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Series Editors’ Foreword

The series Advances in Industrial Control aims to report and encourage technol-
ogy transfer in control engineering. The rapid development of control technology
has an impact on all areas of the control discipline. New theory, new controllers,
actuators, sensors, new industrial processes, computer methods, new applications,
new philosophies. . ., new challenges. Much of this development work resides in in-
dustrial reports, feasibility study papers and the reports of advanced collaborative
projects. The series offers an opportunity for researchers to present an extended ex-
position of such new work in all aspects of industrial control for wider and rapid
dissemination.

In some Advances in Industrial Control monographs, the author’s perspective
is one of looking back at successful developments that have found application in
practice. Other monographs in the series explore future possibilities, presenting a
coherent body of theory with supporting illustrative examples and case studies. This
entry to the Advances in Industrial Control series, Networked and Distributed Pre-
dictive Control: Methods and Nonlinear Process Network Applications by Panagi-
otis D. Christofides, Jinfeng Liu, and David Muifioz de la Pefia is a very persuasive
exemplar of the “future possibilities” monograph category.

The starting point for the authors’ development is the question: if a process has
an existing point-to-point (hard-wired) control system, how do we design a net-
worked control system (wired or, more in tune with recent technological develop-
ments, wireless) to augment the existing control and what performance benefits can
be achieved? What follows from this is a thorough analysis and assessment of differ-
ent control architectures blended with advanced control design methods. The control
design techniques are selected as model predictive control for nonlinear processes
but accommodating typical disruptive network characteristics of asynchronous feed-
back and communication delays.

The reader, whether an industrial engineer or academic researcher, will find a
coherent theoretical development that unites model predictive control and Lyapunov
stability methods as a control technique termed Lyapunov-based model predictive
control. This is shown to have some nice properties of practical utility concerning
closed loop stability and the stability region. The authors use this technique and
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viii Series Editors’ Foreword

progress through a sequence of increasingly advanced networked control system
configurations, devoting a chapter to each particular control structure.

A major strength of the monograph is the attention given to careful and detailed
process control examples and case studies that illustrate the characteristics and per-
formance potential of individual networked control systems. One of these is an in-
depth case study treatment of a wind—solar energy generation plant, whilst other ex-
amples are taken from the chemical process industries. All that is missing from these
studies is an estimate of implementation costs and a cost benefit analysis! Process,
chemical, and control engineers will find these simulated examples illuminating.

As a forward-looking monograph series on control design, technology, imple-
mentation and industrial practice, we are pleased to add this volume to the series as
its first entry on networked control systems. As wireless control technology gains
in reliability we expect to see many further theoretical and practical developments
in this field. This monograph also complements the Advances in Industrial Con-
trol series’s first entry on the closely related field of control using the Internet, so
that readers may find the monograph, Internet-based Control Systems: Design and
Applications (ISBN 978-1-84996-358-9) by Shuang-Hua Yang of interest.

Industrial Control Centre M.J. Grimble
Glasgow M.A. Johnson
Scotland, UK



Preface

Traditionally, process control systems rely on control architectures utilizing dedi-
cated, wired links to measurement sensors and control actuators to regulate appro-
priate process variables at desired values. While this paradigm to process control
has been successful, we are currently witnessing an augmentation of the existing,
dedicated control systems, with additional networked (wired and/or wireless) actu-
ator/sensor devices which have become cheap and easy-to-install. Such an augmen-
tation in sensor information, actuation capability and network-based availability of
data has the potential to dramatically improve the ability of process control systems
to optimize closed-loop performance and prevent or deal with abnormal situations
more effectively. However, augmenting dedicated control systems with real-time
sensor and actuator networks poses a number of new challenges in control system
design that cannot be addressed with traditional process control methods, including:
(a) the handling of additional, potentially asynchronous and delayed measurements
in the overall networked control system, and (b) the substantial increase in the num-
ber of process state variables, manipulated inputs and measurements which may
impede the ability of centralized control systems (particularly when nonlinear con-
strained optimization-based control systems like model predictive control are used),
to carry out real-time calculations within the limits set by process dynamics and
operating conditions.

This book presents rigorous, yet practical, methods for the design of networked
and distributed predictive control systems for chemical processes described by non-
linear dynamic models. Beginning with an introduction to the motivation and ob-
jectives of this book, the design of model predictive control systems via Lyapunov-
based control techniques accounting for networked control-relevant issues, like han-
dling of asynchronous and delayed measurements, is first presented. Then, the book
focuses on the development of a two-tier networked control architecture which nat-
urally augments dedicated control systems with networked control systems to main-
tain closed-loop stability and significantly improve closed-loop performance. Sub-
sequently, the book focuses on the design of distributed predictive control systems,
that utilize a fraction of the time required by the respective centralized control sys-
tems, to cooperate in an efficient fashion and to compute optimal manipulated input

ix



. Preface

trajectories that achieve the desired stability, performance, and robustness for large-
scale nonlinear process networks. Throughout the book, the control methods are
applied to large-scale nonlinear process networks and wind—solar energy genera-
tion systems and their effectiveness and performance are evaluated through detailed
computer simulations.

The book requires basic knowledge of differential equations, linear and nonlinear
control theory, and optimization methods and is intended for researchers, graduate
students, and process control engineers. Throughout the book, practical implemen-
tation issues are discussed to help engineers and researchers understand the appli-
cation of the methods in greater depth.

In addition to our work, Prof. James F. Davis, Dr. Benjamin J. Ohran, doctoral
candidates Mohsen Heidarinejad and Xianzhong Chen, and doctoral student Wei Qi,
all at UCLA, contributed substantially to the research results included in the book
and in the preparation of the final manuscript. We would like to thank them for their
hard work and contributions. We would also like to thank all the other people who
contributed in some way to this project. In particular, we would like to thank our
colleagues at UCLA and the Universidad de Sevilla for creating a pleasant working
environment, and the United States National Science Foundation and the European
Commission for financial support. Last, but not least, we would like to express our
deepest gratitude to our families for their dedication, encouragement, and support
over the course of this project. We dedicate this book to them.

Los Angeles, CA, USA Panagiotis D. Christofides
Seville, Spain Jinfeng Liu
David Muiioz de la Pefia
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Chapter 1
Introduction

1.1 Motivation

Increasingly faced with the requirements of safety, environmental sustainability, and
profitability, chemical process operation is relying extensively on highly automated
control systems. This realization has motivated extensive research, over the last forty
years, on the development of advanced operation and control strategies to achieve
economically optimal plant operation by regulating process variables at appropriate
values. With respect to process control, control systems traditionally utilize dedi-
cated, point-to-point wired communication links using a small number of sensors
and actuators to regulate appropriate process variables at desired values. While this
paradigm to process control has been successful, chemical plant operation could
substantially benefit [12, 16, 66, 80, 114, 119] from an efficient integration of the
existing, point-to-point control networks (wired connections from each actuator or
sensor to the control system using dedicated local area networks) with additional
networked (wired or wireless) actuator or sensor devices that have become cheap
and easy-to-install. Such an augmentation in sensor information, actuation capabil-
ity and network-based availability of wired and wireless data is now well under-
way in the process industries and clearly has the potential to dramatically improve
the ability of the single-process and plant-wide model-based control systems to op-
timize process and plant performance. Network-based communication allows for
easy modification of the control strategy by rerouting signals, having redundant
systems that can be activated automatically when component failure occurs, and
in general, it allows having a high-level supervisory control over the entire plant.
However, augmenting existing control networks with real-time wired or wireless
sensor and actuator networks challenges many of the assumptions made in the de-
velopment of traditional process control methods dealing with dynamical systems
linked through ideal channels with flawless, continuous communication. In the con-
text of networked control systems, key issues that need to be carefully handled at the
control system design level include data losses due to field interference and time-
delays due to network traffic as well as due to the potentially heterogeneous nature
of the additional measurements. In the context of control system architectures, aug-
menting dedicated, local control systems with control systems that utilize real-time

P.D. Christofides et al., Networked and Distributed Predictive Control, 1
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2 1 Introduction

Fig. 1.1 A traditional control z
system with two control loops System >
U2 u1
Y1
LCS 1 | Sensors
] Y2
LCS 2 |

sensor and actuator networks gives rise to the need to coordinate separate control
systems that operate on a process. However, the rigorous design of cooperative, dis-
tributed control architectures for nonlinear processes is a challenging task that can-
not be addressed with traditional process control methods dealing with the design of
centralized control systems. To design cooperative, distributed control systems, key
fundamental issues that need to be addressed include the design of the individual
control systems and of their communication strategy so that they efficiently cooper-
ate in achieving the closed-loop plant objectives. Motivated by the above, this book
presents general methods for the design of networked and distributed predictive
control systems, accompanied by their application to nonlinear process networks.

1.2 Networked and Distributed Control Architectures

To provide concrete motivation for the control problems addressed in this book,
we discuss below the general concept of networked and distributed process control
using block diagrams and a chemical process example.

1.2.1 Networked Control Architectures

Traditionally, the different components (i.e., sensor, controller, and actuator) in a
control system are connected via wired, point-to-point links, and the control laws
are designed and operate based on local continuously-sampled process output mea-
surements. For a system with multiple control loops, the controllers, in general, are
designed to work in a decentralized fashion. Figure 1.1 shows a traditional control
system with two control loops. In Fig. 1.1, two local control systems (i.e., LCS 1
and LCS 2) are designed based on two different continuously-sampled outputs, y;
and y, of the system. The two controllers do not exchange information and operate
in a decentralized fashion.

Communication networks make the transmission of data much easier and provide
a higher degree of freedom in the configuration of control systems. However, new
issues arise in the design of a networked control system (NCS), for example, the
introduction of data losses and time-varying delays in the control loop as well as the
use of asynchronous measurements. On the other hand, additional information of
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Fig. 1.3 An alternative x
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a system which previously were difficult or impossible to access because of phys-
ical or economical reasons may be now available via networked devices like, for
example, networked sensors deployed over chemical plants. The additional infor-
mation may be used to improve the closed-loop performance and the fault tolerance
of a control system. However, because of the nature of the additional sensing (for
example, concentration versus temperature measurements) and the fact that this in-
formation is collected and transmitted through real-time wired or wireless networks,
a control system should also be able to handle heterogeneous (for example, contin-
uous, asynchronous and delayed) measurements. In order to take advantages of the
use of networks in the transmission of information and to use the additional infor-
mation provided by networked devices, one approach is to design an NCS which
takes data losses, delays and heterogeneous measurements explicitly into account
to replace the local control loops. Figure 1.2 shows this kind of NCS design for
the system shown in Fig. 1.1. In Fig. 1.2, an NCS is designed to replace the two
local controllers in Fig. 1.1 taking into account all the available measurements (i.e.,
originally available measurements y, y», and additional measurement y3). The key
issues in the design of such an NCS include the handling of data losses, time-varying
delays, and the utilization of heterogeneous measurements.

Instead of replacing the local control loops, an alternative to the above networked
control configuration is to design an NCS to augment the local control loops to take
advantage of the additional measurements to manipulate additional control inputs or
adjust the control actions of the existing local controllers to improve the closed-loop
performance. The networked control configuration resulting in this case is shown in
Fig. 1.3. The main question is how to design the NCS to maintain the closed-loop
stability achieved by the local controllers while improving the closed-loop perfor-
mance.
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1.2.2 Cooperative, Distributed Control Architectures

Consider the second networked control configuration shown in Fig. 1.3. In this con-
figuration, there is no communication between the networked controller and the two
local controllers. In this sense, the three controllers work in a decentralized fashion.
When the local controllers are designed via classical (e.g., proportional-integral-
derivative (PID) control), geometric or Lyapunov-based control methods for which
an explicit formula for the calculation of the control action is available, and the
networked controller is designed via model-based control methods, like model pre-
dictive control (MPC), the coupling between the networked controller and the local
controllers may be taken into account if the networked controller is carefully de-
signed. However, when the local controllers are designed via MPC for which there
is no explicit controller formula to calculate the future control actions, it is nec-
essary to establish some, preferably small, communication between the different
controllers so that they can coordinate their actions, which leads to the design of
distributed control systems.

Figure 1.4 shows such a control configuration for the system shown in Fig. 1.1.
In this distributed control system, an LCS is designed to determine u#; and u#> and an
NCS is designed to calculate u3 based on all the information available via networks.
In order to coordinate the control actions, the two controllers communicate to ex-
change information which could be future input trajectories the two controllers will
apply or/and system measurements. In this case, we need to consider how the dis-
tributed controllers should communicate, what information they need to exchange
and how to coordinate their actions to achieve stability of the entire closed-loop
system.

In the distributed control configuration shown in Fig. 1.4, the control inputs are
distributed into the two controllers by their functionalities; that is, the LCS deter-
mines u and u; to ensure the closed-loop stability, and the NCS determines u3 to
improve the closed-loop performance. An alternative to this kind of decomposition
of the control inputs is to decompose the inputs spatially; that is, a distributed con-
troller is designed for each control input (or each subsystem) as shown in Fig. 1.5.
In the distributed control configuration of Fig. 1.5, three NCSs are designed to ma-
nipulate the three control inputs, respectively, based on all the available measure-
ments. The three controllers communicate to coordinate their actions. This type of
distributed control configuration is more flexible in the control loop selection com-
pared with the one shown in Fig. 1.4.

1.2.3 A Reactor-Separator Process Example

Consider a three vessel, reactor—separator process consisting of two continuously
stirred tank reactors (CSTRs) and a flash tank separator shown in Fig. 1.6. A feed
stream to the first CSTR Fjg contains the reactant A which is converted into the
desired product B. The desired product B can then further react into an undesired



1.2 Networked and Distributed Control Architectures 5

Fig. 1.4 A distributed P
control configuration for the System >
system shown in Fig. 1.1 f
(dashed lines denote ju3 U u2
. . . . X
1nforrpat10n transn'ntte'd via | Y1, Y2
real-time communication e -DIL—CSlii Sensors
networks) B Y1,Y2,Y3 T
NCS @---—-----—-—-—-—--- -
Fig. 1.5 An alternative x
distributed control System v
configuration for the system [ [ [
. . I us I U9 I uq
shown in Fig. 1.1 (dashed | | |
lines denote information le="r===-71
transmitted via real-time — o o
A |NCS 3| |NCS 2| |NCS 1| Sensors

communication networks)

X X [ T

T I S 4

Y1, Y2,Y3

Fig. 1.6 Reactor—separator Fr Fo

process with recycle

side-product C. The effluent of the first CSTR along with additional fresh feed Fg
makes up the inlet to the second CSTR. The reactions A — B and B — C take
place in the two CSTRs in series before the effluent from CSTR 2 is fed to the flash
tank. The overhead vapor from the flash tank is condensed and recycled to the first
CSTR, and the bottom product stream is removed. A small portion of the overhead
is purged before being recycled to the first CSTR.

The control objective is to stabilize the process at a desired operating steady-state
and achieve an optimal level of closed-loop performance. To accomplish the control
objective, we may design three local single loop controllers to manipulate the three
heat inputs, Q1, Q2, O3, based on continuous temperature measurements of the
three vessels. The three local controllers may be designed via proportional-integral-
derivative (PID) control. This control configuration is shown in Fig. 1.7, which is
the common traditional local control system configuration for a process shown in
Fig. 1.6. This local control configuration corresponds to the control architecture
shown in Fig. 1.1.

In the reactor—separator process, the additional information that we have access
to because of additionally deployed networked sensors could be the species concen-
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Fig. 1.8 A networked control configuration for the reactor—separator process. In this configura-
tion, a networked control system is designed to replace the three local control loops in the local
control configuration

tration measurements of each component in the three vessels. These measurements
are subject to sampling delays and network transmission data package dropouts and
they may not be available at every sampling time. To use the additional information,
we may design an NCS to replace the three local control loops. This networked
control configuration of the reactor—separator process is shown in Fig. 1.8 which
corresponds to the control architecture shown in Fig. 1.2.

Instead of replacing the local control loops, an alternative to the above networked
control configuration is to design an NCS to augment the local control loops to take
advantage of the additional species concentration measurements as well as of the
temperature measurements to adjust additional manipulated inputs, for instance, the
feed flow rate to the second vessel, F>9. This networked control configuration of
the reactor—separator process is shown in Fig. 1.9 which corresponds to the control
architecture shown in Fig. 1.3.

Figure 1.10 shows a distributed control configuration for the reactor—separator
process. In this design, two networked controllers are designed to manipulate
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Fig. 1.9 A networked control configuration for the reactor—separator process. In this configura-
tion, a networked control system in addition to the three local controllers is designed to improve

the closed-loop performance

-
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Fig. 1.10 A distributed control configuration for the reactor—separator process. In this configura-
tion, the two networked controllers communicate via the plant-wide network to coordinate their

actions

the three heat inputs and the feed flow rate to vessel 2, respectively, and com-
municate through the plant-wide network to exchange information and coor-
dinate their actions. This control configuration corresponds to the one shown
in Fig. 1.4.

Figure 1.11 shows the alternative distributed control configuration correspond-
ing to Fig. 1.5 for the reactor—separator process. In this design, four networked con-
trollers are designed to manipulate the four control inputs and communicate through
the plant-wide network to exchange information and coordinate their actions.
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Fig. 1.11 A distributed control configuration for the reactor—separator process. In this configura-
tion, four networked controllers are designed to manipulate the four control inputs and communi-
cate via the plant-wide network to coordinate their actions

1.3 Background

Within control theory, the study of control over networks has attracted considerable
attention in the literature (e.g., [7, 11, 69, 76, 103]) and early research focused on
analyzing and scheduling real-time network traffic (e.g., [34, 96]). Research has also
focused on the stability of network-based control systems. A common approach is to
insert network behavior between the nodes of a conventional control loop, designed
without taking the network behavior into account. More specifically, in [111], it was
proposed to first design the controller using established techniques considering the
network transparent, and then to analyze the effect of the network on closed-loop
system stability and performance. This approach was further developed in [77] us-
ing a small gain analysis approach. In the last few years, however, several research
papers have studied control using the IEEE 802.11 and Bluetooth wireless networks,
see, for example, [85, 101, 115, 116] and the references therein. In the design and
analysis of networked control systems, the most frequently studied problem con-
siders control over a network having constant or time-varying delays. This network
behavior is typical of communications over the Internet but does not necessarily rep-
resent the behavior of dedicated wireless networks in which the sensor, controller,
and actuator nodes communicate directly with one another but might experience
data losses. An appropriate framework to model lost data, is the use of asynchronous
systems [29, 94, 99]. In this framework, data losses occur in an stochastic manner,
and the process is considered to operate in an open-loop fashion when data is lost.
The most destabilizing cause of packet loss is due to bursts of poor network perfor-
mance in which case large groups of packets are lost nearly consecutively. A more
detailed description of bursty network performance using a two-state Markov chain
was considered in [81]. Modeling networks, using Markov chains results in describ-
ing the overall closed-loop system as a stochastic hybrid system [32]. Stability re-
sults have been presented for particular cases of stochastic hybrid systems (e.g., [29,
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63]). However, these results do not directly address the problem of augmentation of
dedicated, wired control systems with networked actuator and sensor devices to im-
prove closed-loop performance.

With respect to other results on networked control, in [46], stability and dis-
turbance attenuation issues for a class of linear networked control systems sub-
ject to data losses modeled as a discrete-time switched linear system with arbitrary
switching was studied. In [35], (see also [3, 20, 28]), optimal control of linear time-
invariant systems over unreliable communication links under different communica-
tion protocols (with and without acknowledgement of successful communication)
was investigated and sufficient conditions for the existence of stabilizing control
laws were derived. In [29], the stability properties of a class of networked control
systems modeled as linear asynchronous systems was studied. Networked control
systems in which the plant is modeled by a nonlinear system have received less at-
tention. Limited access systems where each unit must compete with the others for
access to the network have been studied in [77, 78, 110, 111] within a sampled-data
system framework. In these works, practical stability of the system is guaranteed if
the maximum time for which access to the network is not available is smaller than
a given constant denoted as the maximum allowable transmission interval (MATTI).
A common theme of the above-mentioned works is that the controller is designed
without taking into account the network dynamics and subsequently, the robustness
of the closed-loop system in the presence of the network dynamics is studied. Fur-
thermore, the importance of time delays in the context of networked control systems
has also motivated significant research effort in modeling such delays and design-
ing control systems to deal with them, primarily in the context of linear systems
(e.g., [24,45,71, 112, 113, 118]).

In another recent line of work, Antsaklis and coworkers [70, 71] have proposed a
strategy based on using an estimate of the state computed via the nominal model of
the plant to decide the control input over the period of time in which feedback is lost
between consecutively received measurements. In [70, 71], this framework was ap-
plied to optimize the bandwidth needed by a networked control system modeled as
a sampled-data linear system with variable sampling rate. Other relevant works re-
lated to this approach include [74, 75], where the design of a linear output-feedback
controller to stabilize a linear networked control system in the presence of delays,
sampling and data losses was addressed. Within process control, important recent
work on the subject of networked process control includes the development of a
quasi-decentralized control framework for multi-unit plants that achieves the de-
sired closed-loop objectives with minimal cross communication between the plant
units [100]. In this work, the key idea is to embed in the local control system of
each unit a set of dynamic models that provide an approximation of the interac-
tions between a given unit and its neighbors in the plant when measurements are not
transmitted through the plant-wide network and to update the state of each model
using measurements from the corresponding unit when communication is reestab-
lished. In addition to these works, fault diagnosis and fault-tolerant control methods
that account for network-induced measurement errors have been developed in [26].
Finally, it is also important to note that within process control practice, wireless
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communication standards (e.g., ISA100 and WirelessHART) which are appropriate
for chemical process industry applications have been developed based on the IEEE
802.15.4 standard [66] and applications of wireless field networks in the monitor-
ing and control of chemical processes including heat exchangers and a phosphate
fertilizer plant have been reported [119]. Despite these efforts, the problem of de-
signing networked control systems that explicitly account for asynchronous and de-
layed measurements at both the design and implementation stages in the context of
nonlinear systems, has received limited attention.

MPC has been widely used in the handling of measurement losses and delays be-
cause of its ability to predict the evolution of a system with time while accounting
for the effect of data losses and delays. However, most of the available results deal
with linear systems (e.g., [36, 49]). MPC is also a natural control framework to deal
with the design of coordinated, distributed control systems because of its ability to
handle input and state constraints, and also because it can account for the actions
of other actuators in computing the control action of a given set of control actuators
in real-time. With respect to available results in this direction, several distributed
MPC (DMPC) methods have been proposed in the literature that deal with the co-
ordination of separate MPCs that communicate in order to obtain optimal input tra-
jectories in a distributed manner; see [8, 92, 95] for reviews of results in this area.
More specifically, in [17], the problem of distributed control of dynamically coupled
nonlinear systems that are subject to decoupled constraints was considered. In [37,
93], the effect of the coupling was modeled as a bounded disturbance compensated
using a robust MPC formulation. In [98, 108], it was proven that through multiple
communications between distributed controllers and using system-wide control ob-
jective functions, stability of the closed-loop system can be guaranteed for linear
systems. In [39], DMPC of decoupled systems (a class of systems of relevance in
the context of multi-agents systems) was studied. In [62], a DMPC algorithm was
proposed under the main condition that the system is nonlinear, discrete-time and
no information is exchanged between local controllers, and in [90], DMPC for non-
linear systems was studied from an input-to-state stability point of view. In [60,
61], a game theory based DMPC scheme for constrained linear systems was pro-
posed. Previous work on MPC design for systems subject to asynchronous or de-
layed feedback has primarily focused on centralized MPC designs [27, 36, 49, 53,
72]. In addition to these works, control and monitoring of complex distributed sys-
tems with distributed intelligent agents were studied in [13, 84, 102]. Despite this
progress, little attention has been given to the design of DMPC for systems sub-
ject to asynchronous or delayed measurements except in a recent work [22] where
the issue of delays in the communication between distributed controllers was ad-
dressed.

1.4 Objectives and Organization of the Book

Motivated by the lack of general networked and distributed control methods for
process systems, the broad objectives of this book are as follows:
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1. To develop Lyapunov-based predictive control methods for nonlinear systems
that provide an explicit characterization for the closed-loop stability region and
account for the effect of asynchronous feedback and time-varying measurement
delays.

2. To present a framework for the design of networked predictive control systems
for nonlinear processes that naturally augment dedicated control systems with
networked control systems.

3. To develop distributed predictive control methods for large-scale nonlinear pro-
cess networks taking into account asynchronous measurements and time-varying
delays as well as different sampling rates of measurements.

4. To illustrate the applications of the developed networked and distributed pre-
dictive control methods to nonlinear process networks and wind—solar energy
generation systems.

The book is organized as follows. In Chap. 2, we first review some basic results
on Lyapunov-based control, model predictive control and Lyapunov-based model
predictive control (LMPC) of nonlinear systems and then present two Lyapunov-
based model predictive control designs for systems subject to data losses and time-
varying measurement delays. In order to guarantee the closed-loop stability, in the
design of the LMPCs, constraints based on Lyapunov functions are incorporated.
The theoretical results are illustrated through a chemical reactor example.

In Chap. 3, we present a two-tier networked control architecture to augment
preexisting, point-to-point control systems with networked control systems, which
take advantage of real-time wired or wireless sensor and actuator networks. Specif-
ically, we will first present the two-tier networked control architecture for systems
with continuous and asynchronous measurements; and then extend the results to
include systems with continuous and asynchronous measurements which involve
time-varying measurement delays. Two chemical process examples are used to il-
lustrate the applicability and effectiveness of the two-tier control architecture. More-
over, the two-tier control architecture is also applied to the optimal management and
operation of a standalone wind—solar energy generation system.

In Chap. 4, we focus on a class of distributed control problems that arise when
new control systems which may use networked sensors and actuators are added
to already operating control loops designed via MPC to improve closed-loop per-
formance. To address this control problem, a distributed model predictive control
method is introduced where the preexisting control system and the new control sys-
tem are redesigned/designed via LMPC. The distributed control design stabilizes
the closed-loop system, improves the closed-loop performance and allows handling
input constraints. Furthermore, the distributed control design requires that these con-
trollers communicate only once at each sampling time and is computationally more
efficient compared to the corresponding centralized model predictive control design.
The distributed control method is extended to include nonlinear systems subject
to asynchronous and delayed measurements. The applicability and effectiveness of
these distributed predictive control designs are illustrated through extensive simula-
tions using a chemical plant example described by a nonlinear model.
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In Chap. 5, we extend the results of Chap. 4 to distributed model predictive con-
trol of large-scale nonlinear systems in which several distinct sets of manipulated
inputs are used to regulate the system. For each set of manipulated inputs, a different
model predictive controller is used to compute the control actions, which is able to
communicate with the rest of the controllers in making its decisions. We present two
distributed control architectures designed via LMPC techniques. In the first archi-
tecture, the distributed controllers use a one-directional communication strategy, are
evaluated in sequence and each controller is evaluated only once at each sampling
time; in the second architecture, the distributed controllers utilize a bi-directional
communication strategy, are evaluated in parallel and iterate to improve closed-loop
performance. The case in which continuous state feedback is available to all the dis-
tributed controllers is first considered and then the results are extended to include
large-scale nonlinear systems subject to asynchronous and delayed state feedback.
The theoretical results are illustrated through a catalytic alkylation of benzene pro-
cess example. Moreover, we also discuss how to handle disruptions in the com-
munication between the distributed controllers by incorporating suitable feasibility
problems for accepting/rejecting received information.

The designs of the distributed predictive control architectures in Chap. 5 are
based on the assumptions that all the measurements of the system states are sam-
pled simultaneously. In Chap. 6, we consider the design of a distributed predictive
control system using multirate sampling for large-scale nonlinear uncertain systems
composed of several coupled subsystems. Specifically, we assume that the states of
each local subsystem can be divided into fast sampled states (which are available
every sampling time) and slowly sampled states (which are available every sev-
eral sampling times). The distributed predictive controllers are connected through
a shared communication network and cooperate in an iterative fashion at time in-
stants in which full system state measurements (both fast and slow) are available, to
guarantee closed-loop stability. When local subsystem fast sampled state informa-
tion is only available, the distributed controllers operate in a decentralized fashion
to improve closed-loop performance. In the design of the distributed controllers, we
also take into account bounded measurement noise, process disturbances and com-
munication noise. The multirate distributed predictive control system is applied to a
chemical reactor—separator process.

Chapter 7 summarizes the main results of the book and discusses future research
directions in networked and distributed process control.



Chapter 2
Lyapunov-Based Model Predictive Control

2.1 Introduction

MPC, also known as receding horizon control (RHC), is a popular control strategy
for the design of high performance model-based process control systems because of
its ability to handle multi-variable interactions, constraints on control (manipulated)
inputs and system states, and optimization requirements in a systematic manner.
MPC is an online optimization-based approach, which takes advantage of a system
model to predict its future evolution starting from the current system state along a
given prediction horizon. Using model predictions, a future control input trajectory
is optimized by minimizing a typically quadratic cost function involving penalties
on the system states and control actions. To obtain finite dimensional optimization
problems, MPC optimizes over a family of piecewise constant trajectories with a
fixed sampling time and a finite prediction horizon. Once the optimization prob-
lem is solved, only the first manipulated input value is implemented and the rest
of the trajectory is discarded; this optimization procedure is then repeated in the
next sampling step [25, 91]. This is the so-called receding horizon scheme. The
success of MPC in industrial applications (e.g., [25, 89]) has motivated numerous
research investigations into the stability, robustness and optimality of model predic-
tive controllers [65]. One important issue arising from these works is the difficulty
in characterizing, a priori, the set of initial conditions starting from where controller
feasibility and closed-loop stability are guaranteed. This issue motivated research
on LMPC designs [67, 68] (see also [42, 86]) which allow for an explicit character-
ization of the stability region of the closed-loop system and lead to a reduced com-
putational complexity of the controller optimization problem. Despite this progress,
the adoption of communication networks in the control loops and the use of hetero-
geneous measurements motivate the development of MPC schemes that take data
losses (or asynchronous feedback) and time-varying delays explicitly into account.
However, little attention has been given to these issues except for a few results on
MPC of linear systems with delays (e.g., [36, 49]).

Motivated by the above considerations, in this chapter, we adopt the LMPC
framework [67, 68] and introduce modifications on the LMPC design both in the
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optimization problem formulation and in the controller implementation to account
for data losses and time-varying delays, respectively. The design of the LMPC is
based on uniting receding horizon control with explicit Lyapunov-based nonlinear
controller design techniques. In order to guarantee the closed-loop stability, in the
design of the LMPCs, constraints based on Lyapunov functions are incorporated in
the controller formulations. The theoretical results are illustrated through a chemical
reactor example. The results of this chapter were first presented in [53, 72], and an
application of the control methods to a continuous crystallizer can be found in [50].

2.2 Notation

Throughout this book, the operator |- | is used to denote the absolute value of a scalar
and the operator | - || is used to denote Euclidean norm of a vector, while we use
|- Il o to denote the square of a weighted Euclidean norm, i.e., ||x||g = xT Qx for all
x € R". A continuous function « : [0, a) — [0, co) is said to belong to class %~ if
it is strictly increasing and satisfies «(0) = 0. A function B(r, s) is said to be a class
£ function if, for each fixed s, B(r, s) belongs to class J#” function with respect
to r and, for each fixed r, B(r, s) is decreasing with respect to s and B(r, s) — 0 as
s — 0. The symbol £2, is used to denote the set £2, := {x € R" : V(x) <r} where
V is a scalar positive definite, continuous differentiable function and V (0) = 0, and
the operator ‘/’ denotes set subtraction, that is, A/B :={x € R" : x € A, x ¢ B}.
The symbol diag(v) denotes a square diagonal matrix whose diagonal elements are
the elements of the vector v. The notation #y indicates the initial time instant. The
set {tx>0} denotes a sequence of synchronous time instants such that z =19 + kA
and fx4+; =t + 1A where A is a fixed time interval and i is an integer. Similarly, the
set {t,>0} denotes a sequence of asynchronous time instants such that the interval
between two consecutive time instants is not fixed.

2.3 System Description

Consider nonlinear systems described by the following state-space model:

X() = f(x(@), u(0), w®)), 2.1

where x(#) € R" denotes the vector of state variables, u(#) € R™ denotes the vector
of control (manipulated) input variables, w(t) € R denotes the vector of distur-
bance variables and f is a locally Lipschitz vector function on R" x R™ x RY
such that f(0, 0,0) = 0. This implies that the origin is an equilibrium point for the
nominal system (i.e., system of Eq. 2.1 with w(¢) =0 for all ¢) with u = 0.

The input vector is restricted to be in a nonempty convex set U C R™ which is
defined as follows:

U:={ueR":|lull <u™}, (2.2)
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where u™ is the magnitude of the input constraint.
The disturbance vector is bounded, that is, w(¢) € W where:

W:={weR":|wl]<6,0>0} (2.3)

with 6 being a known positive real number. The vector of uncertain variables, w(¢),
is introduced into the model in order to account for the occurrence of uncertainty
in the values of the process parameters and the influence of disturbances in process
control applications.

Remark 2.1 Note that the assumption that f is a locally Lipschitz vector function
is a reasonable assumption for most of chemical process models.

2.4 Lyapunov-Based Control

We assume that there exists a feedback control law u () = h(x(t)) which satis-
fies the input constraint on u for all x inside a given stability region and renders
the origin of the nominal closed-loop system asymptotically stable. This assump-
tion is essentially equivalent to the assumption that the nominal system is stabi-
lizable or that there exists a Lyapunov function for the nominal system or that the
pair (A, B) in the case of linear systems is stabilizable. Using converse Lyapunov
theorems [11, 40, 48, 64], this assumption implies that there exist functions «; (-),
i=1,2,3,4 of class .# and a continuously differentiable Lyapunov function V (x)
for the nominal closed-loop system, that satisfy the following inequalities:

(Il = Vo) < el 24
v
7D e 1), 0) = —eus(1v1), 3)
aVv
|22 <as(ia), 6)
h(x) € U 2.7)

for all x € O € R" where O is an open neighborhood of the origin. We denote the
region £2, C O as the stability region of the closed-loop system under the control
u = h(x). Note that explicit stabilizing control laws that provide explicitly defined
regions of attraction for the closed-loop system have been developed using Lya-
punov techniques for specific classes of nonlinear systems, particularly input-affine
nonlinear systems; the reader may refer to [2, 11, 41, 97] for results in this area in-
cluding results on the design of bounded Lyapunov-based controllers by taking ex-
plicitly into account constraints for broad classes of nonlinear systems [18, 19, 47].

By continuity, the local Lipschitz property assumed for the vector field
f(x,u,w), the fact that the manipulated input « is bounded in a convex set and
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the continuous differentiable property of the Lyapunov function V, there exists pos-
itive constants M, L, L, and L/ such that:

| f x u, w)| < M, 2.8)
| £ u,w) = f(x'u,0) | < Lyllwll + Le|x — x|, 2.9)

AV (x) WK / /
H oy e 0) = — f( u,0)| < Liflx—x| (2.10)

forall x,x" e §2p,u € U and w € W. These constants will be used in characterizing
the stability properties of the system of Eq. 2.1 under LMPC designs.

Remark 2.2 Note that while there are currently no general methods for constructing
Lyapunov functions for general nonlinear systems, for broad classes of nonlinear
models arising in the context of chemical process control applications, quadratic
Lyapunov functions are widely used and provide very good estimates of closed-loop
stability regions.

Remark 2.3 Note that the inequalities of Eqs. 2.4-2.10 are derived from the basic as-
sumptions (i.e., Lipschitz vector field and existence of a stabilizing Lyapunov-based
controller). The various constants involved in the upper bounds are not assumed to
be arbitrarily small.

2.5 Model Predictive Control

MPC is widely adopted in industry as an effective approach to deal with large mul-
tivariable constrained control problems. The main idea of MPC is to choose control
actions by repeatedly solving an online constrained optimization problem, which
aims at minimizing a performance index over a finite prediction horizon based on
predictions obtained by a system model. In general, an MPC design is composed of
three components:

1. A model of the system. This model is used to predict the future evolution of the
system in open-loop and the efficiency of the calculated control actions of an
MPC depends highly on the accuracy of the model.

2. A performance index over a finite horizon. This index will be minimized subject
to constraints imposed by the system model, restrictions on control inputs and
system state and other considerations at each sampling time to obtain a trajectory
of future control inputs.

3. A receding horizon scheme. This scheme introduces the notion of feedback into
the control law to compensate for disturbances and modeling errors.

Consider the control of the system of Eq. 2.1 and assume that the state measure-
ments of the system of Eq. 2.1 are available at synchronous sampling time instants
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{ti>0}, a standard MPC is formulated as follows [25]:

i [ ROl + o] Jdr+ Pl @
st X(t) = f(Z@), u@),0), (2.12)
u) eU, (2.13)
X(tk) = x(t), (2.14)

where S(A) is the family of piece-wise constant functions with sampling period A,
N is the prediction horizon, Q. and R, are strictly positive definite symmetric
weighting matrices, X is the predicted trajectory of the nominal system due to con-
trol input u with initial state x () at time #, and F(-) denotes the terminal penalty.

The optimal solution to the MPC optimization problem defined by Eqgs. 2.11-2.14
is denoted as u*(¢|t;) which is defined for ¢ € [t, tx4n). The first step value of
u*(t|ty) is applied to the closed-loop system for ¢ € [#, fx+1). At the next sampling
time fx41, when a new measurement of the system state x(#;4) is available, the
control evaluation and implementation procedure is repeated. The manipulated in-
put of the system of Eq. 2.1 under the control of the MPC of Egs. 2.11-2.14 is
defined as follows:

u(t) =u*(t|ty), Vtelt, tkr1), (2.15)

which is the standard receding horizon scheme.

