.35)
Here Wx is the solution of the Riccati equation (3.42), and hence the cost (4.35)
is equivalent to the maximum of an infinite horizon cost over w; € W for i =
0,...,N —1 and over w; € R"™ fori > N. We denote the predicted cost evalu-
ated at time k along the trajectories of (4.1) with the feedback strategy of (4.29) as
J(xx, Vi, Lg):

j(Xk, Vi, l_lk) = max {”Cxxxk + CxuVi + (Cxy + Cxul_lk)wk”2Q

wre{w:Vw<l1}

+ ILewe + vely = 2 Iwel? (4.36)
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where

Q

Q1
Il
=
I

¢ v R

Wi

Following [25] and using the approach of Sect. 3.4, the cost (4.36) can be expressed
in terms of conditions that are convex in the variables vy and Ly, provided ~ is
sufficiently large so that J (xk, Vg, I:k) is concave in wy. This concavity condition is
equivalent to the requirement that A > 0, where

A= '721 - ((Cxw + Cxuzk)TQ(Cxw + Cxul:k) + ZZEik)

Lemma4.2 IfA > 0, then j(vk, Ly) = ming, je(p=0y 0 + IT/L subject to the fol-
lowing LMI in v, Ly, p and §,

0 TV [(Caxxic + Cryvi)T @12 VIR
VI 1 || (Cow + CauL)TQV? LIRY2] | =0
I

*

4.37)

where Q% and RY/? satisfy (QV/*)T 0'/2 = Q and (RV*)TR'/? = R.
Proof If A > 0, then (4.37) can be shown (by considering Schur complements) to
be equivalent to the condition
0 = [ICexxk + CruVill G + Vil
+ 131"V = (Coxxi + Cxuvi)" O(Crw + CxuLy) — ¢l RLiIS . (4.38)
Moreover if A > 0, then the equivalence of the convex QP (3.52) and its dual (3.53)

implies that J (xx, Vi, Ly) s equal to the minimum of 6 + 17 over > 0 and §
subject to (4.38). O

Lemma4.2 allows the minimization of the worst case cost (4.36) subject to (4.32a,
4.32b) with the feedback strategy of (4.29) to be formulated as a semi-definite pro-
gram in O (N?) variables. This is the online optimization that forms the basis of the
following disturbance-affine MPC law.

Algorithm 4.4 (DAMPC) At each time instantk =0, 1, .. .:

(i) Perform the optimization

minimize 0y + 17 ju subject to (4.34), (4.37) and p1 > 0. (4.39)

Vies Ly Hie, g, fik
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(i) Apply the control law uy = v(’)‘lk, where v} = (va"lk, e v;kV—Hk) and I:Z are the
optimal values of v, Ly in (4.39). <
The set of feasible states for the MPC optimization (4.39) is given by’

Fn = {xg : A(vg, L) such that A = 0 and (4.34) holds for some Hj > 0}.
Forany N > 1, Fy can be shown to be RPI under the control law of Algorithm 4.4 by

constructing v and Lk+1 so that conditions (4.32a, 4.32b) and A > 0 are satisfied
at time k + 1. Specifically, let

0 - 0 00 Ve Lk
LY o 0 00 V3 + LS wi
Liy1 = : SR N A : ’
L% LY 00 U+ LYk
KAN=2D ... KAD KDO | unks1 + KAV Dy |

with vy k41 = KANx, + K[AN=!B ... B]v}. Then the sequence of control inputs
given by (u0|k+1, ceey “N—1|k+1) = Li+1Wit1 + Vi1 satisfies
Uiy i=0,1,...,N=2
Uilk+1 = - .
ke Kxiyk i=N-—-1
where it; 4 1)« and Xy are elements of the optimal predicted input and state sequences
at time k that would be obtained with wox equal to the actual disturbance realization,

wg, and Which_satisfy (4.32a, 4.32b) by construction. It can also be shown [25] that
this choice of Ly satisfies

’721 — (Cxw + Cxul_lk—&-l)TQ(Cxw + Cxuzk+l) + Z1¢T+1Rl_fk+l >0,

whenever A > 0. Therefore x4 € Fy forall wy € W, implying that Algorithm4.4
is recursively feasible.

The MPC law of Algorithm4.4 guarantees a bound, which depends on the para-
meter -y, on the [ gain from the disturbance input to the state and control input.

Corollary 4.1 Forany xg € Fn and all n > 0, the closed-loop trajectories of (4.1)
under Algorithm4.4 satisfy the bound

n

n
D (Ixellh + luelly) < J (o, vg. L)+ D w1 (4.40)
k=0 k=0

2There is no need to include the LMI (4.37) in the conditions defining the feasible set F because
0 and i > 0 can always be found satisfying (4.38) (and hence also (4.37)) whenever A > 0.
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Proof This can be shown similarly to the proof of Theorem 3.4. (I

Example 4.5 In this example we consider the set of feasible initial conditions and the
optimal value of the objective of the DAMPC optimization in step (i) of Algorithm4.4
for the system dynamics, constraints and terminal set of Example4.2. The feasible
initial condition sets Fn of DAMPC for N = 4,5, ..., 10 are shown in Fig.4.10
projected onto the plane {x : [0 1 O]x = 0}. This figure also shows the projections of
XN the N -step controllable sets to X7, onto the same plane, for the same values of
N. Clearly Fy must be a subset of X™) since X™) is the largest feasible set for any
controller parameterization with a prediction horizon of N. The Figure shows that
provides a good approximation of X' for small values of N, but the approximation
accuracy decreases as N increases, and Fy is much smaller than X ) for N > 8.
The degree of suboptimality of the DAMPC optimization at any given feasible
point can be determined by comparing the value of the objective of the DAMPC opti-
mization (4.39) with the optimal cost (4.8). Since the objective of (4.39) is equivalent
to the min-max cost (4.35), the optimal value (4.8) is the minimum cost that can be
obtained for this problem with any controller parameterization. Table 4.1 shows the
percentage suboptimality of (4.39) relative to this ideal optimal cost. The average and
maximum suboptimality are given for 50 values of the model state randomly selected
on the boundary of Fy for N = 10, 11, ..., 15. For this example, the DAMPC opti-

20

15

10

10k

1 1 1
-500 -400 -300 -200 -100 0

Fig. 4.10 The projections onto the (x1, x3)-plane of the feasible sets Fy for N =4,5,...,10and
the terminal set X'r. The dashed lines show the projections of the N-step controllable sets to Xr,
forN =4,5,...,10
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Table 4.1 The relative difference between the objective of the DAMPC optimization (4.39) and
the ideal optimal cost (4.8) for varying N

Horizon N Suboptimality
Average (%) Maximum (%)

10 0.1 0.6
11 1.1 6.6
12 2.6 14.0
13 3.8 18.1
14 6.5 31.3
15 9.7 433

For each N the average and maximum percentage differences are given for 50 plant states randomly
selected on the boundary of the feasible set Fy

mization has negligible suboptimality for N < 10, but the degree of suboptimality
rises quickly as N increases above 10.

To give an indication of the computation required by Algorithm4.4, the aver-
age execution time> of (4.39) for N = 10 was 0.55s and the maximum was 0.67 s,
whereas for N = 15 the execution times were 2.1s (average) and 2.6 s (maximum).
For comparison, solving (4.8) by dynamic programming using Algorithm4.2 with
cold starting required 0.05 s (average) and 0.20 s (maximum) for N = 10, and 0.13 s
(average) and 0.49s (maximum) for N = 15. Although for this example the online
computational requirement of the active set DP implemented by Algorithm4.2 is
considerably less than that of DAMPC, it has to be remembered that DAMPC has a
much lower offline computational burden because it does not need the controllable
sets XD, ..., XM (0 be determined offline. O

We close this section by noting that the disturbance-affine structure of the feedback
strategy (4.29) provides compensation for future disturbances that will be known to
the controller when the control law is implemented. Clearly it could be advantageous
to extend this compensation beyond the future horizon consisting of the first N
prediction time steps, and this indeed is proposed in [26]. This approach is cast
in the context of stochastic MPC and is described in Chap.8 (see Sect.8.2). An
application of this idea to a closed-loop prediction strategy that addresses the robust
MPC problem considered in this chapter is described in Sect.4.2.3.

4.2.2 Parameterized Tube MPC

The disturbance-affine feedback strategy considered in Sect. 4.2.1 assumes predicted
control inputs with the structure shown in Table4.2. Although computationally con-
venient, this parameterization is more restrictive than the general feedback strategy

3Execution times are reported here to provide an indication of the computational load—
Algorithm4.4 was implemented using Matlab and Mosek v7.
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Table 4.2 The feedback structure of DAMPC

Mode 1 Mode 2
Vol k V1|k U2k UN_1|k Kz ik
Lijwois  Lijwope - Ligly),wop
Léﬁwuk LNQ_mwuk

(N—1)
L1k WN—2k

Uo|k Utk U2|k UN -1k UN |k

The i steps-ahead predicted control input at time &, u;«, is the sum of the entries that lie above the
horizontal line in the (i + 1)th column of the table (zero entries are left blank)

discussed in Sect. 4.1.2 because it forces the predicted control inputs to depend lin-
early on disturbance inputs. As a result, the i-steps-ahead predicted control input u;
is determined for all disturbance sequences (wojk, ..., Wi—ix) € W x --- x W by
its values at only in,, + 1 vertices of the set VW x --- x W. On the other hand, the
general feedback policy of Sect.4.1.2 allows u;x to be chosen independently at each
of the m' vertices of W x - -- x W (recall that m is the number of vertices of the
disturbance set YW C R"v). Clearly the number of optimization variables required by
the general feedback policy must therefore grow exponentially with horizon length
(as illustrated for example by the tree structure of Fig.4.8), making the approach
intractable for many problems. However, it is often possible to achieve the same
performance as the general feedback strategy, or at least a good approximation of it,
using a much more parsimonious parameterization of predicted trajectories.

This is the motivation behind the parameterized tube MPC (PTMPC) formulation
of [21], which allows for more general predicted feedback laws than the disturbance-
affine strategy of Sect. 4.2.1 while requiring, like DAMPC, a number of optimization
variables that grows quadratically with horizon length. PTMPC defines a predicted
control tube in terms of the vertices of the sets that form the tube cross sections at each
prediction time step over a horizon of N steps. The predicted control trajectories of
PTMPC are taken to be convex combinations of these vertices, a subset of which are
designated as optimization variables. As is the case for the general feedback strategy
in Sect.4.1.2, the linearity of the system model and constraints (4.1)—(4.4) imply that
the conditions for robust constraint satisfaction depend on the vertices of the state and
control tubes, but not on the interpolation parameters that define specific trajectories
for a given set of vertices. Unlike the general feedback policy, however, PTMPC
does not assign an optimization variable to every possible sequence of disturbance
vertices over the N-step prediction horizson; instead the predicted state and control
tubes are constructed from the Minkowski sum of tubes that model separately the
effects of disturbances at individual future time instants.

The decomposition of predicted trajectories into responses to individual distur-
bances is key to the complexity reduction achieved by PTMPC relative to the general
feedback strategy of Sect.4.1.2, and it also explains why PTMPC cannot in general
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Table 4.3 The control tube structure of PTMPC
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Mode 1 Mode 2
0 ) (0 (0) (0)
e
1 1 1 1
Ui e U | B
2 2 2
U2|k: UN—l\k: KXN|k:
(1\}—1) (.N—l)
UN—l\k KXNJI@)
N
KXle
Uoi Ui Uz Un_1k Unik

The i steps-ahead predicted control input at time k, u; ¢, is contained in the set U; ¢, which is formed
from the Minkowski sum of all the entries above the horizontal line in the (i + 1)th column of the
table

provide the same performance as control laws that are determined using dynamic
programming. This decomposition is illustrated by the triangular tube structure in
Table4.3. For eachi < N, the set U; | that defines the tube cross section containing

the predicted input u; | is the (Minkowski) sum of a feedforward term u l(?k) and sets

@) .
Ui|k’l: 1,2,...1:

0 .
uik € Uik = {”§|k)} D Ui(‘}() P Ui(\lk)'

Each set U ff;? is a compact convex polytope with as many vertices as the disturbance
set W:
Ul = Colul!, j=1.....m},

where the vertices uﬁ,’cj ), foreachi < N,l <iand j < m are optimization variables.
The tube cross section Uy ; containing u v« is similarly given by the sum of sets that
are obtained by applying the fixed linear feedback law # = K x to each of a sequence
of state tube cross sections.

The sets X;|x defining the cross sections of the tube containing the predicted state
trajectories are decomposed similarly (Table 4.4) into the sum of a nominal predicted
state xl.(gc) and sets WV and Xl(‘l,i forl=1,...,i —1:

1

Xijk € Xijk = {xi(ﬁc)} ® Xf|,2 O d Xl(f,z (4.41)
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Table 4.4 The state tube structure of PTMPC

Mode 1 Mode 2

(0) (0) (0) (0) (0) (0)
Tl Tk Ak U Swouke | SHe S
1 1 1 1

pw xi) - X](V)fllk X](\,I)k @Xﬂk

2 2 2

bw - XN—1|k XN|k ¢XN\1€
: (N-1) (N-1)

DW x(QY ex (),

DWW DWW

DWW

Xoe Xue Xogeg - Xn—1k XNk XNit1)k

The i steps-ahead predicted state at time k, x;x, is contained in the set X; ¢, which is formed from
the Minkowski sum of all the entries above the horizontal line in the (i 4+ 1)th column of the table;
® = A + BK where K is the feedback gain appearing in Table 4.3

Each X ffi is a compact convex polytopic set defined by its vertices:
! Lj) .
Xy = Colxy”. j=1.....m}.
The trajectory of xi(&) is determined by the nominal model dynamics

(0) 0)

_ o .
X = Ax +Buy, i=0,1,...,N—1, (4.42a)

and the vertices X z(|l/)< are paired with those of Ui(|l/3 so that the predicted state tube

evolves as

0" = Dw, (4.42b)
iyl =Axy) + Bull) i= 10+, N -1, (4.42¢)

for j =1,...,m. Thus X,(fzz = D)WV and the sets DWW, Xl(ﬂ:”k, Xl(22|k’ ... in the
(! + Dth row of Table4.4 account for the effects of the disturbance input wy; on
predicted state trajectories. From (4.42a) to (4.42c), it follows that x; 11)x € X411k
for all (x;k, uijk) € Xk x Uik and w;x € W, at each time-stepi =0, 1, .. ..

The feedback policy of DAMPC is a special case of PTMPC since the disturbance
affine feedback law of Table4.2 is obtained if every vertex of the PTMPC control
tube is defined as a linear function of the vertices of WV, namely if uﬁ,’(’ ) = Lﬁ,)(w(j )
foreach i, j, . In general, however, the feedback policy of PTMPC will be piecewise
affine since the control input corresponding to any x;x lying on the boundary of X;
is given by a linear combination of vertices of U;x. At points on the boundary of its
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feasible set in state space therefore, the control law of PTMPC is, like the dynamic
programming solution discussed in Sect.4.1.1, a piecewise affine function of the
plant state. However, except for some special cases (discussed in [21]), PTMPC is
not equivalent to the general feedback policy of Sect. 4.1 since u;|x is specified by a
linear combination of only im + 1 rather than m' free variables.

Before considering the definition of a cost index for PTMPC, we first discuss
how to impose the constraints (4.4) on the predicted state and control trajectories
of PTMPC for all future disturbance realizations. An equivalent and computation-
ally convenient formulation of the constraints F X;x + GU;x <1fori =0,1,...,
N — 1 is given by

Fxi) + Gufj) <1 (4.43a)

together with the following conditions fori =1... N — 1,

i
Fxiy +Gug) + > fif) <1 (4.43b)
=1
L, l,j 1 .
Fxl‘(”(]) +Gl/ll(|kj) < ‘fl(\k)’ j= 17_,,’}1’1 (4430)
where fz(|lk) for [ =1,...,i are slack variables. The satisfaction of the condition

FXnjk + GUpy ik < 1is ensured by the terminal constraint, X yjx € X7, where X7 is
a robustly positively invariant set for (4.1), (4.2) and (4.4) under u = K x. Assuming
that this terminal set is given by X7 = {x : Vrx < 1}, the conditions for X yx € X7
are equivalent to

i
Ve + > ) <1 (4.44a)
=1
veagid < 0L =1m, (4.44b)
where f;l), [ =1,..., N are slack variables.

Let u; denote the vector of optimization variables defining the predicted control
tubes:

0 0 l,j . ..
uk:{(u(()”)(,...,ug\,)_llk), (”5\1{/)’ i=1,....N—-1,1=1,...,1i, j:l,...,m)}.

Then the set Fy of feasible initial conditions for (4.43a—4.43c) and (4.44a, 4.44b)
can be expressed

FN = [xk : Jug such that for some fl(llk), i<N,Il<i, and f(l), Il <N,

(4.422-4.42c), (4.432-4.43¢) and (4.44a, 4.44b) hold with x{}; = x; ]
(4.45)
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Lemma 4.3 Forany N > 0, Fy is RPI for the dynamics (4.1), disturbance set (4.2)
and constraints (4.4) if uy = ”E)?IZ'

Proof This can be shown by constructing ui4; such that the conditions defining
Fn are satisfied at time k + 1, given x; € Fy and uy = “(()(|)1)<- Specifically, let wy =
> Ajw for scalars A; > 0 satisfying 377 A; = 1, and define

m
©) 1,7 .
Uiprk + Z/\jui+1|k, i=0,...,N=2
0 i—1
ijys = . " g (4.462)
K+ > NKxyil i=N-1
j=1
and
(4.46b)

I+1 . .
O —‘U"(Z”’%’) i=1,...,N=2 I=1,.,i
ilk+1 — + s —

’ KXG D, i=N-1, 1=1,....N-1

Then the sets X+ = {xi(l(;c)ﬂ} D X'(|1k)+1 OB Xl("kjrlf @ DW generated by the

1
tube dynamics (4.42a, 4.42b) with x| = xcy1 satisfy X1 © Xigpape for
i=0,1,..., N — 1. Hence conditions (4.43a—4.43c) hold at time k£ 4+ 1 by con-
vexity. Moreover (4.44a, 4.44b) hold at k + 1 because Xyyyr1 = PXyp + DW
and X yx € X7 where X7 is by assumption RPL O

The parameterized tubes of Tables 4.3 and 4.4 can be combined with various alter-
native performance indices in order to define recursively feasible receding horizon
control laws. For example, a quadratic nominal cost similar to that of Sect. 3.3, which
involves only the nominal predicted sequences xl.(l(? and ul(?k) fori =0,1,...,N —1

and the nominal terminal state x](\(,)l)k, results in a robustly stabilizing MPC law that

ensures a finite [, gain from the disturbance input to the closed-loop state and control
sequences. This approach is described in the context of a related parameterized tube
MPC formulation in [22, 27] and also is discussed in Sect.4.2.3. Here, however, we
consider a performance index that ensures exponential convergence to a predefined
target set.

The definition of the vertices of predicted state and control tubes as optimization
variables in PTMPC motivates the use of a piecewise linear cost, since in this case
the optimal state and control sequences are given by sequences of tube vertices. For
example, a piecewise linear stage cost of the form

[(x, u) = [|Qx]loo + [IRu[lo

is proposed in [21], where the weighting matrices Q and R are chosen so that the sets
{x : |Oxlloo < 1} and {u : ||Rullco < 1} are compact and contain the origin in their
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(non-empty) interiors. This stage cost is used in conjunction with a state decompo-
sition in order to penalize the distance of predicted state trajectories from desired
target set in [21]. However, for ease of exposition, we consider here a conceptually
simpler approach that is discussed in [22], in which the distance of the predicted
state from a target set is evaluated directly through a piecewise linear stage cost.

We denote the target set into which the controller is required to steer the state as
S, and we assume S is a convex polytopic subset of the terminal set X7 that contains
the origin in its (non-empty) interior and has the representation

S={x:Hx <1}.

We further assume that S is robustly positively invariant for (4.1) and (4.2) under the
linear feedback law u = K x, namely that

PSHDWCS

and Fx + GKx < 1forall x € S. A suitable target set is provided by the maximal
RPIT set (determined for example using Theorem3.1), and as explained below it is
convenient to choose S equal to the terminal set X7. We define a measure of the
distance of a point x € R™ from the set S as

. ) ifxedS
Ixls = .
max{Hx} — 1, otherwise

where max{Hx} = max{Hx, Hox, ..., H,,x} with H; fori =1, ..., ny denoting
the rows of H. A straightforward extension of this definition provides a measure of
the distance of a closed set X C R"™* from S as

|X|s = max |x|s.
xeX

Note that these measures of distance from a point x to S and from a set X to S are
consistent with the requirements that |x|s = 0 if and only if x € S and |X|gs = 0 if
and only if X C S.

The PTMPC predicted cost can be defined in terms of the distances of the cross
sections of the predicted state tube from S as

N-1

0
TG ) = D1 Xiwls + X nikls - (4.47)
i=0

The terminal term | X y|s, is assumed to be defined so that |x|g, satisfies, for all
X € XT,
Ix|s; = |Px + Dwls, + |x]s.
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This condition requires that |x|g, is a piecewise linear Lyapunov function for (4.1)
under the feedback law u = Kx for x € A7; methods of computing such Lyapunov
functions are discussed in [28]. For convenience and without loss of generality, we
assume here that S is equal to the terminal set X7, in which case S = S is a valid
choice, and the cost of (4.47) reduces to

Nf
T w) = 1 Xils (4.48)

as aresult of the terminal constraint X yx € X7. Note that terms of the form |U; x|k s
could also be included in the stage cost in order to place an explicit penalty on the
deviation of predicted control sequences from the set KS = {Kx : x € S}, but for
simplicity we consider the cost of (4.47) without this modification.

From the expression for X;; in (4.41), each term appearing in the cost (4.48) can
be expressed as

|Xijels = max{Hx{j)} + Zmax{Hx( Sy

(or | X;k|ls = O if this is negative), where maxj{Hx(j)} = max max,-{H,-x(f)}. For
implementation purposes, each stage cost can therefore be equivalently replaced by
a (tight) upper bound given in terms of a slack variable:

J(X(()?,z, w) = > dij.

Here d; is a slack variable satisfying the linear constraints

(0) (O]
dijk = hjp + Zhl”(
dijix = 0,
where hz(|1)< fori =0,. —1land! =0,...,1i are slack variables satisfying

) )
Hxl‘k < hz|k1

fori =0,...,N —1,and
(%)) 0] .
Hxlk <hz|k1 j=1,....m

fori=1,.... N—1landl=1,...,i
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We can now state the PTMPC algorithm. This is based on an online opti-
mization which is a linear program involving O(%numN 2) optimization variables

and O(5(nc + 1)N?) slack variables, and which has O (3 (ne + ny)mN?) linear
inequality constraints.

Algorithm 4.5 (PTMPC) Ateachtime k =0,1, ...
(1) Ifxg ¢ S:

(a) Perform the optimization

minimize J(xg, ug)
u

(4.49)
subject to (4.42a—4.42c), (4.43a—4.43¢), (4.44a, 4.44b).
(b) Apply the control law uy = ”(()Il)c ,whereu} = {(u(()(l),)c*, .. 5\(/))*1”() (ul(fkj)*,
i<N,l<i, j< m)} is the minimizing argument of (4. 49)
(ii) Otherwise (i.e. if x; € S), apply the control law uy = Kxk. <

Before discussing closed-loop stability of PTMPC, we first establish that (4.49)
is recursively feasible and give a monoticity property of the optimal predicted cost,
J* () = J (xg, ug).

Lemma 4.4 For the system (4.1) with the control law of Algorithm4.5 the feasible
set Fn of (4.49) is RPI. Furthermore for any xo € F the optimal objective satisfies,
forallk > 0,

J* (k1) < T5 (k) — |xxls. (4.50)
Proof Robust invariance of Fy under u; = ”élll is a direct consequence of
Lemma4.3. Hence the PTMPC optimization (4.49) is feasible at all times k > 1
if xo € F. For x; € S, the assumption that S is RPI implies that (4.50) is trivially
satisfied. To derive a bound on the optimal cost J*(xg41) in terms of J*(x;) when
xr ¢ S, consider the state tubes that are generated at time k + 1 by the feasible but
suboptimal control tubes given by (4.46a, 4.46b). From (4.42a to 4.42c) we obtain

x 9 Z (L)) .

Kilk+1 = l+1|k + Aj xl+1|k’ i=0,...,N—-1

O _ U+ . _ .
Xz\k+1 Xz+l|k’ i=1,...,N—1, l—l,...,l

and the corresponding stage cost of (4.48) fori =0, ..., N — 1 is given by

1 I+1,
| Xijk+1ls = max{ z+1\k + 2/\ xl(+1]|)k } + ZmaX{sz(+1|k])} -1
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(or | X;jk+1ls = 0if this expression is negative). Moreover, since any pair of vectors
a, b necessarily satisfies max{a + b} < max{a} + max{b}, and since A\; > 0 and
> 7—1 Aj = 1, we therefore obtain
i+1
0 1,j
Xt il = max(Hx D) + 37 max{Hai ) — 1
I=1

(or | Xijk+1ls = 0 if this bound is negative). Hence |X;x+1ls < |Xi+1kls for all
i =0,..., N — 1 and the optimal predicted cost at time k + 1 satisfies J*(xg4+1) <
Z?/:_11|Xi\k|s = J*(xx) — |xkls, where Xojx = {x(glo,z} = {x;} hasbeenused. O

The following result gives the closed-loop stability property of PTMPC.

Theorem 4.2 Under Algorithm4.5 the set S is robustly exponentially stable for the
system (4.1), (4.2) and (4.4), with a region of attraction equal to Fy.

Proof Since S is RPI for (4.1) under linear feedback u = K x, the optimal value of
the cost is given by J*(x) = O for all x € S. Furthermore J*(x) > |x|g since the
stage costs | X;k|s for i > 1 are non-negative. In addition, the optimal cost J*(x)
is the optimal value of a (right-hand side) parametric linear program, and J*(x) is
therefore a continuous piecewise affine function of x on the feasible set Fy [29]. It
follows that constants «, 3 with 3 > « > 1 exist such that J*(x) is bounded for all
x € Fn by
alxls < J*(x) < Blxxls-

If xo € Fy, then from Lemma4.4 we therefore obtain, for all k > 1
1\
J*(xx) < (1 - E) J* (x0)

1
where 1 — B € (0, 1), and hence the bound

1 k
IxXkls < b (1 - —) Ixols (4.51)
Y g

holds for all k > 1. (]

Note that the control law of Algorithm4.5 is a dual mode control law in the strict
sense, namely that it implements the linear feedback law u; = K x; wheneverx; € S.
The implied switch to linear feedback is desirable because the minimizing argument
of (4.49) is not uniquely defined for all x; € S. Furthermore, although it has been
designed with the objective of robustly stabilizing the target set S, Algorithm4.5
can also ensure convergence of the state to the minimal RPI set, XY™RPL of (4.1)
and (4.2) under uy = K xi. Specifically, suppose that S (and hence also the terminal
set X7) is chosen to be a proper subset of the maximal RPI set XYMRPI and that
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Algorithm4.5 is modified so that the linear feedback law ¥ = Kx is implemented
whenever x; € AXMRPL Then Theorem4.2 implies that x; converges to XYMRPLin a
finite number of steps and subsequently converges exponentially to X™RPL,

The online optimization problem of Algorithm4.5 is an efficiently solvable linear
program. Furthermore the number of free variables (including the slack variables) and
the number of inequality constraints both depend quadratically with the prediction
horizon. Thus PTMPC avoids the exponential growth in computation experienced
by a MPC law with the general feedback policy described in Sect.4.1.2, and its
computational requirement is comparable to that of DAMPC. However, the prediction
formulation of PTMPC includes that of DAMPC as a special case, and it is therefore
to be expected that PTMPC can achieve a larger region of attraction than DAMPC,
for the same length of horizon and terminal set. Finally, we note that PTMPC is
in general more restricted in the definition of its predicted control trajectories than
the general feedback MPC strategy of Sect.4.1.2 and the active set DP approach of
Sect.4.1.1, and its feasible set for a horizon of N steps is therefore smaller than the
N-step controllable set to X7. The following numerical example illustrates these
properties.

Example 4.6 For the system defined by the triple integrator dynamics and the dis-
turbance set and constraints of Example4.2, the feasible set Fy of the online opti-
mization of Algorithm4.5 is shown projected onto the (xi, x3)-plane for horizon
lengths 4 < N < 10 in Fig.4.11. The linear feedback gain K and the terminal set

20

15

10

1 1
-500 -400 -300 -200 -100 0

Fig. 4.11 The projections onto the (x1, x3)-plane of the feasible sets Fy for N =4,5,...,10and
the terminal set X7. The dashed lines show the projections of the N-step controllable sets to X7
and the dotted lines show the feasible sets for DAMPC
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Xr are defined here as in Examples4.2, 4.3 and 4.5, and S is taken to be equal to
Xr. It can be seen from this figure that the PTMPC feasible set is smaller than the
N-step controllable set to X7 for each horizon length N in this range. As expected
however, the projection of the PTMPC feasible set contains that of DAMPC for each
N, and, although they are similar in size for N < 6, the PTMPC feasible set grows
significantly faster than that of DAMPC for N > 8 in this example.

4.2.3 Parameterized Tube MPC Extension with Striped
Structure

The online computational load of PTMPC can be reduced, as reported in [30], by
designing some of the slack variables that appear in the constraints of (4.43) and
(4.44) offline. Clearly this results in an open-loop strategy, however, and in gen-
eral will therefore be conservative. An effective alternative is proposed in [22, 27],
which uses the same tube parameterization as PTMPC but constrains the component
{U, 1<|l/<)’ U l(j—)1| - - -} of the predicted control tube that appears in the (I + 1)th row of
Table4.3 to be identical for each row [ = 1, 2, .. .. This strategy results in a striped
(rather than triangular) structure for both state and control tubes, and for this reason
the approach is referred to as Striped PTMPC (SPTMPC).

The key difference in this development is that the free variables defining predicted
control tubes are allowed to affect directly the predicted response in both the mode 1
horizon consisting of the first N prediction time steps, and the mode 2 horizon
containing the subsequent prediction instants. This can result in a relaxation of the
terminal constraints and can thus allow regions of attraction that are larger than
those obtained through the use of PTMPC. Furthermore, unlike PTMPC, for which
the number of optimization variables and constraints grows quadratically with the
prediction horizon, the corresponding growth for SPTMPC is linear, and this can
result in significant reductions in computational load. As a consequence, it is possible
to further increase the size of the region of attraction of SPTMPC using a longer
horizon N while retaining an online computational load no greater than that of
PTMPC.

The idea of allowing the effect of partial sequences to persist beyond mode 1
and into the mode 2 horizon was explored in the context the design of controlled
invariant sets rather than MPC in [31]. Invariance in this setting was obtained through
the use of a contraction variable, which was deployed in a prediction structure with
the particular form illustrated in Table 4.5. As for the PTMPC state tubes in Table 4.4,
the entries in the table indicate the components the cross sections of predicted state
tubes; the corresponding input tubes have a similar structure.

Comparing Tables4.5 and 4.4, the triangular prediction tube structure employed
by PTMPC clearly introduces a greater number degrees of freedom for a given
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Table 4.5 Striped prediction tube structure extending into the mode 2 horizon

Mode 1 Mode 2
/ ’ ’ ’ / - ’ / 2 v/
Xoie X1k XN_1ik Nk X aXy_ g Xy " Xg),
! ! !/ ! ’ / ’
ok " XN72\k XNfl\k XN|k: ’ aXN72|k O‘XN71|k aXN\k
’ /7 ’ / / ’
XO\k Xuk X2\k XN\k O‘X1|k aXQ\k
! ! ’ !/ !
Xo\k Xl\k XN71|k XN|k O‘Xuk
Xojk X1k - Xn—11k | XNk XNt1k 0 Xonik Xent1k XeN420k "

The tube cross section X;|x containing x; is formed from the Minkowski sum of all the entries
above the horizontal line in the (i + 1)th column of the table. The contraction variable « € (0, 1)
is introduced for the purposes of controller invariance

horizon N, and these are available for expanding the region of attraction. However
this is gained at the expense of additional online computation. Also it can be seen
from the control input tubes in Table4.3 that the PTMPC predicted control law in
mode 2 assumes the form # = K x, and hence PTMPC makes no degrees of freedom
available for direct disturbance compensation over this part of the prediction horizon.

On the other hand, SPTMPC, like [31], allows the optimization variables to
directly determine the cross sections of state and control tubes beyond the initial
N-step horizon of mode 1. This is can be seen from the predicted state tube structure
in Table 4.6 and the predicted control tube structure in Table 4.7. However, rather than
repeating the sequence X/1|k’ X/Z\k’ e X;\llk’ contracted by « as in [31], SPTPMC

Table 4.6 The state tube structure of SPTMPC which allows for the direct compensation to extend
to mode 2

Mode 1 Mode 2
(0) (0) (0) (0) (0) (0)
Lok  T1e P2k 7 TN-1k TNk dst\k
/ ’ / I
Dwy Xz\k XNfl\k XN|k QXN\k
!’ / /
bw .- XN—Z\k XN—1|k XN|k
DW Xé|k X§|k
DW X§|k
Xojk X Xoge 0 Xn—1k XNk Xn+1k

The predicted state x;|; lies in the tube cross section X;|; formed from the Minkowski sum of all
entries above the horizontal line in the (i + 1)th column of the table
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Table 4.7 The control tube structure of SPTMPC

Mode 1 Mode 2
(0) (0) (0) (0) (0) (0)
ok Y1k U2k T UN—1k KmN|k K¢$N|k
/ / / / /
U1|k- U2|k UN—1|k KXN\k K¢XN|I¢
/ / ’ /
U1|k- UN—2|k UN—l\k KXN\k
Uik Usik Use
/7 /
Ul\k U2\k
Uoje Ui Uzie -+ Un—1g Un|n UNt1lk

allows the predicted state and control tubes to decay in mode 2 through the closed-
loop dynamics of (4.1) under # = K x. Thus the state and control tube cross sections
at prediction time i can be expressed

i
0
Xk € Xjjg = xi(\k) ) @X}lk
j=1

i
0
wik € Ui = ufy) & P Uiy
j=1

whereXl’lk =DWandforj=N,N+1,...,

j—N
X = 77" Xy

Uy = Ko7V X),.

State and input constraints are imposed on the predicted tubes of SPTMPC through
the introduction of slack variables, similarly to the handling of constraints in PTMPC.
However, since X ’1| e X }V‘ « appear at every prediction time step of the infinite
mode 2 horizon, it is clear that a different terminal constraint is required in order to
obtain a guarantee of recursive feasibility. In [22, 27], the set of feasible initial states
is made invariant through the use of a supplementary horizon, N>, within mode 2,
over which system constraints are invoked under the mode 2 dynamics and a pair of
terminal constraints.

For given N», the terminal conditions can be expressed

oMx () € X (4.52)
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and
oM X}, € Al (4.53)

where A, X are polytopic sets that contain the origin in their interior, and where
Xy is RPI for the dynamics xx11 = @xi + & for all § € @A, namely

DXy D PX| C A (4.54)

From (4.52) and (4.54), it follows that ®@N2+x (D € Xy for i =1,2,..., and if

(4.53) also holds, then (4.52) will be invariant for the system (4.1) and (4.2) under

Uy = “(()|I)< in the sense that, for all wy € W,

oM, ©

Vit € Xo (4.55)

The reason (4.55) is implied by the conditions (4.52) and (4.53) and the property
(4.54) is that (similarly to the proof of Lemma4.3) a feasible nominal predicted
state trajectory at time k + 1 is given by the sum of the first row of Table4.6 and
a trajectory contained in the tube defined by the second row. This feasible nominal
trajectory is given fori =0, 1, ..., by

(J) s
z+l|k+z)‘x1+llk’ i=0,..., N—-1
O _
Yier1 =) o /
<1>l+1—N( o +ZA ), i =N N
where Co{xll(ll),..., t/l(;cn)} = l|k and ); are non-negative scalars satisfying
we =21, Ajw") and > 7_1Aj = L. Therefore

)

so that (4.52) and (4.53) imply ®™2x () | € ®X) & P Xy, and (4.55) then follows
from (4.54).

With the conditions (4.52) and (4.53), it is now possible to formulate a condition
that guarantees constraint satisfaction at all prediction times i > N + N, and which
ensures recursive feasibility. To do this, we consider the components of the tube
cross section X ny4n,+-, for arbitrary r > 0, as specified by the terms appearing
in the corresponding column of Table4.6. Writing the entries in this column as a
sequence:

No+r (0 No+r v/ Ny y/ Ny—1 7 / ’ ’
0] xN‘k’¢ Xle,.,® Xle,¢ Xle""QXN‘k’XN‘k"Xllk

(A) (B) ©
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we find that the first term (labelled A) lies in Ay by (4.52) and (4.54), while the block
labelled C is common to the (N + N3 + r)th column of the table for all » > 0. Thus
the only challenge is presented by the block labelled B and to deal with this, we make
use of the following bound

i
P 2™ Xy S Reo(X1) (4.56)

r=1

where 25, (X)) denotes a RPI set for the dynamics of x| = @xx + wy with wy €
X1. This is a direct consequence of (4.52), which implies that @N2+" X;wk C D" A;.
In this setting, it is convenient to represent the constraints Fx + Gu < 1,foru = Kx
in the format of a set inclusion:

xeX={x:(F+GKx <1}. (4.57)
Then, given the sets Xy, X and £2,,(X7), the condition

N Nr—1
NP X @ P D Xy @ 2uc(X) S X (4.58)
i=1 i=1

ensures satisfaction of (4.57) at all prediction instants i > N + N; by construction.
Furthermore condition (4.58) is invariant in the sense that it will be feasible at k + 1
if it is satisfied at time k.

In the following analysis, we make the assumption that the minimal robustly
positively invariant set, X mRPL for the system xpy1 = Axg + Buy + wi with uy =
Kx; and wy € W lies in the interior of X'. Note that X™RPI must lie inside X in
order that the linear feedback law u = K x is feasible in some neighbourhood of the
origin; hence this is a mild assumption to make. In addition it ensures that (4.58) is
necessarily feasible for sufficiently large N, N».

Lemma 4.5 There exist N, Ny, Xy, X1 such that (4.58) is feasible.

Proof This result can be proved by construction. Thus let X = @¥+N2=1)) and
suppose that the control law in both mode 1 and mode 2 is chosen to be u = K x.
For this selection, (4.58) becomes

Xo @ X™RPL c y (4.59)

which, by assumption, will be feasible for sufficiently small Xj. Such a choice for
A) is possible provided N + N is chosen to be large enough. (]



4.2 Parameterized Feedback Strategies 169

Note that the constraint (4.58) can be relaxed through the use of smaller Xj, but at
the same time the constraint (4.52) becomes more stringent. A sensible compromise
between these two effects can be reached by introducing a tuning parameter « and
defining Ay by

Xo=aX @ 2o (X)) (4.60)

where X is an invariant set for the dynamics x;4+1 = @x; and where ono (@A)
is the minimal invariant set (or an invariant outer approximation) for the dynamics
Xp+1 = Pxy + &k, & € DAY

We are now able to construct a robust MPC strategy with the objective of steering
the state to the minimal robust invariant set X™RP! This is achieved by replacing
(4.58) with the condition

N Nr—1
XO@@X;M@ @ ¢iX§wk®-Qoo(X1) cS (4.61)

i=1 i=1

where S is a robustly positively invariant polytopic set the system (4.1) and (4.2) and
constraints under u = Kx.

We define the online objective function to penalize the distance of each of the
tube cross sections, X;jx,i =0, 1, ..., from S. Since (4.61) ensures X;|x € S for all
i > N + N, this cost has the form

N+Ny—1

0
J(x(()uz,uk): > Xigls-
i=0

As in the case of the cost for the PTMPC algorithm discussed in Sect.4.2.2,
this cost is non-negative and its minimum over the optimization variables u; =
(s uy D (Ul - Uy o0} is zero if and only if x() € S. The min-
imization of this cost therefore forms the basis of a receding horizon strategy for
steering the state of (4.1) into S while robustly satisfying constraints.

For § described by the inequalities S = {x : Hx < 1}, the minimization of the
cost J (x, ug) can be performed by minimizing a sum of slack variables. Using again

the approach of Sect.4.2.2 we have
N+N—1

J(x(()?;zyuk)= > dig
i=0

where fori =0, ..., N + N> — 1, the parameters d;; satisfy

i
die = hiy) + >y — 1.,
=1
dijix = 0,
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and hz(lk)’ h; Ik satisfy

0y - |5l R
Pkl =) i Nxﬁfk i=N,. N+N2—1
0 - i =
(1= | i =l N =t
- / . ]
Hodi~ Nl\(/j\lz’ =N,....N+N—1, j=1,....m

As discussed for the case of PTMPC in Sect.4.2.2, the constraints of (4.4) at
prediction times i =0, ..., N + N, — 1 can be invoked through the use of slack
variables. Likewise the constraints of (4.52), (4.53) and (4.61) constitute a set of
linear inequalities that can be implemented using slack variables.

Algorithm 4.6 (SPTMPC) Ateachtimek =0,1,...:
(1) Ifx ¢ S:
(a) Perform the optimization
minimize J(xg, ug)
u

subjectto FX;x +GUjx <1,i=0,..., N+ N> —1 (4.62)
(4.52), (4.53) and (4.61).

(b) Apply the control law uj = ”(()(|)11*’ where uj = {(”(()?11*’ e 5\9)*”,()
(U”k, R Ul/\j‘_”k)} is the minimizing argument of (4.62).
(ii) Otherwise (i.e. if x; € S), apply the control law u; = Kxk. <

The closed-loop stability properties of Algorithm4.6 can be stated in terms of
the set of feasible states x; for the online optimization (4.62), which we denote as
FN.Ny-

Corollary 4.2 For the system (4.1) and (4.2), constraints (4.4), and the control law
of Algorithm4.6, the feasible set Fn n, is RPI and S is exponentially stable with
region of attraction equal to Fy n,.

Proof By construction the constraints of (4.62) are recursively feasible, namely feasi-
bility at time k = O implies feasibility at all times k = 1, 2, . . .. Exponential stability
of S can be demonstrated using the same arguments as in the proofs of Lemma4.4
and Theorem4.2. In particular, the bound (4.50) holds along closed-loop trajectories
and exponential convergence (4.51) therefore holds. (]

Note that the state of (4.1) converges exponentially to the minimal RPI set X™RP!
under u = K x if S is chosen to be a proper subset of the RPI set on which the control
law of Algorithm4.6 switches to u = Kx.
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The structure of SPTMPC indicated in Table 4.6 allows for only a single sequence
X /ll e X ;\” « to be used in the definition of the predicted partial tubes. However,
if it is desired to introduce more degrees of freedom into the SPTMPC algorithm,
then it would be possible to implement a hybrid scheme. For example, this could be
realized by introducing tubes X YI}(, X 5\1,)‘ wforl =1, ..., v, with the full triangu-
lar structure of PTMPC into the upper rows of Table 4.6 before switching to a fixed
sequence X ;‘ w0 X ;\’I « 1o generate a striped tube structure in the remainder of
the table. The implied algorithm can be shown to inherit the feasibility and stability
properties of SPTMPC.

The advantage of SPTMPC over PTMPC is that it allows for a reduction of the
online computational load and, at the same time, extends disturbance compensation
into mode 2. Using the same prediction horizons for PTMPC and SPTMPC is likely
to result in the constraints of PTMPC that apply to the mode 1 prediction horizon
being less stringent than those of SPTMPC on account of the extra degrees of freedom
introduced by PTMPC. For SPTMPC, however, the constraints of mode 2 are likely
to be less stringent than for PTMPC, since SPTMPC allows for direct disturbance
compensation in mode 2. In general, it is not possible to state which of the two
methodologies will result in the larger region of attraction. We give next an illustrative
example showing an instance of STMPC outperforming PTMPC.

Example 4.7 Consider the system defined by the model (4.1) with parameters
0.787 1.02 0.331 10
A= [—0.93 1.03]’ B= [—1.01}’ b= [o 1}'

and disturbance set

The constraints (4.4) are given by

{(x,u) 1 £[—0.044 0.092]x < 1
4[0.009 0.093]x < 1
+u < 1)

The set §2¢ is constructed using (4.60), with
20 =0.01X ® 2o (P X))

and to ensure satisfaction of (4.58), we take N, = 5.

The areas of the domains of attraction are given in Table4.8 for three variant
strategies: (i) the SPTMPC strategy of Algorithm4.6; the SPTMPC strategy with a
nominal cost, and with the constraint (4.61) replaced with (4.58); (iii) PTMPC. The
table also gives the numbers of online optimization variables, numbers of equality
constraints and numbers of inequality constraints for each algorithm.
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Table 4.8 Areas of domains of attraction and numbers of variables, inequality constraints and
inequality constraints for: (i) SPTMPC (Algorithm 4.6); (ii) SPTMPC (Algorithm 4.6 with nominal
cost); (iii) PTMPC (Algorithm4.5)

N Ay Variables Inequalities Equalities

»H |G G (O |Gy |Gi) |G [G) |G (@O () | 3i)
1 238 |2.38 (238 | 93 67 24 1296 | 186 61 | 2 2 10
2 3.01 |2.87 |3.01 |120 89 71 347 |216 158 |12 12 28
3 3.57 |3.57 |3.66 |[147 |111 144 |398 246 303 |22 22 54
4 444 1453 |4.19 |[174 133 243 |449 276 496 |32 32 88
5 502 |5.14 459 |201 |155 368 | 500 | 306 737 |42 42 130
6 525 |539 (488 |228 |177 519 |551 336 |1026 |52 52 180
7 544 |583 |5.13 [255 |199 696 | 602 |366 |1363 |62 62 238
8 557 |5.87 (534 |282 |221 899 | 653 396 |1748 |72 72 304
9 5.66 |595 |548 [309 |243 |1128 |704 |426 |2181 |82 82 378
10 572 |595 |559 [336 |265 |1383 |755 456 |2662 |92 92 460

For the same value of N both variants of SPTMPC yield larger domains of attrac-
tion than PTMPC when N > 4. This is largely a result of the disturbance compen-
sation that SPTMPC provides in mode 2. The full triangular structure of PTMPC
is more general and can therefore outperform SPTMPC. However, the price of this
triangular structure is that it implies a number of online optimization variables that
grows quadratically with N, whereas the number of optimization variables required
by SPTMPC grows only linearly with N. Thus SPTMPC can use longer horizons,
thereby enlarging the size of the domain of attraction, at a computational cost which
is still less than that required by PTMPC. For example, while for N < 4 both variants
of SPTMPC have more variables and inequality constraints, for N > 4 the SPTMPC
algorithms both provide a larger domain of attraction while using fewer variables
and constraints. In particular, both variants of SPTMPC have fewer variables with
N = 10 than PTMPC with N = 5.

The SPTMPC strategy with a nominal performance index does not constrain the
predicted state to lie inside S at any instant and hence it achieves larger domains
of attraction with fewer variables than Algorithm4.6. However, the latter enjoys
stronger stability properties which guarantee convergence to the minimal RPI set
XmRPI' <>
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Chapter 5
Robust MPC for Multiplicative

and Mixed Uncertainty

In this chapter, we consider constrained linear systems with imprecisely known para-
meters, namely systems that are subject to multiplicative uncertainty. Although of
real concern in most applications, the unknown additive disturbances considered in
Chaps. 3 and 4 are not the only form of uncertainty that may be present in a system
model. Even if additive disturbances are not present, it is rarely the case that a linear
time-invariant model is able to reproduce exactly the behaviour of a physical sys-
tem. This may be a consequence of imprecise knowledge of model parameters, or it
may result from inherent uncertainty in the system in the form of stochastic parame-
ter variations. Model error can also arise through the use of reduced order models
that neglect the high-order dynamics of the system. Moreover, the system dynamics
may be linear but time-varying, or they may be nonlinear, or both time-varying and
nonlinear.

In all such cases, it may be possible to capture the key features of system behaviour,
albeit conservatively, using a linear model whose parameters are assumed to lie in a
given uncertainty set. Thus for example in some instances it is possible to capture
the behaviour of an uncertain nonlinear system using a linear difference inclusion
(LDI). A linear difference inclusion is a discrete-time system consisting of a family
of linear models, the parameters of which belong to the convex hull of a known set
of vertices. An LDI model has the property that the trajectories of the actual system
are contained in the convex hull of the trajectories that are generated by the linear
models defined by these vertices (e.g. [1]).

Robust MPC techniques for systems subject to constraints and multiplicative
model uncertainty are the focus of this chapter. As in earlier chapters, we examine
receding horizon control methodologies that guarantee feasibility and stability while
ensuring bounds on closed-loop performance. Also following earlier chapters, the
emphasis is on computationally tractable approaches. Towards the end of the chapter,
consideration is given to the situation most prevalent in practice, in which systems
are subject to a mix of multiplicative uncertainty and unknown additive disturbances.
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5.1 Problem Formulation

Early work on MPC for systems with multiplicative uncertainty was of a heuristic
nature and considered the case of a finite impulse response (FIR) model containing
an uncertain scaling factor [2]. More general uncertain impulse response models in
which the vector of impulse response coefficients is assumed to lie, at each instant, in
a known polytopic set were considered in [3, 4]. These approaches posed the robust
MPC problem in a min—-max framework and hence minimized, over the trajectory
of predicted future inputs, the maximum over all model uncertainty of a predicted
cost. By defining the predicted cost in terms of the infinity-norms of tracking errors,
the MPC optimization could be expressed as a linear program, with objective and
constraints depending linearly on the optimization variables.

The computational requirement of the approach of [3] grows exponentially with
the number of vertices used to model uncertainty. This growth can be reduced con-
siderably by introducing slack variables, as proposed in [4], but the method remains
restricted to FIR models. The convenience of FIR system descriptions is that, as
mentioned in Chap. 2, they enable the implicit implementation of equality terminal
conditions and for this reason FIRs have proved popular in the analysis and design
of robust MPC methods for the case of multiplicative model uncertainty (e.g. [5, 6]).

To avoid excessive computational demands that make online optimization imprac-
ticable, an impulse response model must be truncated to a finite impulse response
with a limited number of coefficients. Such truncation can render the model unreal-
istic, particularly when slow poles are present in the system dynamics. It is also clear
that approaches based on FIR representations can only be applied to systems that
are open-loop stable (although for the purposes of prediction alone this limitation
may be overcome through the use of bicausal FIR models [7]). For these reasons,
subsequent developments considered more general linear state-space models:

Xk+1 = AgXg + Brug (5.1

where x; € R"™ and u; € R" denote the system state and control input.
The parameters (Ag, By) of (5.1) are assumed to belong for all k£ to a convex
compact polytopic set, §2, defined by the convex hull of a known set of vertices

Q2 =Co{(AV, BD)y, ... (A Bim)yy,

Therefore
m . . .
(A B = D q” (A9, BY) (5.2)
j=1
for some scalars q,ﬁl), el q,ﬁm) that are unknown at time k and which satisfy

m
Zqé”:l and q,ﬁj) >0, j=1,...,m.
j=1
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As in earlier chapters, the state and control inputs are assumed to be subject to linear
constraints:
Fxp + Gup <1, (5.3)

for given F € R"¢*"x G € R"¢*"™ and we consider receding horizon strategies
that aim to minimize predicted performance expressed as a sum of quadratic stage
costs over a future horizon. The predicted cost may be defined in terms of either
a nominal cost or a worst-case cost. A nominal cost is based on a nominal system
description given by a known set of model parameters (A?, B(0)). Suitable nominal
parameters could be defined, for example, by the expected value of the parameter set
£2 or alternatively its centroid,

m
A0 oy — LS00 gy, (5.4)
(00 80) = 5 34 50
Conversely, worst-case performance is defined as the maximum value of the predicted
cost over all model parameters in the uncertainty set £2.

This chapter summarizes significant developments in robust MPC methodologies
that provide guarantees of feasibility and stability over the entire uncertainty class
£2. We first discuss the approach of [8], which is based on Linear Matrix Inequalities
(LMIs) and does not employ a mode 1 horizon but handles the cost and constraints
implicitly through recursive quadratic bounds. Later work [9] reduced the conserva-
tiveness of this approach by constructing state tubes that take into account all possi-
ble predicted realizations of model uncertainty. This made it possible to introduce a
mode 1 horizon over which the predicted cost and constraints are handled explicitly.
However, [9] uses tubes that are minimal in the sense that the tube cross sections
provide tight bounds on the predicted model states (i.e. every point in the tube cross
section is a future predicted state for some realization of model uncertainty). This
makes the computational complexity of the approach depend exponentially on the
length of the mode 1 prediction horizon.

Computation can be greatly reduced, at the expense of a degree of conservative-
ness, if ellipsoidal bounds are used to invoke the constraints on predicted states and
control inputs. This is the approach taken in [10, 11], where predicted state and
input trajectories are generated by a dynamic feedback controller, and the degrees of
freedom in predictions are incorporated as additional states of the prediction model.
Related work [12] showed how to optimize the prediction system dynamics, simi-
larly to the approach described in Sect. 2.9, so as to maximize ellipsoidal regions of
attraction in robust MPC. An alternative form of optimized dynamics was introduced
in [13] in order to improve robustness to multiplicative model uncertainty.

