Preface

About this Book

Model predictive control (MPC) has a long history in the field of control en-
gineering. It is one of the few areas that has received on-going interest from
researchers in both the industrial and academic communities. Four major as-
pects of model predictive control make the design methodology attractive to
both practitioners and academics. The first aspect is the design formulation,
which uses a completely multivariable system framework where the perfor-
mance parameters of the multivariable control system are related to the engi-
neering aspects of the system; hence, they can be understood and ‘tuned’ by
engineers. The second aspect is the ability of the method to handle both ‘soft’
constraints and hard constraints in a multivariable control framework. This
is particularly attractive to industry where tight profit margins and limits on
the process operation are inevitably present. The third aspect is the ability
to perform on-line process optimization. The fourth aspect is the simplicity
of the design framework in handling all these complex issues.

This book gives an introduction to model predictive control, and recent
developments in design and implementation. Beginning with an overview of
the field, the book will systematically cover topics in receding horizon con-
trol, MPC design formulations, constrained control, Laguerre-function-based
predictive control, predictive control using exponential data weighting, refor-
mulation of classical predictive control, tuning of predictive control, as well
as simulation and implementation using MATLAB® and SIMULINK® as a
platform. Both continuous-time and discrete-time model predictive control is
presented in a similar framework.

Development of this Book

There are several aspects of the developments that may be of interest to the
reader.
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Theory

This book was originally planned as a research monograph to cover the
methodologies of predictive control using orthonormal basis functions. De-
sign of predictive control using time-domain functions is not new. It was
proposed by Richalet in the 1970s and has been successfully used in vari-
ous control engineering applications (see Richalet et al., 1978, Richalet, 1987,
1993, 2000). However, the design of predictive control that uses orthonormal
functions is new, particularly the approaches that use the sets of exponential
orthonormal functions such as Laguerre functions and Kautz functions. With
my background in system identification, I naturally saw the link between sys-
tem identification and predictive control from the perspective of modelling
of the control trajectory. Once the predictive control problem is formulated
as that of modelling the future control trajectory, both continuous-time and
discrete-time predictive control is solved in the same framework. Both have di-
rect links to the classical linear quadratic regulator (LQR) in continuous time
and discrete time when using a sufficiently long prediction horizon. The key
difference between predictive control and LQR is that the predictive control
solves the optimization problem using a moving time horizon window whilst
LQR solves the same problem within a fixed window. The advantages of us-
ing a moving time horizon window include the ability to perform real-time
optimization with hard constraints on plant variables.

As we know, the majority of industrial control systems have integral action
(e.g., PID controllers). This integral functionality has also been embedded in
the classical predictive control systems such as generalized predictive control
(GPC) and dynamic matrix control (DMC) (see Clarke et al., 1987, Cutler
and Ramaker, 1979). In this book, in order to have an integral function in
the MPC algorithms, the design models are embedded with integrators. The
formulation of the design models was inspired by the state-space approach
given in Ricker’s paper (Ricker, 1991). By doing so, similar to GPC and DMC,
the optimized control trajectory is either the increment of the control signal
(discrete-time case) or the derivative of the control signal (continuous-time
case). The added benefit is the simplified implementation procedure, where
less steady-state plant information is required.

One of the well-known problems in classical predictive control is its nu-
merical problem when the prediction horizon is large (for example, Rossiter
et al., 1998). This was inevitable because the model used for design contained
an integrating mode. To overcome this problem, the design model needs to
be asymptotically stable. Using the classical results in LQR by Anderson
and Moore (see Anderson and Moore, 1971), a simple transformation of the
design model from unstable to stable was made by choosing a cost that con-
tains an exponential factor, hence overcoming the numerical ill-conditioning
problem (see Wang 2001c). In order to guarantee closed-loop stability of the
predictive control system, the original weight matrices in the cost function
are adjusted when the exponential weight is used. An important by-product
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of this transformation is the creation of a prescribed degree of stability in the
MPC algorithms, both continuous-time and discrete-time. This prescribed de-
gree of stability in conjunction with the use of orthonormal functions made
the tuning of the predictive control system a relatively easy task.

The idea of creating a prescribed degree of stability has been previously
used in receding horizon control (see Kwon and Han, 2005, Yoon and Clarke,
1993), and the key in the previous approaches relies on the use of an ex-
ponentially increasing weight in the cost function, along with the solution
obtained analytically from a Riccati approach. The distinguishing point for
the approaches in this book is that instead of increasing, an exponentially
decreasing weight is used in the cost function to resolve the numerical prob-
lem, followed by adjustment of the constant weight matrices to recover and
create more stability margins if required. Use of an exponentially decreasing
weight is counter-intuitive from a closed-loop stability point of view, however,
it makes sense when the numerical issue is of concern.

Practice

Predictive control using orthornomal basis functions has been successfully
used in numerous applications, mainly by my previous undergraduate and
postgraduate students. The majority of the applications were based on MAT-
LAB real-time Workshop and SIMULINK xPC target. The MATLAB pro-
grams [ wrote over the years are often directly translated into MATLAB C or
SIMULINK programs for xPC target, then the applications followed through.
The MATLAB programs are useful for practitioners as a start point, adopting
them later for their own applications. The MATLAB programs are explained
in a tutorial manner, step by step, so that the reader can understand how the
algorithms are developed.