In the MPC formulation of Egs. 2.11-2.14, Eq. 2.11 defines a performance index
or cost index that should be minimized. In addition to penalties on the state and
control actions, the index may also include penalties on other considerations; for
example, the rate of change of the inputs. Equation 2.12 is the nominal model of
the system of Eq. 2.1 which is used in the MPC to predict the future evolution of
the system. Equation 2.13 takes into account the constraint on the control input,
and Eq. 2.14 provides the initial state for the MPC which is a measurement of the
actual system state. Note that in the above MPC formulation, state constraints are
not considered but can be readily taken into account.

It is well known that the MPC of Eqs. 2.11-2.14 is not necessarily stabilizing. To
achieve closed-loop stability, different approaches have been proposed in the litera-
ture. One class of approaches is to use infinite prediction horizons or well-designed
terminal penalty terms; please see [6, 65] for surveys of these approaches. Another
class of approaches is to impose stability constraints in the MPC optimization prob-
lem [1, 4, 65]. There are also efforts focusing on getting explicit stabilizing MPC
laws using offline computations [59]. However, the implicit nature of MPC control
law makes it very difficult to explicitly characterize, a priori, the admissible initial
conditions starting from where the MPC is guaranteed to be feasible and stabilizing.
In practice, the initial conditions are usually chosen in an ad hoc fashion and tested
through extensive closed-loop simulations.
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2.6 Lyapunov-Based Model Predictive Control

In this section, we introduce the LMPC design proposed in [67, 68] which allows
for an explicit characterization of the stability region and guarantees controller fea-
sibility and closed-loop stability.

For the predictive control of the system of Eq. 2.1, the LMPC is designed based
on an existing explicit control law /(x) which is able to stabilize the closed-loop
system and satisfies the conditions of Eqs. 2.4-2.7. The formulation of the LMPC
is as follows:

k4N
i [ @l + el Jar, 2.16)
st X() = f(F@®), u),0), (2.17)
u(t) e U, (2.18)
xX(t) =x(ty), (2.19)
oV (x(1)) oV (x(t))

S (), u(e), 0) < S (x @), h(x (), 0),  (2.20)

0x 0x

where V (x) is a Lyapunov function associated with the nonlinear control law 4 (x).
The optimal solution to this LMPC optimization problem is denoted as u?‘(t|tk)
which is defined for ¢ € [#, #x+n). The manipulated input of the system of Eq. 2.1
under the control of the LMPC of Eqgs. 2.16-2.20 is defined as follows:

u(t) =uj(tlty), vt ety k1), (2.21)

which implies that this LMPC also adopts a standard receding horizon strategy.

In the LMPC defined by Eqgs. 2.16-2.20, the constraint of Eq. 2.20 guarantees
that the value of the time derivative of the Lyapunov function, V (x), at time 7 is
smaller than or equal to the value obtained if the nonlinear control law u = h(x)
is implemented in the closed-loop system in a sample-and-hold fashion. This is a
constraint that allows one to prove (when state measurements are available every
synchronous sampling time) that the LMPC inherits the stability and robustness
properties of the nonlinear control law A (x) when it is applied in a sample-and-hold
fashion.

One of the main properties of the LMPC of Eqgs. 2.16-2.20 is that it possesses the
same stability region §2, as the nonlinear control law A (x), which implies that the
origin of the closed-loop system is guaranteed to be stable and the LMPC is guar-
anteed to be feasible for any initial state inside £2, when the sampling time A and
the disturbance upper bound 6 are sufficiently small. Note that the region §2,, can be
explicitly characterized; please refer to Sect. 2.4 for more discussion on this issue.
The stability property of the LMPC is inherited from the nonlinear control law % (x)
when it is applied in a sample-and-hold fashion; please see [14, 79] for results on
sampled-data systems. The feasibility property of the LMPC is also guaranteed by
the nonlinear control law k(x) since u = h(x) is a feasible solution to the optimiza-
tion problem of Egs. 2.16-2.20. The main advantage of the LMPC approach with
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respect to the nonlinear control law A(x) is that optimality considerations can be
taken explicitly into account (as well as constraints on the inputs and the states [68])
in the computation of the control actions within an online optimization framework
while improving the closed-loop performance of the system.

Remark 2.4 Since the closed-loop stability and feasibility of the LMPC of
Egs. 2.16-2.20 are guaranteed by the nonlinear control law A(x), it is unneces-
sary to use a terminal penalty term in the cost index (see Eq. 2.16 and compare it
with Eq. 2.11) and the length of the horizon N does not affect the stability of the
closed-loop system but it affects the closed-loop performance.

2.7 LMPC with Asynchronous Feedback

In this section, we modify the LMPC introduced in the previous section to take into
account data losses or asynchronous measurements, both in the optimization prob-
lem formulation and in the controller implementation. In this LMPC scheme, when
feedback is lost, instead of setting the control actuator outputs to zero or to the last
available values, the actuators implement the last optimal input trajectory evaluated
by the controller (this requires that the actuators must store in memory the last opti-
mal input trajectory received). The LMPC is designed based on a nonlinear control
law which is able to stabilize the closed-loop system and inherits the stability and
robustness properties in the presence of uncertainty and data losses of the nonlin-
ear controller, while taking into account optimality considerations. Specifically, the
LMPC scheme allows for an explicit characterization of the stability region, guaran-
tees practical stability in the absence of data losses or asynchronous measurements,
and guarantees that the stability region is an invariant set for the closed-loop system
under data losses or asynchronous measurements if the maximum time in which
the loop is open is shorter than a given constant that depends on the parameters
of the system and the nonlinear control law that is used to formulate the optimiza-
tion problem. A schematic diagram of the considered closed-loop system is shown
in Fig. 2.1.

Sensors

Fig. 2.1 LMPC design for systems subject to data losses. Solid lines denote point-to-point, wired
communication links; dashed lines denote networked communication and/or asynchronous sam-
pling/actuation
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2.7.1 Modeling of Data Losses/Asynchronous Measurements

We assume that feedback of the state of the system of Eq. 2.1, x(¢), is available
at asynchronous time instants 7, where {f,>0} is a random increasing sequence of
times; that is, the intervals between two consecutive instants are not fixed. The dis-
tribution of {#,>0} characterizes the time the feedback loop is closed or the time
needed to obtain a new state measurement. In general, if there exists the possibility
of arbitrarily large periods of time in which feedback is not available, then it is not
possible to provide guaranteed stability properties, because there exists a nonzero
probability that the system operates in open-loop for a period of time large enough
for the state to leave the stability region. In order to study the stability properties in
a deterministic framework, we assume that there exists an upper bound 7;, on the
interval between two successive time instants in which the feedback loop is closed
or new state measurements are available, that is:

max{t,+1 —tz} < Tpy. (2.22)
a

This assumption is reasonable from process control and networked control systems
perspectives [69, 78, 110, 111] and allows us to study deterministic notions of sta-
bility. This model of feedback/measurements is of relevance to systems subject to
asynchronous measurement samplings and to networked control systems, where the
asynchronous property is introduced by data losses in the communication network
connecting the sensors/actuators and the controllers.

2.7.2 LMPC Formulation with Asynchronous Feedback

When feedback is lost, most approaches set the control input to zero or to the last
implemented value. Instead, in this LMPC for systems subject to data losses, when
feedback is lost, we take advantage of the MPC scheme to update the input based on
a prediction obtained using the system model. This is achieved using the following
implementation strategy:

1. At asampling time, #,, when the feedback loop is closed (i.e., the current system
state x(t,) is available for the controller and the controller can send information
to the actuators), the LMPC evaluates the optimal future input trajectory u(t) for
t €ty ty + NA).

2. The LMPC sends the entire optimal input trajectory (i.e., u(¢) Vt € [t,,t,+ N A))
to the actuators.

3. The actuators implement the input trajectory until the feedback loop is closed
again at the next sampling time #,41; that is, the actuators implement u(¢) in
1 € lta, tay1)-

4. When a new measurement is received (a <—a + 1), go to Step 1.
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In this implementation strategy, when the state is not available, or the data sent
from the controller to the actuators is lost, the actuators keep implementing the last
received optimal trajectory. If data is lost for a period larger than the prediction
horizon, the actuators set the inputs to the last implemented values or to fixed val-
ues. This strategy is a receding horizon scheme, which takes into account that data
losses may occur. This strategy is motivated by the fact that when no feedback is
available, a reasonable estimate of the future evolution of the system is given by the
nominal trajectory. The LMPC design taking into account data losses/asynchronous
measurements, therefore modifies the standard implementation scheme of switch-
ing off the actuators (u = 0) or setting the actuators to nominal values or to the
last computed input values. The idea of using the model to predict the evolution
of the system when no feedback is possible has also been used in the context of
sampled-data linear systems, see [70, 71, 74, 75]. The actuators not only receive
and implement given inputs, but must also be able to store future trajectories to im-
plement them in case data losses occur. This means that to handle data losses, not
only the control algorithms must be modified, but also the control actuator hardware
that implements the control actions.

When data losses are present in the feedback loop, the existing LMPC schemes
[42, 67, 68, 86] can not guarantee the closed-loop stability no matter whether the
actuators keep the inputs at the last values, set the inputs to constant values, or keep
on implementing the previously evaluated input trajectories. In particular, there is
no guarantee that the LMPC optimization problems will be feasible for all time,
i.e., that the state will remain inside the stability region for all time. In the LMPC
design of Eqs. 2.16-2.20, the constraint of Eq. 2.20 only takes into account the first
prediction step and does not restrict the behavior of the system after the first step. If
no additional constraints are included in the optimization problem, no claims on the
closed-loop behavior of the system can be made. For this reason, when data losses
are taken into account, the constraints of the LMPC problem have to be modified.
The LMPC that takes into account data losses in an explicit way is based on the
following finite horizon constrained optimal control problem:

ta+NA
ug;i(% /t [IF@] 0.t Hu(t)”Rc]dr, (2.23)
st X() = f(F@0), u),0), (2.24)
2O = f(RO,h(Fa+ ), 0), Vie[tat jA 1o+ +1DA), (225)
ut) €U, (2.26)
X(ta) = X(ta) = x (1), (2.27)
V(X)) < V(R(®), V€t ta+ NRA), (2.28)

where x(r) is the trajectory of the nominal system under the nonlinear con-
trol law u = h(X(¢)) when it is implemented in a sample-and-hold fashion,
j=0,1,...,N — 1, and N is the smallest integer satisfying Ng A > T},,. This op-
timization problem does not depend on the uncertainty and assures that the LMPC



22 2 Lyapunov-Based Model Predictive Control

inherits the properties of the nonlinear control law & (x). To take full advantage of
the use of the nominal model in the computation of the control action, the prediction
horizon should be chosen in a way such that N > Ng.

The optimal solution to the LMPC optimization problem of Eqs. 2.23-2.28 is
denoted as u (¢|t,) which is defined for ¢ € [t,4, t, + N A). The manipulated input
of the system of Eq. 2.1 under the LMPC of Egs. 2.23-2.28 is defined as follows:

u(t) =uy(tlta), Vit €lta, tat1), (2.29)

where 7,1 is the next time instant in which the feedback loop will be closed again.
This is a modified receding horizon scheme which takes advantage of the predicted
input trajectory in the case of data losses.

In the design of the LMPC of Eqs. 2.23-2.28, the constraint of Eq. 2.25 is used to
generate a system state trajectory under the nonlinear control law u = h(x) imple-
mented in a sample-and-hold fashion; this trajectory is used as a reference trajectory
to construct the Lyapunov-based constraint of Eq. 2.28 which is required to be sat-
isfied for a time period which covers the maximum possible open-loop operation
time T;,. This Lyapunov-based constraint allows one to prove the closed-loop sta-
bility in the presence of data losses in the closed-loop system.

Remark 2.5 The LMPC of Egs. 2.23-2.28 optimizes a cost function, subject to a set
of constraints defined by the state trajectory corresponding to the nominal system in
closed-loop. This allows us to formulate an LMPC problem that does not depend on
the uncertainty and so it is of manageable computational complexity.

2.7.3 Stability Properties

The LMPC of Eqs. 2.23-2.28 computes the control input u applied to the system
of Eq. 2.1 in a way such that in the closed-loop system, the value of the Lyapunov
function at time instant ¢, (i.e., V(x(#;))) is a decreasing sequence of values with
a lower bound. Following Lyapunov arguments, this property guarantees practical
stability of the closed-loop system. This is achieved due to the constraint of Eq. 2.28.
This property is summarized in Theorem 2.1 below. To state this theorem, we need
the following propositions.

Proposition 2.1 Consider the nominal sampled trajectory x(t) of the system of
Eq. 2.1 in closed-loop for a controller h(x), which satisfies the conditions of
Egs. 2.4-2.7, obtained by solving recursively:

2(0) = f(R(0), h(E(1)).0), 1 € [tk tes1), (2.30)
where ty =t) + kA, k=0,1,....Let A,es > 0 and p > ps > 0 satisfy:

—az(a; ' (py)) + LM A < —e,/A. (2.31)
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Then if pmin < p where:
pmin =max{V (2t + A)) : V(£(1)) < ps} (2.32)
and X (to) € $2,, the following inequality holds:

V(X)) < V(Xw)), Vi€, i), (2.33)
V()?(tk)) < max{ V()? (to)) — ke, pmin}. (2.34)

Proof Following the definition of x (), the time derivative of the Lyapunov function
V (x) along the trajectory X (¢) of the system of Eq. 2.1 in ¢ € [fy, tx+1) is given by:

. oV (x
V(0) = " 30, m(E @), 0). (2.35)

Adding and subtracting w S (), h(x(f)),0) and taking into account
Eq. 2.5, we obtain:
V(E®) = —es(|E@)]) +

_AVE®m)
0x

AV(x
D) 1 (301, h(3@0). 0)

f(X@), h(X(%)),0). (2.36)

From the Lipschitz property of Eq. 2.10 and the above inequality of Eq. 2.36, we
have that:

V(E®) < —a3(e ' (0) + Ly |20 = 2@ | (237)

for all X (%) € £2,,/52,,. Taking into account the Lipschitz property of Eq. 2.8 and
the continuity of x(¢), the following bound can be written for all ¢ € [z, tx+1):

[£@) — 2@ | =M A. (2.38)

Using the expression of Eq. 2.38, we obtain the following bound on the time deriva-
tive of the Lyapunov function for ¢ € [#x, tx+1), for all initial states X (tx) € §2,,/§2,:

V(£(1) < —a3(ey ' (05)) + LM A. (2.39)

If the condition of Eq. 2.31 is satisfied, then V()?(t)) < —g&y/A. Integrating this
bound on t € [#, tx+1) we obtain that the inequality of Eq. 2.33 holds. Using
Eq. 2.33 recursively, it is proved that, if x(#y) € £2,,/$2,,, the state converges to £2,
in a finite number of sampling times without leaving the stability region. Once the
state converges to §2, C £2,, .., it remains inside £2,, .. for all times. This statement
holds because of the definition of pp, in Eq. 2.32. O

Proposition 2.1 ensures that if the nominal system under the control u = h(x)
implemented in a sample-and-hold fashion with state feedback every sampling time
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starts in the region £2,, then it is ultimately bounded in §2,, .. The following Propo-
sition 2.2 provides an upper bound on the deviation of the system state trajectory
obtained using the nominal model of Eq. 2.1, from the closed-loop state trajectory
of the system of Eq. 2.1 under uncertainty (i.e., w(t) # 0) when the same control
actions are applied.

Proposition 2.2 Consider the systems:

Xa(1) = f(xa (@), u(®), w()), (2.40)
% () = f(xp (1), u(1),0) (2.41)

with initial states x4(to) = xp(to) € 2. There exists a class ¢ function fw (-) such
that:

|%a @) = x(0) || < fw (& —10), (2.42)
Sforall x,(t), xp(t) € 2, and all w(t) € W with:

L6
Ly

fw(@) =="=(e"" = 1). (2.43)

Proof Define the error vector as e(t) = x,(t) — xp(¢). The time derivative of the
error is given by:

é(1) = f(xa (@), u(®), w®)) — f(xp(1), u(t),0). (2.44)
From the Lipschitz property of Eq. 2.9, the following inequality holds:
le@ | < Lu|w®| + Ly |xa®) = xp@)|| < Lub + Li||e(@)] (2.45)
for all x,(t), xp(t) € £2, and w(t) € W. Integrating |é(¢)|| with initial condition
e(tp) = 0 (recall that x, (fo) = xp(t9)), the following bound on the norm of the error
vector is obtained:

le| < LTw(eLx(’—’°> —1). (2.46)

This implies that the inequality of Eq. 2.42 holds for:

L6
fw(®) = L—(eLXr —1) (2.47)

which proves this proposition. ]

Proposition 2.3 below bounds the difference between the magnitudes of the Lya-
punov function of two states in £2,,.
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Proposition 2.3 Consider the Lyapunov function V() of the system of Eq. 2.1.
There exists a quadratic function fy (-) such that:

V) < V() + fv(fx =) (2.48)
forall x,x" € 2, where:
fv(s)=aa(a;! (0)s + Mys® (2.49)

with M, > 0.

Proof Since the Lyapunov function V (x) is continuous and bounded on compact
sets, there exists a positive constant M, such that a Taylor series expansion of V
around x’ yields:

oV
a(x) 2 VaxeR, (250
X

Ve = V() + 9D ] ag -

Note that the term M, ||x — x’||?> bounds the high order terms of the Taylor series of
V(x) for x,x" € §2,. Taking into account Eq. 2.6, the following bound for V (x) is
obtained:

V) < V() +aa(a] () |x — x|+ My|x —x'|°, ¥x,x' €2, (251

which proves this proposition. g

In Theorem 2.1 below, we provide sufficient conditions under which the LMPC
design of Eqgs. 2.23-2.28 guarantees that the state of the closed-loop system of
Eq. 2.1 is ultimately bounded in a region that contains the origin.

Theorem 2.1 Consider the system of Eq. 2.1 in closed-loop, with the loop closing
at asynchronous time instants {t,>o} that satisfy the condition of Eq. 2.22, under the
LMPC of Egs. 2.23-2.28 based on a controller h(x) that satisfies the conditions of
Eqs. 24-27. Let A,e5 >0, p > pmin > 0, p > ps > 0and N > Nr > 1 satisfy the
condition of Eq. 2.31 and the following inequality:

—Nreg + fv(fw(Nra)) <0 (2.52)
with fy(-) and fw(-) defined in Egs. 2.49 and 2.43, respectively, and Ng being

the smallest integer satisfying NrRA > Tp,. If x(t9) € §2,, then x(t) is ultimately
bounded in $2,,, C $2,, where:

Pa = pmin + fv (fw(NgA)) (2.53)

with pmin defined as in Eq. 2.32.
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Proof In order to prove that the closed-loop system is ultimately bounded in a region
that contains the origin, we prove that V (x(#,)) is a decreasing sequence of values
with a lower bound. The proof is divided into two parts.

Part I: In this part, we prove that the stability results stated in Theorem 2.1 hold
in the case that 7,41 — t, = T, for all @ and T;, = Nr A. This case corresponds to
the worst possible situation in the sense that the LMPC needs to operate in open-
loop for the maximum possible amount of time. In order to simplify the notation,
we assume that all the notations used in this proof refer to the final solution of the
LMPC of Eqgs. 2.23-2.28 solved at time 7,. By Proposition 2.1 and the fact that
ta+1 =ta + Nr A, the following inequality can be obtained:

V()E (ta—i-l)) = max{ V()e(ta)) — Ngey, pmin}- (2.54)

From the constraint of Eq. 2.28, the inequality of Eq. 2.54 and taking into account
the fact that x(¢,) = X(¢,) = x(t,), the following inequality can be written:

V(i(ta+l)) = max{ V(x(ta)) — Nges, pmin}- (2.55)

When x(¢) € £2,, for all times (this point will be proved below), we can apply Propo-
sition 2.3 to obtain the following inequality:

V(x(tas1) < V(E(tar) + fv (| T tar1) — xtas]])- (2.56)

Applying Proposition 2.2, we obtain the following upper bound on the deviation of
x(t) from x(¢):

| tas1) = Etar) | < fw (NRA). (2.57)

From the inequalities of Egs. 2.56 and 2.57, the following upper bound on
V(x(t441)) can be written:

V(x(tar1) < V(X (tasD) + fv (fw(Nr4)). (2.58)

Using the inequality of Eq. 2.55, we can rewrite the inequality of Eq. 2.58 as follows:

V(x(ta) <max{V (x(ta)) — Nres, pmin} + fv (fw(NrA).  (2.59)

If the condition of Eq. 2.52 is satisfied, from the inequality of Eq. 2.59, we know
that there exists &,, > 0 such that the following inequality holds:

V(x(ta+1)) §max{V(x(ta)) — Ew, ,Oa}’ (2.60)

which implies that if x(t,) € £2,/8,,, then V(x(t441)) < V(x(t,)), and if
x(ta) € 2p,. then V (x(ta+1)) < pa.

Because fw(-) and fy(-) are strictly increasing functions of their arguments
and fy (-) is convex (see Propositions 2.2 and 2.3 for the expressions of fw (-) and
fv(+)), the inequality of Eq. 2.60 also implies that:

V(x@®) <max{V(x(ta)). pa}, VI € lta, tat1). (2.61)
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Using the inequality of Eq. 2.61 recursively, it can be proved that if x(ty) € £2,,
then the closed-loop trajectories of the system of Eq. 2.1 under the LMPC of
Eqgs. 2.23-2.28 stay in §2, for all times (i.e., x(¢) € §£2,,, Vt). Moreover, it can be
proved that if x(#p) € £2,, the closed-loop trajectories of the system of Eq. 2.1 sat-
isfy:

lim sup V(x (t)) < Pq-
—>0o0
This proves that x(t) € §2,, for all times and x(¢) is ultimately bounded in £2,, for
the case when #,41 — t, = T, for all @ and T;, = NR A.

Part 2: In this part, we extend the results proved in Part 1 to the general case, that
is, ty41 —tg < Ty, for all a and T;,, < N A which implies that ¢, —t, < NRA. Be-
cause fw(-) and fy () are strictly increasing functions of their arguments and fy (-)
is convex, following similar steps as in Part 1, it can be shown that the inequality
of Eq. 2.61 still holds. This proves that the stability results stated in Theorem 2.1
hold. =

Remark 2.6 Theorem 2.1 is important from an MPC point of view because if the
maximum time without data losses is smaller than the maximum time that the sys-
tem can operate in open-loop without leaving the stability region, the feasibility of
the optimization problem for all times is guaranteed, since each time feedback is
regained, the state is guaranteed to be inside the stability region, thereby yielding a
feasible optimization problem.

Remark 2.7 Inthe LMPC of Egs. 2.23-2.28, no state constraint has been considered
but the presented approach can be extended to handle state constraints by restricting
the closed-loop stability region further to satisfy the state constraints.

Remark 2.8 1t is also important to remark that when there are data losses in the
control system, standard MPC formulations do not provide guaranteed closed-loop
stability results. For any MPC scheme, in order to obtain guaranteed closed-loop
stability results, even in the case where initial feasibility of the optimization problem
is given, the formulation of the optimization problem has to be modified accordingly
to take into account data losses in an explicit way.

Remark 2.9 Although the proof of Theorem 2.2 is constructive, the constants ob-
tained are conservative. This is the case with most of the results of the type pre-
sented in this book. In practice, the different constants are better estimated through
closed-loop simulations. The various inequalities provided are more useful as guide-
lines on the interaction between the various parameters that define the system and
the controller and may be used as guidelines to design the controller and the net-
work.
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2.7.4 Application to a Chemical Reactor

Consider a well mixed, nonisothermal continuously stirred tank reactor (CSTR)
where three parallel irreversible elementary exothermic reactions take place of the
form A - B, A— C and A — D. B is the desired product and C and D are
byproducts. The feed to the reactor consists of pure A at flow rate F, tempera-
ture T40 and molar concentration C 40 + AC 409 where AC 40 is an unknown time-
varying uncertainty. Due to the nonisothermal nature of the reactor, a jacket is used
to remove/provide heat to the reactor. Using first principles and standard modeling
assumptions, the following mathematical model of the process is obtained [21]:

3
dT F AH . -5 0
e L (Tao—T) — — kioe®RT C , 2.62
o =y Two=T) ; oo, kioe ™ Cat oo (2.62)
dCy F 3 —E;
— 2 = —(Cpo+ACpo—C kioe RT Cy, 2.63
7 Vr( A0+ ACao A)+Z i0e A (2.63)

i=1

where C4 denotes the concentration of the reactant A, T denotes the temperature
of the reactor, Q denotes the rate of heat input/removal, V, denotes the volume of
the reactor, AH;j, kio, E;, i = 1,2, 3 denote the enthalpies, preexponential constants
and activation energies of the three reactions, respectively, and ¢, and o denote the
heat capacity and the density of the fluid in the reactor, respectively. The values of
the process parameters are shown in Table 2.1.

For Oy = 0 KJ/h (Qy is the steady-state value of Q), the CSTR of Egs. 2.62-2.63
has three steady-states (two locally asymptotically stable and one unstable). The
control objective is to stabilize the system at the open-loop unstable steady state
T; = 388 K, Cas = 3.59 mol/l. The manipulated input is the rate of heat in-
put Q. We consider a time-varying uncertainty in the concentration of the inflow
|AC 49| < 0.5 kmol/m>. The control system is subject to data losses in both the
sensor-controller and the controller-actuator links.

To demonstrate the theoretical results, we first design the nonlinear control law
h(x) as a Lyapunov-based feedback law using the method presented in [97]. The

Table 2.1 Process parameters of the CSTR of Eqs. 2.62-2.63

F 4.998 [m3/h] k1o 3x10° [h™1]

Vv, 1 [m3] koo 3x10° [h™1]

R 8.314 [KJ/kmol K] k3o 3% 107 [h™1]

Tao 300 [K] E, 5 x 10* [KJ/kmol]
Cao 4 [kmol/m?] E» 7.53 x 10* [KJ/kmol]
AH, —5.0 x 10* [KJ/kmol] E3 7.53 x 10* [KJ/kmol]
AH, —5.2 x 10* [KJ/kmol] o 1000 [kg/m?]

AHj —5.4 x 10* [KJ/kmol] cp 0.231 [KJ/kg K]
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CSTR of Egs. 2.62-2.63 belongs to the following class of nonlinear systems:
B0 = f(x0) + g(xO)u() + w(x (@), (2.64)

where xT = [T — T, Ca4 — Ca,] is the state, u = Q — Q is the input and w = ACy4g
is a time varying bounded disturbance with the upper bound 6 = 0.5 kmol/m?>. We
consider the Lyapunov function V (x) = x Px with:

P= [(1) 184] . (2.65)

The values of the weights have been chosen to account for the different range of
numerical values for each state. The following feedback law [97] asymptotically
stabilizes the open-loop unstable steady-state of the nominal process:

LV L V2 (LgV)* .
h(x) = { - LV if LgV #0, (2.66)

if L,V =0,
where LV = % f(x)and L,V = % g(x) denote the Lie derivatives of the
scalar function V with respect to the vectors fields f and g in Eq. 2.64, respectively.
This controller will be used in the design of the LMPC of Egs. 2.16-2.20 and the
LMPC of Eqs. 2.23-2.28. The stability region §2, is defined as V (x) < 1000, i.e.,
p = 1000.

First, we have to choose an appropriate sampling time and a maximum prediction
horizon for the LMPC based on the properties of /(x). The inequalities obtained in
the main results of this section are conservative to be used to estimate an appropriate
sampling time for a given uncertainty bound and the maximum time that the system
can operate in open-loop without leaving the stability region. In order to obtain
practical estimates, we resort to extensive off-line closed-loop simulations under
the Lyapunov-based controller of Eq. 2.66. After trying different sampling times, we
choose A = 0.05 h. For this sampling time, the closed-loop system with u = h(x)
is practically stable and the performance is similar to the closed-loop system with
continuous measurements. With this sampling time, the maximum time such that
the system remains in §2, when controlled in open-loop with the nominal sampled
input trajectory is 5A (i.e., Ng =5). This value is also estimated using data from
simulations.

We implement the LMPCs presented in the previous sections using a sampling
time A = 0.05 h and a prediction horizon N = Ng = 5. The cost function is de-
fined by the weighting matrices Q. = P and R. = 107%. The values of the weights
have been tuned in a way such that the values of the control inputs are comparable
to the ones computed by the Lyapunov-based controller (i.e., same order of magni-
tude of the input signal and convergence time of the closed-loop system when no
uncertainty or data losses are taken into account).

We will first compare the LMPC of Eqs. 2.23-2.28 with the original LMPC of
Eqgs. 2.16-2.20. In this scheme, no data losses were taken into account. We imple-
ment the two LMPCs using the same strategy, that is, sending to the actuator the
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Fig. 2.2 (a, c) State and input trajectories of the CSTR of Egs. 2.62-2.63 with the LMPC of
Eqgs. 2.23-2.28 with no data losses; (b, d) state and input trajectories of the CSTR of Egs. 2.62-2.63
with the LMPC of Eqs. 2.16-2.20 with no data losses

whole optimal input trajectory, so in case data losses occur, the input is updated
as in the modified receding horizon scheme. The same weights, sampling time and
prediction horizon are used.

In Fig. 2.2, the trajectories of both LMPCs are shown assuming no data is lost,
that is, the state x(#;) is available every sampling time. It can be seen that both
closed-loop systems are practically stable. Note that regarding optimality, for a
given state, the LMPC of Egs. 2.16-2.20 (not necessarily the closed-loop trajec-
tory) yields a lower cost than the LMPC of Eqs. 2.23-2.28, because the constraints
that define the LMPC of Egs. 2.16-2.20 are less restrictive (i.e., the Lyapunov-
based constraint must hold only in the first sampling time whereas in the LMPC of
Eqgs. 2.23-2.28 it must hold along the whole prediction horizon).

When data losses occur, the LMPC of Eqs. 2.23-2.28 is more robust. The sta-
bility region is an invariant set for the closed-loop system if 7,, < NA. That is
not the case with the LMPC of Egs. 2.16-2.20. In Fig. 2.3, the trajectories of the
closed-loop system under both LMPCs are shown for the worst case of data loss
scenario with T, = 5A; that is, the system receives only one measurement of the
actual state every 5 samples. These trajectories account for the worst-case effect
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Fig. 2.3 (a, c) Worst case state and input trajectories of the CSTR of Egs. 2.62-2.63 with the
LMPC of Egs. 2.23-2.28 with T, = 5A; (b, d) state and input trajectories of the CSTR of
Eqgs. 2.62-2.63 with the LMPC of Egs. 2.16-2.20 with 7, = 5A

of the data losses. The trajectories are shown in the state space along with the
closed-loop stability region §2,,. It can be seen that the trajectory under the LMPC
of Egs. 2.16-2.20 leaves the stability region, while the trajectory under the LMPC
of Egs. 2.23-2.28 remains inside. When data losses are taken into account, in order
to inherit the stability properties of the Lyapunov-based controller of Eq. 2.66, the
constraints must be modified to take into account data losses as in the LMPC of
Eqgs. 2.23-2.28.

We now compare the LMPC of Eqs. 2.23-2.28 with the Lyapunov-based con-
troller of Eq. 2.66 applied in a sample-and-hold fashion following a “last available
control” strategy, i.e., when data is lost, the actuator keeps implementing the last
received input value. Note that, through extensive simulations, we have found that
in this particular example, the strategy of setting the input to zero when data losses
occur, yields worst results than the strategy of implementing the last available input.
In Fig. 2.4, the worst case trajectories with 7, = 2A for both controllers are shown.
It can be seen that, due to the instability of the open-loop steady state, for this small
amount of losses, the Lyapunov-based controller is not able to stabilize the system.
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Fig. 2.4 Worst case state and input trajectories of the CSTR of Eqgs. 2.62-2.63 with T,, =2A
in closed-loop with (a) the LMPC of Egs. 2.23-2.28 and (b) the Lyapunov-based controller of
Eq. 2.66

Table 2.2 Total performance costs along the closed-loop trajectories of the CSTR of
Eqs. 2.62-2.63 under the Lyapunov-based controller of Eq. 2.66 and the LMPC of Eqgs. 2.23-2.28

sim. Lyapunov-based controller of Eq. 2.66 LMPC of Eqs. 2.23-2.28
1 0.1262 x 1012 0.0396 x 1012
2 0.3081 x 10'2 0.2723 x 1012
3 0.0561 x 10'2 0.0076 x 1012
4 0.9622 x 101 0.2884 x 10!
5 3.8176 x 10! 1.3052 x 10!
6 0.9078 x 10! 0.0950 x 10
7 0.4531 x 1012 0.2678 x 10'2
8 0.6752 x 10! 0.5689 x 10!
9 1.0561 x 10! 0.6776 x 10!

10 0.5332 x 1012 0.3459 x 1012

This is due to the fact that this control scheme does not update the control actuator
output using the model, as the LMPC of Eqgs. 2.23-2.28 does.

We have also carried out another set of simulations to demonstrate that the LMPC
of Egs. 2.23-2.28, although inherits the same stability and robustness properties of
the Lyapunov-based controller that it employs, it does outperform the Lyapunov-
based controller of Eq. 2.66 from a performance index point of view. Table 2.2
shows the total cost computed for 10 different closed-loop simulations under the
LMPC and the Lyapunov-based controller implemented in a sample-and-hold fash-
ion, using the nominal model to predict the evolution of the system when data is lost.
To carry out this comparison, we compute the total cost of each simulation based on
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Fig. 2.5 LMPC design for u(t) z(t)
systems subject to LMPC System
time-varying measurement B
delays ot —d)
x(t)
Delay Sensors

the performance index of the LMPC which has the form:

1f
[ @ lg, + luco)
]

where o = 0 is the initial time of the simulations and 7y =4 h is the end of the
simulation. For each pair of simulations (one for each controller), a different ini-
tial state inside the stability region, a different random uncertainty trajectory and
a different data losses realization is chosen. As it can be seen in Table 2.2, the to-
tal cost under the LMPC of Egs. 2.23-2.28 is lower than the corresponding total
cost under the Lyapunov-based controller. This demonstrates that in this example,
the LMPC shares the same robustness and stability properties and is more optimal
than the Lyapunov-based controller, which is not designed taking into account any
optimality consideration.

The simulations have been done in MATLAB® using finincon and a Runge—
Kutta solver with a fixed integration time of 0.001 h. To simulate the time-varying
uncertainty, a different random value w(¢) has been applied at each integration step.

rJdT, (2.67)

2.8 LMPC with Delayed Measurements

In this section, we deal with the design of LMPC for nonlinear systems subject
to time-varying measurement delays in the feedback loop. In the LMPC design that
will be presented, when measurement delays occur, the nominal model of the system
is used together with the latest available measurement to estimate the current state,
and the resulting estimate is used to evaluate the LMPC; at time instants where
no measurements are available due to the delay, the actuator implements the last
optimal input trajectory evaluated by the controller as discussed in the previous
section. The LMPC accounting for delays is also designed based on a nonlinear
control law which is able to stabilize the closed-loop system and inherits the stability
and robustness properties in the presence of uncertainty and time-varying delays of
the nonlinear control law, while taking into account optimality considerations. The
closed-loop system considered in this section is shown in Fig. 2.5.

2.8.1 Modeling of Delayed Measurements

We assume that the state of the system of Eq. 2.1 is received by the controller at
asynchronous time instants 7, where {#,>¢} is a random increasing sequence of times
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Fig. 2.6 A possible sequence 2(ty — dq) 2(ty —da) 2(tatrji1 — datjt1)
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and that there exists an upper bound 7;,, on the interval between two successive mea-
surements as described in Eq. 2.22. We also assume that there are delays in the mea-
surements received by the controller due to delays in the sampling process and data
transmission. In order to model delays in measurements, another auxiliary variable
d, is introduced to indicate the delay corresponding to the measurement received
at time ¢,, that is, at time ¢,, the measurement x (¢, — d,) is received. In general, if
the sequence {d;>0} is modeled using a random process, there exists the possibility
of arbitrarily large delays. In this case, it is improper to use all the delayed mea-
surements to estimate the current state and decide the control inputs, because when
the delays are too large, they may introduce enough errors to destroy the stability of
the closed-loop system. In order to study the stability properties in a deterministic
framework, we assume that the delays associated with the measurements are smaller
than an upper bound D, that is:

d, < D. (2.68)

The size of D is, in general, related to measurement sensor delays and data trans-
mission network delays. We note that for chemical processes, the delay in the mea-
surements received by a controller are mainly caused in the measurement sampling
process. We also assume that the time instant when a measurement is sampled is
recorded and transmitted together with the measurement. This assumption is prac-
tical for many process control applications and implies that the delay in a measure-
ment received by the controller is calculable and can be assumed to be known.

Note that because the delays are time-varying, it is possible that at a time instant
t,, the controller may receive a measurement x (t, — d,;) which does not provide new
information (i.e., t, —d, <t,—1 — d,—1); that is, the controller has already received
a measurement of the state after time ¢, — d,. We assume that each measurement is
time-labeled, and hence the controller is able to discard a newly received measure-
mentif ¢, —d, < t,—1 —d,—1. Figure 2.6 shows part of a possible sequence of {t,>0}.
At time 7,, the state measurement x (¢, — d,) is received. There exists a possibility
that between ¢, and #,4 ;, with #,1 j —t, = D — d,, and j being an unknown integer,
all the measurements received do not provide new information. Note that any mea-
surements received after 7, ; provide new information because the maximum delay
is D and the latest received measurement was x (7, — d;). The maximum possible
time interval between t,; and #4 j11 iS T;. Therefore, the maximum amount of
time in which the system might operate in open-loop following #, is D + T, — d,.
This upper bound will be used in the formulation of the LMPC design for systems
subject to delayed measurements below.