The conservativeness that is inherent in enforcing constraints using ellipsoidal
tubes can be reduced or even avoided altogether using tubes with variable polytopic
cross sections to bound predicted trajectories. Early work on this restricted tube
cross sections to low-complexity polytopic sets (e.g. [14—17]). The approach was
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subsequently extended using an application of Farkas’ Lemma to allow general poly-
topic sets [18-20].

After describing these developments, the chapter concludes by discussing MPC
for systems that are subject to both multiplicative model uncertainty and additive
disturbances [21-23]. In this case, the model of (5.1) and (5.2) becomes

Xk+1 = Arxr + Brug + Drwy (5.5)
with polytopic uncertainty descriptions,

(Ak, By, Dy) € Co{(AD, BV DMy (Atm g plmyy (5.6a)
wi € Co{wW, ..., w@}, (5.6b)

where the vertices (AY), BY), DWy and ¢, j=1,....m, 1=1,...,q are
assumed to be known. As in earlier chapters, the nominal value of the additive
disturbance is taken to be zero.

5.2 Linear Matrix Inequalities in Robust MPC

Linear matrix inequalities were encountered in earlier chapters in the context of
ellipsoidal constraint approximations (Sects.2.7 and 2.9) and worst-case quadratic
performance indices (Sects. 3.4 and 4.2). We begin this section by considering anal-
ogous LMI conditions that ensure constraint satisfaction and performance bounds
for systems subject to multiplicative model uncertainty. The simplest setting for this
is the robust MPC strategy of [8], in which the predicted control trajectories are
generated by a linear feedback law:

uilk = Kixik, (5.7)

where u;|x and x; | are the predictions at time k of the i steps ahead input and state
variables. The corresponding predicted state trajectories satisfy

Xilk = (Aije + BiKi)xije, (A, Bij) € £2 (5.8)
foralli > 0.
The convexity property of linear matrix inequalities discussed in Sect.2.7.3 is

particularly useful in the context of robust MPC. Consider for example the function

M(x)=My+ Mix; + -+ Myx,,


http://dx.doi.org/10.1007/978-3-319-24853-0_2
http://dx.doi.org/10.1007/978-3-319-24853-0_2
http://dx.doi.org/10.1007/978-3-319-24853-0_3
http://dx.doi.org/10.1007/978-3-319-24853-0_4
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where My, ..., M, are given matrices, and suppose that x assumes values in a given
convex compact polytope X. Then M (x) > 0 for all x € X if and only if M(x) > 0
holds at the vertices of X', namely

M(x) >0, Vx € Cofx®, ... x™} «— MuxY)=0, j=1,...,m.

This property of LMIs makes it possible to express in terms of the vertices of the
uncertainty set §2 the conditions under which an ellipsoidal set, defined for P > 0 by

E={x:llxI3 < 1),

is robustly positively invariant for the system (5.8). Clearly, x; +1x € € for all x;; €
£ if and only if ||[(A + BKp)x|% < ||x||%, for all (A, B) € £2 and all x € R"™, or
equivalently

P—(A+BK)"P(A+BKy) =0, V(A,B) € 2. (5.9)

Although the dependence of (5.9) on the uncertain parameters (A, B) is quadratic,
this condition can be rewritten in terms of linear conditions through the use of Schur
complements, which are defined for general partitioned matrices in Sect. 2.7.3. Since
P > 0,andhencealso P~ > 0,a necessary and sufficient condition for the quadratic
inequality (5.9) is therefore

P (A+BKpT

|:A+BKk o |20, VA B e,

and the linear dependence of this condition on A + B K} implies that it is equivalent
to the conditions

P AD 4 BOKHT .
|:A(-/>+B(/)Kk( p-! 2 } =0, j=1,....m (5.10)
involving only the vertices of £2.

We next consider conditions for robust satisfaction of the constraints (5.3). Fol-
lowing the approach of Sect.2.7.1, a necessary and sufficient condition for the con-
straints (5.3) to hold under (5.7) forall x;jx € £ = {x : [|x I3 < 1} is that there exists
a symmetric matrix H satisfying

H F + GKi Ty .

|:(F+GKk)T p ]:O, e He; <1, i=1,2,...,nc (5.11)
where e; is the ith column of the identity matrix. This can be shown using the
argument that was used in the proof of Theorem 2.9, namely that, for x € £, the ith
element of (F 4+ G Ky )x has upper bound

el (F 4+ GKpx < ||(F 4+ GKi) eill p-1, (5.12)


http://dx.doi.org/10.1007/978-3-319-24853-0_2
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and hence the Schur complements of (5.11) ensure that (F + GK;)x < 1. Con-
versely, the bound (5.12) is satisfied with equality for some x € &, so if there exists
no H satisfying (5.11), then (F + GKy)x £ 1forsomex € £.1f € is robustly invari-
ant, then clearly (5.11) ensures that the constraints of (5.3) hold along all predicted
trajectories of (5.7) and (5.8) starting from any initial state xo|; lying in €.

A cost index forming the objective of a robust MPC law with guaranteed stability
can be constructed from a suitable upper bound on the worst-case predicted cost,
which is defined for given weights Q > 0 and R > 0 by

o]
J(x , Ky = max Xk ls + luiell>). 5.13
ok, Ki) (A,-‘k,Bmeg,i:o,l,“.g(" inelly + luiielz) (5.13)

For this purpose [8] derived bounds on (5.13) using a quadratic function that, for
computational convenience, was determined by strengthening the conditions defining
the invariant set £. Following a similar approach, if (5.9) is replaced by the condition

P—(A+BK)TP(A+BKy) = v ' (Q+ K RKy), Y(A,B) e 2 (5.14)
for some scalar v > 0, then the cost of (5.13) necessarily satisfies the bound
J (o, Ki) <, Vxop € € = {x : x|} < 1} (5.15)
This is shown by the following lemma, which uses the variable transformations
P=S" Ki=vSs"! (5.16)

to express (5.14) equivalently in terms of LMIs in variables Y, S and ~.

Lemma 5.1 IfY € R"*"" symmetric S € R™>*"x and scalar ~y satisfy

S (ADS + BONTT [sQl/2 yTR1/2
AVS + BDyY S 0 0 >0
* ")/1

(5.17)

for j =1,...,m, then the bound (5.15) holds with P = S~ and Ki = ys—1,

Proof Condition (5.17) is linear in the parameters AY), BU). By considering all
convex combinations of the matrix appearing on the LHS of (5.17), it can therefore
be shown that (5.17) holds with (A0, BU)) replaced by any (A, B) € §2. Hence,
by Schur complements, (5.17) implies S > 0, v > 0 and

S—(AS+ BY)'s7'(AS+ BY) = v 1(SQS+ YTRY), V(A,B) € 2.

Pre- and post-multiplying both sides of this inequality by P and using (5.16), we
obtain (5.14), so from (5.7) it follows that
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Ixie 5 — 1Axig + Buiellp = v~ (il g + luiklz), ¥ (A, B) € 2,
Summing over all i > 0 and making use of (5.8), we therefore obtain
J (xopes Ki) < llxo %,

which implies f(x0|k, Ki) <y forall xo € £. O

The cost bound provided by (5.15) could be conservative because it is constant on
the boundary of the invariant set £ = {x : ||x||% < 1}. Clearly, this may conflict with
the requirement that it provides a tight bound on the sublevel sets of the cost (5.13)
since the invariant set was constructed in order to approximate the set of feasible
initial conditions. On the boundary of the feasible set in particular, (5.15) is likely
to be a very conservative cost bound. To reduce the level of suboptimality therefore,
the parameters (K, P, y) are assigned as variables in the MPC optimization and
recomputed online at each time step k = 0, 1, . ... The lemma below establishes the
optimality conditions for the feedback gain K.

Lemma 5.2 [fthe following optimization is feasible,

(Y7, S, yf) =arg min vy (5.18a)
§=8T50,
H=HT>0,
Yoy

subject to (5.17) and, for x = x and some symmetric H, the conditions

T
LIC ’; ] >0, (5.18b)
[(FSfGY)T FSJEGY] >0, ’Hei<1, i=1,....nc (518

then, with Ky = Y,:‘(S,f)fl, the predicted trajectories of (5.7) and (5.8) satisfy
j(xo|k, Kp) < 'y,f and meet the constraints Fx; + Gu;x < 1 foralli > 0.

Proof Using Schur complements, (5.18b) implies x; € £, so by Lemma 5.1 the
optimal objective in (5.18a) is an upper bound on the predicted cost J (xr, Ki).
On the other hand, pre- and post-multiplying (5.18c) by the block diagonal matrix
diag{Z, P} (which is unitary since (5.18b) implies P > 0) yields (5.11), and hence
(5.18c) ensures (F + GKp)xjjx < 1foralli > 0. O

The optimization of Lemma 5.2 is the basis of the following robust MPC strategy,
which requires the online solution of an SDP in O(ni) variables.
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Algorithm 5.1 Ateach time instantk =0, 1, ...

(i) Perform the optimization of Lemma 5.2.
(i) Apply the control law uy = Kjxi. <

Theorem 5.1 For the system (5.1)—(5.3) and control law of Algorithm 5.1:

(a) The optimization in step (i) is feasible for all times k > 0 if it is feasible at time
k=0.

(b) The origin of the state space of (5.1) is robustly asymptotically stable with region
of attraction

F={x e R"™ :(5.17), (5.18b), (5.18c) are feasible}, (5.19)

and for xo € F the trajectories of the closed-loop system satisfy the bound

o
D (Il + lurllz) < 3% (5.20)
k=0

Proof We first demonstrate that, if the optimization of Lemma 5.2 is feasible at time
k, then a feasible solution at time k + 1 is given by

(Y. S,7v) = (oY}, aS{, avf) (5.21)

where o = ||xx41 ||%)k for P, = (S,f)_l. Considering each of the constraints (5.17),
(5.18b) and (5.18c¢) at time k + 1:

o With§~! = o' Py, weobtain || x4 |3, = o™ ||xk+1||%3k = 1,and hence (5.18b)
is necessarily satisfied with x = xz41.

o If (Yk*, S,f, 7}:) is feasible for (5.17) then, since the inequality in (5.17) is unchanged
if the matrix on the LHS is multiplied by o > 0, the solution (Y, S, ~) in (5.21)
must be feasible for (5.17), for any o > 0.

e The feasibility of (5.17) and (5.18b) at time k implies ||xg+1 ||%;k < ||xk||%;k and
hence a < 1. Therefore, if (Y}, S7) satisfies (5.18¢c) with H = Hj, then (Y, S) in
(5.21) must also satisfy (5.18c) with H = aHy.

It follows that the optimization in step (i) of Algorithm 5.1 is recursively feasible
since if xq lies in the feasible set F, then x; € F forall k > 1.

Turning next to closed-loop stability, from the optimality of the solution at time
k + 1 and (5.17) we have

* * 2
Ve = ovg = Ixrt1

2 2 2
< plel3, = (Il + luel?),
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but the constraint (5.18b) is necessarily active at the optimal solution, so ||xk || p, = 1
and

Yirr =7 < = (Il + luxl%)-

This inequality implies that x = 0 is stable because 7,2‘ > J (x, Ki), while (5.13)
implies J (x, K) is positive definite in x since Q > 0. Summing both sides of this
inequality over k = 0, 1, . .. yields the bound (5.20), which implies that (]|x ||2Q +
””k”%e) — 0 as k — oo for any xg € F, and hence limy_, oo (xk, ur) = (0, 0), since
Q and R are positive definite matrices. O

The online optimization posed in Algorithm 5.1 constitutes a convex program
(see e.g. [24]) which can be solved efficiently (in polynomial time) using semidefi-
nite programming solvers. However it should be noted that its computational burden
increases considerably with the system dimension. For fast sampling applications
(such as applications involving electromechanical systems), this algorithm is there-
fore viable only for small-scale models.

Example 5.1 An uncertain system is described by the model (5.1)—(5.2) with para-
meters

w  [=07 0157 o [-075 =017 @ [~0.65—0.35
A —[ 35-06" 47T 015 065" A =] —01 055

B —[1}’ 5 —[1.4 - B =1os]

The system is subject to state and input constraints

—10=<[01]x <10

—5<up <5
which are equivalent to (5.3) with
0 0.1 0
F=1o70' | =] 02
0 0 —-0.2

Figure 5.1 shows the feasible set, F, for Algorithm 5.1. This set is formed from
a union of ellipsoidal sets, and for this example is clearly not itself ellipsoidal.
Figure 5.1 also shows that F contains points that lie outside the largest area ellipsoidal
set that is robustly invariant under any given linear feedback law. This is to be
expected since F contains every ellipsoidal set that is RPI for (5.1)—(5.3) under a
linear feedback law.
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Fig. 5.1 The set of feasible initial states for Algorithm 5.1 applied to the uncertain system of
Example 5.1 (solid line). For comparison, this figure also shows the maximal ellipsoidal RPI set
under any linear feedback law (dashed line) and the maximal robustly controlled invariant set
(dash-dotted line)

For 100 values of x evenly distributed on the dashed ellipsoid in Fig.5.1, the
average optimal value of the online MPC optimization (5.18) is 11,779 and the
maximum is 69,505. However, the value of the minimum quadratic bound on the
worst-case cost computed for the solution of (5.18) and averaged over this set of initial
conditions is 939 and the corresponding maximum value is 1660. The discrepancy
between these worst-case cost bounds is a result of the conservativeness of the cost
bound that forms the objective of (5.18), which as previously discussed is constructed
by scaling the ellipsoidal set £ in order to ensure that the objective (5.18a) is an upper
bound on the worst-case cost. O

5.2.1 Dual Mode Predictions

By the criteria of Chaps. 3 and 4, Algorithm 5.1 is a feedback MPC strategy since the
predicted control trajectories depend on the realization of future uncertainty through
a feedback gain computed online. Despite this, the parameterization of predicted
trajectories in terms of a single linear feedback gain over the prediction horizon can
be restrictive. Furthermore, for computational convenience the cost and constraints
are approximated in Algorithm 5.1 using potentially conservative quadratic bounds.


http://dx.doi.org/10.1007/978-3-319-24853-0_3
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A conceptually straightforward way to avoid these shortcomings is to extend
Algorithm 5.1 by adjoining a mode 1 horizon containing additional degrees of free-
dom over which the cost and constraints are evaluated explicitly. This approach is
proposed in [9], in which the predicted control trajectory is specified as

Kk = Ki+i, i=0,...,N—-1

uifk = Kijpxije + cijk . +l . (5.22)
Kik = Ky, cik =0, i=N,N+1,...

where ¢; = (cok, - .., cn—11x) and Ky are optimization variables at time k. In

order to be able to make use of the conditions of Lemmas 5.1 and 5.2 for the com-
putation of Ky while retaining a convex online optimization, the feedback gains
Kk, ..., Kny_14 are fixed at time k, their values being carried over from the opti-
mization at a previous time instant.

A polytopic tube Xpjk, ..., Xnx containing the future state trajectories for all

realizations of model uncertainty can be defined in terms of the vertices, v l(‘l,l, of Xjk:

Xijk = Co{vl.(‘l,z, I[=1,...,m'},

where Xpjx = {xx} and x;x € &jx. The tube cross sections X fori =1,..., N,
are computed in [9] using the recursion

. ) . )
vi(f{i-)llk — (A(J) + B(/)Kkﬂ')vi(uz + B(J)Cilk (5.23)
forj=1,...,m,[=1,.. .,m' and qg=1, CamitL Clearly the number of ver-

tices defining the tube cross sections increases exponentially with the length of the
prediction horizon in this approach, limiting the approach to short horizons. The
reason for this very rapid growth in complexity is that state tubes defined in this way
are minimal in the sense that &, is the smallest set containing the i-steps ahead
predicted state x;|; for all possible realizations of the model uncertainty.

Let v = (Yolk, - - - » Yn|k) denote a sequence of upper bounds on the predicted
stage costs of the worst-case predicted performance index (5.13):

2 2
Yik = Ixiellp + lluikliz-

By expressing these bounds as LMIs in the predicted states, they can be imposed for

all x; x € & through conditions on the vertices U,'(|IJZ» namely fori =1,...,N — I:

nT I R
|:%|k [Ui(uz Q1/2 (Kk+,~vl.(|]z + c,'|k)T 1/2]:| .0 =1 . m (5.24)
* 1 ’ ’ . ‘

For all i > N, the predicted control inputs are defined in (5.22) by the feedback
law u;jx = Knkxijk, and an upper bound on the predicted cost over the mode 2
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prediction horizon can be computed using the approach of Sect.5.2. In the current
context, however, the N-step ahead predicted state, xy , is not known exactly, but
instead is known to lie in the polytopic set Xy . An upper bound on the cost to go
over the mode 2 prediction horizon is therefore obtained by invoking the LMI of
(5.18b) at each of the vertices defining Xy «:

1oy

o M=o, 1=1,....m". (5.25)
v S

Nk

Then, by an obvious extension of Lemma 5.1, the infinite horizon cost of (5.13)

satisfies the bound
N

T, e, Knw) < D ik (5.26)
i=0

if (5.17) is invoked with v = yyx and Ky = ys—L

Using the arguments of Lemma 5.2, it can be shown that (5.18c) ensures constraint
satisfaction in mode 2, whereas in mode 1, given the linear nature of the constraints
(5.3), a necessary and sufficient condition is that

(F+GKii)vf) + Geg <1, I=1,....m", i=0,... . N—1 (527)

On the basis of this development, it is possible to state the following robust MPC
algorithm, which requires the online solution of a SDP problem involving O (n m™N)
variables.

Algorithm 5.2 At each time instantk =0, 1, .. .:

(i) Perform the optimization:

N
inimi i bject to (5.24), (5.25), (5.27),
%1%%@;%% subject to (5.24), (5.25), (5.27)

(5.17) with ¥ = vy and (5.18¢)  (5.28)

(i) Apply the control law uy = Kyxy + ca‘lk andset Ky y = Y,:‘(S,’:)_l,where ¢ =
(cg| PR c}"v_ll «)» St and Y}f are, respectively, the optimal values of ¢, S and
Y in (5.28). <

This algorithm must be initialized at £k = 0 by computing the feedback gains
Ko, ..., Ky—1 offline. Assuming knowledge of the initial state x( (or alternatively
knowledge of a polytopic set Co{v(()i()), ceey v(()rl())} containing xy), this can be done by
performing the optimization of Lemma 5.2 with x = xg in (5.18b) (or alternatively

performing this optimization with
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\hT
1 v N
[(,) [S }zo, I=1,....m"

in place of (5.18b)) and by setting K; = Ko foralli =0,..., N — 1.

Theorem 5.2 Algorithm 5.2 is recursively feasible and robustly asymptotically sta-
bilizes the origin of the state space of the system (5.1)—(5.3).

Proof Assuming feasibility at time &, a feasible but suboptimal solution to (5.28) at
time k + 1 is given by

ck+1 = (CT|k7 R c;k\]_llk7 0)7
2 2
Yir1 = (Wi -+ W (Jax (1l + 1 Kieewxliz), aVNk)s
Y =aY}, S=aS, a= max IAY + BD Ky n)x 13,

xeXyu,jell,..., m}

where Py = (S )~ L. Feasibility of the constraints (5.24) and (5.27) follows directly
from the inclusion property Xjjx+1 € Xiy1k,i =0,..., N — 1, while feasibility of
(5.25), (5.17) with v = afyji,lk and (5.18b) follows from the argument used in the
proof of Theorem 5.1 and the property that Xy 41 € Co{(AW) + B(j)Kk+N)XN|k,
Jj=1,...,m},as aconsequence of unjk+1 = KignNXNjk+1 and Xy 11 € XNk
The proof of Theorem 5.1 also shows that avy, < Yy — (X1 + [ Kkanxlz)
forall x € Xy x. Hence the sum of the elements of 7y, | is no greater than Z,N: 1 ’Yi*| o
and optimality at time k + 1 therefore implies

N N N
2 2
E Viks1 < D%k = E Yok — Uxellp + lueliz)-
i=0 i=1 i=0

Since the bound (5.26) and Q > 0 and R > 0 imply that ZzN:o 71.*| & s positive definite
in xg, it follows that x = 0 is asymptotically stable. (I

5.3 Prediction Dynamics in Robust MPC

In the presence of multiplicative uncertainty, robust MPC algorithms employing min-
imal tubes to bound predicted trajectories suffer from the same disadvantage as Algo-
rithm 5.2, namely that the number of constraints, and hence also the computational
demand, grows rapidly (in general, exponentially) with the prediction horizon N.
Therefore the use of minimal tubes in this context is generally impractical for any-
thing other than short horizons and descriptions of model uncertainty with small num-
bers of vertices. To avoid this problem, it is necessary to bound predicted state and
control trajectories using non-minimal tubes with lower complexity cross sections.
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An approach that is extremely computationally efficient, though somewhat conser-
vative, is based on ellipsoidal sets used in conjunction with autonomous prediction
dynamics [10, 11]. As in the nominal case considered in Sect.2.7, an ellipsoidal
invariant set can be computed offline for a prediction system that incorporates the
degrees of freedom in predicted trajectories into its state vector. This section extends
the methods of Sects.2.7 and 2.9 to the case of robust MPC, and considers the
design of the prediction dynamics in order to enlarge feasible sets and to reduce the
sensitivity of predicted performance to multiplicative uncertainty.

Following the approach of Sect.2.7, the predicted control trajectory at time k is
defined for all i > O by

uifk = Kxjjk + cijk,

where ¢; = (cok, ..., cy—1x) 1s a vector of variables in the MPC optimization at
time k and ¢;x = 0 fori > N. The feedback gain K is fixed and is assumed to be
the unconstrained LQ optimal feedback gain associated with the nominal cost

e¢]

J(sos e) = D (Isiellp + Iviellz) (5.29)
i=0

which is evaluated along state and control trajectories of the nominal model:

sivtk = P Psip + BOcip

Vik = Ksijk + cijk

with @@ = A® 1 BO K We further assume that u = K x robustly quadratically
stabilizes the uncertain system (5.1) and (5.2) in the absence of constraints. This
assumption (which will be removed in Sect. 5.3.2) requires that a quadratic Lyapunov
function exists for the unconstrained system (5.1) and (5.2) under © = K x, namely
that there exists P > 0 satisfying

P—oD ' pPe 0 j=1,....m (5.30)
where @) = AU 4 BUK.
A prediction system incorporating the uncertain model (5.1) and (5.2) is described
foralli > 0 by
Zivik = YipZik, Wi € Co{w . wmy, (5.31a)

where the vertices of the parameter uncertainty set are given by

W) |:q)(./') BWE
10

. ] o) — A 4 Bk (5.31b)


http://dx.doi.org/10.1007/978-3-319-24853-0_2
http://dx.doi.org/10.1007/978-3-319-24853-0_2
http://dx.doi.org/10.1007/978-3-319-24853-0_2
http://dx.doi.org/10.1007/978-3-319-24853-0_2

5.3 Prediction Dynamics in Robust MPC 189

for j =1, ..., m. Theinitial prediction system state and the predicted state and input
trajectories are defined, as in Sect.2.7, by
Uik = K E|z k
2ok = [xk} . v K Bl (5.32)
Ck Xijk = [1 O] Zilk

and matrices £ and M are as given in (2.26b), so that Ecy = cox and Mc¢y =
(Cliks v CN=11k, 0).

The predicted state and input trajectories generated by (5.31a, 5.31b) and (5.32)
necessarily satisfy the constraints (5.3) at all prediction times i > 0 if the initial
prediction system state, zo|k, is constrained to lie in a set that is robustly invariant
for (5.31a, 5.31b) and feasible with respect to (5.3). This is demonstrated by the
following extension of Theorem 2.9.

Corollary 5.1 The ellipsoidal set £, = {z : ZTPZZ < 1}, with P, > 0, is robustly
positively invariant for the dynamics (5.31a, 5.31b) and constraints [F + GK GE ]
z < 1 ifand only if P, satisfies

P—wO pw 0 j=1,...m (5.33)
and
H [F+GK GE]
(F+GK)T » >0, e/He;<1, i=1,....,nc (534)
(GE)T z

for some symmetric matrix H, where e; is the ith column of the identity matrix.

Proof Using Schur complements, (5.33) is equivalent to

n»T
PZ.W >0, j=1,...,m.
w ) pz—l

Since this is an LMI in &) it is equivalent, again using Schur complements, to
P, — lI/TPZlI/ >0 forall ¥ e Co{lP(l), R lI/(’")}. Therefore, the sufficiency and
necessity of (5.33) and (5.34) can be shown using the same argument as the proof of
Theorem 2.9. ([l

Adopting the nominal cost of (5.29) as the objective of the MPC online optimiza-
tion, we have, from Lemma 2.1 and Theorem 2.10,

TGk €)= llzop Iy = Ixelly, + lleell, . (5.35a)
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where W is the solution of the Lyapunov equation

—_gOT Wy _ 4 _
w—yvO wy 0. 0 ETRK  ETRE (5.35b)

A [Q + KTRK KTRE}
The block diagonal structure of W = diag{W,, W.} in (5.35a, 5.35b) follows from
the definition of K as the unconstrained LQ optimal feedback gain. Furthermore,
W, is the solution of the Riccati equation (2.9) with (4, B) = (A©, BO) and W,
satisfies

We — MTW.M = ET(BOT w,BO 1 R)E. (5.36)

Hence, by Theorem 2.10, W, is block diagonal with diagonal blocks equal to
(BNYTw,BO 4 R. Clearly, the problem of minimizing J (xk, ¢x) for given xy is
equivalent to that of minimizing ||cg || %VE' Therefore the MPC algorithm can be stated
in terms of W, and an ellipsoidal set &, satisfying the conditions of Corollary 5.1 as
follows.

Algorithm 5.3 Ateach time instantk =0, 1, .. .:

(i) Perform the optimization:

minimize |c¢]|3, subject to [’”‘} €&, (5.37)

C ¢ Cr
(i) Apply the control law uy = Kxi + cglk, where ¢ = (c(*)‘lk, e c;‘\,_llk) is the
optimal value of ¢ in (5.37). <

Along the trajectories of the closed-loop system,
Xip1 = Pexx + By, (Pr, Bi) € Cof (@, BD), ..., (@™, B™)}, (5.38)

the optimal value of the objective in (5.37) is not necessarily non-increasing at suc-
cessive time instants since the predicted cost in (5.29) is computed assuming that
model parameters are equal to their nominal values. However, Algorithm 5.3 can be
shown to be robustly stabilizing using a method similar to the analysis in Sect.3.3
of robust MPC based on a nominal cost in the presence of additive disturbances.
We first give an [, stability property of the closed-loop system (5.38), based on the
assumption that u = Kx quadratically stabilizes the model (5.1) and (5.2).

Lemma 5.3 [If the quadratic stability condition (5.30) holds, then the state of the
closed-loop system (5.38) satisfies the quadratic bound

o0 o
Dl < lixolle +97 D el (5.39)
k=0 k=0

for some matrix P > 0 and a scalar .
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Proof Suppose that Py — @D T Py » 0 for some Py >0 and j=1,...,m.
Then Py — @D T Pyd ) > ¢, for some e > 0 and hence P — @ N T pp) » [,

for j =1,...,m, where P = e 1Py > 0. Using Schur complements, this implies
that there must exist v > 0 satisfying

p o'p I, 0
po) p |70 A 2pBOBGW p]’

and using Schur complements again, this is equivalent to the condition

P o0'p o I, 0 0
* P PBY|>~[000
* * V2, 000

Sinqe this_ condition is an LMI in the parameters @) and BY, it must hold with
(@, BYW)) replaced by any (@, B) € Co{(®V, BD), ... (™ BM)} Using
Schur complements once more, we therefore have

0 ][] 1o m= 4]

for all (@, B) € Co{(®, BY)), j =1,...,m}. Pre- and post-multiplying both
sides of this inequality by zx = (xx, cglk) and using (5.38) gives

2 2 2 2 2
Ikl + Y Negpll™ = Nxkeillp = lxell

and summing both sides of this inequality over k > 0 yields the bound (5.39). O

Theorem 5.3 For the system (5.1)—(5.3) with the control law of Algorithm 5.3, the
optimization (5.37) is recursively feasible and the origin of state space is robustly
asymptotically stable with region of attraction equal to the feasible set F = {x :
de such that (x, ¢) € &;}.

Proof If xi lies in the feasible set F, then a feasible but suboptimal solution of
(5.37) at time k + 1 is given by ¢;41 = Mc¢j; since the robust positive invariance of
&, implies that ¥[x] (¢)T1T € &, for all ¥ € Co{wD, ..., @™} Hence (5.36)
implies that the optimal solution of (5.37) at time k + 1 satisfies

2 2 2 2
||cz+1||wc < ||MCZ||WC < ||C:||WC - ||C(>)k|k||R+B(0>TWXB<0)-

Summing this inequality over all £k > 0 yields the bound

ad 1
* 12 < C* 2
% el = Sy ool
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where A(R) is the smallest eigenvalue of R. Therefore Lemma 5.3 implies

S 2
S el < lxoll + I, (5.40)
pare A(R) 0T

and hence x; — 0 as k — oo. Finally, we note that x = 0 is Lyapunov stable since
Algorithm 5.3 coincides with the feedback law uy = Kxi (which is robustly stabi-
lizing by assumption) for all x; in the set {x : (x, 0) € &,}, and this set necessarily
contains x = 0 in its interior since P, > 0. ]

To maximize the volume of the feasible set, 7 = {x : 3¢ such that (x, ¢) € &,},
for Algorithm 5.3, the matrix P, defining £, can be designed offline analogously to
the case of nominal MPC considered in Sect. 2.7.3. Thus, rewriting (5.33) and (5.34)
in terms of § = PZ_1 gives the equivalent conditions

s wyUg '
[quj)T S }EO, j=1....m (5.41a)
H [F+GK GE]S
S (F+GK)T S :O, el-THeifl, i:l’_..’nc
(GE)!
(5.41b)

which are LMIs in the variables S and H. Hence the volume of F is maximized if
P, = S~! where S is the solution of the SDP problem

maximize log det ([l,h 0] s [10]) subject to (5.41a, 5.41b). (5.42)

In concluding this section, we note that the online computation required by Algo-
rithm 5.3 is identical to that for the nominal MPC law of Algorithm 2.2. Therefore the
computational advantages of Algorithm 2.2 also apply to Algorithm 5.3. In particu-
lar, the online minimization of Algorithm 5.3 can be performed extremely efficiently
by solving for the unique negative real root of a well-behaved polynomial using the
Newton—Raphson iteration described in Sect.2.8.

5.3.1 Prediction Dynamics Optimized to Maximize
the Feasible Set

The system (5.31a, 5.31b) and (5.32) that generates the predicted state and control
trajectories underpinning Algorithm 5.3 can be interpreted in terms of a dynamic
feedback law applied to the uncertain model (5.1) and (5.2). The initial state of
this dynamic controller is defined by the vector, ¢, of degrees of freedom in the
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state and input predictions at time k. In order to maximize the ellipsoidal region
of attraction of Algorithm 5.3, it is possible to optimize the predicted controller
dynamics simultaneously with the invariant set £; by solving a convex optimization
problem [12]. This is achieved through an extension of the method of optimizing
prediction dynamics described in Sect.2.9 to the case of systems with uncertain
dynamics.

Let the vertices & /) of the uncertainty set in (5.31a) be redefined as

. ) ()
uf(D:[d’O BACC}, i=1,....m (5.43)
C

where A, € R"*" and C, € R"™>*" are to be designed offline together with the
matrix P, defining the ellipsoid &, = {z € R™*% : zT P,z < 1}. The conditions for
robust invariance of &, can then be obtained by restating Corollary 5.1 in terms of
these uncertainty set vertices. However the resulting conditions are nonconvex when
A., C. and P, are treated as variables. We therefore use the transformation (2.60) to
reformulate them as equivalent convex conditions in terms of variables X, Y, U, V
parameterizing P, and variables Z, I parameterizing A., C.. Using the approach
of Sect.2.9, we then obtain, analogously to (2.62a, 2.62b), the LMI conditions:

[Y X}[ oWy +BUT cb(f)X]
0

XX||g+0Wy+BUOI oWx . (5.442)
. Y X
X X
H[(F+GK)Y +GI' (F+GK)X]
N [YX} >0, e He;<1, i=1,...,nc
X X
(5.44b)

for j =1, ..., m. Therefore, matrices A, C., P; satisfying (5.33), (5.34) and (5.43)
exist only if the LMIs (5.44a, 5.44b) hold for some X, Y, =, I'. Furthermore, the
conditions (5.44a, 5.44b) are sufficient as well as necessary if the dimension of ¢ is
equal to that of x, namely if v, = ny, since in this case, by the argument of Sect. 2.9,
the inverse transformation

X! x-'u oy -
Py = [UTx—l _UTX—lyv—T] Ac=UTtEVTT Co=TV™T (549
where UVT = X — Y, necessarily exists and defines A., C. and P, uniquely.
The set F of feasible initial conditions for Algorithm 5.3 is the projection of &,
onto the x-subspace (i.e. 7 = {x : Jc such that (x, ¢) € &,}). Therefore F can be
maximized offline by solving the SDP problem:

mg)lcjr)r(li)ge logdet(Y) subject to (5.44a, 5.44b),
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and then determining A., C., P, using (5.45). With these parameters the nominal
cost J (xi, cx) is given by (5.35a), where W, is the solution of the Riccati equation
(2.9) with (A, B) = (A(O), B(O)) and W, is the solution of the Lyapunov equation

W, — ATW.A, = T (B w, B + R)C..

A robust MPC law can then be defined analogously to Algorithm 5.3 with the dif-
ference that the control law is given by

ur = Kxp + CCCZ<

where ¢ is the optimal solution of the online MPC optimization. Through a straight-
forward extension of Theorem 5.3, it can be shown that the closed-loop system is
robustly asymptotically stable with region of attraction F.

If there is no model uncertainty, then, as discussed in Sect. 2.9, the offline optimiza-
tion of the prediction dynamics results in the remarkable property that the feasible
set F (namely the projection of £, onto the x-subspace) is equal to the maximal ellip-
soidal invariant set under any linear feedback law subject to the constraints (5.3).
Since this property holds regardless of the choice of feedback gain K, the MPC law is
able to deploy a highly tuned linear feedback law close to the origin without reducing
the set of initial conditions that are feasible for the online optimization. This result
does not carry over to the case of polytopic model uncertainty if a single matrix A,
is employed in (5.43). It does, however, hold for the robust case if A. is allowed
to assume values in the convex hull of a set of vertices, each vertex being associ-
ated with one of the vertices of the model parameter uncertainty set and optimized
offline [12]. Thus we let

o) BU)C,

Ac € Co{AD, ... AMy w) = |: 0 AW
c

], j=1,....m (546a)

and
gD =uAPvT, j=1,...,m. (5.46b)

Then, replacing (5.44a) with the condition

XX||12WDiroWy B oWy
N Y X
X X
the projection of &£, onto the x-subspace is maximized subject to (5.33) and (5.34)
by solving the SDP problem:

|:Y X] [ oWy +BUT cpwx}
0, (5.47)

(Dmaxi(m)ize logdet(Y) subject to (5.47) and (5.44b) (5.48)
g, . gm XYy
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and applying the inverse transformation (5.45) with Agj )= Uu-lgWv-T for Jj=
1, ..., m. By considering the conditions for feasibility of (5.47) and (5.44b), it can
be shown that the solution of (5.48) defines an ellipsoidal set £, whose projection
onto the x-subspace is equal to the maximal ellipsoidal invariant set for the uncertain
model (5.1)—(5.3) under any linear feedback law. For a proof of this result, we refer
the interested reader to [12].

From z; 1% € Co{lI/(l)sz, e, lll(”’)z,-|k} and (5.46a), we obtain

Citlk € CO{AEI)C,‘U(, e, Agm)ci\k}

along predicted trajectories. Hence, the controller dynamics are subject to polytopic
uncertainty and the value of A, is unknown at each prediction time step since it
depends, implicitly through (5.46a), on the realization of the uncertain model para-
meters. A robust MPC law based on these predictions falls into the category of feed-
back MPC strategies since the evolution of the predicted control trajectory depends
on the realization of future model uncertainty. Despite the future evolution of the
controller state being uncertain, the implied MPC law is implementable since only
the value of ¢; need be known in order to evaluate u; = Kx; + C.cy.

The objective of the MPC online optimization can be defined as in (5.35a), but to
ensure closed-loop stability we require that the weighting matrix W, satisfies

W — AD WA = cT(BOTW,BO + R)C,, j=1,....m  (549)

where W, is the solution of (2.9) with (A, B) = (A©, B©). Thus W, can be com-
puted by minimizing trace(W,) subject to (5.49). The MPC algorithm, which requires
the same online computation as Algorithm 5.3, is stated next.

Algorithm 5.4 Ateach time instantk =0, 1, .. .:

(i) Perform the optimization:
oo . 2 . Xk
minimize [|¢g||y, subject to |:c i| €&, (5.50)
Ck ¢ k

(ii) Apply the control law uy = Kx; + C.cf, where ¢} is the optimal value of ¢ in
(5.50). <

Theorem 5.4 For the system (5.1)—(5.3) under the control law of Algorithm 5.4, the
optimization (5.50) is recursively feasible and x = 0 is asymptotically stable with
region of attraction F = {x : 3¢ such that (x, ¢) € &;}.

Proof Recursive feasibility is a consequence of the robust invariance of &£;, which
implies that a feasible solution to (5.50) at time k + 1 is given by ¢cx+1 = A kCk,
forsome A, € CO{ACU, cee Acm) }. Asymptotic stability can be shown using a sim-
ilar argument to the proof of Theorem 5.3. In particular, (5.30) implies that the bound
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o o
2 2 2 2
Dl < lxollp +97 D ICeell (5.51)
k=0 k=0

holds for the closed-loop system x;41 = @rx; + Bi Cccz, forsome P > 0 and scalar
7. Also, from (5.49) and feasibility of ¢, = A rc; the optimal solution at time
k + 1 necessarily satisfies

2 2 2
||CZ+1||WC =< ||CZ||WC - ||Cch||R+B<0)TW‘,B(0)-

Summing this inequality over all k > 0 and using (5.51) gives the asymptotic bound
(5.40), which implies limy_,  xx = 0 for all xo € F. Stability of x = 0 follows
from the fact that the control law of Algorithm 5.4 is equal to u; = Kx; for all
xr € {x : (x,0) € &}, and this feedback law is robustly stabilizing by (5.30). O

In order to minimize a worst-case predicted cost instead of the cost of Algo-
rithm 5.4, the optimization (5.50) can be replaced with

C . X
minimize ||zk||2v subject to zx = ke &,
Ck w Ck '

where W satisfies the following LMIs for j =1,...,m

v AT v IKTI[oo0][I O
W— v g >[ M ][ ] 5.52
Zlocr||o r||k c. (5-52)

With this modification, Algorithm 5.4 minimizes the upper bound on predicted per-
formance:

o
2 2 2
lzell, = max D (Ixielly + luieliz)-
WﬂkECO{lP(l),...,lP(m)} i=0
i=0,1,... -

and the closed-loop system has the properties given in Theorem 5.4.

Example 5.2 For the uncertain system and constraints defined in Example 5.1, the
unconstrained optimal feedback law for the nominal model (5.4) and cost weights
O=Tand R=1isu = Kx, K =[0.19 0.34], and the offline optimization (5.48)
yields

A _[-069 0207 o) [-0.74 —0.01] 5 _[-0.63 -021
¢ T |-027 -0.14]" 026 —0.01]" “¢ = |-0.05-0.27]

c

and C, = [0.12 —0.12].
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Fig. 5.2 The set of feasible initial states for Algorithm 5.4 applied to the system of Example 5.1.
Also shown are the maximal ellipsoidal RPI set under the LQ-optimal feedback law u = K x (dashed
line), the feasible set for Algorithm 5.1 (inner dash-dotted line) and the maximal robustly controlled
invariant set (outer dash-dotted line)

Figure 5.2 shows the set, F, of feasible initial conditions for Algorithm 5.4. Com-
paring Figs. 5.2 and 5.1, it can be seen that, as expected, this feasible set is identical
to the maximum area robustly invariant ellipsoidal set under any linear feedback
law. The average quadratic bound on the predicted worst-case cost computed for the
solution of (5.50) at 100 initial conditions evenly distributed on the boundary of F
is 1002, while the maximum worst-case cost bound for these states is 1823. These
bounds are on average 4 % higher than the worst-case cost bounds obtained using
Algorithm 5.1 with the same set of initial conditions (discussed in Example 5.1);
however, neither approach results in cost bounds that are consistently lower for all
initial conditions. The conservativeness in this case results from the offline computa-
tion of the parameters K, C. and Agl), e, Aﬁ.’”) defining the predicted control law.
On the other hand, the online computation of Algorithm 5.4 is typically orders of
magnitude lower than that of Algorithm 5.1' O

1For this example, the time required to solve (5.50) using the Newton-Raphson method is between
one and two orders of magnitude less than the computation time for (5.18) using the Mosek.
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5.3.2 Prediction Dynamics Optimized to Improve Worst-Case
Performance

Polytopic controller dynamics were introduced in Sect.5.3.1 with the aim of maxi-
mizing the volume of the ellipsoidal region of attraction. This was achieved under the
assumption that the feedback law uy = K xj robustly stabilizes the system (5.1) and
(5.2) in the absence of constraints. Moreover K was assumed to be the LQ optimal
feedback gain for the unconstrained nominal system. However this feedback law
may not be robustly stabilizing, and in this case it is necessary either to resort to a
different feedback gain, or to retain the nominally optimal unconstrained feedback
law in the problem formulation and ensure through other means that the predicted
control law is robustly stabilizing [13]. The latter can be achieved through the use of
predicted polytopic controller dynamics introduced as

uik = Kxjjk + vij + cijk (5.53a)
where ¢y =0 forall i > N and
Vitik € CoflLWxjpp + NDuyp, j=1,...,m) (5.53b)

foralli > 0.

The perturbations c;x serve the same purpose here as in earlier sections of this
chapter, namely to ensure satisfaction of the constraints (5.3), while the polytopic
dynamics of (5.53b) are designed with the aim of improving robustness and reducing
the sensitivity of closed-loop performance to model uncertainty. This is done by
invoking the following conditions for W > 0:

j=1,...,m
(5.54)

where /) = AW) 4+ BUW K andchoosing LY, N, j =1,..., mand W by solv-
ing

oW B T reW pw _[o+K"RK KTR
LW N LW N | = RK R |’

(L(l), N(l), o ,L(m), N(m), W)
= arg min AWy — W, W W) (5.55)
L ND Lm) NGm) W

subject to (5.54), where A(P) denotes the maximum eigenvalue of the matrix P, and
where W, Wy, and W, are the blocks of the partition

Wx W)CU
W= .
|:WxTv WU:|
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Although the optimization is nonconvex as stated in (5.55), its solution can be deter-
mined by solving the following equivalent (convex) SDP problem:

D, Y™ §) = arg max A subject to
Y L ym g A

[, 0] S [’gx} = ALy,

o7 o 0!/2 KT R12
s[etr] ] s[4 o[

* N 0 0 507 j=1,...,m
* * I 0
* * * 1

(5.56)

and then computing W = S~!and [L(j) N(j)] =YWw, forj=1,...,m.

The rationale behind this strategy is that, if LY N for j=1,..., m satisfy
(5.54) for some W > 0, then the control law u;x = Kx;x + v;x robustly stabilizes
the system

Xit1k = AikXipk + Bijklilks |:Aik Bi|k:| 0[[4’(” B(j)] i=1 m]
Vitik = Ligxipe + Nigvie, [ Lilk Nijk LY NG |

Furthermore, (5.54) implies that the predicted cost for this system under the control
law u;jx = Kx;jx + vj|k satisfies the bound

S T
D (Ixiwly + luawlz) < [xo"‘} W [xo"‘} (5.57)

U U
=0 0|k 0|k

for all admissible realizations of model uncertainty. If the constraints (5.3) are
inactive, then the minimum, over all v € R", of this bound can be shown
to be xOle(Wx — W W, 1WXTU)xoU(. Therefore the optimization (5.55) chooses
LD, ND L Ny o as to minimize the maximum, over all xoj in the
ball {x : ||x|| <r}, of the minimum value of the bound (5.57) in the absence of
constraints.

Clearly, vg|x provides degrees of freedom for minimizing the predicted cost in the
online MPC optimization subject to constraints. However the system constraints (5.3)
must be satisfied and for this reason we introduce the vector of perturbations ¢; =
(coks - - - » cN—1)k) as additional degrees of freedom. Under the control law of (5.53a,
5.53b), the predicted state and control trajectories are generated by the prediction
system

Zitk = Yikzik, Wik = CO{lI/(l), e, lI/(m)} (5.58)
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where
X0[k ' o) BY) BUE
ok = |vop |, ¥V =|LO ND 0 (5.59)
Cx 0 0 M

with E and M as defined in (5.31a, 5.31b). As before, the constraints of (5.3) can be
imposed on predictions in a computationally efficient (though somewhat conserva-
tive) way by constraining the prediction system state zq to lie in a robustly invariant
ellipsoidal set £ = {z : z! P,z < 1}. Analogously to Corollary 5.1, the conditions
for invariance and constraint satisfaction are given by

P—wO P =0 j=1,....m (5.60)
and
H F+GK G GE
T[ ] >0, e He;<1, i=1,...,nc
[F+GK G GE] P,

(5.61)

for some symmetric matrix H, where ¢; is the ith column of the identity matrix.
Additionally, if W satisfies the condition

. ' O+ K"RK KTR KTRE
W—w Wl RK R RE |, j=1,....m, (562
ETRK ET'R ETRE

then the worst-case cost along predicted trajectories of (5.1) and (5.2) under the
control law (5.53a, 5.53b)

[o)0]
JV(X0|k,v0|k,Ck) ||xi\k||2 + luikllz),
(A,‘k B,‘k)E.Q i= 0 ] ; Q )

satisfies the bound J (x,v,¢) < |l(x,v,¢) ”%T/' On the basis of this predicted perfor-
mance bound, we can state the following min—max robust MPC algorithm.

Algorithm 5.5 Ateach time instantk =0, 1, .. .:

(i) Perform the optimization:

Xk
minimize ||(xg, vk, ¢x)||% subjectto | vk | € &, (5.63)
Uk, € w
Ck
(i) Apply the control law uy = Kxi + vk + CO\k’ where ¢ = (C0|k’ .,c}“v_llk)

and (v}, ¢f) is the optimal solution of (5.63). <
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Theorem 5.5 For the system (5.1)—(5.3) and control law of Algorithm 5.4, the opti-
mization (5.63) is recursively feasible and x = 0 is asymptotically stable with region
of attraction F = {x : (v, ¢) such that (x, v, c) € &,}.

Proof Recursive feasibility of (5.63) follows from (5.60) and (5.61), which imply that
Wz € & for some ¥ € Co{w D, ... wm}if z; e £, and hence (vi41, Cxy1) =
(Lx + Nvj, Mcj) is a feasible solution to (5.63) at time k + 1 for some (L, N) €
Co{L(l), ND L N(’")} if x; € F. From (5.62), we therefore have

2 2 2 2
lzestly < Nzl — (Il + lukliz).,

where zx = (xx, v{, ¢f), and this implies that x = 0 is asymptotically stable since
lzel%, = J(xk, v €) and Q. R > 0. 0

Theorem 5.5 implies that the closed-loop system necessarily converges to a region
of state space on which the trajectories of the nominal system model satisfy the
constraints (5.3) at all future times under the unconstrained nominal LQ optimal
feedback law. To allow the predicted control trajectories (5.53a, 5.53b) to realize this
feedback law, the additional constraint that (L©, N©) = (0, 0) must be included
in the optimization (5.55) defining (L), N)), where

m
(L(O), N(O)) — Zﬂ(j)(L(j)’ N(j)) (5.64)
Jj=1
and where (U, ..., ™ are scalar constants that define the nominal model para-

meters (A(O), B(O)) via

m
(A(O), B(O)) — Zﬂ(j)(A(j)v BW).
j=1

The condition (5.64) can be imposed in the optimization (5.56) through a constraint
which is linear in YV, ... ¥, namely that 37, u)y&) = 0.

To ensure that the MPC law recovers the nominal LQ optimal feedback law
whenever it is feasible, a nominal cost computed analogously to (5.35b) can be used
in place of the worst-case cost of Algorithm 5.5. In this case, however, the nominal
cost does not have the block diagonal structure of (5.35a), and hence the predicted
cost may not be monotonically non-increasing. Closed-loop stability is therefore
ensured in [13] by tightening condition (5.60) by replacing the RHS of the LMI with
pP; for some p € (0, 1), and by replacing the constraint in the online optimization
(5.63) with the condition (xg, vx, ¢;) € pFE,, thus guaranteeing exponential stability
of x =0.

Robustness can alternatively be addressed by introducing controller dynamics
through the Youla parameter [25]. Moreover, the approach can be recast in terms
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of state-space models, allowing constraints to be imposed in a computationally effi-
cient way through the use of robustly invariant ellipsoidal sets. A nominal cost can be
adopted for the definition of an MPC law and the free Youla parameters can be opti-
mized so as to minimize a sensitivity transfer function, thus reducing the sensitivity
of predicted trajectories to the model uncertainty and making a nominal cost more
representative of system performance [13]. This is an indirect way of minimizing
cost sensitivity to uncertainty, a problem that remains open, both for MPC and for
constrained optimal control in general.

5.4 Low-Complexity Polytopes in Robust MPC

Although computationally convenient for robust MPC involving multiplicative model
uncertainty, the ellipsoidal invariant sets discussed in Sect. 5.3 necessarily result in
conservative feasible sets as a result of their implicit handling of state and control
constraints. On the other hand, the exact tubes considered in Sect. 5.2.1, which enable
constraints to be imposed on predicted states and inputs non-conservatively, are in
general impractical because their computational requirements grow exponentially
with the length of prediction horizon. To avoid these difficulties, this section considers
the application of tubes with low-complexity polytopic cross sections (which were
discussed in Sect. 3.6.2 in the context of robust MPC with additive model uncertainty)
to the case of multiplicative model uncertainty.

5.4.1 Robust Invariant Low-Complexity Polytopic Sets

Tubes defined in terms of low-complexity polytopic sets are the basis of a family of
computationally efficient methods of imposing constraints on predicted trajectories
in the presence of multiplicative uncertainty [16-18, 26]. We discuss terminal con-
straints in this section and consider the uncertain system (5.1)—(5.3) under a given
terminal feedback law u = Kx:

Xkl = Prxp, P € Qg = Cofe V... o™ (5.65)
where @) = AU 4 BUWK, j =1, ..., m.Recall that a low-complexity polytope,

denoted here by I1(V, «), is defined for a non-singular matrix V € R"*"x and a
positive vector a € R"* by

nV,a) ={x:|Vx| <a} (5.66)
where the extraction of absolute values and the inequality sign apply on an element-

by-element basis. The conditions under which IT(V, «) is a suitable terminal set,
namely invariance under the dynamics of (5.65) for a given terminal control law
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u = Kx and feasibility with respect to the system constraints (5.3), can be stated as
follows.

Theorem 5.6 The low-complexity polytope I1(V, a) = {x : |Vx| < a} is robustly
invariant for the dynamics (5.65) if and only if

Vo PDWia<a, j=1,....m (5.67)

where W = V=1, Furthermore, under u = K x the constraints (5.3) are satisfied for
all x € I1(V, «) if and only if

I(F + GK)Wla < 1. (5.68)

Proof The set I1(V, «) is robustly invariant if and only if ®x € I[T1(V, «) for all
xell(V,a)andall @ € C0{¢(/), j =1, ..., m}. Equivalently, for all x such that
|Vx| < a, we require |V @x| < «. Therefore, given that

[VOox| =|VOWVx| < |VOW||Vx| < |[VOW|a
for all x € IT1(V, «), a sufficient condition for invariance is
[VoW|a < a.

This condition can be expressed in terms of inequalities that depend linearly on @,
and therefore it needs to be enforced only at the vertices of the model uncertainty
set, as is done in (5.67). The conditions of (5.67) are necessary as well as sufficient
because, for each i = 1, ..., ny, the ith element of |V &) x| satisfies |V;®x| =
Vi@ DWVx| = |Vi®@DW|a for x equal to one of the vertices of IT(V, ), where
Vi is the ith row of V. The necessity and sufficiency of (5.68) follows similarly from
the inequalities

(F+GK)x < |(F+GK)x| = |(F+ GK)WVx| < |(F + GK)W|«

for all x € I1(V, o), where, for each i, (F + GK);x = |(F + GK); W|« for some
x such that |Vx| = «, with (F + GK); denoting the ith row of F + GK. O

A non-symmetric low-complexity polytope is defined for V € R"**"x and o, & €
R, with & < 0 and & > 0, as the set

IV,a,@) ={x:a<Vx<al. (5.69)

These sets share many of the computational advantages of symmetric low-complexity
polytopic sets, but can provide larger invariant sets if the system constraints (5.3) are
non-symmetric. The conditions of Theorem 5.6 for robust invariance and feasibility
with respect to constraints extend to non-symmetric low-complexity polytopes in an
obvious way, as we show next.
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Corollary 5.2 Let AT =max{A, 0} and A~ = max{—A, 0} for any real matrix
A. Under the feedback law u = Kx, the non-symmetric low-complexity polytope
v, «, @) is robustly invariant for the dynamics (5.65) and the constraint (5.3) is
satisfied for all x € T1(V, a, @) if and only if

[ bt AR R

[(F+Gow)* ((F+Gw) | [_aa} <1 (5.71)

where W = VL,

Proof This follows from Lemma 3.6, which implies that the following bounds hold
for all x such that o < Vx < &

Vox < (VOW)ta+ (VOW) (—a)
Vox > (VW) a+ (VOW) (—a)
(F+GK)x < (F+GK)W) @+ ((F+ GK)W) ().