Presentation

The first version of this book had a different structure from the current version.
The book had begun with continuous-time predictive control using orthonor-
mal basis functions. The pre-conference predictive control workshop in the
American Control Conference (ACC) 2007 made me change my mind about
the structure of this book. When preparing for the workshop, I realized that a
discrete-time system offers a natural setting for the development of predictive
control, and the design framework is easier to understand when it is presented
in discrete time. The discussion with Mr Oliver Jackson (Editor, Springer) in
(ACC) 2007 also helped me think harder on how to deliver the complex issues
in a manner as simple as possible. In the end, I chose to present the materials
in a bottom-up manner to suit the background of a fourth-year undergraduate
student. The best way to do so is to actually try the presentation on a class
of fourth year students and then find out what the difficult issues are. This
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is indeed what I have tried. The first three chapters were taught in the class-
room, and the students provided the suggestions and feedback, which helped
to set the level and pace of the presentation. The book is intended for readers
who have completed or are about to complete four years engineering studies
with some basic knowledge in state-space design. The textbooks for an intro-
duction to state-space methods include Franklin et al. (1991), Kailath (1980),
Bay (1999) and Goodwin et al. (2000). However, some of the basic knowledge
will be reviewed in the relevant chapters, and the book is self-contained with
MATLAB tutorials and numerous examples. The targeted readers are stu-
dents, practitioners, instructors and researchers who wish to apply predictive
control.

Book Structure

The structure of the book is illustrated by the block diagram as shown in
Figure 0.1. There are ten chapters in this book, and both continuous-time
and discrete-time predictive control systems are introduced and discussed (see
Chapters 1 to 8). Discrete-time algorithms are introduced first because of their
strong relevance to industrial applications and their natural settings in the
development. Chapters 9 and 10 contain both continuous-time and discrete-
time systems, from using special state-space realization to implementation
of those control systems via MATLAB Real-time Workshop and SIMULINK
xPC Target. FEach chapter contains MATLAB tutorials, which illustrate how
the algorithms can be used in simulation, computation and implementation,
and a problem section for practice of the design.

Chapter 1 is for beginners, where we will use simple examples to show
the principle of receding horizon control, which underpins predictive control.
The solutions are limited to simple analytical solutions. In Chapter 1, we
will also discuss implementation using observer and observability with sev-
eral simple examples. In Chapter 2, the basic ideas about constrained control
are introduced within the framework of receding horizon control. The key
is to formulate the constrained control problem as a real-time optimization
problem subject to inequality constraints. The solution to this problem relies
on application of a quadratic programming procedure. Given that the ma-
jority of the readers may not have studied constrained optimization before,
in this chapter, we will also discuss optimization with equality and inequal-
ity constraints. The discussion is followed by the introduction of Hildreth’s
quadratic programming procedure, which offers simplicity and reliability in
real-time implementation.

In essence, the core technique in the design of discrete-time MPC is based
on optimizing the future control trajectory subject to plant operational con-
straints. In the traditional predictive control, as demonstrated in Chapter 1
and 2, by assuming a finite control horizon N, and prediction horizon N, the
difference of the control signal Au(k) for k =0,1,2,..., N.—1 is captured by
the control vector AU, while the rest of the Au(k) for k = N;, N+ 1,..., N,
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is assumed to be zero. The idea in Chapter 3 is to generalize the traditional
design procedure by introducing a set of discrete Laguerre functions into the
design. This generalization will help us in re-formulating the predictive control
problem and simplifying the solutions, in addition to providing a set of new
performance-tuning parameters that can be readily understood by engineers.
Furthermore, a long control horizon can be realized through the exponential
nature of the Laguerre functions, hence without using a large number of para-
meters. Several MATLAB tutorials are presented in this chapter for the design
of discrete-time predictive control systems, with or without constraints.

It is fair to say that the majority of industrial control systems require in-
tegral action. In this book, the design models are embedded with integrators
to achieve this objective, which is similar to other classical predictive control
systems. Because of the embedded integrators, the prediction horizon N, as
a design parameter plays an important role in a predictive control system.
In Chapter 4, we demonstrate that if it is chosen too short, the closed-loop
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Fig. 0.1. Structure of the book
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system is not necessarily stable, and if it is too large, the predictive control
system will encounter a numerical stability problem. To overcome this prob-
lem, in Chapter 4, we propose the use of an exponentially weighted moving
horizon window in model predictive control design. Within this framework,
the numerical ill-conditioning problem is resolved by a simple modification
of the design model. Equally important are an asymptotic stability result
for predictive control designed using infinite horizon with exponential data
weighting and a modification of the weight matrices, as well as a result that
establishes the predictive control system with a prescribed degree of stability.
Analytical and numerical results are used in this chapter to show the equiv-
alence between the new class of discrete-time predictive control systems and
the classical discrete-time linear quadratic regulators (DLQR) without con-
straints. When constraints are present, the optimal solutions are obtained by
minimizing the exponentially weighted cost subject to transformed inequality
constraints.