Remark 2.10 The sequences {t,>0} and {d,;>¢} characterize the time needed to ob-
tain a new measurement in the case of asynchronous measurements or the quality of
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the network link in the case of networked (wired or wireless) communications sub-
ject to data losses and time-varying delays. The model is general and can be used to
model a wide class of systems subject to asynchronous, delayed measurements.

2.8.2 LMPC Formulation with Measurement Delays

A controller for a system subject to time-varying measurement delays must take
into account two important issues. First, when a new measurement is received, this
measurement may not correspond to the current state of the system. This implies
that in this case, the controller has to make a decision using an estimate of the
current state. Second, because the delays are time-varying, the controller may not
receive new information every sampling time. This implies that in this case, the
controller has to operate in open-loop using the last received measurements. To
this end, when a delayed measurement is received the controller uses the nom-
inal system model and the input trajectory that has been applied to the system
to get an estimate of the current state and then an MPC optimization problem is
solved in order to decide the optimal future input trajectory that will be applied
until new measurements are received. This approach implies that the previous con-
trol input trajectory should be stored in the controller. The implementation strategy
for the LMPC for systems subject to time-varying measurement delays is as fol-
lows:

1. When a measurement x (¢, — d,) is available at ¢,, the LMPC checks whether the
measurement provides new information. If z, — d, > max;, t; —d;, go to Step 2.
Else the measurement does not contain new information and is discarded, go to
Step 5.

2. The LMPC estimates the current state of the system x(f,) and computes the
optimal input trajectory of u based on x(¢,) for t € [t,,t, + NA).

3. The LMPC sends the entire optimal input trajectory to the actuators.

4. The actuators implement the input trajectory until a new measurement is received
at time #441.

5. When a new measurement is received (a <— a + 1), go to Step 1.

The LMPC that takes into account time-varying measurement delay in an explicit
way is based on the following constrained optimal control problem:

tq+NA
i [ O, + o] g Ja, 2.69)
st X(0) = f(Z@), u(),0), Vrelty—dy ta+NA), (2.70)
u(t) =uy(t), Vtelty—dg,ta), (2.71)
X(ta —dg) = x(tg — dy), (2.72)

X0 = fEOREGAD),0), retatjAta+(+1A), (273)



36 2 Lyapunov-Based Model Predictive Control
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where u;(¢) indicates the actual control input trajectory that has been applied to the
system, x(f, — d,) is the delayed measurement that is received at 7, with delay size
dy, %(t,) is an estimate of the current system state, j =0,..., N — 1, and Np 4 is
the smallest integer satisfying Np ,A > T, + D — d,.

The optimal solution to the LMPC optimization problem of Egs. 2.69-2.75 is
denoted as u(t|t,) which is defined for € [#4, 1, + N A). The manipulated input
of the system of Eq. 2.1 under the control of the LMPC of Eqgs. 2.23-2.28 is defined
as follows:

u(t) =uj(tlty), Vte€lty, tati), (2.76)

for all 7, such that 7, — d, > max;, t; — d; and for a given #,, the variable i denotes
the smallest integer that satisfies t,4; — dg+i > t; — dg.

In the LMPC design of Eqs. 2.69-2.75, if at a sampling time, a new measure-
ment x(f, — d,) is received, an estimate of the current state x(7,) is obtained using
the nominal model of the system (the constraint of Eq. 2.70) and the control input
trajectory applied to the system from 7, — d, to t, (the constraint of Eq. 2.71) with
the initial condition x(¢t, — d,;) = x(t, — d,) (the constraint of Eq. 2.72). The esti-
mated state x(#,) is then used to obtain the optimal future control input trajectory.
The LMPC of Egs. 2.69-2.75 uses the nominal model to predict the future trajec-
tory x(¢) for a given input trajectory u(z) € S(A) with ¢ € [t,,t, + NA). A cost
function is minimized (Eq. 2.69), while assuring that the value of the Lyapunov
function along the predicted trajectory X (¢) satisfies a Lyapunov-based constraint
(the constraint of Eq. 2.75) where X(¢) is the state trajectory corresponding to the
nominal system in closed-loop with the nonlinear control law % (x) (the constraint of
Eq. 2.73) with the initial condition X (¢,) = X(¢,) (the constraint of Eq. 2.74). Note
that the length of the constraint Np , depends on the current delay d, so it may
have different values at different time instants and has to be updated before solving
the optimization problem of Eqs. 2.69-2.75. If the controller does not receive any
new measurement at a sampling time, it keeps implementing the last evaluated opti-
mal trajectory. This strategy is a receding horizon scheme, which takes time-varying
measurement delays explicitly into account.

Figure 2.7 shows a possible scenario for a system of dimension 1. A delayed
measurement x (¢, — d,) is received at time ¢, and the next new measurement is
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not obtained until 7,4;. This implies that at time 7, we evaluate the LMPC of
Egs. 2.69-2.75 and we apply the optimal input u;(¢|t,) from #, to t,,;. The solid
vertical lines are used to indicate sampling times in which a new measurement is
obtained (that is, #, and f,;) and the dashed vertical line is used to indicate the time
corresponding to the measurement obtained in 7, (thatis, 7, —d,).

2.8.3 Stability Properties

In this subsection, we present the stability properties of the LMPC of Eqgs. 2.69-2.75
for systems subject to time-varying measurement delays. Theorem 2.2 below pro-
vides sufficient conditions under which the LMPC of Eqgs. 2.69-2.75 guarantees
stability of the closed-loop system in the presence of time-varying measurement
delays.

Theorem 2.2 Consider the system of Eq. 2.1 in closed-loop, which closes at asyn-
chronous time instants {t,>o} that satisfy the condition of Eq. 2.22, under the
LMPC of Egs. 2.69-2.75 based on a controller h(x) that satisfies the conditions
of Egs. 2.4-2.7. Let A, e3> 0, p > pmin > 0, p > ps >0, N > 1 and D > 0 satisfy
the condition of Eq. 2.31 and the following inequality:

—Ngres + fv(fw(NpA)) + fv(fw(D)) <O. (2.77)

with fy(-) and fw(-) defined in Egs. 2.49 and 2.43, respectively, Np being the
smallest integer satisfying NpA > T,, + D, and N being the smallest integer sat-
isfying NRA > T, If N > Np, x(t9) € 2, and dy = 0, then x(t) is ultimately
bounded in $2,, C §2,, where:

pd = pmin + fv(fw (NpA)) + fv(fw(D)). (2.78)

Proof In order to prove that the system of Eq. 2.1 in closed-loop with the LMPC
of Eq. 2.69-2.75 is ultimately bounded in a region that contains the origin, we will
prove that the Lyapunov function V (x) is a decreasing function of time with a lower
bound on its magnitude. We assume that the delayed measurement x (7, — d,) is
received at time 7, and that a new measurement is not obtained until ¢, ;. The LMPC
of Eq. 2.69-2.75 is solved at #, and the optimal input trajectory u;(|t,) is applied
from ¢, to t,;.

Part I: In this part, we prove that the stability results stated in Theorem 2.2 hold
forty4y;i —t,=Np.Aandalld, < D.

The trajectory x(¢) corresponds to the nominal system in closed-loop with the
nonlinear control law u = h(X) implemented in a sample-and-hold fashion with
initial condition X (z,); please see the constraint of Eqs. 2.73 and 2.74. By Proposi-
tion 2.1, the following inequality can be obtained:

V(& (tat)) < max{V (£(ta)) — Np,a&s: Pmin}- (2.79)
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The constraint of Eq. 2.75 guarantees that:
V(X)) = V(2®), Vi€lta,ta+ Npad), (2.80)

and the constraint of Eq. 2.74 guarantees that V (x(¢,)) = V(X(#,)). This implies
that:

V(i(ta-‘ri)) = max{V()E(ta)) — Np ats, Pmin}- (2.81)

When x (1) € £2,, for all times (this point will be proved below), we can apply Propo-
sition 2.3 to obtain the following inequalities:

V(X)) = V(x(ta) + fv (| x(ta) — X)) (2.82)
V(x(tari)) < V(Etard)) + fv (| xUagi) = Easi) |)- (2.83)

Applying Proposition 2.2, we obtain the following upper bounds on the deviation of
x(t) from x(t):

|x(ta) — %t || < fw(da), (2.84)
| (tasi) = X(tari) | < fw(NDA). (2.85)

Note that the constraints of Egs. 2.70-2.72 and the implementation procedure allow
us to apply Proposition 2.2 because it is guaranteed that the actual system state x (¢)
and the state estimated using the nominal model x(¢) are obtained using the same
input trajectory. Note also that we have taken into account that NpA > T;, + D —d,
for all d,. Using the inequalities of Eqs. 2.81-2.84, the following upper bound on
V (x(tx+)) is obtained:

V(x(tati)) <max{V (x(ta)) — Np.a&s. pmin} + fv(fw(da)) + fv (fw(NpA)).
(2.86)
In order to prove that the Lyapunov function is decreasing between two consec-
utive new measurements, the following inequality must hold:

Np.ags > fv(fw(NpA)) + fv(fw(da)) (2.87)

for all possible 0 < d, < D. Taking into account that fw (-) and fy(-) are strictly
increasing functions of their arguments, that Np , is a decreasing function of the
delay d, and that if d, = D then Np , = Nk, if the condition of Eq. 2.77 is satisfied,
the condition of Eq. 2.87 holds for all possible d, and there exists &,, > 0 such that
the following inequality holds:

V(x(tasi) < max{V (x(ta) = ew. pa}. (2.88)

which implies that if x(7,) € £2,/$2,,, then V(x(t44;)) < V(x(t,)), and if
x(ta) € 2p,. then V (x(ta4)) < pa-
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Because the upper bound on the difference between the Lyapunov function of the
actual trajectory x and the nominal trajectory X is a strictly increasing function of
time, the inequality of Eq. 2.88 also implies that:

V(x(®) <max{V(x(t)), pa}. V1 € [ta, tagi). (2.89)

Using the inequality of Eq. 2.89 recursively, it can be proved that if x (1) € £2,,
then the closed-loop trajectories of the system of Eq. 2.1 under the LMPC of
Eqgs. 2.69-2.75 stay in £2, for all times (i.e., x(¢) € £2,, Vt). Moreover, using the
inequality of Eq. 2.89 recursively, it can be proved that if x (7)) € £2,, the closed-
loop trajectories of the system of Eq. 2.1 under the LMPC of Egs. 2.69-2.75 satisfy:

limsup V (x(1)) < pq. (2.90)

—00

This proves that x(¢) € §2,, for all times and x(¢) is ultimately bounded in £2,, for
the case when t,4; —t; = Np 4 A.

Part 2: In this part, we extend the results proved in Part 1 to the general case,
that is, #,4; — t4 < Np 4A. Taking into account that fy(-) and fw(-) are strictly
increasing functions of their arguments and fy (-) is convex, following similar steps
as in Part 1, it can be shown that the inequality of Eq. 2.87 holds for all possible
d; <D and t,4; —t; < Np 4A. Using this inequality and following the same line
of arguments as in the previous part, the stability results stated in Theorem 2.2 can
be proved. O

Remark 2.11 When time-varying measurement delays are not present and new mea-
surements of x(¢) are fed into the controller every synchronous sampling time, the
LMPC of Egs. 2.69-2.75 may be simplified to the LMPC of Egs. 2.16-2.20. Com-
paring the LMPC of Eqs. 2.16-2.20 with the one of Eqgs. 2.69-2.75, the difference
is that the Lyapunov-based constraint of Eq. 2.20 has to hold only for one time
step. This implies that even if the same implementation procedure is used, and the
same optimization problem is solved (in order to estimate the current state), if the
Lyapunov-based constraint is not changed, stability cannot be proved. This point
will be illustrated in the example in Sect. 2.8.4.

Remark 2.12 In the LMPC of Egs. 2.23-2.28 for systems with asynchronous feed-
back without delays, the Lyapunov-based constraint of Eq. 2.28 has to hold for a
time period which is equal to or bigger than the maximum time without new mea-
surement. This constraint makes the computed control action more conservative
(and thus less optimal) because the controller may have to satisfy the Lyapunov-
based constraint over unnecessarily large horizons. If the LMPC of Egs. 2.23-2.28
is implemented for systems subject to time-varying delays, it will be, in general, less
optimal than the LMPC of Eqgs. 2.69-2.75. This point will also be illustrated in the
example in Sect. 2.8.4.
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2.8.4 Application to a Chemical Reactor

Consider the CSTR described by Eqs. 2.62-2.63 in Sect. 2.7.4. We assume that the
manipulated input (the rate of heat input Q) is bounded by |Q]| < 10° KJ/h and
the time-varying uncertainty in the reactant concentration of the inflow is bounded
by |AC 40| < 0.2 mol/l. The control system is subject to time-varying measure-
ment delay in the measurements of the concentration of the reactant, C4, and in
the measurements of the temperature, 7. Note that we do not consider the possi-
ble different sampling rates of temperature and concentration sensors in this exam-
ple. Note also that the delay in the measurements could be regarded as the total
time needed for online sensors to get a sample, analyze the sample and transmit
the data to the controller. The same nonlinear controller of Eq. 2.66 with the same
Lyapunov function V (x) and weighting matrix P is used in the design of the LM-
PCs used in the simulations. The stability region £2, is defined as V (x) < 700, i.e.,
p = 700.

The sampling time of the LMPCs is chosen to be A = 0.025 h, the maximum
allowable measurement delay is D = 6A = 0.15 h and the maximum interval be-
tween two consecutive measurements is 7, = A = 0.025 h which implies that
there is a measurement available every A but it may not contain new state in-
formation. The cost function is defined by the weighting matrices Q. = P and
R.=1075.

We first compare the LMPC of Eqgs. 2.69-2.75 with the LMPC of Egs. 2.16-2.20
in the case where no time-varying measurement delays are present. For this sim-
ulation, we choose the prediction horizon of the two LMPCs N equal to 7
(N =D +T,). We implement the LMPC of Eqgs. 2.16-2.20 using the same ap-
proach employed in the implementation of the LMPC of Eqgs. 2.69-2.75, that is,
the current state is estimated using the nominal model when a delayed measure-
ment is received and the last optimal input is applied when no new measurement
is received. In Fig 2.8, the trajectories of the CSTR under both LMPCs are shown
assuming no measurement delay is present, that is, the state x () is available every
sampling time. It can be seen that both closed-loop systems are practically stable
and the trajectories remain in the stability region £2,,.

In order to simulate the process in the presence of measurement delay, we use a
random process to generate the delay sequence {d,>¢}, and the time sequence {t,>0}
and corresponding delay sequence {d,>0} in which the control system is subjected
to is shown in Fig. 2.9. In this figure, we see the time-varying nature of the mea-
surement delays and the largest delays are equal to the maximum allowable delay
D =6A =0.15 h. Note that when d,+1 = d, + A, the controller does not receive
any new measurement.

When time-varying measurement delays are present, the LMPC of Egs. 2.69-2.75
is more robust. The stability region is invariant for the closed-loop system if
D + T,, < N A. This is not the case with the LMPC of Egs. 2.16-2.20. In Fig. 2.10,
the trajectories of the closed-loop system under both controllers are shown in the
presence of measurement delay with D = 6 A = 0.15 h. It can be seen that the
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Fig. 2.8 (a, ¢) State and input trajectories of the CSTR of Egs. 2.62-2.63 with the LMPC of
Egs. 2.69-2.75 when no measurement delay is present; (b, d) state and input trajectories of the
CSTR of Egs. 2.62-2.63 with the LMPC of Egs. 2.16-2.20 when no measurement delay is present
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LMPC of Egs. 2.16-2.20 can not stabilize the system at the desired open-loop un-
stable steady-state and the trajectories leave the stability region, while the LMPC
of Eqgs. 2.69-2.75 keeps the trajectories inside the stability region. When mea-
surement delay is present, in order to provide stability guarantees, the constraints
must be modified to take into account the measurement delay as in the LMPC of
Eqgs. 2.69-2.75.

We have also carried out a set of simulations to compare the LMPC of
Eqgs. 2.69-2.75 with the LMPC of Egs. 2.23-2.28 for nonlinear systems subject
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Fig. 2.10 (a, c) State and input trajectories of the CSTR of Egs. 2.62-2.63 with the LMPC of
Eqgs. 2.69-2.75 when D is 6A and T,, = A; (b, d) state and input trajectories of the CSTR of
Egs. 2.62-2.63 with the LMPC of Eqgs. 2.16-2.20 when D is 6A and T, = A

to data losses from a performance index point of view. We also implement the
LMPC of Egs. 2.23-2.28 using the same approach employed in the implementa-
tion of the LMPC of Eqgs. 2.69-2.75. Table 2.3 shows the total cost computed for
20 different closed-loop simulations under the LMPC of Eqs. 2.69-2.75 and the
LMPC of Egs. 2.23-2.28. To carry out this comparison, we have computed the total
cost of each simulation based on the performance index of Eq. 2.67 with the initial
simulation time 79 = 0 and the final simulation time ¢y =2 h.

The prediction horizon in this set of simulations is N = 10. For each pair of sim-
ulations (one for each controller) a different initial state inside the stability region, a
different uncertainty trajectory and a different random measurement delay sequence
is chosen. As can be seen in Table 2.3, the LMPC of Egs. 2.69-2.75 has a cost lower
than the corresponding total cost under the LMPC designed for systems subject to
data losses in 16 out of 20 simulations (see also Remark 2.12). This illustrates that
the LMPC of Eqgs. 2.69-2.75 is, in general, more optimal. This is because the LMPC
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Table 2.3 Total performance
costs along the closed-loop
trajectories of the CSTR of

sim. LMPC of Egs. 2.69-2.75 LMPC of Egs. 2.23-2.28

Egs. 2.62-2.63 under LMPC 1 1.8295 x 10* 2.4428 x 10*
of Egs. 2.69-2.75 and LMPC 2 4.2057 x 10* 6.0522 x 10*
of Bqs. 2.23-2.28 3 3.2481 x 10 1.0428 x 10%
4 7.4328 x 10? 7.3961 x 102

5 1.4229 x 10° 2.7798 x 10°

6 4.9435 x 10* 6.1596 x 10*

7 3.2519 x 10* 3.4319 x 10*

8 2.7590 x 10* 47075 x 10*

9 9.4216 x 10? 9.4866 x 102

10 5.4505 x 10? 5.4322 x 10?

11 1.9723 x 10* 3.1282 x 10*

12 2.7235 x 10* 3.8772 x 10*

13 1.8671 x 10 1.9200 x 103

14 3.7789 x 10* 4.0050 x 10*

15 2.1839 x 10° 2.1392 x 10°

16 4.2920 x 10* 4.4594 x 10*

17 1.5153 x 102 1.7190 x 102

18 4.9955 x 103 9.9094 x 10°

19 3.2086 x 10* 4.8838 x 10*

20 1.5420 x 103 1.5197 x 10°

designed for system subject to data losses requires the Lyapunov-based constraint
of Eq. 2.28 to be satisfied along the whole possible maximum open-loop operation
time (thatis 7 € [t,, t, + Ngr A)) which yields a more conservative controller from a
performance point of view.

We have also carried out a set of simulations to study the dependence on the
value of the maximum delay D of the set in which the trajectory of the process
under the proposed LMPC scheme is ultimately bounded. In order to estimate the
size of each set for a given D, we start the system very close to the equilibrium
state and run it for a sufficient long time. In this set of simulations, we set AC 49 =
0.1 kmol/m? and N = 7. The simulation time is 25 h. Figure 2.11 shows the location
of the states, (Ca, T), at each sampling time and the estimated regions for D =
2A,4A,6A. Three ellipses are used to estimate the boundaries of the sets, and they
are chosen to be as small as possible but still include all the corresponding points
indicating the states. From Fig. 2.11, we see that the size of these sets becomes larger
as D increases. The results are expected because the size of the sets is not only
dependent on the system and the controller, but it also depends on the maximum
measurement delay. The longer the size of the delay, the further the system can
move away from the steady-state which means a larger set (if the state is still in
the stability region §2,). Note that all the sets for D =2A,4A,6A are included
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Fig. 2.11 (a) Estimate of the set in which the state trajectories of the CSTR of Egs. 2.62-2.63 with
the LMPC of Egs. 2.69-2.75 are ultimately bounded when the maximum allowable measurement
delay D is 2A; (b) estimate of the set in which the state trajectories of the CSTR of Eqgs. 2.62-2.63
with the LMPC of Eqgs. 2.69-2.75 are ultimately bounded when the maximum allowable mea-
surement delay D is 4A; (c) estimate of the set in which the state trajectories of the CSTR of
Eqgs. 2.62-2.63 with the LMPC of Egs. 2.69-2.75 are ultimately bounded when the maximum
allowable measurement delay D is 6A; (d) comparison of the three sets

in the stability region of the closed loop system under the LMPC accounting for
time-varying delays (£2,, o = 700).

2.9 Conclusions

In this chapter, LMPC designs were developed for the control of a broad class
of nonlinear uncertain systems subject to data losses/asynchronous measurements
and time-varying measurement delays. The main idea is that in order to provide
guaranteed stability results in the presence of data losses or time-varying mea-



2.9 Conclusions 45

surement delays, the constraints that define the LMPC optimization problems as
well as the implementation procedures have to be modified to account for data
losses/asynchronous measurements or time-varying measurement delays. The pre-
sented LMPCs possess an explicit characterization of the closed-loop system sta-
bility regions. The applications of the presented LMPCs were illustrated using a
nonlinear CSTR example.






Chapter 3
Networked Predictive Process Control

3.1 Introduction

In Chap. 2, we presented two LMPC designs for networked control systems sub-
ject to feedback data losses and time-varying measurement delays. From a control
system architecture point of view, the two LMPC designs are centralized and aim
to replace existing, dedicated control systems. In this chapter, we present a two-tier
networked control architecture to augment existing, point-to-point control systems
with networked control systems, which take advantage of real-time wired or wireless
sensor and actuator networks. This two-tier control architecture is a decentralized
control architecture and involves the use of hybrid communication networks. In this
case, key issues that need to be carefully handled at the control system design level
include data losses due to field interference, and time-delays due to network traffic
as well as measurement sampling.

The class of networked control problems considered in this chapter arises nat-
urally in the context of process control systems based on hybrid communication
networks (i.e., point-to-point wired links integrated with networked wired or wire-
less communication) and utilizing multiple heterogeneous measurements (e.g., tem-
perature and concentration). Assuming that there exists a lower-tier control sys-
tem which relies on point-to-point communication and continuous measurements to
stabilize the closed-loop system, we use LMPC to design an upper-tier networked
control system which profits from both continuous and asynchronous/delayed mea-
surements as well as from additional networked control actuators. The main idea is
to formulate appropriate constraints in the MPC optimization problem based on the
existing lower-tier control system, in a way such that the MPC inherits the robust-
ness and stability properties of the lower-tier controller. The two-tier control system
architecture has the ability to preserve the stability properties of the lower-tier con-
trol system while improving the closed-loop performance. The applicability and
effectiveness of the two-tier control architecture is demonstrated using two chemi-
cal process examples. Moreover, the two-tier control architecture is also applied to
the optimal management and operation of a standalone hybrid wind—solar energy
generation system. Specifically, we design a supervisory control system via MPC

P.D. Christofides et al., Networked and Distributed Predictive Control, 47
Advances in Industrial Control,
DOI 10.1007/978-0-85729-582-8_3, © Springer-Verlag London Limited 2011
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which computes the power references for the wind and solar subsystems at each
sampling time while minimizing a suitable cost function. The power references are
sent to two local controllers which drive the two subsystems to the requested power
references. We explicitly incorporate some important practical considerations, for
example, how to extend the life time of the equipment by reducing the peak values
of inrush or surge currents, into the formulation of the MPC optimization problem.
We present several simulation case studies that demonstrate the applicability and
effectiveness of the supervisory predictive control architecture. The results of this
chapter were first presented in [51, 57, 88].

3.2 System Description

In this chapter, we consider nonlinear systems described by the following state-
space model:

(1) = f(x@), us (1), ua(t), w(t)), (3.1)
s (t) = hy(x(1)), (3.2)
Ya(t) = ha(x(1)), (3.3)

where x () € R" denotes the vector of state variables, y,;(f) € R" denotes measure-
ments that are available continuously, y,(#) € R" denotes measurements that are
sampled at asynchronous time instants, u, (1) € R™s and u,(t) € R™* are two differ-
ent sets of possible control inputs, and w(z) € R denotes the vector of disturbance
variables. The disturbance vector is assumed to be bounded, i.e., w(t) € W where:

W:={weR":|w|=<6,0>0]} (3.4)

with 6 being a known positive real number.

We assume that f is a locally Lipschitz vector function, hs and h, are suffi-
ciently smooth vector functions, f(0,0,0,0) =0, hs(0) = 0 and %,(0) = 0. This
means that the origin is an equilibrium point for the nominal system with u; =0
and u, =0.

The system of Eqs. 3.1-3.3 has both continuous synchronous and sampled asyn-
chronous measurements. We assume that ys(¢) is available for all ¢, while y,(¢)
is sampled and only available at some time instants #, where {t,>0} is a random
increasing sequence of times. Moreover, there may be time-varying measurement
delays associated with the asynchronous measurements y,(¢). Please see Sect. 3.3
for a precise definition of the measurement/network model that considered in this
chapter.

Remark 3.1 The two sets of inputs include both systems with multiple inputs, or
systems with a single input divided artificially into two parts; that is:

20 = f(x@).,u@®), w®)) (3.5)
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with u(t) = ug(t) + u, (). This implies that the two-tier control architecture pre-
sented in this chapter can be used to design control systems which produce adjust-
ments to the actions of an already operating local control system to improve the
closed-loop performance.

3.3 Modeling of Measurements

The system of Eqgs. 3.1-3.3 is controlled using both continuous synchronous, ys,
and asynchronous, delayed measurements, y,. This class of systems arises natu-
rally in process control applications, where different process variables have to be
measured such as temperature, flow rates, species concentrations or particle size
distributions. This model is also of interest in the context of processes controlled
through a hybrid communication network in which networked wired/wireless sen-
sors and actuators are used to add redundancy to existing control loops (which use
point-to-point wired communication links and continuous measurements) because
networked communication is often subject to data losses due to field interference
(for example, in wireless communication) and time-varying delays due to network
traffic.

We assume that y; is available for all 7, while delayed y, samples are received at
an asynchronous rate. We also assume that each y, measurement is time-labeled, so
the controller is able to discard nonrelevant information. Delays in the computation
and implementation of control actions can be readily lumped with the measurement
delays and are not treated separately. The time instants at which a new delayed y,
sample is received are denoted #,, where {t,>0} is a random increasing sequence
of times. To model the time-varying delay, an auxiliary variable d, is introduced to
indicate the delay corresponding to the sample received at time 7, that is, at time
instant 7, the sample y, (t, — d,) = hq(x(t; — dj)) is received.

In general, if the sequence {d,>0} is modeled using a random process, it is im-
proper to use all the delayed measurements to estimate the current state and decide
the control inputs, because when the delays are too large, they may introduce enough
errors to destroy the stability of the closed-loop system. In order to study the stabil-
ity properties in a deterministic framework, in this chapter, we only take advantage
of delayed measurements such that the delays associated with the measurements are
smaller than an upper bound D, i.e.,d, < D,a =0, 1.... The sequence {t,>0} only
indicates time instants in which new measurements are available with a correspond-
ing measurement delay smaller than or equal to D.

We assume that the measurement of the full state x can be obtained by a proper
combination of measurements y; and y, at a given time instant. Due to the asyn-
chronous nature of y,, the time interval between two consecutive state x measure-
ments is unknown, moreover, due to the time-varying measurement delay of y,, the
full state x is also subject to time-varying delays. This implies that a controller that is
designed to profit from the extra information provided by the asynchronous, delayed
measurements y, must take into account that between two consecutive state mea-
surements it has to operate in open-loop and that the received state measurements
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are delayed so the real state of the system has to be estimated using the nominal
model of the system and the available measurement information.

Remark 3.2 The sequence {t,>0} does not take into account time instants in which
a sample that does not provide new information or a sample that involves a delay
larger than D is received, that is, the controller discards samples with already known
information, or with a delay too large to use this sample to estimate the current state
(recall that the measurements are time-labeled).

Remark 3.3 We have considered that the delayed full state is available asyn-
chronously to simplify the notation. The results can be extended to controllers based
on partial state information.

3.4 Lower-Tier Controller

The continuous measurements y;(¢) can be used to design a continuous output feed-
back controller to stabilize the system. We term the control system based only on
the continuous measurements y; (7) as lower-tier controller. This controller does not
use the asynchronous measurements y,(¢). Figure 3.1 shows a schematic of the
lower-tier control system. Following this idea, we assume that there exists an out-
put feedback controller u4(¢) = ks (ys) (Where kg (y5) is assumed to be a sufficiently
smooth function of y) that renders the origin of the nominal closed-loop system
asymptotically stable with u, () = 0. Using converse Lyapunov theorems [11, 40,
48, 64], this assumption implies that there exist functions «;(:), i = 1,2,3,4 of
class # and a continuously differentiable Lyapunov function V (x) for the nominal
closed-loop system, that satisfy the following inequalities:

ar(lxl) = Vx) < aa(lixll), (3.6)
oV
8ff)f(x,ks(m(x)),o, 0) < —as(lIx1), 3.7)
oV
H ai") < as(l1xl). (3.8)

for all x € O € R" where O is an open neighborhood of the origin. We denote
the region §2, C O as the stability region of the closed-loop system under the con-
troller ks (ys). In the remainder, we will refer to the controller &, (ys) as the lower-tier
controller.
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The lower-tier controller k;(ys) is able to stabilize the system, however, it does
not profit from the extra information provided by y,(¢). In the remainder of this
chapter, we present a two-tier control architecture that profits from this extra infor-
mation to improve closed-loop performance.

Remark 3.4 The assumption that there exists a lower-tier controller which can sta-
bilize the closed-loop system using only the continuous measurements y,(¢) and
the inputs u,(¢) implies that, in principle, it is not necessary to use the additional
information provided by the asynchronous measurements and the extra inputs u, ()
in order to achieve closed-loop stability. However, the main objective of the two-
tier control architecture is to profit from this extra information and control effort
to improve the closed-loop performance while maintaining the stability properties
achieved by the lower-tier controller.

Remark 3.5 Note that in many application areas, specifically in chemical plants,
there are control systems that have already been implemented using dedicated, local
control networks. These control systems will not be replaced by networked control
systems. Instead, networked control systems should be designed and implemented
to augment the preexisting control systems to maintain stability and improve closed-
loop performance. This is why we assume that there exists a preexisting stabilizing
controller kg (ys) for the lower-tier control system based on the continuous measure-
ments ys (2).

Remark 3.6 We have considered static lower-tier controllers to simplify the nota-
tion. The formulation can be extended to dynamic lower-tier controllers. In the ex-
amples in Sects. 3.5.3, 3.5.4, 3.6.3 and 3.6.4, proportional-integral (PI) controllers
are used as the lower-tier controllers.

Remark 3.7 The lower-tier controller provides some degree of robustness with re-
spect to the uncertainty w. The conditions of Egs. 3.6-3.8 and the Lipschitz property
of f guarantee that: (a) the closed-loop nominal system under the lower-tier con-
troller is asymptotically stable; (b) the closed-loop system state under the lower-tier
controller subject to the disturbances is ultimately bounded, provided 6 is suffi-
ciently small, in a region that contains the origin that depends on the size of the
uncertainty. These properties are made explicit in Proposition 3.1 in the next sec-
tion. Please see [40] for more details.

3.5 Two-Tier Networked Control Architecture
with Continuous/Asynchronous Measurements

In this section, we consider the design of the two-tier control architecture for the
system of Eqgs. 3.1-3.3 with continuous and asynchronous measurements without
delays; that is d, = 0 for all time instants. The extension of the two-tier control
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Fig. 3.2 Two-tier networked control architecture (solid lines denote dedicated point-to-point,
wired communication links and continuous sensing and actuation; dashed lines denote networked
(wired or wireless) communication or asynchronous sampling and actuation)

architecture for the system of Egs. 3.1-3.3 with continuous and asynchronous mea-
surements involving time-varying delays (i.e., d, # 0) will be presented in Sect. 3.6.

The main objective of the two-tier control architecture is to improve the per-
formance of the closed-loop system using the information provided by y, (#) while
guaranteeing that the stability properties of the lower-tier controller are maintained.
This is done by defining a controller (upper-tier controller) based on the full state
measurements obtained from both the synchronous and asynchronous measure-
ments at time steps 7,. In the two-tier control architecture, the upper-tier controller
decides the trajectory of u,(f) between successive samples, i.e., for ¢ € [#,, f,41)
and the lower-tier controller decides u,(f) using the continuously available mea-
surements. Figure 3.2 shows a schematic of the two-tier control architecture. Due to
the asynchronous nature of y,(#), the upper-tier controller has to take into account
that the time interval between two consecutive samples is unknown and there exists
the possibility of an infinitely large interval.

Remark 3.8 Note that since the lower-tier controller has already been designed,
this controller views the input u,(¢) as a disturbance that has to be rejected if the
controller that is used to manipulate u,(¢) is not properly designed. Therefore, the
design of the upper-tier controller has to take into account the decisions that will
be made by the lower-tier controller to maintain closed-loop stability and guarantee
improved closed-loop performance.

3.5.1 Upper-Tier Networked LMPC Formulation

In order to take advantage of the model of the system and the asynchronous state
measurements, we use MPC to decide u,(¢). The main idea is the following: at each
time instant #, that a new state measurement is obtained, an open-loop finite horizon
optimal control problem is solved and an optimal input trajectory is obtained. This
input trajectory is implemented until a new measurement arrives at time #,4 1. If the
time between two consecutive measurements is longer than the prediction horizon,
uy (1) is set to zero until a new measurement arrives and the optimal control problem
is solved again. In order to guarantee that the resulting closed-loop system is stable,
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we design the MPC via LMPC. In the LMPC designs presented in Chap. 2, the sta-
bility constraints are defined based on a known nonlinear state feedback controller.
In this chapter, the constraint of the upper-tier networked LMPC design is based on
the lower-tier output feedback controller. The upper-tier LMPC optimization prob-
lem is defined as follows:

ta+NA
i [l sl + el Jde 69
st X(0) = f(R@), us (1), ua(0), 0), (3.10)
ug (t) = ks (hy (£(1))), (3.11)
x(1) = f(R(0), ke (hs(2(D))), 0,0), (3.12)
X(ta) = X (ta) = x(ta), (3.13)
V(E®) < V(R1), Vi€ltata+NA), (3.14)

where x(7;) is the state obtained from both y(7;) and y,(z;), X(¢) is the pre-
dicted trajectory of the two-tier nominal system with u, computed by this upper-
tier LMPC, and x(¢) is the predicted trajectory of the two-tier nominal system for
the input trajectory u,(t) =0 for all ¢ € [¢,, t, + N A). The optimal solution to this
optimization problem is denoted u;(¢|t;). This signal is defined for all ¢ > ¢, with
ui(tlty) =0forallt >1, + NA.

The control inputs of the two-tier control architecture based on the above LMPC
are defined as follows:

ug (1) = ks (hy(x(0))), vz, (3.15)
ug () =uy(tlty), vt €lta, tas1), (3.16)

where u (t]t,) is the optimal solution of the LMPC of Eqgs. 3.9-3.14 at time step 7.
This implementation technique takes into account that the lower-tier controller uses
the continuously available measurements, while the upper-tier controller has to op-
erate in open-loop between consecutive asynchronous measurements.

Note that the constraint of Eq. 3.14 in the LMPC of Eqgs. 3.9-3.14 is needed
to ensure that the value of the Lyapunov function of the closed-loop system under
the two-tier control architecture is lower than or equal to the Lyapunov function of
the closed-loop system when it is only controlled by the lower-tier controller. By
imposing the constraint of Eq. 3.14, we can prove that the stability of the closed-
loop system under the two-tier control architecture with inputs determined as in
Egs. 3.15-3.16 which is shown in Sect. 3.5.2.

Remark 3.9 By definition, u’(t|t,) = 0 for all ¢ > t, + N A. This implies that the
upper-tier controller switches off when it has been operating in open-loop for a
large time, because in this case, the last received information is no longer useful to
improve the performance of the lower-tier controller. The two-tier networked con-
trol architecture is (by design) stable because of the lower-tier controller stability
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properties. The main problem is how to improve the closed-loop performance us-
ing asynchronous communications in a way such that the stability properties of the
closed-loop system under the lower-tier controller are not compromised. Setting the
control input of the upper-tier controller to zero after a given time is necessary to
maintain the stability properties, because after a sufficiently large time, the upper-
tier input implemented in open-loop is not improving the closed-loop performance
and may act as a disturbance.

3.5.2 Stability Properties

Combining the information from a hybrid communication system may lead to los-
ing the stability properties of the lower-tier controller. The resulting closed-loop
system is an asynchronous system [73] and we follow a Lyapunov-based approach
to study the stability properties of the two-tier control architecture with the upper-
tier controller design as in Eqgs. 3.9-3.14. The main idea, is to compute the input
uy(t) applied to the system in a way such that it is guaranteed that the value of the
Lyapunov function at time instants #,, V (x(¢;)), is a decreasing sequence of values
with a lower bound. This guarantees practical stability of the closed-loop system.
This property is presented in Theorem 3.1 below. To state this theorem, we need the
following propositions.