Lemma 3.6 also shows that each inequality in these conditions must hold with equal-
ity for some x suchthat o < Vx < @. A similar argument to the proof of Theorem 5.6
therefore implies that (5.70) and (5.71) are necessary and sufficient for robust invari-
ance of IT(V, a, @) for the system (5.65) and for satisfaction of the constraints (5.3)
under # = Kx at all points in this set. (I

To make it possible to compute offline a low-complexity polytopic terminal set
for use in an online MPC optimization, we require that the conditions of Theorem 5.6
(or Corollary 5.2) hold for some V and o > 0 (or V, a < 0 and & > 0). The crucial
condition to be satisfied is the invariance condition (5.67), since, by linearity of the
dynamics (5.65), the existence of V and o > 0 satisfying (5.67) is necessary as well
as sufficient for (5.70) to hold for some V, a < 0 and & > 0. Likewise the feasibility
conditions (5.68) and (5.70) can be satisfied simply by scaling o whenever (5.67)
holds.

Necessary and sufficient conditions for existence of an ellipsoidal invariant set for
the uncertain system (5.65) follow directly from the discussion of Sect. 5.2, namely
the system admits an ellipsoidal invariant set if and only if it is quadratically stable.
Moreover, quadratic stability is relatively easy to check numerically by determining
whether a set of LMIs is feasible. Likewise a polytopic invariant set defined by a finite
(but arbitrary) number of vertices exists whenever the system (5.65) is exponentially
stable [27]. This condition is equivalent to the requirement that the joint spectral
radius defined by

p = lim max @ - - P ||/ K (5.72)

k—o00 @,‘E.QK, i=1,2,...
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satisfies p < 1.% For the special case of low-complexity polytopic sets, nonconserva-
tive conditions for the existence of low-complexity invariant sets are not available for
general systems of the form (5.65); however, the following result provides a useful
sufficient condition.

Lemma 5.4 For given V, define @ as the matrix with (i, k)th element

[@]ix = max |\/i¢(j)Wk|, i=1,...,ny, k=1,..., ny,
jefl }

,,,,,

where V; and Wy, are, respectively, the ith row of V and kth column of W = V~1.
Then « exists such that I1(V, ) is robustly invariant for the dynamics (5.65) if
Apr (@) < 1 where \pp(®) is the Perron—Frobenius eigenvalue of ®.

Proof Foreachi =1,...,nyand j =1,..., m wehave Vi@ DW|a < &;a where
@; is the ith row of &. Thus if ais chosen as the Perron—Frobenius eigenvector of
@, then |[VOW|a < Pa = App(P)a < o which implies that (5.67) admits at least
one feasible a. (]

The volume in R of a low-complexity polytope I1(V, ), with o = (vq, . . .,
Q. ), is given by

nx
Cn, |det(V D[ [ ] e

i=1

where C, is independent of V and «. If IT(V, «) exists satisfying the conditions of
Theorem 5.6, then the maximum volume invariant set is therefore given by I7(V, 1)
where V is the maximizing argument of

maéilv%/lize |det(W)| subject to (5.67), (5.68) witha =1, and V = wL

Although this problem is nonconvex, its constraints can be reformulated in terms of
equivalent bilinear constraints:

max1m1ze |det(W)|
W,HD . Hm

subjectto WHY) = oWw, IHO1<1, j=1,....m
(F+GK)W1 <1 (5.73)

Expressed in this form, the problem can be solved approximately by solving a
sequence of convex programs [26, 29].

To avoid the inherent nonconvexity (offline) of (5.73), the volume of I7(V, «)
can be maximized instead over o > 0 for a given fixed V by solving

2In general, it is not possible to compute p exactly. However, upper bounds on p can be computed
to any desired accuracy, for example, using sum of squares programming [28].
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Nx

maximize «; subject to (5.67) and (5.68). (5.74)

a=(ay,...,0my) i1

The constraints of this problem are linear in « and the objective can be expressed as
the determinant of a symmetric positive-definite matrix (namely diag(a, .. ., a,,)).
Therefore the optimization can be performed by solving an equivalent (convex)
semidefinite program (see e.g. [30]). An obvious modification of this problem allows
the volume of the non-symmetric low-complexity polytope {x : « < Vx < @} to be
maximized over o, & for given V by solving a similar semidefinite program.

If « is chosen so as to maximize the volume of I7(V, «) for fixed V using (5.74),
then clearly V must be designed so as to ensure that (5.67) is feasible for some «. For
example, robust invariance of IT(V, «) under (5.65) can be ensured for some a by
choosing V on the basis of a robustly invariant ellipsoidal set £ = {x : xT Px < 1},
computed using semidefinite programming. If P is a symmetric positive-definite
matrix satisfying

oW po) <P/, j=1,....m,

then the choice V = P!/? ensures that (5.67) is feasible since the bounds || x|/oc <
lx]l2 < /fxllxlloo (Which hold for all x € R"*) then imply

. . 1
IVEDx| o < VO |2 <

[Vxllza < IVxlleo, Yx €eR™, j=1,...,m.
(5.75)

X

It follows that I7(V, 1) is robustly invariant and the constraints of (5.74) are therefore
necessarily feasible. Note that this approach can only be used if the dynamics (5.65)
satisfy the strengthened quadratic stability condition (5.75), and of course this may
not be the case if K is designed as the unconstrained LQ optimal feedback gain for
the nominal dynamics.

Alternatively, V could be chosen on the basis of the nominal model parameters.
In particular, in the absence of uncertainty (i.e. for ® = @©), and for the case
that the eigenvalues of @O are real, an obvious choice for V is the inverse of the
(right) eigenvector matrix of @@ since this gives V®©OW = A, where A is the
eigenvalue matrix of ®© and W is the corresponding eigenvector matrix. Given
that the feedback gain K is stabilizing by assumption, the elements of A must be
no greater than 1 in absolute value, and hence (5.67) holds for any chosen o > 0 in
this case. Similarly, if @(® has complex eigenvalues, then V and W = V~! can be
chosen to be real matrices such that V@ © W is in (real) Jordan normal form. In this
case, V@ O W is block diagonal—for example if the eigenvalues of ®© are distinct
and equal to

AL oo Ap, o1 £ jwi, .., 04 £ jwyg,
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where p + 2g = n,, then

A1

V¢(0)W: g1 Wi
—w1 01

£E
L —Wq 9q |
For this choice of V, the structure of V @ @ W implies that a necessary and sufficient
condition for existence of a > 0 satisfying |V® @ W|a < « is that the eigenvalues
of @ should lie in the box in the complex plane with vertices at &1 + j shown
in Fig.3.9. For the case considered here, in which the model (5.1) and (5.2) has
uncertain parameters A, B, the same approach can be used to define V on the basis
of the nominal model pair A, BO)_If the uncertainty is sufficiently small and the
eigenvalues of O = A0 4 BOK gre sufficiently contractive, then the invariance
condition (5.67) will hold for all j =1, ..., m for some o > 0, and (5.74) could be
used to maximize IT(V, «) for this choice of V.

Example 5.3 For the uncertain system (5.1)—(5.3) with model parameters defined in
Example 5.1, define V as the inverse of the (right) eigenvector matrix of @@ =
A® 4+ BOK for K =[0.19 0.34]. For this choice of V, the Perron—Frobenius
eigenvalue of @ defined in Lemma 5.4 is 0.89, so Lemma 5.4 indicates that the low-
complexity polytopic set I1(V, «) is robustly positively invariant for some a > 0
for (5.1)—(5.3) under u = Kx. Choosing « so as to maximize the area of I1(V, a)
—0.997 —0.084:|
X

by solving the convex optimization (5.74) then gives
15.80
1, e) = [x ' ’[—0.229 —0.973]*|= [5.90 ” (5.76)

This set is shown in Fig.5.3. O

5.4.2 Recursive State Bounding and Low-Complexity
Polytopic Tubes

In order to account for the effects of model uncertainty on predicted state and con-
trol trajectories, this section considers the construction, through a recursive bounding
procedure, of tubes { Xk, X1k, . . .} suchthatx;x € X, foralli =0, 1, ....Forcon-
venience, and assuming the terminal constraint to be defined by a low-complexity
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Fig. 5.3 The low-complexity polytopic set I7(V, «) defined by (5.76) (solid line) and the maximal
RPI set (dashed line) under the LQ-optimal feedback law u = K x for the system of Example 5.1.
Also shown is the maximal robustly controlled invariant set for this system (dash-dotted line)

polytopic invariant set I7(V, a), we define each tube cross section as a low-
complexity polytope of the form

X = {x t oy = Vo <

Here the matrix V € R"**"x js assumed to be determined offline so that I7(V, «)
satisfies the robust invariance conditions of Theorem 5.6 for some « and for a given
linear feedback gain K, and the parameters Q> Qi are variables in the online
MPC optimization. We also assume that the predicted control input is given by the
open-loop strategy

uik = Kxjjg +cijk, 1=0,1... 5.77)
with ¢;jx = Oforalli > N.

The tube cross sections ;| are computed using a sequence of one-step ahead
bounds on future model states. For the transformed state variable

Silk = Vxijk
and the predicted control law (5.77), we obtain the dynamics

Eivik = P&k + Bei, (@, B) € Cof(@V, BV, ..., (@™, B™)}
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where @) = VoW, W =Vv~-! and BY) = VBY for j =1,...,m. Using
these transformed dynamics, it is easy to show that o; j < i1k < @iq1x for
all &, satisfying Qi = &k < @ if and only if

Qi = é*gi‘k + ‘1;7(—@”]() + Ec”k

Tiip = DTk + P (—ayp) + Bei
where, as in Sect.5.4.1, AT = max{A4, 0} and A~ = max{—A, 0} denote, respec-
tively, the absolute values of the positive and negative elements of a real matrix A.

Invoking these conditions for all (QS, f?) in the uncertainty set associated with the
model parameters yields, by linearity and convexity, a finite set of conditions:

Qi < (j)(j))+gi|k _ (j)(j))—ailk 4 é(j)ci\k

_ Cna Y . (5.78)
Ak = (@) — (@) apy + BV
for j=1,...,mandi =0,..., N — 1. Thus the linear constraints (5.78) ensure
that the predicted model trajectories satisfy x;x € Xjx fori =1, ..., N, with Xjx =
H(Vv g”kv al“{)

Given a tube {Xpk, ..., Xn—_1k} bounding predicted state trajectories and the
predicted control law (5.77), the constraints Fx;x + Gu;jx < 1 at prediction times
i =0,..., N — 1 canbe imposed through the conditions

(F+GK)* @i — (F + GK)~ay + Gy < 1, (5.79)

fori =0,...,N — 1, where F = FW and K=KW. Likewise, the initial and ter-
minal conditions
o < Ve, Qo = Vg (5.80)
Ay = —0, QN =« (5.81)
enforce the constraints that x; € Xp and Xy € IT(V, o) (Fig.5.4).
Consider next the definition of the MPC performance index. Assuming a nominal
(rather than a worst case) approach, the predicted cost is defined by (5.29) with

¢, = (colks - - - » cN—1jk)- Thus if K is the unconstrained LQ optimal feedback gain
for the nominal model, then by Theorem 2.10 we have

T (sopes &) = llsow 15y, + lleell5y, (5.82)

where W, = diag{B(O)T W,BO +R,..., BOTW, BO 4 R}. For the case that K
is not LQ optimal for (5.29), the cost is a quadratic function of (soj, €x),

T
Y S
S = 0| w 0]


http://dx.doi.org/10.1007/978-3-319-24853-0_2

210 5 Robust MPC for Multiplicative and Mixed Uncertainty

(v,a)

Zo|k

time step

Fig. 5.4 A low-complexity polytopic tube and the predicted evolution of the state for a single
realization of the model parameters

where W is the solution of the Lyapunov equation (2.34). Rather than set the initial
state sojx of the nominal cost index equal to x as was done in Sect. 5.3, we give here
amore general formulation of the algorithm in which s« is an optimization variable.

The robust MPC algorithm, which requires the online solution of a QP in
O(N@ny +ny)) variables and O (N(2ny + nc)) inequality constraints, can be
stated as follows.

Algorithm 5.6 Ateach time instantk =0, 1, ...

(i) Perform the optimization:

minimize J(Sojx, €x) subject to (5.78)—(5.81) and Qo = Vo < aopk

S0Jk »Ch
QO N |k
QQks--» ANk
(5.83)
(i) Apply the control law u; = Kx; + Cak’ where ¢} = (c(’)"lk, ey C}k\’—llk) is the
optimal value of ¢ in (5.83). <

The construction of the constraints (5.78)—(5.81) ensures recursive feasibility of
the online MPC optimization (as demonstrated by Theorem 5.7). Therefore, if the
dynamics (5.65) that govern predicted states for i > N satisfy the quadratic stability
condition (5.30), then the closed-loop system under Algorithm 5.6 can be analysed
using Lemma 5.3 and the argument of Theorem 5.3. This approach (which assumes
that (5.83) incorporates the additional constraint sojx = xj) shows that the control law
of Algorithm 5.6 asymptotically stabilizes the origin of the state space of (5.1)—(5.3).

However there is no intrinsic requirement in Algorithm 5.6 that the mode 2 pre-
diction dynamics (5.65) should be quadratically stable. Instead it is required that
I1(V, «) is robustly invariant for these dynamics. This is equivalent to the require-
ment that | V,x||o0, Where V,, = (diag{&, ..., f,,x})_IV, is a (piecewise-linear)
Lyapunov function for (5.65). Consequently, the additional assumption of quadratic
stability may be over-restrictive here, and we therefore use a different approach to
analyse stability that does not require an assumption of quadratic stability but is
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based instead on the robust invariance property of I7(V, ). Thus we assume that
I1(V, «) is a A-contractive set [27] for (5.65), namely that A € [0, 1) exists such that

DIV, ) CMI(V,a), Y& € 2, (5.84)

or equivalently
Vo@D xlloo < MVaxlloo, j=1,...,m (5.85)

forallx € IT(V,a) = {x : || Vaxllco < 1}. Under this assumption, the trajectories of
the closed-loop system

Xky1 = Pixk + Brchy. (k. B) € Co{(@V, BV, ... (@™, B™)}, (5.86)

satisfy the following bound.

Lemma 5.5 [f(5.85) holds for A € [0, 1), then the bound

*

. 1 .
lim sup || Voxklloo < 7y supmax | Va BV Gl (5.87)

holds along trajectories (5.86).

Proof Using the triangle inequality and (5.85), we have, for all k > 0 along trajec-
tories of (5.86),

IVaicttlloo < MlVaxkloc + max Va BV i lloo-

It follows that

k—1
IVaxklloo < A Vaxolleo + D X max 1Va B¢l lloo
i=0

and the bound (5.87) is obtained from this inequality in the limit as k — oo since
max ||VQB(J)C§|k||OO < Supj-( Max; ||VaB(f)cglk||oo. O

Theorem 5.7 The optimization (5.83) is recursively feasible and if I1(V, o) satis-
fies (5.85) for A € [0, 1), then x = 0 is an asymptotically stable equilibrium of the
closed-loop system (5.1)—(5.3) under the control law of Algorithm 5.6, with region
of attraction equal to the feasible set:

FN = {xk = (S Qs - -+ ANJks Q|k, - - - » N k) Satisfying (5.78)—(5.81)}.

Proof Given feasibility at time k, a feasible solution at k + 1 is obtained with
Xier1 = X1, i =0, ..., N = 2, Ay 1jk+1 = Xnjk+1 = T1(V, ), and
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sopk+1 = D Psgy + BOcgy

* k
ck+1 = (C]‘k""’CN—”k’O)
— * ;7 — —
Qi1 = Qs L =000, N =1 aypg = —a,
ai\kH:aj;”k, i=0,...,N=-1, ank+1 =

The feasibility of this solution follows from the constraints at time k£ and robust
invariance of I7(V, a) (which imply that constraints (5.78), (5.79) and (5.81) are
necessarily satisfied), and from xyx € Xy = Xojx+1 (Which ensures that (5.80) and
S0jk+1 € Xojk+1 are satisfied).

The optimality of the solution of (5.83) at time k + 1 therefore ensures that the
optimal cost satisfies

T(8sr- Cert) < T (G € — (Isgell + 1K sgype + el B
for all kK > 0, and hence
o0
D sy + 1K sie + cipll) < T (sge0 €5)-
k=0

Since Q, R > 0, it follows that sa‘lk — Oand cak — Qask — oo, and, forany e > 0
there necessarily exists a finite n such that

||C$|k||oo <e Vk>n.

Therefore Lemma 5.5 implies

lim sup | Vaxn+in loo <

C  max[[VaBY o
m— 00 a-=x

and since this bound can be made arbitrarily small by choosing sufficiently small e,
it follows that x; — 0 as k — oo for all xo € Fn. To complete the proof, we note
that Algorithm 5.6 gives u = Kx for all x € IT(V, «) (since (5.82) and the robust
invariance of I7(V, «) imply that ¢ = 0 is necessarily optimal for (5.83) in this case),
and from (5.85) this feedback law is locally exponentially stabilizing for x = 0. [

It may be desirable to detune the state feedback gain K with a view to enlarging
the terminal set and hence also the size of the region of attraction, and in such
cases the justification for the nominal cost of (5.82) will no longer be valid. It is,
however, possible to construct a worst-case cost [17] using the /1-norm of the bounds
Q> @ik © =0, ..., N together with a terminal penalty term that is designed to
preserve the monotonic non-increasing property of the optimized cost. The resulting
robust MPC law has the same closed-loop properties as Algorithm 5.6 and its online
optimization is a linear program as a result of the linear dependence of the cost on
the degrees of freedom.
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5.5 Tubes with General Complexity Polytopic Cross Sections

The low-complexity polytopic tubes discussed in Sect. 5.4 are convenient from the
perspective of online computation but could be unduly conservative. In order to
obtain tighter bounds on predicted trajectories, it is possible to remove the restric-
tion to low-complexity polytopes and instead require that the predicted states lie in
polytopic tubes with cross sections described by arbitrary but fixed numbers of linear
inequalities [18-20, 23]. This modification can be beneficial in terms of the size of
the feasible set of initial conditions and closed-loop performance, and it can also
simplify offline computation by removing the need for a low-complexity robustly
invariant terminal set.

In this section, we consider tubes { Xk, X1k, . . .} with polytopic cross sections
defined in terms of linear inequalities:

KXie = {x 1 Vx < aipe} (5.88)

where V € R"V*"x is a full-rank matrix with a number of rows, ny, that is typically
greater than the number, 2n,, required to define a low-complexity polytope. The
matrix V is to be chosen offline, whereas the parameter a;; € R"V is retained as a
variable online MPC optimization. Since it is expressed as an intersection of half-
spaces, &k is necessarily convex; however, unlike a low-complexity polytope, there
is no requirement here for X;|; to be bounded.

As in Sect. 5.4, we assume an open-loop prediction strategy, and hence predicted
states and inputs of the models (5.1) and (5.2) evolve according to

uijk = Kxjjk + cij» (5.89a)
Xy = Pipxipk + Bicik. (@i, Biw) € Co{(@, BD), j=1,....m)
(5.89b)

fori =0,1,...with¢; =0foralli > N. Although the associated predicted state
and control trajectories are the same as in Sect. 5.4, the recursive bounding approach
of Sect.5.4 is no longer applicable. Essentially, this is because closed-form expres-
sions for the extreme points of X are not generally available when the set is parame-
terized, as in (5.88), by an intersection of half-spaces. Instead we use the following
result based on Farkas’ Lemma [31, 32], to express polytopic set inclusion conditions
in terms of algebraic conditions.

Lemma 5.6 LetS; = {x: Fix <b;}, i = 1,2, be non-empty subsets of R". Then
S1 © & if and only if there exists a nonnegative matrix H satisfying

HF = F, (5.90a)
Hby < by (5.90b)



214 5 Robust MPC for Multiplicative and Mixed Uncertainty

Proof To show that the conditions (5.90a, 5.90b) are sufficient for S| € S,, suppose
that x satisfies F1x < by. Then H F1x < Hb; since H > 0, so (5.90a, 5.90b) imply
F>x < by and it follows that x € S, for all x € S.

To show the necessity of (5.90a, 5.90b), assume S; € S,. Then we must have
1 < by where, for each i, the ith element of y is defined by

pi = max (F2);x subjectto Fix < b
xeRmx

with (F2); denoting the ith row of F,. The optimal value of this linear program (which
is feasible by assumption) is equal to the optimal value of the dual problem [33]:

p; = min b7 b subjectto h' Fj = (F,); and h > 0 (5.91)

heR"1

where 7 is the number of rows of Fj. Let h;.k be the optimal solution of this linear
program and let H be the matrix with ith row equal to h;"T. Then (5.91) implies that

H > 0 exists satisfying (5.90a, 5.90b) whenever S| C 5. O
From (5.89b) and Lemma 5.6, we have Xiyljk € Xit1k for all x;x € &k and

i =0,..., N —1if there exist matrices H) > 0,j=1,...,msatisfying
Qit1k = H('/)Oz”k + VB(j)Ci\k, i=0,...,N—1 (5.92a)
HYvV =yl (5.92b)
for j =1, ..., m.Similarly, (5.89a) and Lemma 5.6 imply that the constraint Fx;; +
Gu;i < 1is satisfied for all x;x € Xk, i =0, ..., N — 1, if there exists a matrix

H, > 0 satisfying

Heoj+Geje <1, i =0,...,N -1 (5.93a)
H.V =F + GK. (5.93b)

The constraints (5.92a) and (5.93a) are nonlinear if H) and H,. are treated as
variables concurrently with «;|,. However these conditions become linear constraints
in the online MPC optimization if H) and H, are determined offline. This has
the effect of making (5.92a) and (5.93a) only sufficient (not necessary) to ensure
Xit1k € Xit1k and Fx;x + Geje < 1 for all x;x € &jjk. Therefore, to relax the
constraints on «;x, a convenient criterion for the offline design of H () and H, is to
minimize the sum of the elements in each row of these matrices subject to (5.92b) and
(5.93b). This suggests computing the rows, (H,);, of H. fori =1, ..., nc offline
by solving the linear programs

h = arg hmﬂénv 171 subjectto KTV = (F + GK); and h > 0 (5.94)
c n
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and setting (H.); = h?‘T, where (H,); and (F + G K); denote the ith rows of H. and
F + GK, respectively. Similarly, each H ), for j=1,...,m, can be determined
offline by solving the linear programs

hI* = arg min 17h subjectto KTV = V;@W and h > 0 (5.95)
eR"v
fori =1, ..., ny and setting Hl.(] ) = hl(j ) , where Hl.(] ) and V; denote, respectively,

the ith rows of HY) and V.3

The constraints Fx;x + Gejjx < 1 can be imposed for i > N through terminal
constraints on oy k. From (5.92a) and (5.93a) with ¢; x = 0, the required conditions
are given by

aipik = HP e, (5.962)
Heojpe <1 (5.96b)
forj=1,...,mandi = N, N + 1, .. .. Although these conditions are expressed in

terms of inequalities, the fact that H. and H/) are nonnegative matrices implies that
(5.96a, 5.96b) are feasible foralli = N, N + 1, ...if and only if they are feasible for
the unique trajectory {an |k, an+1jk, - - .} defined by the piecewise-linear dynamics

(i) = | max HP qip, 1=1,....ny, (5.97)

m}
where (c;jx); denotes the Ith element of «; ;. The following result shows that these

dynamics are stable if V is chosen so that the set {x : Vx < 1} is contractive for the
mode 2 prediction dynamics defined in (5.65).

Lemma 5.7 If{x : Vx < 1}is A-contractive for some \ € [0, 1) under the dynamics
(5.65), then (5.97) satisfies || 1jklloo < Mk lloo, for all i.

Proof If S ={x:Vx <1} is )\-contra_ctive, namely if ®WS C \S for all j=
1,...,m, then Lemma 5.6 implies || H /) || < \. O

3With H.and H (2% j =1,..., mchosen so as to minimize sum of elements in each of their rows,

the conditions (5.92) and (5.93) include the corresponding conditions that were derived in Sect. 5.4.2

for low-complexity polytopes as a special case. Thus, expressing the low-complexity polytopic set

{x :a < Vox <@}equivalentlyas {x : Vx < a}withV = [VOT —VOT]T anda = [@! —aT]7, the
solutions of (5.94) and (5.95) can be obtained in closed form as

- - - - . 5+ (B U)y—

He =1+ GR)* (P Ry ana 10 = (G007 00T =1

Therefore conditions (5.78) and (5.79) are identical to (5.92) and (5.93) for this case.
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To meet the requirement in Lemma 5.7 that the set {x:Vx <1} is
A-contractive for A € [0, 1), V can be chosen, for example, so that this set is the
maximal robust invariant set for the system x;11 = (1/A\)@xx, @ € 2k subject to
(F + GK)xj < 1.Forany A inthe interval (p, 1), where p is the joint spectral radius
defined in (5.72), it can be shown that this maximal robust invariant set is defined by
a set of linear inequalities of the form

X" ={(x: (F+GK)x <1,(F+ GK)®Ux

<A, ..., (F+GK)®WW ...0Ux < X'1, ji=1,....m,i=1,...,n}
(5.98)

where n is necessarily finite if the pair (CD, (F +GK )) is observable for some @ €
§2k . Rather than prove this result (details of which can be found in [34]), we consider
next the related problem of determining the maximal positively invariant set for (5.97)
contained in the set on which H.ao < 1.

Under the assumption that the set {x : Vx <1} is A-contractive, which by
Lemma 5.7 implies that the system describing the evolution of ;| in (5.97) is
asymptotically stable, the constraint that H.c;x < 1 for all i > N can be ensured
by imposing a finite set of linear constraints on oy k. To see this, let A™ denote the
set

AM ={a:Ha <1, HHWa <1, ..., HHY ... HWq <1,

Jj=1,....m,i= ln}
then the maximal positively invariant set defined by
AMPL =ty (5.96b), and (5.97) hold fori = N, N +1,...},

is given by AMPI = lim,,_, o, A™. The following result, which is an extension of
Theorems 2.3 and 3.1, gives a characterisation of AMPL iy terms of a finite number
of linear conditions.

Corollary 5.3 The maximal positively invariant set for the system (5.97) and con-
straints (5.96b) is given by
AMPI — A(l/)

where v is the smallest integer such that AY) € AV+D_1f AMPL is bounded and
{x : Vx < 1}is A-contractive for A € [0, 1) under (5.65), then n is necessarily finite.

Proof If A®) € A¥*D then AW is necessarily invariant under (5.97) and is there-
fore a subset of AMP! in this case. But AMP! is by definition a subset of A for all
n and it follows that A®) = AMPT,

Furthermore, if AM! is bounded, then A" must also be bounded for some 7.
From the definition of .A™ and Lemma 5.7, we have
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AWFD — A0 A {a . HCH(jl) e HUnD <1, ji=1,....m,
i=1,...,n~|—1}
DAY N {a: [HellooN" M lalles < 1},

and \ € [0, 1) therefore implies A”*tD > A™ for some finite 7. O

Note that the assertion that AMFT is bounded, which is used in Corollary 5.3 to
ensure that the maximal positively invariant set for (5.97) and (5.96b) is finitely deter-
mined, can always be assumed to hold in practice. This is because unboundedness
of AMPI would indicate that some of the rows of V are redundant. Therefore, these
rows could be removed without affecting the set {x : Vx < a} fora € AMPL

Lemma 5.7 implies that a small value of A will make the trajectories of (5.97)
converge more rapidly, but choosing ) close to the joint spectral radius p could require
a large number of rows in V such that {x : Vx < 1} is A-contractive. Conversely,
larger values of A typically result in smaller values of ny but at the same time allow
the tube cross sections to grow more rapidly along predicted trajectories, and this
can cause the set of feasible initial conditions of an associated MPC law to increase
more slowly with the prediction horizon N. The design of X is discussed further in
Example 5.4.

From the preceding discussion, it follows immediately that the predicted trajec-
tories of (5.89a, 5.89b) necessarily satisfy the constraints Fx;x + Gu;j < 1 for all
i > 0 and for all realizations of model uncertainty if {agp, ..., oy} satisfy the
initial and terminal conditions

Vxi < apjk (5.99)
ayi € AMP (5.100)
in addition to the conditions for inclusion (5.92a) and feasibility (5.93a) for i =
0,..., N — 1. On the basis of these constraints and using the nominal cost (5.82)
discussed in Sect.5.4.2, a robust MPC algorithm can be stated as follows. The asso-

ciated online optimization is a QP with O(N(n, + n,)) variables and O (N (n, +
nc) +mY) constraints.

Algorithm 5.7 Ateach time instantk =0, 1, .. .:

(i) Perform the optimization:

minimize J(sox, €x) subject to (5.92a), (5.93a), (5.99), (5.100),

50|k >Ck
QOks s UN |k
and Vsopx < ook (5.101)
(ii) Apply the control law u; = Kx; + c(";lk, where ¢} = (cglk, e C}k\]—l|k) is the

optimal value of ¢, in (5.101). <
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Theorem 5.8 If {x : Vx < 1} is A-contractive for some X € [0, 1), then the opti-
mization (5.101) is recursively feasible and the control law of Algorithm 5.7 asymp-
totically stabilizes the origin of the system (5.1)—(5.3), with a region of attraction
equal to the feasible set:

Fn = {xi : ek, aoks - - ., anr) satisfying (5.92a), (5.93a), (5.99), (5.100)}.
Proof The proof of this result closely follows that of Theorem 5.7, and we therefore
provide only a sketch of the argument here. The recursive feasibility of (5.101)

follows from the feasibility of the solution at time k + 1 given by

SOjk+1 = Q)(O)sg‘k + B(O)Cak

ck+1 = (Clev ) C}kv_llkv O)
Qjlk4+1 = a;k-‘r”k’ i= 0, ey N — 1,
(o ) = max HY o =1 n
Nlk+1)I = | 1 Nik» ¢t =1L ...,ny
jefl, ..., m}
since with these parameters we obtain Xy = Xjyqx fori =0,..., N —1 and

anji+1 € AMP (since o, € AMPY). Thus at time k + 1, (5.92a) and (5.93a) hold
fori =0, ..., N — 1andlikewise (5.100) holds, whereas (5.99) and V' sgjx4+1 < 1are
satisfied at time k + 1 because x| € X for all realizations of model uncertainty
at time k.

Asymptotic convergence can be shown using the bound

lim sup max{Vx;} < Sup max max{VB(j)cglk} (5.102)
k— 00 (1 - >‘) k>0 J

(where max{-} indicates the maximum element of a vector). This follows, analogously
to Lemma 5.5, from the assumption that {x : Vx < 1} is A-contractive for A € [0, 1),
and hence

max{Vxiy1} < max{V®rx;} + max{VBkc(’;‘k}

< dmax{Vx;} + max{VBkcglk}

along the trajectories of the closed-loop system. Asymptotic convergence, x; — 0,
then follows from the argument of the proof of Theorem 5.7 applied to (5.102),
whereas stability of x = 0 follows from local stability under u = K x and the property
that ¢ = 0 if x is sufficiently close to zero. (]

Computing offline the matrices H/) and H, that appear in the constraints of the
online MPC optimization (5.101) as opposed to retaining these matrices as vari-
ables in the optimization of predicted performance at each time step could make
the handling of constraints conservative. The following corollary of Lemma 5.6
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gives conditions under which computing H/) and H, offline incurs no conserva-
tiveness.

Corollary 5.4 For given F; € R"*" and b; € R", let S; = {x : Fix < b;}, i =
1, 2. If there exists H > 0 satisfying HF| = F, such that each row of H has only
one non-zero element, then S| € S; if and only if Hb) < b;.

Proof A sufficient condition for S| C &, is Hby < by sincethen H > Oand HF| =
F> imply that F>ox < br whenever Fix < by.Toshowthat Hb; < b, isalsonecessary
if eachrow of H contains only one non-zero element, we first note that {x : Fjx < b1}
can be assumed without loss of generality to be an irreducible representation of Sy,
i.e. foreachi € {1, ..., n} there exists x € Sy such that (Fj);x = (b1);. Suppose
that the jth element of the ith row of H is non-zero and choose x € S; so that
(F1)jx = (b1)j. Then HF, = F, implies (F2);x = H;b, where H; is the ith row
of H. Hence H;b; < (b7); is needed in order that x € Sy; repeating this argument
foreachi =1, ..., ny shows that Hb| < b, is necessary for S| C S,. [l

If Vischosensothat {x : Vx < 1}is the maximal RPI set for the dynamics xx4+1 =
1/ N)Dxp, D € 2k, with (F + GK)x; < 1, then from (5.98), V has the form V =
[(F + GK)T Vv'T1T for some V'. Therefore it is always possible to choose H. > 0
satisfying (5.93b) so that H. = [/, 0]. Hence, by Corollary 5.4, the conditions
(5.93a) in the online optimization (5.101) are necessary as well as sufficient for
satisfaction of the constraints Fx;x + Gejj < 1forallx;x € Xj,i =0,..., N =1
in this case.

The linear dependence of conditions (5.92a), (5.93a), (5.99) and (5.100) on the
variables {ag, . . ., an|k} allows the MPC optimization (5.101) to be formulated as
a QP problem. However defining the terminal condition in terms of the maximal MPI
set AMPI may introduce a large number of constraints into the online optimization.
At worst this terminal constraint contributes O (m") linear constraints to (5.101), and
although removing redundant constraints reduces this number substantially (see for
example the related approach of [35]), the possibility of rapid growth of the number
of constraints with m may limit the usefulness of AM! as a terminal set if either the
number, m, of vertices of the uncertain model or the value of v in Corollary 5.3 is
large.

To reduce the number of constraints in the online MPC optimization (5.101),
it is possible to define the terminal constraint using an invariant set for (5.97) and
(5.93b) that is not necessarily maximal. Provided this terminal set is invariant for the
dynamics (5.97), the guarantee of recursive feasibility of the MPC optimization in
Theorem 5.8 will not be affected. A simple alternative is to replace (5.100) with the
terminal constraints

ank = Hayp, j=1,....,m (5.103a)
Heanp < 1. (5.103b)

These constraints are necessarily feasible for some oy« because of the conditions
on H. and HY) in (5.92b) and (5.93b) and the asymptotic stability property of the
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system (5.97). To lessen the impact of this modification, it is possible to invoke
the terminal constraint on o by introducing a supplementary horizon of T — N
and invoking the constraints (5.96a, 5.96b) fori = N, ..., T — N — 1[19, 20]. For
further details, see Question9 on p. 237.

Finally we note that Algorithm 5.7 is based on a nominal predicted cost, but it
could be reformulated as a min—max robust MPC algorithm using the worst-case

cost discussed in Sect. 5.3.1. For example, if W satisfies the LMlIs,forj =1,...,m,
v ST v . T . ) g
T s [TE Q010 o _ |2V BYVE
W= W e [o er|lor|lkE] Y T 0 M |

then || (xg, ¢x) ”%T/ is an upper bound on the worst-case cost:

2 [e'e)
Xk M . 2 2
> J(xg, ¢p) = max X; U; , (5.104
[ck} ’w = I e e (Auk,Buk)e:z,izo,l,...Zl,zo(” ikl + luillz).  (5.104)

and replacing the objective of (5.101) with || (xg, ck) ”%i/ converts Algorithm 5.7 to
a min—max robust MPC requiring a QP optimization online. The implied control
law can be shown to be asymptotically stabilizing by demonstrating, similarly to the
proof of Theorem 5.5, that || (xg, ck) ||%/ is a Lyapunov function for the closed-loop
system.

Example 5.4 For the system (5.1)—(5.3) with the model parameters given in Exam-
ple 5.1 and K = [0.19 0.34], the joint spectral radius of the system xzy+; = ®@xi,
@ € 2k, is p = 0.7415. For values of X in the interval (p, 1), Table5.1 gives num-
bers of rows, ny, of the matrix V such that {x : Vx < 1} is the maximal RPI set for
the dynamics xx4+1 = (1/\)@xy, @ € 2k and constraints (F + GK)x; < 1. The
table also shows the number of terminal constraints associated with either AMP! or
the alternative conditions (5.103a, 5.103b) when the tube cross sections are given
by Xjjx = {x : Vx < oj}. For all values of X in this range and with either of these
definitions of the terminal constraints, the terminal set (namely the set x y|x such that
there exists vy, satisfying the terminal constraints and Vxyx < apw k) is equal to
the maximal RPI set under u = Kx (Fig.5.5).

From Table5.1, it can be seen that, as expected, ny increases as A is reduced.
This causes the required number of variables and constraints in the MPC online

Table 5.1 Numb.er of facets A Tube cross Terminal Terminal
of tullze Crl(:is sec.:tlcins and section constraints constraints
number of terminal MPI
constraints for varying A v A (5.103a, 5.103b)
0.999 6 12 22
0.9 8 20 28
0.8 12 60 40

0.742 |28 808 88
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Fig. 5.5 The A-contractive sets {x : Vx < 1} for A = 0.742, 0.8, 0.9, 0.999 (solid lines) and the
corresponding terminal sets defined either by AMP! or (5.103a, 5.103b) (dashed line). The maximal
robustly controlled invariant set is also shown (dash-dotted line)

optimization (5.101) to increase, and in order to reduce online computation it is
therefore desirable to choose A so as to avoid large values of ny. But for values of
A close to unity the set of feasible initial conditions for Algorithm 5.7 grows slowly
with N, and for this example a good compromise is obtained with A = 0.9.

The sets of feasible initial conditions, F, are shown in Fig. 5.6 for Algorithm 5.7
with A = 0.9 and with terminal constraints defined by AMP! The feasible set 74
is equal to the maximal robustly controlled positively invariant (CPI) set for this
example, which has an area of 1415. Hence, there can be no further increase in Fy
for N > 4. For comparison, Fig.5.7 shows the feasible sets for Algorithm 5.6 with
tube cross sections and a terminal set defined by the low-complexity polytope given
in Example 5.3. Using low-complexity tubes results in smaller numbers of variables
and constraints in the online MPC optimization (Table5.2), but for this example
there is no increase in the feasible set for Algorithm 5.6 for N > 5, which implies
that Algorithm 5.6 remains infeasible irrespective of the value of N for some initial
conditions in the robustly CPI set.

The use of low-complexity polytopic tubes has a small but appreciable effect
on performance. For a set of initial conditions consisting of 34 points lying on the
boundary of F5 for Algorithm 5.6, the worst-case predicted cost of Algorithm 5.6
with N = 5 is on average 0.8 % (and at most 1.6 %) greater than the worst-case
predicted cost of Algorithm 5.7 with N = 4. O
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Fig. 5.6 The feasible sets, F for Algorithm 5.7 with N = 1, 2, 3, 4 (solid lines), and the maximal
robustly controlled invariant set (dashed line). The terminal set is shown by the dash-dotted lines
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Fig. 5.7 The feasible sets, Fy for Algorithm 5.6 with N =1, 2,3,4,5 (solid lines), and the
maximal robustly controlled invariant set (dashed line). The terminal set is indicated by the dash-
dotted lines
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Table 5.2 Number of variables, constraints and area of feasible region for the general complexity
and low-complexity polytopic tube MPC strategies of Algorithms 5.6 and 5.7

N General complexity tube Low-complexity tube
#variables | #constraints | Area of Fy |#variables |#constraints | Area of Fy
1 17 56 989 9 24 747
2 26 84 1198 14 40 902
3 35 112 1407 19 56 1110
4 44 140 1415 24 72 1324
5 29 88 1345

5.6 Mixed Additive and Multiplicative Uncertainty

The results presented in Sects. 5.4 and 5.5 allow for the definition of polytopic tubes
that contain the predicted state and control trajectories of an uncertain system for
all future realizations of model uncertainty. Such tubes provide a systematic means
of handling constraints and, crucially, the complexity of their cross sections can be
controlled by the designer and does not depend on the length of prediction hori-
zon. Sections 5.4 and 5.5 considered multiplicative model uncertainty only but the
method can easily be extended to cater for the more general case of mixed multiplica-
tive and additive uncertainty. This section considers the model (5.5) with dynamics
Xip+1 = Arxr + Bruy + Drwy containing both multiplicative parametric uncertainty
and unknown additive disturbances. Here (A, Bk, Di) belong for all k to a compact
polytopic parameter set £2 and wy is confined for all k to a compact polytopic set W
containing w = 0:

m q
(At Bi. DO = > g (AP, BD, DV, we =S rPw®  (5.105)
j=1 =1

q
(J) <z>>0 zqm Zrlghzl (5.105b)
=1

where the superscripts j and / are used to denote, respectively, multiplicative and
additive uncertainty vertices.

The approach of Sect. 5.5 can be extended to the case of mixed model uncertainty
by modifying the conditions (5.92a) and (5.96a) defining the evolution of tubes
that bound the predicted states over the mode 1 and mode 2 prediction horizons,
respectively. However we discuss here a more general approach that uses optimized
controller dynamics to design the mode 2 prediction dynamics for the case of mixed
uncertainty [21-23]. The use of general polytopic tubes in this context results in an
approach that subsumes the method of Sect.5.5 as a special case and allows for a
terminal set larger than the maximal robustly positively invariant set under any given
linear feedback law.



224 5 Robust MPC for Multiplicative and Mixed Uncertainty

The optimization of the mode 2 prediction dynamics is aimed at maximizing the
volume of an invariant terminal set, and we therefore introduce further degrees of
freedom over the mode 1 prediction horizon for the purposes of improving perfor-
mance and increasing the region of attraction. Hence the predicted control strategy
is of the form

ik = Kxije + CeCik + fijk, (5.106a)
civik € Cof A eipe + CPwipe, j=1,...,m} (5.106b)

with f;x =0 for all i > N. At each time instant k > 0, ¢; = cor € R"™ and
fr = (forks -+ fu—11k) € RN are variables in the online MPC optimization. We
note that the disturbance affine term in (5.106b) provides feedback from the future
disturbances which, although unknown when the predictions are optimized at time
k, will be available to the controller at time k + i, and (5.106a, 5.106b) therefore
constitutes a closed-loop prediction strategy.

In this setting, the optimized controller dynamics are introduced at every time
step of the entire prediction horizon, with C,, Agj ), Cz(l‘,/ ) chosen so as to maximize
the volume of a robustly invariant ellipsoidal terminal set. For i > N, we use the
following description of the mode 2 prediction dynamics corresponding to (5.5)
under the terminal control law u;jx = Kx;jx + CeCjjk:

~ X
Zivik = YikZijk + Digwilk, Nk = [chk] (5.107)
Nk
where
ik, Di) € Cof{ (W, DY)y, j=1,...,m}
and, for j =1,...,m,
o0 _[2Y B(’().fc P — DE’.; _
o A |’ Cy

Theorem 5.9 The ellipsoidal set &, = {z : z! P,z < 1} is robustly invariant for the
dynamics (5.107) with the constraint (5.3) if and only if there exists a positive definite
matrix P, and a nonnegative scalar o such that

P, PYD P.HWy®
x oP, 0 >0, j=1,....m, I=1,...,q.  (5.108)

* * 1—0

T
i+1lk

zile P.zijx < 1.From (5.107), this is equivalent to the conditions that, forall z € R2x
andforj=1,...,mandl =1,...,q,

Proof The conditions for invariance require z P;zit1x < 1 for all z;jx such that
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1= (@2 + DDw P (0D + DDwD) < 51 - 27 P.2).

These conditions can be expressed in terms of o, defined as the minimum of ¢ j; over
jandl, as

A opr, —w O Py gD p pUy® Nso 5109
1 N 1= —wDT DD p piy® [ 1]~ '

for all z, j and /, which can be shown, using Schur complements, to be equivalent to
(5.108). From the linear dependence of (5.108) on w® forl=1,..., q, it follows
that (5.108) is necessary and sufficient for invariance over the entire class of additive
uncertainty. The same applies in respect of the multiplicative uncertainty class since
(5.108) depends linearly on (), DW) for j = 1, ..., m. This argument makes the
implicit assumption that o P, — ¥ T P @ () is strictly positive definite for each j,
but we note that, if this matrix is only positive semidefinite, a similar argument applies
with the matrix inverse replaced by the relevant Moore—Penrose pseudoinverse [24].

(]

Given the invariance property of Theorem 5.9, the constraints (5.3) can be imposed
over the mode 2 prediction horizon by ensuring that Fx + Gu < 1 holds for all
z €& ={z:z! P,z < 1}. This is equivalent to the conditions

-1

[TU4G§EQ“3}5Q THei <1, i=1,....nc.  (5.110)
Z

for some symmetric matrix H, where ¢; is the ith column of the identity matrix.

Using the convexification technique of Sect.5.3.1, it is possible to express (5.108)

and (5.110) in terms of the equivalent LMI conditions:

v x oDy + BT oWX DY
XX||gD4+oWy+BIr oWx||pv) 4

Y X 0 >0 (5.111)
* X X
* * 1—0
for j = 1,..., m and (5.44b). Here the transformed variables X, Y, &) I" are as

defined in (5.45) and (5.46b), and Iy’ is an additional variable satisfying C/) =
r'v-forj=1,....m.

The parameters P,, C. and Ag.j ), C I(UJ ), j =1,..., mthat maximize the volume of
the x-subspace projection of &, for the mode 2 prediction dynamics of (5.107) can be
computed offline by solving a semidefinite program. In particular, the projection of £,
onto the x-subspace is given by {x : xT ¥ ~!x < 1}, and the volume of this ellipsoidal
set is maximized through the maximization of logdet(Y) subject to (5.111) and
(5.44b).
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As pointed out in Sect.5.3.1, using the ellipsoid &£, to impose linear constraints
on predicted trajectories implies a degree of conservativeness in the handling of
constraints. Here instead we use the design of £, simply as a means of optimizing
the mode 2 prediction dynamics, and impose the constraints Fx;x + Gu;x < 1atall
prediction times using polytopic tubes. This can be done by modifying the approach of
Sect. 5.5 to account for the predicted values of the controller state ¢;|x and the additive
uncertainty w;x. Fori =0, ..., N — 1 the predicted trajectories are governed by

Ziv1k = YikZik + Bik fik + Digwie,  zok = [ck]

(Wilk. Bijk. Dig) € Co{(w V), BV DV, j=1,....m}
wjjk € Co{w(l), l=1,...,q9}

_ B; o [BWD
Bi|k=[ (t)lk:|’ Bmz[ ; }

Define the polytopic set

where

Zik =1{z:Vz < i},

where V € R"V*2x s to be designed offline and «;x fori = 0, ..., N are variables
in the online MPC optimization performed at each time step k. Then, by Lemma 5.6,
the conditions zjjx € Zjk,fori =1..., N are enforced by the following constraints,
for some H) > 0,

aipik = HP 0 + VBD fi + vDDw®, i =0,...,N-1 (5.112a)

HDy = yygW) (5.112b)
forj=1,...,m,l=1,...,q. Theconstraints Fx;; + Gu; < 1 are likewise sat-
isfied foralli =0, ..., N — 1 if, for some H, > 0 the following constraints hold:

Heaj +Gfig <1, i =0,...,N -1 (5.113a)
H.V =[F + GK GC.]. (5.113b)

Based on the discussion of terminal conditions in Sect. 5.5, we introduce the terminal
conditions

HDany + VDDuw® < ayi (5.114a)
Heayp <1 (5.114b)
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for j=1,...,m,l=1,...,q. By Lemma 5.6, these conditions are sufficient to
ensure Fx;jx + Guijx < 1foralli > 0if ag) satisfies the initial condition

aop =V [x"] . (5.115)
Cx

As in Sect. 5.5, the matrix V is assumed to be chosen offline so that {z : Vz < 1}
is A-contractive, for some A € [0, 1), under the mode 2 prediction dynamics (5.107).
The nonnegative matrices H, are computed offline by solving the linear programs

hif = arg min 17h subjectto K’V = ([F + GK GC.]); and h > 0
e n

and setting (H,); = h?‘T fori=1,...,nc, where (H.); and ([F + GK GC.));
denote the ith rows of H, and [F + GK GC,.]. Likewise HWY), j=1,...,m,are
computed by solving

h?j)* = arghmﬂén 17h subject to W'y = VilI/(j) and h >0
eR"V

and setting Hl-(J) = hf”*T fori=1,...,nyand j =1,..., m, where Hi(]) and V;
denote the ith rows of H) and V, respectively.

To construct a robust MPC algorithm using this formulation of constraints, we
next consider the form of the MPC cost index. Here we consider a worst-case cost
with respect to the model uncertainty. To evaluate this cost, the prediction dynamics
are first expressed in compact form as

Xk
Stk = Oi&ik + Dwik, S = | (5.116)
fr
with fr = (foik, ..., fv—1k) and

ik, Dig) = Co{ (@Y, D), j=1,...,m},

o) B, BOWE DW
0 0 M 0

with the matrices E and M defined as in (2.26b). For the predicted cost defined by

o0
7 2 2 2 2
Je ety = max > fxipllp + lwilk = Ylwiel*  (6.117)
(Aij. Bijk, Difk) €2, 5 2
wik, i=0,1,...
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the following result provides conditions allowing an upper bound on J (xk, ¢k, £) to
be determined.

Lemma 5.8 For given ~, the predicted cost (5.117) is bounded from above as
J o er. 1) < &G Weow

for all (xg, ¢, f) if and only lfW > 0 satisfies the LMIs, for j = 1,...,m:

. oW o] . Tew pW 0 0
- 11
v [DU)T 1} W[ 0 1 ] - [0 —721} G
where

O+ KTRK KTRC. KTRE
0= * CcI'rc. CI'RE
* * ETRE

Proof The bound on J (xk, ¢, f) is obtained by summing over all i > O the bound
1€ k11, = N&i+1iell %, = Ixiply + luiklf — ¥ llwikll*, which by (5.116) can be

expressed as ”5”% — @€+ lA)w||%/ > "5”2@ — 72 ||lw||? or equivalently as

1" [w-eTwe ewb I
w * VZ—ETWB w

Since the disturbance set JV contains w = 0 by assumption, the matrix appearing in
this expression must be positive semidefinite, and by rearranging terms this condition

is equivalent to
- [60T0].Te D 0 0
— |~ >
v [DT 1}W[o 1= [0 21

Using Schur complements, this can be written as an LMI in & and D, which by
convexity is satisfied for all (®, D) € Co{(@(/), D), j=1,...,m} if and only
(5.118) holds. O

A unique value of W corresponding to a tight bound on J (xg, ¢k, fx) can be
obtained by solving the semidefinite program:

minimize tr(W) subject to (5.118).
w



5.6 Mixed Additive and Multiplicative Uncertainty 229

Algorithm 5.8 Ateach time instantk =0, 1, ...

(i) Perform the optimization:

minimize | (x, ek, £x)l1%
U 1 W
QQlk -+ ANk

subject to (5.112a), (5.113a), (5.114a,b), (5.115) (5.119)

(i) Apply the control law uy = Kxi + Cc¢j + f(;"lk, where f}; = (f(;jk, e ff\}_llk)
and ¢, f} are the optimal values of ¢; and f in (5.119). <

Theorem 5.10 The optimization (5.119) is recursively feasible, and for all initial
conditions xq in the feasible set

Fn = {xx : Iex, Fr) satisfying (5.112a), (5.113a), (5.114a, 5.114b), (5.115)},

the trajectories of the system (5.1)—(5.3) under the control law of Algorithm 5.8
satisfy the I, bound:

o o
DUl + lurllz) <97 D llwlii + 1l o, €6, £ (5.120)
k=0 k=0

Proof Assume x; € Fy and consider the solution at time k 4 1 given by

Cir1 = Ac ki + Cu rwi
* *
fit1 =T I O
. .
Qilk+1 = QG p 11k i=0,...,N—1,

(aNk+1)1 = je{rllrlaxm}H,(’)a}i”k, I=1,...,ny

,,,,,

for some (Acx, Cwx) € Co{(A, D), ..., (AY™, c{™)}. This choice of vari-
ables gives Z;jx4+1 = Z;41k fori =0, ..., N — 1 and hence (5.112a), (5.113a) and
(5.114a) are necessarily satisfied at k + 1. Also the definition of a x4 satisfies
(5.114b) and zyx € Zix implies that (5.115) is satisfied by (xx41, €x+1), which
demonstrates that (5.119) is recursively feasible.