Chapters 6 to 8 will introduce the continuous-time predictive control re-
sults. To prepare the background, in Chapter 5, we will discuss continuous-
time orthonormal basis functions and their applications in dynamic system
modelling. Laguerre functions and Kautz functions are special classes of or-
thonormal basis functions. Both sets of functions possess simple Laplace trans-
forms, and can be compactly represented by state-space models. The key prop-
erty is that when using the orthonormal functions, modelling of the impulse
response of a stable system, which has a bounded integral squared value,
will have a guaranteed convergence as the number of terms used increases.
This forms the fundamental principle of the model predictive control design
methods presented in this book.

After introducing the background information, in Chapter 6, we begin with
the topics in continuous-time model predictive control (CMPC). It is natural
that when the design model is embedded with integrators, the derivative of the
control signal should be modelled by the orthonormal basis functions, not the
control signal itself. With this as a start point, systematically, we will cover the
principles of continuous-time predictive control design, and the solutions of
the optimal control problem. It shows that when constraints are not involved
in the design, the continuous-time model predictive control scheme becomes
a state feedback control system, with the gain being chosen from minimizing
a finite prediction horizon cost. The continuous-time Laguerre functions and
Kautz functions discussed in Chapter 5 are utilized in the design of continuous-
time model predictive control.

In Chapter 7, we introduce continuous-time model predictive control with
constraints. Similar to the discrete-time case, we will first formulate the con-
straints for the continuous-time predictive control system, and present the
numerical solution of the constrained control problem using a quadratic pro-
gramming procedure. Because of the nature of the continuous-time formu-
lation such as fast sampling, there might be computational delays when a
quadratic programming procedure is used in the solution of the real-time op-
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timization problem. In general terms, we discuss the real-time implementation
of continuous-time model predictive control in the presence of constraints in
this chapter too.

The numerical instability problem discussed in the discrete-time case, also
occurs in the continuous-time algorithms that is shown by a numerical example
in Chapter 8. In a similar spirit to previous chapters, Chapter 8 proposes the
use of exponential data weighting in the design of continuous-time model
predictive control systems. This essentially transforms the original state and
derivative of the control variables into exponentially weighted variables for the
optimization procedure. With a simple modification on the weight matrices,
asymptotic stability is established for model predictive control systems with
infinite prediction horizon. Similarly, a prescribed degree of stability can also
be obtained. Without constraints, analytical and numerical results are used
to demonstrate the equivalence between the continuous-time model predictive
controllers and the classical linear quadratic regulators (LQR). Constraints are
imposed on the transformed variables.

In a general framework of state feedback control, an observer is often
needed for its implementation. The design of an observer is a separate task
from the design of predictive controller. The role of an observer is to ensure
small errors between the estimated and the actual state variables. However,
if one faces many inputs and many outputs in a system, tuning of an ob-
server’s dynamics may not be a trivial task. The classical predictive control
systems, such as dynamic matrix control (DMC) and generalized predictive
control (GPC), have directly utilized plant input and output signals in the
closed-loop feedback control, hence avoiding observers in their implementa-
tion. In Chapter 9, we will link the predictive control systems designed using
the framework of state space to the classical predictive control systems. The
key to the link is to choose the state variables to be identical to the feed-
back variables that have been used in the classical predictive control systems.
Once the state-space model is formulated, the framework from the previous
chapters is naturally extended to the classical predictive control systems, pre-
serving all the advantages of a state-space design, including stability analysis,
exponential data weighting and LQR equivalence. In addition, because of the
utilization of plant input and output signals in the implementation, the pre-
dictive controller can be represented in a transfer function form, allowing a
direct frequency response analysis of the system to obtain critical informa-
tion, such as gain and phase margins. It is worthwhile to point out that the
discrete-time single-input and single-output predictive controller is very sim-
ple and easy for implementation. Simplicity as a feature of the algorithms
remains when they are extended to multi-input and multi-output systems.
Different from discrete-time, in the continuous-time design, an implementa-
tion filter is required, and the poles of the filter become part of the desired
closed-loop poles when we choose to optimize the output errors in the design.

Chapter 10 presents three different implementation procedures for model
predictive control systems. The first implementation is based on a (low-cost)
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micro-controller for controlling a DC motor. In this application, the MAT-
LAB design programs are utilized to calculate the predictive controller gain
and the previous MATLAB closed-loop simulation program is converted to a
C program for real-time implementation on the micro-controller. The second
implementation is based on MATLAB Real-time Workshop and xPC target.
This application is very useful for those who are not familiar with C lan-
guage because the MATLAB Real-time Workshop and xPC target perform
the conversion from MATLAB programs to C programs through their com-
pilers in a systematic way. With these tools, we only need to create MATLAB
embedded functions for the real-time applications. The third implementation
uses the platform of a real-time PC-based supervisory control and data ac-
quisition (SCADA) system. A pilot food extrusion plant is controlled by the
continuous-time predictive controller developed in Chapter 6. The previous
MATLAB closed-loop simulation program for a continuous-time system is
converted to C program for this real-time implementation.
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