Proposition 3.1 Consider the system of Egs. 3.1-3.3 in closed-loop with a lower-
tier controller k. If kg satisfies the conditions of Eqs. 3.6-3.8, there exists a X £
Sfunction B(r,s), a X function y and a constant Onmax such that if x(ty) € 2, and
uq(t) =0 forall t then:

V(x®) = BV (x(0). 1 = 10) +( max Jw(@)]) (3.17)

T€lfo,1]

forall w e W with 6 < Omax.

This proposition provides us with a bound on the trajectories of the Lyapunov
function of the state of the system of Eqs. 3.1-3.3 in closed-loop with the lower-tier
controller and u, (t) = 0. The proof of Proposition 3.1 can be found in [40].

Proposition 3.2 Consider the following state trajectories:
2a(0) = (xa(0), ks (hy (xa (D)), ta (), w (1)), (3.18)
xp(1) = f (xp(0), ks (s (x5(1))), 14 (1), 0) (3.19)

with initial states xq(to) = xp(to) € §2,,. There exists a class & function fw such
that:

[xa(®) = xp ()| < fw (& —10) (3.20)
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with:

Lu0, ;.
fw(r)=L—,(eLx —1) (3.21)

Sforall x,(t), xp(t) € 2, and all w(t) e W.

Proof Define the error vector as e(t) = x,(¢t) — xp(¢). The time derivative of the
error is given by:

é(t) = f(xa(t)a ks(hs(xa(t)))’ uq(t), w(t))
— f(xp(@), ks (s (xp(0))), ua (), 0). (3.22)

By the local Lipschitz property assumed for the vector field f(x, uy, u,, w), there
exist positive constants L,, Ly and L, such that:

le@ | < Luw|w@ —0] + Ly | xa(t) — x5 (1) ||
+ Lu1 ||ks (hs (xa (t))) — ks (hs ()Cb(l))) “ (3.23)

for all x,(t), x5(t) € $2,, and w(t) € W. By continuity and smoothness properties of
ks and hy, there exists a positive constant L,» such that:

ks (Bs (xa(®))) — ks (s (x5®))) | < Luz || xa(t) — x5(@) | (3.24)

for all x,(t), xp(t) € £2,. Thus the following inequality can be obtained from the
inequality of Eq. 3.23:

||€(l)|| = Lw”w(t) “"‘(Lx + Ly1Lu2) ||xa(t) —)Cb([)”
<Ly + (Ly+ Ly1Ly2) ||€(l) || (3.25)

Integrating ||é(¢)] with initial condition e(fg) = 0 (recall that x,(fy) = x5 (o)), the
following bound on the norm of the error vector is obtained:

le@| < LL—“je(eLi“*’M - 1), (3.26)
X

where L, = Ly + L, L,2. This implies that the condition of Eq. 3.20 holds for:

L0
L

X

fw(T) = =25 (b7 — 1), (3.27)

which proves this proposition. g

Theorem 3.1 Consider the system of Egs. 3.1-3.3 in closed-loop with ys avail-
able for all t, y, available at asynchronous time instants {t,>0} without delay (i.e.,
d, =0) and a lower-tier controller kg satisfying the conditions of Egs. 3.6-3.8.
Let the closed-loop system be controlled under the two-tier control architecture
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with the upper-tier LMPC of Egs. 3.9-3.14 and control inputs determined as in
Egs. 3.15-3.16. If x(19) € £2, 0 < Omax, N > 1, A > 0 and there exist a concave
function g such that:

g(x) = B(x,NA) (3.28)
for all x € 2, and a positive constant ¢ < p such that:
c—g(e)= fv(fw(NA)) (3.29)

with fv (-) defined in Eq. 2.49 and fw (-) defined in Eq. 3.21, then x(t) is ultimately
bounded in $2,,. C §2,, where:

pe =max{max e, NA) + fy (fw (N A)), ¥ Ora) . (3:30)

Proof In order to prove that the closed-loop system is ultimately bounded in a region
that contains the origin, we will prove that V (x(z,)) is a decreasing sequence of val-
ues with a lower bound for the worst possible case, that is, the upper-tier controller
always operates in open-loop for a period of time longer than N A between consecu-
tive samples, that s, ¢, 1 —t, > N A for all a. The trajectory X (¢) corresponds to the
nominal system in closed-loop with the lower-tier controller with initial state x (7).
Taking into account Proposition 3.1, the following inequality holds:

V(E®) < B(V(x(ta)). t — ta). (3.31)
The constraint of Eq. 3.14 of the upper-tier LMPC of Egs. 3.9-3.14 guarantees that:
V(E®) < V(R®), Vi€lta,ta+NA). (3.32)

Assuming that x(¢) € §2, for all times (which is automatically satisfied when the
system is proved to be ultimately bounded below), we can apply Proposition 2.3
(presented in Chap. 2) to obtain the following inequalities:

V(x(ta + NA) < V(X(ta + NA)) + fy(||x(ta) — X)) (3.33)

Applying Proposition 3.2, we obtain the following upper bound on the deviation of
x(t) from x(¢):

|x(ta +NA) =%t + N[ < fw(NA). (3.34)

Using the inequalities of Egs. 3.31-3.34, the following upper bound on V (x(z, +
N A)) is obtained:

V(x(ta+ NA)) < B(V(x(ta)), NA) + fv (fw(NA)). (3.35)

Taking into account that for all # > ¢, + N A the upper-tier controller is switched off,
i.e., ugq(t) = 0, and only the lower-tier controller is in action, the following bound
on V(x(t441)) is obtained from Proposition 3.1:

V(x(tar1)) <max{V (x(ta + NA)), ¥ Omax) } (3.36)
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for all w(z) € W. Because function g(-) is concave, z — g(z) is an increasing func-
tion. If there is a positive constant ¢ < p satisfying the condition of Eq. 3.29, then the
condition of Eq. 3.29 holds for all z > ¢. Taking into account that g(z) > B(z, NA)
for all z < p, the following inequality is obtained:

2= Bz, NA) = fy(fw(NA)) (3.37)

when ¢ < z < p. From the inequality of Eq. 3.37 and the inequality of Eq. 3.35, we
obtain that:

V(x(ta-'rl)) = max{ V(x (ta))v J/(emax)} (3.38)

for all V (x(;)) > c. It follows using Lyapunov arguments that:

lim sup V(x(t)) < Pe, (3.39)
11— 00
where:
pe =max{max (e, NA) + fv (fw (N 4)).y (Omar) }- (3.40)
O

Remark 3.10 In general, the size of the region in which the state is ultimately
bounded, depends on the prediction horizon N A. The prediction horizon N A sets
the maximum amount of time on which the upper-tier controller will be operating
in open-loop.

Remark 3.11 Referring to Theorem 3.1, the assumption that there exists a concave
function g such that g(x) > B(x, N A) imposes an upper bound on N A and is made,
without any loss of generality, to simplify the proof of Theorem 3.1, that is, the result
of Theorem 3.1 could still be proved without this assumption but the proof would be
more involved. The assumption that there exists a positive constant ¢ < p such that
c—g(c) > fy(fw(N A)) guarantees that the derivative of the Lyapunov function of
the state of the closed-loop system outside the level set V (x) = ¢ is negative under
the two-tier control architecture with the upper-tier LMPC of Egs. 3.9-3.14.

Remark 3.12 As in all MPC schemes, it is not possible to provide quantitative re-
sults that guarantee that the performance of the closed-loop system is better than any
other controller, unless an infinite horizon is used. It makes sense that the system
in closed-loop with the two-tier control architecture has in general a better perfor-
mance because the cost function is taken into account in the optimization problem
of the upper-tier controller. The case studies in Sects. 3.5.3 and 3.5.4 provide results
that demonstrate this point.

Remark 3.13 Note that in order to take advantage of the asynchronous measure-
ments, an alternative to the two-tier control architecture is to control the system of
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Fig. 3.3 Centralized T
networked control system Process l >
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Controller [g

Egs. 3.1-3.3 using a centralized MPC that calculate the input trajectories of both u
and u, at each asynchronous sampling time #, when a new full state measurement is
available by combining y,(#,) and y, (¢,). Figure 3.3 shows a schematic of this kind
of state feedback centralized control system. In particular, we may use the central-
ized LMPCs presented in Sects. 2.7 and 2.8 of Chap. 2 which are designed taking
data losses or time-varying measurement delays explicitly into account, both in the
optimization problem formulations and in the controller implementations. For the
case that there is no time-varying delays in the asynchronous measurements (i.e.,
Ya(ty) = ha(x(t)) with d; = 0), the centralized LMPC taking into account asyn-
chronous measurements for the system of Eqs. 3.1-3.3 is based on the following
optimization problem:

ta+NA
B N A (1 PR T PR VLT P LR
st X(t) = f(F(), us(1), uq(1),0), (3.42)
X0 = f(R@), ks (hs (R (10 + jA))), 0,0),
Vi€[ta+ jA ta+ (j+1DA), (3.43)
() =200 =xp), (3.44)
V(E®D) < V(ED), V1 €lta,ta+ NA), (3.45)

where the lower-tier controller ks is used to generate the reference trajectory x (kg is
implemented in a sample-and-hold fashion). The optimal solution to this optimiza-
tion problem is denoted uy ((t|t,) and u; ,(t|t,). These signals are defined for all
t > tq with u? (t|ty) = uy ((ta + NAlty) and uy ,(t|ty) = uy ,(ta + N Alt,) for all
t > t; + NA. The inputs of the closed-loop system of Eqs. 3.1-3.3 are defined as
follows:

us(t) =uy ((tlta), Yt €lta,tay1), (3.46)
ua(t) =ug ,(tlta), Vvt €lta, tat1). (3.47)

In Sects. 3.5.3 and 3.5.4, we denote this control design as the centralized LMPC.
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3.5.3 Application to a Chemical Reactor

Consider the CSTR example described by Egs. 2.62-2.63 introduced in Sect. 2.7.4.
In this section, we consider a flow rate disturbance in the feed flow rate F of pure A,
AF, and choose the rate of heat input or removal Q and the change of the inlet reac-
tant A concentration AC 49 as the control inputs. The control objective is to stabilize
the system at the open-loop unstable steady-state 7, = 388 K, C45; = 3.59 mol/L
The flow rate uncertainty is bounded by |AF| < 3 m3/h.

We assume that measurements of temperature 7' are available continuously, and
the measurements of the concentration C,4 are available asynchronously at time
instants {#,>0}. We also assume that there exists a lower bound A, on the time
interval between two consecutive concentration measurements.

In order to model the time sequence {#,>0}, we use a lower-bounded random
Poisson process. The Poisson process is defined by the number of events per unit
time W. The interval between two consecutive concentration sampling times (events
of the Poisson process) is given by A, = max{Amnin, _1%}, where x is a random
variable with uniform probability distribution between 0 and 1. For the simulations
carried out in this section we pick Apin = 0.025 h, which is meaningful from a
practical point of view with respect to concentration measurements.

The CSTR model of Egs. 2.62-2.63 belongs to the class of nonlinear systems
described by the system of Eqgs. 3.1-3.3 where xT =[x1 0] =[T = Ty C4 — Casl
is the state, uy = Q and u, = AC 4 are the manipulated inputs, w = AF is a time
varying bounded disturbance, y; = x; = T — T is obtained from the continuous
temperature measurement 7 and y, = x = C4 — C4; is obtained from the asyn-
chronously sampled concentration measurement C4.

First, an output feedback controller (lower-tier controller) based on the contin-
uous temperature measurements (i.e., x1) is designed to stabilize the process using
only the rate of heat input u; = Q as the manipulated input, which is bounded by
lus| < 10° KJ/h. In particular, the following proportional-integral (PI) control law is
used as the lower-tier controller:

!
ug(t) = K<x1(t) + i / x1(7) d‘l,'), (3.48)
T; Jo

where K is the proportional gain and 7; is the integral time constant. To compute the
parameters of the PI controller, the linearized model x = Ax + Bug of the CSTR of
Egs. 2.62-2.63 around the equilibrium point is obtained. The proportional gain K is
chosen to be —8100. This value guarantees that the origin of x = (A+ BK[1 0])x is
asymptotically stable with its eigenvalues being A} = —1.06 x 10° and A, = —4.43.
A quadratic Lyapunov function V (x) = x” Px with:

0.024 521
P_[S.Zl 1.13x103i| (0-49)
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is obtained by solving an algebraic Lyapunov equation AT P + PA, + Q. = 0 for
P with A, = A+ BK[1 0] and Q. being the following weighting matrix:

1 0
Qc= [0 104:| . (3.50)

This Lyapunov function will be used to design the upper-tier LMPC and the central-
ized LMPC. The integral time constant is chosen to be 7; = 49.6 h. For simplicity,
the Lyapunov function V (x) is determined on the basis of the closed-loop system
under the proportional (P) term of the PI controller only; the effect of the integral
(D) term is very small for the specific choice of the controller parameters used in the
simulations. The state and input trajectories of the CSTR of Eqgs. 2.62-2.63 starting
from xo = [370 3.41]7 under the PI controller are shown in Fig. 3.4. From Fig. 3.4,
we see that the PI controller of Eq. 3.48 stabilizes the temperature and concentra-
tion of the CSTR of Eqgs. 2.62-2.63 at the equilibrium point in about 0.1 h and 0.4 h,
respectively.

Next, we implemented the presented two-tier control architecture to improve the
performance of the closed-loop system. In this set of simulations, the PI controller
of Eq. 3.48 is used as the lower-tier controller. Instead of abandoning the less fre-
quent concentration measurement, we take advantage of both the continuous mea-
surements of the temperature 7 and the asynchronous concentration measurements
C4 together with the nominal model of the system of Eqs. 2.62-2.63 to design the
upper-tier LMPC of Egs. 3.9-3.14. The inlet concentration change AC 40, which is
bounded by | AC 49| < 1 kmol/m?, is the manipulated input for the upper-tier LMPC.
In the design of the upper-tier LMPC, the performance index is defined by Q. given
in Eq. 3.50 and R.1 = R.» = 0. The values of the weights in Q. have been chosen
to account for the different range of numerical values for each state. The sampling
time of the LMPC is A = 0.025 h; the prediction horizon is N = 11 so that the
prediction captures most of the dynamic evolution of the process.
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The two-tier control architecture is implemented as discussed in Sect. 3.5.1. The
lower-tier controller uses the continuous temperature measurements to control u (¢).
When the measurements of 7 and C,4 are obtained at time instant ¢,, x(z,), is ob-
tained from the two measurements. Based on the state x(z,), the LMPC optimiza-
tion problem of Eqgs. 3.9-3.14 is solved and an optimal input trajectory u;(t|t,) is
obtained. This optimal input trajectory is implemented until a new concentration
measurement is obtained at time 7,4 (note that a indexes the number of concentra-
tion samples received, not a given sampling time). Note that because a PI controller
is used in the lower-tier, we need to predict the controller dynamics (the control
effects generated by the integral part) in the optimization problem of the LMPC.

The stability and robustness of the two-tier control architecture have been studied
with two different initial conditions x(0) = [370 3.41]7 and x(0) = [3753.46]7
associated with two different concentration measurement sequences {f,>0} (see
Fig. 3.5) generated with W =30 and W = 20, respectively. The average time inter-
vals between two consecutive sampling times are 0.0625 h for W = 30 and 0.0833 h
for W = 20. In addition, two different disturbance trajectories of w(¢) with a ran-
dom value at each simulation step are added to the closed-loop system. The state
and inputs trajectories of the CSTR of Eqgs. 2.62-2.63 under the two-tier control
architecture are shown in Fig. 3.6. From Fig. 3.6, we see that the two-tier control ar-
chitecture stabilizes the temperature and concentration of the system in about 0.1 h
and 0.05 h, respectively. This implies that the resulting closed-loop system response
is faster compared with the speed of the closed-loop response under the PI con-
trollers. Moreover, the cost associated with the resulting closed-loop trajectories is
lower.

Another set of simulations was carried out to compare the two-tier control ar-
chitecture with the lower-tier PI control system from a performance point of view.
Table 3.1 shows the total cost computed for 20 different closed-loop simulations un-
der the two-tier control architecture and the PI control. To carry out this comparison,
we have computed the total cost of each simulation based on the performance index
defined as follows:

Iy
/ |x@] y, dr. (3.51)
fo

where 7p = 0 is the initial time and #y = 0.5 h is the length of the simulations. For
this set of simulations W is chosen to be 10. For each pair of simulations (one for
each control scheme) a different initial state inside the stability region, a different
uncertainty trajectory and a different random concentration measurement sequence
are chosen. As it can be seen in Table 3.1, the two-tier control architecture has a cost
lower than the corresponding total cost under the PI controller in all the simulations.
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Table 3.1 Total performance costs along the closed-loop trajectories of the CSTR of Egs. 2.62—
2.63 under the local PI controller of Eq. 3.48 and the two-tier control with the upper-tier LMPC of
Eqgs. 3.9-3.14

sim. Two-Tier PI sim. Two-Tier PI
1 203.92 704.54 11 224.03 831.63
2 188.74 815.47 12 203.78 738.47
3 198.33 922.87 13 265.44 617.15
4 221.76 640.87 14 210.58 704.95
5 240.44 656.47 15 190.68 723.05
6 226.44 847.43 16 209.66 695.60
7 199.19 779.03 17 205.90 808.71
8 233.40 736.65 18 211.29 749.24
9 200.45 702.26 19 214.79 737.62
10 198.74 753.25 20 217.13 813.70

We have also carried out another set of simulation to compare the presented
two-tier scheme with a controller using the measurements of 7 and C4 to decide
both control inputs u and u, in the centralized LMPC of Egs. 3.41-3.45; see Re-
mark 3.13. This implies that this approach does not take full advantage of the contin-
uous measurement of 7. The LMPC of Eqgs. 3.41-3.45 optimizes the future sampled
input trajectory u,(t), us(¢) with sampling time A. When at a time instant ¢,, both
the measurements of 7 and C 4 are available (a state measurement is available), this
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optimization problem is evaluated and two optimal input trajectories u ((¢|t,) and
uﬁ’ 4(t|t;) are obtained and implemented until the next measurement of both 7" and
C 4 are available.

For this set of simulations, the centralized LMPC of Eqs. 3.41-3.45 uses the same
parameters as the ones of the two-tier control architecture. The same initial condi-
tions, concentration sampling times (see Fig. 3.5) and disturbance trajectories are
used in this set of simulations. The state and inputs trajectories of the closed-loop
system under the LMPC of Egs. 3.41-3.45 are shown in Fig. 3.7. From Fig. 3.7,
it can be seen that the centralized LMPC stabilizes the system (solid curves) when
the time intervals between two consecutive measurements are small (0.0625 h), but
loses stability and can not stabilize the system (dashed curves) when these time in-
tervals get bigger (0.0833 h). The centralized LMPC of Eqs. 3.41-3.45 does not
profit from the continuous measurements of the temperature, thus, the stability re-
gion of the closed-loop system is in general reduced to a much smaller one compared
to that obtained under the two-tier control architecture.

Remark 3.14 The performance index considered in this example penalizes only the
closed-loop system state and not the control action because the two-tier control ar-
chitecture utilizes different manipulated inputs from the lower-tier PI controller and
this would complicate the comparison if penalty on the control action is included
in the cost. Since the performance index has only penalty on the closed-loop sys-
tem state, we have included an input constraint on the upper-tier manipulated input,
AC 49, to avoid computation of unnecessarily large control actions by the upper-tier
controller (i.e., [ug| < 1 kmol/m?).
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Remark 3.15 Note that in this particular example, the improvement in the closed-
loop performance is achieved due to the extra control input u, which is guided by
the LMPC of Egs. 3.9-3.14 that uses all available measurements. Since PI controller
is used as the lower-tier controller, the extra available asynchronous measurements
would not have changed the closed-loop performance achieved by the lower-tier
controller because the PI controller cannot use the extra measurements. This is also
the case for the all the examples discussed in this chapter.

3.5.4 Application to a Reactor-Separator Process

Consider the reactor—separator process shown in Fig. 1.6 described in Sect. 1.2.3.
Under the assumption that the three vessels have static holdup and other standard
modeling assumptions, the dynamic equations describing the behavior of the sys-
tem, obtained through material and energy balances, are given below [21]:

dxp1 Fo F =
dt ZT(XAlo—XA1)+Vr(xAr—xAl)—kleRTl XAl (3.52)
1 1
dx F F, L 2
dfl = V—llo(xBlo —XxB1) + vz(xBr —xp1) +kie 1 xq1 — kae ¥ xpy, (3.53)
dT, Fio Fy —AH, =31
= (Tio-T)+—=(Tz—T) + kie ®T1 x 41
dt Vi Vi b4
—AH, B 01
+ koe Rt xp1 + , (3.54)
Cp pPCpVi
dx o I Fy il
Frake VZ(XAI —Xa2) + 72(XA20 —XA2) — ke *2 xp0, (3.55)
dxgy F) Fxo ok e
7eba VZ(XBI —xp2) + 72()6320 —xp2) +k1e®2 x a2 — ke 2 xpy, (3.56)
dT, Fi Fy —AH, L
N =)+ 22 (T — T ke ®T
yr Vz( 1— 1)+ Vz( 20— T2) + c, 1e *2 x 42
—AH. ot 7}
+ o 2 ke ¥ xpy + & , (3.57)
P IOCPV2
dxA3 F2 F +F
= 73(XA2 —Xp3) — — Vi P (xar — x43), (3.58)
dxps F» F+F
df = 73(1632 —XB3) — Vi P (xpr — xp3), (3.59)
dTs; F 03
22T —-T . 3.60
dt V3( 2 3)+pCpV3 ( )
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Table 3.2 Process variables

of the reactor-separator XAl,XA2,Xa3  Mass fractions of A in vessels 1, 2, 3
process of Egs. 3.52-3.63 XB1,XB2, X3  Mass fractions of B in vessels 1, 2, 3
Xci Mass fraction of C in vessel 3

XAr, XBr, Xcr ~ Mass fractions of A, B, C in the recycle

T, Tr, T3 Temperatures in vessels 1, 2, 3

Tho, Tro Feed stream temperatures to vessels 1, 2
Fi, F» Effluent flow rate from vessels 1, 2

Fio, Fao Feed stream flow rates to vessels 1, 2
F,, F, Flow rates of the recycle and purge

Vi, Vo, V3 Volumes of vessels 1, 2, 3

E\, E Activation energy for reactions 1, 2

ki, ko Pre-exponential values for reactions 1, 2
AH, AH) Heats of reaction for reactions 1, 2

oA, 0B, QC Relative volatilities of A, B, C

01, 02, 03 Heat inputs into vessels 1, 2, 3

Cp, R, p Heat capacity, gas constant and solution density

The model of the flash tank separator was derived under the assumption that the rel-
ative volatility for each of the species remains constant within the operating temper-
ature range of the flash tank. This assumption allows calculating the mass fractions
in the overhead based upon the mass fractions in the liquid portion of the vessel.
It has also been assumed that there is a negligible amount of reaction taking place
in the separator. The following algebraic equations model the composition of the
overhead stream relative to the composition of the liquid holdup in the flash tank:

OAXA3
Xar = , (3.61)
OAXA3 + QBXB3 + 0CXC3
OBXB3
XBr = , (3.62)
OAXA3 + XBXB3 + XCXC3
acxcs

Xcr = (3.63)

OAXA3 + 0BXB3 +aCXC3
The definitions for the variables used in Eqgs. 3.52-3.63 and the corresponding pa-
rameter values used in this example can be found in Tables 3.2 and 3.3, respectively.
Note that the reactions A — B and B — C are referred to as reactions 1 and 2, re-
spectively.

Each of the tanks in the process has an external heat input. The manipulated
inputs to the system are the heat inputs to the three vessels, Q1, Q> and O3, and the
feed stream flow rate to vessel 2, Fg.

We assume that the measurements of temperatures 77, 7> and 73 are available
continuously, and the measurements of mass fractions x41, xp1, X42, Xp2, x43 and
xp3 are available asynchronously at time instants {#,>0}. The same method used in
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Table 3.3 Process

3 Networked Predictive Process Control

parameters of the Tio 300 [K] ky 277 x 10° [s7']

reactor—separator process of T2 300 [K] ko 2.5x103 [s7!]

Egs. 3.52-3.63 Fio  5.04 [m3/h] AH, =6 x 10* [KJ/kmol]
F, 50.4 [m3/h] AH, —7 x 10* [KJ/kmol]
F, 5.04 [m3/h] aa 35
Vi 1.0 [m3] ap 1
V 0.5 [m*] ac 0.5
V3 1.0 [m?] Cp 4.2 [KI/kgK]
E| 5%10* [KJ/kmol] R 8.314 [KJ/kmol K]
E> 6 x 10* [KJ/kmol] 1000 [kg/m?]

Table 3.4 Steady-state

operation parameters of x| Xsl Xs2

and x;7 of the

reactor—separator process of O1s 12.6 x 10° [KJ/h] Ois 12.6 x 10° [KJ/h]

Eqgs. 3.52-3.63 Qs 16.2 x 10° [KJ/h] 02 13.32 x 10° [KJ/h)
O3y 12.6 x 10° [KJ/h] Q3 11.88 x 10% [KJ/h]
F0s 5.04 [m3/h] Fos 5.04 [m3/h]

Table 3.5 Steady-states x,1 and x> of the reactor—separator process of Eqs. 3.52-3.63

XAls XBls Ty X A2s XB2s Thg XA3s XB3s T3s
Xs1 0.383 0.581 447.8 0.391 0.572 444.6 0.172 0.748 449.6
X2 0.605 0.386 4259 0.605 0.386 422.6 0.346 0.630 4273

the example in Sect. 3.5.3 is used in this example to generate the time sequence
{tazo}-

For each set of steady-state inputs Q15, Q2s, Q35 and F>os corresponding to a
different operation condition, the system of Eqs. 3.52-3.63 has one stable steady-
state x!. In this example, we will study two different operating conditions corre-
sponding to two different steady-states x;1 and x;2. The parameters of the steady-
state operation points and the values of the two steady-states are given in Table 3.4
and Table 3.5. The control objective is to steer the system to the steady-states from
the initial state:

x(0)T =10.890, 0.110, 388.732, 0.886, 0.113, 386.318, 0.748, 0.251, 390.570].
(3.64)

The system of Eqs. 3.52-3.63 belongs to the class of nonlinear systems described
by the system of Egs. 3.1-3.3 where xT =1[x1 x2 x3 x4 x5 x6 X7 X3 X9] = [x41 —
XAls XB1 —XB1s T1 — T1s XA2 —XA25 XB2 — XB2s 12 — T5 X A3 — XA35 XB3 — XB3s I3 —
Tsq] is the state, ul = [ug) uso us3]1=[Q01— Q15 Q2 — Q25 Q3 — Q3] and u, =
F>9 — F»o, are the manipulated inputs, yST =[ys1 Y52 Vs3] = [x3 X6 x9] is obtained
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Table 3.6 Control

parameters for steady-states ~ ~s1 Xs2
xs1 and xgo of the
reactor—separator process of K1 —5000 K —5000
Eqs. 3.52-3.63 K> —5000 K> —5000
K3 ~5000 K3 ~5000
T; 5 [h] T; 5 [h]
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Fig. 3.8 State trajectories of the reactor—separator process of Egs. 3.52-3.63 under lower-tier con-
trol law for steady-state x| (solid curves) and steady-state x5 (dashed curves)

from the continuous temperature measurements and yaT = [x1 x2 x4 x5 x7 xg] 1S ob-
tained from the asynchronously sampled mass fraction measurement. Time varying
bounded process noise was added to the simulations.

Based on the continuous temperature measurements (i.e., y;), three PI controllers
(lower-tier controllers) are first designed following the Eq. 3.48 to stabilize the sys-
tem of Eqs. 3.52-3.63 from the initial state x (0) to the steady-state x; using only the
heat inputs as the manipulated inputs, which are bounded by |Q;| <2 x 10° KJ/h
(i = 1,2, 3). Using the same method as described in Sect. 3.5.3, the parameters of
the PI controllers are obtained as shown in Table 3.6; and two different quadratic
Lyapunov functions are obtained, one for each steady state x1, x52. The two Lya-
punov functions are used to design the upper-tier LMPC controller and the cen-
tralized LMPC of Eqgs. 3.41-3.45. The state and input trajectories of the system of
Eqgs. 3.52-3.63 under the lower-tier PI control are shown in Figs. 3.8 and 3.9. From
Fig. 3.8, we see that the PI control law stabilizes the temperatures and mass fractions
in the three vessels in about 0.7 h for both steady-states.

We design next the upper-tier LMPC of Eqs. 3.9-3.14 and the corresponding
two-tier control architecture. The feed flow rate to vessel 2, u, = Frg — Fpqs, is the
manipulated input for the upper-tier LMPC, which is bounded by 1 < Fg <9 m’/h.
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Fig. 3.9 Inputs trajectories of the reactor—separator process of Eqs. 3.52-3.63 under lower-tier
control law for steady-state x;1 (solid curves) and steady-state x,p (dashed curves)

Fig. 3.10 Mass fractions 2

sampling times generated
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The performance index is defined by Q. being the following weighting matrix:
Qc=diag ([10* 10* 1 10* 10* 1 10* 10* 1]) (3.65)

and R.; = R = 0. The sampling time of the LMPC is A = 0.025 h and the predic-
tion horizon is N = 15.

Two different simulations have been carried out with different mass fraction mea-
surement sequences {#,>0} (see Fig. 3.10) generated with W =1 and W = 0.5 for
steady-states xs1 and xs7, respectively. The average time intervals between two con-
secutive sampling times are 0.188 h for W =1 and 0.375 h for W = 0.5. The state
and input trajectories of the reactor—separator process of Eqgs. 3.52-3.63 under the
two-tier control architecture are shown in Figs. 3.11 and 3.12. Figure 3.11 shows
that the two-tier control architecture stabilizes the temperatures and the mass frac-
tions of the system in about 0.3 h. This implies that the resulting closed-loop system
response is faster relative to the speed of the closed-loop response under the low-tier
PI controllers.

Another set of simulations was also carried out to compare the two-tier control ar-
chitecture with the lower-tier controller from a performance point of view. Table 3.7
shows the total cost computed for 10 different closed-loop simulations under the
two-tier control architecture and the lower-tier controller. To carry out this compar-
ison, we have computed the total cost of each simulation based on the performance
index defined in Eq. 3.51 with Q. given in Eq. 3.65 with different operation condi-
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Fig. 3.11 State trajectories of the reactor—separator process of Eqs. 3.52-3.63 under the two-tier
control architecture when W = 1 (solid curves) and W = 0.5 (dashed curves)
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Fig. 3.12 [Inputs trajectories of the reactor—separator process of Eqs. 3.52-3.63 under the two-tier
control architecture when W =1 (solid curves) and W = 0.5 (dashed curves)

tions in a simulation length of 7y = 0.75 h. For this set of simulations W is 1. As it
can be seen in Table 3.7, the two-tier control architecture has a cost lower than the
corresponding total cost under the lower-tier controller in all the simulations.

We have also carried out another set of simulations to compare the computational
time needed to evaluate the upper-tier LMPC of Egs. 3.9-3.14 with that of the cen-
tralized LMPC of Egs. 3.41-3.45. For these simulations, the centralized LMPC uses
the same parameters as the ones of the upper-tier LMPC in the present example. The
simulations have been carried out using MATLAB® in a PENTIUM® 3.20 GHz.
The nonlinear optimization problem has been solved using the function fimincom.
To integrate the system model of Eqs. 3.52-3.63, both in the simulations and in the
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Table 3.7 Total performance costs along the closed-loop trajectories of the reactor—separator pro-
cess of Egs. 3.52-3.63 under the local PI controller and the two-tier control with the upper-tier
LMPC of Egs. 3.9-3.14

sim. Two-Tier PI sim. Two-Tier PI

1 1.179 x 10° 2.760 x 10° 6 1.560 x 10° 3.742 x 10°
2 1.164 x 10° 2.795 x 10° 7 1.645 x 10° 3.951 x 10°
3 1.273 x 10° 2.991 x 10° 8 1.701 x 103 4.107 x 10°
4 1.351 x 10° 3.177 x 10° 9 1.962 x 10° 4.408 x 10°
5 1.364 x 107 3.240 x 10° 10 1.848 x 103 4.492 x 10

optimization algorithm, an Euler method with a fixed integration time of 0.001 h has
been implemented in C programming language. The mean time to solve the LMPC
optimization problem of this set of simulations is 23.24 s for the upper-tier LMPC
and 37.59 s for the centralized LMPC. From this set of simulations, we see that the
computational time needed to solve the centralized LMPC optimization problem is
substantially larger even though the closed-loop performance in terms of the total
performance cost is comparable to the one of the two-tier control architecture. This
is because the centralized LMPC has to optimize both the inputs us and u,.

3.6 Two-Tier Networked Control Architecture
with Continuous/Delayed Measurements

In this section, we extend the design of two-tier networked control architecture pre-
sented in the previous section for the system of Eqgs. 3.1-3.3 with continuous and
asynchronous measurements involving time-varying delays (i.e., d, # 0).

3.6.1 Upper-Tier Networked LMPC Formulation

At each time instant 7, when a new asynchronous measurement y,(t, — d,;) is re-
ceived, a delayed state measurement x (z, — d,;) is obtained by combining this mea-
surement with the previously received synchronous measurement y;(t, —d,;). Based
on this delayed state measurement x (¢, — d,), the nominal model of the system of
Egs. 3.1-3.3, the continuous measurements y; () and the control inputs applied from
t, —d, to t,, an estimate of the current state x (¢;) is computed. Note that this implies
that the upper-tier controller has to store its past control input trajectory, know the
explicit expression and parameters of the lower-tier controller and use the contin-
uous measurements y; () to predict the control inputs carried out by the lower-tier
controller. The estimated state x(#,) is then used to obtain the optimal future con-
trol input trajectory of u, by means of an LMPC optimization problem. This input
trajectory is implemented until a new measurement arrives at time #,41. If the time
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between two consecutive measurements is longer than the prediction horizon, u,
is set to zero until a new measurement arrives and the optimal control problem is
solved again. Specifically, the upper-tier LMPC optimization problem taking into
account delays in asynchronous measurements is defined as follows:

ta+NA
i [ @l + @l + el Jar 660
(1) = f(R@), us (1), ug(1),0), Vit €[ty — da, 1o + N A), (3.67)
ug (1) = kg (hs (1)), (3.68)
ug(t) = uy(t), vt €ty —da,ta), (3.69)
X(ta —da) = x(tg — da), (3.70)
20 = (RO, ks (hs (), 0,0), 1 € [tas 1a + N2, (3.71)
X(ta) = X(ta), (3.72)
V(x@®) < V(2®), Vi€lta,ta+NA), (3.73)

where u(t) indicates the actual input trajectory of u, that has been applied to
the system, x(f, — d,) is the state obtained combining both the measurements of
vs(ty —dy) and y,(t, — d;), and X(t,) is an estimate of the current system state.
The optimal solution to this optimization problem is denoted u; (t|¢,). This signal is
defined for all t > ¢, with u}j(t|t,) =0 forall t > 1, + NA.

The control inputs of the two-tier control architecture based on the above LMPC
are defined as follows:

us (1) = kg (hs (x(0))), V1, (3.74)
ua(t) = uy(tlty), vt €lty, tasr), (3.75)

where u; (t]t,) is the optimal solution of the LMPC of Eqgs. 3.66-3.73 at time step ?,.

Remark 3.16 In the LMPC of Egs. 3.66-3.73 both the estimation of x(z;) from
x(t, — d,) and the evaluation of the future optimal input trajectory in [#,, ,41) are
carried out at the same time. First, the constraints of the problem guarantee that
X(t;) has been estimated using the nominal model (the constraint of Eq. 3.67) and
the actual inputs applied to the system (the constraint of Eq. 3.69) from the initial
state x (f, — d,;) (the constraint of Eq. 3.70). Once the current state is estimated, the
future input trajectory is optimized to minimize the cost function taking into account
the actions of the lower-tier controller (the constraint of Eq. 3.71) while guarantee-
ing that a Lyapunov-based constraint is satisfied (the constraint of Eq. 3.73). The
optimization problem of Eqs. 3.66—3.73 has been presented in order to get a com-
pact controller formulation. It is possible to decouple the observer and the LMPC
optimization problem as long as the observer provides an upper bound on the es-
timation error of x(#,). For example, a high-gain observer can be used to estimate
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Fig. 3.13 Possible worst
scenario of the delayed
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x(t;) from the continuous measurements and the applied inputs, and then use this
estimated state to define the LMPC optimization problem.

Remark 3.17 The constraints of Eqs. 3.67 and 3.73 are a key element of the two-
tier control architecture. In general, guaranteeing closed-loop stability of a decen-
tralized control system is a difficult task because of the interactions between the
different controllers and can only be done under certain assumptions (see, for ex-
ample, [8, 92]). The constraint of Eq. 3.67 guarantees that the upper-tier controller
takes into account the effect of the lower-tier controller to the applied inputs (recall
that the lower-tier controller is designed without taking u, into account). The con-
straint of Eq. 3.73 is used to guarantee that the value of the Lyapunov function is a
decreasing sequence of time with a lower bound.

3.6.2 Stability Properties

In this subsection, we prove the stability result of the two-tier control architecture
with the upper-tier LMPC of Eqgs. 3.66-3.73.