From (5.108) and optimality of the solution of (5.119) at time k + 1, it follows
that

2 2
[[ETEST TS D] (AL [CYSRIVERYS yaRD] 3

2 2 2 22
=< G, e TN = Ixacllp + llualle — 7~ llwkl

Summing both sides of this inequality over all i > 0 yields the bound (5.120). [
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To conclude this section, we note that, if the sequence {wy, k = 0, 1, ...} is square
summable, then under the control law of Algorithm 5.8 the origin of the state-space
will be asymptotically stable since in this case the bound (5.120) implies that the stage
cost converges to zero. We also note that, as explained in Chap. 3, the definition of the
MPC cost as an upper bound on the min—max cost (5.117) ensures that y provides a
bound on the induced /; norm from the disturbance to the closed-loop system state.
In this sense, one may wish to choose 7 to be small. However, the smaller the 7 is,
the larger the trace of W will have to be in order that W can satisfy (5.118). Thus a
compromise between the tightness of the cost bound and the disturbance rejection
ability of Algorithm 5.8 is needed.

Example 5.5 Consider the system (5.5) with parametric uncertainty and unknown
disturbances contained in the polytopic sets defined in (5.105a, 5.105b). The para-
meters A(j), BWY) for j =1,2,3 are as given in Example 5.1. Also DY = [ for
j = 1,2, 3 and the disturbance set YW C R? is given by

w14 3] )

The system is subject to the constraints of Example 5.1, namely the state constraints
—10 < [0 1]xx < 10 and input constraints —5 < uy < 5.

The feedback gain K is again given by K =[0.19 0.34], and optimizing the
prediction dynamics subject to (5.109) and (5.110) yields 0 = 0.898 and

A _[069 0207 ) _[-0.74 —0.004] 5 _ [—0.63 ~0.21
¢ T|-028-0.12]" ¢ T o025 002 |° ¢ T[-0.06-0.26

with Cfvj) = —1 (to 2 decimal places) for j = 1,2, 3 and
C. = [0.13 —0.14].

The matrix V defining the polytopic tube cross sections Z;x is chosen so that the set
{z : Vz < 1}is A-contractive, with A = 0.9. Thus {z : Vz < 1}is defined as the max-
imal RPI set for the system zx41 = (1/\)(¥zx + Dwy), (¥, D) € Co{(¥ "), D)),
j=1,...,m},wr € W, whichyields a V with 22 rows. The corresponding terminal
conditions (5.113) consist of 70 constraints and the terminal set is shown in Fig. 5.8.
From Fig. 5.8, it can be seen that this terminal set contains and extends beyond the
maximal RPI set under the linear feedback law u = K x.

For comparison, if the terminal control law is chosen as # = Kx and if the state
tube cross sections are defined in the space of x (rather than z) in terms of the
matrix V, such that {x : V,x < 1} is the maximal RPI set for xz+1 = (1/\)(®x; +
Dwy), (P, D) € Co{(d)(j), D(j)), j=1,...,m},wr € W, then V, has 8 rows, the
terminal conditions are defined by defined by 28 constraints and the corresponding
terminal set coincides with the maximal RPI set under # = Kx. The larger terminal
set that is obtained with the optimized prediction dynamics enables the feasible set
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(b)

L[] S—

Fig. 5.8 The terminal sets for the case that the terminal controller is defined using a optimized
prediction dynamics, and b a fixed linear controller (solid lines). Also shown are the maximal
robustly controlled invariant set (dash-dotted line) and the maximal RPI set under the linear feedback
law (dashed line)

10

Fig. 5.9 The feasible initial condition sets Fy for Algorithm 5.8, for N = 1, 2 (solid lines). The
terminal set (dash-dotted line) and the maximal robustly controlled invariant set (dashed line) are
also shown
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10F - ,

-40 -30 -20 -10 0 10 20 30 40

Fig. 5.10 The feasible initial condition sets Fy for Algorithm 5.8 with a fixed linear terminal
controller, for N = 1, 2, 3, 4 (solid lines). The terminal set (dash-dotted line) and the maximal
robustly controlled invariant set (dashed line) are also shown

for Algorithm 5.8 to cover the entire maximal robustly controlled invariant set for
this system with a prediction horizon of just N = 2 (Fig.5.9). On the other hand,
with the fixed linear terminal feedback law u = Kx and state tube cross sections
defined in the space of x, a prediction horizon of N = 4 is needed in order that the
feasible set coincides with the maximal robustly CPI set (Fig.5.10).

However, for this example the approach based on optimized prediction dynamics
with N = 2 requires a greater number of optimization variables and constraints than
when a fixed terminal feedback gain is employed (Table 5.3). The extra degrees of

Table 5.3 Number of variables, constraints and area of feasible region for the MPC strategy of
Algorithm 5.8 with terminal control law defined by optimized prediction dynamics and with terminal
control law defined by fixed linear feedback

N Optimized prediction dynamics Fixed terminal feedback gain
Variables Constraints | Area of Fy | Variables Constraints | Area of Fy

1 47 162 1200 17 64 880

2 70 332 1255 26 92 1038

3 35 120 1202

4 44 148 1255
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freedom associated with the optimized prediction dynamics translates into improved
predicted performance. For example, the worst-case predicted cost, evaluated at the
vertices of the maximal CPI set, is on average 3.1 % (at most 4.6 %) higher if a fixed
linear terminal feedback gain is used than if the optimized prediction dynamics are
employed. O

5.7 Exercises

1 A symmetric, real-valued n x n matrix P is positive definite (P > 0) if and only
if vT Pv > 0 for all non-zero real vectors v. Use this property to prove the following
statements.

(a) The linear matrix inequality M (x) > 0 is convex in x = (xy, ..., x,) where
M(x)=My+x M+ +x,M,

for given symmetric matrices My, ..., M,.

(b) The condition
P

for symmetric P and R is equivalent to the Schur complements
R>0, P—QR'0">o0.

() If P=S"1%0, then the condition S— ASAT =0 is equivalent to
P—ATPA > 0.

2 Let & be the ellipsoidal set defined by £ = {x : xT Px < 1}, for some symmetric

matrix P > 0.

(a) Showthat€ € X', where & is the polytope X = {x : Vx < 1}foragiven matrix
V e R">" if and only if

viPT'vl <1, i=1,....ny

where V; fori = 1, ..., ny are the rows of V.
(b) Hence, show that Fx + Gu < 1holds for all x € £, where u = K x, if and only
if the following LMI conditions in variables S, ¥ hold

1 FES+GY .

|:(FiS+G,'Y)T S i|ZO’ i=1,...,nc

where F; and G;,i = 1, ..., nc are the rows of F and G, and where (S,Y) =
(P~ kP,
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3 A system is described by the model xj+1 = Agxi + Bruj with

(Ak, Br) € Cof(AV, BW), (A®, B}
— Co 0.7 —0.6 0.3 0.5 -0.8 0.1
o —-0.7-18|"|-05()" —-0.6 —1.8|"|-04
at each time step k = 0, 1, .. .. The control input is subject to the constraints —1 <
up < 1forall k. A robust MPC law uy = Kjxy is to be designed for this system with

the aim of minimizing, at each time k, a quadratic bound on the worst-case predicted

cost:
o0

D (il + luiglz)

i=

j(xk, Ky) = max
{(Ak, Bt), (Ak41, Bi41), .}

subjectto —1 <u;p < 1,i =0,1,....
(a) Show that the worst-case cost satisfies the bound J (xk, Ki) <y if

P—(AD+BYK)P(AD +BYKY) = v (Q+K[ RKy), j=1,2

(Fi + GiKo) P~ (F; + GiKp)'" <1, i=1....nc
kaka <1
for some matrix P = PL = 0, where F;, G; fori = 1, ..., nc are the rows of
F and G.

(b) Suggest a suitable transformation of optimization variables to enable the value
of K} that minimizes -y, subject to the constraints of (a) to be computed using
semidefinite programming. Hence, verify that for xo = (4, —1) this gives Ko =
[—0.962 —3.678] and o = 152.4.

(c) Explain why a better approximation of the worst-case cost is given by the bound
J(xg, Ki) < ka@,’:xk, where

OF =arg m(%n x{ ©x; subject to

O —(AY + BYK)TOAY + BYK) = 0+ K RKe, j=1,2
Hence, verify that for xo = (4, —1) and Ko = [—0.962 —3.678] the worst-case
cost satisfies the upper bound J (xg, K¢) < 69.0.

(d) Comment on the suggestion that a better control strategy could be constructed
by choosing K} so as to minimize, at each time k, the value of ka ®xy subject to

© — (AY + BYK)TO(AY + BYKY) = Q+ K{ RKy,  j=1.2
pP— (A(j) + B(j)Kk)TP(A(j) + B(j)Kk) >0, ji=1,2
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(Fi + GiK) P~ (F; + GiKp' <1, i=1,....nc
kaka <1.

4 (a) Let€ = {x : xT Px < 1} for given P > 0 and let the vector x € R”" be par-
titioned according to x = (u, v), u € R™, v € R"7™. Show that the u-subspace
projection of & (i.e. the set {u : Jv such that (u, v) € £}) is given by

Ev={u:u" Pu<1}
where

Pl =[5, 0] P! [16"}

and [Im O]x =u.
(b) Using the system model and constraints of Question3, calculate the robustly
invariant ellipsoidal set &; for the uncertain dynamics

Zittk € Cof¥ Vzipe, W@ zi)

and constraints —1 < [K E] Zig < L, with N =12 (i.e. zjk € R”) and

. W) 4 BWK BU)
Gy _ |AY'+BY'K BYVE .
v —[ 0 v | i=12
01---0
K =[-1.078 =3.523], E=[10---0], M=|" : "
00--1
00---0

such that the area of its projection onto the state space of the system is maximized.
Verify that the maximum area projection is given by {x : x” P,x < 1} with
det(Py) = 0.783.

(c) For the system in Question4, with nominal model parameters defined by
(A B0y = %((A(l), By 4+ (A@, B(z))), the unconstrained optimal feed-
back gain for the nominal cost with weights Q =1, R=1 is K =
[— 1.078 —3.523] and the corresponding solution of the Riccati equation (2.9) is

W, — 2.691 3.668
T 7T 13.66821.94|°

Taking N = 12, determine the matrix W in the expression for the nominal pre-
dicted cost:
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o] T
X X
JOoe) = D (Ilxiel® + ufy) = [cﬂ w [c’/j :

i=0
where the nominal predicted state and control trajectories evolve according to
Xitlk = A(O)Xiuc + B(O)uuk, uik = Kxijk + ik,
with ¢, = (cok, ... cn—11k) and ¢;)x =0 fori > N.

Show that the minimum value of this cost at k = 0 with xo = (4, —1) subject
to the constraint (xg, ¢g) € &;, where &, is the robustly invariant ellipsoid deter-
mined in part (b), is J*(xp) = 39.9.

5 Itis suggested that the value of the predicted cost in Question4 could be reduced
using a univariate search:

af = min ok subjectto — 1 < Kxx + o <1,
arel0,1]

P Xk .
g [akcz} €&, j=1,2

where cZ is the solution of the minimization in Question4(c) at time k.

(a) Explain the purpose of each the constraints in this line search.
(b) For the system of Question4, find the smallest value of o for which there exists
©® > 0 satisfying

O—1 AY +BUKYTe 0
* e OBY [ >0, j=1,2

* * U2Inu

What does this imply about the state of the closed-loop system under a control
law of the form u; = Kxi + coi?

(c) Suppose that, at each time step, k = 0, 1, .. ., the optimization of Question4(c)
and the line search in (a) is performed and the solution is used to define an MPC
law uy = Kxi + ajc;. Will the closed-loop system be stable?

6 (a) For the system of Question3 with K = [—1.078 —3.523], solve (5.48) to
determine the prediction dynamics that give the robustly invariant ellipsoid &,
with the largest area projection onto the model state space, and confirm that the
solution gives

A — 0.835 —1.539 AW 0.692 —1.113
¢ —-0.035 -0.612 |’ ¢ 0.026 —0.821

Ce = [~0.176 —0.394].
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(b)

©
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Compute the matrix W, > 0 with smallest trace satisfying

We—AD W AY = BOTWBO 4R, j=12

Hence, verify that, with xop = (4, —1), the minimum over ¢y of the cost
J(x0, €0) = lIxolly, + lleollfy, subject to (xo, €o) € &, where & is the ellip-
soidal set determined in (a), is J*(xg) = 44.7.

Explain how the inequality defining W, in (b) ensures the stability of the
closed-loop system under the control law u; = Kxi + c(’)‘| ¢» Where at each time
k=0,1,..., CSI « 18 the first element of the optimal cz for the minimization of
the cost J (xg, ¢) subject to (xg, ¢x) € &;.

Determine the maximum scaling o such that oxg, with xo = (4, —1), lies in
the feasible set for the minimization of J(xp, ¢g) in (b) (i.e. Algorithm 5.4).
Compare this with the maximum value of ¢ such that oxq is feasible for the
minimization in Question4(c) (i.e. Algorithm 5.3) and that of Question3(b)
(i.e. Algorithm 5.1). What conclusions can be drawn from this comparison?

7 Explain why the problem of maximizing the volume of the low-complexity poly-
topic set, IT(V,a) = {x : |Vx| < «a}, where V € R"**"x ig an invertible matrix, is
in general nonconvex when V and « are both considered to be optimization variables.
Show that the volume maximization can be formulated as a convex problem if V is
fixed.

8 This question considers how to construct a low-complexity polytopic set for
the system and constraints of Question3 under the control law u = Kx, K =
[—1.078 —3.523].

(a)

(b)

Show that if V = W~!, where W is the (right) eigenvector matrix of @ =
A+ BOK je.

W= 0.982 0.851 1 0.778 —1.262
~ | —0.187 0.525 |’ 10277 1456 |’

then there necessarily exists a vector « such that the low-complexity poly-
tope {x : |Vz| < «} is invariant for the uncertain dynamics x4, € Co{® Dxy,
@D x} where @) = AV 4 BOK, j =1,2.

Formulate and solve a convex optimization to determine « so that the volume of
the set I7(V, ) is maximized, where V is fixed at the value specified in (a).

9 The maximal robustly invariant polytopic set for the system and constraints of
Question 3 under u = Kx is given by

~1.078 —3.523
1.078  3.523
ferVaes1h V=1 047 260

—0.172 —-2.622
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(a)

(b)

©
(@)
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Determine nonnegative matrices H 1), H® and H, satisfying
HOV =veol), j=1,2

H.V = GK

where G = [l —I]T, such that the sum of the elements in each row of each of
HU H® and H,_ is minimized.
Show that, for any given mode 1 horizon N, if there exists a pair of sequences

¢ = (Coks -+ -» cN—11k) and o = (o, - .., an k) satisfying the constraints
defined at time k by
Vxr < ook
HP iy + VB¢ < ajpp, j=1,2,  i=0,...,N—1
Heojp + Geije <1, i=0,...,N—1
H(j)aN‘k <ank, j=12
Heanp <1

then there must exist ¢y and oy satisfying the corresponding constraints at
time k + 1 if uxy = Kxg + coj.

For a mode 1 horizon of N =8 and xo = (4, —1), determine the maximum
scalar o such that ox is feasible for the constraints in part (b).

At k = 0 with xg = (4, —1), solve the MPC optimization:

minimize J (sojk, Cx)
0| »Ck » Ok

subject to Vsoix < aopk and the constraints of part (b) with N = 8, where the
nominal cost is defined by

2 2
J (01> €k) = llsojkllw, + lleellyy, -

Confirm that the optimal predicted cost for this initial condition is J (s(’)‘| 0 €0) =
37.9.
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Chapter 6
Introduction to Stochastic MPC

Uncertainty forms an integral part of most control problems and earlier chapters
discussed how MPC algorithms can be constructed in order to treat model uncertainty
in a robust sense. One of the key features of robust MPC is that it requires constraints
to be satisfied for all possible realizations of uncertainty. Thus each element of the set
of values that can be assumed by an uncertain model parameter or disturbance input
is treated with equal importance, and robust MPC does not discriminate between
alternative realizations on the basis of their respective likelihood.

However, in practical applications it is often the case that some realizations of
model uncertainty, for example parameter realizations that lie close to the nominal
value of that parameter, are more likely than others, such as parameter realizations that
lie on the boundary of the uncertainty set. In fact model uncertainty is often stochastic
with a probability distribution that is known, either as a result of statistical analysis
performed during model identification, or because of physical principles underlying
the model. Clearly the distribution of model uncertainty is useful information that
should be taken into account in the design of MPC algorithms.

An obvious way to address this is through the definition of the cost. Thus, rather
than being defined as a nominal or worst-case value, the MPC cost can be chosen
to be the expected value, over the distribution of uncertainty, of the usual quadratic
predicted cost. An additional and often more crucial use of distribution information
corresponds to the case in which some or all of the system constraints are probabilistic
in nature. In this case, constraint violations are permitted provided the frequency of
constraint violations (or more generally the number of violations in a given time
interval) is below a predefined limit.

An example of a control problem involving probabilistic constraints concerns the
optimal allocation of resources for sustainable development. Consider, for example,
investment in electricity generating technology, where it is important to minimize
(among other objectives) the cost of energy for the consumer while meeting (among
other constraints) limits on emissions of greenhouse gases. Taking the horizon of
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interest to be the 30 years separating generations, it does not make sense to expect
the accumulated emissions of CO, over 30years, say y, to be less than a given
amount, say A, because of the various unknown factors associated with economic
and technological development over a horizon of this length. In fact, given that such
factors are stochastic in nature, it follows that y itself will be a random variable, so that
a constraint that y < A is meaningless. If, however, information is available on the
probability distribution of y, then an aspirational constraint such as Pr{y < A} > p,
namely that the probability that y is less that a target bound A should exceed a given
level p, is eminently sensible [1, 2].

Many other examples where probabilistic constraints are more natural than deter-
ministic constraints can be found in diverse areas of engineering and related fields
such as process control [3, 4], financial engineering [5, 6], electricity generation,
distribution and pricing [7, 8], building climate control [9] and telecommunications
network traffic control [10]. For the purposes of motivation, we briefly describe here
another example taken from a problem that concerns the operation of wind turbines.
Large wind turbines for electricity generation are typically designed for a given ser-
vice life, which is typically around 20 years, but this lifespan may be compromised
as a result of fatigue damage caused, for example, by the fore-aft movement of the
tower. Controlling this movement so as to control the rate of accumulation of fatigue
damage in the wind turbine forms one of the objectives of a supervisory controller for
variable speed wind turbines (see e.g. [11]). However, in order to maximize electrical
power output, it is possible to allow violations of the constraints on the tower oscilla-
tions, provided these do not happen more often than some pre-specified limit. Such
violations occur as a result of fluctuations in wind speed, the variability of which can
be modelled by suitable probability distributions (e.g. [12]). This approach therefore
imposes constraints on stochastic variables, and the implied constraints are naturally
stated in a probabilistic manner.

Exacting performance requirements often cause constrained variables to reach
their limits and in this sense it is vital that the definition of the system constraints
takes into account the stochastic nature of the given application. Even if information
on the probability distribution of model uncertainty is available, it may of course
be possible to act cautiously and enforce constraints robustly, namely to impose
conditions that require constraints to be satisfied with certainty. But in cases where
constraint violation is allowed (up to a specified probability) it should of course be
evident that such a strategy is conservative, and will result in poorer performance
and smaller regions of attraction.

It is the purpose of Stochastic MPC (SMPC) to address these issues. In particu-
lar, SMPC is concerned with the repetitive optimization of an appropriate predicted
cost for systems with stochastic uncertainty. This optimization is to be performed
subject to constraints, some of which are probabilistic in nature. Constraint satisfac-
tion requires the determination of probability distributions for predicted variables,
something which is relatively easy in the case of additive uncertainty only, given
the linear dependence of predictions on disturbances. Stochastic uncertainty that
appears multiplicatively in the system model, for example as a result of stochastic
model parameters, is often more challenging. This is because the predicted future
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model states are random variables, and these are multiplied by stochastic model para-
meters to generate the successor states, compounding the problem of determining
the distributions of predicted states over multiple prediction time steps.

As with classical and robust MPC, there is a concern here with recursive feasibility.
In fact it is easy to see (as will be discussed in detail Chap. 7) that, except in certain
special cases, strict recursive feasibility can only be guaranteed for the case that the
uncertainty in predicted states and inputs has a finitely supported distribution. The
reason for this is that whereas the current state may be such that a feasible predicted
trajectory exists, uncertainty with unbounded support could, albeit perhaps with
low probability, result in a successor state for which it is impossible to guarantee the
existence of a feasible trajectory. This particular difficulty has been a feature of earlier
SMPC formulations, which almost exclusively considered uncertainty with Gaussian
distributions. This choice was natural given the mathematical convenience of the
Gaussian assumption. However, in addition to preventing the statement of recursive
feasibility results, this assumption is often not consistent with practice, since for many
physical systems the probability of an uncertainty realization exceeding an arbitrarily
large threshold is zero rather than arbitrarily small. SMPC is also concerned with the
definition of a suitable cost that enables the statement of stability.

This chapter introduces the SMPC problem formulation, describes earlier work
in this area and discusses quadratic expected value costs. Probabilistic constraints
are introduced here in the context of uncertain moving average models, for which
recursive feasibility can be ensured even when the probability distribution of model
uncertainty is not finitely supported. The discussion of probabilistic constraints for
general classes of linear system and model uncertainty is deferred to Chap. 7, where
the requirements for a guarantee of recursive feasibility and methods of handling
general probability distributions are considered. Chapter7 also extends the frame-
work for analysing closed-loop stability to the case of expected value costs. Chapter 8
combines these techniques with tube-based methods of constraint handling in order
to construct stochastic MPC algorithms with guaranteed closed-loop properties for
general classes of model uncertainty and probabilistic constraints.

6.1 Problem Formulation

There are several ways to obtain mathematical descriptions of systems that are subject
to stochastic uncertainty. Perhaps the most convenient is through black box identifi-
cation of auto-regressive moving average (ARMA) relationships between the input
variable u# and output variable y:

Yk +aryk—1+ -+ anVk—n
=boug—g + -+ bpltg_g_p + e +creg_1 + -+ cuep_n, (6.1)
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where e denotes a zero-mean disturbance and the positive integer d accounts for the
delay in the system. This type of model is general enough to include systems with
multiple inputs and outputs since y, u, e can be vector-valued and a, b, ¢ matrices
of conformal dimensions. Descriptions of this kind (which include moving average
(MA) models as a special case when the parameters ay, . . ., a, are identically equal
to zero) have been used in diverse fields including, for example, process control
and econometrics [13—15]. A useful by-product of black box identification is that
it provides information on the statistical properties of the model parameters [16].
This could be obtained from a single experiment on the basis of information on the
noise affecting the system output measurements or by repeated experiments capturing
different realizations of the uncertain parameters.

To use the constraint handling machinery of invariant sets and state and control
tubes, it is convenient to convert the ARMA model (6.1) into a state-space form.
Given the linearity of (6.1), this can be expressed as

Xip1 = Arxy + Brug + Dwy (6.2)

where x; € R™ and u; € R™ are the state and control inputs at time k. In setting
up the stochastic MPC problem, we make the assumption that the matrices Ay and
By containing multiplicative model parameters and the additive disturbance input
wy € R™ can be expressed in terms of a linear expansion over a known basis set:

p -
(A Biow) = A0, BO,0) + > @D, BD, wi))g?. (6.32)
j=1

Here ¢" is a scalar random variable. The realization of ¢/ at time k, denoted q,((’),
is unknown at time k but has a known probability distribution.! The vector g; =
(q,El), ey q,(cp )) may be time varying (in the sense that it has a different realization
at each time instant k) but g, is assumed to be identically distributed for each k.

We assume that g has a mean value of zero and covariance matrix equal to the
identity matrix, namely

E(g) =0, E(ggl) =1 (6.3b)

where E(-) denotes the expectation operator. These assumptions do not imply any
loss of generality because of the linearity of the dynamics (6.2) and the expan-
sion (6.3a). In particular, the expected value of the additive disturbance is taken to
be zero since a state translation can be used to account for any non-zero compo-
nents. Thus a non-zero value of E(g;) and a corresponding non-zero expected value

Unless explicitly stated otherwise, all random variables that will be encountered in the discussion
of stochastic MPC are functions of ¢¥) appearing in (6.3a) and every random event of interest is
related in a straightforward way to the realizations of q]E]), j=1,..., pattime instant k. With this
understanding, the underlying probability space is well defined and we are able to avoid cumbersome
measure-theoretic notation.
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of the disturbance, E(wy) = w®, can be absorbed by transforming the state and
disturbance variables of (6.2) according to x; — x@ and wy — w©, respectively,
where x© = (1 — A@)~1pyw©® and by replacing g with g — E(gx) in (6.3a) and
appropriately redefining A and B©.

Likewise, the assumption that E(qkq,Z) = [ is justified by a linear transformation
since (6.3a) can be expressed equivalently as

vec(Ag, By, wr) = vec(Ag, By, 0)
+ [vec(A®, B wD) ... vec(A, B )] g

where vec(-) is a vectorization operation that rearranges the elements of a matrix
into a column vector. Therefore, if the covariance matrix of g; has the eigenvalue
decomposition

E(gkqi) = Ws As Wi

then it is possible to define triples (A(f), BV, Wiy forj = 1,...,m and a vector g
by
vec(AD, BY), v?z(j)) = VeC(A(i), BY, w("))WEAi\T/2

~ —1/2
G = A5 PWl.

This transformation leaves the parameterization of (6.3a) unaffected because

m
Z(A(i)’g(i),ﬂ,(i))él(!) = [vec(A®, BD, wh) ... vec(A™, B w(m)] g
j=1

m
=>@AP, B0 W,
j=1

but at the same time the covariance matrix of the transformed vector of coefficients
is given by E(E]quT) =1

We make the further assumption that g; and ¢; are statistically independent for
k # i. This assumption is not necessarily restrictive in respect of the additive dis-
turbance because a linear filter can be introduced into the state-space model (6.2)
in order to generate temporally correlated disturbances if required. But the same
approach cannot be used to conveniently introduce temporal correlation between
multiplicative parameters in the model (6.2) since the dynamics are assumed to be
linear. However, the assumption of independence of g; and g; is used here only to
simplify the computation of predicted costs based on the expected value of sums of
quadratic stage costs, and to simplify the analysis of stability based on this cost. The
methods of handling constraints that are discussed here and in the following chapters
do not rely on this assumption.
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Like the nominal and robust MPC strategies considered in earlier chapters, the
predicted performance cost of stochastic MPC is often taken to be a quadratic function
of the degrees of freedom in predicted state and control trajectories. For example,
for an N-step horizon we can define

N—1

T O we, qo) = D (Ixielly + Nuiellz) + v el
i=0

where x;|x, u;)x are predicted values of xi;, uxy; at time k with x; = xo;x and u; =
{uoj, - .., uy—11x}, where qx = {qoj, - .., gn—1jk} s a realization of the sequence
{gk, - .., gn—1} of uncertain model parameters, and where matrices Q > O and R > 0
are cost weights with Wr a terminal weighting matrix. On account of the stochastic
uncertainty in qg, the cost J (xx, ug, qx) is stochastic and the cost index, J (x, uy),
of stochastic MPC must therefore be constructed under specific assumptions on .
Thus it is possible to adopt the nominal cost

J O, wg) = J (v, wg,, 0),

or, if the model uncertainty is subject to bounds g; € Q for some compact set Q,
then the worst-case cost can be employed,

Jow) = max J(x, ug, qo)-
qreQx--xQ 4

Given knowledge of the distribution of gy, it is more common, however, to use a
predicted cost that takes into account the stochastic nature of the problem through
the expectation of a quadratic cost. Therefore we focus the discussion of stochastic
MPC on an expected cost of the form

J o, ) = By (TG, wg, q)
N—-1
= D> Bl + leiellz) + Ex(Ixwiel,.)- (6.4)
i=0

Here, the notation Ey(-) has been introduced® to indicate that the expectation is
conditional on information available to the controller at time k, namely the current
plant state x; (for the case that x; is measured directly), and is therefore dependent
on the distribution of the model uncertainty sequence qy. Variations on this cost will
also be discussed, such as quadratic costs based on probabilistic bounds on predicted
variables or on combinations of their means and variances.

2We use the simpler notation E(-) for the expectation of a random variable that depends on a single
realization of model uncertainty, e.g. E(Ax) = Ex(Ax) = AO,
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The aim of stochastic MPC is to obtain, through the repetitive minimization of
a predicted cost, an approximation of the optimal control law, namely the optimal
argument of (6.4) subject to constraints on the system states and/or control inputs.
This is to be done while providing stability guarantees for all initial conditions in
some region of state space. A precondition for such guarantees is that the expected
value of the predicted stage cost in (6.4) converges to a finite limit as i — 00
under some control law. This in turn requires that the pair (Ax, By) is mean-square
stabilizable [17], which is ensured by the following assumption.

Assumption 6.1 There exist matrices K and P such that P = PT > 0 and
P— E((Ak + BK)TP(AL + BkK)) > 0. 6.5)
It can be determined whether the system of (6.2) and (6.3a, 6.3b) satisfies Assump-

tion 6.1 simply by checking the feasibility of a linear matrix inequality. Thus, using
(6.3a, 6.3b) condition (6.5) can be expressed equivalently as

m
P—>"AY +BYK) P(AY + BYK) > 0.
j=0

Introducing convexifying transformations S = P~!, and ¥ = KP~! and using Schur
complements this condition can be written as

S (A9S + BOYT (AWs 4+ BOY)T ... (AMS 4 Bmy)T

x S 0 0
* * § 0 =0 (6.6
* * * S

(with  indicating a block of a symmetric matrix). Thus the conditions of Assump-
tion6.1 are satisfied by P = ™! and K = YS~! if and only if matrices S = S7 > 0
and Y exist satisfying (6.6).

For the case of multiplicative uncertainty alone and in the absence of constraints,
Assumption 6.1 implies that the control law u; = Kx; ensures that the variance of
the state of (6.2) converges asymptotically to zero. This guarantees the existence of
a predicted control sequence {u;x, i = 0, 1, ...} that causes the predicted state x;x
to converge (with probability 1) to zero as i — oo [17]. Clearly, no feedback law
can make the state converge identically to zero in the presence of persistent additive
disturbances. In this case, Assumption 6.1 ensures, in the absence of constraints, that
the expected value of the stage cost of (6.4) tends to a finite limit, which is discussed
in Sect.6.2.

Analogously to the formulations of classical MPC and robust MPC, a dual-mode
prediction strategy can be used in stochastic MPC to define predicted state and control
trajectories over an infinite prediction horizon while retaining only a finite number



250 6 Introduction to Stochastic MPC

of free variables in their parameterization. This makes it possible to extend the cost
of (6.4) over an infinite horizon by suitably choosing the weighting matrix W. We
therefore assume that the predicted control law over the prediction horizon of mode 2
is defined by a predetermined feedback law: u;; = Kx;j foralli > N.

Several different forms of state and input constraints have been proposed for
stochastic MPC in the context of a model such as (6.2) and (6.3a, 6.3b). For example,
constraints may be stated in terms of expected values as

Er(Fxix + Guip) <1, i=1,2,... (6.7)
(e.g.[6, 10]). Alternatively, pointwise in time probabilistic constraints can be stated as
Pri(Fxijx + Guip <1) > p (6.8)

for some specified probability p. An alternative form of probabilistic constraint can
be imposed over an interval of 7' time steps:

Pry(Fxip + Guip <1, i=1,....,T) > p (6.9)

for some given probability p and horizon T. In each case, the variable Fx + Gu may
be vector-valued; thus for example (6.8) requires that the probability of any element
of Fxpy1x + Guyy1)x exceeding a threshold of 1 should be less than 1 — p.

An equivalent statement of (6.9) is that the expected number of times that any
element of Fx + Gu exceeds 1 over an interval of 7" predicted time steps should be
less than (1 —p)T. Clearly, it is possible to construct constraint sets involving various
different probabilities and probabilistic conditions by combining constraints of the
form of (6.8) and (6.9). This also applies to the special case of p = 1, thus allowing
for problems that involve a mixture of probabilistic (p < 1) and robust (p = 1)
constraints.

The notation Prg (A) in (6.8) and (6.9) refers to the probability of an event A that
depends® on the sequence qx = {gx. - . ., gx+-N—1}, given that the initial prediction
model state is x;. Hence, Pri(Fxix + Guyx < 1) is the probability that the one-
step ahead predicted state and input satisfy Fxx + Gujx < 1, which is therefore a
function of x; and the probability distribution of the random variable gj. Similarly,
Pri (Fxjjx + Gu;, < 1) fori > 1 depends on x; and on the probability distribution of
{gk, - - -, gk+i—1}. Our treatment of stochastic MPC concentrates on problem formu-
lations for which recursive feasibility can be guaranteed, and we consider mainly the
constraints of (6.8) and (6.9). A detailed discussion of recursive feasibility is given
in Sect.7.1.

3We also use Pr(A) for the probability of an event A that depends on a single realization of
model uncertainty when it is obvious from the context which random variable A depends on,

e.g. Pr(wy <0) =Pry(wg <0) = Pr(z‘q’-”:l w(/)q,({i) <0).
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6.2 Predicted Cost and Unconstrained Optimal Control Law

Early stochastic MPC strategies, such as those discussed in Sect. 6.4, ensure closed-
loop stability by imposing equality terminal constraints on the predicted input and
output trajectories of the plant model. In the context of a moving average model,
this can be done simply by setting the predicted input equal to a constant value at
the end of the mode 1 prediction horizon. After a subsequent interval of n prediction
time steps, where n is the order of the model, the expected value of the predicted
output necessarily reaches its desired steady-state value. However equality terminal
constraints can be overly stringent and may result in limited regions of attraction.
A way to avoid this is to replace equality with inequality terminal constraints (as
discussed in Chap. 2) and in this setting, recursive feasibility and closed-loop stability
can be ensured through the use of invariant terminal sets defined in the plant model
state space.

The construction of suitable terminal sets and the handling of constraints are key
ingredients in the development of a stochastic MPC strategy, and will be considered in
more detail in Chaps. 7 and 8. Before discussing these, however, we turn our attention
to another two basic components of SMPC. The first of these concerns the definition
and evaluation of a predicted cost, while the second concerns the unconstrained
optimal feedback law that achieves the minimum of the predicted cost in the absence
of constraints. Such unconstrained control laws are obvious candidates for use as
terminal control laws.

We begin with the observation that the mean-square stability property of Assump-
tion 6.1 implies that, when no constraints are present, the expected value of the state
xz of the model (6.2) and (6.3a, 6.3b) under the linear feedback law u; = Kx;, con-
verges asymptotically to zero whenever K satisfies (6.5). However, the variance of
X (and hence also the expected stage cost in (6.4)) converges to a non-zero value
because of the presence of additive model uncertainty, as the following lemma shows.

Lemma 6.1 [/8] In the absence of constraints, the state of (6.2) and (6.3a, 6.3b)

under uy = Kxi satisfies the asymptotic conditions limg_ o Eo(xy) = 0 and

limg_s o ]E()(xkka) = O, where O is the solution of

o — E((Ak 1 BK)O (Ag + BkK)T) = DE(ww!)DT, (6.10)

if and only if (6.5) holds for some P > O.
Proof Since the system (6.2) is linear, its state can be decomposed forallk =0, 1, ...

as xx = (x + &, with

Cet1 = PicC, Co = X0 (6.11a)
Skr1 = P& +Dwy, =0 (6.11b)

where @, = Ar + BiK and Ay, By take values from the uncertainty class of (6.3a,
6.3b). Existence of P > 0 satisfying (6.5) is necessary and sufficient for mean-square
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stability of (6.11a). To prove sufficiency, let Z; = EO(C/(C,(T ), then, since (; and @
are by assumption independent, (6.11a) gives

(PZyr1) = E(tr(PchZkt;ka )) = tr(E(cka Pch)Zk).

Hence (6.5) and Z; > 0 imply that tr(PZ;41) < tr(PZ;) whenever Z; # 0, and since
P > 0 implies tr(PZ;) > 0 for all Z; # 0, it follows that

lim Zx =0, (6.12)

k— 00

which implies that (6.11a) is mean-square stable. To show the necessity of (6.5),
let P, = Z{'C:O S; where Sy = E(®S;®y) for arbitrary So > 0. Then Py =
E(® Py <DkT ) + So and the mean-square stability of (6.11a) implies that P converges
to a finite limit as k — oo. Defining this limit as P, we can conclude from Sy > 0
that P > O exists satisfying (6.5) whenever (6.11a) is mean-square stable.

From the mean-square stability property (6.12), it follows that (; — 0 ask — oo
with probability 1 [17]. On the other hand, (6.11b) implies E (&) = O for all k, and
since x; = (; + & we can therefore conclude that limy_, oo Eq(xz) = 0.

Using (6.11b) and the zero-mean property of &, and noting that & and @ are
independent by assumption, we obtain

Eo(§+16011) = E(OEo(@&)) @] ) + DEGuw])DT.

Combining this relationship with (6.10) and defining (3);< = Eo(gkg,{) — O, it follows
that . .
Orr1 = E(@,0,0)).

Therefore, limg_, oo @k = Oifand only if (6.11a) is mean-square stable, in which case
we have limy_, E({kfkT) = ©. This completes the proof because it then follows
that limy_, o IE(xkka) = O since (; — 0 with probability 1 as k — oo. O

Note that the parameterization of model uncertainty in (6.3a, 6.3b) allows the
expectation in (6.10) to be evaluated explicitly. Hence (6.10) is equivalent to a set of
linear conditions on the elements of @:

m m
O - > AV +BYK)O@AY + BYK) =D D wwP DT,
j=0 j=1

which can be shown to yield a unique positive definite solution for ® whenever
Assumption 6.1 is satisfied.

Many stochastic control problems are formulated in terms of an expected infinite
horizon quadratic performance index of the form
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[e.e]

> " Eo(llxllg + luliz)- (6.13)
i=0

However, in the context of stochastic MPC two difficulties with this cost are immedi-
ately apparent. First, the cost is evaluated over an infinite sequence of control inputs,
and in order to formulate an objective that can be minimized numerically subject to
input and state constraints, this infinite control sequence must therefore be parame-
terized in terms of a finite number of optimization variables. Second, a consequence
of Lemma6.1 is that the cost (6.13) is in general infinite for the system(6.2) and
(6.3a, 6.3b) under a linear feedback law. Moreover, in the absence of constraints the
optimal controller is a linear-state feedback law (as we show later in this section),
and therefore the minimum value of cost (6.13) is in general also infinite.

The first of these issues can be handled by introducing a dual-mode prediction
scheme as was done for nominal and robust MPC in Sects. 2.3 and 3.1. Therefore we
define the predicted control sequence at time k as

Uik = Kx,“k + Cilk, i=0,1,... (6.14)

where {co|k, ..., cy—1jk} are decision variables at time k and ¢;x = O for all pre-
diction times i > N. The gain K is assumed to satisfy the mean-square stability
condition (6.5), and ideally K should be chosen as the optimal feedback gain in the
absence of constraints. To tackle the second issue, we ensure that the minimum value
of the predicted cost associated with this predicted input sequence is finite by sub-
tracting a constant from each stage of (6.13). Lemma6.1 implies that the expected
value of the stage cost for the system (6.2) and (6.3a, 6.3b) under u;; = Kx;jk
converges to a steady-state value, which we denote as /g:

Ly = lim B (Il + I I13) = r(©(Q + KTRK)).
11— 00

We therefore define the predicted cost as

o0
JO €)= D By (Il + eIz — Iss) (6.15)
i=0

where ¢; € RV is defined by ¢x = (Cojk, - - - » CN—1[k)-

From its definition in (6.15), it is clear that the cost J (xk, ¢x) is a quadratic function
of the optimization variable ¢;. The most convenient way to compute this cost func-
tion is to express the predicted dynamics using the lifted autonomous formulation of
Sect.2.7. For the case of the model (6.2), this has the following form:

= X
Zit1k = YkriZik + DWiti, 20k = [cﬂ (6.16)
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with state variable z;x € R"™, n; = n, + Nn,. Here

0 M

@y BLE
l]/k:|:kk 0

] & = A + BiK, D=[D]

and the matrices £ and M are defined as in (2.26b) so that E¢; = cojx and M¢; =
(C1lks - - - » CN=1]k> 0). This autonomous formulation is the basis of the following result
for evaluating the predicted cost.

Theorem 6.1 [18] The predicted cost of (6.15), computed for the model (6.2) under
the control law (6.14) is given by

2k r W, war | |z
J(xx, ek) = [1] |:le Wl} [1} (6.17)

where W, = WZT € R%*" w1 € R™ and wi € R are defined by

W, — B W) = 0 (6.182)
wh, (1 - E(w<°>)) = E(w! DT W. %) (6.18b)
wp = —tr(®W,) (6.18¢)

' Ji . + K"RK KTRE

Proof Let Vi, = ||z,-‘k||%v7 + 2szlz,-|k + wy for all i > 0. Then, since z;x is by
assumption independent of (W, wii), (6.16) implies

Er (Vi) = Ex (Vig1) = Ex (ZiT\k (W = E(WkT-i-iWZWkH))ZiIk)
+ Z(ng (I = EWt) — E(W;L,-DTWz‘I’kH))Ek(an)

T T
— B (wfy D" WeDw)

From (6.18a, 6.18b), the sum of the first two terms on the RHS of this equation is equal
to Ex (zile Oz;ik). Furthermore the last term is equal to —Ig since post-multiplying
(6.10) by W, and extracting the trace gives

tr(@)Wx _ E(cbk@)@kT)Wx) - tr(@ (W, — E(q)kTdeﬁk)))

= tr(DE(wew} )DT Wy) = E(w] DT W,Dwy),
and hence, noting that (6.18a) implies W, — E(@kTchDk) = Q0+ KTRK, we have

E(wj D" W.Dwy) = tr(0(Q + K" RK)) = L.
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Therefore B¢ (Vi) — Ex(Vis1) = Ex(Ixigllgy + lluilIz) — Lss, and by summing

both sides of this equation overi = 0, 1, ..., we can conclude that
o0
Vo — lim Ex(Viye) = %Ek(nxﬂkné + il =) (6.19)
1=

Finally, we note that (6.18c) ensures that lim;_, oo ¢ (V;x) = 0, since the definition
of Vjj; implies

Er(Vig) = Ek(ZﬁszZi\k) + 2wl e (zig) — tr(OWy)

where, by Lemma 6.1, lim; o Ex(zjx) = 0 and limi%ooEk(zileWZz”k) =
tr(®W,). From (6.19) it then follows that Vojx = J(xk, ¢x).

In the absence of constraints, the expression for the predicted cost provided by
Theorem 6.1 allows the optimal value of ¢; to be determined analytically for any
horizon N. Using a similar argument to that of Sect.2.7.2, it is possible to deduce
from this the unconstrained optimal value of the linear feedback gain K. First, we
partition W, and w; into blocks conformal with the dimensions of x; and c¢x:

_ Wy Wee _ | wxa
We = |:ch Wc] > Wi = |:Wcli| '
Next note that mean-square stability of the dynamics xg+; = @yxx in Assumption 6.1
implies that 741 = Wiz is also mean-square stable. From (6.18a), it follows that

W, > 0, and this in turn implies that W, is positive definite. Therefore the ¢, that
achieves the minimum of (6.17) in the absence of constraints is given by

argmin J (x, ¢;) = —WC_IWCXxk - Wc_lwcl. (6.20)
[

The constant term —W.~ w1 appearing in this expression indicates that the opti-
mal control law is in general an affine rather than a linear function of the model state.
In fact, w1 can be determined from (6.18b) using

= (E(W,ZDTWXBk) 4 w{le)) (£, -+ In] (6.21a)

wei
wl = Ew! DTW, @) — @)~ (6.21b)
These expressions imply that the second term on the RHS of (6.20) applies a con-
stant perturbation to the predicted control law (6.14), which is independent of the
prediction time step and independent of the horizon N.

From (6.21a, 6.21b), it can be seen that w,| is non-zero unless the additive dis-

turbance term wy and the multiplicative uncertainty in the model parameters Ay, By
are statistically uncorrelated. However, even in the more general case in which the
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optimal control law for the cost (6.13) is affine rather than linear-state feedback, it is
still possible to determine the unconstrained optimal linear feedback gain since this
corresponds to the case in which the minimizing argument of (6.17) is independent
of xg. From (6.20), this requires W, = 0, and from (6.18a) we therefore require that
K satisfies

K = —(R+EBIW,By)) EBI W.Ap (6.22)

where W, is the solution of

W, — E((Ax + BkK)" Wi (A + BiK)) = 0 + K'RK. (6.23)
The corresponding solution for W, can be determined from (6.18a) as

W, = diag{R + E(B} W\By), ..., R + E(B] W.By)}. (6.24)

The preceding results concerning the unconstrained optimal linear feedback gain
and the predicted cost are summarized as follows.

Corollary 6.1 The linear feedback law that minimizes the performance index (6.13)
for the dynamics of (6.2) and (6.3) is uy = Kxy where K is given by (6.22) and (6.23).
If the predicted control sequence (6.14) is defined in terms of this gain K, then the
predicted cost of (6.15) is given by

J(xp, ) = kaWxxk + cZWCck + 2wflxk + 2wchck + wy

where Wy, W, and wy1, we1 are given by (6.23), (6.24) and (6.21a, 6.21D).

We conclude this section by considering how to compute K and W, satisfying
(6.22) and (6.23). It is possible to derive a set of algebraic conditions on W, by
using (6.22) to eliminate K from (6.23) and evaluating expectations using the para-
meterization of model uncertainty in (6.3a, 6.3b). However, the resulting algebraic
Riccati equation is nonlinear and multivariate, and a computationally more conve-
nient approach is to consider (W,, K) as an extremal point of the feasible set of a
particular LMI, as we now briefly discuss. For any given mean-square stabilizing K ,
let W, > 0 satisfy the equality

W, — E((Ax + BkK) ' W(Ax + BiK)) = O + K'RK
and let W, > 0 satisfy the inequality

Wy — E((Ax + BeK)T Wy(Ax + BkK)) = O + K'RK (6.25)
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Then, subtracting (6.23) we have
(Wy = W) = E((Ax + BeK)T (We = W)(Ag + BK)) = 0,

from which it follows that W, > W/ since Ay + BiK is mean-square stable by
assumption. But W > W, implies tr(Wy) > tr(W)) and W/ is therefore equal to the
solution of the problem of minimizing tr(Wy) over Wy subject to (6.25) for a given
fixed value of K. Since K in (6.22) and (6.23) is the feedback gain that minimizes the
cost (6.15), the value of tr(W,) satisfying (6.23) is equal to the minimum of tr(WX)
over the set of all Wy satisfying (6.25) for variable K. In other words, the pair (Wy, K)
satisfying (6.22) and (6.23) is the optimal argument of the problem

minimize tr(W,) subject to (6.25).
Wi . K

This problem is nonconvex, but introducing transformed variables S = V~Vx_ 'and
Y=K Wx_ 1 (6.25) can be rewritten as

—E((AkS + By Y)'S 1 (AkS + BrY)) > SOS + Y'RY.

Using the model parameterization (6.3a, 6.3b), this inequality can be expressed as
the following LMI in S > 0, and Y:

S AOS +BOY)T ... (AmS + BT [50!/2 YTR/?]

* S 0 0
: : . : : >0 (6.26)
* * S 0
* * * 1

Thus W, and K satisfying (6.22) and (6.23) can be computed by solving the semi-
definite program:

. 1
(Wy, S, Y) =arg Wr&gl?y tr(W,) subject to (6.26) and |: I S:| >0

and setting K = YW,.

6.3 Mean-Variance Predicted Cost

The cost considered in Sect. 6.2 gives a measure of the second moments of predicted
states and control inputs. Thus (6.15) can be written for k = 1 as
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o0
0 0
T ) = 2 (I3 + N 117)

i=0

o0
0 0
+ 12> B (i — x5 + i — ) 1% — Iss) (6.27)

i=0

where x' | k = E(x;jx) and ul‘ k = [E(ujx) denote the nominal values of the predicted

states and control inputs and [y, = tr(@ (QO+K TRK )). These nominal sequences are
governed by the nominal prediction dynamics:

1(.?-)1\]( — A(O)xi(l(])() + B(O)”z(&) (6.28)
Expressed this way, the cost J(x, ¢x) can be seen to evaluate a particular linear mix
of two cost indices: one based on the mean and the other on the variance of predicted
states and inputs.

In applications such as the sustainable development problem considered in
Sect.6.5 and those involving, for example, portfolio selection [19, 20], a typical
control objective is to minimize a cost based on probabilistic bounds within which
the future predicted states and control inputs will lie. In this case different affine
mixes, corresponding to x # 1 in (6.27), may be appropriate. For example, the cost
proposed in [21] is concerned with minimizing the width of the probabilistic band
defined by

Pri ik < Ye+i) = p
PryCos = ) = (€29
ik =Y ) =P
Then, under the assumption that y;; is normally distributed, an appropriate stage
cost would be

1
50 F ) = 007 + B0 — i) (6:30)

where k is the argument of the standard cumulative normal distribution function
corresponding to probability p,i.e. Pr(X < k) = p for anormally distributed random
variable X with zero mean and unit variance.

For such applications, the cost of (6.27) with k> # 1 is more appropriate and
results in a predictive control strategy known as mean-variance SMPC [22]. Note
that this cost can also be written as

o
0 0
T ) = (1= 62 D (I 15 + lug I17)
i=0

o0
+ 62 > B (Ixielly + luigell — Lss)- (6.31)
i=0
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From this expression it can be seen that J (xx, ¢x) reduces to the expected quadratic
cost of (6.15) for k = 1, gives the nominal cost for x = 0 and tends to the minimum
variance cost as Kk — 0.

The cost of (6.31), when evaluated for the model (6.2) and (6.3a, 6.3b) with
the predicted control law (6.14), is a quadratic function of the degrees of freedom,
¢k. Using Theorem2.10 to compute the nominal cost in the first term on the RHS
of (6.31) and using the conditions of Theorem 6.1 to compute the second term, this

function is given by
T
Jog. ) = | W2 war | |z
’ 1 WZT1 wi 1

where z; = (xx, ¢x) and W_, w_1, w; are defined by

; . —yOTy yO
W. = (1 — KDW. + W, [ n e Q (6.32a)
W, —EW, W.%) =0
and
Wl (1= w®) = E(w] [DT 0] W, (6.32b)
wi = —tr(@Wy), (6.32¢)

with Wx and ¥ © defined as

A ~ I o0 pOF
W, = [Inx 0] W, [ gx] , g © — |: R TEE

The unconstrained optimal linear feedback gain can be determined by an analysis
similar to that of Sect. 6.2, but in this case the gain K is given by the solution of a
pair of coupled algebraic Riccati equations:

Wy — A + BOKYTW.AQ + BOK) = 0+ KTRK (6.332)
W, — E((Ax + BiK)" Wi (A + ByK)) = Q + KTRK. (6.33b)

with
K =—(R+E®BIW.B)) ' ((1 — sHBOTW,AQ 4 BBl W,Ap).  (6.33¢)

The details of the derivation of this expression and an iterative method of computing
the solution K can be found in [23].
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6.4 Early Stochastic MPC Algorithms

Optimization methods for problems involving probabilistic constraints have been
used in applications of Operations Research since the 1950s (see e.g. [24]). In the
context of predictive control, one of the first proposals to use dynamic models con-
taining stochastic uncertainty was reported in [25], where systems with constant but
unknown parameters were considered. In this strategy, unknown model parameters
are identified online and used to update a control law, and for this reason it is known
as self-tuning control. The aim of the approach, however, is to minimize the expected
value of a predicted cost that is computed using a dynamic model, and the optimal
predicted control input is implemented as a receding horizon control law. Therefore
self-tuning control can be viewed as a type of stochastic MPC strategy. This section
briefly reviews self-tuning control strategies before considering the formulation of
probabilistic constraints for moving average models.

6.4.1 Auto-Regressive Moving Average Models

In its simplest form, self-tuning control is based on a single-input single-output
(SISO) ARMA model, as defined in (6.1). In [25], the model parameters a;, b; are
assumed to be unknown constants and the additive noise process, {eg, €1, ...}, is
assumed to be an independent and identically distributed (i.i.d.) sequence in which ey,
is normally distributed with zero mean. In compact form, using z-transform operators,
the system dynamics may be written as

A@D)yr = B@Qug—a + C(2)ex (6.34)
where

A@Q =1+aiz "'+ +a™"
B@ =bo+biz '+ + bz "
C@=1+cz "+ Fcz™”
with z~! representing the backward shift operator. The system is assumed to be

unconstrained, and hence no constraints act on y; and u.
The predicted cost is taken to be

J 0 w) = Br(vgy) (6.35)
where w; = (uojk, ..., ug—1x) and y; is the predicted value of the output yi4; at

time k. Because of this objective the strategy is sometimes described as a minimum
variance (MV) control law. We note that on account of the delay d of the model (6.34),
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the d steps-ahead output, yg«, is the first output variable that can be influenced by
the control input ugj.

In the absence of constraints, the minimization of the cost (6.35) can be performed
analytically. To see this, define polynomials F(z) and G (z) by

2C() = A@)F () + G(z), (6.36)
where

F@ =2+ + 41y
GR) =gz '+ gz 24+ g "

This identity allows the dependence of y4x on the additive disturbance sequence to
be split into terms that depend on the values of e;4, . .., ex, which are unknown at
time k, and terms involving only the past values ex_1, ex—2, . . ., which have already
been realized at time k and can therefore be determined from the observed values
of the control input and system output. In particular, from the model (6.34) and the
identity (6.36) we obtain

B(2) ZAC(z)

Vk+d = m”k + AQ) ek
_[B®@ G(2)
= [A(z) pr ek] F@)ex (6.37)

where the square-bracketed quantity on the right-hand side of (6.37) is known at
time k, whereas the last term depends on the unknown noise sequence ey, - . . , €,
which is a random variable at time k. Given the i.i.d. and zero-mean assumptions
on ey, it follows that the control law that minimizes the cost of (6.35) necessarily

satisfies
B(2) + G(2)

—up + ——e; = 0. (6.38)
A(2) Az)

The dependence of e, on present and past outputs and past inputs can be deduced
from (6.34), which implies

A(2) B(2)
“TCc T o™
_A®) B(z2)
T C(2) e "C(z)uk

In conjunction with (6.38), this results in the condition

ZC)B@ux — G@)B@uy + G (2)A2)yx = 0. (6.39)
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Using the identity (6.36) to replace z?C(z) by A(z)F(z) + G(z) then leads to the
optimal control solution
2G(2)

= TBoFQ " (040

Substituting the control law (6.40) into the system model (6.34) gives the closed-
loop characteristic equation

ARQF2)+ G  C@)
Fo T FR’

ttd =0, (6.41)

which therefore identifies the roots of C(z) as the closed-loop poles of the prediction
dynamics. Hence a necessary condition for this strategy to stabilize the system (6.34)
is that every root of C(z) should lie within the unit circle centred at the origin. In
addition, by considering (6.40) it is easy to show that, for internal stability, the roots
of B(z) must also lie inside the unit circle centred at the origin. Therefore this strategy
is restricted to minimum phase plants.

The restriction to minimum phase systems was subsequently removed by the
generalized minimum variance (GMV) strategy [26], which modifies the predicted
cost so as to include a term that penalizes control activity. However, neither the MV
nor the GMV control strategy can provide an a priori guarantee of stability for the
case of unknown model parameters (although stability can be checked a posteriori,
namely after the specification of the problem parameters and the derivation of the
optimal control law). Moreover, these approaches do not take into account constraints
on outputs and control inputs.

Constraints in stochastic MPC in the context of ARMA models were not intro-
duced until much later. For example, [27] considered SISO systems described by the
model (6.34), but removed the assumption of independent additive disturbances and
imposed hard and probabilistic constraints of the form

< < (6.42)
Pre(y, ,, < Yilk < ki) = p. (6.43)

Without the assumption of i.i.d. disturbances, the minimization subject to these con-
straints of the predicted cost, which in [27] was defined so as to penalize control

increments
N—1

J(u) = (o — ug—1)* + Z(ui\k — ui—1k)%, (6.44)

i=1

becomes a computationally demanding problem that has to be solved online, and
for which there is in general no guarantee of convergence to the global optimum.
In addition, the use of a finite horizon cost precludes the possibility of providing
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a priori stability guarantees. Furthermore the presence in the system model of random
variables with distributions that are not finitely supported makes it impossible to
ensure the recursive feasibility of this approach.

6.4.2 Moving Average Models

Constraints of the form (6.7) and (6.9) present two major difficulties for stochastic
MPC algorithms: how to impose these constraints on predicted control sequences
given the distribution of model uncertainty, and how to ensure that the optimization
problem to be solved online is recursively feasible. Both of these difficulties are
encountered with the ARMA model (6.34) with stochastic coefficients (and likewise
with the state-space model of (6.2) and (6.3a, 6.3b)) since the future evolution of
the model state and output trajectories depends on earlier realizations of the model
uncertainty. In particular, if the uncertainty does not have bounded support, then
clearly it is not possible in general to ensure that constraints will be satisfied at future
time instants.

However it is relatively straightforward to obtain a guarantee of recursive feasi-
bility for a stochastic MPC strategy based on a moving average (MA) model. This
form of model arises when the system dynamics are described by a discrete-time
finite impulse response model of the form

n
Y= D Hjty_j + d (6.45)
j=1

where u € R™, y € R™ are the control input and system output, d € R"™ is a
stochastic additive disturbance, and Hy, ..., H, are the elements of the uncertain
system impulse response after truncation to n terms. The probability distributions of
dand Hj,j =1, ..., n are assumed to be known.

Knowledge of the distributions of uncertain model parameters makes it possible to
transform probabilistic constraints into deterministic constraints on predicted input
sequences. For the case of the model (6.45) with normally distributed model para-
meters, this is easy to do for the constraints of (6.8) because the output yj in (6.45)
depends linearly on the model parameters, and hence y;j; is also a normally distrib-
uted random variable. In this case, it is possible to invoke the chance-constrained
optimization framework [24, 28] to convert probabilistic system constraints of the
form of (6.8) into second-order cone (SOC) constraints as was done for example
in [3].

Thus let y;,; denote the /th element of the predicted value at time k of the i
steps-ahead output vector yi;. Then from (6.45), it follows that

T ”f
Vit = hy u}, +di;

1
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where u]: = (Wi—1k, - - -, o) and uf = (Ug—1, ..., Up+i—p) denote, respectively,
the predicted future and the past components of the input sequence, also th =
e] [H ... H,], with ¢; denoting the /th column of the identity matrix, and d; ; is the
[th element of di;. Then, under the assumption that (%, d; ;) is normally distributed
with mean (i_t, 0) and covariance matrix X, the probabilistic constraint

Priiks <a)) =p (6.46)

can be written as a deterministic second-order cone constraint of the form

a— i [Zf;] > HH(uf, "3 1)”2. (6.47)

The constant « in (6.47) is defined by
Pr(X < k) =p,

for a normally distributed scalar random variable X with mean O and variance 1.
For p in the interval [0.5, 1), the value of x is nonnegative and, since the condition
alx — b > kllc + Dx|| is convex in x if x > 0 for any given constants a, b, ¢, D,
the constraint (6.47) is therefore convex in this case. Hence, for p > 0.5, the min-
imization of a convex quadratic predicted cost subject to (6.47) is a second-order
cone programming problem (SOCP) that can be solved efficiently.

This is the approach used in [3], where a finite horizon cost is used to formu-
late a SMPC algorithm. However this formulation lacked a guarantee of closed-loop
stability (on account of the finite horizon cost). In the presence of hard input con-
straints in addition to probabilistic output constraints, feasibility may also become
problematic and requires constraint softening this context (see for example [29]).

A further disadvantage of the use of MA models is that they are limited to open-
loop stable systems; the impulse responses of open-loop unstable systems cannot
be truncated to give finite-order MA models. These aspects of closed-loop stability
and feasibility, as well as the extension of the use of MA to the case of open-loop
unstable systems have been addressed in [1, 2], where stochastic MPC is introduced
as a tool for the assessment of sustainable development policies.

6.5 Application to a Sustainable Development Problem

Sustainable development addresses the problem of balancing the needs for economic,
technological and industrial development of the current generation with those of
future generations [30]. Human generations can be considered to be separated by
about 30 years, and this defines a natural prediction horizon for assessing the likely
effects of policy decisions on sustainable development. The treatment of the problem
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has been mostly discursive but it can be posed in a formal mathematical manner.
Thus [31] considers the question of assessing policy in budget allocation between
alternative technologies for electricity generation and develops a strongly stochastic
model. This model describes the effect of adjusting a number of inputs (“instru-
ments”), which form the elements of an input vector u € R"™, and which include
for example measures of investment in combined cycle gas turbine technology and
investment in renewable energy such as wind turbines, on a number of outputs (“indi-
cators”). Amongst these indicators is included a measure of benefit, say yi, related
to the cost of the energy produced, and another, y, that measures cost, related to
accumulated CO, emissions. These are measured at the end of the 30-year horizon
and are therefore strongly stochastic on account of the vagaries of world economy.
Clearly, it is desirable to maximize benefit while respecting constraints on cost, but
since both y; and y; are random variables, a more appropriate stochastic optimization
problem is given by

maximize Aj
u,Aq

subjectto Pr(y; > A1) > py
Pr(y2 < A2) = p2

lTufb, u>0

(6.48)

which is given in terms of target bounds, A; and Aj, rather than directly in terms
of the variables y1, y» which, as stated earlier, are stochastic. The hard constraint in
(6.48), that the sum of the inputs should not exceed a specified value b, expresses
budgetary limitations.

It possible to introduce (6.48) into a SMPC framework by performing the opti-
mization repetitively in a receding horizon manner, for example at the beginning
of the kth year, for k = 0, 1, .... Furthermore, rather than consider a single input
adjustment and its effect on the output variables at the end of the prediction horizon,
one can allow input adjustments to occur at each step of the prediction horizon and
measure their effect on the output variables, again, over the entire horizon. This intro-
duces an explicit time dependence into the input and output variables and requires
the use of dynamic models. Accordingly, we denote the vector of budget adjustments
and the vector of indicators in year k as u; and yr = (.1, Yk,2) respectively.

In [1], MA models of the form of (6.45) are used to describe the input—output
dependence. Such models are convenient for the derivation of the parameter distrib-
utions from identification of experiments (performed using world economy models)
since they avoid the difficulty of ARMA models in which stochastic model para-
meters multiply disturbance values which are also random variables. The limitation
of MA models to open-loop stable systems can be overcome through the artifice of
bicausality, according to which causal relationships such as given in (6.45) can be
used to account for the stable dynamics, whereas unstable dynamics can be modelled
using anti-causal regressions. As an illustration of this, consider a system described
by a transfer function with a single pole which is unstable, namely 1/(1 — A\z™!)



266 6 Introduction to Stochastic MPC

where |\| > 1. This transfer function can also be written as —\~'z/(1 — A~ 'z) and,
after suitable truncation, leads to the anti-causal regression

! ! Bt 6.49
yk—_x(uk+xuk+l+"'+(x) uk-‘rn—l) (6.49)
Superposition can be deployed to extend this treatment to the case of complex con-
jugate unstable poles and/or multiple poles.

The overall stochastic MPC strategy can be split into two phases, of which the first
defines a suitable setpoint, and the second is concerned with tracking this setpoint. In
the interests of maximizing the value of the objective steady state, Phase 1 considers
a predicted input trajectory which assumes a constant steady-state value, i, after
N, time steps. If N, satisfies N, +n — 1 < N = 30, then from (6.45) the outputs
necessarily reach their steady-state values, yss, 1 and yg 2, within the 30-year horizon.
Hence, to maximize benefit, the setpoints for u and y; can be defined as

r = R0 ug

where ugs = (ug, .. ., Uss) and ug is defined, for given values of the probabilities
p1,p2 € [0.5, 1), the threshold A; and the overall budget B for an N-step horizon, as
the solution of the convex optimization:

maximize Aj
Uss,Al

subjectto  Pr(yg.1 > A1) > pi

Pr(ys,2 < A2) = p2 (6.50)
N—1

Z pleusx <B, ugzs=>0.

j=0

The parameter p is a discounting factor chosen to lie in the interval [0, 1), which
is used in recognition of the fact that the value of expenditure decreases with the
advance of time. The implication of the optimization (6.50) that defines this first
phase of the algorithm is that the undershoot in the predicted steady-state benefit,
r — yss.1, Will with probability p; be no greater the threshold value 75, = r — Aj.

It is now possible to measure performance over the N-step prediction horizon
using probabilistic thresholds:

Pri(r — yik,1 < tix) = p1, i=1,...,N.

The second phase of the algorithm aims at the minimization of these thresholds. How-
ever, given the stochastic nature of the problem and the desire to secure a monoton-
ically decreasing property for the predicted cost, rather than penalize in the cost all
tiik, only those that exceed f; will be taken into account. This suggests the following
online implementation of stochastic MPC.
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Algorithm 6.1 At each time instantk =0, 1, ...

(i) Perform the optimization:

N
o . . 2
I (@51
Silks tijk» i=1,...,N i=1
subject to
Silk = tijk — tss» Sik =0 (6.51b)
Pri(r — yijk,1 = tig) = p1 (6.51¢)
Pri(yik,2 < A2) = p2 (6.51d)
N1 Nu=l _ N
> 1 gy + ( 1 )lTuSS <B 6.51¢)
j=l —r
une = 0, ugg >0 (6.51f)
fori=1,...,Nand/=0,...,N, — 1.
(i1) Apply the control law u = u("jl 4> Where (”3\ PR u;:/u_ll &> Usg) 18 the minimiz-
ing input sequence in (6.51). <

For I = 0, (6.51e) applies the discounted budgetary constraint

N—1

Z pilTuj‘k <B

J=0

to the predicted input sequence (uojk, U1}k, - - -) With ujjx = uss for j > N,,. However
(6.51e)is also applied foreach! = 1, ..., N, — | to ensure that the time-shifted input
sequences, (U, Ui+1|ks - - -)» With ujp = ug for j > N, satisfy the corresponding
discounted budgetary constraint:

N—1+1

Z pjillTuﬂk <B.

J=l

Given that the constraints of (6.50) are satisfied for the given #5, A and B for some ug;,
this is all that is needed to ensure recursive feasibility of Algorithm 6.1. In addition,
if sflk, i =1,...,N is optimal for (6.51) at time k, then the sequence defined by
Silk+1 = sl”;r”k fori =1,...,N — 1 and syk4+1 = 0 is by construction feasible

at time k + 1. Therefore the optimal objective of (6.51), denoted J; = va:l 5| ,3,

necessarily satisfies

T S TE=sti (6.52)
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for all k. Summing both sides of this inequality over all £ > 0 gives

o0

*2 *
Zsuk =Jo

k=0

which implies that STI « — 0ask — oo. These results are summarized below.

Theorem 6.2 For the closed-loop system (6.45) under the control law of Algo-
rithm 6.1, the optimization (6.51) is feasible at all timesk = 0, 1, ... andr —y ;1 <
tys with probability py as k — oo.

Assuming the parameters of the model (6.45) to be normally distributed, the
probabilistic constraints in (6.50), as well as those of (6.51c¢, 6.51d), can be converted
into second-order cone constraints using the method by which (6.46) was transformed
into the deterministic constraint (6.47). Therefore, the Phase 1 optimization (6.50) is
convex and can be performed for example by solving a sequence of SOCPs. Similarly,
the online optimization of Algorithm 6.2 can be expressed as a single SOCP problem.

References

1.

2.

3.

10.

12.

B. Kouvaritakis, M. Cannon, P. Couchman, MPC as a tool for sustainable development inte-
grated policy assessment. IEEE Trans. Autom. Control 51(1), 145-149 (2006)

B. Kouvaritakis, M. Cannon, V. Tsachouridis, Recent developments in stochastic MPC and
sustainable development. Annu. Rev. Control 28(1), 23-35 (2004)

A.T. Schwarm, M. Nikolaou, Chance constrained model predictive control. AIChE J. 45(8),
1743-1752 (1999)

. D.H. van Hessem, O.H. Bosgra, Closed-loop stochastic model predictive control in a receding

horizon implementation on a continuous polymerization reactor example, in Proceedings of
the 2004 American Control Conference, Boston, USA (2004), pp. 914-919

. F. Herzog, S. Keel, G. Dondi, L.M. Schumann, H.P. Geering, Model predictive control for

portfolio selection, in Proceedings of the 2006 American Control Conference, Minneapolis,
USA (2006), pp. 1252-1259

. J.A. Primbs, Dynamic hedging of basket options under proportional transaction costs using

receding horizon control. Int. J. Control 82(10), 1841-1855 (2009)

. P. Couchman, B. Kouvaritakis, M. Cannon, F. Prashad, Gaming strategy for electric power with

random demand. IEEE Trans. Power Syst. 20(3), 1283-1292 (2005)

. P. Patrinos, S. Trimboli, A. Bemporad, Stochastic MPC for real-time market-based optimal

power dispatch, in Proceedings of the 50th Conference on Decision and Control, Orlando,
USA (2011), pp. 7111-7116

. F. Oldewurtel, A. Parisio, C.N. Jones, D. Gyalistras, M. Gwerder, V. Stauch, B. Lehmann, M.

Morari, Use of model predictive control and weather forecasts for energy efficient building
climate control. Energy Build. 45, 15-27 (2012)

J. Yan, R.R. Bitmead, Incorporating state estimation into model predictive control and its
application to network traffic control. Automatica 41(4), 595-604 (2005)

. M. Evans, M. Cannon, B. Kouvaritakis, Robust MPC tower damping for variable speed wind

turbines. IEEE Trans. Control Syst. Technol. 23(1), 290-296 (2014)
J.E. Manwell, J.G. McGowan, A.L. Rogers, Wind Energy Explained: Theory, Design and Appli-
cation (Wiley, New York, 2002)



References 269

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.
25.
26.
27.
28.
29.
30.

31.

J. Richalet, S. Abu el Ata-Doss, C. Arber, H.B. Kuntze, A. Jacubash, W. Schill, Predictive
functional control: application to fast and accurate robots, in Proceedings of the 10th IFAC
World Congress, Munich, (1987), pp. 251-258

G.E.P. Box, G.M. Jenkins, Time Series Analysis: Forecasting and Control (Holden-Day, San
Francisco, 1976)

P.J. Brockwell, R.A. Davis, Introduction to Time Series and Forecasting (Springer, New York,
2002)

L. Ljung, System Identification: Theory for the User, 2nd edn. (Prentice Hall, New Jersey,
1999)

H.J. Kushner, Introduction to Stochastic Control (Holt, Rinehart and Winston, New York, 1971)
M. Cannon, B. Kouvaritakis, X. Wu, Probabilistic constrained MPC for multiplicative and
additive stochastic uncertainty. IEEE Trans. Autom. Control 54(7), 1626-1632 (2009)

D. Li, W.L. Ng, Optimal dynamic portfolio selection: multiperiod mean-variance formulation.
Math. Financ. 10(3), 387-406 (2000)

S.-S. Zhu, D. Li, S.-Y. Wang, Risk control over bankruptcy in dynamic portfolio selection: a
generalized mean-variance formulation. IEEE Trans. Autom. Control 49(3), 447-457 (2004)
P. Couchman, M. Cannon, B. Kouvaritakis, Stochastic MPC with inequality stability con-
straints. Automatica 42(12), 2169-2174 (2006)

P. Couchman, B. Kouvaritakis, M. Cannon, MPC on state space models with stochastic input
map, in Proceedings of the 45th Conference on Decision and Control, San Diego, USA (2006),
pp. 3216-3221

M. Cannon, B. Kouvaritakis, P. Couchman, Mean-variance receding horizon control for
discrete-time linear stochastic systems in Proceedings of the 17th IFAC World Congress, Seoul,
Korea (2008), pp. 15321-15326

A. Charnes, W.W. Cooper, Chanced-constrained programming. Manag. Sci. 6(1), 73-79 (1959)
K.J. Astrom, B. Wittenmark, On self tuning regulators. Automatica 9(2), 185-199 (1973)
D.W. Clarke, P.J. Gawthrop, Self-tuning controller. Proc. Inst. Electr. Eng. 122(9), 929-934
(1975)

P. Li, M. Wendt, G. Wozny, A probabilistically constrained model predictive controller. Auto-
matica 38(7), 1171-1176 (2002)

A. Charnes, W.W. Cooper, Deterministic equivalents for optimizing and satisficing under
chance constraints. Oper. Res. 11(1), 18-39 (1963)

E. Zafiriou, H.-W. Chiou, Output constraint softening for SISO model predictive control Pro-
ceedings of the 1993 American Control Conference, San Francisco, USA (1993), pp. 372-376
United Nations, Report of the world commission on environment and development. Technical
report, General Assembly Resolution 42/187, December 1987

N. Kouvaritakis, Methodologies for integrating impact assessment in the field of sustainable
development (MINIMA-SUD). Technical report, European Commission Project EVG1-CT-
2002-00082 (2004)



Chapter 7
Feasibility, Stability, Convergence
and Markov Chains

This chapter considers the closed-loop properties of stochastic MPC strategies based
on the predicted costs and probabilistic constraints formulated in Chap. 6. To make the
analysis of closed-loop stability and performance possible, it must first be ensured that
the MPC law is well-defined at all times and the most natural way to approach this is
to ensure that the associated receding horizon optimization problem remains feasible
whenever it is initially feasible. We therefore begin by discussing the conditions for
recursive feasibility.

The requirement for future feasibility of probabilistic constraints induces con-
straints on the model state that must be satisfied for all realizations of model uncer-
tainty. Although this introduces robust constraints into the problem, we show that
these constraints provide the least restrictive means of ensuring recursive feasibil-
ity, and hence they are less restrictive than the conservative robust counterparts of
the probabilistic constraints. This suggests a general framework for stochastic MPC
that combines robust constraints for recursive feasibility with the probabilistic or
expected value constraints of the control problem.

Closed-loop stability and convergence are discussed next in the context of a pro-
totype stochastic MPC algorithm. We present an analysis of asymptotic mean-square
bounds on the closed-loop state and control trajectories that are derived from bounds
on the optimal value of the predicted cost. This is the basis of the stability analysis
of the various stochastic MPC strategies considered in this chapter and in Chap. 8.
We also briefly discuss an interesting and seldom-used alternative based on super-
martingale convergence theory, which provides additional insight into the behaviour
of the closed-loop system.

The conditions for recursive feasibility of pointwise-in-time probabilistic con-
straints require the predicted state and control trajectories to lie in a tube that ensures
robust feasibility and satisfaction of the probabilistic constraints. Similar conditions
apply to the case of probabilistic constraints that are imposed jointly at more than
a single future time step, and we conclude the chapter by considering a strategy for
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this case that makes use of probabilistic bounds on the uncertain model parameters.
The approach is first introduced using the concept of probabilistic invariance and
then extended to a more general framework using Markov chains.
Throughout this chapter, we consider systems described by the uncertain model
introduced in Chap. 6:
Xk+1 = Agxg + Bruy + Dwy (7.1a)

where Ay, By, wy are functions of a stochastic parameter vector ¢x which is unknown
at time k. Thus (Ag, By, wy) = (A(qk), B(qr), w(qk)) with

(A@). B(@). w(g)) = A©.BQ,0) + DAV, BD p(D)g D) (7.1b)
Jj=1

and the probability distribution of gy = (q,gl), ceey q,ﬁm)) is assumed to be known and
to satisfy E(gx) = 0 and E(qquT ) = I. Furthermore, g and g; are assumed to be
independent for all & # i.

7.1 Recursive Feasibility

This section examines conditions under which the online optimization of predicted
performance in stochastic MPC can be guaranteed to remain feasible at all future
sampling instants if it is initially feasible. Probabilistic or expectation constraints
such as (6.7)—(6.9) are usually regarded as “soft” constraints since they are not
required to hold for every possible realization of model uncertainty. However, in
order that a problem is feasible, we require that all conditions of the problem are
met, whether these are invoked for a predefined subset or for all model uncertainty
realizations. Probabilistic or expectation constraints are, in general, only feasible if
the system state belongs to a particular subset of state space, and the conditions for
their feasibility thus impose additional constraints on states and control inputs.

Recursive feasibility of stochastic MPC algorithms can be handled in one of
two ways. Either conditions to ensure robust feasibility are imposed as explicit con-
straints in the online optimization or the optimization is allowed to become infeasible
whenever necessary. The latter approach typically includes a penalty on constraint
violation in the MPC cost index [1, 2], or else directly minimizes a measure of the
distance of the state from the feasible set whenever the problem is infeasible [3].
Without a guarantee of feasibility, however, it is generally impossible to make a def-
inite statement about the degree to which the closed-loop system under a receding
horizon controller satisfies constraints. Moreover, the closed-loop system may not
satisfy the constraints of the problem, even if these are feasible at initial time.

In this section, we focus on the robust feasibility of stochastic MPC optimiza-
tion problems subject to pointwise in time probabilistic constraints (including, by
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extension, mixtures of probabilistic and robust constraints that hold with probability 1).
However we note that the same principles and analogous conditions for ensuring
feasibility apply to other constraint formulations such as the expectation constraints
and the joint probabilistic constraints of (6.7) and (6.9). To place this discussion in
a general context, we consider constraints applied to an uncertain output variable:

Pri(zox <0) > p (7.2)

where z; i is the predicted value at time & of the i-steps ahead output zx;, and where
Zx 1s a function of the state x; and control input uy of (7.1a):

2k = f(xk, ug, vi). (7.3)
Here v is a random variable that is defined in terms of a stochastic model parameter
e = (r,El), e, r,ﬁm)), which is unknown at time k but which has a known probability
distribution, and a known set of vectors {v(1), ..., v(™}:
m .
ve=> v (7.4)
=t

In this set-up, r is not assumed to be independent of the stochastic parameter g
appearing in (7.1a). Therefore the state constraints Pry (Fxjx < 1) > p are a special
case of (7.2) with zx = f(xk, uk, vk) = FAxy + FBuy + FDv; — 1 and vy = wy.
Likewise, the mixed state and input constraints of (6.8) are included in (7.2) through
a change of the definition of zj:

2k = [k, wk, w1, ve) = FAgxg + FBrug + Guyy1 + FDv — 1

and vy = wy.

Example 7.1 This example uses a simple system model to motivate the derivation
of recursively feasible probabilistic constraints. The state xi, control input u; and
output zx at time k are governed by the first order dynamics:

Xk+1 = Xk + up + wi
Zk = Xk + Uk

where, at time k, x; is known and wy, v; are unknown discrete random variables
with
Pr(wy = j) =Pr(yy = j) =5, j=—1,0,1

The system is subject to a probabilistic constraint, which is required to hold for all
k> 0:
Pri(zox < 0) > 1.
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Fig. 7.1 The probability
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fori =0, 1,2 with 1 i
u0|0:u1‘0:Oande:0 /‘% s |
0 5 #E i
1 2
1 2
-1 o 9
\ 1
-2 n9
3
1
2 0’
z 1 2
1¢° o’
02 o
b 1
1 2
-1¢° o’
1
-2 o’
-3

For the initial condition xo = 0, Fig.7.1 shows the distributions of x;o and z;|o
that are obtained with the predicted input sequence ugjo = u10 = 0. From this it can
be seen that

Pro(zo0 < 0) = % Pro(z1)0 < 0) = % Pro(z210 < 0) = %

which implies that Pro(z;jo < 0) > % holds fori = 0, 1, 2 (in fact it is easy to show
that Prg(z;j0 < 0) > % holds for all i > 0) if u; 0 = 0 foralli > 0.

However, somewhat counterintuitively, the existence of a predicted control
sequence such that Pro(z;10 < 0) > % holds for given i does not ensure that the

constraint Pry (zo < 0) > % will be feasible at time k = i. For example, if ug = 0,
then at time k = 1 the condition Pry(zg;1 < 0) > % may be violated since if wyg = 1,
then x; = 1 so that z; = 1 4+ vy and hence

Pri(zop <0) =Pr(vi =-1) = %

in this case.
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From z; = x; + vr and the probability distribution of wvg, it is easy to see
that the condition Pr(zox < 0) > % is satisfied if and only if x; < 0. Given that
xo = 0 and wy, lies in the interval [—1, 1], we must therefore have uy < —1 in order
that Pry(zo1 <0) > % is feasible. By this reasoning, a control law that ensures sat-
isfaction of the probabilistic constraint for all k is given by

uo=—1, up=—-wi_1, k=1,2,...

since this control strategy ensures x; < O for all k.

Returning to the problem of determining a feasible predicted control sequence at
time k = 0, in order to ensure the future feasibility of the constraint Pr; (zo;; < 0) > %,
the predicted control sequence must meet the condition x;jo < O for all possible
realizations of the random sequence {wy, ..., w;—_1}, for each i > 0. This can be

formulated as the problem of determining {uoo, %10, - . .} satisfying, for eachi > 0,

Pr; max Zip <0) > %
wo, .. [-1,1]

LWi—1E

or equivalently

i—1

Pri(i+zuj|0+vi 50) > %

J=0

In order to impose the probabilistic constraint (7.2) in a way that guarantees recur-
sive feasibility, it is therefore necessary to consider for each i > 0 the worst case
realization of {wy, ..., w;_1} whereas v; can be treated as a stochastic variable. Note
also that a robust reformulation of the constraint, i.e. Pri (zo)x < 0) = 1, would have
to consider worst case realizations of both w and v, and hence would require that
xp < —1. O

Given the probability distribution of v, the function f defines a set of states for
which there exists a control input such that the constraint (7.2) holds. Let

X = {x : 3u such that Pr(f(x,u,v) <0) > p}, (7.5)

then the future feasibility of (7.2) can be ensured by requiring that the predicted state
sequence at time k satisfies x| € & for all possible realizations of the uncertainty
sequence {gxs, - - ., qk+i—1}, for each i > 0. Denoting the support of ¢ (namely the
set of all possible realizations gi) as @ € R™, so that

Pr(gr € Q) =1 and Pr(gx ¢ Q) =0, (7.6)
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the implied constraints on the control sequence predicted at time k are then
Pri(zop <0) = p (7.7a)

Prk+,'( max Zik = 0) > p, i=1,2,... (7.7b)
k-

o Gkti-1€Q

Thus the constraints on the i steps ahead output variable z;|x have been made robust
with respect to {gx, - . . , gk+i—1} but remain stochastic with respect to vg;.

To verify these constraints are recursively feasible, suppose {uo, w1, ...} sat-
isfies (7.7a, 7.7b) for some k and consider the sequence defined at time k + 1 by
Uilk+1 = Ui+1k fori =0, 1, ... (or by u;jk41(x) = u;y1x(x) if optimization is per-
formed over feedback laws rather than open-loop control sequences). Then, for any
gk € Q, the condition (7.7b) with i = 1 implies x¢4| € X and

Pri4+1(zojk+1 < 0) > p.

Likewise, the condition (7.7b), when invoked fori = j + 1, ensures that x ;41 € X
forall {gx,...,qxyj} € @ x -+ x Qand

Prk+1+j( max Zjlk+1 = 0) >p, j=12,...

k4150 Ghs j EQ

Hence there exists a predicted control sequence at time k + 1 such that the conditions
of (7.7a and 7.7b) hold with k replaced by k + 1.

This argument demonstrates that the conditions of (7.7a and 7.7b) provide a
recursively feasible set of constraints ensuring satisfaction of (7.2). It is important to
note that these conditions are necessary as well as sufficient for recursive feasibility.
In particular, if the predicted control sequence is optimized over arbitrary feedback
laws with no restriction on the controller parameterization, then infeasibility of (7.7a,
7.7b) implies that, for some i > 0, itis not possible to satisfy Pryy j (zok+; <0) > p
forall j =0, ..., i under any control law.

A consequence of the constraints (7.7b) involving a maximization over a subset
of the uncertain model parameters is that feasibility cannot generally be guaranteed
for models containing random variables with infinite support. Thus if ¢ has infinite
support, then a predicted control sequence or feedback law satisfying (7.2) can only
exist if the model state x is unobservable from the constrained output variable z, and
furthermore the unbounded model uncertainty associated with ¢ must only affect the
components of x that are unobservable from z. In general, this rules out problems
in which ¢ is normally distributed since such models allow disturbances to have an
arbitrarily large effect on the model state, albeit with vanishingly small probability.

In most applications the restriction to finitely supported model uncertainty is not
limiting since control systems are rarely subject to unbounded uncertainty in practice.
However it does affect both the modelling of disturbances and the numerical methods
required to handle probabilistic constraints. On the other hand, the parameter v that
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appears directly in the constrained output z is treated as a stochastic variable and is
not required to have finite support. One consequence of this is that problems based
on moving average dynamic models, such as those considered in Chap. 6, are not
restricted to finitely supported random variables since in this case all of the model
uncertainty is contained in the output map.

To conclude this section, we discuss how the conditions of (7.2), consisting of an
infinite number of constraints over an infinite prediction horizon, can be reduced to
a finite number of constraints. As in the case of robust MPC, it is possible to impose
the constraints (7.2) on predicted state and control trajectories through a finite set of
conditions, which nevertheless are recursively feasible over an infinite horizon, by
using a dual-mode prediction strategy and an appropriate terminal constraint. In this
context the terminal constraint xyx € X7 is required to hold for all realizations of
the uncertain sequence {gx, . . . , gk+n—1} over the initial N-step prediction horizon.
Moreover recursive feasibility requires that X7 is a robustly invariant subset of the
feasible set X’ in (7.5) and hence the probabilistic constraint (7.2) must hold for all
x € X7 under the terminal feedback law.

Assuming a linear terminal control law, u; = Kxi, we therefore require that X7
satisfies, for all x € X7, the conditions

(A(q) + B(q)K)x + Dw(q) € Xp Vg € Q (7.82)

and
Pr(f(x,Kx, v) < 0) > p. (7.8b)

If (7.8b) can be invoked through an equivalent algebraic condition, then the maximal
robustly positively invariant set satisfying (7.8a, 7.8b) (or a convex inner approxima-
tion of this set—see e.g. [4]) can be determined by a conceptually straightforward
extension of Theorem 3.1, as we now briefly discuss. Defining the sequence of sets
{So, S1, ...} by

Sp = {x : Pr(f(x,Kx, v) < O) > p}

and, fork =1,2,...
St = {x: (A(@) + B(@)K)x + Dw(q) € Si—1 Vq € 9},

the MRPI set is given by

o 14
XMRPI - ﬂ Sk — ﬂ Sk
k=0 k=0

where v satisfies ﬂZ:o Si € Sy+1. In many cases of practical interest (see e.g. [5]),
it is not easy to determine an algebraic equivalent of (7.8b) and it may therefore be
necessary to resort to a conservative approximation, for example based on random
sampling methods.
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7.2 Prototype SMPC Algorithm: Stability and Convergence

This section proposes a general formulation of stochastic MPC for the system (7.1a,
7.1b). The algorithms presented here are conceptual in the sense that we do not
consider how to solve the implied online MPC optimization problem (this is discussed
in detail in later sections of this chapter and in Chap. 8). Instead, the focus of this
section is on analysing closed-loop behaviour using the optimal value of the predicted
cost. We show that the closed-loop system inherits a quadratic stability property when
the MPC objective function is a quadratic predicted cost.

Two alternatives are considered for the MPC cost: the expected value predicted
cost of Sect.6.2 and the nominal predicted cost of Sect.3.3. The system is subject
to the pointwise-in-time probabilistic constraints of (6.8) and the constraints of the
MPC optimization are constructed to ensure recursive feasibility as described in
Sect.7.1. Using a dual-mode prediction scheme, the predicted control sequence at
time k is parameterized as

uik = Kxjje +cig, i =0,1,... (7.9)
where ¢, = (cojk, - .., cnv—1)k) 1S a vector of optimization variables at time k and
¢ijk = O forall prediction times i > N, and where K satisfies the mean-square stabil-

ity condition (6.5). It is assumed that a terminal set X7 is known, where X7 satisfies
the condition (7.8) for robust invariance and the probabilistic constraint

Pr(F(@(@)x + Du) =1) = p

for all x € X7, where F =F + GK and D(q) =A(g) + B(g)K.

7.2.1 Expectation Cost

Define the predicted cost at time k as the expectation cost (6.15) of Sect. 6.2:
o0
Tk e) = D B (Ilxiglly + luigllz — Lss) (7.10)
i=0

where [ = tr(@(Q + KTRK)) and O is the solution of (6.10), and let K be the
optimal linear feedback gain for this cost given by (6.22) and (6.23). Then, by Corol-
lary 6.1, J(x, ¢) has the quadratic form:

J(x,¢) = xTWxx + cTWCc + ZwLx + 2wCTlc + wq
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where W, > 0, W, > 0and wy, w, are given by (6.23), (6.24) and (6.21a), (6.21b).
A recursively feasible MPC algorithm that minimizes this cost subject to the con-
straint Pri (Fxqx + Guijx < 1) > p can be stated as follows.

Algorithm 7.1 Ateach time instantk =0, 1, .. .:

(i) Perform the optimization:

minimize J(xg, k) (7.11a)
ck

subject to
Prk(f?x“k + Geipp < 1) >p (7.11b)
Prk+i( max  Fxipix + Gejsip < 1) > p,

GkseQk+i—1€Q

i=1,...,.N=2 (7.1lc)

Prk+N1( max  Fxyp < 1) >p (7.11d)
Gk Gk+N-2€Q

and xyx € Xr forall {gx,...,gr4n—1} € QX ---x Q (7.11e)

(ii) Apply the control law u; = Kxj + CS\/{’ where ¢ = (cglk, e cj{,_llk) is the

optimal argument of (7.11). <

Theorem 7.1 For the system (7.1a, 7.1b) under the control law of Algorithm?7.1, if
the optimization (7.11) is feasible at k = 0, then it remains feasible for all k > 0.
Also the closed-loop system satisfies the quadratic stability condition

N
lim — > Eo(llxelig + luelg) < Lss (7.12)

r—0o0

k=0
and Pri(Fx1x + Guix <1) > p holds for all k > 0.

Proof The argument of Sect.7.1 shows that the constraints (7.11b-7.11e) are recur-
sively feasible since if the optimization of (7.11) is feasible at time k, then

k *
ck+] = (Cllk, ey CN—llk’ 0)

necessarily satisfies (7.11b—7.11e) at time k + 1. Feasibility of (7.11b), therefore,
implies satisfaction of the probabilistic constraint Prg (Fxx + Gujx < 1) > p for
allk > 0.
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From the definition of the predicted cost, we have
Ei (J (ks €x41)) < T*Ga) = (Iellg + luellz — lss)

where J*(x) = J(x, ¢j), and since optimality at time k + 1 implies, for any real-
ization of gx € Q, that J*(x;11) < J(Xg+1, Cks1) it follows that

Ei (J* (i) < T*0e) — (Il + Nl — Lss)- (7.13)

Taking expectations conditional on xg of both sides of this inequality and noting that
Eo (Bx (J* (xk+1))) = Eo(J*(xx+1)), we obtain, for all r > 0:

1 |
= > Bolleelf + luel1F) < los + - (7*C0) = Eo (" @) ).
k=0

Here J*(x¢) is by assumption finite whereas J*(x) has a finite lower bound since W,
and W, are positive definite matrices; therefore, the second term on the RHS of this
inequality vanishes as r — oo. (]

The optimal value of the predicted costJ (x, ¢) is not necessarily non-negative and
the convergence analysis in (7.1) therefore relies on the existence of a finite lower
bound on the predicted cost. A consequence of this is that an asymptotic value of the
expected stage cost lower than /¢ may be achievable using an affine rather than linear
state feedback law whenever the additive and multiplicative uncertainty in the model
(7.1a, 7.1b) are correlated. From the expression for the unconstrained minimizer
of (7.11) given by (6.20) and (6.21a) it can be seen that the control law of Algo-
rithm 7.1 will in fact be equal to this affine feedback law if constraints are inactive,
and this is the explanation for the inequality in the asymptotic bound of (7.12).

Two special cases are of particular interest in this convergence analysis. If the
additive and multiplicative uncertain model parameters in (7.1b) are uncorrelated,
then the discussion of Sect. 6.2 shows that [ is the minimum expected value of the
stage cost that can be achieved under any control law. Therefore in this case the
bound (7.12) implies that the control law of Algorithm 7.1 converges asymptotically
to uy = Kxy, and it can then be shown that x; converges with probability 1 to the
minimal RPI set under this feedback law as k — oo.

A second special case is that in which the system (7.1a, 7.1b) is only affected
by multiplicative uncertainty (i.e., wy = 0 for all k). In this case, I;; = 0 and it
follows that J*(x) is a positive definite function of x. Therefore (7.13) implies that
the closed-loop system is quadratically stable and hence x; — 0 as k — oo with
probability 1.
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7.2.2 Mean-Variance Cost

A quadratic stability result also applies if the performance objective of Algorithm 7.1
is replaced by the mean-variance predicted cost (7.14) of Sect.6.3:

o0
0 0
T e) = > (x5 + gy 17)
i=0
o0
0 0
+ 12 > (i — X3 + i — w17 — Ls). (7.14)
£

with [ = tr(@(Q + KTRK )) as before, and where « is a given constant. However
the optimal value of this predicted cost does not necessarily satisfy a condition such
as (7.13), and as a result the available bounds on the mean-square value of the closed-
loop system state are, in general, weaker than the bound given by Theorem7.1. To
analyse stability, we take an indirect approach similar to the analysis in Sect. 3.3 of
robust stability of nominal MPC. This is based on the fact that the optimal linear
feedback gain for the problem of minimizing (7.14) in the absence of constraints
necessarily satisfies the condition (6.5) for mean-square stability, and it therefore
induces a finite /5 gain between the disturbance input and the closed-loop system
state under an associated MPC law.

Assuming K to be the unconstrained optimal linear feedback gain defined
by (6.33a—6.33c), the matrix W, in (6.32a) is block-diagonal and the cost (7.14)
can be expressed

J(xg, c) = kaWxxk + c,{WCck + 2w§1xk + 2u)CTlck + wy.

Furthermore the structure of ¥ and ¥© in (6.32a, 6.32b) implies that W, and w,]
have the block structure:

W, = diag(s,...,S}, w!l = [T - oT]

where S € R™>" and v € R™, with S > 0. The statement of a stochastic MPC
algorithm based on the minimization of this cost subject to the constraints of (7.11)
is as follows.

Algorithm 7.2 Ateach time instantk =0, 1, .. .:

(i) Perform the optimization:

minimize |eg |13, + 2w] e subject to (7.11b=7.11e) (7.15)
[ c
(i) Apply the control law u; = Kxj; + cglk, where ¢ = (célk, e c;(,_llk) is the

optimal argument of (7.15). <
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Theorem 7.2 For the control law of Algorithm 7.2 applied to the system (7.1a, 7.1b):
if the optimization (7.15) is feasible at k = 0, then it is feasible for all k > 0, the
closed-loop system satisfies the quadratic stability condition

. 1<
Jim > Eo(Ilxell?) < v’ E(llwell?) (7.16)
k=0

for some finite scalar v, and Pri(Fxyx + Guyx < 1) > p holds for all k > 0.
The proof of the bound in (7.16) relies on the following result.

Lemma 7.1 There exist scalars (3, v and a matrix P > 0 such that, under the control
law of Algorithm7.2, the following bound holds

Ex(Ilxes1l3) < llxelld — el + 82 (||c3|k||§ + 2vTcz;,k) +VE(lwell?). (7.17)

Proof Since K satisfies (6.33b) with W, > 0, there exists P > 0 satisfying P —
IE((DkTPCDk) > I, and this ensures that 3, - exist so that H; > 0, where

P—1 0 0 o
H=| 0 s [ —E(| Bl |P[®x B Dw]
0 " YE(llwl?) wy DT

The bound in (7.17) is then obtained by pre- and post-multiplying H; by the vector
(xk, cglk, 1) and using the system dynamics (7.1a). To show that H; > 0, suppose
that P — IE(chTPch) > (1 + €)1 for some € > 0, then using Schur complements we
find that H; > 0 if H> > 0, where

" ;[ﬁzs v }_[ E(B PBy) E(B,{PDwk)]
27T E(lwill?) | T [Ew]DTPBY) E(|lwkll3)

b [ E(B! P&y)

E(wZDTP(ka [E(®] PBy) E(®] PDwy)].

The bottom right element of H; has the lower bound

[ =3y (14 ¢! i 1P12 0D 12) E(luwl)

j=1

and is therefore positive for all non-zero E(||wy||?) if 7 is sufficiently large. Since
S > 0 it follows that H > 0 for any given P, ¢ > 0 and E(||lwg||?) whenever the
values of (3 and ~ are sufficiently large. (]


http://dx.doi.org/10.1007/978-3-319-24853-0_6

7.2 Prototype SMPC Algorithm: Stability and Convergence 283

We can now give the proof of Theorem7.2.

Proof (of Theorem.2) The constraints of (7.15) are identical to those of the MPC
optimization in Algorithm 7.1. Therefore recursive feasibility and satisfaction of the
probabilistic constraint therefore follow from feasibility of

* *
Cr+1 = (Cl|kv s ONC ks 0)

in (7.15) at time k + 1. Let V*(x;) denote the optimal value of the objective of
(7.15) at time k, then the optimality of the MPC optimization at k 4 1 implies that
V*(xXk+1) < llCk+1 ||%V( + 2wCT1 ¢ for every realization g; € Q. From the block struc-
ture of W, and w,, we therefore have

Ex(V* (1)) < llewrt iy, 4+ 2whiee = Vo) — (llege 15 + 20" ).

and hence from (7.17)

Be (e 1113) < el = el + 52V G = B (V* Gorn)) ) + FE(lwelP)-

Taking expectations and summing over k =0, ..., r — 1, we have

1 1
=" Eo(llxl?) = 7E(Iwl?) + (Il — Eo(lxr113))
k=0

+ ﬂTZ(V*(m — B (V¥())-

In the limit as » — o0, this implies the bound (7.16) since the second and third terms
on the RHS of this inequality are necessarily bounded from above. ([

Theorem 7.2 demonstrates the existence of a finite upper bound on the gain
between the mean-square value of the additive disturbance and that of the closed-loop
system state. But this result gives no indication of how the gain bound depends on
the distribution of multiplicative model uncertainty, and hence it is a weaker result
than Theorem7.1. It is possible, however, to generalize the result of Theorem7.1
for the case of the cost (7.14) with x > 1, since then, using (6.32a—6.32c) and the
expression (6.31) for the predicted cost, it can be shown that

Ex (J* (xi41)) < T*0) = (Ixkllg + Nl — 5715 ) (7.18)

where J* (xx) = J(xg, ¢f) is the value of the cost (7.14) at the solution of the MPC
optimization (7.15). By the argument that is used in the proof of Theorem7.1, it
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follows from (7.18) that the closed-loop system under Algorithm7.2 satisfies the
quadratic stability condition

N 2 2 2
rgr&;;lao(nxknw luelz) < K2Lss (7.19)

whenever k > 1.

7.2.3 Supermartingale Convergence Analysis

The quadratic bounds of Theorems 7.1 and 7.2 provide an indication of the asymp-
totic behaviour of the mean-square value of the closed-loop system state under Algo-
rithms 7.1 and 7.2. However, except for the special case in which the model (7.1a,
7.1b) contains no additive disturbance, these results do not demonstrate asymptotic
convergence of the state to a particular neighbourhood of the origin. Yet on the basis
of the bounds on the evolution of the optimal value of the cost in (7.13) and (7.18),
it is possible to state a convergence result for the state of the closed-loop system.
In order to do this, we define the ellipsoidal set

2, = {x : xTQx < fless}

and, given a sequence of states {xo, x1, . ..}, we define the sequence {xg, X1, ...} by
X0 = xo and

. . . (7.20)
Xr—1 ifx; € 2, forsomei < k

R {xk ifx; ¢ 92, foralli <k
for all £ > 0. If x; satisfies (7.13) for k = 1 or (7.18) for x > 1, then the sequence
{J*(x0), J*(X1), ...} is a supermartingale, namely a sequence of random variables
with the property that Ei (J*(£x+1)) < J*(&) for all k > 0 [6]. This follows from
the fact that (7.13) or (7.18) imply

Ex(J*(Rern)) < TG0 — (IRellg — 571s) < J* ()

if x; ¢ §2,; for all i < k whereas J*(Xxy1) = J*(Xx) if x; € 2, for any i <k, by
(7.20). The stochastic convergence properties of supermartingales are well known,
see e.g., [7], and in particular the following result (adapted from [8]) is useful in the
current context.
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Theorem 7.3 UnderAlgorithm 7.1 with k = 1 or Algorithm 7.2 with k > 1, the state
of the closed-loop system satisfies x; € §2,; for some k with probability 1.

Proof Define the function /(x) by

1) = Ixl1y, — wlss ifx ¢ £2,
0 ifx € 2,

and note that /(x) > O if and only if x ¢ £2,. Then from (7.13), (7.18) and (7.20) we
have, for all k > 0,
Ex (J* (Rig1)) — 5 (R) < —1(Zp), (7.21)

and summing over all k < r yields, for any r > 0,

r—1

D Eo(l(R0) < J*(x0) — Eo(J*(£))).

k=0

The RHS of this inequality has a finite upper bound because J*(x) is bounded from
below for all x; it follows (by the Borel-Cantelli Lemma—see [6]) that [(X;) — 0
with probability 1 and hence x; — £2,; with probability 1. ]

Theorem 7.3 implies that every state trajectory of the closed-loop system con-
verges to the set £2,,. Although subsequently the state may not remain in £2,, suc-
cessive applications of Theorem 7.3 show that it must continually return to £2,. The
convergence of X to £2,; with probability 1 is equivalent to convergence in probabil-
ity [8] since Pr(l (%) = €) — 0 as k — oo for all € > 0.

Analogous stability and convergence results can also be obtained for problems
incorporating soft constraints that may be violated as often as required. For example,
in applications that involve model uncertainty with unbounded support and for which
the satisfaction of probabilistic constraints cannot be guaranteed, feasibility can be
maintained by performing the optimization (7.11) (or (7.15) for & > 1) whenever this
is feasible, and otherwise minimizing the worst-case constraint violation subject to

J(xp, c) < J(xk» (C>1k|k_1’ cees C;’—l\k—l’ O))

Clearly this approach cannot guarantee that the closed-loop system will satisfy con-
straints of the form (6.7) or (6.8) and (6.9) at the required level of probability. How-
ever, it can impose a supermartingale-like condition such as (7.13) (or (7.18)), thus
ensuring the quadratic stability condition of (7.12) (or (7.16)) and the convergence
property of Theorem 7.3.
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7.3 Probabilistically Invariant Ellipsoids

‘We next consider a generalized form of the probabilistic constraints (6.9). Rather than
constraining the probability of the variable Fx; + Guy exceeding some threshold,
we consider constraints on 7, output variables that are defined as the elements of
the vector [9]

vr = Frxr + Grug + nk. (7.22)

The parameters Fy € R">*" Gy € R™>*" and the noise process 7, € R" are
subject to stochastic uncertainty which is described in terms of the random vari-

able g = (q,El), R q,fm)) appearing in the model (7.1a, 7.1b) as (Fi, Gk, nx) =
(F(q). G(qx). n(qx)), where
(F@).G@).n(@) = F?P. G0+ D (FD Gy D)gD. (723
j=1

Furthermore we consider a form of probabilistic constraint in which the output vari-
able )y is allowed to lie outside a prescribed interval I, = [%, 1/;] provided the
average probability of this happening over a given horizon N, does not exceed a
given limit:

Ne—1

1
A Z Pri (i & 1y) <
€ i=0

(7.24)

N max
c

N,

Here, Nmax 1s a limit on the expected number of times the output variable can lie
outside the prescribed interval over a horizon of N, steps.

The form of constraintin (7.24) is applicable to situations in which it is not realistic
to invoke a pointwise in time probabilistic constraint of the form of (6.8) at every
time instant, but where it is desirable to constrain the average rate of violations. For
example in the design of supervisory controllers for large wind turbines with the aim
of damping structural vibrations (such as fore-aft tower oscillations [10]) so as to
reduce fatigue damage, it may not be possible to constrain the material stresses to
a given range with a pre-specified probability at each sampling instant. But to limit
potential fatigue damage, it is essential that the expected rate of such violations does
not exceed a given threshold.

Propagating stochastic uncertainty over a prediction horizon can present consid-
erable computational challenges, so to provide an efficient method of invoking the
constraints (7.24), here we make use of probabilistic bounds on the model parame-
ters. Thus it is assumed that with a probability of at least p, the parameter ¢ lies in
a known set Q,,. In the following, we assume Q,, to be a compact convex polytope
defined in terms of its vertices, namely

Pr(g € Qp) > p, Q, =Colgp1,....qp.v} (7.25)
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Here Q,, defines a confidence region for the uncertain parameters which is non-
unique in general, and this can be a source of suboptimality. For example, a proba-
bilistic constraint such as Pr( flc,q) < 0) > p, where c is a decision variable and f
a given function, is implied by the condition f(c, ¢) <0 forall ¢ € Q,. However,
replacing the original probabilistic constraint in an optimization problem by the con-
dition f(c, g) < Oforallg € Q, will, in general, result in a suboptimal solution for
cif Q p is taken to be a fixed set rather than an optimization variable.

The confidence region Q,, of (7.25) is computationally convenient in that it allows
a straightforward algebraic reformulation of probabilistic constraints and it can be
computed offline. Thus, if ¢ were normally distributed with zero mean and identity
covariance matrix, then ¢’ ¢ would have a chi-squared distribution and hence the
radius of a sphere centred at the origin and containing ¢ with probability p could
be computed using the chi-squared distribution with m degrees of freedom. Con-
sequently Q,, could be defined as any polytopic set that over-bounds this sphere.
Normal distributions do not of course have finite support, but this approach can be
used to approximate @, if ¢ has a truncated normal distribution. The implication of
(7.25) is that

Pr(@k e ®© 4+ Co{®(g,1), ...,cb(q,,,,,)}) > p
Pr(Bk e BO 4 Co{B(g,.1). .. .,B(q,,,y)}) > p (7.26)

Pr(wk € Co{w(qp,l), ceey w(qp,y)}) =p

where ®; = Ay + BiK and @ (q) = ®© + z'}’:l @,
The concept of probabilistic invariance is defined as follows.