Theorem 3.2 Consider the system of Egs. 3.1-3.3 in closed-loop with ys available
for all t, y, available at asynchronous time instants {t,>0} involving time-varying
delays such that d, < D for all a > 0 and a lower-tier controller ks satisfying the
conditions of Eqs. 3.6-3.8. Let the closed-loop system be controlled under the two-
tier control architecture with the upper-tier LMPC of Eqs. 3.66-3.73 and control
inputs determined as in Eqs. 3.74-3.75. If x(t9) € 25,60 < Omax, N > 1, A > 0 and
there exist a concave function g such that:

gx) = B(x + fv(fw(D)), NA) (3.76)
for all x € 2, and a positive constant ¢ < p such that:
c—g©) = fv(fw(D+NA) (3.77)

with fy (-) defined in Eq. 2.49 and fw (-) defined in Eq. 3.21, then x(t) is ultimately
bounded in 2, C §2,, where:

pa =max{max B(c + fy (fw (D)), NA)+ fv (fw(D+NA), y Onan)}. (3.78)
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Proof In order to prove that the system of Eqgs. 3.1-3.3 in closed-loop under the
two-tier control architecture with the upper-tier LMPC of Eqgs. 3.66-3.73 is ulti-
mately bounded in a region that contains the origin, we will prove that the value
of the Lyapunov function at times {f;>¢}, V (x), is a decreasing sequence of values
with a lower bound on its magnitude for the worst possible case from a communica-
tion point of view, and hence for all possible sequences of measurement times and
delays. The worst possible case from the communications point of view is that the
measurements used to evaluate the upper-tier LMPC are always received with the
maximum delay D; that is d, = D for all a, and that the upper-tier LMPC always
operates in open-loop for a period of time longer than N A between consecutive
sampling times, that is, #,41 — f, > N A for all a. If the measurements are received
with a smaller delay or more often, the LMPC has more precise information of the
state of the system.

Figure 3.13 shows the worst case scenario for a system of dimension 1. Solid
vertical lines are used to indicate the times at which new measurements are obtained
(t; and 7,4 1) and when the upper-tier controller switches off at time 7, + N A. The
dashed vertical line indicates the time corresponding to the measurement obtained
at t, (that is, t, — D). In this figure, three different state trajectories are shown. The
actual state trajectory of the system of Egs. 3.1-3.3 (including the uncertainty) is
denoted as x(¢). The estimated state trajectory from 7, — D to t, and the predicted
sampled trajectory under the two-tier control architecture with the upper-tier LMPC
of Eqgs. 3.66-3.73 along the prediction horizon with initial state the estimated state
are denoted as x (). The nominal trajectory under the lower-tier controller ks with
ug, = 0 along the prediction horizon with initial state the estimated state x(#,) is
denoted as x (). The state trajectories X(¢) and X (¢) are obtained using the nominal
model as defined in the LMPC optimization problem of Egs. 3.66-3.73.

The trajectory Xx(¢) corresponds to the nominal system in closed-loop with the
lower-tier controller with initial state X (z,). Taking into account Proposition 3.1 the
following inequality holds:

V() < B(V(Xt), 1 — 1a). (3.79)
The constraint of Eq. 3.73 guarantees that:
V(E@®) < V(R1), Vi€lta,ta+NA). (3.80)

Taking into account the constraints of Eqgs. 3.67 and 3.70 and that the closed-loop
trajectories are defined by the following equation:

x(t) = f(x(0), ks (hs (x(0))), ua (@), w(®)), (3.81)

we can apply Proposition 3.2 to obtain the following upper bounds on the deviation
of X(¢) from x(¢):

|x(t) = Z(ta)| < fw (D), (3.82)
|x(ta + NA) — %t + NA)| < fw(zs + D). (3.83)
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Note that in Eqs. 3.82-3.83, Proposition 3.2 is used to obtain a bound on the differ-
ence between X and x from #, — d, to ¢, to simplify the notation and the proof. Note
that from ¢, — d, to t,, the real trajectory of uy is applied to evaluate x, so a tighter
bound on the difference between X and x can be obtained. As mentioned before, the
estimation of x(#,;) can be done using any observer which provides a bound on the
estimation error.
From Proposition 2.3 and the above inequalities, we obtain the following inequal-
ities:
V(%)) < V(x(ta)) + fv (fw (D)), (3.84)
V(x(ta + NA)) < V(5(ta + NA)) + fv (fw(D + NA)). (3.85)

From the inequalities of Eqgs. 3.79-3.85, the following upper bound on
V(x(t, + NA)) is obtained:

V(x(ta + NA)) < B(V(x(ta)) + fv (fw(D)), NA) + fv (fw(D + NA)). (3.86)

Taking into account that for all # > ¢, + N A the upper-tier controller is switched off,
i.e., uy(t) =0, and only the lower-tier controller is in action, the following bound
on V(x(t441)) is obtained from Proposition 3.1:

V(x(tas1)) <max{V(x(ts + NA)), ¥ (Omax) } (3.87)
for all w(¢) € W. Because function g(-) is concave, z — g(z) is an increasing func-
tion. If there is a constant ¢y < ¢ < p satisfying the condition of Eq. 3.77, then

the condition of Eq. 3.77 holds for all z > ¢. Taking into account that g(z) >
Bz + fv(fw(D)), NA) for all z < p, the following inequality is obtained:

2= B(z+ fv(fw(D)), NA) = fy(fw(D + N2)) (3.88)
when ¢ < z < p. From this inequality and the inequality of Eq. 3.87, we obtain that:
V (x(tag1)) < max{V (x(ta)), ¥ Omax) } (3.89)

for all V(x(z,)) > c. It follows using Lyapunov arguments that:

limsup V (x(1)) < pa. (3.90)

t—0o0

where:
0d = maX{mCaXﬂ(C + fv(fw(D)),NA) + fv(fw(D + NA)),yGma)}. (3.91)

O
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3.6.3 Application to a Chemical Reactor

Consider the CSTR of Eqs. 2.62-2.63 discussed in Sects. 2.7.4 and 3.5.3. In the
current section, we assume that y; = x1 = T — T is obtained from the continuous
temperature measurements 7', and y, = xp = C4 — Cy; is obtained at time instants
{ts>0} from the asynchronously sampled concentration measurement C,4 subject
to time-varying measurement delays. We also have a lower bound T, = 0.15 h
on the time interval between two consecutive concentration measurements and an
upper bound D on the size of the delay; both will be computed via simulations even
though conservative estimates could be computed from the theoretical results.

We use a lower-bounded Poisson process to model the time sequence {#;>0}
as discussed in Sect. 3.5.3. In order to model the delay size sequence {d;>0}, the
size of delay associated with the concentration measurement at #, is modeled by
an upper-bounded random process given by d, = min{D, ¢ H}, where ¢ is a uni-
formly distributed variable between 0 and 1, and H =1, — t,—1 + d,—1 is the size
of the time interval between current time #, and the time corresponding to the last
concentration measurement f,_1 — d,—1. This generation method guarantees that
d, < D for all a. We assume that the initial state is known; that is, dy = O and
to =0.

We use the lower-tier PI controller of Eq. 3.48 which is based on the continuous
temperature measurements, and the same Lyapunov function V(x) = x” Px. We
implemented the two-tier control architecture with the LMPC of Egs. 3.66-3.73 to
improve the performance of the closed-loop system obtained under PI-only control.
For the simulations carried out in this subsection, we pick the delay of each measure-
ment to be d, = D = 0.15 h for all a. These settings correspond to the worst-case
effect from a communication point of view. For the other simulation settings, we
use the ones used in Sect. 3.5.3 except that the prediction horizon is chosen to be
N = 6. Note that the minimum time interval between two consecutive concentration
measurements T, is fixed by the system dynamics and the prediction horizon is set
be equal to the minimum time interval between two consecutive y, measurements,
thatis NA = Tiin.

The two-tier control architecture is implemented as discussed in the previous
section. The lower-tier controller uses the continuous temperature measurements to
decide uy(t). When a new measurement of C4 is obtained at time instant ¢, with de-
lay D, an estimate of the state of the CSTR, x (¢, — D), is obtained by combining the
concentration measurement and the previously received continuous measurement of
the temperature 7. Based on the state x(¢, — D), the model of the process and the
control actions applied, an estimate of the current state x(z;) is obtained. Based on
this state estimate x (¢,), the LMPC of Egs. 3.66-3.73 is solved and an optimal input
trajectory of u, is obtained. This optimal input trajectory is implemented until a new
concentration measurement is obtained at time 7,4 1.

A simulation of the closed-loop system under the two-tier control architecture
with the same initial condition x(0) = [370 3.41]7 has been carried out. The sam-
pling sequence {z,>0} generated with W = 1 and delay size sequence {d,>0} with
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simulation length of 0.5 h are the following:

{tz=0} = {00.198 0.395 0.500} h, (3.92)
{du=0} = {00.1500.150 0.150} h. (3.93)

The state and input trajectories of the CSTR under the two-tier control architecture
with the upper-tier LMPC of Egs. 3.66-3.73 are shown in Fig. 3.14. From Fig. 3.14,
we see that the two-tier control architecture stabilizes the temperature and concen-
tration of the system at the desired equilibrium point in about 0.1 h and 0.05 h, re-
spectively. This implies that the resulting closed-loop system response is faster for
this particular simulation. Moreover, the cost associated with the resulting closed-
loop trajectories is lower. This result has been validated by extensive simulations.

We also carried out a set of simulations to compare the two-tier control archi-
tecture with the lower-tier PI control system from a performance point of view.
Table 3.8 shows the total cost computed for 20 different closed-loop simulations
under the two-tier control architecture with the LMPC of Eqs. 3.66-3.73 and the PI
controller. To carry out this comparison, we have computed the total cost of each
simulation based on the performance index defined in Eq. 3.51 from the initial time
to the end of the simulation ¢y = 0.5 h. For each pair of simulations (one for each
control scheme), a different initial state inside the stability region, a different uncer-
tainty trajectory and a different random concentration measurement sequence with
random delay size sequence are generated. As it can be seen in Table 3.8, the two-
tier control architecture has a cost lower than the corresponding total cost under the
PI controller in all the closed-loop system simulations.
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Table 3.8 Total performance

costs along the closed-loop sim. Two-Tier  PI sim. Two-Tier PI

trajectories of the CSTR of

Egs. 2.62-2.63 under the PI 1 107.60 557.06 2 124.98 1090.29

controller of Eq. 3.48 and the 3 188.53 1392.73 4 169.06 403.82

two-tier control architecture

with the upper-tier LMPC of 5 143.07 376.15 6 179.22 1330.25

Egs. 3.66-3.73 7 202.28 1252.36 8 152.23 749.93
9 141.84 732.20 10 157.99 1049.38

Table 3.9 Steady-state

values of manipulated inputs Parameters Values

of the reactor—separator

process of Egs. 3.52-3.63 Ois 12.6 x 10° [KJ/hr]
02 16.2 x 10° [KJ/hr]
03 12.6 x 10° [KJ/hr]
Faos 5.04 [m3/hr]

3.6.4 Application to a Reactor-Separator Process

Consider the reactor—separator process of Eqs. 3.52-3.63 introduced in Sects. 1.2.3
and 3.5.4 with the parameter values given in Table 3.3. We assume that the mea-
surements of temperatures 77, 7> and T3 are available continuously, and the mea-
surements of mass fractions x41, Xg1, X42, Xp2, X43 and xp3 are available asyn-
chronously at time instants {t,>0} and are subject to time-varying measurement
delay. We also assume that there exists a lower bound Ty, = 0.2 h on the time
interval between two consecutive measurements of the mass fractions. The same
method used in the previous examples in this chapter is used in the present example
to generate the time sequence {#;>0}. The control objective is to steer the system
from the initial state:

x(0)" =10.890, 0.110, 388.7, 0.886, 0.113, 386.3, 0.748, 0.251, 390.6],
(3.94)
to the steady-state:

xsT =[0.383, 0.581, 447.8, 0.391, 0.572, 444.6, 0.172, 0.748, 449.6], (3.95)

corresponding to the operating condition shown in Table 3.9.

In the present example, we assume that yST = [ys1 ¥s2 ys3] = [x3 x6 x9] is ob-
tained from the continuous temperature measurements and yaT = [x1 x2 x4 x5 x7 x38]
is obtained from the sampled asynchronous, delayed mass fraction measurements.
We use the same performance index defined in Eq. 3.51 with Q. given in Eq. 3.65.
We also use the same lower-tier PI controllers as used in Sect. 3.5.4 which are de-
signed based on the continuous temperature measurements (i.e., y;(¢)). The same PI
controller parameters and Lyapunov function V (x) as in the example of Sect. 3.5.4
are also used.
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Fig. 3.15 State trajectories of the reactor—separator process of Eqs. 3.52-3.63 under the two-tier
control architecture with the networked LMPC of Egs. 3.66-3.73
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Fig. 3.16 Input trajectories of the reactor—separator process of Eqs. 3.52-3.63 under the two-tier
control architecture with the networked LMPC of Eqgs. 3.66-3.73

We design the upper-tier LMPC of Eqgs. 3.66-3.73 based on the three PI con-
trollers. The feed flow rate to vessel 2, u, = Fa9 — Faos, is the manipulated input
for the LMPC, which is bounded by 1 < F>g < 9 m3/h. The sampling time of the
LMPC is chosen to be A =0.025 h; the prediction horizon is chosen to be N = 8.
For the simulations carried out in this subsection, we set the prediction horizon N A
to be equal to the minimum time interval between two consecutive y, measure-
ments, Thin, and the delay associated with each measurement to be d, = D =0.2 h
for all a which also corresponds to the worst-case effect of measurement delays.
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Table 3.10 Total

performance costs along the sim. Two-Tier PI

closed-loop trajectories of the

reactor—separator process of 1 1.006 x 10* 2.148 x 10*

Eqgs. 3.52-3.63 under the PI 2 2.046 x 10* 3.123 x 10*

controller ar.1d the twojtler 3 3621 x 10* 6310 x 10*

control architecture with the

upper-tier LMPC of 4 1.148 x 10* 4.440 x 10*

Egs. 3.66-3.73 5 3.103 x 10* 6.052 x 10*
6 7.141 x 10* 1.631 x 10°
7 1.389 x 10* 6.961 x 10*
8 1.928 x 10* 2.770 x 10*
9 1.872 x 10* 8.538 x 10*

10 1.417 x 10* 7.260 x 10*

The mass fraction measurement sequence {#,>0} (generated with W = 1) and the
delay size sequence {d;>0} with a simulation length 0.75 h are shown below:

{ta=0} = {0, 0.248, 0.495, 0.868, 1.000} h, (3.96)
{da=0} = {0, 0.200, 0.200, 0.200, 0.200} h. (3.97)

The state and input trajectories of the reactor—separator process of Eqs. 3.52-3.63
under the two-tier control architecture with the upper-tier LMPC of Egs. 3.66-3.73
are shown in Figs. 3.15 and 3.16. Figure 3.15 shows that the two-tier control ar-
chitecture drives the temperatures and the mass fractions in the closed-loop system
close to the equilibrium point in about 0.25 h. This implies that the resulting closed-
loop system response is faster relative to the speed of the closed-loop response under
the lower-tier PI controllers. For the same simulation length of ¢y =1 h, the per-
formance cost associated with the resulting closed-loop trajectories is 8.658 x 10%
which is much smaller than that of the closed-loop system under the lower-tier PI
control system (2.105 x 10°).

Moreover, we carried out a set of simulations to compare the two-tier control
architecture with the lower-tier PI control system with the same parameters from a
performance point of view. Table 3.10 shows the total cost computed for 10 different
closed-loop simulations under the two-tier control architecture and the lower-tier PI
control system. To carry out this comparison, we have computed the total cost of
each simulation based on the performance index defined in Eq. 3.51 with different
operating conditions. The length of each simulation is 7y = 0.75 h. For this set
of simulations, W is chosen to be 1. For each pair of simulations (one for each
control scheme), a different initial state inside the stability region, a different noise
trajectory and a different random mass fraction measurement sequence with random
delay size sequence are generated. As can be seen in Table 3.10, the two-tier control
architecture has a cost lower than the corresponding total cost under the lower-tier
PI control system in all the simulations.

Finally, we studied the effect of input constraints on the performance of the
closed-loop system under the two-tier control architecture. Specifically, in this set
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Fig. 3.17 State trajectories of the reactor—separator process of Eqs. 3.52-3.63 subject to input
constraints under the lower-tier PI controller
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Fig. 3.18 Input trajectories of the reactor—separator process of Egs. 3.52-3.63 subject to input
constraints under the lower-tier PI controller

of simulations, we take into account input constraints in the lower-tier controller
manipulated inputs uy, namely |Q1| < 1.48 x 10° KJ/h, |Q2| < 1.83 x 10°> KJ/h
and | Q3] < 1.48 x 10° KJ/h. The same simulation settings (initial condition, target
state, lower-tier controller design, upper-tier controller design, mass fraction mea-
surement sequence and delay size sequence) as in the previous simulations are used.

The state and input trajectories under the lower-tier PI controllers are shown in
Figs. 3.17 and 3.18. From Fig. 3.17, we see that the PI controllers stabilize the
system at the target steady-state in about 0.8 h which is a little slower than the
corresponding closed-loop response without input constraints (in such a case the
closed-loop system is stabilized in about 0.7 h). From Fig. 3.18, we see that the



3.6 Two-Tier Networked Control Architecture with Continuous/Delayed Measurements 81

1 1 460

\N\,w . 440
- = X

LZ05 B05 =420
400
0 0 380

0 02 04 06 08 10 0 02 04 06 08 10 0 02 04 06 08 10
1 1 460
. 440
< 80 < 42
2os Bos 420
400
0 0 380

0 02 04 06 08 1.0 0 02 04 06 08 10 0 02 04 06 08 1.0
1 1 460
—. 440

2 2 3

205 Bos 420
400
0 0 380

0 02 04 06 08 1.0 0 02 04 06 08 10 0 02 04 06 08 1.0

t[h] t[h] t[h]

Fig. 3.19 State trajectories of the reactor—separator process of Eqs. 3.52-3.63 subject to input
constraints under the two-tier control architecture with the networked LMPC of Eqgs. 3.66-3.73
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Fig. 3.20 Input trajectories of the reactor—separator process of Egs. 3.52-3.63 subject to input
constraints under the two-tier control architecture with the networked LMPC of Eqs. 3.66-3.73

three heat inputs Q1, Q2 and Q3 operate at their maximum allowable values for
about 0.15 h. The corresponding accumulated performance cost is 2.180 x 10°.
The state and input trajectories under the two-tier control architecture with the
upper-tier LMPC of Eqgs. 3.66—3.73 are shown in Figs. 3.19 and 3.20. Figure 3.19
shows that the two-tier control architecture drives the temperatures and the mass
fractions of the closed-loop system close to the equilibrium point in about 0.3 h
which is a little slower than the closed-loop system response without input con-
straints (in this case the closed-loop system stabilizes in about 0.25 h). From
Fig. 3.20, we see that the heat inputs Q1, Q> and Q3 also operate at their max-
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imum allowable values for about 0.15 h. The corresponding accumulated perfor-
mance cost is 9.443 x 10* which is much smaller than the cost obtained under the
lower-tier control system (2.180 x 10°). From this set of simulations, we see that the
two-tier control architecture maintains the property of improving the performance
of the closed-loop system when input constraints are present. It is also important
to note that advanced anti-windup schemes could be used in conjunction with the
lower-tier PI controller to mitigate the effect of integrator wind-up and improve the
closed-loop system performance; however, the basic conclusion of this part of the
study would not change.

Remark 3.18 In some applications, when input constraints are present, the stabil-
ity of the closed-loop system under the lower-tier controller may be lost because
of saturation of the control inputs. To avoid loosing stability, the lower-tier con-
troller in the two-tier control architecture can be detuned to primarily take care of
the closed-loop system stability by sacrificing closed-loop performance. Thus, when
input constraints are present, the lower-tier controller can be potentially detuned to
satisfy the input constraints (or saturate for less time) and the upper-tier controller
can be used to recover the loss of closed-loop performance.

3.7 Application to a Wind-Solar Energy Generation System

In this section, we apply the two-tier control architecture to develop a supervisory
predictive control method for the optimal management and operation of a wind—
solar energy generation system. We design a supervisory control system via MPC
which computes the power references for the wind and solar subsystems at each
sampling time while minimizing a suitable cost function. The power references are
sent to two local controllers which drive the wind and solar subsystems to the de-
sired power reference values. We discuss how we can incorporate practical consid-
erations (for example, how to extend the life time of the equipments by reducing
the peak values of inrush or surge currents) into the formulation of the MPC opti-
mization problem by determining an appropriate cost function and constraints. We
will present several simulation case studies that demonstrate the applicability and
effectiveness of the proposed supervisory predictive control architecture.

3.7.1 Wind-Solar System Description

The wind—solar energy generation system considered in this section is based on the
models developed in [104-106]. A schematic of the system is shown in Fig. 3.21.
In this system, there are three subsystems: wind subsystem, solar subsystem and a
lead-acid battery bank which is used to overcome periods of scarce generation.
First, we describe the modeling of the wind subsystem. In the wind energy gener-
ation subsystem, there is a windmill, a multipolar permanent-magnet synchronous
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Fig. 3.21 Wind-solar energy generation system

generator (PMSG), a rectifier, and a DC/DC converter to interface the generator
with the DC bus. The converter is used to control indirectly the operating point of
the wind turbine (and consequently its power generation) by commanding the volt-
age on the PMSG terminals.

The mathematic description of the wind subsystem written in a rotor reference
frame is as follows [105]:

. R ]

iy = =R g 4 OO TWigtw (3.98)
L L 33 fiz+ i

. R ]

fg = =iy — iy — —tdY (3.99)
L 3V3L,Ji2 +i2

L 3P

be=r57(Ti= 35 0mic ) (3.100)

where iy and iy are the quadrature current and the direct current in the rotor refer-
ence frame, respectively; Ry and L are the per phase resistance and inductance of
the stator windings, respectively; w, is the electrical angular speed; ¢, is the flux
linked by the stator windings; v, is the voltage on the battery bank terminals; u,,
is the control signal (duty cycle of the DC/DC converter (DC/DC Converter 1 in
Fig. 3.21)), P is the PMSG number of poles, J is the inertial of the rotating parts
and T; is the wind turbine torque. The wind turbine torque can be written as:

1
T, = EC[()»)pAsz, (3.101)

where p is the air density, A is the turbine-swept area, R is the turbine radius, v is
the wind speed, and C, () is a nonlinear torque coefficient which depends on the tip
speed ratio (A = % with o, = 2;‘,’6 being the angular shaft speed).

Based on Egs. 3.98-3.100, we can express the power generated by the wind

subsystem and injected into the DC bus as follows:

TUp

— 2 2
Pw—m iy +igu. (3.102)
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The model of the wind subsystem can be rewritten in the following compact
form:

Xy = fww) + guwXw)uty, (3.103)

where xy = [igiq we]T is the state vector of the wind subsystem and f,, =
[fw1 fu2 fw3]T, gw =[guw1 gu2 gw3]T are nonlinear vector functions whose explicit
form is omitted for brevity.

Next, we describe the modeling of the solar subsystem. In the solar subsystem,
there is a photo-voltaic (PV) panel array and a half-bridge buck DC/DC converter.
The solar subsystem is connected to the DC bus via the DC/DC converter. In this
subsystem, similar to the wind subsystem, the converter is used to control the oper-
ating point of the PV panels.

The mathematic description of the solar subsystem is as follows [106]:

. ipv I
Upy = ? - Eupv, (3.104)
: Up Upv
ls =—L—C+L—Cupu, (3.105)
q(vpvtipvRs)
ipv znplph_nplrs<e nsAcKT _1), (3106)

where v, is the voltage level on the PV panel array terminals, iy is the current
injected on the DC bus, C and L. are electrical parameters of the buck converter
(DC/DC Converter 2 in Fig 3.21), u, is the control signal (duty cycle), i,y is the
current generated by the PV array, n; is the number of PV cells connected in series,
np is the number of series strings in parallel, K is the Boltzman constant, A, is the
cell deviation from the ideal p—n junction characteristic, I, is the photocurrent,
and I, is the reverse saturation current. The power injected by the PV solar module
into the DC bus can be computed by:

Py =isvp. (3.107)

Note that this power indirectly depends on the control signal u p,.
The model of the solar subsystem can be rewritten in the following compact
form:

Xy = f(xs) + gs(xs)upva (3.108)
hg(xs) =0, (3.109)

where x; = [vpyis]” is the state vector of the solar subsystem and f; = [ fs1 fi2]”,
gs = [gs1 gsz]T are nonlinear vector functions and % (x;) is a nonlinear scalar func-
tion whose explicit form is omitted for brevity.

The DC bus collects the energy generated by both wind and solar subsystems and
delivers it to the load and, if necessary, to the battery bank. The voltage of the DC
bus is determined by the battery bank which comprises of lead-acid batteries.The
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load could be an AC or a DC load. In the case under consideration in this section,
it is assumed to be an AC load; therefore, a voltage inverter is required. We also
assume that the future load of the system for certain length of time is known, that is
the total power demand is known.

Because all subsystems are linked to the DC bus, their concurrent effects can be
easily analyzed by considering their currents in the common DC side. In this way,
assuming an ideal voltage inverter, the load current can be referred to the DC side
as an output variable current iz. Therefore, the current across the battery bank can
be written as:

ip= 2\/_ i +tduw+zy—' L, (3.110)
where i; is assumed to be a known current.

The lead-acid battery bank may be modeled as a voltage source Ej; connected in
series with a resistance Rp, and a capacitance Cp. Based on this simple model and
Eq. 3.110, the DC bus voltage expression can be written as follows:

vp = Ep+ v + i§+i§uw+is—iL>Rb, (3.111)

(v

where v, is the voltage in capacitor C, and its dynamics can be described as follows:

P2 iguy + iy — iL). (3.112)

. 1 < big
Ve=—|—=
‘TG \2v3
The model of the battery bank can also be rewritten in the following compact form:

Ve = fe(Xw, Xg, Ve), (3.113)

where f;(xy, X5, Vc) s a nonlinear scalar function.
The dynamics of the generation system can be written in the following compact
form:

X =f)+gMu, (3.114)

h(x) =0, (3.115)

where x = [xT Tvel, u = [uy upyl, f(x) and g(x) are suitable composition of

fuws fs» 8w & and fe, and h(x) = hy(xg). The explicit forms of f(x) and g(x) are
omitted for brevity.

Note that the maximum power that can be drawn from the wind and solar sub-
systems is determined by the maximum power that can be generated by the two
subsystems. When the two subsystems are not sufficient to complement the genera-
tion to satisfy the load requirements, the battery bank can discharge to provide extra
power to satisfy the load requirements. However, when the power limit that can be
provided by the battery bank is surpassed, the load must be disconnected to recharge
the battery bank and avoid damages. In this section, we do not consider the power
needed to charge the battery bank explicitly. However, this power can be lumped
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Fig. 3.22 Supervisory control of a wind—solar energy generation system

into the total power demand. In the reminder of this section, we refer to the total
power demand as Pr.

3.7.2 Control Problem Formulation and Controller Design

We consider two control objectives of the wind—solar energy generation system.
The first and primary control objective is to compute the operating points of the
wind subsystem and of the solar subsystem together to generate enough energy to
satisfy the load demand. The second control objective is to optimize the operating
points to reduce the peak value of surge currents. With respect to the second control
objective, specifically, we consider that there are maximum allowable increasing
rates of the generated power of the two subsystems and that frequent discharge and
charge of the battery bank should be avoided to maximize battery life. Note that the
constraints on the maximum increasing rates impose indirect bounds on the peak
values of inrush or surge currents to the two subsystems.

The control system is shown in Fig. 3.22 in which the supervisory control sys-
tem optimizes the power references Py, ref and Ps rer (operating points) of the wind
and solar subsystems, respectively. The two local controllers (wind subsystem con-
troller and the solar subsystem controller) manipulate u,, and u ,, to track the power
references, respectively.

Remark 3.19 Note that we consider wind—solar energy generation systems that al-
ready operate in normal generating conditions, and do not address the issues related
to system startup or shut down. Moreover, we focus on the application of the super-
visory control system and do not provide specific conditions (and detailed theoreti-
cal derivation) under which the stability of the closed-loop system is guaranteed. We
also note that, in the case of an energy generation system containing several solar
and wind subsystems, the supervisory control approach can be extended to control
the system in a conceptually straightforward manner by letting the supervisory con-
troller determine the power references of all the subsystems.
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3.7.2.1 Wind Subsystem Controller Design

For the wind subsystem controller, the objective is to track the power reference
computed by the supervisory predictive controller.

In order to proceed, we introduce the maximum power that can be provided by a
wind subsystem, Py, max, first. Py, max depends on a few turbine parameters and on
a simple measurement of the angular shaft speed as follows [105]:

3
~ E(ij +i3)rs, (3.116)

3
Py max = Pw,max(x) = Koptwm

Ci (o) pAR?
222
Cp(A) = C; (M)A reaches its maximum [105], and C;(-) is the torque coefficient of

the wind turbine.
We follow the controller design proposed in [107]. Specifically, the controller is
designed as follows:

where Kope = and Aqp is the tip speed ratio at which the coefficient

iy = {Mwl if Py ref < Py .max, (3.117)

Uy if Pw,ref = Pw,max’
where:
Uyl = _[6r.s(iqfwl +iq fw2) = 3¢sr (@e fw1 + iqfw3) + 2()/ ”Swl (xw) H

+ Emax19sw1/0xw ”)Sign(swl (xw))]
/(6rs(iqgwl +iggu2) — 3¢Sra)egwl) (3.118)

and

U2 = — fuwi/gwt + 2Koptwe fuw3s/ (@sr§w1) — iq fuws/(§wiwe) + 2(7/ ”SwZ(xw) ”
+ Emax | 9502/ 0x 1) sign (52 (xw) ) / (BPsr @eguw1) (3.119)

with y = 1000 and &p,5x = 0.02 being design constants and

8S 1 .
‘ 8xu:u \/4r it ld + ¢ ( ) — Arspsrwelq (3.120)
and
Osu2 3 2 3 \2
‘ Bxuj,, = \/<§¢Sr60e> + <3K0pta)g — §¢srzq> . (3.121)

In the control design shown in Eq. 3.117, sy1 = Py ref — Py and sy2 = Py max are
the sliding surfaces. When the power reference is less than the maximum power
that can be provided by the wind subsystem, the control law u,,; will operate the
subsystem to generate the desired power; when the power reference is greater than
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the maximum power that can be provided by the wind subsystem, the control law
Uy will drive the subsystem to operate at points in which the subsystem provides
the maximum power.

3.7.2.2 Solar Subsystem Controller Design

The objective of the solar subsystem controller is to force the subsystem to track
the power reference computed by the supervisory controller. The maximum power
operating point (MPOP) of the solar subsystem can be computed, in principle, by
the following expression [106]:

0Py Bip
= iy = 0. 3.122
avpv avpv vpv+lpv ( )

The maximum solar power provided, Ppy max, 1S computed numerically through
direct evaluation of the following expression [106] in the region where Eq. 3.122 is
close to zero:

dipy 5 ~ Aipy 5

= . 3.123
avpv pv AUpU Upv ( )

va,max = va,max(x) =

We follow the controller design proposed in [106] to design the solar subsystem
controller. Specifically, this controller is designed as follows:

. 1 ifh; >0,
lprv,maxzps,refy upvz{o 1fhi;0

0 ifhy >0,

(3.124)
H Fpnma < Pttt = { 1 ifhy <0

where hy = Py ref — isvp and ho = 3ipy /0Vpy +ipy/Vpo.

3.7.2.3 Supervisory Controller Design

The objective of the supervisory control system is to determine the power refer-
ences of the wind and solar subsystems. We will design the supervisory controller
via MPC. By using MPC, we can take optimality considerations into account as
well as handle different kinds of constraints. As stated before, the primary control
objective is to manipulate the operating points of the wind subsystem and of the so-
lar subsystem together to generate enough energy to satisfy the load demand. This
control objective will be considered in the design of the cost function for the MPC
optimization problem (please see Sect. 3.7.3). The second control objective is to
optimize the operating points to reduce the peak value of surge currents. In order
to take into account this control objective, we will incorporate hard constraints in
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the MPC optimization problem to restrict the maximum increasing rates of the gen-
erated power of the two subsystems as well as a term in the cost function to avoid
frequent discharge and charge of the battery bank.

We consider the case where the future load of the system for certain length of
time is known, that is the total power demand, Pr (¢), is known. The main implemen-
tation element of supervisory predictive control is that the supervisory controller is
evaluated at discrete time instants ty =ty + kA, k=0, 1, ..., with ¢ the initial time
and A the sampling time, and the optimal future power references, Py, ref and Py ref,
for a time period (prediction horizon) are obtained and only the first part of the ref-
erences are sent to the local control systems and implemented on the two units. In
order to design this controller, first, a proper number of prediction steps, N, and a
sampling time, A, are chosen.

The MPC design for the supervisory control system is described as follows:

PwmﬂgggeﬂA)ja%+Nl(i(r),Pwﬁd(r),P&mdt))dr, (3.125)
St Purer(t) <min{Pyma(D}, 1€ty th 1), (3.126)
Py ref(t) < m[in{P,,v,max(t)}, 1€ [tk js thet j+1),s (3.127)
Py ret(tkt j+1) — Puref(tit j) < d Py max, (3.128)
Py ret(tiy j+1) — P ref(tktj) < d Py max, (3.129)
) = f(F0) +g(FO)u), (3.130)
h(Z(@0) =0, (3.131)
X (1) = x(t), (3.132)
Py max (1) = Py, max (X (1)), (3.133)
Ppv.max(t) = Ppy max (X(1)), (3.134)

where X is the predicted future state trajectory of the wind—solar energy generation
system, L(x, Py ref, Ps ref) 1S a positive definite function of the state and the two
power references that defines the optimization cost, d Py max and d P max are the
maximum allowable increasing values of P, rer and P ref in two consecutive power
references, N is the prediction horizon, j =0,..., N — 1 and x(#) is the state
measurement obtained at time #;. We denote the optimal solution to the optimization
problem of Eqgs. 3.125-3.134 as P;ref(ﬂtk) and R:ref(tltk) which are defined for
1 € [tk, tetN)-

The power references of the two subsystems generated by the supervisory con-
troller of Eqs. 3.125-3.134 are defined as follows:

Py ret(t) = Py o (ttk), V1 € [tk, tiy1), (3.135)
Py ret(t) = Pl rop(tlt), V1t € [t tit1). (3.136)
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In the optimization problem of Eqs. 3.125-3.134, Eq. 3.125 defines the opti-
mization cost that needs to be minimized, which will be carefully designed in the
simulations in Sect. 3.7.3. Because the MPC optimizes the two power references
in a discrete time fashion and the references are constants within each sampling
interval, the constraints of Eqs. 3.126-3.127 require that the computed power ref-
erences should be smaller than the minimal of the maximum available within each
sampling interval, which means the power references should be achievable for the
wind and solar subsystems. Constraints of Eqs. 3.128-3.129 impose constraints on
the increasing rate of the two power references. In order to estimate the maximum
available power of the two subsystems along the prediction horizon, the model of
the system (Eq. 3.130), the current state (Eq. 3.131) and the equations expressing
the relation between the maximum available power and the state of each subsystem
(Eq. 3.133 and Eq. 3.134) are used. Note that in the MPC optimization problem,
in order to estimate the future maximum available power of each subsystem, we
assume that the environmental conditions such as wind speed, insolation and tem-
perature remain constant. When the sampling time is small enough and the predic-
tion horizon is short enough, along with high-frequency wind variations caused by
gusts and turbulence being reasonably neglected, this assumption makes physical
sense [104].

In the remainder of this section, the sampling time and the prediction horizon
of the MPC are chosen to be A =1 s and N = 2. The maximum increasing values
of the two power references are chosen to be d Py max = 1000 W and d Ps max =
500 W, respectively. Note that the choice of the prediction horizon is based on the
fast dynamics of the generation system, the uncertainty associated with long-term
future power demand and is also made to achieve a balance between the evaluation
time of the optimization problem of the supervisory MPC and the desired closed-
loop performance.

3.7.3 Simulation Results

In this subsection, we carry out several sets of simulations to demonstrate the ef-
fectiveness and applicability of the designed MPC when the control objectives are
taken into account. Note that in all the simulations, standard numerical methods,
e.g., Runge—Kutta, are used to carry out the numerical integration of the closed-
loop system.

3.7.3.1 Constraints on the Maximum Increasing Rates of Py rer and Py rer

In this set of simulations, the control objective is to operate the wind—solar energy
generation system to satisfy the total power demand, Pr, subject to constraints on
the rate of change of Py, ref and Ps rof. Because the constraints on the maximum
increasing rates of Py, rer and Ps et are considered as hard constraints in the formu-
lation of the MPC (i.e., constraints of Eqgs. 3.128-3.129), in the cost function, we
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only penalize the total power demand. The cost function designed for these control
objectives is shown as follows:

L(x, Pw,ref’ Ps,ref) =a(Pr — Pw,ref - Ps,ref)2 + ﬂp_grefs (3.137)

where @ = 1 and 8 = 0.01 are constant weighting factors. The first term, «(Pr —
Py ref — Ps’ref)z, in the cost function penalizes the difference between the power
generated by the wind—solar system and the total power demand, which drives the
wind and solar subsystems to satisfy the total demand to the maximum extent. Be-
cause there are infinite combinations of Py rer and Ps ref that can minimize the first
term, in order to get a unique solution to the optimization problem, we also put a
small penalty on P; ref. This implies that the wind subsystem is operated as the pri-
mary generation system and the solar subsystem is only activated when the wind
subsystem alone can not satisfy the power demand. In the simulation, we assume
that the environmental conditions remain constant with wind speed v = 12 m/s, in-
solation A; = 90 mW/cm? and PV panel temperature T = 65°C.