Definition 7.1 A setS C R is invariant with probability p for a system with state
X if Pri(x1x € §) > pforallx; € S.

To determine conditions under which an ellipsoidal set is invariant with probability
p, we make use of the lifted autonomous state-space formulation of (6.16) in Sect. 6.2:

= X
Zitik = YitiZifk + Dwigi, 2ok = [c;lj , (7.27)

where zjjx € R™, n; = ny + Nny, and (W, w) = (¥ (qr), w(gx)) with

W (@), w(@) =@, 0+ D W@, wg",
j=1

. ) W) . . . - D
(D_|? = AW () -
L4 _|:0 M]’ oV =AY +BY'K, D_|:O]’
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The implied predicted control law is given by
uik = Kxjjk + cijk

with ¢;)x = 0foralli > N. As before, ¢, = (cok, ..., cN—1k) is a decision variable
at time k. We consider ellipsoidal sets £, C R defined in terms of P, > 0, and their
projections onto the x-subspace:

E={z:7Pz<1}, &E={x:xTPx<1},

T\ —1
where, as discussed in Chap. 2 (Sect.2.7.2), P, = ([Inx o]p;! [1’6*:| ) )
Theorem 7.4 The set &, is invariant with probability p for the system (7.27) if a
scalar \ exists such that, for j =1, ..., v,

Pt Wap )P Dw(ap,j)
* AP 0 > 0. (7.28)
* * 1-A

Proof A sufficient condition for invariance of &, with probability p is that
||zl|k||1237 < 1 whenever ”Z()“‘”IZ”Z <1, forall g € Q,. Using (7.27) to express zi|x
in terms of zoy and applying the S-procedure [11] to these two inequalities, we
obtain the equivalent condition that A > 0 should exist such that

1 — (¥(@)z + Dw(@) P (¥ (@)z + Dw(g)) = A1 —TP.2)

forall z € R"= and all g € Q,. An equivalent condition is that
AP, 0 wT(q) -

for all ¢ in Q. Using Schur complements, it can be shown that this is equivalent to
an LMl in ¥ (¢) and w(g), which, when invoked for all ¢ in the polytope Q,, is by
linearity and convexity equivalent to the LMIs (7.28) corresponding to the vertices
qp,j-Jj=1,...,vof Q. O

The theorem gives conditions under which the state of (7.27) returns, at the next
time instant, to &; with probability p. A second confidence polytope, Q 5, correspond-
ing to a confidence level of p, can be used to state conditions such that o € Iy
with probability p for all zo;x € &;. To do this, v is first expressed as a function of z
and g:

Yo = C(gr)zok + 1(qr)

C(g) = [F(@) + G(@K G@E].
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Corollary 7.1 Letqj; j for j = 1,..., v denote the vertices of Q. Then Pr(oi €
Iy | zok € &) = pif

Y <nlgp;) < (7.292)

and
[Cap. )P Clap, "t < 1§ = n(ap )T (7.29b)
[Cg5.)P; ' Clgp )" 1is < In(gp. ) — T} (7.29¢)
forj=1,...,vandl =1, ..., ny, where[-];; and [-]; denote, respectively, the Ith

diagonal element of the matrix [-] and the Ith element of the vector [-].

Proof For any given ¢, the maximum absolute value of the /th element of C(q)zojx

overall zo|x € &; isequal to [C(q)PZ’lC(q)T]%Z.Itfollows that Pr(voix € Iy | zojk €

&;) > pif (7.29a) holds and
[C(@PT'C@") < [ — @)l

[C(@PT'C@") < In(g) — ¥

forallg € Qp and/ = 1,..., ny. Given the affine dependence of C and 7 on g,
these conditions are convex in g and it follows that they are equivalent to the condi-
tions (7.29b, 7.29¢), which correspond to the vertices g5 1, . .., g5, of Q. O

Theorem 7.4 and Corollary 7.1 can be used to invoke the constraint (7.24) by
deploying a Markov chain model. To illustrate this, we consider a pair of ellipsoidal
sets &1, & C R™ where £ C &, and & is probabilistically invariant with probabil-
ity p1.1 whereas & is robustly invariant (i.e. invariant with probability 1). Although
two sets are considered here, the approach is also applicable to a larger number of
nested sets. Define S| = &1 and S; = & — &1, and assume that the predicted state
x is steered by (7.27) from S to S; in a single time step with probability p;; for
j=121=1,2ie.

Prii(xiz1k € Sjlxie € S) = pjs-
Also let the probability that ;| ¢ Iy, given that x;x € S; be p;,for j =1,2,1i.e.
Priti (Wi & Iy | xix € Sj) < pj.
Then it follows that

Priti{tip ¢ Iy} < [p1 p2] T'e (7.30)
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P1,2

P21

Fig. 7.2 Markov chain model with two discrete states

where

1o if S
7= [Pl,l P1,2i| and o= [ O]T 1 xp €8
P21 P22 0117 ifx €S

By definition I7 is the transition matrix of a Markov chain [12] and therefore
satisfies [1 1] 1T = [1 1] since the successor state must belong to either S; or S,
(Fig.7.2). This implies that [ 1 1] isaleft eigenvector of IT with 1 as the corresponding
eigenvalue. Thus the eigenvector decomposition of IT can be written as

= [w w] |} ? L (731
= |w] Wy 0 /\2 Ug s A2 =1L .
Together with (7.30), this implies that constraint (7.24) will be satisfied if

s a =9

N
[p1 p2]wivie; + =

T .
—— [Pl p2[wavyej < , =1,2 (732
Ne(1 =)o) [p p ] 2€) N. J

However, we must have Npax = plN, for some i € (0, 1), and hence this condition
can always be satisfied for sufficiently large N, so long as

[p1 p2]wivie; <p j=1,2. (7.33)

In the current setting, we can choose & as &, the x-subspace projection of an
ellipsoidal set &, = {z : z/ P,z < 1} thatis constrained to be invariant with a specified
probability, p(l), |» through the conditions Theorem 7.4. Similarly, & can be defined
as the x-subspace projection of a robustly invariant ellipsoidal set. Theorem 7.4 then
implies that p 1 > p?,l and pp 1 < pg’l =1- l’(l),r However, since the outer ellip-
soid & contains all states of the system for which this MPC strategy can be applied,
it is reasonable to assume that the probability, p>, of ¥ ¢ I, given x € & will be
higher than, pi, the corresponding probability given x € &;. In this case, replacing
p1.1 and pr 1 in [T with their conservative bounds, p(l)’l and pg,l, has the effect of
reinforcing the inequality (7.30) and thus the condition in (7.32) for satisfaction of
the constraint (7.24) will continue to hold.

For xj, € &1, the MPC cost can be defined, for example, as the expected quadratic
cost J(xx, ¢) of Sect.7.2.1. However, whenever x; ¢ £, rather than minimize this
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cost, a sensible strategy is to steer the nominal successor state towards £; so as to
increase the value of pj . This can be done by minimizing an objective function
such as | ©z; ||12D,. The implied MPC algorithm can be stated as follows.

Algorithm 7.3 Attimesk =0,1,.. .

(1) If xx € &, compute

¢} = argmin J(x;, ¢;) subjectto z/ P,zx < 1 (7.34)
[
(i1) Otherwise (i.e. if x; ¢ &), compute
¢ = argmin /WO PO subjectto J(xi. e) < J(x. Mcl_,) (7.35)
Ck

(iii) Apply the control law uy = Kxi + cak where ¢; = (cak, e c;\‘,_l‘k). <

The algorithm requires the minimization of a quadratic objective function subject
to a single quadratic constraint in the optimization problems in each of steps (i) and
(ii). The online MPC optimization is thus convex and can be solved efficiently. The
constraint in (7.35) ensures that the time-average of the expected value of ||x ||2Q +

1773 ||12e satisfies an asymptotic bound, as shown by the following result.

Theorem 7.5 For the system (7.1a, 7.1b) under the control law of Algorithm7.3
with J (xicy) defined by (7.10), the online optimization (7.34) or (7.35) is recursively
feasible and the closed-loop state and control trajectories satisfy the asymptotic

mean-square bound
r—1

.1 2 2
Jim kZOIEo(nxan + lugllz) < lss- (7.36)

Proof By construction, &, is robustly invariant under Algorithm 7.3 and if x; € &,
then cxy1 = Mc,’; is necessarily feasible for (7.34) and (7.35) at time k + 1, thus
establishing recursive feasibility. To demonstrate the bound (7.36), let J*(xz) =
J(xy, €f), then

Ex (" (k1)) = B (" Cekg1) | xxs1 € E1)Pri(xgs1 € E1)
+ B (J* (1) | Xig1 € E1)Pri(xisr ¢ E1)
where the feasibility of ¢;1 = Mc¢} implies that J*(x¢41) < J(xx41, Mcf) for all

realizations of gy at time k (this follows from the objective in (7.34) and the constraint
in (7.35)). Therefore,

Er (J* (1)) < TG — (Il y + Nkl — Lss)

and the bound (7.36) follows from the argument of Theorem7.1. (]
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Algorithm 7.3 needs to be initialized through the offline design of the parameters
P1.1, P1,2, P1, p2 and P;. A possible procedure for this is as follows. Specify the initial
values, p(l),1 and p(l)’Z, of p1,1 and p; 2 (and hence also the values of P(z),l =1- p(l)’1
and P(z),z =1- p(l),z). Then, to make the constraints on £; and &£, as unrestrictive as
possible, set p» = 1 and choose p| as the maximum allowable value for p| according
to (7.32). Next, construct the confidence polytopes Q, (with p = p(l), ) and @ (with
p = p1) and maximize the volume of £ by solving the optimization problem

maxilmize det(P;l) subject to (7.28) and (7.29b, 7.29¢) (7.37)
Pl

to determine P,. This problem is convex for fixed values of A in (7.28) and it can
therefore be solved via a univariate search over A € (0, 1). The optimization (7.37)
can also be used to determine a robustly invariant ellipsoid £; with maximum volume
x-subspace projection, although the vertices of Q such that gx € Q with probability 1
must be used in place of those of Q, in the constraint (7.28), and the constraints
(7.29b, 7.29¢) are not needed in (7.37) given that p, = 1 is assumed.

For given &1 and &, the actual value of pj 2 can be determined through Monte
Carlo simulations (for example, by searching over the boundary of & for the mini-
mum probability of inclusion of the successor state in £1). In order to ensure satis-
faction of (7.32) and hence of the constraint (7.24), we require that pj o > p?’z. If
this condition is not satisfied, the procedure must be repeated with reduced values
for the initial guesses p?’l and P(l),2~

Problems involving constraints on the rate of accumulation of fatigue damage
typically place higher weighting on larger amplitude fluctuations of the constrained
output 1. This suggests using a number of intervals for ¢ and modifying the con-
straint (7.24) in order to define an upper bound on a weighted sum of expected
constraint violations over an interval. Further improvements in the accuracy with
which the closed-loop system satisfies the probabilistic constraints of the problem
can be obtained by using a larger number of sets S, since the accuracy of the Markov
chain model in predicting constraint violations improves as a finer discretization of
the state space is employed. These modifications are considered in Sect. 7.4, which
also introduces amode 1 prediction horizon and tubes in order to obtain more accurate
approximations of predicted probability distributions based on Markov chains.

7.4 Markov Chain Models Based on Tubes with Polytopic
Cross Sections

This section uses a Markov chain model to approximate the evolution of the proba-
bility distribution of the states of the model (7.1a, 7.1b) over a prediction horizon. In
this setting, the Markov chain imposes a discretization of the state space based on a
sequence of nested tubes. The approach determines offline bounds on the transition
probabilities between the sets that form the tube cross sections at successive time steps
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so as to meet probabilistic constraints. Confidence bounds on the model parameters
can be used to apply these probabilistic bounds (together with the hard constraints of
the problem) to predicted state and control trajectories which are constructed during
the online MPC optimization.

Tubes with polytopic cross sections are considered here. These are taken to be
low-complexity polytopes such as the sets considered in Sects.3.6.2 and 5.4. Thus
the shapes of the sets defining the tube cross sections are fixed but their centres and
scalings along a set of fixed directions can be adjusted online. At each prediction
time stepi =0, 1, ..., we define p polytopic cross sections:

X =l <z<zf} i=1.... (7.38)

where z denotes the transformed state z = Vx for anon-singular matrix V € R *"x,
The dynamics of z are given by

Zitlk = Pr4iZilk + Brgicik +Dwik, 1 =0,1,...

where @yy; = V@ryi VL, Byyi = VBiyi, D = VD.

The methodology of this section is not limited to low-complexity polytopic tubes,
and general complexity polytopic tube cross sections such as those considered in
Sect.5.5 could be used in place of the sets defined in (7.38). In this more general
case, the set inclusion conditions that are developed in this section could be imposed
using an approach based on Farkas Lemma such as that of Lemma 5.6. For simplicity
however we present the ideas here using low-complexity tubes. .

We assume that V is fixed and designed offline, while §z(|Jk) and Zz(|]k) , fori =
0,...,N,j=1,...,pu, are online optimization variables that are computed simul-
taneously with ¢, = (cojk, . . ., cy—1)x) ateach time k. The tube cross sections defined
in (7.38) are constrained to be nested (Fig. 7.3):

~» time step

Fig. 7.3 Low-complexity polytopic tubes {Xéljz, e XM;{} and terminal sets X;j ) for j=12,
for the case of a 2-dimensional state space
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(Y] (2) w . _

Xi|k§Xi\k§ CXlk, i=0,...,N. (7.39)

At the start of the prediction horizon, we require zojx = Vxi to lie Xé‘jk) for some

l=1,..., u, and terminal condition involving a polytopic terminal set is imposed
on each tube layer,

xhcxy == =1 (7.40)
where the terminal sets are also nested:
xVcax?Pc...caw (7.41)

The nested conditions of (7.39) and (7.41) can be invoked simply by imposing the
constraints

(1) ( ) (M)

N TR (7.42a)
_(1) @ _ =(p)

Lk S 4 = = e (7.42b)
W< P << W (7.42c)

The constraints of the problem are taken to be the same as those considered in
Sect.7.3 (i.e. in (7.24)), but here we separate the constraints into probabilistic and
hard constraints through the definition of two output vectors, 1)” and . These are
given in terms of z;x and ¢;; as

Vi = Fpzi + Gpcilk (7.43a)
Ul = Fuziie + Gl (7.43b)
For simplicity, the parameters /', and G, are assumed to be deterministic, although

constraints such as (7.22)—(7.23) can be handled by a simple extension of the same
approach. We consider the constraints:

max

(7.44a)

C

_ZPrk('@bl‘k >1) <
¢i=1

Wl < (7.44b)

Itis straightforward to show that with an appropriate choice of the parameters F,, G,
(7.444a) has the same form as (7.24).

The strategy for handling the probabilistic constraints (7.44a) resembles that of
Sect.7.3 in that conditions are imposed on the probability with which the predicted
state makes a transition between different tube layers and on the probability of the
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Fig. 7.4 Markov chain model for the case of ;1 = 2

constrained output variables in (7.43a, 7.43b) exceeding threshold values within each
tube layer. Define sets Si(‘]k) fori =0,...,N by

(1) ;
(j)_{X’k'k) (-1 =
ik =] xU =D
: X \ X~ J=2p

and let p; ,, be the probability that z; ¢ lies in Sffllk given that z;; lies in Sl.(l'z)
(Fig. 7.4). Then

(D (D
Prk(zi+1|k eSi—i—l\k) Prk(z,'|k eSi|k) Pl Pl
: =11 : s AT =1 :
Pry (Zi+1|k € Si(i)”k) Pry (Zi\k € 5,'((,?) Pu,1 - Pup
(7.45)

and, for zox € Séljk), we have
Pri (zije € i)
: ='e, (7.46)
Pre (it € S
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where ¢ is the jth column of the identity matrix. If, in addition, the probability that
1/1f+1|k > 1 given z;|x € Si(|nk1) is no greater than p,, foreachm =1, ..., y, then the
bound _

Prk(¢f+1|k > < [p1-- pu] e

holds for any given i whenever zo|x € Sé‘jk), and this in turn can be used to ensure
that (7.44a) is satisfied.

In order to obtain a computationally convenient set of constraints for the online
MPC optimization, we formulate the constraints in terms of the probabilities p; ,, of
transition from Xi(l';:) to Xl(i)l  rather than transition probabilities between Sl.(lr,’:) and
Si(-]i-)ll - Furthermore these conditions are imposed through inequalities rather than
equality constraints. The required set of constraints is as follows.

(i) Transition probability constraints, for j,m =1,...,

Pricti (21 € X0 1z € X) = pjoms i=0,..,N—=1 (747a)

Priti (zit1k € X}") | zijk € X}m)) > pjm, I >N. (7.47b)

(ii) Probabilistic output constraints, for j = 1,...,
Progi (W, > 1l ziw € X)) < pj. i=0.....N—1 (7.48a)
Prigi (W, > 1l zie € X)) < pj. i = N. (7.48b)

(iii) Robust output constraints

Y STV e X, i=0,....N—1 (7.49a)
Y1 Ve Xy, i =N (7.49b)
(iv) Initial and terminal constraints, for j = 1,..., i
Vi € Xl (7.50a)
X cx. (7.50b)

The transition probability constraints are invoked through inequalities in (7.47a,
7.47b), which implies that the transition probabilities of the Markov chain model
(7.45) will not, in general, hold with equality. However it is still possible to ensure
satisfaction of the constraints (7.44a, 7.44b) if we make the following assumption
on the probabilities p; ,,, p; chosen by the designer.
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Assumption 7.1 The probabilities p; , and p; satisfy:

ﬁj,mzﬁj,m"{‘la j,mzl,...,‘u—l (7513)
Pum =1, m=1,...,p (7.51b)
pj_Hij, j=1,...,u. (7.5]0)

These conditions correspond to a unimodality assumption on the distributions of
probabilistically constrained outputs. In particular, the conditions of (7.51c) require
that the probability with which the one-step ahead output satisfies 1) < 1 should be
smaller at points further from the centre of the tube. Likewise, (7.51a) requires that
the probability of transition to any given layer should decrease away from the tube
centre, while (7.51b) ensures that the outer tube layer bounds robustly the predicted
state trajectories for all possible uncertainty realizations.

We next use (7.47)—(7.50) to derive an upper bound on the probability Pr
(1/}1.’7+1|k > 1) forany i > 0.

Lemma 7.2 Under conditions (7. 47) (7.50) and Assumption?7.1, the probability
that ¢l+l|k > 1 given that zox € SO\k is bounded by

Prk(¢f+1|k > 1) = [Pl P;z,] (Tﬁ)iej (7.52)

forany i > 0, where IT and T are defined by

(100 - 0 0]
_ _ ~110--00
PL1 - Pl 0—-11---00
=\ - | T=|. .. .| (15
000
[ 000 -1 1]

Proof First, let v;x and v;|; denote the vectors

ik = [ Prizin € Xy -+ Priai € X,(KZ))]
T
v = [Prizie € S -+ Pre (e € S|

and note that the nested property (7.41) and the definition of S () as the set difference

Xl(li)\ zlk 1mpl1es that

Prk(zi|k € Xl(li)) = Prk(zi\k € Xz(|lk ) + Prk(zi\k € Si(‘jl.{)), [=2,...,u
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and hence v;|x = TV;x. Next we show by induction that if zox € XO(‘],'{), then
i = (IIT) "' e;. (7.54)

Specifically, conditions (7.473, 7.47b) imply Pryt; (zis1x € Xz+1|k | Zijk € Si(fZ)) >
Dj.m, and since Pr(z()‘k € Séljk)) = 1, we therefore have vy > Hej 2~0. Further-
more condition (7.51a) of Assumption7.1 ensures that the elements of /717 are non-
negative and it follows that

Vig1k = Mo = ITT0;

whenever ;) > 0. Therefore (7.54) holds for all i > 0.
Finally we obtain a bound on the probability that wl ik > 1 using (7.54) and

Prk(zbilek > 1) > [p1 pﬂ] Vilk = [p1 Pu] Tjk. (7.55)

Here the first 4 — 1 elements of the row vector [ p1...D u] T are non-positive because
of (7.51c), whereas every element of v;|; except the last (which by (7.51b) is equal
to 1) is over-estimated by (7.54). Hence replacing v;|x in (7.55) by the RHS of (7.54)
yields an upper bound on Pry (w 1k > 1) and the bound in (7.52) then follows since
TAT) "1 = (TI) fori > 0. O

The bounds of Lemma7.2 provide sufficient conditions for the satisfaction of
the probabilistic constraint (7.44a). Summing (7.52) overi =0, ..., N, — 1 yields
directly the result that (7.44a) necessarily holds if the probabilities p; ,, and p;, for
Jj,m =1, ..., uare chosen so as to satisfy

N max

— Z [p1 ... pu] (T e; < (7.56)
i=0

c

forallj=1,..., 4.

Before stating the stochastic MPC algorithm, we first show that the constraints
(7.47)—(7.50) can be expressed as linear inequalities in the optimization variables ¢y,
_z(lk) and Zz(l k), ' =0,...,N, j=1,..., u. There is little advantage in including the
parameters zT of the termlnal sets in the list of degrees of freedom; instead, it is
suggested that these parameters are chosen ofﬂlne in order to maximize the volume
of each terminal set, which, given that XT’ , j =1,..., u are orthotopes, can be
taken to be the product of the elements of Z(T). Clearly, such a maximization
has to be subject to conditions (7.47b)—(7.49b) or the equivalent inequalities to
be presented below. The implied optimization can be solved using the techniques
described in Sect.5.4.1.
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Each of the constraints (7.47)—(7.50) is conditioned on either z;; € Xl(‘f{) or
Zijk € Xp o) . Moreover, if these constraints are imposed using convex confidence
polytopes for the uncertain model parameters, then as we show below, they each
depend linearly on z; ;. Therefore, (7.47)—(7. 50) are ec%ulvalent to the corresponding
constraints invoked only at the vertices of X ) and X . Furthermore, these condi-
tions can be invoked using the recursive boundmg technique of Sect.5.4.2 without
the need to evaluate the vertices of the tube cross sections.

Conditions (7.47)—(7.48) are probabilistic and can be converted into linear
inequalities by invoking them at the vertices of confidence polytopes for the uncer-
tain model parameters. However these polytopes must be defined separately for each
of the probabilities p; ,, involved in (7.47)—(7.48). Therefore we define Q(p; ) as
a confidence polytope such that Pr(q € 9Q(p j,m)) > pjm, and denote its vertices
by ¢ (pjm)ss =1, ..., v(Pjm). With these definitions, the constraints of (7.47)—
(7.50) can be expressed as the following linear inequalities.

(i) Transition probability constraints, for j,m =1, ..., u:

4~’+(q(s)(ﬁj,m))5§'f;? - @‘(q(”(ﬁj,m))g,ﬂ’? + B (Bjm))cil

+Dw(q(5)(ﬁj,m)) E Zlg—)”k’ l = 0, ‘e ,N —_ 1
(7.57a)

@ ( (s )(Pj m))_,|k - qs_(q(s)(ﬁj,m))zﬁx) + B(q(s)(ﬁj,m))cilk

(7.57b)

B (g9 (Fjm)) |29 + Dw (g (5jm)) < 2 (7.57¢)
(ii) Probabilistic output constraints, for j =1, ..., u:
z (0 (s) t (s) ()
(Fp¢(q (1_1’]))) tlk (F 45( (1_171))) Zilk

+ FpB(g® (1 = pj))eig + FpDw (g™ (1 = pj)) + Gpeip < 1,
i=0,...,N—1

(7.58a)
|F, (g9 (1 = p))|EY + F,Dw(g® (1 —pj)) <1 (7.58b)

(iii)) Robust output constraints
Fizh) —Frafl) + Grew <1, i=0,... N -1 (7.59)

IFulz <1 (7.59b)
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(iv) Initial and terminal constraints, for j =1, ...,
i < Ve < 2 (7.60a)
izl < 25 (7.60b)
2l < 2’ (7.600)

Here AT = max{A, 0} and A~ = max{—A, 0} denote the absolute values of the pos-
itive and negative elements of a matrix A.

Having defined the constraints of the online optimization problem, we now for-
mulate a stochastic MPC algorithm with the objective of minimizing the expected
quadratic cost J (xi, ¢g) of Sect.7.2.1. This requires the online solution of a quadratic
program.

Algorithm 7.4 At each time instantk =0, 1, ...:

1. Solve the optimization

minimize J(xg, €x) (7.61)
(] =(w) () =(w)
(Z()\k vvvvv ZOV() (ZN|k vvvvv ZN\k)

(1) () (1 (1)
(ZO\k aaaaa Z()\k) (ZNV‘ ----- ZNik)

subject to (7.42a, 7.42b), (7.57a, 7.57b), (7.58a), (7.59a) and (7.60a—7.60c)

2. Implement the control law u; = Kxj + Cglk where ¢ = (cak, e Cii/—uk)' <

By construction, this algorithm is recursively feasible and hence Theorem 7.1
demonstrates that the closed-loop system satisfies a quadratic stability condition.
These properties can be summarized as follows.

Corollary 7.2 For the system (7.1a, 7.1b) with the control law of Algorithm7.4, if
Djmand pj, j,m=1,...,v satisfy (7.56), then the optimization (7.61) is recur-
sively feasible and the closed-loop system satisfies the constraints (7.44) and the
asymptotic mean-square bound

' 1 r—1 5 )
Jim -~ % Eo (lxillg + lueliz) < lss- (7.62)

We conclude this section by noting that, in the interests of optimality, K should
ideally be chosen as the unconstrained optimal feedback gain discussed in Sect. 6.2.
However it may be necessary to detune this feedback gain in order to use the methods
of Sect.5.4.1 in the design of V and the terminal set parameters Z(Tj )1t should also
be noted that the number of optimization variables can be reduced by using tube
cross sections that are parameterized by scalar variables, for example by redefining
X (i) as the set {z : |z — zl(‘% {k) z(T] )}, where the scalar az(\]k) and the vector zl(?k)
are decision variables.
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Chapter 8
Explicit Use of Probability Distributions
in SMPC

The previous chapter introduced the use of tubes with ellipsoidal or polytopic cross
sections in stochastic MPC. However the probabilistic constraints on predicted states
and control inputs were handled using confidence regions for stochastic model para-
meters, namely sets determined offline that contain the uncertain parameters of the
model with a specified probability. This provides a computationally convenient but
indirect way to exploit the available information on the probability distribution of
uncertainty.

In this chapter the probability distributions of model parameters are directly
employed in the formulation of constraints in the online MPC optimization. We
do this first in the context of stochastic additive model disturbances. Then, towards
the end of this chapter, we consider stochastic multiplicative model uncertainty.

Sections 8.1 and 8.2 consider pointwise-in-time probabilistic constraints that
apply to individual scalar random variables for problems with additive disturbances.
This makes it possible to transfer the majority of the computational burden of han-
dling probabilistic constraints to offline calculations, and thus allows highly effi-
cient online implementations. Section 8.3 describes a method of adapting constraints
according to the number of past constraint violations with the aim of maintaining
a specified average rate of violations in closed-loop operation. Still considering the
case of additive model uncertainty, Sect. 8.4 deals with joint probabilistic constraints
that apply simultaneously to several random variables by constructing stochastic
tubes containing the uncertain component of the predicted model state. Section 8.5
is likewise concerned with the design of stochastic tube MPC strategies, but here
polytopic tubes are constructed online for the case in which both multiplicative and
additive model uncertainty are present.

In Sects. 8.1 and 8.2, we avoid discussing the details of the computational meth-
ods that are needed to determine probabilistic bounds on random variables. This is
possible because these sections deal with simple cases of scalar random variables,
which can be handled for example by numerical integration or random sampling
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performed offline. Numerical methods of computing probabilistic bounds are dis-
cussed in more detail in Sects. 8.4 and 8.5. In particular, the approach of Sect. 8.4
lends itself to methods of computing probabilistic bounds that are based on numeri-
cal integration, whereas that of Sect. 8.5 is naturally suited to an online optimization
based on random sampling.

8.1 Polytopic Tubes for Additive Disturbances

We begin by considering linear systems that are subject only to additive model
uncertainty. As in Chaps. 3 and 4, the system model is given by

Xk4+1 = Axg + Buy + Dwy, (8.1)

with state x; € R™, which is assumed to be known to the controller at time k, control
input u; € R™, and disturbance input w; € R™ which is unknown to the controller
at time k. The disturbance wy, is taken to be the realization at time k of a bounded
i.i.d. random variable. Unlike the model employed in Chaps. 3 and 4, the probability
distribution of wy is assumed to be known. We further assume that the distribution
of wy is finitely supported with wy € W for all k, where WV is a compact convex
polytopic set that contains the origin.

The aim of the stochastic MPC strategy is to minimize a predicted cost, which is
designed to ensure that the closed-loop system is stable in a suitable sense, subject to
a pointwise-in-time probabilistic constraint of the form (6.8). However, in this section
and in Sects. 8.2 and 8.3, we treat (6.8) as a collection of n¢ individual probabilistic
constraints, each of which is defined by a row of F and G, namely

Pry(Fixyp + Giuig <) >p, j=1,...,nc (8.2)

where F;, G; denote the jthrows of F, G, and p is a specified probability. This differs
from the pointwise-in-time probabilistic constraints considered in Chaps. 6 and 7, as
well as those to be considered in Sects. 8.4 and 8.5, which are treated as constraints
on the probability that all elements of a random vector should not exceed a given
threshold.

Hard constraints can be included in the problem formulation by setting the prob-
ability p in (8.2) equal to 1. Also the treatment of intersections of constraint sets
corresponding to different probabilities presents no particular challenges. As dis-
cussed in Sect.7.1, the assumption of a compact bounding set W for wy is needed
in order to establish a guarantee of recursive feasibility.

The control strategy considered in this section minimizes the infinite horizon
expected quadratic cost discussed in Sect. 6.2, subject to the constraint (8.2), with
the aim of asymptotically steering the state to a neighbourhood of the origin. This
asymptotic target set can be taken to be the minimal robust invariant set of Defini-
tion 3.4 under the control law u = Kx, with K defined as the unconstrained optimal
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state feedback gain discussed in Sect.6.2. We thus formulate the stochastic MPC
objective as the minimization of the predicted cost of (6.15):

o]

> B (il + Nuiellz — Lss) (8.3)
=0

where [y = tr (@ (Q+ KTRK )) and @ is the solution of the Lyapunov equation
(6.10). Note that, for the case considered here, the expectation operator on the LHS
of (6.10) is not needed because the model (8.1) is not subject to multiplicative uncer-
tainty. For the dual prediction mode strategy, namely

ujj = Kxjjp + cijk (8.4)

with ¢;x = Oforalli > N, Theorem 6.1 shows that the cost (8.3) can be expressed as a
quadratic function, J (xx, ¢x), of the vector of degrees of freedom ¢y = (cok, - - - » CN=11k)-
Furthermore, given that K is the unconstrained optimal feedback gain, Corollary 6.1
gives

o
TO ) = O B (il + ez — Lss) = xf Wi + ¢f Weey + w)
=0

where w; = —tr(W,®) and Wy, W, are given by (6.23)—(6.24), which reduce to the
certainty equivalent conditions of Theorem 2.10 since no multiplicative uncertainty is
included in the model (8.1). The minimization of the predicted cost is to be performed
subject to the constraint (8.2), which is to be invoked in a manner that allows a
guarantee of recursive feasibility of the online MPC optimization problem. This
results in a set of constraints that apply at each time step of the initial N-step prediction
horizon (Mode 1) and a terminal constraint requiring x| to lie in a set that is robustly
invariant under the terminal control law u = Kx.

When considering constraints, it is convenient to use the decomposition of pre-
diction dynamics introduced in Sect. 3.2:

Si+1k = Psijx + Beijk (8.52)
eir1k = Pejx + Dwjk (8.5b)

where @ = A + BK and x;; = s + ek, with so;x = x; and egjx = 0. The conve-
nience of this decomposition is due to the fact that the nominal system in (8.5a) is
deterministic and the effects of uncertainty are treated by (8.5b). Furthermore, the
uncertain component, ek, of the predicted state is independent of x; since the initial
condition for (8.5b) is taken to be egjx = 0 and {wo, wy, ...} is a stationary process.
Hence the effects of model uncertainty on the constraints of the problem can be
computed offline. As explained in this section, which is based on the approach of
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[1, 2], the explicit use of such information makes it possible to construct constraints
that are as tight as possible for the open-loop dual-mode prediction strategy of (8.4).

In order to formulate the constraints of the stochastic MPC algorithm, we first
consider the conditions on the vector ¢ = (cojk, - - -, cN—1jk) Of decision variables
under which the constraints (8.2) are satisfied at each future time step of an infinite
prediction horizon.

Lemma 8.1 The predictions generated by (8.4) and (8.5a, 8.5b) satisfy the con-
straints Pry (Fixjx + Gjujp <1) = pforj=1,...,ncandi=1,2,...if and only
if

Fsip + Geqp <1—m;, i=1,2,... (8.6)

where F = F + GK and where the elements of vi = (Vi,1s - - - » Vi,nc) are defined by

7Vij = min Yij
Yij

subject to Pr(f’j(tb"*lDw,- +---+Dwj) < ’Yi,j) >p 8.7

forj=1,....,ncandi=1,2,....

Proof This is a consequence of the predicted control sequence (8.4) and the decom-
position x;x = Sj|k + €|k, according to which Fx;jx + Gu;, = Fs,|k + Gejk + Fe,|k,
whereas (8.5b) with eg)x = 0 implies

eix = P 'Dwyp + - + Dy (8.8)

Hence the definition (8.7) implies that the jth element of +; has the minimum value
such that Fje;; < +;; with probability p. It follows that the conditions Pry (Fjx;x +
Gjujr < 1) > p are satisfied if and only if (8.6) holds. O

The constraints in (8.6) are analogous to constraints that were derived in Sect. 3.2
for systems with additive model uncertainty, and which were based on tubes bounding
the uncertain components of predicted state and control trajectories. The formulation
here likewise uses polytopic uncertainty tubes and hence results in linear constraints
on nominal predictions.

A key observation concerns the computation of +; ; in (8.7), which requires knowl-
edge of the probability distribution of I:"je”k. However e;; does not depend on the
system state at time k but is instead a function of additive disturbance realizations
whose distributions are known a priori (this explains the absence of the time index
k in (8.7)), and hence ;; can be computed for each given i and j offline. In prac-
tice the computation of +; j in (8.7) has to be performed approximately, for example
by numerically approximating the associated convolution integrals or by random
sampling methods (see e.g. [3, 4]).
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Although the conditions of Lemma 8.1 impose the probabilistic constraints in (8.2)
on the predicted state and control trajectories over an infinite prediction horizon, these
conditions do not ensure existence of a feasible decision variable ¢z at time k& + 1
given feasibility at time k. However it is possible to guarantee recursive feasibility by
imposing the constraint at time k that ¢;4; = Mc¢y will be feasible at time k + 1 for
all realizations of wy, where M is the shift matrix defined in (2.26b). As discussed
in Sect.7.1, this approach requires that the disturbances wy, ..., wi4;—1 are han-
dled robustly (by considering their worst-case values) in the probabilistic constraints
imposed at time k on the predicted state and control input i steps ahead, whereas wy;
is treated probabilistically in these i steps ahead constraints. The resulting constraint
set is defined as follows.

Theorem 8.1 If ¢, satisfies the constraints defined at time k by
Fsjk +Geg <1—- 0, i=12,... (8.9)

where §; and «; are defined for all i > 1 by

i—1
Bi=y+ (8.10a)
j=1
a; = max F®'Dw, (8.10b)
weW

then the constraints (8.2) hold, and, at time k + 1, ¢x41 = Mcy will necessarily
satisfy Fsig+1 + Gejpe1 <1 —=Bifori=1,2,....

Proof First note that, in order that the constraints (8.2) hold for ¢, = M¥¢y at all
times k > 0 it is sufficient (and also necessary) that: (i) the i steps ahead constraints
Pro(Fjxjjo + Gjujo <1) > p,j=1,...,ncholdforall i > 1 at time k = 0, and (i)
for each i > 1 these constraints are feasible with ¢; = M¥¢g attimesk =1, ...,i —
1. To prove the theorem, we show that both (i) and (ii) are ensured by the constraints
of (8.9) time k = 0.

Consider the constraints Pro (Fjx;jo + Gjujjo < 1) > p,j =1, ..., nc, whichapply
to the i steps ahead state and control input predicted at time k = 0 for some particular
i. By Lemma 8.1, these constraints are satisfied if (8.6) holds at time k = 0.

To ensure that at time k = 1 the predictions generated by ¢; = Mc¢q will satisfy
the i — 1 steps ahead constraints, we also require that

Prl(rnax (Fixijo + Gjujjo) < 1) >p, j=1,...,nc
wQEW ’

holds at time k = 0. Using Fx;x + Gu;jx = Fs,-‘k + Gejpk + Fei|k and (8.8), this con-
dition can be expressed as the constraint
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FS,'|() + Gejjo <1 — 71 — max F@i_lDu)o
woeW

=1-7i-1—ai-.

To ensure that the predictions generated at time k = 2 by ¢» = M?cq will satisfy the
i — 2 steps ahead constraints, we require that

Pr( max Fixjo + Giu; 51)2 Ci=1.....n
2 {wo,wl}ewxw( JAil0 jUil0) D, J c

holds at time k = 0. From (8.8) this is equivalent to

FS”() + Gejjo <1 —v;—2 + max F@iilDwo — max F(Piiszl
w()GW wleW

=1—9i2—ai—2—ai.

Repeating this argument for the predictions generated by ¢; = M¥cy at times
k=3,...,i— 1, we obtain the conditions:

Fsipp + Geip < 1—max{v;, (i1 +ai—1), ..., (m+ai +-- +ai-D}.
(8.11)
But~v; < vj—1 +a;—1 forall i > 1 since (8.7) and (8.10b) imply that

Pf(Fj(fpi_lDwi + -+ Dwy) <71y +ai71,j) >p, j=1,...,nc,

and it follows that (8.11) is equivalent to the constraint F sijo + Geijjo < 1 = 5.
These conditions, when invoked for all i > 1 and any given k > 0, are equivalent
to (8.9). O

The constraints of (8.9) consist of an infinite number of inequalities which corre-
spond to constraints applied to the predicted trajectories of the model (8.1) over an
infinite prediction horizon. However these conditions can be expressed equivalently
in terms of a finite number of inequalities using the approach of Sect. 3.2.1. Of course,
these conditions are only meaningful if the constraints (8.9) are feasible for some xj
and ¢, and, since the prediction model is by assumption stable, we therefore require
that (; is strictly less than 1 for all i > 1. The following lemma shows that the limit
B = lim;_, o 3; exists and provides bounds on its value.

Lemma 8.2 The sequence {31, 32, ...} is monotonically non-decreasing and con-
verges to a limit 8 = lim;_, » 0, where the Ith element of (3 is bounded by

p—1

- Y

51571,1+Z;aj,1+m||1’1 s, I=1,...,nc (8.12)
j=
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for any non-negative integer p, and for S = 0 and \ satisfying the conditions

Dwll¢-1 <1 8.13
Iffé%” wllg-1 < (8.13a)
osoT < \25, Ael0,1). (8.13b)
Proof The non-decreasing property of the sequence 31, (32, ... follows from the

definition (8.10a) and from the fact that a; > 0 for all i, which follows from (8.10b).
Also (8.10a) implies

o0
B=lim =+ Z}‘,ai (8.14)
1=

and, by condition (8.13a), we have

a; ] = max Fio'Dw < max F®'v< ||<1§iTI:"IT||S (8.15)
weW lvllg—1 =1
for/ =1, ..., nc. However, (8.13b) implies that
iT =T i—1T z1
|o" F s < Ao F s
which, combined with (8.15), gives a;,; < N'[|FT||sfor! = 1, ..., nc.Replacing a;
in (8.14) with this bound for all i > p gives the bound in (8.12). O

By assumption @ is strictly stable and hence (8.13b) will necessarily have
solutions for S and A € [0, 1). These can be scaled so that (8.13a) will be met.
Furthermore, it follows from (8.14) and the non-negative property of a; that the max-
imum error in the bound in (8.12) on the /th element of 3 can be no greater than
N||F IT lls/(1 — X\), which can be made as small as desired by using a sufficiently large
value of p. To ensure the existence of feasible x; and ¢ satisfying the conditions of
Theorem 8.1, we therefore assume

B <1. (8.16)

The constraints of (8.9) are more convenient to handle (both in terms of compu-

tation and notation) using the lifted prediction dynamics introduced in Sect.2.7 and
extended to the case of additive model uncertainty in Sect. 3.2:

FUizou<1-6, i=12,...

where

@ BE - ~
ZOk:[)cCi]’ lllz[o M]’ F =[F GE]
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with £ and M as defined in (2.26b). An equivalent formulation of (8.9) in terms of
a finite number of inequalities is given by the following result.

Theorem 8.2 If(8.16) holds, then for any given z, F¥'z < 1 — §; is satisfied for all
i > 1ifand only if o
FU'z<1-0;, i=1,2,...,v (8.17)

where v is the smallest integer such that F&* 1z <1 — 3,41 holds for all z satis-
fying (8.17).

Proof The necessity of (8.17) is obvious and we therefore prove sufficiency. For v
satisfying the conditions of the theorem, define Z) as the set

ZW 2 FWiz<1-06,i=1,2,...,1v)
then for all z € Z“) we have:

Fuz<1-5 (8.18a)
Fotlz<1-84, i=1,...,v (8.18b)

and since Bip1 = G +a;i > B + F®'Dw for all w € W, (8.18b) implies, for all
wew o B
FU'(Wz+Dw)<1—-0;, i=1,...,v

where D = [DT 0]7. Therefore Z) is a robustly invariant set for the system with
dynamics zx4+1 = Yz + Duwy, wy € W and constraints F¥z, <1 — 0B1. This prop-
erty and the equivalence of (8.18a) for z = (xi, ¢x) with the constraints of (8.2) imply
that F¥iz <1 — 0; holds for all i > 1 whenever z € AN [l

There necessarily exists a finite integer v satisfying the conditions of Theorem 8.2
whenever (¥, F) is observable. This can be shown using an argument identical to
the one used in the proof of Theorem 3.1. It also follows from the argument of
Theorem 3.1 that Z%) is the maximal RPI set for the dynamics zz+1 = Yzx + Duwy,
wy € W and constraints FWz, <1 — (B1, and from this it can be concluded that
every feasible pair (xg, ¢x) for the conditions of (8.9) must lie in the set Z®) The
value of v can be determined by solving a sequence of linear programs to determine
fori =0, 1, ... the maximum of F¥tlz over z € Z¥ in order to check whether
Fyitl; <1 — 3, forallz € 20,

A stochastic MPC algorithm based on the constraint formulation of this section and
the quadratic cost J (xg, ¢x) of (8.3) can be stated as follows. The online optimization
in step (i) requires the solution of a QP at each sampling instant.


http://dx.doi.org/10.1007/978-3-319-24853-0_2
http://dx.doi.org/10.1007/978-3-319-24853-0_3
http://dx.doi.org/10.1007/978-3-319-24853-0_3

8.1 Polytopic Tubes for Additive Disturbances 311

Algorithm 8.1 At each time instantk =0, 1, ...

(i) Perform the optimization:

minimize J(xg, C;)
cx

N (8.19)
subject to le[ck}il_ﬂi’ i=1,...,v
k
(ii) Implement the control law u; = Kx; + Cak where ¢ = (cak, e CXHk) is the
minimizing argument of (8.19). <

The recursive feasibility of the optimization (8.19), is guaranteed by Theorem 8.1.
Also the definition of MPC cost J (xk, ¢) in 8.3 implies, by Theorem 7.1, that the
closed-loop system satisfies a quadratic stability condition. For completeness, these
properties are summarized in the following corollary.

Corollary 8.1 Algorithm 8.1 applied to the system (8.1) is feasible at all times
k=1,2,...ifitis feasible at k = 0. The constraints of (8.2) hold for all k > 0 and
the mean-square bound

' 1 r—1 ) 5
Jim ];]Eo(llxkllg + lluglR) < Lss (8.20)

where lg; = limkﬁoo(llkazQ + ||Mk||;23), is satisfied along trajectories of the closed-
loop system. If u = Kx is the optimal feedback law for the cost (8.3) in the absence
of constraints, then xj, converges with probability 1 to the minimal RPI set for the
dynamics (8.1) under this feedback law as k — oo.

8.2 Striped Prediction Structure with Disturbance
Compensation in Mode 2

In this section, we consider the system description of (8.1) but the matrix D defining
the disturbance input map is, for simplicity, taken to be equal to the identity matrix /.
The disturbance input is again stochastic with a known distribution. For convenience,
we express the constraints in terms of an output vector ¢, € R"¢:

U = Gxgr + Fug (8.21)
and hence the constraints take the form

Pri (¢ < h) > p. (8.22)
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As in the case of the constraints assumed in Sect. 8.4, the constrained output variable
here depends on the unknown additive disturbance at time k and represents a mixture
of state and input constraints. The formulation of constraints in terms of (8.22) rather
than (8.2) simplifies the presentation of this section but is no less general than (8.2).

The approach employed in Sect. 8.1 does not make use of disturbance feedback.
However, feedback can be used to attenuate the effects of the future disturbances
wi4j forj=0,...,i— 1 on the i steps ahead predicted state and control input x; ;.
and u;| at time k. These predicted disturbance values are not known a priori at time k
but will be available to the controller at time k + i. For this reason, when considering
the i steps ahead state and control input we refer in this section to the predictions,
Wik, of wrj, for j=0,...,i—1 at time k as known future disturbances (KFD),
whereas wj; for all j > i are referred to as unknown future disturbances (UFD). This
section describes the approach of [5], which introduces disturbance feedback with a
striped structure into the predicted control trajectories of a stochastic MPC strategy.

To cater for KFD, the predicted control inputs and the resulting predicted dynamics
are decomposed as

wijk = Kxjjp + cijp +vig, i=0,1,... (8.23)

where c;x =0 for all i > N, ¢ = (cojk, ..., cn—1jk) is an optimization variable at
time k and v;;; depends on the KFD linearly, as explained later in this section. We
again use the decomposition of prediction dynamics introduced in Sect.3.2 into
nominal (s;x) and uncertain (e;x) components

Sitik = Psij + Beijk
eit1k = Pejjx + Bujjk + wik

where
Xilk = Sijk + €ijk (8.24)

with SOk = Xk and ek = 0.

Like the striped parameterized tube MPC approach of Sect.4.2.3 (and unlike the
disturbance affine of Sect.4.2.1), the component v of the predicted control input is
applied throughout the infinite prediction horizon, and thereby enables disturbance
compensation to extend to the predicted control law of Mode 2. This allows con-
straints to be relaxed and therefore leads to larger sets of feasible initial conditions.
The scheme of (8.24) generates predictions for the constrained output according to

Vi = (Gsix + Feig) + (Geig + Foir) + Gk
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where

G=GP+FK, F=GB+F
This leads to the overall vector of constraint output predictions

Y = C + €& + My (8.25)
where

Cr = Casp + Crver
€x = C1vg + Cowy (8.26)
N = diag{é, G, é, W

with bold symbols being used to indicate the entire sequence of predictions over
an infinite future horizon; of these only ¢; = (cop, - . ., cn|k) is finite-dimensional.
Here Cy y denotes the matrix consisting of the first N block-columns of matrix C;
and the matrices C, Cp, C3 are defined as

F 00O0---. 0O 00--- G
GB F 0--- G 00--. Go
Ci=|G®BGBF --- |- G=|Gg®oG0---|> C=|gp2

Equation (8.25) separates the sequence of predicted outputs into three compo-
nents:

(1) ¢, generated by the nominal (disturbance free) dynamics;
(i1) €, associated with the KFD;
(iii) my, associated with the UFD.

The first of these is to be controlled by the variables ¢;jx,i =0, ..., N — 1, the second
can be compensated for through the use of v;x,i = 1, 2, . . ., while the third is beyond
control since it depends on unknown future disturbances.

In the special case of the number of constraints being equal to the number of
inputs and where the dynamics defined by the state space model (@, B, G, F) are
minimum-phase, the effects of the KFD can be completely eliminated by setting
€x = 0, which gives

Vi = —C ' Cowy = Lwy, (8.27)

where L is a lower block triangular matrix whose first block row is zero. In this case,
the predictions of the component v take the form:

voie = 0 (8.28)
Vik = Lijywok + Lipwyk + -+ + Li jwi—q k-
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In general, however, complete cancellation of the KFD is not be possible and
instead the parameters L;; for j=1,...,i,j=1,...,N — 1 could be computed
online. This is the approach that is employed by the disturbance affine MPC algo-
rithms proposed by [6, 7] for the robust case, and by [8] for the stochastic case. Clearly
the number of degrees of freedom in such algorithms grows quadratically with the
prediction horizon, and this could result in unacceptably high online computational
loads for long horizons. It was seen in Sect. 4.2.3 that in the case of robust MPC there
may be no loss of performance in using a striped prediction structure, particularly if
disturbance compensation is allowed to extend into the Mode 2 prediction horizon,
in which case SPTMPC can outperform PTMPC.

To develop the idea, consider first the case with no disturbance compensation.
As was seen in the previous section, for this case recursive feasibility is achieved
through the satisfaction of the constraint

Cixp +Ciner <1 -0 (8.29)

where the ith block elements of (§ are given by the sum of: (i) +; and
(i1) ZJ —o Maxy, ey G®/w. Thus ~, the jth element of which is defined here
as the minimum value of 1 ; satisfying the condition Pr(G w < 7,;) =p, for
j=1,...,nc, accounts for the term 7, in (8.25) which is associated with the UFD
and is treated probabilistically. On the other hand, (ii) accounts for of the term € in
(8.25) which is associated with the KFD and therefore has to be treated robustly. It is
noted that although (8.29) involves an infinite number of inequalities, as explained
in Sect. 8.1 it is only necessary to consider the inequalities implied by the ith block
fori=1,..., v, for some finite integer » which is independent of x; and can be
determined offline. The implied inequality is here denoted by

Caxg + Cryex < 1= . (8.30)

Allowing now for disturbance compensation, a non-zero vector v; can be used
to reduce the amount of constraint tightening, 3, in (8.29) needed to account for €.
Adopting a striped structure, vy is written as

= Lwy (8.31)
where
0 0O ---00---7
L 0 0o0--
L, L 00 --
L= : st (8.32)

Iy_1Ly_s---L; O -
0 Ly_y---LyLj---
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The aim is to choose L so as to reduce the constraint tightening parameter B In
particular, by substituting (8.31) into (8.26), 5 must satisfy

(CIL+C)we <B—-4<B-4 (8.33)

where 4 is a vector of commensurate dimensions whose block elements are equal to
the corresponding blocks of +.

In order to keep the computational load low, and in fact to make it comparable
to classical MPC, we begin by selecting L offline. This is done in a sequential
manner, designing L1, then L,, and so on. Not only is such a design computationally
convenient but it favours the design of the L parameters that apply at the beginning
of the prediction horizon at the expense of those applying at later prediction times,
which is consistent with the expectation that constraints will be more stringent during
the initial transients and are less likely to be active as the predicted state and control
trajectories tend towards the steady state.

Before stating an algorithm for the design of the elements of L, note that CIL+ Gy
has v row blocks and that all the column blocks of this matrix beyond the vth are
zero. Thus the infinite-dimensional wy appearing in (8.33) can be replaced by the
vector, denoted Wy, that contains only the first ~ blocks of wy. For the same reason,
L is replaced by L, which comprises only the first v row blocks and column blocks of
L. Then let W denote the set {Wi :wijp € W, i =0, ..., v}and let E; be the matrix
which is such that E;M gives the ith block of M.

Algorithm 8.2

(i) Solve the minimization

(Lil), Lél), .. .,LI(\,I)_I, r(])) —arg min 1

Ly,..., Ly—1,r

subject to
Ei(CiL+ C)w < r1, YweWw
CIL+CHW=<rB—% VYWweW

(i) Then, for each i =2,...,N — 1, set (L, ..., Li-1) = (L{", ..., L") and
solve the minimization

@ 7@ (@ @0y _ :
(Li JLifys o Lyl s rt ) = argL1 ..I.nlervl_l,r r
subject to
E{(C1L+ Cyw < r1, VweWw

CIL+C)W=<rB—%4 VYweW
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Since the constraints of the algorithm depend linearly on w, they need only be
invoked at the vertices of W, which therefore implies that the minimizations in steps
(1) and (ii) of the algorithm are linear programming problems. It is also noted that
Algorithm 8.2 is necessarily feasible under the assumption that lim;_, o, 5; < 1, since
then L; = 0,i =1,...,N — 1 gives at least one feasible solution.