Figure 3.23 shows the results of the simulations. From Fig. 3.23, we see that at
t =4 s there is a demand power increase from 2100 W to 4000 W (Fig. 3.23(a)),
and that because of the constraints on the maximum increasing rates of Py, rof and
Ps ref, the wind—solar system cannot supply sufficient power (Fig. 3.23(b)—(c)) and
the shortage of power is made up by the battery bank (Fig. 3.23(a)).

Note that we assume that the future power demand for a short time period is
known to the MPC. Because of this, at t = 8 s, when the MPC supervisory con-
troller receives information about a power demand increase at = 9 s, and having
information of the limits on the power generation of the two subsystems, it coor-
dinates the power generations of the wind and solar subsystems to best satisfy the
power demand by reducing the power generation of the wind subsystem and ac-
tivating the solar subsystem in advance at t = 8 s. This coordination renders the
two subsystems able to approach as much as possible to the total power demand
requirement at t = 9 s (even though they cannot fully meet this requirement due
to operation constraints of the wind and solar subsystems) by boosting their power
production at the maximum possible rate, i.e., about 1,500 W boost in power pro-
duction from r = 8 s to t =9 s. On the other hand, if there is no information of the
future power demand increase that is fed to the MPC, the wind—solar system would
not increase its production as fast to approach the total power demand requirement
because the solar subsystem would stay dormant up to t = 9 s (the power demand
requirement at ¢t = 8 s can be fully satisfied by the wind subsystem only) and the
presence of a hard constraint on the rate of change of power generated by the solar
subsystem would not allow to boost its production enough to meet the total power
demand requirement at t = 9 s (in this case, the total power demand requirement
cannot be achieved by operation of the wind subsystem only); as a result the boost
in total power production in this case would be only 1,200 W.
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Fig. 3.23 Power trajectories with constraints on the maximum increasing rates of Py, rer and Py ref.
(a) Generated power Py, + Ps (solid line), total power demand Pr (dashed line) and power pro-
vided by battery bank P}, (dotted line); (b) power generated by wind subsystem Py, (solid line),
wind power reference Py rer (dash-dotted line) and maximum wind generation Py max (dashed
line); (c) power generated by solar subsystem Py (solid line), solar power reference P ref (dash—
dotted line) and maximum solar generation Py max (dashed line)

3.7.3.2 Suppression of Battery Power Fluctuation

In this set of simulations, we modify the cost function of Eq. 3.137 to take into
account the fluctuation of the battery power in order to avoid frequent battery charge
and discharge. The cost function is modified as follows:

L(x, Py ref, Ps,ref) =a(Pr — Py ref — Ps,ref)2 + ﬁPSZ,ref + {Asz, (3.138)

where APj, is the change of the power provided by the battery bank between two
consecutive steps and { = 0.4 is a weighting factor. Note that this newly added term
requires that we store the trajectory of Pp. In this set of simulations, the environ-
mental conditions are set with wind speed v = 11 m/s, insolation A; = 90 mW/cm?
and PV panel temperature 7 = 65°C.

Figure 3.24 shows the simulation results. From Fig. 3.24, we see that there is a
power demand decrease at ¢t = 3 s, and though the wind and solar subsystems are
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Fig. 3.24 Power trajectories taking into account suppression of battery power fluctuation. (a) Gen-
erated power Py, + Py (solid line), total power demand Pr (dashed line) and power provided by
battery bank Py, (dotted line); (b) power generated by wind subsystem Py, (solid line), wind power
reference Py re (dash-dotted line) and maximum wind generation Py, max; (¢) power generated by
solar subsystem P (solid line), solar power reference P ref (dash-dotted line) and maximum solar
generation Ps max; (d) generated power Py, + Ps (solid line), total power demand Pr (dashed line)
and power provided by battery bank P, (dotted line)

able to provide enough power to satisfy the demand, the supervisory controller will
not reduce the power generated by the battery to O immediately at = 3 s; instead,
the supervisory controller operates the system to make the power provided by the
battery bank decrease slower and reach its recharge state at t = 5 s (Fig. 3.24(a)).
Fig. 3.24(d) shows the power trajectory of the battery bank if no penalty on the
change of the power provided by the battery bank is applied.
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Fig. 3.25 Environmental conditions and load current. (a) Wind speed v; (b) insolation A;; (¢) PV
panel temperature 7'; (d) load current iz,

3.7.3.3 Varying Environmental Conditions

In this part, we carry out simulations under varying environmental conditions.
Time evolution of wind speed, PV panel temperature and insolation are shown in
Fig. 3.25(a)—(c). Fig. 3.25(d) shows the trajectory of total power demand.

It can be seen from Fig. 3.26(a) that the wind/solar/battery powers coordinate
their behavior to meet the load demand. Time evolution of output power and max-
imum available power from the wind subsystem and solar subsystem are plotted
in Fig. 3.26(b)—(c). When sufficient energy supply can be extracted from the two
subsystems such as during 0~60 s, 100~140 s and 160~173 s, the battery is being
recharged. In other periods, load demand is relatively high and the weather condi-
tion, which determines the maximum available generation capacity of the two sub-
systems, cannot permit sufficient energy supply. Thus, the supervisory controller
drives wind/solar parts to their instant maximum capacity and calls the battery bank
for shortage compensation.
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Fig. 3.26 Power trajectories under varying environmental conditions. (a) Generated power
Py, + Ps (solid line), total power demand Pr (dashed line) and power provided by battery bank P,
(dotted line); (b) power generated by wind subsystem Py, (solid line), wind power reference Py, ref
(dash-dotted line) and maximum wind generation Py, max (dashed line); and (c¢) power generated
by solar subsystem Ps (solid line), solar power reference Ps rof (dash-dotted line) and maximum
solar generation Py max (dashed line)

3.7.3.4 Consideration of High-Frequency Disturbance of Weather Conditions

In the preceding scenaria, we assumed that the variation of weather-related pa-
rameters, like wind speed and insolation, within each sampling time interval is
negligible. While this assumption is reasonable in most cases, additional attention
for robust system operation should be given under even harsher conditions where
high frequency disturbances that influence the values of wind speed and insolation
are present. This scenario is possible when the wind turbine encounters turbulent
flow [82], or when insolation is affected by abrupt changes in atmospheric turbid-
ity [33].

To study this case from a control point of view and evaluate the robustness
of the control system in this case, we introduce disturbances in two parameters;
specifically, 10% variation in the wind speed and 5% variation in the insolation.
The profiles of the wind speed and insolation are shown in Figs. 3.27(a) and (b).
We have used the system model to establish that the control system operating
on the wind subsystem can tolerate the wind disturbance and no additional mea-
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Fig. 3.27 Environmental conditions and load current. (a) Wind speed with high frequency distur-
bance v; (b) insolation with high frequency disturbance A;; (¢) PV panel temperature 7'; (d) load
current i,

sures are needed to be taken to secure its reliability. However, for the solar sub-
system, which is characterized by faster dynamics, in order to maintain its closed-
loop stability we need to use a more conservative estimate of the insolation (i.e.,
95% of the value of the measured insolation) in the evaluation of the power ref-
erence. This conservative estimate of insolation ensures that the predicted maxi-
mum power delivered by the solar subsystem does not exceed what the weather
permits.

The closed-loop profiles of power generation are displayed in Fig. 3.28(a)—(c).
Again, the entire energy generation system operates reliably, thereby yielding posi-
tive results for the robustness of the control system with respect to abrupt variations
in wind speed and insolation. Both maximum power generation capabilities of the
two subsystems are perturbed as a result of the weather disturbance, but both the
wind subsystem and the solar subsystem operate in a robust fashion and the total
power demand is met.
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Fig. 3.28 Power trajectories under varying environmental conditions with high frequency distur-
bance. (a) Generated power Py, + Ps (solid line), total power demand Pr (dashed line) and power
provided by battery bank P}, (dotted line); (b) power generated by wind subsystem Py, (solid line),
wind power reference P, ref (dash-dotted line) and maximum wind generation Py, max (dashed
line); and (c) power generated by solar subsystem P (solid line), solar power reference Pj rer
(dash-dotted line) and maximum solar generation Ps max (dashed line)

3.8 Conclusions

In this chapter, we presented a two-tier networked control architecture for process
control problems that involve nonlinear processes and heterogeneous measurements
consisting of continuous measurements and asynchronous measurements (with or
without delays). The presented architecture consists of: (a) a lower-tier control sys-
tem, which relies on point-to-point communication and continuous measurements,
to stabilize the closed-loop system, and (b) an upper-tier networked control sys-
tem, designed using LMPC theory, that profits from both the continuous and the
asynchronous, delayed measurements as well as from additional networked con-
trol actuators to improve the closed-loop system performance. The applicability and
effectiveness of the methods were demonstrated using two chemical process exam-
ples.

In addition, the two-tier control architecture was also applied to the supervisory
control of a standalone wind—solar energy generation system. Specifically, we fo-
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cused on the development of a supervisory predictive control method for the optimal
management and operation of wind—solar energy generation systems. We designed
a supervisory control system designed via MPC which computes the power refer-
ences for the wind and solar subsystems at each sampling time while minimizing a
suitable cost function. The power references are sent to two local controllers which
drive the two subsystems to the power references. We discussed how to incorporate
practical considerations, for example, how to reduce the peak values of inrush or
surge currents, into the formulation of the MPC optimization problem. Simulation
results demonstrated the effectiveness and applicability of the presented approach.



Chapter 4
Distributed Model Predictive Control:
Two-Controller Cooperation

4.1 Introduction

In Chap. 3, we presented a two-tier networked control architecture for nonlinear
processes, shown in Fig. 3.2. In this architecture, the preexisting local control sys-
tem (LCS) uses continuous sensing and actuation and an explicit control law (for
example, the local controller is a classical controller, like a proportional-integral-
derivative controller, or a nonlinear controller designed via geometric or Lyapunov-
based control methods for which an explicit formula for the calculation of the con-
trol action is available). On the other hand, the networked control system (NCS)
uses networked (wired or wireless) sensors and actuators and has access to hetero-
geneous, asynchronous measurements that are not available to the LCS. The NCS is
designed via LMPC. An important feature of the two-tier networked control archi-
tecture of Fig. 3.2 is that there is no communication between the LCS and NCS since
the networked LMPC can estimate the control actions of the local controller using
the explicit formula of this controller, and thus, it can take into account the actions
of the local controller in the computation of its optimal input trajectories. In this
sense, the two-tier networked control architecture of Fig. 3.2 can be thought of as
a decentralized control system. This lack of communication is an appealing feature
because the addition of the NCS does not lead to any modification of the preex-
isting LCS and improves the overall performance and robustness of the combined
NCS/LCS architecture (i.e., the achievable closed-loop performance is invariant to
disruptions in the communication between the NCS and LCS).

Despite this progress, there are important controller design problems that remain
unresolved in the broad context of networked control systems. For example, when
the LCS is a model predictive control system for which there is no explicit controller
formula to calculate its future control actions, it is necessary to redesign both the
NCS and the LCS and establish some level of (preferably small) communication
between them so that they can coordinate their actions. To this end, we will adopt
in this chapter a distributed MPC (DMPC) approach to the design of the NCS and
LCS, as shown in Fig. 4.1. It is important to remark at this point that an alternative
approach to address the integrated design of the NCS and LCS would be to design a
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fully centralized MPC to decide the manipulated inputs of all the control actuators
(i.e., both u; and u; in Fig. 4.1). However, the computational complexity of MPC
grows significantly with the increase of optimization (decision) variables, which
may prohibit certain online centralized MPC applications with a large number of
decision variables.

Specifically, in this chapter, we present a DMPC design where both the preexist-
ing local control system and the networked control system are designed via LMPC.
The DMPC design that will be presented—see Fig. 4.1—uses a hierarchical control
architecture in the sense that the LCS is able to stabilize the closed-loop system and
the NCS takes advantage of additional control inputs and coordinates with the LCS
to improve the closed-loop performance. This hierarchical DMPC design is differ-
ent from previous DMPC designs which decompose a centralized control problem
spatially (see also Chap. 6 of this book for results in this direction). In particular,
the proposed design provides the potential of maintaining stability and performance
in the face of new/failing actuators, (for example, the failure of the actuator of the
NCS (zero input) in Fig. 4.1 does not affect the closed-loop stability). Working
with general nonlinear models of chemical processes and assuming that there ex-
ists a nonlinear controller that stabilizes the nominal closed-loop system using only
the preexisting control loops (LCS), two separate Lyapunov-based model predic-
tive controllers will be designed that coordinate their actions in an efficient fashion.
Specifically, the DMPC design preserves the stability properties of the nonlinear
controller, improves the closed-loop performance and allows handling input con-
straints. In addition, the distributed control design requires reduced communication
between the two distributed controllers since it requires that these controllers com-
municate only once at each sampling time and is computationally more efficient
compared to the corresponding centralized MPC design.

In addition, we will extend the results to include nonlinear systems subject to
asynchronous and delayed measurements. In the case of asynchronous feedback,
under the assumption that there exists an upper bound on the interval between two
successive state measurements, distributed controllers that utilize one-directional
communication and coordinate their actions to ensure that the state of the closed-
loop system is ultimately bounded in a region that contains the origin will be de-
signed. In the case of asynchronous measurements that also involve time-delays,
under the assumption that there exists an upper bound on the maximum measure-
ment delay, a DMPC system that utilizes bidirectional communication between the
distributed controllers and takes the measurement delays explicitly into account to
enforce practical stability in the closed-loop system will be designed. These DMPC
designs also possess explicitly characterized sets of initial conditions starting from
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where they are guaranteed to be feasible and stabilizing. The theoretical results will
be demonstrated through a chemical process example. The results of this chapter
were first presented in [10, 52, 56].

4.2 System Description

In this chapter, we consider nonlinear systems described by the following state-
space model:

(@) = f(x@), u1 (), u2(t), w(t)), (4.1)

where x () € R" denotes the vector of state variables, u1 () € R™! and u,(t) € R™?
are two different sets of control inputs and w(¢) € R¥ denotes the vector of distur-
bance variables. The two sets of control inputs are restricted to be in two nonempty
convex sets Uy € R™ and U C R™2 and the disturbance vector is bounded, i.e.,
w(t) € W where:

W:={weR":||w|<6,0 >0} 4.2)

with 6 being a known positive real number.

We assume that f is a locally Lipschitz vector function and f(0,0,0,0) = 0.
This means that the origin is an equilibrium point for the nominal system of Eq. 4.1
with u; =0 and u, =0.

Remark 4.1 In general, distributed control systems are formulated based on the as-
sumption that the controlled systems are decoupled or partially decoupled. However,
we consider a fully coupled process model with two sets of possible manipulated
inputs; this is a very common occurrence in chemical process control as we will
illustrate in the example of Sect. 4.4.3. It is important to note that even though we
have motivated the control problem of Eq. 4.1 by the augmentation of LCS with
NCS, the same control formulation could be used when a new control system which
may use a local control network is added to a process that already operates under an
MPC; see example in Sect. 4.4.3.

4.3 Lyapunov-Based Control

We assume that there exists a nonlinear state feedback control law u (1) = h(x (1))
which satisfies the input constraint on #; for all x inside a given stability region
and renders the origin of the nominal closed-loop system asymptotically stable with
up(t) = 0. Using converse Lyapunov theorems, this assumption implies that there
exist functions «; (-), i = 1,2, 3,4 of class % and a continuous differentiable Lya-
punov function V (x) for the nominal closed-loop system that satisfy the following
inequalities:

ar(llxl) < Vx) < aa(lix), (4.3)



102 4 Distributed Model Predictive Control: Two-Controller Cooperation

aV(x)

o f(x,h(x),0,0) < —az(lxll), (4.4)
H aa(llx11). (4.5)
h(x) € Uy (4.6)

for all x € O € R" where O is an open neighborhood of the origin. We denote the
region £2, € O as the stability region of the closed-loop system under the control
up =h(x) and up =0.

By continuity, the local Lipschitz property of the vector field f(x, uy, u2, w) and
the fact that the manipulated inputs u; and u, are bounded in convex sets, there
exists a positive constant M such that:

1fGeouruz,w)| <M 4.7

forall x € £2,, u; € Uy, up € U and w € W. In addition, by the continuous differ-
entiable property of the Lyapunov function V, there exist positive constants Ly, Ly,
and L', such that:

£ G ur,ua,w) — f(x" ur,uz, 0)| <L . 4.8)
v vV (x’
H (x)f(x,ul,ug,w)— 8ix)f(x/,u1,u2,0)”

<L llwl+L,|x—x| (4.9)

for all x,x" € £2,, uy € Uy, up € Uy and w € W. These constants will be used
to characterize the stability properties of the system of Eq. 4.1 under the DMPC
designs.

4.4 DMPC with Synchronous Measurements

In this section, we present a DMPC design for the system of Eq. 4.1 with syn-
chronous measurements. In Sects. 4.5 and 4.6, we will extend the results presented
in this section to include systems subject to asynchronous measurements without
and with time-varying delays, respectively.

Specifically, in the current section, we assume that measurements of the system
state x are available at synchronous sampling times {fx>o} with tx =9 + kA, k =
0, 1, ... where t¢ is the initial time and A is the sampling time.

4.4.1 DMPC Formulation

In this section, we design two separate LMPCs to compute u| and u> and refer to
the LMPC computing the trajectories of u; and u, as LMPC 1 and LMPC 2, respec-
tively. Figure 4.1 shows a schematic of the distributed control method discussed in
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this section. The implementation strategy of the distributed control architecture is
as follows:

1. At t;, both LMPC 1 and LMPC 2 receive the state measurement x (f;) from the
Sensors.

2. LMPC 2 evaluates the optimal input trajectory of u; based on the x (#;) and sends
the first step input value of u (i.e., us € [#, tx+1)) to its corresponding actuators
and the entire optimal input trajectory of u» (i.e., uz € [tx, tyyy) With N the
prediction horizon of the LMPCs) to LMPC 1.

3. Once LMPC 1 receives the entire optimal input trajectory of u, from LMPC 2, it
evaluates the future input trajectory of u; based on x(#;) and the entire optimal
input trajectory of u;.

4. LMPC 1 sends the first step input value of uy (i.e., uj € [tx, tx+1)) to its corre-
sponding actuators.

5. When a new measurement is received (k <— k + 1), go to Step 1.

First, we define the optimization problem of LMPC 2. This optimization problem
depends on the latest state measurement x (¢ ), however, LMPC 2 does not have any
information about the value that 1| will take. In order to make a decision, LMPC 2
must assume a trajectory for #1 along the prediction horizon. To this end, the nonlin-
ear control law u; = h(x) is used. In order to inherit the stability properties of this
control law, u#> must satisfy a Lyapunov-based constraint that guarantees a given
minimum decrease rate of the Lyapunov function V. The design of LMPC 2 is
based on the following optimization problem:

Iy N
in [ RO, 4 @, + o, 14 (410
st X(0) = f(F@®), u1(1), u2(1),0), 4.11)
wr(t) =h(Z(tes))), V1 €lterjstipje)s j=0,...,N—1,  (4.12)
us(t) € Us, (4.13)
T (te) = x (1), (4.14)
v
%f(x(tk)» h(x(t)), uz(t), 0)
< Mf(x(zk),h(x(tk)),o,o), (4.15)

0x

where Q., R.1 and R, are positive definite weighting matrices, x is the predicted
trajectory of the nominal system with u being the input trajectory computed by this
LMPC and u; being the nonlinear control law & (x) applied in a sample-and-hold
fashion. The optimal solution to this optimization problem is denoted by u3(¢|t)
which is defined for ¢ € [#, tx+n). This information is sent to LMPC 1.

The constraint of Eq. 4.13 defines the constraint on the control input u, and
the Lyapunov-based constraint of Eq. 4.15 guarantees that the value of the time
derivative of the Lyapunov function at the initial evaluation time, if u; = h(x())
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and uy = w5 (t|t) are applied, is lower than or equal to the value obtained when
u1 = h(x) and up = 0 are applied.

The optimization problem of LMPC 1 depends on the latest state measurement
x (t;) and the decision taken by LMPC 2 (i.e., u§ (t|tx)). This allows LMPC 1 to com-
pute an input u; such that the closed-loop performance is optimized, while guaran-
teeing that the stability properties of the nonlinear control law A (x) are preserved.
Specifically, LMPC 1 is based on the following optimization problem:

tk+N
i [, 4 @l + el e @
st X(0) = f(R@), u1(0), ua(0),0), 4.17)
ui(t) € Uy, 4.18)
uz(t) = us(t|t), (4.19)
X (1) = x (), (4.20)
vV
%JC(X(U{), w1 (1), w5 (tk|1), 0),
IV
=< Mf()é(tk), h(x (1)), u3 (1), 0), 4.21)

0x

where X is the predicted trajectory of the nominal system with u, being the optimal
input trajectory u3(t|tx) computed by LMPC 2 and u; being the input trajectory
computed by LMPC 1. The optimal solution to this optimization problem is denoted
by u} (t|tx) which is defined for € [#, trn).

The constraint of Eq. 4.18 defines the constraint on the control input #; and
the Lyapunov-based constraint of Eq. 4.21 guarantees that the value of the time
derivative of the Lyapunov function at the initial evaluation time, if u; = u’f(tk|tk)
and up = u3(#|t) are applied, is lower than or equal to the value obtained when
uy = h(x(t)) and up = u (|t;) are applied.

Once both optimization problems are solved, the inputs of the DMPC design
based on the above LMPC 1 and LMPC 2 are defined as follows:

ur(t) = uj(tlte), Vit € e, tigr), (4.22)
usr(t) = us(tlty), Vt € [t, tryr). (4.23)

Remark 4.2 At Step 2 of the presented implementation strategy, the whole optimal
input trajectory of LMPC 2 is sent to LMPC 1. From the stability point of view, it
is unnecessary to send the whole optimal input trajectory. Only the first step of the
optimal input trajectory of LMPC 2 is needed to send to LMPC 1 in order to guaran-
tee the stability of the closed-loop system under the DMPC (please see Sect. 4.4.2
for the proof of the closed-loop stability). Thus, the communication between the
two LMPCs can be minimized by only sending the first step of an optimal input
trajectory without loss of the closed-loop stability. However, the transmission of
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the whole optimal trajectory at a sampling time can, to some extend, improve the
closed-loop performance because LMPC 1 has more information on the possible
future input trajectory of LMPC 2.

Remark 4.3 The key idea of the DMPC formulation is to impose a hierarchy on the
order in which the controllers are evaluated in order to guarantee that the resulting
control actions stabilize the system. In this section, we assume flawless communi-
cations and synchronous state measurements at each sampling time without delay.
If data losses and delays are taken into account, the control method has to be modi-
fied because at each time step coordination between both LMPCs is not guaranteed;
these issues are addressed in Sects. 4.5 and 4.6.

Remark 4.4 Since the computational burden of nonlinear MPC methods is usually
high, the DMPC design only requires LMPC 2 and LMPC 1 to “talk” once every
sampling time (that is, LMPC 2 sends its optimal input trajectory to LMPC 1) to
minimize the communication between the two LMPCs. This strategy is more robust
when communication between the distributed MPCs can be subject to disruptions.
Note also that the computational complexities of the LMPC optimization problems
of the DMPC design can be further reduced by appropriately reducing the dimen-
sion of the system model used in the formulation of optimization problems; the
reader may refer to [38, 43] for discussion on model reduction via two-time-scale
techniques.

Remark 4.5 The constraints of Egs. 4.15, 4.19 and 4.21 are a key element of the
DMPC design. In general, guaranteeing closed-loop stability of a distributed con-
trol system is a difficult task because of the interactions between the distributed con-
trollers and can only be done under certain assumptions (see, for example, [8, 92]).
The constraint of Eq. 4.19 guarantees that LMPC 1 takes into account the effect
of LMPC 2 to the applied inputs (recall that LMPC 2 is designed without taking
LMPC 1 into account). The constraints of Egs. 4.15 and 4.21 together with the hier-
archical control strategy (i.e., LMPC 2 is solved first and LMPC 1 is solved second)
guarantee that the value of the Lyapunov function of the closed-loop system is a
decreasing sequence of time with a lower bound.

Remark 4.6 Note that the stability properties of the closed-loop system are inher-
ited from the nonlinear control law © = h(x). Once the Lyapunov-based constraints
of Egs. 4.15 and 4.21 are satisfied, closed-loop stability is guaranteed. The main
purpose of LMPC 1 and LMPC 2 is to optimize the inputs u; and u» to improve
performance. Thus, during the evaluation of the optimal solutions of LMPC 1 and
LMPC 2 within a sampling period, we can terminate the optimization (i.e., limit the
number of iterations in the process of searching for the optimal solutions) to obtain
sub-optimal input trajectories without losing the stability properties. An extreme
application of this idea is when the optimization process is terminated at the be-
ginning of every optimization process which gives the inputs: u(¢) = h(x(#x)) and
us(t) =0 for t € [#, ty+1), which guarantees stability of the closed-loop system but
not optimal performance.
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Remark 4.7 In the DMPC design of Egs. 4.10-4.21, LMPC 2 and LMPC 1 are
evaluated in sequence, which implies that the minimal sampling time of the system
should be greater than or equal to the sum of the evaluation times of LMPC 2 and
LMPC 1. In order to solve both optimization problems in parallel, LMPC 1 can use
old input trajectories of LMPC 2, that is, at #;, LMPC 1 uses uz(t|tk_1) to define
its optimization problem. This strategy, however, may introduce extra errors in the
optimization problem and may not guarantee closed-loop stability.

Remark 4.8 The Lyapunov-based constraints of Eqs. 4.10 and 4.21 guarantee that
the choice of uy cannot render LMPC 1 infeasible. In addition, the two constraints
guarantee that the DMPC design inherits the stability region of the nonlinear control
law h(x).

4.4.2 Stability Properties

In this subsection, we present the stability properties of the DMPC of Egs. 4.10—
4.21. The DMPC of Eqgs. 4.10-4.21 computes the inputs u#; and uy applied to the
system of Eq. 4.1 in a way such that the value of the Lyapunov function at time
instant #; (i.e., V(x(fx))) is a decreasing sequence of values with a lower bound.
This is achieved due to the Lyapunov-based constraints of Eqs. 4.15 and 4.21. This
property is presented in Theorem 4.1 below.

Theorem 4.1 Consider the system of Eq. 4.1 in closed-loop with x available at
synchronous sampling time instants {ty>o} under the DMPC of Egs. 4.10-4.21 based
on a control law u1 = h(x) that satisfies the conditions of Eqs. 4.3-4.6. Let &, > 0,
A > 0and p > ps > 0 satisfy the following constraint:

—az(oy ' (0y)) + LMA+ L0 < —e/A. (4.24)
If x(t9) € 82, Pmin < p and N > 1 where:
pmin =max{V (x(t + A)) : V(x(®)) < ps}, (4.25)

then the state x(t) of the closed-loop system is ultimately bounded in $2,, . .
Proof The proof consists of two parts. We first prove that the optimization prob-
lems of Eqgs. 4.10—-4.15 and 4.16-4.21 are feasible for all states x € £2,. Then we
prove that, under the DMPC of Eqs. 4.10—4.21, the state of the system of Eq. 4.1 is
ultimately bounded in a region that contains the origin.

Part 1: We first prove the feasibility of LMPC 2 of Eqs. 4.10—4.15, and then the
feasibility of LMPC 1 of Egs. 4.16-4.21. All input trajectories of u»(¢) such that
uy(t) = 0,Vt € [t, ty+1) satisfy all the constraints (including the input constraint
of Eq. 4.13 and the Lyapunov-based constraint of Eq. 4.15), thus the feasibility
of LMPC 2 is guaranteed. The feasibility of LMPC 1 follows because all input
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trajectories u1(¢) such that u () = h(x(tx)),Vt € [tk, tx+1) are feasible solutions
to the optimization problem of LMPC 1 since all such trajectories satisfy the input
constraint of Eq. 4.18; this is guaranteed by the closed-loop stability property of the
nonlinear control law A (x) and the Lyapunov-based constraint of Eq. 4.21.

Part 2: From the conditions of Eqs. 4.3—4.6 and the constraints of Egs. 4.15 and
4.21,if x () € §2, it follows that:

aV
OV 14,010, 3110.0)
o 0x

A%
< D () (200, 0,0)

< —a3(|x@)|)- (4.26)

F(x @), h(x (), uh 1), 0)

The time derivative of the Lyapunov function along the actual state trajectory
x(t) of the system of Eq. 4.1 in ¢ € [#, tx+1) is given by:

AV (x(1))
ax

V(xn)= F (e, uf (cl), w3 (1l 1), w(o)). (4.27)

Adding and subtracting 2D £ (x (), uk (2| ), w (7 ]2), 0) and taking into ac-
count the conditions of Eq. 4.4, we obtain the following inequality:

. A%
V(x®) < —es(|x@)|) + %f(x(t), u (1), wl (1), w(t))
Vv
- %f(x(fk), u(telte), uy (|1, 0). (4.28)

From the conditions of Eqgs. 4.3—4.6, 4.9 and Eq. 4.28, the following inequality is
obtained for all x(#) € §2,/82,,:

V(x®) < —a3(ey (o5)) + L [ x(0) — x (@) || + L), llw]. (4.29)

Taking into account Eq. 4.7 and the continuity of x(¢), the following bound can be
written for all ¢ € [t, tx+1):

|x(@) — x| = MA. (4.30)

Using this expression, we obtain the following bound on the time derivative of the
Lyapunov function for ¢ € [#, tx41), for all initial states x(#x) € £2,,/82,,:

V(x®) < —as(e; (o)) + LM A+ L),6. 4.31)

If the condition of Eq. 4.24 is satisfied, then there exists &,, > 0 such that the fol-
lowing inequality holds for x(#) € £2,,/82,,:

V(x(0) < —ew/A (4.32)
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int € [tx, ty+1). Integrating this bound on ¢ € [#, fx11), we obtain that:

V(x(trs1) < V(x@)) — ew, (4.33)
V(x(®) < V(xw)), Vi€l tir1) (4.34)

for all x(t) € £2,/82,,. Using Eqgs. 4.33-4.34 recursively it is proved that, if
x(ty) € £2,,/82,,, the state converges to £2, in a finite number of sampling times
without leaving the stability region. Once the state converges to £2,0 C £2,, ., it re-
mains inside §2,, . for all times. This statement holds because of the definition of
Pmin- This proves that the closed-loop system under the DMPC of Eqgs. 4.10—4.21 is
ultimately bounded in £2,, . . O
Remark 4.9 Referring to Theorem 4.1, the condition of Eq. 4.24 guarantees that
if the state of the closed-loop system at a sampling time #; is outside the level
set V(x(#x)) = ps but inside the level set V (x(tx)) = p, the derivative of the Lya-
punov function of the state of the closed-loop system is negative under the DMPC
of Egs. 4.10-4.21.

Remark 4.10 For continuous-time systems under continuous control implementa-
tion, a sufficient condition for set invariance is that the derivative of a Lyapunov
function is negative on the boundary of a set. For systems with continuous-time dy-
namics and sample-and-hold control implementation, this condition is not sufficient
because the derivative may become positive during the sampling period and the sys-
tem may leave the set before a new sample is obtained. Referring to Theorem 4.1,
Pmin 18 the maximum value that the Lyapunov function can achieve in a time period
of length A when x(#) € §2,,,. §2,,... defines an invariant set for the state x (¢) under
sample-and-hold implementation of the inputs of the DMPC of Eqgs. 4.10-4.21.

Remark 4.11 To take advantage of both sets of manipulated inputs #; and u;, one
option is to design a centralized MPC. In order to guarantee robust stability of the
closed-loop system, such a centralized MPC must include a set of stability con-
straints. To do this, we may use the LMPC of Eqs. 2.16-2.20 introduced in Chap. 2.
This LMPC guarantees practical stability of the closed-loop system, allows for an
explicit characterization of the stability region and yields a reduced complexity opti-
mization problem. The LMPC for the system of Eq. 4.1 based on a nonlinear control
law h(x) satisfying the conditions of Eqs. 4.3—4.6 is based on the following opti-
mization problem:

k4N
i[O @l ol e @
st X(0) = (X, u1 (1), u2(1),0), (4.36)
ui(r) € Uy, (4.37)

ur(t) € U, (4.38)
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Fig. 4.2 Centralized LMPC T
: Process >
control architecture l
U1 U2 Sensors

]
Controller

X(t) = x(tx), (4.39)

aVv
%f(ﬂtk), uy (t), ua (ty.), 0)

< AV (x (1))

o F(x (), h(x @), 0,0), (4.40)

where X is the predicted trajectory of the nominal system for the input trajectory
computed by this centralized LMPC.

The optimal solution to the optimization problem of Eqs. 4.35-4.40 is denoted
by u:fl (t|tx) and u;‘f2 (t|#). The manipulated inputs of the closed-loop system under
the above centralized LMPC are defined as follows

ur(t) =ug, (tlte), vt € [te, i), (4.41)

ur(t) = ulH (tlty), Vvt €[ty, tiy1). (4.42)

In what follows, we refer to this controller as the centralized LMPC. Figure 4.2
shows a schematic of this kind of control system.

Remark 4.12 The DMPC design presented in this section can be extended to in-
clude multiple MPCs using two different approaches. One approach is to use a one-
directional sequential communication strategy (i.e., LMPC j sends information to
LMPC j — 1) and by letting each LMPC send along with its trajectory, all the trajec-
tories received from previous controllers to its successor LMPC (i.e., LMPC j sends
both its trajectory and the trajectories received from LMPC j 4 1 to LMPC j — 1).
A schematic of this approach is shown in Fig. 5.1 and it will be discussed in Chap. 5.
Another approach is to have one master controller which communicates with all the
other controllers using one-directional communication. This type of extension is
shown in Fig. 5.14 which is a hierarchical type DMPC. More discussions of this
type of DMPC and the corresponding approaches for handling communication dis-
ruptions in the DMPC can be found in Sect. 5.7.

4.4.3 Application to a Reactor-Separator Process

The example considered in this section is the reactor—separator process of
Egs. 3.52-3.63 described in Sects. 1.2.3 and 3.5.4 with the parameter values given
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Table 4.1 Noise parameters

op 0] 0p
XAl 1 0.7 0.25
XA2 1 0.7 0.25
XA3 1 0.7 0.25
XB1 1 0.7 0.25
xg2 1 0.7 0.25
XxB3 1 0.7 0.25
T 10 0.7 2.5
e 10 0.7 2.5
T3 10 0.7 2.5

in Table 3.3. The manipulated inputs to the system are the heat inputs to the three
vessels, O, O, and Q3, and the feed stream flow rate to vessel 2, F».

The reactor—separator process of Eqgs. 3.52-3.63 was numerically simulated us-
ing a standard Euler integration method. Process noise was added to the right-hand
side of each ordinary differential equation in the process model to simulate distur-
bances/model uncertainty and it was generated as autocorrelated noise of the form
wi = pwi—1 + & where k =0, 1, ... is the discrete time step of 0.001 h, & is gen-
erated by a normally distributed random variable with standard deviation ¢, and ¢
is the autocorrelation factor and wy is bounded by 6, that is ||wy|| < 6,. Table 4.1
contains the parameters used in generating the process noise.

We assume that the measurements of the temperatures 77, 72, 73 and the mea-
surements of the mass fractions x4, Xp1, XA2, XB2, X43, Xp3 are available syn-
chronously and continuously at time instants {f;>o} with &4 =t + kA, k=0,1,...
where 1y is the initial time and A is the sampling time. For the simulations carried
out in this section, we pick the initial time to be 7o = 0 and the sampling time to be
A =0.02h=1.2 min.