The reduced tightening parameters derived by Algorithm 8.2 are given as

Bi =E|CIL+ Cola+~, i=1,....,N+m (8.34)

where « is an infinite-dimensional vector whose blocks are . By definition these
tightening parameters satisfy the condition G < Bi, and they can be shown by simple
algebra to share the monotonically increasing property of @,- and to tend to a limit
oo < Boo-

Using the approach described in this section, disturbance compensation can be
introduced into the stochastic MPC strategy of Sect.8.1 simply by replacing the
constraint tightening parameters Bi = (; with 5,-. However two further issues must
also be addressed. The first concerns the definition of a finite constraint set, which
may lead to a different value of v, say U. The definition of this is exactly the same
as f9r v, namely through the conditions (8.17) of Theorem 8.2, but with g; replaced
by G; (and v replaced by ). The second issue concerns the extension of disturbance
compensation into Mode 2, which causes the steady-state value of the expectation
of the predicted stage cost, say iss, to differ from the value [, = tr (@ (0 + KTRK ))
that is subtracted from the stage cost of (6.15). This steady state expected stage
cost can be computed, given the feedback gain matrix L, through a straightforward
modification of the method of computing I in Sect.6.2.

8.3 SMPC with Bounds on Average Numbers of Constraint
Violations

The probabilistic constraints considered thus far allow constraint violations to occur
but require that the expected frequency of violations remains at all times below
a threshold of 1 — p. Maintaining the frequency of constraint violations below a
given threshold is essential in some applications. For example, the specification of a
wind turbine control problem might require that the power captured from the wind
is maximized while the frequency with which the material stresses in the turbine
blades and tower violate certain thresholds is kept below a required rate defined by
fatigue damage considerations. In such a scenario, formulating constraints in the
probabilistic manner presented in Sects.8.1 and 8.2 can be conservative because
it does not account for the fact that, during certain periods of the past, the average
number of constraint violations may fortuitously have been low (for example because
of periods of low turbulence). In such circumstances, the controller is able to be more
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aggressive, causing a higher number of violations while still maintaining the overall
average of constraint violations within acceptable limits.

To take advantage of such situations a stochastic MPC strategy is proposed in [9]
that controls the average violation of a given constraint

T
g X1 < h

where for convenience we consider here only a single constraint, i.e. g € R™. This
average is defined as vy = Ly /sy where Ly is the accumulated loss (weighted by a
forgetting factor y € [0, 1]):

k
L= 7"lg"xi—h)
i=0

and sy is the normalizing factor s = Z?:o ~*=i. The function /(-) is a non-decreasing
(and lower semi-continuous) loss function; it could for example be the indicator
function that is equal to 1 when g”x > & and 0 otherwise. The strategy adopted is to
try and keep vg below a given threshold £. More precisely, if the current average is
below £ then the constraint

Bt (Lit1/sk41) <€ (8.35)

is employed. Otherwise, namely if vy > &, then the aim is to return vy, with proba-
bility 1, to a value below &.
Given that Ly = yLy + 1 (ngk+1 — h) it follows that (8.35) can be written as

Ee (1o w01 = 1) = 7€k — L) +€

and to allow for a relaxation of this constraint at times when Ly, is small, this condition
is replaced by

B (g 31 =) < By
O =max{y(&sk — L) +&, a0}, a<¢

Thus at times of low average violation (i.e. when Ly /s; < &), we have B¢ > « thereby
resulting in a relaxed constraint which still meets the requirement of (8.35). At all
other times, the expected 1-step-ahead loss Ey (l (g X341 — h)) is forced to be less
than or equal to « thereby ensuring that the average loss will, at some point in the
future, be no greater than &.

To ensure recursive feasibility, the successor state is constrained to lie at each
time instant in a robust controlled invariant set, S, which satisfies the condition:
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Vx eS8, Jueld suchthat Ax +Bu+Dw € S, Yw e W, (8.36a)
Ei (Hg" (Ax + Bu+ Dw) — ) < a (8.36b)

Here U denotes a set of allowable inputs and WV defines a set of admissible distur-
bances, with ¢/ and Y assumed to be convex and polytopic. At times of low average
constraint violation, restricting the successor state to lie in S is unnecessarily conser-
vative because, as argued above, it is possible to relax the constraint of the expected
loss. Instead it is possible to define a set of nested reachable sets according to the
recursion

Siy1 ={x:3u el suchthat Ax +Bu+Dw e S;Vw e W}, & =S8,

so that the successor state can be allowed to lie in a set, Sj(), larger than S without
affecting recursive feasibility. The choice of the largest index j (k) which retains recur-
sive feasibility depends on the current value of accumulated constraint violations, as
discussed in [9]. The overall constraint set then becomes

uel (8.37a)
Ax + Bu+ Dw € ‘S/(k) Yw e W (8.37b)
E, (l(gT(Ax + Bu + Dw) — h)) <G (8.37¢)

and this can be grafted into a stochastic MPC algorithm with guaranteed recursive
feasibility.

In Sects. 8.1 and 8.2 probabilistic constraints involving affine functions of future
disturbances were converted in to affine constraints on the degrees of freedom through
numerical integration techniques. Similarly here, given the assumptions on the loss
function [(-), it is possible to use numerical integration to convert (8.36b) into an
affine inequality in u. In particular, (8.36b) can be written as

gT(Ax + Bu) < h+ g(«@)

where

g(a) = sup[u : / I+ )fyrpy () dy <

—00

with f, 7, (v) denoting the probability density function of g" Dw. The same reason-
ing applies to the constraint (8.37c), with g(a) replaced by g(5%), however in this
case [ is not known a priori. To avoid computing q(ﬂk) online, it is possible to com-
pute q(ﬂj) for a large number of predefined points BJ in the range of poss1ble values

for B and select the value of Bj(ﬂk) that is nearest to 3 and such that Bj(dk) < Gk.
Note that, since (8.36b) can be converted into an inequality which is affine in x and
u, it follows that S and hence &; are polyhedra. These can be determined as the
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maximal such sets or as inner approximations of the maximal sets; the latter offering
a compromise between the demands of computation of these sets and the relaxation
of (8.37b).

We conclude the section by noting that a stochastic MPC algorithm which mini-
mizes an appropriate predicted cost subject to the constraints

uel
Ax+Bu+Dw e Sy Ywe W

9" (Ax + Bu+ Dw) < h+ q(Bia)

will preserve feasibility at all future times given feasibility at initial time, and in
closed-loop operation will meet the average violation constraints, either instanta-
neously or with probability 1 at some time in the future.

8.4 Stochastic Quadratic Bounds for Additive Disturbances

Each of the probabilistic constraints considered in Sects. 8.1-8.3 is specified in terms
of a bound on the probability of a scalar linear function exceeding a given threshold.
This leads to computationally efficient algorithms in which the bulk of the compu-
tation that is needed to convert probabilistic constraints on random variables into
deterministic conditions on optimization variables is performed offline. We now
return to the case of multiple linear constraints that are required to jointly hold with a
specified probability. Using the approach of [10], this can be achieved by construct-
ing tubes with ellipsoidal cross sections that are defined on the basis of information
on the distribution of a quadratic function of the unknown model disturbance input,
wy. The approach is computationally convenient since it characterizes the effects of
model uncertainty on the predicted state and control trajectories in terms of a scalar
stochastic variable that defines the scaling of the tube cross sections.

We consider again the model of (8.1), which is subject to an i.i.d. additive dis-
turbance sequence {wq, w1, ...}, where the probability distribution of wy, is known
and assumed to be finitely supported. The system is assumed to be subject to the
pointwise-in-time probabilistic constraints of (6.8), defined in terms of given matri-
ces F and G and a specified probability p € (0, 1] by

Pri(Fxix + Guip < 1) > p, (8.38)

where, as before, x;x and u;); denote the i steps ahead predictions at time k of the
system state xi4; and control input u4;. Hard constraints can be handled in this
framework by setting the probability p equal to 1.
In the following development, we consider ellipsoidal sets defined for given
Vw > 0 by
Ew(@) ={w: w'Vyw < al,
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where o is arandom variable whose realization at time k is defined by o = wkT Vi Wrk.
We assume that it is possible to determine the distribution of a from knowledge of
the distribution of w, and in particular we assume that the cumulative distribution
function

Fala) =Pr(ox < a)

can be computed, for example by numerical integration. The assumption that wy
is bounded implies that wy € W with probability 1 for some bounded set WW. On
account of this bound it is possible to determine an upper bound & for ay; this is
formally stated in the following assumption.

Assumption 8.1 F,(a) = 1, where @ = max,ycyy w! Vyw.

Using the dual-mode predicted control strategy of (8.4), the i steps ahead predicted
state, x;|, at time k is decomposed into nominal (s;x) and uncertain (e;jx) components
according to (8.5a, 8.5b). We begin by considering the constraints of the Mode 1
prediction horizon. For each i > 0 let £,(5;) denote an ellipsoidal set,

E(B) = e : el Ve < Bi),

that contains e;;. Then, since ¢;); is a stochastic variable, the minimum [; such that
ejik € £(;) is likewise stochastic. Given the distribution F,, of the parameter oy
that determines the scaling of the set £, (), it is possible to compute a probability
distribution for 3;. Moreover a value b; such that ¢;x € £.(b;) with a probability
of at least p can be computed on the basis of this distribution. Then the constraint
Pri (Fxjx + Gu;r < 1) > p can be transformed, using (8.4) and (8.5a, 8.5b), into the
linear deterministic constraint

1/2
i

ﬁsi|k +Gejg <1—=0,""h,

where F = F + GK and the vector h = (h1, ..., hye) € R"C is defined by
hj = (FV,  EDY2 j=1.. . ne,

with F 7 denoting the jth row of F. The justification for this transformation is that
bl.l/ 2hj is the attainable upper bound for F ieik over all e € E.(b;). To simplify
notation we use J3; and b; in preference to 3k and b;j; these variables do not depend
on k because the probability distribution of e;|; is independent of k. For the same
reason the notation «; is used here instead of ay;j.

To obtain the probability distributions of 3;, i = 1, 2, ... we need to determine
how &.(8;) evolves over the prediction horizon. A recurrence relation governing
can be deduced from the requirement that the sequence (g, 031, . . . must satisfy the
1-step-ahead inclusion condition

max (®e + Dw) V,(®e + Dw) < Big (8.39)
eege(ﬂi), wegw(ai)
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in order to ensure that e; v € & (Bi+1) whenever e;x € £.(5;). However, the prob-
lem of determining the minimum ;4 satisfying (8.39) is nonconvex (in fact it is
NP-complete [11]), and instead we make use of the following sufficient condition.

Theorem 8.3 The 1-step-ahead inclusion condition, that ejy1x € Ec(Biy1) when-
ever eji; € E.(B;), holds if

Bir1 = ABi + «; (8.402)

1
V;I—X¢V;1¢T > DV, 'DT (8.40b)

forsome V, > 0and A > 0. Furthermore there exist V, >= Qand A € (0, 1) satisfying
(8.40b) if @ is strictly stable.

Proof Using the S-procedure [11], sufficient conditions for (8.39) are given by
Bir1 = ABi + pavi (8.41a)
T 1 0
pr Ve [(P D] <A 0 Ve [I 0] sy Vuw [0 I] (8.41b)

for some scalars \, o > 0. Scaling 3;, Bi+1 and V, by 1! removes j from these con-

ditions. The equivalence of the scaled version of (8.41b) with (8.40b) can be shown
using Schur complements, whereas (8.41a) implies (8.40a) since we are interested
in the minimum value of 5 satisfying (8.39). If all eigenvalues of @ are no greater
than p in absolute value and p < 1, then (8.41a) has a solution V, > 0 whenever
X € (p%, 1) since, for any S = ST > 0 and ) in this interval, the Lyapunov matrix
equation V — %@VdﬁT = § has a solution V > 0. (]

Theorem 8.3 makes it possible to propagate the distribution of 5; over the predic-
tion horizon given the distribution of 3y. Before doing this we state the following
corollary to Theorem 8.1.

Corollary 8.2 If A € (0, 1), then (3; lies in the interval f3; € [0, Bi1 for all i, where
Bo = 0and B B
Bit1 = A\Bi + &

Furthermore [3; < B for all i, where 3 = a/(1 — \).

Proof 1t 3; € [0, ﬂ_l] for some i, then from (8.40a) and Assumption 8.1 we obtain
Gi+1 € [0, AB; + &), and, since eox = 0 implies By = Bo = 0, it follows that ﬁ,

[0, 3;] for all i. For any given \ € (0, 1) the asymptotic bound lim;_, « ﬁ, g =
&/(1 — \) therefore holds, and from 3 — /BH-I =\ — ) wehave 3; < Biy1 <3
for all i. (Il
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The recursion in (8.40a) expresses (;+1 as the sum of two random variables,
namely AJ; and «;. Therefore the distribution function for 3,1 is given by a convo-
Iution integral (see e.g. [12]),

B
Fpi () = )\/0 F;()fa (T — AO)dO, (8.42)

where f,, () is the probability density function of o and Fp,(-) is the cumulative
distribution function of ;. In general it is not possible to perform this integration
analytically but it can be approximated using a Markov chain similar to those intro-
duced in Sects. 7.3 and 7.4.

Consider, for example, subdividing the interval [0, B] into r intervals [7;, Tit1),
i=0,...,r—1, where

O=m9<m1<-- <7 =0,

and approximating the distribution function F3,(7) by a piecewise constant function
F ;> defined by

- i j T € [75, Tj+1)
]:ﬁi(T) _
Ti,r = 1 T =2 Tr.

Under mild assumptions on the continuity of f,, (see e.g. [10]), it can be shown that a
generic numerical quadrature approximation of (8.42) provides uniform convergence
of the approximation error, F3, — .7:13'. — 0 for given 7, as max;(7j+1 — 7;) — 0. Let
m; denote the vector m; = (m; 0, ..., 7 r). Then numerical integration applied to the
convolution integral (8.42) results in a linear relationship defining ;11 in terms of 7;:

Tiv1 = Prj. (8.43)

where mo = 1 since By = 0 implies Fg,(7) = 1 forall 7 > 0.

The transition matrix P in (8.43) has as elements the probabilities p; ,, that 5,1
lies in the interval [0, 7;) given that (; lies in the interval [0, 7,,,). Thus P in (8.43)
differs from the transition matrix IT of (7.45) in Sect. 7.4 in that it relates cumulative
probabilities, but it can be converted into analogous form by pre-multiplying (8.43)
by the matrix T of (7.53) and writing

Triy1 = IT1(Tw;), IT=TPT". (8.44)

Therefore it may be concluded (as was done in Sects. 7.3 and 7.4) that TPT~!, and
hence also P, has one eigenvalue equal to 1, while all other eigenvalues of P are
less than 1 in absolute value. The implication of this is that 7, the eigenvector of
P that corresponds to the eigenvalue at 1 describes the steady-state behaviour of the
approximation 7; of Fpg, as i — oo.


http://dx.doi.org/10.1007/978-3-319-24853-0_7
http://dx.doi.org/10.1007/978-3-319-24853-0_7
http://dx.doi.org/10.1007/978-3-319-24853-0_7
http://dx.doi.org/10.1007/978-3-319-24853-0_7
http://dx.doi.org/10.1007/978-3-319-24853-0_7
http://dx.doi.org/10.1007/978-3-319-24853-0_7

8.4 Stochastic Quadratic Bounds for Additive Disturbances 323

Now, by construction P is such that the elements 7; ; of ; satisfy the inequality
m;j < mij+1and w; , = 1sothatforany given probability p itis possible to determine
the smallest j such that 3; < 7; with probability at least p. Formally this can be
achieved through the use of the function b(7;, p) defined by

ind(m;, p) = min{j : m;; > p},

b(m;, b) =71, j=ind(m;,p).

With this definition, we can state that the i steps ahead prediction e;; lies with a
probability of at least p in the ellipsoid &, (b(7r,-, p)), ie.

Pry (e,-‘k € & (b(m, p))) > p. (8.45)

The probabilistic inclusion condition in (8.45) defines a stochastic tube with ellip-
soidal cross sections &, (b(ﬂ'i, p)) containing the uncertain component e;; of the pre-
dicted state with probability at least p. Equivalently, it defines a stochastic tube with
cross sections {s;jx} ® & (b(m, p)) that will contain the predicted state x;); with the
same probability. It is important to note that these tubes can be computed offline and
hence the dimension r of 7; can be taken to be as large as desired. This allows the
error in the approximation of the integral in (8.43) to be made insignificant without
increasing the online computational load. We next use these tubes to derive linear
inequalities that ensure the state predictions satisfy constraints (8.38).

Lemma 8.3 The constraint Pri(Fx;; + Gujx < 1) > p is satisfied by the predic-
tions of the model (8.5) for given i if

FS,'|]( + Gejik < 1- (b(ﬂi,p))l/zh (8.46)

where hj = (EVe’IE,T)1/2f0rj =1,...,n¢, and F = [FIT FHTC 17.

Proof From the state decomposition (8.5a, 8.5b), we have that Fx;j + Gujx < 1
whenever Fenk <1-— (Fs”k + Gejji). But e lies in £ (b) with probability p, where
b = b(m;, p), and hence Fx;; + Gu;x < 1 with probability p if the maximum of each
element of Fe over all e in the ellipsoid &,(b) is no greater than the corresponding
element of 1 — (F sijk + Gcjjr). This condition is ensured by the inequality of (8.46)

since max,eg, ) Fje = bl/z(FjVe_ll}jT)l/z. o

Lemma 8.3 allows the probabilistic constraint Pry (Fx;x + Gu;x < 1) > p on the
i steps ahead predicted state and control input to be imposed fori = 1, 2, ... through
linear constraints on the online optimization variable ¢,. However these constraints
are not necessarily recursively feasible and hence they cannot ensure the future fea-
sibility of the probabilistic constraint in (8.38). This can be explained using the
reasoning of Sect. 7.1 as follows. Suppose ¢ is such that (8.46) is satisfied at time k,
thus ensuring that the i steps ahead constraint Pry (Fx;x + Gu;x < 1) > p holds for
giveni. Then, to ensure feasibility of the corresponding i — 1 steps ahead probabilistic
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constraint at time k + 1, we require that ¢x 11 = (c1k, - . ., cN—1]k, 0) satisfies (8.46),
with k and i replaced by k 4 1 and i — 1, respectively. But at time k 4 1, the dis-
turbance input wy has already been realized and therefore it cannot be treated
as a stochastic variable; hence the stochastic tube that was used to formulate the
probabilistic constraint in (8.46) at time k is no loger valid.

In order to ensure that ¢4 is feasible for the i — 1 steps ahead probabilistic
constraint at time k + 1, it is necessary at time k to take into account the effect of the
worst-case value of wyy1 on the i-step-ahead probabilistic constraint. This can be
done by considering the stochastic tube {&, (B1), E(B), - .., E(B))}. For this tube
the distribution functions Fj, for j > 2 are again governed by (8.42), but with the
initial condition _

0 7<p;
T = [1 >

which corresponds to ) = 3, and the approximation of Fp therefore evolves

according to (8.43), but with an initial condition 7| corresponding to 3; = (3. The
constraint that Pryy 1 (Fx;—1jx4+1 + Gui—1jx+1 < 1) > p should hold for all realiza-
tions of wg4 then has the same form as (8.46), but with the RHS of the inequality
adjusted to account for the new value of 7. The feasibility of this constraint would
then be ensured at k + 1, but we need also to guarantee that it remains feasible

at times k + 2, ...,k 4+ i — 1, which requires that the worst-case bounds on [; for
i=2,...,i— 1 must similarly be taken into account in the constraints imposed at
time k.

To simplify the analysis, we introduce the notation ;); to denote the approximation
of the distribution of 3; when (3;, for some given j < i, assumes its maximum value
of B;. We therefore define

iy =P my, my = ud), (8.47)
where the bound ﬁ_j is given by Corollary 8.2 as

- 1=V
=T

& (8.48)

and where u(ﬂ_j) is the vector of Os and 1s, the /th element of which is equal to 1 if
T4 < B_j and is equal to 0 otherwise (i.e.if 741 > Bj). Then ensuring that constraint
(8.46) is feasible j steps ahead implies that it must also hold with b(7;)9, p) replaced by
b(m;j, p). Invoking this argument for allj = 0, 1, ..., i — 1 results in the constraint

~ 2
Fsix + Gejip < 1-— (max{b(m\o,p), e, b(7l’,'|,'_1,p)})1/ h.

This constraint can be simplified using the following result, which is consistent
with the intuition that the maximum of the bounds b(-, p) appearing on the RHS
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corresponds to the case in which §;_; assumes its worst-case value and «;_p is
treated as a stochastic variable.

Lemma 8.4 Foralli > 1and0 < j < iwe have b(ry;, p) < b(mjji—1, ).

Proof Given that 5;_ defines an upper bound on (;—; for all uncertainty real-
izations, we must have 3;_; > b(mi—1}j, 1) for alli > 1 and 0 <j < i, and hence

Ti1)i—1 = u(Bi_1) < mi—1)j- It follows that m;;—1 < m;; since the elements of
P are non-negative, and this implies that b(m;;, p) < b(m;j;—1, p) for any given
p € (0,1]. ]

Applying Lemma 8.4 to the constraints of this section results in conditions that
are equivalent to the constraints of (7.7a, 7.7b), formulated for the general case in
Sect.7.1. These constraints and their recursive feasibility property can be summarized
as follows.

Theorem 8.4 The constraints defined at time k by
Fsip + Gep <1— (b(riir, p)) *n, i=1,2,... (8.49)

ensure that (8.38) holds. Furthermore if ¢ satisfies (8.49) at time k, then ¢x+1 = Mcy,
will be feasible at time k + 1 for (8.49) with k replaced by k + 1, where M is the shift
matrix defined in (2.26b).

The conditions of (8.49) impose an infinite number of constraints on the predicted
state and control trajectories over an infinite prediction horizon. Using the approach
of Sect.3.2.1 however, it is possible to impose these constraints through a finite
number of inequalities. To demonstrate this, we reintroduce the lifted autonomous
prediction dynamics of Sect. 3.2 and thus write

X ® BE
Zitlk = YZiks 20k = [c]/j Y= [0 M}

where E and M are defined in (2.26b). This allows the predicted trajectories of the
state and control input to be generated as x;x = [/ Olz;x + ek and u;x = [K Elz;x +

Kejji, and hence the constraints (8.49) can be expressed equivalently (and more
conveniently) as

Flzop <1 — (b(myic1,p) P i=1,2,... (8.50)

where F = [F + GK GE).
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Given that the prediction system is stable, the constraints in (8.50) are necessarily
satisfied for some x; and ¢y if and only if the RHS of the inequality is non-negative
for all i > 1. This condition is satisfied if

8Y2h <1 (8.51)

since the definition of ﬂ_i as a bound on [; implies that b(m;i—1,p) < B,-, and
by Corollary 8.2 the sequence {3, (1, ...} is monotonically non-decreasing with
lim;_ oo ﬂ_i = ﬂ_ . Under the assumption that (8.51) holds, the following result, which
is closely related to Theorem 3.1, shows that the infinite set of inequalities in (8.50)
is equivalent to a finite number of inequality constraints.

Theorem 8.5 If(8.51) holds, then FW'z < 1 — (b(myi_1, p))'*h is satisfied for all
i > 1 ifand only if

Foiz <1— (b, p)) h, i=1,2,...,v (8.52)

where v is the smallest integer such that Fovtl; <1-— (b(ﬂ',,+1|,,,p))l/2h holds
for all 7 satisfying (8.52).

Proof Clearly (8.52) must hold in order that F¥z < 1 — (b(myi—1, p))'/*h holds
for all i > 1. To show that (8.52) is also sufficient, let Z ®) denote the set

ZW = {z: F¥iz <1— (b1, p)) *h, i=1,2,...,v}.
Then, under the conditions of the theorem, z € Z%) implies

Foz<1- (b(ﬂl\o,P))l/Zh (8.53a)
Folz <1— (b(myim1, p)) P, i=2,...,v+1 (8.53b)

and, by Theorem 8.4, the constraints in (8.53b) imply that the conditions
FUiWz+Dw) <1— (b(myi1,p) h, i=1,...,v

hold for all w € W, where D = [DT 0]7. Thus Z*) is robustly invariant for the
system )
Zet1 = Yz + Dwg, wi € W, (8.54)

while (8.53a) implies that Pry (Fxijx + Gui < 1) > p is satisfied for all z; € ZW)
and it follows that F¥iz < 1 — (b(mi—1, p))'/?h holds for all i > 1 whenever z €
zW) O

A straightforward extension of the arguments of Theorem 3.1 can be used to
show that there exists a finite v satisfying the conditions of Theorem 8.5 if (¥, F) is
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observable, and also that Z*) is the maximal RPI set for the system (8.54) and the
constraints of (8.53a).

We are now in a position to state the stochastic MPC algorithm. Since the con-
straints (8.52) are linear in the optimization variable ¢, the online MPC optimization
problem requires the solution of a QP at each sampling instant.

Algorithm 8.3 At each time instantk =0, 1, ...

(i) Perform the optimization:

minimize J(xx, C)
cx

o (8.55)
subject to FW' [’c"‘] <1— (b1, p)) b, i=1,... v
k
(i1) Implement the control law u; = Kx; + C3| x Where ¢ = (cg| PR C;\(/I i) 1s the
minimizing argument of (8.55). <

The statement of the algorithm presupposes that the parameters V, and A have
been designed offline. These parameters can be determined for example by solving
the optimization problem

(V) =arg  min %mjax(ﬂvglﬁf) subject to (8.40b)
Vo ', Ae(0,1) -

The rationale behind this optimization is that it minimizes the steady-state effect
of the uncertainty on constraints of (8.55) by minimizing the maximum element of
the LHS of (8.51). The optimization can be performed by combining a univariate
search over A € (0, 1) with semidefinite programming to compute the optimal V, for
fixed A.

Algorithm 8.3 has the guarantee of recursive feasibility provided by Theorem 8.4,
and, by Theorem 7.1, the use of the cost J(x, ¢x) therefore ensures that the closed-
loop system satisfies a quadratic stability condition. These properties are summarized
as follows.

Corollary 8.3 Algorithm 8.3 applied to the system (8.1) is feasible at all times
k=1,2,...ifitis feasible at k = Q. The closed-loop system satisfies the constraints
of (8.38) for all k > 0 as well as the mean-square bound

r—1

: 1 2 2
Jim ; Eo(llvellg + luxllz) < s (8.56)

where I = limk%oo(llkazQ + ||uk||12§.). If u = Kx is optimal in the absence of con-
straints for the cost (8.3), then x; converges with probability 1 to the minimal RPI
set for the dynamics (8.1) under this feedback law as k — oo.
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8.5 Polytopic Tubes for Additive and Multiplicative
Uncertainty

The system dynamics considered in Sects. 8.1-8.4 of this chapter are subject only
to additive disturbances. We now turn to the case of linear models that are subject
to stochastic multiplicative uncertainty as well as additive uncertainty. We consider
systems described by the model of (6.2)-(6.3):

X1 = ApXg + Brug + Dwy (8.57)

where the additive disturbance wy € R™ and the matrices Ax, By that contain the
model parameters depend linearly on a set of zero-mean random variables q,((]), j=
1, ..., msothat (Ag, By, wi) = (A(qk), B(qr), w(qk)) at time k, with

(A@), B@), w(g)) = (A©, BV, 0) + DAV, B, w)g?, (8.58)
j=1

and (A(j), BV, w(7>),j =0,1,...,m, are known, constant parameters. We assume
that the probability distribution of g; = (q,(cl), e q,((m)) is known and time invariant,
and that g and g; are statistically independent for all k # j.

The MPC strategy discussed in this section carries a guarantee of recursive fea-
sibility and is designed for problems with mixed hard and probabilistic constraints.
As discussed in Sect. 7.1, this requires knowledge of a bounding set, Q, such that
qr € Q with probability 1 for all k. For convenience, we assume that Q is a compact,
convex polytope, with known vertices q,(jl), ey q,(,”). Corresponding to each vertex
gy’ of Q is a vertex of the uncertainty set for the model parameters (A, B, w), which

we denote as (Af)l), Bl(,l), wf)l)), so that

(4. BY . wi)) = (Aqy). B(gy). wgy))

v v

forl=1,...,v.
The system of (8.57) is considered to be subject at all times k =0,1,...to a
mixture of hard constraints:

Fpxe + Gpuy <1, (8.59)

and probabilistic constraints:
Pri(Fpxijx + Gpuie < 1) > p, (8.60)
for a given set of matrices Fj, Gy, Fp, G, and a given probability p € (0, 1]. Here

(8.60) requires, similarly to the pointwise probabilistic constraint (6.8), that the joint
probability of all elements of the vector Fp,x1x + Gpui)x being less than or equal to
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unity should be no less than p, where Fj,x1x + Gpuk is the 1 step ahead prediction
of Fpx + Gpu at time k. As in Sect. 8.1 it is straightforward to extend the approach
of this section to intersections of probabilistic constraints (8.60) with different prob-
abilities p.

Using an open-loop prediction strategy, the predicted control sequence is para-
meterized in terms of a perturbed linear feedback law:

uip = Kxjp +ci, i=0,1,...

with¢;p =0,i =N, N + 1, .... The dynamics governing predicted state trajectories
therefore assume the form

X1k = Pr+iXijk + Br+iCijk + Dwpy;

where @, = Ay + BiK. The feedback gain K is assumed to be stabilizing in the
sense that x;1| = Pixy is mean-square stable in the absence of constraints. Hence
the quadratic predicted cost, which is taked to be (6.15), can be evaluated using the
approach of Sect.6.2.

It was mentioned in Chap. 7 that propagating the effects of multiplicative uncer-
tainty over a prediction horizon can cause computational difficulties because both
D4 and x;) are uncertain. Instead, similarly to the robust MPC strategies considered
in Chap. 5, we construct tubes with polytopic cross sections [13, 14], defined by

Xk = {xipk - Vi < aie}s (8.61)

that contain the predicted state trajectories. The vectors o for i =0, ..., N are
treated as variables in the online MPC optimization whereas the matrix V € RV X"
is determined offline and remains fixed online. The choice of V is based on the con-
siderations detailed in Sects.5.5 and 5.6, summarized by the following assumption.

Assumption 8.2 V is chosen so that the set X = {x : Vx < 1} is A-contractive for
the dynamics x| = @gxx + Dwy, for some \ < 1.

On account of the requirement for a recursively feasible MPC strategy (and also
satisfaction of hard constraints, when these are present), the constraint that the pre-
dicted state x;; should lie in the tube cross section &} must be handled robustly.
Through the application of Farkas’ Lemma discussed in Chap. 5, Lemma 5.6 shows
that this is achieved by the conditions, for H O >0andi=0,1,...,

Qitllk ZH(Z)Oé”k + VBSJI)C”]( + VDwgl) (8.62a)
HYv =vod (8.62b)
for/=1,...,v, where CD,SI) = Af,l) + B,(JI)K . Recursive feasibility with respect to

satisfaction of the hard constraints is then guaranteed by the existence of a matrix
Hj > O such that, fori =0, 1, ...,
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Hpoj + Grei <1 (8.632)
H,V = Fy. (8.63b)
where I:"h = F; + G)K.

In order to handle the probabilistic constraints however, we require a probabilistic
extension of Farkas’ Lemma. This is provided by the following result.

Theorem 8.6 ([14]) Let
Xi={x:Vix<b}, Xp={x:Pr(Vax < by) > p}
where Vy and by are random variables. Then X1 C X, (i.e. Pr(Vox < by) > p forall
x such that Vix < by) if and only if there exists a random variable H > 0 satisfying
HV =V, (8.64a)

Pr(Hb, < by) > p. (8.64b)

Proof Sufficiency follows from the fact that, by (8.64a), for x € X} we can write
Vox = HV1x < Hb;

which, from (8.64b), implies that
Pr(Vox < by) > p.

Thus every x € &7 also belongs to X>, thereby implying that X C X5.
To prove necessity, assume that X; € A» holds. Then

Pr(pi < b2;) = p

with
pwi =max{Vo x : Vix < b1} (8.65)
X

where V;; and by ; denote the ith row and ith element of V, and b,, respectively.
By strong duality, the dual of the linear program (8.65) for a given realization of V;
gives

i = mhin{thl s hTVy = Va,, h >0}, (8.66)

Let i} be the minimizing argument of this dual LP and define H as the matrix with
ith row equal to /;. Note that 4 is a continuous piecewise affine function of the
random variable V;; since (8.66) has the form of a (right-hand side) parametric
linear program in the parameter V5 ;. Hence A is itself a random variable [15]. The
constraints of (8.66) imply that H > 0 and that H satisfies (8.64a). From the objective
of (8.66) it follows that H also satisfies (8.64b). U
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Theorem 8.6 can be used to derive conditions which ensure that the predicted
states x; |, satisfy the probabilistic constraints of (8.60) for all x;x € X;,i =0,1, ...,
namely that

Priyi (FpXiv1jk + Gpuit1x)
= Pryi (Fp¢k+ixi|k + Fp(Biyicijk + Dwii) + Gpcivik < 1)>p

where F » = Fp + G,K. From (8.64a, 8.64b), these conditions are equivalent to the
requirement that there exists H, > 0 satisfying, fori =0, 1, ...

Pr(Hpoi + Fp(Bei + Dw) + Gpeipp < 1) > p (8.67a)
H,V = F,®. (8.67b)

Since @ is a function of the random variable ¢, in general H), satisfying (8.67b)
will also be a random variable. This means the method of handling (8.67a, 8.67b)
differs from that of (8.62a, 8.62b) and (8.63a, 8.63b); however given knowledge of
the distribution of ¢ it is possible to construct a computationally tractable online
optimization, as discussed below.

In summary therefore, a recursively feasible set of conditions that impose the
constraints of (8.59-8.60) are:

(i) Tube inclusion constraints—(8.62a, 8.62b);
(i) Hard constraints—(8.63a, 8.63b);
(iii) Probabilistic constraints—(8.67a, 8.67b).

The degree of conservativeness of the conditions of (8.62), (8.63) and (8.67)
would be minimized if V, H?, H}, and H), were computed online for each prediction
instant, i = 0, 1, .... However this strategy is unlikely to be implementable as it
would require the solution of a large nonconvex optimization problem online. Instead
we discuss how to design these matrices offline. Thus V is to be chosen, as described
in Assumption 8.2, so as to define a A-contractive set for the dynamics xg; = @i,
whereas each of the matrices H®, H}, and H,, is designed to have minimum row sum
with the aim of relaxing the associated constraints. In particular the ith rows of these
matrices are selected according to

HOT = arg min 17 subject to ATV = V;dP andh >0, 1=1,...,v (8.68a)
H, =arg min 17k subjectto KTV = Fj;and h > 0 (8.68b)
H[,TJ. = arg mhin 171 subject to W'V = I:”p,idﬁ and h > 0. (8.68c¢)
The values of HY) and Hj, in (8.68a) and (8.68b) are fixed for given V, <155l)

and F), as the deterministic solutions of a set of linear programs. However (8.68¢)
specifies H, as a random variable, the probability distribution of which is defined
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by the parametric solutions of a set of linear programs. In particular, from (8.58) the
linear program (8.68c¢) is equivalent to

h*(q) = argm]in 17h
1

m
subjectto h'V = F, (A” + BOK) + > F,i(AV + BV K)q?
j=1
h>0. (8.69)

Since the constraints of this problem depend linearly on both /# and the random
variable g = (g7, ..., g"), it can be shown that the solution 4*(g) is a continuous,
piecewise affine function of g [16]. Thus H,, is given by (8.68c) as a continuous and
piecewise affine function of ¢g. For most problems of practical interest it is unlikely to
be computationally feasible to determine the probability distribution of H,, by using
multiparametric linear programming to solve (8.68c) for H), as an explicit function
of g. Instead (8.68c) can be used as a means of generating random samples of the
distribution of H,, given samples of g; the approach is discussed further at the end of
this section.

The matrices H?, Hj, and H), are necessarily sparse in the sense that each of
their rows can have at most n, non-zero elements. This follows from the fact that the
problems posed in (8.68a—8.68c) for given ¢, have ny — n, active constraints so that
ny — ny of the elements of the optimizing # must in each case be zero. This affords
computational advantages.

Using the argument of Sect.7.1, conditions (8.62a), (8.63a) and (8.67a) would
ensure recursive feasibility if they were applied over an infinite prediction horizon,
but this would of course require an infinite number of constraints and is clearly not
implementable. This difficulty can be avoided through the use of terminal conditions,
as described in Sect. 5.5. For example, let the sequence of parameters {oyk, - . . , ok}
satisfy the constraints of (8.62a), (8.63a) and (8.67a) fori = 0, ..., N — 1 andimpose
terminal constraints on apyx:

HOayp +VvDw® <ayp, 1=1,...,v (8.70a)
Hponyk <1 (8.70b)
Pr(Hyayny < 1) > p. (8.70¢)

The following lemma shows that, under Assumption 8.2, the matrices H) satisfy
the condition [|[H"||s, < 1, which is necessary for feasibility of (8.70a). With these
constraints we are able to state the following result.

Lemma 8.5 Under Assumption 8.2, the definition of H® in (8.68a) implies that
HD1 + VDwgl) <MMjforall=1,...,v.
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Proof Since the set {x : Vx < 1} is A-contractive for x;1| = @x; + Dwy, we have
V@él)x + VDw,(,l) <M forall/=1,...,v and x such that Vx < 1, so the bound
HO1 + Vle(,l) < A follows from the constraints of (8.68a). [l

Theorem 8.7 If V is chosen according to Assumption 8.2, then the constraints of
(8.62a), (8.63a) and (8.67a), invoked for i =0, ..., N — 1, and the terminal and
initial constraints, (8.70a-8.70c) and Vxi < ook, are jointly recursively feasible
for the system (8.57-8.58) under the control law uy = Kxy + co.

Proof Suppose that ¢ = (CO\k, ceey CN—1|k) and {ao‘k, ceey OzN|k} satisfy the con-
straints of the theorem at time k. Then a feasible set of parameters at time k + 1 is
given by

Ckt1 = (Cliks - » CN=11k> 0)
Qilk+1 = Qg 1=0,...,N—1

QNlk+1 = QN|k

since these parameters give Xjjx4+1 = Xjyk fori =0,1,...,N — 1 and Xyjk41 =
Xk It follows that (8.62a), (8.63a) and (8.67a), with k replaced by k + 1, hold for
i=0,...,N — 1. Also the conditions (8.70a—8.70c) are trivially satisfied when £ is
replaced by k + 1 if anks1 = o k. Furthermore, we have Vi1 < agpe41 since
Xk+1 € Xy for all realizations of model uncertainty at time k. U

We can now formulate the stochastic MPC algorithm. For simplicity the objec-
tive function to be minimized online is chosen here as the quadratic predicted cost
of (6.15) in Sect.6.2:

o0
T, €)= D E(lbxiplgy + luiellg — bss)- (8.71)
i=0
By Theorem 6.1, this cost is a quadratic function of the vector, ¢x = (cojk, - - -, CN=1]k)>

of free variables in the predicted control sequence.

Algorithm 8.4 At each time instantk =0, 1, ...

(i) Perform the optimization:

minicmize J(xg, ¢x)
k

Q|-+ ON [k

subject to (8.62a), (8.63a), (8.67a)fori =0,...,N — 1, (8.72)
(8.70a-c) and Vi < agk-
(ii) Implement the control law u; = Kx; + cél  Where ¢ = (cé| RS c;’\}l i) s the

minimizing argument of (8.72). <
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The constraints of Algorithm 8.4 are recursively feasible by Theorem 8.7. Further-
more, Theorem 7.1 of Chap.7.2.1 demonstrates that the closed-loop system satisfies
the constraints (8.59-8.60) for all k =0, 1, ... and the optimal value of the cost,
J*(xx) satisfies

Ei(J* 1)) < %) — (Il + gl — Lss).-

Therefore the quadratic stability condition holds for the closed-loop system:

N R 2 2
Jim — %Eo(nxkng + llullz) < L.

The online MPC optimization in step (i) of Algorithm 8.4 is not stated in form
that can be implemented directly. This is because the constraints (8.67a) and (8.70c)
involve products of optimization variables «;jx and c;x with the random variables
H)p, and B [19], and because the probability distribution of H,, is implicitly defined
by (8.68c). A way to circumvent these difficulties is to use methods for imposing
probabilistic constraints based on random sampling [3, 4, 20].

Let ¢Ul, j=1,...,ns denote a set of ng independent samples drawn from the
known probability distribution for . Given these samples, the corresponding samples
of B and w:

B = Bg"), wll =w@), j=1,...,n

are generated by (8.58). Likewise samples of H), are obtained by defining the ith row
of Hg] using (8.69) as

HY = (i g™M)". j=1.....n,.

Using this set of samples, the probabilistic constraints (8.67a) and (8.70c) in the
online MPC optimization can be approximated using sampled constraints defined by

H o + Fp B¢ + Dwlh) + Gpeipip + s,[f,{ -1, i=0,...,N—1

(8.73a)
H oy + sty = 1 (8.73b)
S =0, VeTe S {l,..,ng), 1Tkl = my. (8.73¢)

Here |Z; | denotes the number of elements in the set Z;. Thus (8.73c) ensures that the
conditions

Hg]a”k —i-Fp(BU]C”k +Dwm) +Gpcik <=1, i=0,...,.N—1

ngi]ale <1
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are imposed for all j € 7, where Zj in an index set containing no fewer than [rn] of
the samples j € {1, ..., ng}. The remaining | (1 — r)ns| samples are discarded since
the corresponding slack variables s ik are not constrained to be non-negative in (8.73a,
8.73b). Since samples are selected randomly, the constraints (8.73a—8.73c) are not
equivalent to (8.67a) and (8.70c) for finite n;. However it is possible to derive bounds
on the probability, which is dependent on ng and r, such that a solution to the MPC
optimization (8.72) with (8.67a) and (8.70c) replaced by (8.73a—8.73c) satisfies the
probabilistic constraints of (8.67a) and (8.70c). For details we refer the reader to [4,
17].

This approach therefore approximates the probabilistic constraints by using sam-
ples to empirically approximate the distributions of the stochastic variables appearing
in (8.72). Since the index set Zj, is an optimization variable, the resulting optimization
has the form of a mixed integer quadratic program (MIQP). The effects of varying
the number of samples on the confidence of constraint satisfaction are discussed in
the following example.

Example 8.1 This example provides a simple illustration of the use of sampling
to approximate a probabilistically constrained optimization problem. Consider the
minimization

minimize f(x)
* (8.74)
subjectto  gi(x) <0, YieZ C{l,...,ng}, |Z| = rng

where the functions f (x) and g;(x) = g(x, ¢!’!) are convex in the optimization variable
x, and where ¢!, i = 1, ..., ny are independent samples of a random variable ¢. For
suitable choices of ng and r, the constraints of (8.74) provide an approximation of
the probabilistic constraint

Pr(g(x.q) <0) > p. (8.75)

Let Fy, m(p) denote the binomial distribution function giving the probability of
m or fewer successes in n independent trials, each of which has a probability p of

SucCcess:
m

Fam®P) =Y (’f) Pl —py.

i=0

Then a lower bound on the probability that the solution of the convex program (8.74)
satisfies the probabilistic constraint (8.75) is given in [4, 17] as 1 — €, where the
parameter e satisfies

s 1 - +p— 1
€= (lﬂ (Lns(;)J_ ")T )F"s’frns]—p(l _p)

Here p is the number of support constraints of the problem (8.74), which is essentially
the number of constraints of the form g;(x) < O that can be active at the solution
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of (8.74) (where removal of an active constraint causes a reduction in the value of
the objective). For a feasible problem we must clearly have p < n, [17]. Similarly,
the probability that a solution of (8.74) is feasible for (8.75) has an upper bound (3,
where

ﬁ =< Fnj,[rns]—l(p)~

The variation with r of these confidence bounds is shown for p = 0.9 and various
sample sizes ng, with p = 1 and p = 2 in Figs. 8.1 and 8.2. %

Example 8.2 This example illustrates the use of random sampling in approximating
the probabilistically constrained online MPC optimization of Algorithm 8.4. We
consider a system model of the form (8.57) containing multiple independent sources
of stochastic uncertainty. The expected values of the system matrices are given by
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Fig. 8.1 Upper and lower bounds on the probability that a solution of the sampled program (8.74)
satisfies the probabilistic constraint (8.75) for the case of p = 1
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Fig. 8.2 Upper and lower bounds on the probability that a solution of the sampled program (8.74)
satisfies the probabilistic constraint (8.75) with p = 2

and D = I. The realizations of Ay, By and wy are given by

A =A0 1 A0 1 ADG® 4 4G g

0 4) (4 5) (5
6 7
wy = w(6)q](( ) 4+ wmq,(C )

where q(f) is a scalar random variable, uniformly distributed on the interval [-0.5,
0.5] for j=1,...,7, and qx = (q\,....q.") satisfies E(gegl) = 54/ and

E(qkqiT) = 0 for all i # k. The remaining model parameters are

L _[003 0157 o [-0.03-015] 5 _[0 0
= |-0.15-0.03]" | 0o —003] = 10.150.06

W _[00367 Lo _[-0036] ) _[0.04 @ _ [~0.04
B _[—0.024 BT =1 0024 |0 T 004 T T 004 |
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The system is subject to the constraint
Pry(Fxjp < 1) > 09, F=[-510],

and the weighting matrices in the cost (8.71) are defined by Q = I and R = 1.

In order to apply the stochastic MPC law of Algorithm 8.4, the probabilistic
constraints (8.67a) and (8.70c) in the online optimization (8.72) are replaced by
(8.73a-8.73c). A mode 1 horizon of N = 4 steps and 250 samples are employed
at each prediction time step. For this problem the number of support constraints at
each time step is at most p = 1, and the confidence bounds of Fig. 8.1 with ny, = 250
can therefore be used to determine the fraction » of the samples that should be
activated in order to achieve a given confidence of feasibility with respect to the
probabilistic constraints [18]. For a confidence level of 90 % we need r = 0.93, and
hence [rng] = 233 samples activated at each prediction time step.

The MPC optimization incorporating (8.73a—8.73c) is solved approximately using
a greedy algorithm. This attempts to identify the optimal samples to be discarded at
each prediction time step by successively solving the QP problem that corresponds
to a fixed set of discarded samples, and then discarding the samples that correspond
to the constraints (8.73a, 8.73b) that have the largest associated multipliers. Note that
the implementation of (8.73a—8.73c) in terms of slack variables has the advantage
that not all constraints in the online optimization need to be recomputed at each
iteration.

We next compare the performance of the stochastic MPC law with that of its
robust counterpart, which is obtained by invoking the robust constraints Fx;; < 1,
i=0,1,..., for all realizations of model uncertainty. For problems involving mul-
tiple independent sources of uncertainty, the robust MPC approach is likely to be
very conservative. In particular, although each uncertain component of the model
is uniformly distributed, the model uncertainty combines to give a one step-ahead
probability density function for the model state that is heavily centre-weighted and
quickly drops to a negligible value a short distance from its centroid. A probabilis-
tically constrained stochastic MPC algorithm can explicitly account for this effect
whereas robust MPC must take into account the worst-case value of each source of
uncertainty.

The high degree of conservativeness of robust MPC can be seen in Fig. 8.3, which
shows how the optimal predicted cost for robust MPC compares with that of stochastic
MPC for the initial condition xg = (0.4, 0.4) as p varies: clearly a small reduction
in p causes a relatively large reduction in predicted cost. The state trajectories of
the closed-loop system under SMPC with p = 0.9 and RMPC are shown in Figs. 8.4
and 8.5 for 100 model uncertainty sequences. Again it is clear that using robust MPC
in this example results in conservative closed-loop responses.

Table 8.1 compares the closed-loop performance of the robust MPC and stochastic
MPC algorithms using 500 realizations of model uncertainty. Here the mean cost
computed along closed-loop system trajectories is 16 % lower in the stochastic case
than the robust, and this is achieved with approximately double the computation
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Fig. 8.5 Stochastic MPC: closed-loop state trajectories, 100 uncertainty sequences

Table 8.1 Closed-loop comparison of robust and stochastic MPC: average costs, constraints and
computation times for 500 sequences of model uncertainty

Robust Stochastic
Mean closed-loop cost 25.7 21.5
Proportion of realizations satisfying constraints 100 93.8
Mean computation time (ms) 26 60

time required for the stochastic algorithm. The proportion of trajectories satisfying
constraints (93.8 %) implies a degree of conservativism in the stochastic algorithm.
Howeyver this is expected from the confidence parameter of 90 % and the relatively
small sample size, ny = 250. O
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Chapter 9
Conclusions

The aim of this final chapter is to give a short discursive summary of some of the
key results presented in this book. We also speculate on extensions that could, in our
opinion, be pursued in future.

It is perhaps difficult to pinpoint precisely the origins of predictive control but it
appears that the early development of the subject ignored the presence of constraints.
The perception of the subject has changed considerably over the last few decades
and now the justification and success of predictive control is almost exclusively
attributed to its ability to provide near optimal solutions that account for constraints.
This feature alone makes MPC a particularly useful tool for the solution of real life
problems where typically limits in actuation and safety considerations imply the
presence of constraints.

This development brought with it two difficulties, one of which is theoretical
and the other practical, namely the guarantee of the stability of the control system
and the implementation within the inter-sample interval. The practicability of imple-
mentation implied the need to turn what, in essence, was an infinite-dimensional
optimization problem into a finite-dimensional problem and this was made possible
through the split of the prediction horizon into the near horizon (mode 1), where the
control moves are considered to be degrees of freedom, and the far horizon (mode 2),
where the control moves are dictated by a prescribed control law. To guarantee fea-
sibility within mode 2, use was made of the concept of invariance and the implied
terminal constraints. Thereafter, closed-loop stability could be established by apply-
ing a Lyapunov-like analysis to the closed-loop behaviour of the optimal predicted
cost. Clearly, feasibility of the MPC optimization was required at each time step,
and in general this was guaranteed recursively by ensuring that a specific predicted
trajectory satisfied the constraints of the problem at successive time instants.

There has been a proliferation of MPC strategies proposed in the literature over
the last few decades and their relative success has been judged mostly on the basis of
their ease of computation on the one hand and comparing the size of their respective
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regions of attraction on the other. Often one may also wish to see a comparison of
performance, but in general this is example- and initial condition-dependent, thereby
rendering such an exercise meaningless. The overall aim has nevertheless been to
strive for the best possible balance between ease of computation and optimality. Sev-
eral attempts, some quite effective, have been proposed and are described in this book.
Thus one of the ways of achieving efficiency in computation is to reduce the number
of degrees of freedom over which the online repetitive optimization of MPC is to be
performed. This can be done for example by input blocking, or interpolating between
given trajectories or using the homotopy-based active constraint approach. Alterna-
tively, for low-dimensional systems, one may use a multi-parametric approach which
identifies regions in which the optimal predicted control is known and given by affine
relationships to the state. The lifted autonomous formulation of the predicted dynam-
ics provides yet another way in which the online computational load can be reduced
significantly through the replacement of the optimization by a well-behaved Newton—
Raphson procedure. Arguably, there is no unqualified best amongst all these, and an
array of other approaches exist, which have not been mentioned in this book. The
designer has to choose the approach that best meets the demands (in terms of degree
of optimality, efficiency of computation and size of region of attraction) of the par-
ticular problem to be addressed. It is to be hoped that more original ideas will come
about in future years and that some of the existing approaches will be developed
further.

As mentioned earlier, over and above computation, one needs to consider the size
of the region of attraction of a particular MPC algorithm. To improve on this, one can
use as large a terminal set as possible and for a given terminal control law that leads
naturally to the employment of the maximal invariant set. Further improvements are
possible through the use of longer prediction horizons but this carries the penalty of
increased computational load. An alternative to longer horizons is the introduction
of controller dynamics whose action extends across an infinite prediction horizon.
Such dynamics can be optimized to give the largest ellipsoidal region of attraction
that can be attained over all terminal linear feedback laws. Yet this benefit is attained
regardless of the choice of the terminal control law which can be chosen to be the
unconstrained optimal.

The body of ideas of classical MPC carry over to robust MPC, but catering
for uncertainty clearly requires more intensive online optimization. Low complex-
ity tubes provide a convenient (albeit potentially conservative) way to define sets
that contain predictions for all possible realizations of uncertainty. On the basis of
these, constraints can be invoked robustly, and, coupled with a monotonically non-
increasing property of a cost based on the nominal predictions or on perturbations to
an unconstrained optimal control law, this leads to algorithms with guaranteed closed-
loop stability. It is also possible to use general (rather than low complexity) tubes
and in particular for additive uncertainty only one can employ rigid or homothetic
tubes with the attendant inclusion conditions, whereas in the case of multiplicative
(and also additive) uncertainty one can construct general tubes through inclusion
conditions that are based on the use Farkas’ Lemma.
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For the case of additive disturbances only, improved results can be achieved
through a re-parameterization of predictions that is affine in future disturbances
and has a lower triangular structure. The drawback of this approach however is that,
through the lower triangular structure, it introduces a greater number of degrees of
freedom, which is in fact of the order of N2, where N is the mode 1 prediction
horizon. For the same order of magnitude of degrees of freedom, it is possible to
use a more general lower-triangular tube parameterization which is piecewise affine
rather than affine in the future disturbances. Both the disturbance affine MPC and
PTMPC assume that the uncertainty set is polytopic but the former works with the
facets of the set whereas the latter assumes a set description in terms of its vertices.
The numbers of facets and vertices could differ significantly and this in turn implies
a significant difference in the number of inequalities in the online optimization of
the two approaches. This difference could be removed if an extension were found
that enabled the methodology of PTMPC to deploy uncertainty facets rather than
vertices.

An alternative that reduces computational complexity considerably replaces the
lower triangular structure of PTMPC by a striped lower triangular structure, thus
leading to a striped PTMPC (or SPTMPC) algorithm. Despite the reduction of the
number of degrees of freedom (which are of order N for SPTMPC), this modification
allows disturbance compensation to extend to mode 2. On account of this it can
potentially outperform the parameterized tube MPC in terms of the size of its region
of attraction.

In all of these endeavours, the goal is to get as close to the dynamic program-
ming (DP) solution for the optimal feedback law without restrictive assumptions on
controller parameterization, but to do so with a computational load that is tractable.
PTMPC has narrowed the gap between available algorithms and the DP solution and
indeed produces optimal results for several special cases. However, for fast sampling
applications, the computational requirement of PTMPC could be excessive, while
the degree of sub-optimality in SPTMPC could be more than desired. The field is
wide open for researchers to come up with ideas that sit somewhere between PTMPC
and SPTMPC in respect of the balance between optimality and computability. The
field is also wide open in respect of re-parameterizations of tube MPC for the case
of multiplicative uncertainty.

Robust MPC is clearly not the answer to controlling systems that are subject
to random uncertainty with known probability distributions and that are subject to
constraints, some of which could be probabilistic. The answer to this problem is
provided by stochastic MPC, which has received considerable attention over the
last decade. There were significant developments in this field, especially on the
control theoretic front, leading to recursive feasibility (through a combined robust
and probabilistic treatment of constraints) and stability guarantees. In general this
is only possible for model uncertainty with finitely supported distributions. Such
distributions are perhaps not as convenient as the Gaussian but accord well with
the physical world where variations in the uncertain parameters are almost never
unbounded.
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These developments considered first the case of additive uncertainty and only
more recently have been extended to the case of more general multiplicative uncer-
tainty models. The particular difficulty here is that the multiplication of predicted
states, which are random variables, by parameters which themselves are stochastic,
makes it difficult to determine the distributions of predictions. The combined use of
Farkas’ Lemma with sampling circumvents this difficulty in terms of practical imple-
mentation and it is anticipated that further advances in this area will carry on being
proposed in the near future. It is perhaps to be expected that some re-parameterization
of stochastic MPC (e.g. along the lines of PTMPC) might be available for the case
of additive model uncertainty, and possibly also the multiplicative uncertainty case.

Another area that may attract attention in future concerns the definition of pre-
dicted performance costs that preserve as much of the probabilistic nature of the cost
as viable computation allows. Costs expressed in terms of nominal, expected values
or worst-case values tend to conceal much of the stochastic nature of the control
problem. An attempt at overcoming this difficulty was proposed in the solution to
the sustainable problem discussed in Chap. 6 through the definition of a cost on the
basis of probabilistic bands, but certainly there will be alternatives which are yet to be
worked on. A topic related to the stochastic nature of the problem is the possibility
of relaxation of future constraints on the basis of past realizations of uncertainty.
Preliminary results in this area have been reported in the last chapter of the book but
this area deserves further development.

In conclusion, classical MPC is now mature enough to suggest that further future
developments, though still possible, will be few. The same, is not true of MPC applied
to uncertain systems, especially for cases in which uncertainty is stochastic.
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Solutions to Exercises

Solutions to Exercises for Chap. 2

1 (a) The predicted state and control sequences at time k with N = 2 are

X0l 1 00
X=|XK|, u=|:ZOki|, x=|15|x+| 1 0|u
Xk Ik 2.25 151

Hence the predicted cost for ¢ = 1is J(x,u) = x'x 4 10u’u

00
{1007 [o11s
J(x,w) =u [010+001 11(1) u

5
00 1
+ 2x [1 1.5 2.25] 1 0|u+x? [1 1.5 2.25] 1.5
151 2.25
—u Hu+2xFTu+ sz,
Sinceu = —H ' Fx, we get the unconstrained MPC law

B 11(1.54+1.5%) —1.53
a1 - 1532

(b) Letu;jx = Kx; foralli > 2, with K = —0.88 (the LQ optimal feedback gain).
If ¢ satisfies ¢ — (A + BK)?>q = 1 + 10K2, i.e. if

)xk = —0.350x.

1+ 10K?2 1 4+ 10(0.88)2
1—(A+BK)2  1—(1.5-0.88)2
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then the predicted cost satisfies

N—-1 00
J = Z(xizlk + 10141-2|k) + C]x%k = Z(Xﬁk + 1014,‘2|k)
i=0 i=0

so the unconstrained MPC law is identical to LQ optimal control.
(c) Constraints: —0.5 < u;x < 1fori =0, 1, ...imply constraints on the predicted
input sequence:
—O.Sfu”k <1, i=0,1,...,.N+v

where N = 2 and v must be large enough so that

—0.88(1.5 — 0.88)"*!x € [—0.5, 1] for all x such that
—0.88(1.5 — 0.88)'x € [-0.5,1], i =0, ..., v
Here 1.5 — 0.88 = 0.62, so v = 0 is sufficient.

2 (a) The dynamics are stable if and only if |a| < 1, which is therefore a require-
ment for |yx| < 1 for all k > 0. Also

yo:[l O]xo, so |yl <1 <— —15[1 0]xo§1
yi=[01]xo, solyil<1 & —1=<[01]x =<1

y2=af01]xo, soly| <1 [:ﬂ <xo =< [}]

so we can conclude that |yx| < 1 for all k£ > 0 if and only if each element of xg
is less than or equal to 1 in absolute value. .
The same result can also be deduced from y; = o/~ [1 0] xo fori > 1.

(b) fujp = [—ﬁ 0] x|k foralli > N, then

0

2 2 T | P1 P12
Z(yi\k + ujp) :xNk|: :|le1<
i=N

P12 p2
where
. pr=1+p3
p1piz| (01 pip|[01] _[1+4%0 — Jp2=0
P12 P2 Oal [pr2 2|0 0 0 p1
D2 = 2

l —«
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which proves (i). To demonstrate (ii) we can use the result from part (a) by

replacing the constraint |y;| < 1 with |ux| < 1 and noting that u;x = —Byi;k
foralli > N.
(c) Although the terminal equality constraint xy;x = 0 would ensure recursive

feasibility closed loop stability, it would severely restrict the operating region
of the controller. In particular the second element of the state is uncontrollable
so this terminal constraint would require the second element of the state to be
equal to zero at all points in the operating region.

3 (a) Ifuy = Kxi and y;p = Cxyg, with C = % [11]and K = %c, then

1 3 3
I —(A+BK)'(A+ BK) = E(CTC +KTK) = ZcTc =3 [} ” )

Hence the solution of P — (A + BK)TP(A + BK) = 3(CTC + KTK) is
P = I, which implies 332 3 (b7 + u?) = x{ xo.

(b) From part (a), the cost function is equal to Z?io %(yl.z‘ et “iz| ) and the control
input is u;; = \/LE yijk foralli > N. Let J*(x;) be the minimum value of this

cost over ug, - - - , UN—1|k, at time k. Then, at time k + 1, the predicted input
sequence u;|k+1 = Uik, L = 0,1, ... gives

o0
1 1
T (e = D S O+ uip) = T = S 07 + ).
i=1

and since the optimal cost at time k + 1 satisfies J*(xg4+1) < J(xg41), We
can conclude that J*(xg4+1) < J*(xx) — %(y,% + u%). This implies closed loop
stability because J*(xy) is positive definite in xj since (A, C) is observable.
(c) The closed loop system will be stable if the predicted trajectories satisfy —1 <
Yiik < 1foralli > 0. The constraints give —1 < y;x < 1fori =0,1,...,N—1
and
—1 < yn+ik =C(A+ BK)xyp <1, i=0,1.

Here C = —5[11]. C(A + BK) = 5[~11] and (A + BK)* = —31.

Therefore

—-1<Cx <1 2
—1§C(A+BK)x§1] — -1 <CA+BK)x <1
Hence —1 < C(A + BK)'x < 1 foralli > 0 which implies —1 < yyyipp <1
forall i > 0if x = xpy .
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4 (a) The largest invariant set compatible with the constraints is given by

—11

; 1 —1 0.42 —0.025
— . L : — —
SV—{x.Fd>x§1,l—O,...1/},F_|: i|7®_[_0-16 _0.35:|

where v is such that F®¥t!x < 1 for all x € S,. Since S, is symmetric
about x = 0 this condition can be checked by solving the linear program:
[t = maxyes, [1 —1] @ 'x, and determining whether p < 1.

(b) Tocheckv =1:

1 -1 1
pt = max [0.193 —0.127] x subject to ., <!
x 0.578 0324 | ~ |1
—0.578 —0.324 1

gives p = 0.224, so u < 1 as required.

5 (a) SolvingW —@"Wo =1+ KT K for W with K = [0.244 1.751] gives

133058
W= [0.58 4.64]

and hence —(BTWB + 1)"'BTWA = [0.244 1.751], which confirms that K
is the LQ-optimal feedback gain.

(b) By construction [F 0] W'z < 1 implies Fxjp < 1fori =0,...,N + 1.
But Fxyx < 1and F@xy < 1 implies that x| lies in the invariant set of
Question4(b) and hence F(D"xN‘k <1foralli > 0.

(c) The quadratic form of the cost, with p = BTWB + 1 = 6.56, follows from
Theorem 2.10.

(d) Since u = Kx is the feedback law that minimizes the MPC cost index for the
case of no constraints, and since the MPC cost is evaluated over an infinite
horizon, there cannot be any reduction in the predicted cost when N is increased

above the minimum value, say N, for WlliCh the terminal constraints are inactive,
ie. Jy(xo) = J;‘f,(xo) for all N > N. This is likely to be the case for this

initial condition with N = 9 since the cost seems to have converged, with
Jo(x0) = J10(x0).

If the terminal constraints are inactive, then the optimal predicted control
sequence is optimal for an infinite mode 1 horizon and hence it must be equal to
the closed loop control sequence generated by the receding horizon control law.
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6 (a) Solving the SDP defining the invariant ellipsoid &, = {z : zT P,z < 1} gives

(b)

(©)

(d)

1.09 —1.16 —0.07 0.45
—1.16 4.20 -3.06 1.07
—-0.07 =3.06 4.20 -3.10

0.45 1.07 =3.10 4.20

P, =

The projection onto the x-subspace is & = {x : x” P,x < 1}, where
-1
_ |1 _ | 1.01 —-0.96
Px = ([1 0] P, [O}) - [—0.96 1.24

and the maximum value of ais a« = 1/ (v P,v)1/?2 = 1.79,v = |}:|

Solving the linear program

max « subjectto [F O]lI/i [av] <1,i=0,..., N+1
a,c C

with v = |}i| gives « = 2.41.

This value is necessarily greater than the value of «vin (a) because the set Z = {z :
[FO]¥iz<1,i=0,..., N+1}isthe maximal invariant set for the dynamics
Zk+1 = Wzx and constraints [ F 0] zx < 1, soitmustcontain &, = {z : z' P,z <
1} as a subset, and therefore the projection of &£, onto the x-subspace must be a
subset of the projection of Z onto the x-subspace.

Solving the SDP for the invariant ellipsoidal set fz ={z: zTﬁzz < 1} and the
optimized prediction dynamics gives C. and A, as stated in the question and

243 —1.31 1.36 —1.31

b —1.31 3.12 1.21 3.12
L 1.36 1.21 245 1.21
—1.31 3.12 1.21 8.88

The projection onto the x-subspace is &= {x: xTPox < 1}, where

-
; s [1 119 —1.38
B = ([1 0] 7; [OD = [—1.38 1.75

and hence the maximum value of o is o« = l/(vTva)‘/2 = 2.32.

With & defined on the basis of the optimized prediction dynamics, the maximal
invariant set for the dynamics zx1; = Wzr and constraints [F 0] zk < 1is
{z:[FO]¥iz <1, i=0,...,5}. Solving the LP
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av

max « subject to [F 0] gl [
a,c C

]51, i=0,...,5

with v = [ﬂ gives o = 3.82.

(e) Computing the MPC cost for the optimized prediction dynamics by solving the
Lyapunov equation (2.57) gives

106 32.8
J O ex) = llaellfy + e [32.8 10_2} .

Solving min, J (x, ¢) subject to [F 0] Yix,e) <1,i =0,...,5 gives the
optimal predicted cost for x = (3.8, 3.8) as 1686. This is larger than (in fact
more than double) the optimal predicted cost in Question 5(d) for N = 9, which
is the minimum that can be obtained by any control sequence. The advantage
of the optimized prediction dynamics is that the associated set of feasible initial
conditions is almost identical to that of the MPC law in Question 5(d) despite
using only 2 degrees of freedom rather than 9 degrees of freedom.

7 (a) In this case [1 1](A + BK)x = 0 for all x € R?, and the eigenvalues
of A 4+ BK lie inside the unit circle. It follows that there exists a stabilizing
control law (namely u = Kx) such that, starting from the initial condition
xo0 = (o, —«) for arbitrarily large |«/|, the constraints |[1 1] (A+ BK)rxgl <1
are satisfied for all k. Hence the maximal CPI set is unbounded (in fact it is equal
to {x : [[1 1]x| < 1}), and the maximal feasible initial condition set of an MPC
law will increase monotonically with N.

(b) The transfer function from uj; to the constrained output y; = [1 —l]xk
is nonminimum-phase (its zero lies outside the unit circle at 1.33). Hence
there is no stabilizing control law under which the constraints |[1 —l]xk|
< 1 are satisfied for all £ when ||xq|| is arbitrarily large, in other words the
maximal CPI set is bounded.

8 The predicted cost is
I T A T A T A
Je=u (R+C, OCHu + 2w C, QCyxi + x; C QCrxy,

and the optimal control sequence u;: = — (Ié +C MT QC Dle MT QC "« Xi for the case of
no constraints can be obtained by differentiation. The MPC law is given by the first
element of this sequence, and is therefore a feedback law of the form uy = Ky, n,)Xk.

For the given (A, B, C), computing the spectral radius of A + BK v, for
N =1,2,...and for I < N, < N shows that N = 9 is the smallest output horizon
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for which stability can be achieved for any input horizon N,, < N.Infactfor N, = 1,
stability is achieved only if N > 10.

The poles of the open loop system are at 0.693, 0.997, and thus both lie within
the unit circle, whereas the system zero is at 1.16. This non-minimum phase zero
implies that the predicted output sequence initially sets off in the wrong direction and
this effect will be exacerbated at the next time step, when larger inputs will needed
in order to return the output to the correct steady state. This indicates the tendency
towards instability. For a sufficiently large output horizon (in this case for N > 9)
the predicted cost can be shown to be monotonically non-increasing along closed
loop system trajectories, indicating closed loop stability.

9 (a) The numerator and denominator polynomials of the system transfer function
are given by

B(z) =Bz '+ By = —0.65277"" 4 0.5647
Az Y= Az "+ Az + Ag = 0.6908272 — 1.6977! + 1

Hence for the given f((z’]) and f’(z’l) polynomials we obtain f’(z’1 YAz H+
' X@HBETH =1

(b) For the single input single output case we have A(z~!) = A(z™)), B(z™!) =
B ™), X@H) =X, Y™ =Y (™) so that

0 0 00 [Yo 0 0 0

C .= Xo 0 00 Co — Y1 Yo 0O O
X T X1 X0 00 Y ~10Y YO0
_0 X1 X00 _O 0Y Y

A0 0 0 O [Bo 0 0 0O

C-— A1 Ag 0 O C- — By Bp 0 0O
AT 1Ay AL A O B= 10 B By 0
_O Ay A1 Ay _O 0 By By

where Xo = —32.2308, X; = 21.0529, Yy = 1, Y1 = 19.89. Inverting the
16 x 16 matrix consisting of these four blocks gives the matrix with blocks
Ca, Cy, Cp, —C -1y, as required. This inverse can then be used to obtain the
predicted output and control sequences from (2.72).

(c) From the predicted output and control sequences it is obvious that y; 14;x = 0 and
ui3;k = O foralli > 1. This implies that SGPC invokes (implicitly) a terminal
equality constraint, and therefore the optimal predicted cost is monotonically
non-increasing, from which it can be deduced that SGPC guarantees closed loop
stability. The property that the predicted output and control sequences reach their
steady state values of zero after v + n4 prediction steps, where v is the length
of ¢; and n4 the system order (i.e. here v = nyq = 2) is generally true given
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Table A.1 Frequency responses of S, (w7) and Sp(wT)
wT 0° 18° 36° 54° 72° 90° 108° | 126° |144° |162° |180°
[Sq]  10.009 |1.74 |7.3 19.4 (393 |66.1 |97.3 |128.7 |155.6 |173.7 |180.1
[Sp|  0.009 |1.72 |6.7 15.7 1262 |33.5 |[343 [299 275 |31.7 |33.8

the structure of the convolution and Hankel matrices in the expression for the
predicted output and control sequences. Hence, in the absence of constraints,
SGPC ensures closed loop stability for any initial condition.

10 Denoting by S, and S the transfer functions K (z~1)/(1 + G(z"HK (z™1))
corresponding to (a) @ = 0 and (b) Q(z_l) = —11.777! 4 43, respectively, and
denoting the sampling interval as 7', we obtain the transfer function moduli given in
Table A.1. These indicate that | S, (wT)| < |S,(wT)| at all frequencies, and the ratio
|Sq(wT)|/|Sp(wT)| becomes larger at high frequencies (|S,(wT)|/|Sp(wT)| > 5
for wT > 140°). Thus for Q(z~!) as given in (b) the closed loop system will have
enhanced robustness to additive uncertainty in the open loop system transfer function.

Solutions to Exercises for Chap. 3

1 (a) Two advantages of receding horizon control for this application:

e The receding horizon optimization is repeated at each time step, thus providing
feedback (since the optimal predicted input sequence at k depends on the state x)
and reducing the effect of the uncertainty in wy.

e The optimization has to be performed over a finite number of free variables because
of the presence of constraints. Using a receding horizon optimization reduces
the degree of suboptimality with respect to the infinite horizon optimal control
problem.

(b) With ujjp = 0 — (xjjk — xo) + cije we get Xi 1k — X =w- Wk+i + Cilk, SO

setting the disturbance equal to its nominal value, wyy; = W, gives xj 41k —x0 =
Si+1jk = ¢k foralli > 0, and hence the nominal costis J (xg, ¢x) = s§|k+||ck||2.

(c) Setting s;x +ejjk = Xik —x0 gives eor = 0 and e;41x = W —wi4; foralli > 0.
Hence ¢;|x lies in the interval [#» — W, @] for all i > 0. Using these bounds and
Xilk = Silk +x0 + eilks Uik = W — Sijk — €|k + cijx we obtain

cicik +x0+ D e [W,X],1<i<N

xijk € [0, X] W< X, P
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co — xk +x° + 1 € [0,U — W], i=0
' Cifk — ci—1k € [0, U — W], 1<i<N-1
uik €10, UL =1 0 i el0.U - W, i=N
W <U, i >N
(d) By construction, x4+ = (c]"‘k, R C*Nf“k, 0) is feasible at time k + 1 if ¢} is

optimal at time k, so the problem is recursively feasible. Convergence of CS‘ i fo

zero as k — oo then follows from the property that ||c;, | 1% < g 1% — (célk)z,
which implies that the I, norm of the sequence {ca"m, ca"ll, ...} is finite.

(e) The constraint u;x > 0 fori =1,..., N requires ¢;jx > ¢j—jx and cy_1 < 0.
Hence coix < 0sougx > Orequires x; < x9++1. To relax this condition we need
to use a less aggressive auxiliary control law, e.g. u;jx = W — a(x;jx — xo) +Cilk
for0 < a < 1.

2 The structure of ¥ implies that, for any integer ¢,

®9 T,
q _ q
v =[]

for some matrix I';. Since @" = 0 and by construction M N = 0, it follows that

| I

+N N N

gt = g = [M”n} [01] [0] [V I'y]=0.
(a) Since @" = 0 the minimal RPI set (3.23) is given by

ATRPL— pW @ ... @ " ' DW.
(b) Let F = [F| F] and define 79 = 0 and h; fori > 1 asin (3.13):
i—1 '
h; = max F1®/Dw;,
Since h; = hy, foralli > n and "N = 0, the MRPI set (3.16) is

ZMRPL _ 7 F@iz <1—h;, i=0,...,n+ N).

(c) The MRPI set must contain the origin, while from (a) the maximum of Fje over
e € X™RPLis . Hence from (b) the MRPI set is non-empty if and only if

h, <1.
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3 For the given A, B and K:

<D=A+BK=O.5|::1 i]

and @2 = 0, which verifies that @ is nilpotent. The constraint tightening parameters
h; that bound the effects of future disturbances on the constraints can be determined
either by solving linear programs or by using the vertices of the disturbance set V.
In this example W has 4 vertices:

W= CO[[S] , [_00] , [g] , [_00” = Co{w, j=1,2,3,4}

Hence hg = 0 and
hi = max Fuw) = ol,
J
hy = hy +max F(A + BK)w") = 1501,
J

with h; = hy for alli > 2. For N = 2 the MRPI set is therefore given by

ZMRPL5y — (7 F7z <1,
FUiz<(1-150)1, i =23}

and ZMRPI(O') isnon-empty if 1 — 1.50 > 0,1i.e. 0 <

WIN

4 (a) Robust invariance of ZMRPL(5) implies that (x;41, Mcy) € ZMRPL(5) holds

for all wy € oWy if (xx, €f) € ZMRPL(5) . Hence if the MPC optimization is
feasible at time k, then ¢,y = Mcj is feasible at time k + 1. By optimality
therefore [|ef_[I* < [lcj)1? — (cg‘k)% which implies that z,fio(cglk)2 < legll?
and hence Cak — 0ask — oo.
Lemma3.2 implies that the state x; of the closed loop system satisfies the
quadratic bound (3.35) since A + BK is stable, and since the sequence
{cglo, cgll, ...} is square-summable, the argument of Theorem 3.2 implies that
Xy converges to the minimal RPI set:

W,H L [ el 2] (2]
ool 03] [19) [0 [22))
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1 ‘ 1
0.5 — 0.5 —
0 <& — o
05 — 05
-1 1
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
X1 X1

Fig. A.1 The set of feasible initial conditions for the MPC law of Question4(a) (i.e. the projection
ZMRPL( ) onto the x-subspace) and the minimal RPI set XMRPL(5) for o = 0.1 (left) and o = 0.6
(right)

The feasible initial condition sets and the minimal RPI sets for two values of o
are shown in Fig. A.1.

(b) Although the objective of the suggested MPC optimization problem is equal
to the nominal predicted value of the cost, this is not a good suggestion since
closed loop stability cannot, in general, be guaranteed with this combination of
predicted cost and constraints. This is because the choice ¢; 1 = M¢j does not
ensure that the optimal predicted cost is monotonically non-increasing here due
to the unknown disturbance that acts on the terms of the cost that depend on x;.
Note also that because K is not equal to the unconstrained optimal feedback
gain, the predicted cost cannot be separated into terms that depend only on xj
and ¢, as was done in the stability analysis of Sect. 3.3.

5 (a) Since @"W C p)WV we have, for any i > r,

max FO'w = max F® "w< max F®' "w = p max Foi "y,
wewW wed'W wepWV wew

which implies
oo
hoo = max F®/w;
N ijW
Jj=0
r—1 r—1 r—1

machDjw-—i— maxF@jw'—i— 2 maxF(bjw-—i—~~
jZOijW J ijOwJ'GW J p jZOijW /

1 r—1
= — max F@/w; = he.
l—pjzowjeW

IA
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r—1

Also hoo > hy = z max Fcbjwj implies
oW

ieW

A A N

hoo—hoo _hoo—hy _hoo—hr _ p

Moo  — hoo hy 1—p

(b) In order that the fractional error in the approximation of /4, is no greater than
0.01 we need p < 0.01/1.01 = 0.0099.
Two alternative methods of finding p such that @ W < pWV for givenr: (i) Using
the representation W = {w : Vw < 1}, p is given by the maximum element of
max,,eyy VO w. (ii) Using the vertex representation, VW = Cof{w®, ..., w®},
the value of p is the maximum element of maxje(1,... 4 Vorw,
For the system of Question4 with K = [0.479 0.108] we need r = 7 for
p < 0.0099, and this gives p = 0.0055 and

hoo = [0.175 0.199 0.175 0.199]" .

(c) An approximation to the minimal RPI set X™RP! is given by
1 r—1
P L L YY)
I—=p 6_90

The discussion in (a) implies that X™RPI ¢ taing A MRPL and, for any vector v, the
support function max,{v” e subject to e € X™RP1} is approximated by max, {v” e
subject to e € X™RPI} with a fractional error no greater than p/(1 — p).

6 (a) For the given system parameters with K = [0.479 0.108] and N = 1,

—0.521 0.308 1 i 107 é (1)8

W =|-0.489059 —05|, D=|01]|, F=
0 0 0 00 —1 00
0 -10

"l:he maximal RPI set for the dynamics z;y1jx = Wzijx + Dwk+i and constraint
Fz;r < 1is given by

ZMRPL _ (o F@iz <1—h;, i =0,1,2),

0 0.5 0.761
0 0.5 0.798
0”105 (]0.761
0 0.5 0.798

{ho, h1, ho} =
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since Fw3z <1 — h3 holds for all z € ZMRPI Gince this is the maximal RPI
set for the prediction dynamics, its projection onto the x-subspace:

Fi = {x : Jeg such that (xg, ¢;) € ZMRPh

must be equal to the maximal set of feasible model states x.
(b) Solving W, —¥TwW, ¥ = O for W, where Q = diag{/, 0} + [K l]T [K 1]:

1.87 —0.48 0.00
W,=1-048 1.57 0.00
0.00 0.00 3.74

With x¢ = (0, 1) the optimal solution of the QP,

L X0
minimize
co €0

is ¢y = 0.192 and the corresponding cost value is zg W.zo = 1.707.
(c) With the disturbance sequence as given in the question, the closed loop state and
control sequences are

{ y_[[0]. [ 1], [-os67] [0:393
A0 AL X2 X3 T =0y e Lo5 |0 [ —0.192 |7 [0.810

{ug, uy, ua, us, ...} = {0.3, 0.533, —0.436, 0.276}

2

subject to FW! [xo] <1-—h;, i=0,1,2
W. o

and hence 3 _o (x> + u3) = 4.489.

7 (a) The solution Wx of the Riccati equation (3.42) and the optimal gain K givenin
the question can be computed by using semidefinite programming to minimize
tr(W,) subject to (3.43) and [WI’x g] > 0, with the value of 72 fixed at 3.3.

Lemma3.3 then implies that j(xk, cy) = ||xk||%vx + ||ck||%vc where

. 2336 —0.904
We=We = [—0.904 2.103 } ’
We = BT (Wy + We(21 — W) "Wy ) B+ 1 =72.78.

(b) Repeating the procedure of Question 6(a) with the new value of K we getv = 2,
so the online MPC optimization becomes the QP

c,t = arg min ||ck||%[,‘ subject to Fw! [ii} <1-—h;,i=0,1,2
Ck E
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with F as defined in Question 6 and

—0.460 0.449 1 8 8-2 8;2;)
W =|-05200526 05 |, {ho, b, i} =11 o[- 103 |+ [ 0730
0 00 ol 05| [0.763

Solving this QP with xo = (0, 1) is ¢j; = 0.051 and f*(xo) =2.29.
(¢) From Lemma3.4 we get

A= |:O.964 0.904] ’

0.904 1.197
129 125 4.17 419 —4.19 2.78 —2.78
W | 129-125-417] | -419 419-278 278
nT 10,01 —0.61 56.6|° "M T | 278 —278 472 472"
0.01 0.61 —56.6 278 278 —472 472

and hence the predicted cost is given by

5 Xk T W, 0 _wT Xk

J(xg, ¢p) = mir}) (7 s Hz c | + 2;171.
>

H= Mk —Wyz W Kk

With this cost and xo = (0, 1) the solution of the online MPC optimization is
¢ = 0.051 and J*(x) = 2.22.

(d) The cost in (c) is the maximum over {wk, wi+1, . . .} subject to the disturbance

bounds wiy; € W fori = 0,..., N — 1. Therefore its minimum value over
¢ is no greater than that of the cost in (b) for any given xi. For this example
xo = (0, 1) lies on the boundary of the feasible set and this is why the optimal
¢ is the same for both costs.
By taking into account the disturbance bounds over the first N predicted times
steps, the cost of (c) provides a tighter worst case bound and hence is more
representative of the worst case predicted performance than (b). On the other
hand, the cost of (c) requires SN optimization variables rather than N for (b).
Also (b) ensures convergence to a limit set that is relatively easy to compute,
namely the minimal RPI set for ey = Pex + wi, wr € VW, whereas this is
not necessarily the case for (c). In this example however, the closed loop state
sequences under the MPC laws for (b) and (c) are identical. This is illustrated
in Fig. A.2, which compares the closed loop evolution of the state under the two
MPC laws for a random disturbance sequence.
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05

-0.5

Fig. A.2 The evolution of the closed loop system state for the MPC laws in Question7 part (b)
(marked o) and part (c) (marked +) for a random sequence of disturbances {wg, wi, ...} in which
wy is equal to a vertex of W for all k. Also shown are the set of feasible states and the minimal RPI
set for ex+1 = Pex + wy, wxy € W

8 (a) The minimum p such that ®>WW C pWV is equal to the largest element of
max,,cyy V@2w. Using the disturbance set representation

25 25

-25-25

W={w:Vw=<1}, V= 95 95
2.5-25

we can compute p by solving a linear program:

p= I}linl subject to Voiw <tl
W
Vw<1

Hence p = 0.228 and S = 1.295(W & @ WV). With this expression for S we can
obtain hg = max,.cs Fe by solving a set of linear programs (one pair of linear
programs for each element of i 5):

0.788
0.827

hs = 1.295 F Fow) =
s=129 (w%xg R w) 0.788

0.827
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(b)

(©)
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With the numerical values of ¥ and F given in the solution of Question 6(a), we
get

0.030
0.041
0.030
0.041

max{F!l/3z subject to Flllizfl—hg, i=0,1,2} = <1-hg
Z

which implies that {z : Foiz <1- hs, i =0, 1, 2} is the maximal invariant
set for the nominal prediction system zx; = ¥z and constraints Fz; < 1—hg.
The predicted state is decomposed as x;jx = s;jx + e;jx Where ¢;x € S for all
i > 0 and s;|x evolves according to the nominal dynamics (in which wi4; =0
foralli > 0 so that s;x = [I O] Zijk where z; 11 = W z;x)- This decomposition
allows the constraints Fx;; < 1 to be imposed robustly through the conditions
FWizp <1 —hg,i = 0,1,2 with zx = (s, ¢x). Thus soi is the initial
state of the nominal prediction system, the predicted trajectories of which are
constrained so that F(s;x + e;x) < 1foralli > 0.

To ensure that ¢;; € S for all i > 0, we require that s, satisfies eop =
Xx — Soik € S. Using the hyperplane description of W:

. 0.4 0
_ ) ; — _
W = Cof{w ,]—1,...,4}—C0[:f:|:0:|,ﬂ:|:0.4:|]

itis possible to compute S as the convex hull of the 16 vertices that are formed
from w® + ®w) for all i, j =1,...,4. This convex hull has 8 vertices:

0.788 0.270 0.159 —0.359
§=Co [i [0.254:| & [0.772:| 3+ [0.827] & |: 0.309“
In order to invoke the constraint x; — soix € S in a manner that avoids intro-

ducing additional optimization variables, we need to compute the hyperplane
representation:

[ —0.960 —0.960 |
—0.551 —1.103
1.498 —1.498
1.681 —1.284
S = {e:Vse<1}, Vsg= 0.960 0.960
0.551 1.103
—1.498 1.498
| 1681 1284

For S C R? with a small number of vertices this can done simply by plotting
the vertices to determine which lie on each facet of S, then computing the
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(d)

(e)

corresponding hyperplanes. For more complicated sets in higher dimensions,
dedicated software (for example Irslib [1], cddlib [2]) can be used to convert
between vertex and hyperplane representations.

The objective function of the MPC optimization is || (so|x, €k) IE _, where W, =
diag{W,, W,} is as given in the solution to Question 6(c). The MPC optimization
is then

2 _
minimize H |:s0|k:| H subjectto  FY' [sOki| <1—hs,i=0,1,2
Cr [llw, Ck

S0Jk »Ck

Vs(xr —soir) <1

For xo = (0, 1) the optimal solution is given by s(>)k|0 = (—0.159,0.173), ¢ =
0.0163 and [|sg /15, + lejlFy, = 0.122.

Rigid tubes provide conservative bounds on the effects of disturbances on pre-
dicted trajectories, thus reducing the size of the feasible set of states relative to
e.g. the robust MPC strategy of Question6. This effect can be countered (but
not eliminated, in general) by choosing K, to improve the disturbance rejection
properties of the system ex+1 = (A + BK,)er + wy, thus reducing the size
of § and allowing tighter bounds on the effects of disturbances on constrained
variables.

9 (a) From @S ® W C S, where S = {s : Vgs < 1}, we have

(b)

Vs®e+ Vsw < Vse <1, VeeS, VweW.

This condition is equivalentto e + w < 1.
Let

Z(”)z{(z,a) : I:“Wizfl—ozihg, aje+w < iy, i:O,...,V}

where o« = (ag, ...,any_1)and ; = 1 foralli > N.If v > N — 1 satisfies
Fwrtl; < hs forall (z, @) € Z®) then from Theorem 2.3 it follows that Z®)
is an invariant set (in fact it is the MPI set) for the dynamics z* = ¥z and
at =(ay,...,ay_1, 1), and the constraints Fz < 1 — aghgs.

From the robust invariance property of S and the definition of Z®), if x; —
Sok € aoS and (zx, o) € ZW) where z; = (Sojk» €k), then by construction
Xk+1 —S1jk € a1kS for all wy € W. Furthermore the invariance of Z @) implies

(Pzk, (@1 - .- an—1jk. 1)) € ZW). Hence
SOlk-+1 | _ g | SOlK
Cr+1 Cx
ar+1= (g, ..., an—1k, 1)

satisfy xgy1 — S0lk+1 € Oz()|k+13 and (zg+1, o + 1) € ZW®) at time k + 1.
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From part (b), feasibility at k = 0 implies feasibility at all times k > 0. Therefore
the definition of A s and the constraints x; — sox € aorS and Fzip = Fsor <
1 — agjihs imply that Fx; < 1forallk > 0.

From the feasible solution in part (b) we obtain the cost bound:

T N—1
s sk
J(S0k41> Ceg1s k1) = [%I:k] v ww [3{} + Z qalaf —1)°
im1

st 17 00 KT S5
=[5 (- [50) - [Er mi ) ]
N—1
+ > qalafy — 1)?
i=1

= J (GG 1) — Usow G + lvollz) — ga (g, — D>

Using, for example, the argument of the proof of Theorem 3.6, it then follows
that x; — S asymptotically as k — oo (in fact the minimum distance from x
to any point in S decays exponentially with k).

(a) The solution of Question 8 gives p = 0.228 and S = 1.295(W d @ W), thus
allowing Vs to be determined so that S = {s : Vs < 1}. Hence by solving a
set of linear programs (one LP for each element of w and e) we obtain

e= max 1V3<De = [0.616 0.552 0.365 0.259 0.616 0.552 0.365 O.259]T
e:vse<

= max Vsw =[0.384 0.441 0.599 0.673 0.384 0.441 0.599 0.673]"
w:Vw<

For N = 1 and the numerical values of &, F givenin the solution of Question 6(a)
we obtain

0.030
0.041
0.030
0.041

max{FlI/3z subject to (z, ) € Z(Z)} = <1-hg
Z,

and hence v = 2 satisfies the conditions for invariance of Z®).
Solving the QP that defines the MPC optimization at k = 0 with xg = (0, 1) we
get

Sf)k\o = (—0.159,0.173), ¢§=0.0163, §=1.0,

and hence ¢ is equal to the optimal solution for rigid tube MPC for the same
initial condition. The explanation for this is that the HTMPC online optimization
places a penalty on |1 — ¢; x| and hence its optimal solution will be equal to that
of rigid tube MPC if it is feasible.
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Fig. A.3 The feasible sets for the rigid and homothetic tube MPC laws in Questions8 and 9,
shaded dark and light blue respectively. Also shown are the set of feasible states for the MPC law
of Question 6 (outer, red dashed line) and the minimal RPI set for ex+1 = Peg + wg, wy € W
(inner, red dotted line)

(c) Comments on the size of the feasible sets for these algorithms:

e The feasible initial condition set of the rigid tube MPC strategy is necessarily
a subset of that for HTMPC, since if o;x = 1 for all i, then the constraints of
HTMPC are identical to those of rigid tube MPC. Since it is able to scale the
uncertainty set S, HTMPC may also be feasible for initial conditions for which
the rigid tube MPC is infeasible.

e The feasible initial condition set of HTMPC is itself a subset of the robust MPC
strategy of Question6 (namely Algorithm 3.1), since this approach employs the
tightest available bounds on the unknown future disturbances appearing in the
constraints on predicted variables, whereas the corresponding bounds in HTMPC
are computed using outer (possibly conservative) bounds based on o;;S.

This nested property can be seen in Fig. A.3, which shows the feasible sets for the
numerical examples in Questions 6, 8 and 9.
Comments on performance:

e As mentioned in the solution to (b), the performance of the HTMPC and rigid tube
MPC algorithms of Questions 8 and 9 are identical for every initial condition such
that rigid tube MPC is feasible.

e The predicted cost for HTMPC must be greater than or equal to that of the robust
MPC strategy of Question 6 since the overbounding of the constraints in HTMPC
implies that any feasible ¢, for HTMPC is also feasible for the strategy of Ques-
tion 6. A possible advantage of the algorithms of Questions 7 and 8 over Question 6
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is that they ensure exponential convergence to an outer approximation of the mRPI
set, while the control law Question 6 ensures convergence of the state to the mRPI
set, but not necessarily exponential convergence.

Solutions to Exercises for Chap. 5

1 (a) Eachelement of M (x) = Mo + xi M| + - - - + x, M,, is an affine function of
x. For any y, z € R" and any scalar A we therefore have

MMy + 1 —=Nz) =AM + (1 — HM(2).

Suppose that M (y) > 0and M (z) > 0, so that vTM(y)v > 0and v M(z)v > 0
for all vectors v # 0. Then for all 0 < A < 1 we have

UTM()\y + - )\)z)v = )\UTM(y)v + (1 =Mv'M@v>0

for all v # 0. This implies that, if x = Ay + (1 — A\)z, then M (x) > O for all
0 < A <1 and thus demonstrates that M (x) > 0 is a convex condition on x.

(b) The matrix [ i’ Q] is positive definite if

o' p
T
o e 8l -0

holds for all (v, w) # 0. Consider the cases of v = 0 and w # 0 separately:

(D If v = 0, then the condition () is equivalent to w! Rw > 0 for all w =0,
ie. R > 0.

(ITl) For non-zero v, consider the minimum of the LHS of (x) over all w. This is
achieved with w = —R~!Qu so that

min(v” Pv + 207 Qw + w? Rw) = vT (P — QTR Q).
w

Hence (*) holds for all v # 0 if and only if P — QT R™1Q > 0.

From (I) and (II) we conclude that (%) is equivalent to the Schur complements
R>0and P — QTR0 >~ 0.

(c) Pre-and post-multiplying P — AT PA > 0by S = P~! > 0 gives the equivalent
inequality S — SATS™'AS > 0. Using Schur complements (noting that § > 0),
this is equivalent to

[ S SAT} . 0
AS S
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Using Schur complements again gives the equivalent conditions:
S—ASssTisAT =0, §>0

ie. S — ASAT = O whenever P — ATPA = 0if S= P~ ! = 0.

2 (a) Forx € X werequire V;x < 1fori =1,...,ny. Inserting P and § = p-1
into these conditions gives V; §'/2P1/2x < 1, so the Cauchy-Schwarz inequality
implies V; S1/2P1/2x < (V;SV.I)1/2(xT Px)'/2, which immediately shows that
the conditions

viPtvI <1, i=1,...,ny

are sufficient toensure that Vix < 1,i =1, ..., ny forall x € £. However these
conditions are also necessary for £ C X" because the maximum of V;x subject
to x” Px < 1 is equal to the quantity on the LHS since

max Vix = max V,~P_1/Zf = V,-P_IViT.

xl Px<l leli<t

(b) The result of part (a) implies (F; + G; K)x < 1 for all x such that x7 §~1x < 1
ifand only if 1 — (F; + G;K)S(F; + G K)T = 0. Using Schur complements,
the last condition is equivalent to S > 0 and

1 F,S+GiY -0
(F;S+G;Y)T N =

fori =1,...,nc.

3 (a) The conditions given in the question ensure that:

(i) xx € & where £ = {x : xT Px <1},
(i) =1 <uwujp < 1foralli > 0if x; € & and uije = Krxik,
(>iii) j(xk, Kp) < ’ykkaka < ifxp € € and i = Kixik.

(b) When expressed in terms of the variables S = P landY = KyP7!, the
optimization becomes the semidefinite programming problem given in (5.18).
Solving this using the model parameters given in the question and xo = (4, —1)
results in

16.24 —3.932

T =1524, 5= [—3.932 1.019

] , ¥ =[~1.170 0.034]

and therefore Ko = [—0.962 —3.678].

(c) The constraints on © ensure that ||x; 11kl < llxigll? — IIxi\k||2Q — Nuikll%
holds along all predicted trajectories of the model under the predicted control
law u;x = Kyxijk. Therefore the worst case predicted cost has the upper bound
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J (xr, Ki) < ||xk||é. The cost bound in (c) will in general be smaller than the
bound in (a) because ® = P~y is feasible for the optimization in (c) whenever P
and +y satisfy the constraints of the optimization in (a), and because (a) includes
additional constraints.

(d) The suggested optimization is likely to result in an MPC law with improved
performance since the implied online MPC optimization minimizes a tighter
upper bound on the worst case predicted cost. However the constraints involve
products of optimization variables and hence are nonconvex, and furthermore
there is no convexifying transformation of variables that can be employed in this
case. Therefore it will in general be difficult to compute efficiently the global
optimum for the suggested optimization, and the computational is likely to grow
rapidly with problem size.

4 (a) Any point u that belongs to the projection onto the u-subspace of the set
E ={x = (u,v) : xT Px < 1} satisfies, by definition,

mvin (uTP,mu +2ul Ppyv + vTPva) <1,
where P,,, Py, P,y are the blocks of P:
P, P
P — uu uv .
|:PuTv PUU:|
Since P > 0 implies that P,, > 0, the u-subspace projection of £ is therefore
given by
proj, (&) = {u : ul (Pyy — Py Py, Pyr)u < 1}

Thus P, is equal to the Schur complement P,,, — P, Pv_v1 P,,r. This can equiv-
alently be expressed in terms of the blocks of P! as

I

-1 -1

P =[In0]P [3’}

(b) The x-subspace projection of &, is maximized by solving the SDP:

maxismize log det(Syy)

. s wlg .
subject to I:Slll(j)T s :|30, j=12
1 [K E]S
T
o] s ]

0.839 3.211

The optimal solution gives P, = Sx_x1 = |:3 211 13.23

:| and det(P,) = 0.783.
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The matrix W appearing in the expression J (xi, ¢x) = z,{ W z; for the nominal
cost could be determined by solving the Lyapunov equation W —@ O T wy @ —
diag{Q, 0}+[K E ]T R[K E].However the question states that K is the uncon-
strained optimal feedback gain for the nominal cost, and by Theorem2.10 we
must therefore have

W= [Vgx v?/ ] , We =diag{BOTw,BO + R, ..., BOTW,BO + R}
c

where W, is the solution of the Riccati equation that is provided in the question
and BOTW,B©® 4+ R = 4.891.
The minimization of the nominal predicted cost is equivalent to

¢; = argmin llek||? subject to (xg, ¢ex) € &,
k

which is a convex quadratic programming problem with a single quadratic con-
straint. In applications requiring very fast online computation this can be solved
using an efficient Newton-Raphson iteration as discussed in Sect.2.8. If com-
putational load is not important, it can alternatively (and more conveniently)
be rewritten as a second order cone programming problem and solved using a
generic SOCP solver. The solution for xg = (4, —1) gives

J*(x0) = Ilxoll}y, +4.891]eoll* = 39.9.

5 (a) Whenever the constraint (xg, ¢x) € &, is inactive in the optimization in Ques-

(b)

tion4(c) (i.e. whenever ¢; # 0), the line search defined in the question results
in z; = (x, ach) ¢ &.. Therefore the constraints of the line search are needed
in order to ensure that:

(i) The input (or more generally mixed input/state) constraints are satisfied at
the current sampling instant
(i) The optimization in Question4(c) is feasible at time k + 1

The second of these conditions is imposed in the line search through a robust
constraint on the one step-ahead prediction zjx in order to ensure that the pre-
dicted cost decreases along closed loop system trajectories. This provides a way
to guarantee closed loop stability.
Minimizing the value of ¢ > 0 subject to the LMI of the question gives the
optimal values:
2 2.856 —0.009
0" =984, ©= [—0.009 15.385] '
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From Lemma 5.3 it follows that the state x; under uy = Kxj + cojx satisfies the
bound

0 00

2 2 2
E llxkll” < llxollg +9-85 E ok
k=0 k=0

The constraints of the line search ensure that the optimization is recursively
feasible, since zx = (xk, ¢}) satisfies Wz, € &, j = 1,2, and hence by
convexity we have zx4+1 = Wizx € &, whenever z; € &;.

The feasibility of zx+1 = W zk and the definition of W, implies that the solution
of the online optimization, o ¢} satisfies the bound

2 2 2
”OéltJrlck-s—l” - ||azck|| =< _QZC0|k

and hence

o0

2 2
Zazco‘k =< ||043c0|| .
k=0

From the answer to part (b) the state of the closed loop system therefore satisfies
the quadratic bound

o

2 2 2 2
> x> < lxollg + 9-85llageoll,
k=0

implying asymptotic convergence: x; — 0 as k — oo. Since the origin of the
closed loop system state space is necessarily Lyapunov stable (because uy =
K xy. is feasible at all points in some region that contains x = 0), it follows that
the closed loop system is asymptotically stable. The region of attraction is the
feasible set for the optimization in Question4(c), namely the projection of &,
onto the x-subspace.

6 (a) Performing the optimization

maximize logdet(Y) subject to (5.47) and (5.44b)
2M, 2O rx,y

and using the inverse transformation (5.45), we get the values of Agl), A§2) and
C. given in the question and

19.11 —4.68 —19.11 0.00
—4.68 124 4.68 —0.10
—19.11 4.68 19.11 0.00

0.00 —-0.10  0.00 0.10
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(b)

()

(d)

Minimizing tr(W,) subject to the LMI in the question gives

0.561 —0.175
We = [—0.175 3.715}

Hence the minimum value of J(xg, cx) over ¢; subject to (xx,cx) € & is
J*(x0) = 44.66.
The LMI satisfied by W, implies that the optimal ¢ sequence fork =0, 1, ...
satisfies

1 15, < NIk 1y, — 4.891(Ceef)?

and hence
2
gwccz) < ot

Therefore, from the quadratic bound on the /2-norm of the closed loop state
sequence in Question4(c) we get

o o
Dl < llxolld + 985D (Ceer)® < llxoll + 2011|513,
k=0 k=0

which implies x; — 0 as k — oo, and hence by the argument that was used in
Question 5(c), the origin of the closed loop system is asymptotically stable with
region of attraction equal to the projection of &£, onto the x-subspace.

For xo = (4, —1), the maximum scaling ¢ such that ox( is feasible in each case
is given in the following table.

Optimization: Question3(b)  Question4(c) Question 6(b)
(Algorithm5.1) (Algorithm5.3) (Algorithm 5.4)
o 1.17 1.02 1.09

This is consistent with the expectation that Algorithm 5.1 has the largest feasi-
ble set of these three algorithms, since it computes (where possible) a robustly
invariant ellipsoidal set online that contains the current state, whereas the robustly
invariant ellipsoidal sets in the other two algorithms are determined offline, and
hence without reference to the current state, so as to maximize the volume of their
x-subspace projections. Similarly the feasible set of Algorithm 5.4 is expected
to be at least as large as that of Algorithm 5.2 since it coincides with the maximal
volume robustly invariant ellipsoidal set under any linear feedback law. These
observations are confirmed by the feasible sets plotted in Fig. A 4.
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Fig. A.4 The feasible sets for Algorithm 5.2 (inner shaded set), Algorithm 5.4 and Algorithm 5.1
(outer shaded set) in Questions 6(b), 4(c) and 3(b). The dashed line shows the boundary of the
maximal controllable set for this system and constraints

7 The volume of the low-complexity polytope IT(V, o) = {x : |Vx| < o} in R™
can be evaluated by considering it to be a linear transformation of the hypercube
{x : |x| < 1}. This gives

nx
volume(H(V, a)) = C,, |det(W)] Hai
i=1

where W = V=1 a = (aq, ..., ay,),and Gy, is aconstant. Although the maximiza-
tion of the determinant of a symmetric positive definite matrix P can be expressed
in terms of the maximization of a concave function of its elements, e.g. log (det(P)),
which can therefore form the objective of a convex optimization, the matrix W is here
neither symmetric nor positive definite in general. However for fixed V, maximizing
the product of the elements of then non-negative vector « is equivalent to maximizing
the determinant of the symmetric positive definite matrix P = diag{ay, ..., oy, },
which can be expressed as a concave function of .

8 (a) For the matrix V given in the question, the matrix @ whose (i, j)th element
is equal to the larger of the (i, j)th element of V@MW and the (i, j)th element
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of V&P W, is given by

D =

- 0.719 0.229
0.031 0.583|°

The maximum eigenvalue of @ is equal to 0.760, and since this is less than unity, it
follows that with « equal to the corresponding eigenvector we necessarily obtain

Vol Wa<a, j=1,2
which is the condition for robust invariance of the set
IV,a) ={x : |Vx| < a}

under the dynamics x4 € Co{® M xe, ¢>(2)xk} (see Lemma 5.4 for the proof of
this result). Here we also require that —1 < Kx < 1 holds for all x € T1(V, o),
and this can be ensured by scaling a.

Checking this result numerically, we have

_ [0.985 Mo [0.748 o [0.615
a—[o.ns]’ Ve W""—[oms] VemWia= 0133

which confirms that |V® I W|a < a for j =1, 2.
(b) The volume of I1(V, «) is maximized by the optimization
maximize log(ajan) subjectto a > 0
a=(a1,a2)
Vo DWia<a, j=1,2
[KWla <1

which is convex and can be solved using, for example, any method for solv-
ing determinant maximization problems subject to linear constraints. For the
problem data in the question, the optimal solution is

_|1.247
“=1o.181
for which the conditions for robust invariance are satisfied since

W [0.938 @ [0.770 B
Vo W|a_[0'108, VePWia=| 1l KWa=1.

9 (a) Although this question uses the general complexity polytopic tube framework
of Sect. 5.5, the set {x : Vx < 1}isalow-complexity polytope. Hence the linear
programs (5.94) and (5.95) that define the matrices H O H® and H, with
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minimum row-sums have closed form solutions (described on p. 214). Using
these solutions (or alternatively by solving an LP to determine each row) we get

1000
H“—[omo}’

0 0.0410678 0 0 0 0999 0
o _ 0.041 O 0 0.678 HO _ 0 0 0 0.999
10391 0 0379 O ’ 10348 0 0.002 0
0 0391 0 0.379 0 0347 0 0.002
(b) Assume that ¢ = (cok,---,Ccn—11x) and ax = (o, ..., ank) satisfy the

constraints given in the question at time k. If uy = Kx; + cojk, then a feasible
solution at time k 4 1 is given by

Ckt1 = (Cliks C2ks - +» CN—=11k> 0)

a1 = (Q1ks -+ - AN, ONK)

Therefore the constraint set is recursively feasible (Fig. A.5).

25 T T T T T T T T T

05

-0.5

-1.5

25 1 1 1 1 1 1 1 1 1
-10 -8 -6 -4 -2 0 2 4 6 8 10

Fig. A.5 The feasible sets for the constraints in Question9(b) (outer shaded set) and for Algo-
rithm 5.4 (inner shaded ellipsoidal set). The boundary of the maximal controllable set (dash-dotted
line) and the boundary of the maximal robustly invariant set under u = Kx (dotted line) are also
shown
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(c) For ahorizon of N = 8, the maximum scaling o such that ox is feasible, where
xo=(4,—1),is0 = 1.134.

(d) Solving the MPC optimization with xg = (4, —1) gives the optimal solution for
co as

¢y = (0.482,0.306, 0.251, 0.195, 0.128, 0.070, —0.020, —0.062)

and S6|k = (4, —1). Hence the optimal value of the nominal predicted cost is
s I3, + i3, = 37.88.
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