The control objective is to regulate the system to a stable steady-state x; corre-
sponding to the operating point defined by Q;, Qas, Q35 of us and Fyog of uog.
The steady-state values for u1; and uyg and the values of the steady-state are given
in Table 4.2 and Table 4.3, respectively. Taking this control objective into account,
the process model of Eqs. 3.52-3.63 belongs to the following class of nonlinear
systems:

X(0) = f(x®) + g1 (x®)ur () + g2(x (1)) uz (1) + w(r), (4.43)

where xT = [x; xp X3 x4 X5 X6 X7 X8 X9] = [xa1 — Xa15 X1 — Xg1s T1 — Tig Xa2 —
xa2s Xg2 — Xpas To — Tos xa3 — Xa3s Xp3 — Xp3s T3 — T3] is the state, u! =
[ui1 w2 w3l =[01 — Q15 Q2 — Q25 O3 — Q3s] and up = Fpo — Foo, are the ma-
nipulated inputs which are subject to the constraints |u1;| < 106 KJ/h (i=123)
and |uz| <3 m3/h, and w = wy is a time varying bounded noise. The process of
Eqgs. 3.52-3.63 with the DMPC of Eqgs. 4.10—4.21 is shown in Fig. 4.3.
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Fig. 4.3 Reactor—separator process with distributed control architecture

Table 4.2 Steady-state

values for i1, and uy, of the @l 12.6 x 103 [KI/h] 035 11.88 x 10° [KJ/h]
reactor—separator process of Qo 13.32 x 10° [KJ/h] Foos 5.04 [m?/h]
Eqgs. 3.52-3.63

Table 4.3 Steady-state

values for X of the XAls 0.605 XA2s 0.605 XA3s 0.346
reactor—separator process of XB1s 0.386 XB2s 0.386 XB3s 0.630
Egs. 3.52-3.63 Tis 4259 [K] T 4226 [K]  Tig 4273 [K]

To illustrate the theoretical results, we first design the nonlinear control law u| =
h(x) which can stabilize the closed-loop system as follows [97]:

LV VP L V)? .
h(x) = (Lg1V)? LoV ifLg, V #0,
0 if Ly, V=0,

(4.44)

where LV = % f(x)and L1V = %gl (x) denote the Lie derivatives of the
scalar function V (x) with respect to the vector fields f and g, respectively. We
consider a Lyapunov function V (x) = x” Px with P being the following weight
matrix:

P =diag(5.2 x 10”2[44 107 44 107* 44 107*]). (4.45)

The values of the weights in P have been chosen in a way such that the control
law of Eq. 4.44 stabilizes the closed-loop system globally (note that x; is the only
closed-loop system steady-state) and provides good closed-loop performance.
Based on the control law of Eq. 4.44, we design the centralized and the dis-
tributed LMPCs. In the simulations, the same parameters are used for both control
designs. The prediction step is the same as the sampling time, that is A =0.02 h =
1.2 min; the prediction horizon is chosen to be N = 6; and the weight matrices for
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Fig. 4.4 State trajectories of the reactor—separator process of Eqs. 3.52-3.63 under the DMPC of
Eqs. 4.10-4.21 (solid lines) and centralized LMPC of Eqs. 4.35-4.40 (dashed lines)

the LMPC designs are chosen as:

Qc =diag ([2 x 10°2x 10°2.52 x 10° 2 x 10° 2.52 x 10° 2 x 10° 2.5])

Re1 =diag ([5x 107125 x 107125 x 1071?]) and R, = 100.
(4.46)

The state and input trajectories of the process of Egs. 3.52-3.63 under the DMPC
of Egs. 4.10-4.21 and the centralized LMPC of Eqs. 4.35-4.40 from the initial state:

x(0)T =[0.8900.110 388.7 0.886 0.113 386.3 0.748 0.251 390.6]. (4.47)

are shown in Figs. 4.4 and 4.5. Figure 4.4 shows that both the distributed and the
centralized LMPC designs provide a similar closed-loop performance and drive the
temperatures and the mass fractions in the closed-loop system close to the desired
steady-state in about 0.3 h and 0.5 h, respectively.

We have also carried out a set of simulations to compare the DMPC of Eqs. 4.10-
4.21 with the centralized LMPC of Eqgs. 4.35-4.40 with the same parameters from
a performance point of view. Table 4.4 shows the total cost computed for 15 differ-
ent closed-loop simulations under the DMPC of Eqgs. 4.10—4.21 and the centralized
LMPC of Eqs. 4.35-4.40. To carry out this comparison, we have computed the total
cost of each simulation with different operating conditions (different initial states
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Fig. 4.5 Input trajectories of the reactor—separator process of Egs. 3.52-3.63 under the DMPC of
Eqgs. 4.10-4.21 (solid lines) and centralized LMPC of Eqs. 4.35—4.40 (dashed lines)

and process noise) as follows:

tm
[ U@l + lr @l g, + il ], (@48)
1o )

where 1y is the initial time of the simulations and #3; = 1 h is the end of the simula-
tions. As we can see in Table 4.4, the DMPC of Egs. 4.10-4.21 has a cost lower than
the centralized LMPC of Eqs. 4.35—4.40 in 10 out of 15 simulations. This illustrates
that in this example, the closed-loop performance of the DMPC of Egs. 4.10-4.21
is comparable to the one of the centralized LMPC of Eqgs. 4.35-4.40.

Remark 4.13 Table 4.4 shows that both controllers yield a similar performance for
this particular process, but in general there is no guarantee that the total performance
cost along the closed-loop system trajectories of either control scheme should be
better than the other because the solution provided by the centralized LMPC of
Egs. 4.35-4.40 and the DMPC of Egs. 4.10-4.21 are proved to be feasible and sta-
bilizing but the convergence of the cost under DMPC of Eqs. 4.10—4.21 to the one
under the centralized LMPC of Egs. 4.35—4.40 is not established. This is because
the communication between the two distributed MPCs is limited to one directional
and moreover, the controllers are implemented in a receding horizon scheme and the
prediction horizon is finite. In addition, there are disturbances modeled by stochastic
noise in the simulations which introduce uncertainty in the results.

Moreover, we have studied the importance of communicating optimal input tra-
jectories of LMPC 2 of Eqs. 4.10-4.15 to LMPC 1 of Eqgs. 4.16-4.21. We have
carried out a set of simulations in which both LMPC controllers operate in a de-
centralized manner; that is, LMPC 2 does not send its optimal input trajectory to
LMPC 1 each sampling time (there is no communication between the two LMPCs).
In order to evaluate its control input, LMPC 1 assumes that LMPC 2 applies the
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Table 4.4 Total performance
costs along the closed-loop
trajectories of the

sim. DMPC of Egs. 4.10-4.21 LMPC of Egs. 4.35-4.40

reactor—separator process of 1 65216 70868
Eqs. 3.52-3.63 under the 2 70772 73112
ooy T8 1
4 62396 70914

5 60407 67109

6 83776 66637

7 61360 68897

8 47070 66818

9 79658 64342

10 65735 72819

11 62714 70951

12 76348 70547

13 49914 66869

14 89059 72431

15 78197 70257

steady-state input Fpqy; that is up = 0. The same parameters as in previous sets of
simulations are used for the controllers. Figures 4.6 and 4.7 show the results under
this decentralized LMPC scheme. From Fig. 4.6, we can see that for this particular
example, this control scheme can not stabilize the system at the required steady-
state. This result is expected because when there is no communication between the
two distributed controllers, they can not coordinate their control actions and each
controller views the input of the other controller as a disturbance that has to be
rejected.

We have also carried out a set of simulations to compare the computation time
needed to evaluate the distributed LMPCs (i.e., LMPC 1 of Eqgs. 4.16-4.21 and
LMPC 2 of Eqs. 4.10-4.15) with that of the centralized LMPC of Eqgs. 4.35-
4.40. The simulations have been carried out using MATLAB® in a PENTIUM®
3.20 GHz processor. The optimization problems have been solved using the built-
in function finincom of MATLAB®. To solve the ordinary differential equations in
the process model, an Euler method with a fixed integration time of 0.001 h has
been implemented in C programming language. For 50 evaluations, the mean time
to solve the centralized LMPC of Eqgs. 4.35-4.40 is 9.40 s; the mean times to solve
LMPC 1 of Eqgs. 4.16-4.21 and LMPC 2 of Eqgs. 4.10—-4.15 are 3.19 s and 4.53 s,
respectively. From this set of simulations, we see that the computation time needed
to solve the centralized LMPC of Eqgs. 4.35-4.40 is larger than the sum of the val-
ues for LMPC 1 of Egs. 4.16-4.21 and LMPC 2 of Egs. 4.10-4.15 even though the
closed-loop performance in terms of the total performance cost is comparable to
the one of the DMPC of Egs. 4.10-4.21. This is because the centralized LMPC of
Eqgs. 4.35-4.40 has to optimize both the inputs #; and u in one optimization prob-
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Fig. 4.6 State trajectories of the reactor—separator process of Eqs. 3.52-3.63 under the DMPC of
Eqgs. 4.10-4.21 without communication between the two LMPCs (solid lines) and with communi-
cation between the two LMPCs (dashed lines)
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Fig. 4.7 Input trajectories of the reactor—separator process of Eqs. 3.52-3.63 under the DMPC of
Eqgs. 4.10-4.21 without communication between the two LMPCs (solid lines) and with communi-
cation between the two LMPCs (dashed lines)

lem and the DMPC of Eqgs. 4.10—4.21 has to solve two smaller (in terms of decision
variables) optimization problems.
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Fig. 4.8 State trajectories of the reactor—separator process of Eqs. 3.52-3.63 under the DMPC of
Eqgs. 4.104.21 with limited (solid lines) and unconstrained (dashed lines) evaluation time
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Fig. 4.9 Input trajectories of the reactor—separator process of Egs. 3.52-3.63 under the DMPC of
Eqgs. 4.10-4.21 with limited (solid lines) and unconstrained (dashed lines) evaluation time

Following Remark 4.6, we have also carried out a set of simulations to illus-
trate that the optimization processes of LMPC 1 of Egs. 4.16-4.21 and LMPC 2 of
Egs. 4.10-4.15 can be terminated at any time to get suboptimal solutions without
loss of the closed-loop stability. In this set of simulations, we assume that the allow-
able evaluation times of LMPC 1 and LMPC 2 at each sampling time are 1 s and
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2 s, and we terminate the two optimization processes when they have been carried
out for 1 s and 2 s, respectively. The closed-loop state and input trajectories under
the DMPC of Eqgs. 4.10-4.21 with limited and unconstrained computation time are
shown in Figs. 4.8 and 4.9. From Fig. 4.8, we see that the DMPC of Egs. 4.10-4.21
with limited evaluation time can stabilize the closed-loop system but the state re-
sponses are slower, leading to a higher cost (57778) compared with the one (47117)
obtained under the DMPC of Egs. 4.10-4.21 with unconstrained computation time.

4.5 DMPC with Asynchronous Measurements

In this section, we design DMPC for the system of Eq. 4.1 subject to asynchronous
measurements. In Sect. 4.6, we will extend the results to systems subject to delayed
measurements.

4.5.1 Modeling of Asynchronous Measurements

We assume that the state of the system of Eq. 2.1, x(¢), is available asynchronously
at time instants 7, where {f,>0} is a random increasing sequence and the interval
between two consecutive time instants is bounded by T;,,; that is, the time sequence
satisfies the condition of Eq. 2.22. This assumption is reasonable from a process
control point of view.

4.5.2 DMPC Formulation

In Sect. 4.4, we introduced a DMPC design under the assumption of continuous,
synchronous measurements. It was proved that the proposed control scheme guar-
antees practical stability of the closed-loop system and has the potential to main-
tain the closed-loop stability and performance in the face of new or failing con-
trollers/actuators and to reduce computational burden in the evaluation of the op-
timal manipulated inputs compared with a centralized LMPC controller. However,
when asynchronous measurements are present, the results obtained in Sect. 4.4 no
longer hold. In order to simplify (but without loss of generality) the notations and
description of the DMPC for system subject to asynchronous measurements (as well
as asynchronous and delayed measurements discussed in Sect. 4.6), we will adopt
the same strategy used in Sect. 4.4, that is, to design two LMPCs and coordinate
their actions. The LMPC controllers computing the input trajectories of u and u;
are still referred to as LMPC 1 and LMPC 2, respectively. In this section, we extend
the results of Sect. 4.4 to take into account asynchronous measurements explicitly,
both in the constraints imposed on the LMPC designs and in the implementation
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strategy. A schematic diagram of the considered closed-loop system is shown in
Fig. 4.10.

In the presence of asynchronous measurements, the controllers need to operate in
open-loop between successive state measurements. We take advantage of the MPC
scheme to update the inputs based on a prediction obtained by the model. This is
achieved by having the control actuators to store and implement the last computed
optimal input trajectories. The implementation strategy is as follows:

1. When a measurement is available at t,, LMPC 2 computes the optimal input
trajectory of us.

2. LMPC 2 sends the entire optimal input trajectory to its actuators and also sends
the entire optimal input trajectory to LMPC 1.

3. Once LMPC 1 receives the entire optimal input trajectory for u, it evaluates the
optimal input trajectory of u;.

4. LMPC 1 sends the entire optimal input trajectory to its actuators.

5. When a new measurement is received (a <—a + 1), go to Step 1.

We first design the optimization problem of LMPC 2 for systems subject to asyn-
chronous measurements. This optimization problem depends on the latest state mea-
surement x (#,). In order to make a decision, LMPC 2 must assume LMPC 1 applies
the nonlinear control law u; = h(x). The LMPC 2 is based on the following opti-
mization problem:

tatNA

i [ ROl @l + el Jan @9
st X(0) = f(F@), u1(t), uz(1),0), (4.50)
() =h(X(ta+j4a)), Vie[tat+jd ta+(+DA), 4.51)
ux(t) € U, 4.52)

X0 = fE@, h(E(ta + jA)),0,0),
Vi€ tatjA ta+ (j+1)A), (4.53)
X(tq) = X(ta) = x(ta), (4.54)
V(E@®) < V(R1)), Vi€lta,ta+ NRA), (4.55)

where x is the predicted trajectory of the nominal system with u being the in-
put trajectory computed by the LMPC of Eqs. 4.49-4.55 (i.e., LMPC 2) and u;
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being the nonlinear control law A (x) applied in a sample-and-hold fashion with
j=0,...,N — 1, x is the predicted trajectory of the nominal system with u; be-
ing h(x) applied in a sample-and-hold fashion and u» = 0, and Ny is the smallest
integer that satisfies the inequality 7,, < Nr A. To take full advantage of the nomi-
nal model in the computation of the control action, we take N > Ng. The optimal
solution to this optimization problem is denoted by u,(¢|t;) which is defined for
t €[ty,t; + NA). Once the optimal input trajectory of u; is available, it is sent to
LMPC 1 as well as to its corresponding control actuators.

Note that the constraints of Eqs. 4.53—4.54 generate a reference state trajectory
(i.e., a reference Lyapunov function trajectory) of the closed-loop system; and the
constraint of Eq. 4.55 ensures that the predicted decrease of the Lyapunov function
from t, to t, + NRA, if u; = h(x) and up = uzz(ﬂta) are applied, is at least equal
to the one obtained from the constraint of Eq. 4.53. By imposing the constraint of
Eq. 4.55 (as well as the constraint of Eq. 4.62), we can prove that the distributed con-
trol system inherits the stability properties of the nonlinear control law % (x) when
it is implemented in a sample-and-hold fashion. Note also that we have considered
input constraints (see Eq. 4.52).

The optimization problem of LMPC 1 for systems subject to asynchronous mea-
surements depends on x(7;) and the decision taken by LMPC 2 of Eqs. 4.49-4.55
(i.e., u},(tty)). This allows LMPC 1 to compute a 1 such that the closed-loop per-
formance is optimized, while guaranteeing that the stability properties of the nonlin-
ear control law A (x) are preserved. Specifically, LMPC 1 is based on the following
optimization problem:

ta+NA

i [ ROl + @], + emly Jan @
st X(0) = f(F@), u1(), u2(1),0), 4.57)

i) = FR@), h(Fta + jA)), u2(0), 0),
Vi€ [tat jA 1o+ (j+ 1DA), (4.58)
ua(t) = uy, (tta), (4.59)
ui(t) e Uy, (4.60)
X(ta) = X(ta) = x (1), (4.61)
V(X@®) < V(X®)), Vi€lta,ta+ NRA), (4.62)

where X is the predicted trajectory of the nominal system if u = u’,(t|t;) and u;
computed by the LMPC 1 of Egs. 4.56—4.62 are applied, and X is the predicted
trajectory of the nominal system if uy = u},(t|t;) and the nonlinear control law
h(x) are applied in a sample-and-hold fashion with j =0, ..., N — 1. The optimal
solution to this optimization problem is denoted by u, (¢|t;) which is defined for
t € [ta,ta + N A). The constraint of Eq. 4.62 guarantees that the predicted decrease
of the Lyapunov function from ¢, to t, + Nr A, if uy = u};, (t|t,) and uz = u’, (t]ta)
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are applied, is at least equal to the one obtained when u; = h(x) and up = u,(t|t,)
are applied. Note that the trajectory x(¢) predicted by the constraint of Eq. 4.58 is
the same as the optimal trajectory predicted by LMPC 2 of Eqgs. 4.49-4.55. This
trajectory will be used in the proof of the closed-loop stability properties of the
controller. The manipulated inputs of the distributed control scheme of Eqs. 4.49—
4.62 are defined as follows:

Ml(t) :u;:](t'ta)a Vte [la»ta+l)v (463)
uz(t) = ugy(tlta), vt €lta, tat1). (4.64)

Note that, as explained before, the actuators apply the last evaluated optimal input
trajectories between two successive state measurements.

4.5.3 Stability Properties

In this subsection, we prove that the distributed control scheme of Eqs. 4.49-4.62
inherits the stability properties of the nonlinear control law /(x) implemented in a
sample-and-hold fashion. This property is presented in Theorem 4.2 below.

Theorem 4.2 Consider the system of Eq. 4.1 in closed-loop with x available at
asynchronous sampling time instants {t,>o}, satisfying the condition of Eq. 2.22,
under the DMPC of Egs. 4.49-4.62 based on a control law uy = h(x) that satisfies
the conditions of Eqs. 4.3-4.6. Let A,e5 >0, p > pmin >0, p > ps >0 and N >
Ng > 1 satisfy the condition of Eq. 2.31 and the following inequality:

—Ngres + fv(fw(Ng4)) <0 (4.65)

with fy(-) and fw(-) defined in Egqs. 2.49 and 2.43, respectively, and Ng being
the smallest integer satisfying NrA > T,,. If x(t9) € §2,, then x(t) is ultimately
bounded in $2,,, < §2, where:

Pa = Pmin + fv (fW(NRA)) (4.60)

with pmin defined in Eq. 4.25.

Proof In order to prove that the closed-loop system is ultimately bounded in a region
that contains the origin, we prove that V (x(#,)) is a decreasing sequence of values
with a lower bound.

Part I: In this part, we prove that the stability results stated in Theorem 4.2 hold
in the case that t,4.1 —t, = T, for all @ and T;, = Ng A. This case corresponds to the
worst possible situation in the sense that LMPC 1 of Eqgs. 4.56—4.62 and LMPC 2
of Egs. 4.49-4.55 need to operate in open-loop for the maximum possible amount
of time. In order to simplify the notation, we assume that all the variables used in
this proof refer to the different optimization variables of the problems solved at time
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step t,; that is, X(¢,+1) is obtained from the nominal closed-loop trajectory of the
system of Eq. 4.1 under the Lyapunov-based controller #1 = & (x) implemented in a
sample-and-hold fashion and u, = O starting from x(#,). By Proposition 2.1 and the
fact that 1,41 =1, + Nr A, the following inequality can be obtained:

V(xA(ta-i-l)) = max{V()?(ta)) — Ngés, Pmin}- (4.67)

From the constraints of Egs. 4.55 and 4.62 in LMPC 2 and LMPC 1, the following
inequality can be written:

V(X@®) < V(X®) S V(X)) ViE€lta,ta+ NRA). (4.68)

From inequalities of Egs. 4.67 and 4.68 and taking into account that X (¢,) = % (f;) =
X(t,) = x(t,), the following inequality is obtained:

V(xv(ta+l)) = max{ V(x(ta)) — Ngey, pmin}- (4.69)

When x (1) € £2,, for all times (this point will be proved below), we can apply Propo-
sition 2.3 to obtain the following inequality:

V(x(tar) <V (¥(ar) + fv ([ £Car1) = xtar) ). (4.70)

Applying Proposition 2.2, we obtain the following upper bound on the deviation of
X (1) from x(7):

| (tk1) = X0)|| < fw (NRA). (4.71)

From the inequalities of Egs. 4.70 and 4.71, the following upper bound on
V (x(tx+1)) can be written:

V(x(tar)) <V (Ear)) + fv (fw(NrA)). 4.72)
Using the inequality of Eq. 4.69, we can rewrite the inequality of Eq. 4.72 as follows:
V (x(tas1)) <max{V(x(ta)) — Nrés, pmin} + fv (fw (NrA)). 4.73)

If the condition of Eq. 4.65 is satisfied, from the inequality of Eq. 4.73, we know
that there exists &, > 0 such that the following inequality holds:

V(x(tat1)) < max{V (x(ta)) = w. pa}, (4.74)

which implies that if x(z,) € £2,/82,,, then V(x(t441)) < V(x(%)), and if
x(ta) € -Qpa’ then V (x(t441)) < pa.

Because the upper bound on the difference between the Lyapunov function of
the actual trajectory x and the nominal trajectory X is a strictly increasing function
of time (see Proposition 2.2 and Proposition 2.3 for the expressions of fy () and
fv (), the inequality of Eq. 4.74 also implies that:

V(x@®) <max{V(x(ta)). pa}, VI € lta, tat1). 4.75)
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Using the inequality of Eq. 4.75 recursively, it can be proved that if x(fp) € £2,, then
the closed-loop trajectories of the system of Eq. 4.1 under the DMPC of Eqs. 4.49—
4.62 stay in £2, for all times (i.e., x(t) € £2,,, Vt). Moreover, using the inequality of
Eq. 4.74 recursively, it can be proved that if x (tp) € §2,, the closed-loop trajectories
of the system of Eq. 4.1 under the DMPC of Eqs. 4.49-4.62 satisfy:

limsup V (x (t)) < Pa- 4.76)
11— o0

This proves that x(t) € §2,, for all times and x(¢) is ultimately bounded in £2,, for
the case when ¢, — t, = T, for all @ and T;, = N A.

Part 2: In this part, we extend the results proved in Part 1 to the general case, that
is, 41—ty < T, for all a and T,, < Ng A which implies that 7, —f, < Np A. Be-
cause fy(-) and fw (-) are strictly increasing functions of their arguments and fy (-)
is convex, following similar steps as in Part 1, it can be shown that the inequality
of Eq. 4.73 still holds. This proves that the stability results stated in Theorem 4.2
hold. O

4.5.4 Application to a Reactor-Separator Process

Consider the reactor—separator process of Eqs. 3.52-3.63 described in Sect. 1.2.3
with the parameter values given in Table 3.3. As in the simulations carried out in
Sect. 4.4.3, in this section, the process was also numerically simulated using a stan-
dard Euler integration method, and bounded process noise was added to all the sim-
ulations to simulate disturbances/model uncertainty. The manipulated inputs to the
system are the heat inputs, Q1, Q> and Q3, and the feed stream flow rate to vessel
2, F»o. For each set of steady-state inputs Q15, Q2s, Q35 and F>os corresponding
to a different operating condition, the process has one stable steady-state x;. The
control objective is to steer the process from the initial state:

xOT =1[0.89 0.11 388.7 0.11 386.3 0.75 0.25 390.6], 4.77)
to the steady-state:
xST =1[0.610.39 425.9 0.61 0.39 422.6 0.35 0.63 427.3], (4.78)

which is the steady-state corresponding to the operating condition: Q15 = 12.6 X
10° KJ/h, Q35 = 11.88 x 10° KJ/h, Q2 = 13.32 x 10° KJ/h and Faos = 5.04 m>/h.
The process belongs to the following class of nonlinear systems:

x(0) = f(x(®) + g1 (x@O))ur (1) + g2(x () )u2 (1) + w (1), (4.79)

T
where x* =[x X2 X3 x4 X5 X6 X7 X8 X9] = [XA1 — Xa1s XB1 — XB1s T1 — T15 Xa2 —

. T
Xa2s XB2 — XB2s 1o — Tos xA3 — Xa3s XB3 — xp3s T3 — T3] is the state, u; =
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Fig. 4.11 Asynchronous measurement sampling times {#,>0} with 7, = 3A: the x-axis indicates
{t.>0} and the y-axis indicates the size of the interval between #, and #,_;

11 up ui3] =101 — Q15 Q2 — Q25 O3 — Q3s] and up = F9 — Fa0y are the ma-
nipulated inputs which are subject to the constraints |u1;| < 10° KJ/h i=1,2,3)
and |up| <3 m3/h, and w is a bounded noise.

We use the same design of h(x) as in Eq. 4.44, and we consider the same Lya-
punov function V(x) = x” Px with P = diag(5.2 x 101%[4 4 1074 44 107* 4 4
107#]) as in Sect. 4.4.3.

For the simulations carried out in this section, it is assumed that the state mea-
surements of the process are available asynchronously at time instants {t,>0} with
an upper bound 7,, = 3A on the maximum interval between two successive asyn-
chronous state measurements, where A is the controller and sensor sampling time
and is chosen to be A =0.02 h = 1.2 min. Based on the Lyapunov-based controller
h(x), we design LMPC 1 and LMPC 2. The prediction horizons of both LMPC 1
of Egs. 4.56-4.62 and LMPC 2 of Eqs. 4.49-4.55 are chosen to be N = 6 and Ng
is chosen to be 3 so that Ng A > T,,. The weighting matrices for the LMPCs are
chosen in a way such that the DMPC of Eqs. 4.10—4.21 presented in Sect. 4.4 and
the DMPC of Eqgs. 4.49-4.62 can both stabilize the closed-loop system with state
measurements obtained at each sampling time. Specifically, the weighting matrices
are chosen as follows:

Q. = diag(10°[2 2 0.0025 2 2 0.0025 2 2 0.0025]), (4.80)

Re1 =diag([5 x 107125 x 10712 5 x 107'2]) and R, = 100.

To model the time sequence {#,>0}, we use an upper bounded random Poisson
process. The Poisson process is defined by the number of events per unit time W.
The interval between two successive concentration sampling times (events of the
Poisson process) is given by A, = min{—1In x/ W, T,,}, where x is a random vari-
able with uniform probability distribution between 0 and 1. This generation ensures
that max,{t,+1 — 4} < T,,. In this example, W is chosen to be W = 20. The gener-
ated time sequence {f,>0} for a simulation length of 1.0 h is shown in Fig. 4.11 and
the average time interval between two successive time instants is 0.046 h.

In this set of simulations, when the system operates in open-loop, all the control
designs to be tested use their last evaluated optimal input trajectories. The state and
input trajectories of the process of Egs. 3.52-3.63 in closed-loop under the DMPC
of Egs. 4.49—4.62 taking into account asynchronous measurements explicitly and
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Fig. 4.12 State trajectories of the reactor—separator process of Eqs. 3.52-3.63 under the DMPC
of Eqgs. 4.49-4.62 (solid lines) and the DMPC of Eqs. 4.104.21 (dashed lines) in the presence of
asynchronous measurements

the DMPC of Egs. 4.10—4.21 are shown in Figs. 4.12 and 4.13. In Fig. 4.12, it can
be seen that the DMPC of Eqgs. 4.49-4.62 provides a better performance and is
able to stabilize the process at the desired steady state in about 0.5 h; the DMPC
of Eqgs. 4.10—4.21 fails to drive the state of the process to the desired steady state
within 1 h because it does not account for the asynchronous measurements.

4.6 DMPC with Delayed Measurements

In this section, we consider DMPC of systems subject to asynchronous measure-
ments involving time-varying delays.

4.6.1 Modeling of Delayed Measurements

We assume that the state of the system of Eq. 4.1 is received by the controllers at
asynchronous time instants f, where {#,>¢} is a random increasing sequence of times
and that there exists an upper bound 7, on the interval between two successive mea-
surements. In order to model delays in measurements, another auxiliary variable d,
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Fig. 4.13 Input trajectories of the reactor—separator process of Eqs. 3.52-3.63 under the DMPC
of Eqgs. 4.49-4.62 (solid lines) and the DMPC of Eqs. 4.10-4.21 (dashed lines) in the presence of
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is introduced to indicate the delay corresponding to the measurement received at
time ¢,, that is, at time 7,, the measurement x (¢, — d,) is received. We assume that
the delays associated with the measurements are smaller than an upper bound D. As
explained in Sect. 2.8.1, the maximum amount of time the system might operate in
open-loop following #, is D + T,, — d; please also see Fig. 2.6 for a possible se-
quence of delayed measurements. This upper bound will be used in the formulation
of the DMPC design for systems subject to delayed measurements below.

4.6.2 DMPC Formulation

As in Sects. 2.8 and 3.6, we take advantage of the system model both to estimate
the current system state from a delayed measurement and to control the system
in open-loop when new information is not available. Specifically, when a delayed
measurement is received, the controllers use the system model and the manipulated
inputs that have been applied to the system to get an estimate of the current state and
then an MPC optimization problem is solved in order to decide the optimal future



126 4 Distributed Model Predictive Control: Two-Controller Cooperation

input trajectory that will be applied until new measurements are received. However,
in the distributed schemes previously presented (see Fig. 4.10), LMPC 2 does not
know the input trajectory which has been implemented by LMPC 1 because there
is only one-directional communication from LMPC 2 to LMPC 1. In order to get a
good estimate of the current state from a delayed measurement, the DMPC structure
shown in Fig. 4.10 needs to be modified to have bidirectional communication so that
LMPC 1 can send its optimal input trajectory to LMPC 2. A schematic of the DMPC
scheme for systems subject to asynchronous and delayed measurements considered
in this section is shown in Fig. 4.14. When at #,, a delayed measurement x (t, —d,,) is
received, the information sent from LMPC 1 to LMPC 2 allows LMPC 2 to estimate
the current state by using the system model of Eq. 4.1 and the input trajectories
u1(t) (which has received from LMPC 1) and u;(¢) (which LMPC 2 has stored in
memory) applied in ¢ € [t, — d,, t,). The implementation strategy in the presence
of delayed measurements is as follows:

1. When a measurement x (f, — d,) is available at 7,, LMPC 2 checks whether the
measurement provides new information. If z, —d, > max;, t; —dj, go to Step 2.
Else the measurement does not contain new information and is discarded, go to
Step 6.

2. LMPC 2 estimates the current state of the system X (¢,) and computes the optimal
input trajectory of uy based on X (#,).

3. LMPC 2 sends its entire optimal input trajectory to its actuators and also sends
X (t,) and its entire optimal input trajectory to LMPC 1.

4. Once LMPC 1 receives x(f;) and the entire optimal input trajectory for u», it
evaluates the optimal input trajectory of u based on x(z,).

5. LMPC 1 sends its entire optimal input trajectory to its actuators and LMPC 2.

6. When a new measurement is received (a <— a + 1), go to Step 1.

The LMPC 2 for systems subject to delayed measurements is based on the fol-
lowing optimization problem:

ta+NA
in [ RO g, 4 @, + @], ) (4381)
st X(0) = f(Z@), u1(t), u2(1),0), V1 €lty —dy,1a+ NA), (4.82)
ur(t) =uy(t), Vte€lta—da, ta), (4.83)
ur(t) =uly(t), Vit €ty —dg, ta), (4.84)
() =h(X(ta+jA)), Vie[tat+jAta+(+DA), (4.85)
us(t) € Uz, (4.86)
X(tg — da) = x(ta — dg), (4.87)

() = fE@, h(Za + j2)),0,0),
Vi€ [tat jA ta+ (j+1)A), (4.88)
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X(tq) = %(ta), (4.89)
V(X)) < V(R®), Vt€lta,ta+ Npad), (4.90)

where j =0,..., N —1,and Np , is the smallest integer satisfying Np A > T, +
D —d, and u, (1), u},(¢) are the latest input trajectories sent by the controllers
to the actuators. The optimal solution to this optimization problem is denoted by
”22 (t)t,) which is defined for ¢ € [t,, 1, + N A). Once this optimal input trajectory
of uy is available, it is sent to the control actuators controlled by LMPC 2 and to
LMPC 1 together with the estimate of the current state X (¢,).

There are two types of calculations in the optimization problem of Egs. 4.81-4.90.
The first type of calculation is to estimate the current state x(¢,) based on the de-
layed measurement x (¢, — d,;) and input values that have applied to the system from
t, — d, to t, (the constraints of Eqs. 4.82, 4.83, 4.84 and 4.87). The second type
of calculation is to evaluate the optimal input trajectory of u, based on X (z,) while
satisfying the input constraint of Eq. 4.86 and the constraint of Eq. 4.90. The con-
straint of Eq. 4.90 is required to ensure the practical closed-loop stability. Note that
the length of the constraint Np , depends on the current delay d,, so it may have
different values at different time instants and has to be updated before solving the
optimization problem of Egs. 4.81-4.90.

The LMPC 1 for systems subject to delayed measurements depends on X (¢,) and
u’, (t]ty). Specifically, it is based on the following optimization problem:

t,+NA
min / [
ures(a) Jy,

st X(0) = f(F@), h(F(ta + jA)), u2(1), 0),

()| 0.t Hul(f)”RC1 + Huz(f)”Rcz]dT, (4.91)

Vi€ [tat+ jA ta+ (j +1DA), (4.92)
(1) = f(R@), u1 (), u2(0), 0), (4.93)
unr (t) = uyy (tlta), (4.94)
ui(r) € Uy, (4.95)
X(ta) = X(ta), (4.96)
V(¥@®) < V(X®)), Vt€lta,ta+ NpaA). 4.97)

The optimal solution to the optimization problem of Eqs. 4.91-4.97 is denoted as
“32 (t|t,) which is defined for € [t,, t, + N A) and it is sent to the control actuators
controlled by LMPC 1 and LMPC 2. Note that LMPC 1 gets x(¢,) from LMPC 2,
so it does not need to estimate the current state and only needs to evaluate the op-
timal input trajectory of u; based on x(#,) while satisfying the input constraint of
Eq. 4.95 and the constraint of Eq. 4.97. The constraint of Eq. 4.97 is required to
ensure closed-loop practical stability.
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The manipulated inputs of the DMPC of Eq. 4.81-4.97 for systems subject to
asynchronous and delayed measurements are defined as follows:

ui(t) =uy (thta), Vrelta, tagi), (4.98)

ur(t) = ugy (tlta), VYt € ta, tksi) (4.99)

for all #, such that 7, — d, > max;, t; — d; and for a given #,, the variable i denotes
the smallest integer that satisfies #,; — dy4+; > 1, — d,.

4.6.3 Stability Properties

In this subsection, we present the stability property of the distributed control scheme
of Egs. 4.81-4.97. This property is presented in Theorem 4.3 below.

Theorem 4.3 Consider the system of Eq. 4.1 in closed-loop with x available at
asynchronous sampling time instants {t,>q} involving time-varying delays such that
d, < D for all a > 0, satisfying the condition of Eq. 2.22, under the DMPC of
Egs. 4.81-4.97 based on a control law uy = h(x) that satisfies the conditions of
Eqs.4.3-4.6. Let A,e5 >0, p > pmin >0, p > ps >0, N > 1 and D > 0 satisfy the
condition of Eq. 2.31 and the following inequality:

—Nges + fv (fw(NpA) + fv (fw(D)) <0 (4.100)

with fy (-) and fw(-) defined in Egs. 2.49 and 2.43, respectively, N p the smallest in-
teger satisfying NpA > T, + D, and Ng the smallest integer satisfying Ng A > Tp,.
If N> Np, x(to) € $2,, and dy =0, then x(t) is ultimately bounded in $2,, C £2,
where:

pd = pmin + fv (fw(Np2)) + fv(fw(D)) (4.101)
With pmin defined in Eq. 4.25.

Proof We assume that at f,, a delayed measurement containing new information
x(t, — d,) is received, and that the next measurement with new state informa-
tion is not received until #,4;. This implies that #,4; — d;4+; > t; — d, and that
the DMPC of Egs. 4.81-4.90 is evaluated at ¢, and the optimal input trajectories
uy (tlty) and u}j,(t|t,) are applied from #, to #,; (see the input trajectories defined
in Egs. 4.98-4.99). We follow a similar approach as before; that is, to prove that
V(x(ty)) is a decreasing sequence of values with a lower bound.

Part I: In this part, we prove that the stability results stated in Theorem 4.3 hold
fort,4i —ts = Np A and all d, < D. By Proposition 2.1, the following inequality
can be obtained:

V(£ (ta4)) = max{V (%(ta)) — Np,a&s: Pmin}- (4.102)
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From the constraints of Eqs. 4.90 and 4.97 in LMPC 2 of Eq. 4.90 and LMPC 1 of
Eq. 4.97, the following inequality can be written:

V(E@®) < V(X@®) < V(R()), Vi€lta,ta+ NpaA). (4.103)

From the inequalities of Eqs. 4.102, 4.103 and taking into account that X(#,) =
X(ty) = X(t,), the following inequality is obtained:

V()E(ta+i)) = max{V()E(tu)) — Np,a&s, ;Omin}' (4.104)

When x(¢) € £2,, for all times (this point will be proved below), we can apply Propo-
sition 2.3 to obtain the following inequalities:

V(X(t)) < V(x(t) + fv (| x(ta) — X)) (4.105)
V(x(tar)) < V(&tari)) + fv ([ xGari) = Xar) |)- (4.106)

Applying Proposition 2.2, we obtain the following bounds on the deviation of x(z)
and X (¢) from x(¢):

|x(ta) = ¥(t2) || < fw(da), (4.107)
|x(tati) = X(tari) | < fw(NDA). (4.108)

Note that Proposition 2.2 can be applied because the constraints of Eqs. 4.82, 4.83,
4.84, 4.87 and the implementation procedure guarantee that X (¢,) and X (¢,4;) have
been estimated using the same inputs applied to the system. We have also taken into
account that NpA > Np , + d, for all d,. Using the inequalities of Eqs. 4.104,
4.105-4.106 and 4.107-4.108, the following upper bound on V (x(#,4;)) is ob-
tained:

V(x(tas1) < max{V (x(ta) = Np ats. pmin} + fv (fw (NpA)) + fv (fiw (da)).
(4.109)
In order to prove that the Lyapunov function is decreasing between two consecutive
new measurements, the following inequality must hold:

Np.ags > fv(fw(NpA)) + fv(fw(da)) (4.110)

for all possible 0 < d, < D. Taking into account that fw (-) and fy(-) are strictly
increasing functions of their arguments, that Np , is a decreasing function of the
delay d, and that if d, = D then Np , = N, if the condition of Eq. 4.100 is sat-
isfied, the condition of Eq. 4.110 holds for all possible d, and there exists &, > 0
such that the following inequality holds:

V(x(tagi)) < max{V (x(ta)) — €w. pa}. (4.111)

which implies that if x(#,) € £2,/$2,,, then V(x(t44;)) < V(x(t,)), and if
x(lq) € Ry, then V (x (ta4)) < pa-
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Because the upper bound on the difference between the Lyapunov function of the
actual trajectory x and the nominal trajectory X is a strictly increasing function of
time, the inequality of Eq. 4.111 also implies that:

V(x(@®) <max{V(x(ta)). pa}. V1 € [ta, tati). (4.112)

Using the inequality of Eq. 4.112 recursively, it can be proved that if x(7) € £2,,,
then the closed-loop trajectories of the system of Eq. 4.1 under the DMPC of
Eqgs. 4.81-4.97 stay in 2, for all times (i.e., x(¢) € §2,,, Vt). Moreover, using the in-
equality of Eq. 4.111 recursively, it can be proved that if x(f9) € £2,, the closed-loop
trajectories of the system of Eq. 4.1 under the DMPC of Eqs. 4.81-4.97 satisfy:

limsup V (x(1)) < pa. (4.113)

t—00

This proves that x(t) € §2,, for all times and that x(¢) is ultimately bounded in £2,,
when t,4; —t, = Np 4 A for all a.

Part 2: In this part, we extend the results proved in Part 1 to the general case,
that is, #,4; — 4 < Np oA. Taking into account that fy(-) and fw(-) are strictly
increasing functions of their arguments and following similar steps in Part 1, it
is easy to prove that the inequality of Eq. 4.110 holds for all possible d, < D
and t,4; — t;, < Np 4A. Using this inequality and following the same line of ar-
gument as in the previous part, the stability results stated in Theorem 4.3 can be
proved. |

Remark 4.14 The sufficient conditions presented in Theorem 4.3 state that in order
to guarantee practical stability, V (x(#;)) must be a decreasing sequence of values
with a lower bound for the worst possible case from a feedback control point of
view; that is, the measurements are received every 7,, (maximum time between
successive measurements) with a delay equal to the maximum delay D.

Remark 4.15 1In this section, we do not explicitly consider delays introduced in the
system by the communication network or by the time needed to solve each of the
LMPC optimization problems. Such delays are usually small (particularly in the
context of DMPC) compared to the measurement delays and can be modeled as part
of an overall measurement delay.

4.6.4 Application to a Reactor-Separator Process

We consider the reactor—separator process of Egs. 3.52-3.63 described in Sect. 1.2.3
with the parameter values given in Table 3.3. In this subsection, we compare the
performance of the DMPC of Eqgs. 4.81-4.97 with that of the DMPC of Eqgs. 4.49—
4.62 in the case where the delayed state measurements of the process are available
asynchronously at time instants {#,>0}. The same sampling time A and weighting
matrices Q., R, and R, used in Sect. 4.5.4 are used. The prediction horizons of
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Fig. 4.15 Asynchronous time sequence {t,>0} and corresponding delay sequence {d,>o} with
T» =0.04 hand D = 0.12 h: (a) the x-axis indicates {f,>0} and the y-axis indicates the size of dy;
(b) the upper axis indicates {t,>0}, the lower axis indicates t, — d,, each arrow points from ¢, —d,

to corresponding 7, and the dashed arrows indicate the measurements which do not contain new
information

both LMPC 1 and LMPC 2 are chosen to be N = § in this set of simulations so that
the horizon covers the maximum possible open-loop operation interval. Note that
the same estimated current state is used to evaluate both of the controllers.

The Poisson process used in Sect. 4.5.4 is used to generate {t,>0} with W =30
and 7;,, = 0.04 h and another random process is used to generate the associated delay
sequence {d,>0} with D = 0.12 h. Figure 4.15 shows the time instants when new
state measurements are received, the associated delay sizes and the instants when
the received measurements do not contain new information (which are discarded).
The average time interval between two successive sampling times is 0.035 h and the
average time delay is 0.057 h.

The state and input trajectories of the process of Egs. 3.52-3.63 in closed-loop
under the DMPC of Eqs. 4.81-4.97 and the DMPC of Eqs. 4.49—-4.62 are shown in
Figs. 4.16 and 4.17. In Fig. 4.16, we see that the DMPC of Eqs. 4.81-4.97 is able to
stabilize the process at the desired steady state in about 0.6 h, but the control design
of Egs. 4.49-4.62 which does not account for measurement delays fails to drive the
state to the desired steady state within 1 h.

Remark 4.16 We have also carried out simulations to evaluate the computational
time of the LMPCs. The simulations have been carried out using MATLAB® in
a PENTIUM® 3.20 GHz processor. The optimization problems have been solved
using the built-in nonlinear programming function finincom of MATLAB®. For 50
evaluations, the mean time to solve LMPC 2 of Eqgs. 4.49-4.55 and LMPC 1 of
Eqgs. 4.56—4.62 are 5.52 seconds and 2.90 seconds, respectively, with the prediction
horizon N = 6; the mean time to solve LMPC 2 of Egs. 4.81-4.90 and LMPC 1 of
Eqgs. 4.91-4.97 are 13.95 seconds and 6.83 seconds, respectively, with the prediction
horizon N = 8. These computational times can be reduced significantly by using a
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Fig. 4.16 State trajectories of the reactor—separator process of Eqs. 3.52-3.63 under the DMPC
of Eqgs. 4.81-4.97 (solid lines) and the DMPC of Eqs. 4.49—4.62 (dashed lines) in the presence of
asynchronous and delayed measurements
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Fig. 4.17 Input trajectories of the reactor—separator process of Eqs. 3.52-3.63 under the DMPC
of Eqgs. 4.81-4.97 (solid lines) and the DMPC of Eqs. 4.49—4.62 (dashed lines) in the presence of
asynchronous and delayed measurements

compiled nonlinear programming solver implemented in C or other programming
languages.
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4.7 Conclusions

In this chapter, we focused on a class of nonlinear control problems that arise when
new control systems which may use networked sensors and/or actuators are added
to already operating control loops to improve closed-loop performance. To address
this control problem, a DMPC method was introduced where both the preexisting
control system and the new control system are designed via LMPC theory. The pre-
sented DMPC design stabilizes the closed-loop system, improves the closed-loop
performance and allows handling input constraints. In addition, the distributed con-
trol design requires reduced communication between the two distributed controllers
since it requires that these controllers communicate only once at each sampling time
and is computationally more efficient compared to the corresponding centralized
model predictive control design. In addition, the DMPC method is also extended
to include nonlinear systems subject to asynchronous and delayed measurements.
Extensive simulations using a chemical plant network example, described by a non-
linear model, demonstrated the applicability and effectiveness of the DMPC designs.






Chapter 5
Distributed Model Predictive Control:
Multiple-Controller Cooperation

5.1 Introduction

In Chap. 4, we presented a DMPC architecture with one-directional communica-
tion for a very broad class of nonlinear systems. In this architecture, two separate
controllers designed via LMPC were considered, in which one LMPC was used to
guarantee the stability of the closed-loop system and the other LMPC was used to
improve the closed-loop performance. In this chapter, we focus on DMPC of large-
scale nonlinear systems in which several distinct sets of manipulated inputs are used
to regulate the system. For each set of manipulated inputs, a different model pre-
dictive controller, which is able to communicate with the rest of the controllers in
making its decisions, is used to compute the control actions. Specifically, under the
assumption that feedback of the state of the process is available to all the distributed
controllers at each sampling time and that a model of the plant is available, we
present two different DMPC architectures designed via LMPC techniques. In the
first architecture, the distributed controllers use a one-directional communication
strategy, are evaluated in sequence and each controller is evaluated only once at
each sampling time; in the second architecture, the distributed controllers utilize
a bidirectional communication strategy, are evaluated in parallel and iterate to im-
prove closed-loop performance. In order to ensure the stability of the closed-loop
system, each model predictive controller in both architectures incorporates a stabil-
ity constraint which is based on a suitable nonlinear control law which can stabilize
the closed-loop system. We prove that the two DMPC architectures enforce practical
stability in the closed-loop system while improving performance.

Moreover, the DMPC designs will be also extended to include nonlinear systems
subject to asynchronous and delayed state feedback. In the case of asynchronous
feedback, under the assumption that there is an upper bound on the maximum in-
terval between two consecutive measurements, we first extend both the DMPC ar-
chitectures to take explicitly into account asynchronous feedback. Subsequently, we
design a DMPC scheme using bi-directional communication for systems subject
to asynchronous measurements that also involve time-delays under the assumption
that there exists an upper bound on the maximum feedback delay. Sufficient condi-
tions under which the proposed distributed control designs guarantee that the states
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of the closed-loop system are ultimately bounded in regions that contain the origin
are provided. The theoretical results are illustrated through a catalytic alkylation of
benzene process example.

Finally, in this chapter, we will focus on a hierarchical type DMPC and dis-
cuss how to handle communication disruptions—communication channel noise and
data losses—between the distributed controllers. To handle communication disrup-
tions, feasibility problems are incorporated in the DMPC architecture to determine
whether the data transmitted through the communication channel is reliable or not.
Based on the results of the feasibility problems, the transmitted information is ac-
cepted or rejected by the stabilizing MPC. In order to ensure the stability of the
closed-loop system under communication disruptions, each model predictive con-
troller utilizes a suitable Lyapunov-based stability constraint. The results of this
chapter were first presented in [9, 30, 54, 55, 58].

5.2 System Description

In this chapter, we consider nonlinear systems described by the following state-
space model:

20 = f(x®)+ D gi(x@))ui (1) + k(x () w(), GRY;

i=1

where x(t) € R" denotes the vector of state variables, u; (t) € R™i,i =1,...,m, are
m sets of control (manipulated) inputs and w(¢) € R denotes the vector of distur-
bance variables. The m sets of inputs are restricted to be in m nonempty convex sets

U; CR™i,i=1,...,m, which are defined as follows:
U; :={uieRm[:||ui||§u?ax}, i=1,...,m, (5.2)
where u;“a", i =1,...,m, are the magnitudes of the input constraints. The distur-

bance vector is bounded, i.e., w(¢) € W where:
W:={weR":|w|=<6,0>0} (5.3)

with 6 being a known positive real number.

We assume that f, g;,i =1, ..., m, and k are locally Lipschitz vector, matrix and
matrix functions, respectively, and that the origin is an equilibrium of the unforced
nominal system (i.e., the system of Eq. 5.1 with u; () =0,i=1,...,m, w() =0
for all +) which implies that f(0) =0.

Remark 5.1 In this chapter, in order to account for DMPC designs in which the
distributed controllers are evaluated in parallel, we consider nonlinear systems with
control inputs entering the system dynamics in an affine fashion. We note that the
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results presented in Sects. 5.4.1 and 5.5.2 can be extended to more general nonlinear
systems, for example, systems described by the following state-space model:

() = f(x@,u1(), ..y (1), w()). (5.4)

5.3 Lyapunov-Based Control

We assume that there exists a nonlinear control law A (x) = [f1(x)T -+ b ()T]T
with u; = h;(x),i =1, ..., m, which renders (under continuous state feedback) the
origin of the nominal closed-loop system asymptotically stable while satisfying the
input constraints for all the states x inside a given stability region. Using converse
Lyapunov theorems, this assumption implies that there exist functions «;(-), i =
1,2, 3,4 of class .# and a continuously differentiable Lyapunov function V (x) for
the nominal closed-loop system that satisfy the following inequalities:

a1 (Ix1) < V) < aa(lx). (5.5)
v e
aix) (f(x) + ;:gi(X)hi(x)) < —az(lx|l). (5.6)
A%
H 8;’” < ay(lIxl), 5.7)
hix)eU;, i=1,....m (5.8)

for all x € O C R"™ where O is an open neighborhood of the origin. We denote the
region £2, C O as the stability region of the closed-loop system under the nonlinear
control law A (x).

By continuity, the local Lipschitz property assumed for the vector fields f(x),
gi(x),i=1,...,m, and k(x) and taking into account that the manipulated inputs
u;, i =1,...,m, and the disturbance w are bounded in convex sets, there exist
positive constants M, My, Ly, L,; and Ly, (i =1, ..., m) such that:

Hf(x) +) g +kw| < M, (5.9)

i=1

lgi)| <My, i=1,....m, (5.10)

|f @) = ()] < Li|x =], (5.11)
Hgi(x)—gi(x’)” §Lui||x—x’|, i=1,...,m, (5.12)
k()| < Luw (5.13)

forall x,x" € 2,,ui€U;,i=1,...,m,and w € W.In addition, by the continuous
differentiable property of the Lyapunov function V (x), there exist positive constants
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L., L/u,-’ i=1,...,m,and L), such that:

aV(x) avV(x")
H o g S = L =] (5.14)
aV(x) avV(x") .
H S~ — g(x)| =L, |x=x. i=1...m (515
aV
H a)(Cx)k(x) <L, (5.16)
forallx,x € 2,,u; €U;,i=1,...,m,andw e W.

5.4 Sequential and Iterative DMPC Designs with Synchronous
Measurements

The objective of this section is to design DMPC architectures including multiple
MPC:s for large-scale nonlinear process systems with continuous, synchronous state
feedback. Specifically, we will discuss two different DMPC architectures. The first
DMPC architecture is a direct extension of the DMPC presented in Sect. 4.4 in
which different MPC controllers are evaluated in sequence, only once at each sam-
pling time and require only one-directional communication between consecutive
distributed controllers (i.e., the distributed controllers are connected by pairs). In
the second architecture, different MPCs are evaluated in parallel, once or more than
once at each sampling time depending on the number of iterations, and bidirectional
communication among all the distributed controllers (i.e., the distributed controllers
are all interconnected) is used.

In each DMPC architecture, we will design m LMPCs to compute u;, i =
1,...,m, and refer to the LMPC computing the input trajectories of u; as LMPC i.
In addition, we assume that the state x of the system of Eq. 5.1 is sampled syn-
chronously and the time instants at which we have state measurement samplings are
indicated by the time sequence {tx>o} with tx =1 + kA, k=0, 1, ... where 1y is
the initial time and A is the sampling time. The results will be extended to include
systems subject to asynchronous and delayed measurements in Sects. 5.5 and 5.6.

5.4.1 Sequential DMPC

A schematic of the architecture considered in this subsection is shown in Fig. 5.1.

5.4.1.1 Sequential DMPC Formulation

We first present the implementation strategy of this DMPC architecture and then
design the corresponding LMPCs. The implementation strategy of this DMPC ar-
chitecture is as follows:
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1. At 1, all the LMPCs receive the state measurement x (f;) from the sensors.
2. Forj=mto1
2.1. LMPC j receives the entire future input trajectories of u;,i =m, ..., j+1,
from LMPC j + 1 and evaluates the future input trajectory of u; based on
x () and the received future input trajectories.
2.2. LMPC j sends the first step input value of u; to its actuators and the entire
future input trajectories of u;, i =m, ..., j,to LMPC j — 1.
3. When a new measurement is received (k <— k + 1), go to Step 1.

In this architecture, each LMPC only sends its future input trajectory and the
future input trajectories it received to the next LMPC (i.e., LMPC j sends input
trajectories to LMPC j — 1). This implies that LMPC j, j =m,..., 2, does not

have any information about the values that u;, i = j — 1, ..., 1 will take when the
optimization problems of the LMPCs are designed. In order to make a decision,
LMPC j, j =m,...,2 must assume trajectories for u;, i = j — 1,..., 1, along

the prediction horizon. To this end, the nonlinear control law h(x) is used. In or-
der to inherit the stability properties of the controller /(x), each control input u;,

i =1,...,m must satisfy a constraint that guarantees a given minimum contribu-
tion to the decrease rate of the Lyapunov function V (x). Specifically, the design of
LMPC j, j=1,...,m,is based on the following optimization problem:
T+N n
min x(t i (T dr, 5.17
i [ 101+ ol a7
m
st X0 =f(EO)+ D &i(¥®)ui, (5.18)

i=1

wi (t) = hi (X(tx41)),

i=1,.0, ) = 1,91 €[ty tiis1), L =0, ..., N — 1, (5.19)
wit) =ug;(th), i=j+1,....,m, (5.20)
uj(t) e U, (5.21)

X(tr) = x (), (5.22)
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AV (x (1))

oV (x(t))
0x 0

i (x(@m))u;m) < i (x @)k (x10)). (5.23)

In the optimization problem of Eqs. 5.17-5.23, u} ;(¢|t;) denotes the optimal
future input trajectory of u; obtained by LMPC i of the form of Egs. 5.17-5.23
evaluated before LMPC j, x is the predicted trajectory of the nominal system
withu; =us;,i=j+1,...,m,u;,i =1,...,j — 1, the corresponding elements
of h(x) applied in a sample-and-hold fashion and u; predicted by LMPC j of
Egs. 5.17-5.23. The optimal solution to the optimization problem of Eqs. 5.17-5.23
is denoted as u* 5. .(t|ty) which is defined for ¢ € [tx, tx+N)-

The constraint of Eq. 5.18 is the nominal model of the system of Eq. 5.1, which
is used to predict the future evolution of the system; the constraint of Eq. 5.19 de-
fines the value of the inputs evaluated after u; (i.e., u; withi =1,..., j — 1); the
constraint of Eq. 5.20 defines the value of the inputs evaluated before u; (i.e., u;
with i = j + 1, ..., m); the constraint of Eq. 5.21 is the constraint on the manipu-
lated input u ;; the constraint of Eq. 5.22 sets the initial state for the optimization
problem; the constraint of Eq. 5.23 guarantees that the contribution of input u; to
the decrease rate of the time derivative of the Lyapunov function V (x) at the initial
evaluation time (i.e., at ), if u; = u;k j(tk|tk) is applied, is bigger than or equal to
the value obtained when u; = h;(x(#)) is applied. This constraint allows proving
the closed-loop stability properties of this DMPC.

The manipulated inputs of the system of Eq. 5.1 under the DMPC are defined as
follows:

u,-(t):uf’i(ﬂtk), i=1,...,m\Vt €[ty, ty+1). (5.24)

In what follows, we refer to this DMPC architecture as the sequential DMPC.

Remark 5.2 Note that, in order to simplify the description of the implementation
strategy presented above in this subsection, we do not distinguish LMPC m and
LMPC 1 from the others. We note that LMPC m does not receive any information
from the other controllers and LMPC 1 does not have to send information to any
other controller.

Remark 5.3 Note also that the assumption that the full state x of the system is
sampled synchronously is a widely used assumption in the control system design.
The control system designs presented in this section can be extended to the case
where only part of the state x is measurable by designing an observer to estimate the
whole state vector from output measurements and by designing the control system
based on the measured and estimated states. In this case, the stability properties of
the resulting output feedback control systems are affected by the convergence of the
observer and need to be carefully studied.

5.4.1.2 Stability Properties

The sequential DMPC of Egs. 5.17-5.24 computes the inputs u;, i =1, ..., m, ap-
plied to the system of Eq. 5.1 in a way such that in the closed-loop system, the
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value of the Lyapunov function at time instant #; (i.e., V (x(#))) is a decreasing se-
quence of values with a lower bound. Following Lyapunov arguments, this property
guarantees practical stability of the closed-loop system. This is achieved due to the
constraint of Eq. 5.23. This property is presented in Theorem 5.1 below.

Theorem 5.1 Consider the system of Eq. 5.1 in closed-loop under the sequential
DMPC of Egs. 5.17-5.24 based on a nonlinear control law h(x) that satisfies the
condition of Eqs. 5.5-5.8 with class ¢ functions «;(-), i = 1,2,3,4. Let g, > 0,
A > 0and p > ps > 0 satisfy the following constraint:

—a3(; ! (p)) + L* < —8u/4, (5.25)

where L* = (L, + 31" L, ul™ )M + L0 with M, L, L, (i =1,...,m) and
L', defined in Eqs. 5.9-5.16. For any N > 1, if x(t9) € §2,, and if pmin < p where:

pumin = max{V (x(t + 4)) : V(x(®)) < ps }, (5.26)

then the state x(t) of the closed-loop system is ultimately bounded in $2,, ..
Proof The proof consists of two parts. We first prove that the optimization problem
of Egs. 5.17-5.23 is feasible for all j =1,...,m and x € §2,,. Then we prove that,
under the DMPC of Eqgs. 5.17-5.24, the state of the system of Eq. 5.1 is ultimately
bounded in £2,, . . Note that the constraint of Eq. 5.23 of each distributed controller
is independent from the decisions that the rest of the distributed controllers make.

Part I: In order to prove the feasibility of the optimization problem of
Egs. 5.17-5.23, we only have to prove that there exists a u;(#) which satisfies
the input constraint of Eq. 5.21 and the constraint of Eq. 5.23. This is because the
constraint of Eq. 5.23 is only enforced on the first prediction step of u ; (t) and does
not depend on the values of the inputs chosen by the rest of the controllers (see
Remark 5.9). In the prediction time ¢ € [#x+1, fx+n), the input constraint of Eq. 5.24
can be easily satisfied with u ; (7) being any value in the convex set U;.

We assume that x(#;) € £2, (x(#) is bounded in £2,, which will be proved in
Part 2). It is easy to verify that the value of u; such that u ;(#x) = h; (x(#)) satisfies
the input constraint of Eq. 5.21 (assumed property of h(x) for x € £2,,) and the
constraint of Eq. 5.23, thus, the feasibility of the optimization problem of LMPC j
of Egs. 5.17-5.23, j =1, ..., m, is guaranteed.

Part 2: From the condition of Eq. 5.6 and the constraint of Eq. 5.23,if x(#) € £2,,,
it follows that:

OV (x (1)) (

o fl@)+) e (X(tk))uz‘,,'(tklfk))

i=1

A% m
= (;7;“{)) (f(x(tk)) + Zgi (x (1)) hi (x(tk))>

i=1

< —a3([|x@)|)- (5.27)



142 5 Distributed Model Predictive Control: Multiple-Controller Cooperation

The time derivative of the Lyapunov function V along the actual state trajectory x ()
of the system of Eq. 5.1 in ¢ € [#, #x+1) is given by:

) v
v(nn):%(

fx®)+ Z 8i(x@))u ; () + k(x (t))w(t)) . (5.28)

i=1

Adding and subtracting 22D (f (e (1)) + Y0 g (x (f))u; (1]t)) and taking
into account Eq. 5.27, we obtain the following inequality:

V(x®) = —as(|x@l)

oV m
+ % (f(x(t)) + Zgi (x(t))u;i(tknk) 4 k(x(t))w(t))

i=1

aVEm)
0x

Flrm)+Y s (x(rk))u;i,-aknk)). (5.29)

i=1

Taking into account Eqs. 5.5 and 5.9, the following inequality if obtained for all
x(t) € £2,,/82,,, from Eq. 5.29:

m
V(x(®) < —a3(a; ' (ps) + (L; + Z L;iuf;,.(tknk)) |x@) —x@) |+ L, |w@)]-
i=1
(5.30)
Taking into account Eq. 5.9 and the continuity of x(¢), the following bound can be
written for all ¢ € [#, tx+1):

[x@) —x(t) | < MA. (5.31)

Using this expression, the bounds on the disturbance w(¢) and the inputs u;,
i=1,...,m, and Eq. 5.30, we obtain the following bound on the time derivative
of the Lyapunov function for ¢ € [#, tx41), for all initial states x (fx) € £2,/82,:

V(x®) < —as(a; ' (p) + (L; + ZL;iuf“ax>M +L,06. (5.32)

i=1

If the condition of Eq. 5.25 is satisfied, then there exists &, > 0 such that the fol-
lowing inequality holds for x (#) € £2,/82,,:

V(x(0) < —ew/A (5.33)

for t € [, tx+1). Integrating the inequality of Eq. 5.33 on ¢ € [#, tx+1), we obtain
that:

V(x() < V(x@) — ew, (5.34)
V(x(®) < V(x(w)), Vi€l tir1) (5.35)
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for all x(#;) € £2,,/82,,,. Using Egs. 5.34 and 5.35 recursively it can be proved that,
if x(#0) € £2,/£2),, the state converges to 2, in a finite number of sampling times
without leaving the stability region. Once the state converges to 2, C £2, ., it
remains inside £2,_. for all times. This statement holds because of the definition
of pmin. This proves that the closed-loop system under the sequential DMPC of
Egs. 5.17-5.24 is ultimately bounded in £2, .. O

Remark 5.4 The sequential DMPC approach can be applied to more general non-
linear systems as described in Eq. 5.4 (see Remark 5.1) by a proper redesign of the
Lyapunov-based constraints of Eqs. 5.23 (j =1, ..., m) following the method used
in the design of the constraints of Eq. 4.15 and 4.21, see Sect. 4.4.1.

5.4.2 Iterative DMPC

An alternative architecture to the sequential DMPC architecture presented in the
previous subsection is to evaluate all the distributed LMPCs in parallel and iterate to
improve closed-loop performance. A schematic of this control architecture is shown
in Fig. 5.2.

5.4.2.1 Iterative DMPC Formulation

In this architecture, each distributed LMPC must be able to communicate with all
the other controllers (i.e., the distributed controllers are all interconnected). More
specifically, when a new state measurement is available at a sampling time, each
distributed LMPC controller evaluates and obtains its future input trajectory; and
then each LMPC controller broadcasts its latest obtained future input trajectory to
all the other controllers. Based on the newly received input trajectories, each LMPC
controller evaluates its future input trajectory again and this process is repeated until
a certain termination condition is satisfied. Specifically, the implementation strategy
is as follows:
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1. At t, all the LMPCs receive the state measurement x (f;) from the sensors and
then evaluate their future input trajectories in an iterative fashion with initial
input guesses generated by /A (-).

2. Atiteration ¢ (¢ > 1):

2.1. Each LMPC evaluates its own future input trajectory based on x (#x) and the
latest received input trajectories of all the other LMPCs (when ¢ = 1, initial
input guesses generated by A (-) are used).

2.2. The controllers exchange their future input trajectories. Based on all the
input trajectories, each controller calculates and stores the value of the cost
function.

3. If a termination condition is satisfied, each controller sends its entire future input
trajectory corresponding to the smallest value of the cost function to its actuators;
if the termination condition is not satisfied, go to Step 2 (¢ <— ¢ + 1).

4. When a new measurement is received, go to Step 1 (k <— k4 1).

Note that at the initial iteration, all the LMPCs use #(x) to estimate the input
trajectories of all the other controllers. Note also that the number of iterations ¢ can
be variable and it does not affect the closed-loop stability of the DMPC architecture
presented in this subsection; a point that will be made clear below. For the iterations
in this DMPC architecture, there are different choices of the termination condition.
For example, the number of iterations ¢ may be restricted to be smaller than a max-
imum iteration number cmax (i.€., ¢ < cmax) and/or the iterations may be terminated
when the difference of the performance or the solution between two consecutive
iterations is smaller than a threshold value and/or the iterations maybe terminated
when a maximum computational time is reached.

In order to proceed, we define x(¢|t;) for ¢ € [t, fr+n) as the nominal sampled
trajectory of the system of Eq. 5.1 associated with the feedback control law £ (x) and
sampling time A starting from x (#;). This nominal sampled trajectory is obtained
by integrating recursively the following differential equation:

R(tln) = f(R@I)) + Y gi(® 1)) hi (% (tal0),

i=1

vVt € [tktt, tiri+1),1=0,...,N — 1. (5.36)
Based on x(¢|;), we can define the following variable:

U, j(tte) = hj(f(lk.H |l‘k)),
j=1...,m\V7t €[tyyy, txy141),1=0,...,N — 1, (5.37)
which will be used as the initial guess of the trajectory of u;.

The design of the LMPC j, j =1, ..., m, at iteration c is based on the following
optimization problem:

th+N m
ujIESI?A)/,k |:||x(r)” 0. T Z||”i(f)”1ec,-:| dr, (5.38)

i=1
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st. X0 =fE0)+ ) &i(®O)ui, (5.39)
i=1
ui(0) =uyS W), Vi, (5.40)
uj() € U, (5.41)
X(t) =x(t), (5.42)
BV (x(t0))

oV (x (1))
0x

g (x(@))uj () < gj(x@))hj(x(1)), (5.43)

dax
where x is the predicted trajectory of the nominal system with uy, the input tra-
jectory, computed by the LMPCs of Eqs. 5.38-5.43 and all the other inputs are

the optimal input trajectories at iteration ¢ — 1 of the rest of distributed controllers
*,c—1
p.i

Egs. 5.38-5.43 is denoted as u;’cj(ﬂtk) which is defined for ¢ € [#, fx+n). Accord-

ingly, we define the final optimal input trajectory of LMPC j (that is, the optimal
trajectories computed at the last iteration) as u; j(t|tk) which is also defined for
t€[tk, tkan).

Note that in the first iteration of each distributed LMPC, the input trajectory
defined in Eq. 5.37 is used as the initial input trajectory guess; that is, u;OJ (tlr) =
up, j(tl) withi =1,...,m.

The manipulated inputs of the system of Eq. 5.1 under this DMPC design with
LMPCs of Egs. 5.38-5.43 are defined as follows:

(.e., u (t|t) for i # j). The optimal solution to the optimization problem of

wi () =wh (tl),  i=1,....m V€ [t tig). (5.44)

In what follows, we refer to this DMPC architecture as the iterative DMPC. The
stability properties of the iterative DMPC are stated in the following Theorem 5.2.

Remark 5.5 In general, there is no guaranteed convergence of the optimal cost or
solution of an iterated DMPC to the optimal cost or solution of a centralized MPC
for general nonlinear constrained systems because of the nonconvexity of the MPC
optimization problems and the fact that the DMPC does not solve the centralized
LMPC in a distributed fashion due to the way the Lyapunov-based constraint of
the centralized LMPC is broken down into constraints imposed on the individual
LMPCs; please also see Remark 5.12 below. However, with the implementation
strategy of the iterative DMPC presented in this section, it is guaranteed that the
optimal cost of the distributed optimization of Eqgs. 5.38-5.43 is upper bounded by
the cost of the Lyapunov-based controller 4(-) at each sampling time.

Remark 5.6 Note that in the case of linear systems, the constraint of Eq. 5.54 is
linear with respect to u; and it can be verified that the optimization problem of
Egs. 5.50-5.54 is convex. The input given by LMPC j of Egs. 5.50-5.54 at each it-
eration may be defined as a convex combination of the current optimal input solution
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and the previous one, for example,

m,i#j
() = Y win 7 el + wju G ele), (5.45)
i=1

where 371" w; = 1 with 0 <w; <1, u"; is the current solution given by the op-

timization problem of Egs. 5.50-5.54 and u¢~! is the convex combination of the
solutions obtained at iteration ¢ — 1. By doing’ this, it is possible to proved that the
optimal cost of the distributed LMPC of Egs. 5.50-5.54 converges to the one of the
corresponding centralized control system [5, 98]. This property is summarized in
Corollary 5.1 in Sect. 5.4.2.2. We also note that in the case of linear systems, the
convexity of the distributed optimization problem also holds for all the other DMPC
designs presented in this chapter and Chap. 6. In addition to Corollary 5.1, the reader
may also refer to [5, 8, 93, 98] for more discussions on the conditions under which
convergence of the solution of a distributed linear or convex MPC design to the so-
lution of a centralized MPC or a Pareto optimal solution is ensured in the context of
linear systems.

5.4.2.2 Stability Properties

Theorem 5.2 Consider the system of Eq. 5.1 in closed-loop under the sequential
DMPC of Eqs. 5.38-5.44 based on a nonlinear control law h(x) that satisfies the
condition of Eqs. 5.5-5.8 with class ¥ functions «;(-), i = 1,2,3,4. Let g, > 0,
A > 0and p > ps > 0 satisfy the constraint of Eq. 5.25. For any N > 1 and ¢ > 1,
if x(t) € 82, and if pmin < p where pmiy is defined as in Eq. 5.26, then the state
x(t) of the closed-loop system is ultimately bounded in 2, .
Proof Similar to the proof of Theorem 5.1, the proof of Theorem 5.2 also consists of
two parts. We first prove that the optimization problem of Eqs. 5.38-5.43 is feasible
for each iteration ¢ and x € §2,,. Then we prove that, under the DMPC architecture
of Egs. 5.38-5.44, the state of the system of Eq. 5.1 is ultimately bounded in £2,,_.. .

Part I: In order to prove the feasibility of the optimization problem of
Egs. 5.38-5.43, we only have to prove that there exists a u;(#) which satisfies
the input constraint of Eq. 5.41 and the constraint of Eq. 5.43. This is because the
constraint of Eq. 5.43 is only enforced on the first prediction step of u ;(fx) and in
the prediction time ¢ € [f3+1, fx+n ), the input constraint of Eq. 5.44 can be easily
satisfied with u ; (t) being any value in the convex set U;.

We assume that x(#) € £2, (x(¢) is bounded in £2,, which will be proved in
Part 2). It is easy to verify that the value of u; such that u;(f) = h;(x(#)) sat-
isfies the input constraint of Eq. 5.41 (assumed property of (x) for x € £2,) and
the constraint of Eq. 5.43 for all possible c, thus, the feasibility of LMPC j of
Eqgs. 5.38-5.43, j =1, ..., m, is guaranteed.
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Part 2: By adding the constraint of Eq. 5.43 of each LMPC together, we have:

moay 9V
3o V@) (x(tk)) (o)l = 3 D o) (xw). 546)

¢ 0x
j=1 j=1

It follows from the above inequality and condition of Eq. 5.5 that:

aV(;c(rk» <f
X

(x@) + ) & (x @) <tk|rk>)

j=1
v =

< % (f(x(rk)) +D 8 (x@)h (x(rk>)>
j=1

< —a3(]|x®)])- (5.47)

Following the same approach as in the proof of Theorem 5.1, we know that if
the condition of Eq. 5.25 is satisfied, then the state of the closed-loop system can
be proved to be maintained in §2, . under the iterative DMPC architecture of
Eqgs. 5.38-5.44. O

Corollary 5.1 Consider a class of linear time-invariant systems:

i(t)=Ax()+ Y Biui(t), (5.48)

i=1

where A and B; are constant matrices with appropriate dimensions. If we define
the inputs of the distributed LMPC of Eqs. 5.38-5.43 at iteration c as in Eq. 5.45,
then at a sampling time ty, as the iteration number ¢ — 00, the optimal cost of the
distributed optimization problem of Eqs. 5.38-5.43 converges to the optimal cost of
the corresponding centralized control system.

Proof Taking into account that x (#;) and & (x(¢;)) are known at f, the constraint of
Eq. 5.43 can be written in the following linear form:

C(x(t))uj () < D(x (1)), (5.49)

where C(x(#;)) and D(x(#;)) are constants at each #; and only depend on x(#).
This implies that the constraint of Eq. 5.43 is linear with respect to u ;. For a lin-
ear system, it is also easy to verify that the constraints of Eqs. 5.38-5.42 are convex.
Therefore, the optimization problem of Eqs. 5.38-5.43 is convex. If the inputs of the
distributed controllers at each iteration ¢ are defined as in Eq. 5.45, then the conver-
gence of the cost given by the distributed optimization problem of Eqgs. 5.38-5.43
to the corresponding centralized control system can be proved following similar
strategies used in [5, 98] for time #;. O
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Remark 5.7 Note that the DMPC designs have the same stability region £2,, as the
one of the nonlinear control law % (x). When the stability of the nonlinear control
law A (x) is global (i.e., the stability region is the entire state space), then the stability
of the DMPC designs is also global. Note also that for any initial condition in £2,,
the DMPC designs are proved to be feasible.

Remark 5.8 The choice of the horizon of the DMPC designs does not affect the
stability of the closed-loop system. For any horizon length N > 1, the closed-loop
stability is guaranteed by the constraints of Egs. 5.23 and 5.43. However, the choice
of the horizon does affect the performance of the DMPC designs.

Remark 5.9 Note that because the manipulated inputs enter the dynamics of the sys-
tem of Eq. 5.1 in an affine manner, the constraints designed in the LMPC optimiza-
tion problems of Eqs. 5.17-5.23 and 5.38-5.43 to guarantee the closed-loop stability
can be decoupled for different distributed controllers as in Eqs. 5.23 and 5.43.

Remark 5.10 In the sequential DMPC architecture presented in Sect. 5.4.1, the dis-
tributed controllers are evaluated in sequence, which implies that the minimal time
to obtain a set of solutions to all the LMPCs is the sum of the evaluation times of
all the LMPCs; whereas in the iterative DMPC architecture presented in Sect. 5.4.2,
the distributed controllers are evaluated in parallel, which implies that the minimal
time to obtain a set of solutions to all the LMPCs in each iteration is the largest
evaluation time among all the LMPCs.

Remark 5.11 An alternative to the DMPC designs is to design a centralized MPC to
compute all the inputs. A centralized LMPC design for the system of Eq. 5.1 based
on the nonlinear control law 4 (x) is as follows (please also see Sect. 2.6):

Ik+N m
i X i dr, 5.50
B A | I PR S I P PSR
. m
st ¥ =f(EO)+ Y gi(®O)us, (5.51)
i=1
uit)el;, i=1,...,m, (5.52)
X(t) =x(t), (5.53)
m
aV(x(x%))
D G m)uiw
i=1
<iw  (x (1)) hi (x (1)) (5.54)
= = 8x gl k 1 k))s .
1=
where X is the predicted trajectory of the nominal system with u;, i = 1,...,m,

the input trajectory computed by this centralized LMPC. The optimal solution to
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this optimization problem is denoted by u:l. (t|tg),i =1, ..., m, which is defined for
t € [t, tx-n). The manipulated inputs of the closed-loop system of Eq. 5.1 under
this centralized LMPC are defined as follows:

ui(t)=ul(tlty), i=1,...,m,Vt€[ty, tiy1). (5.55)
In what follows, we refer to this controller as the centralized LMPC.

Remark 5.12 Note that the sequential (or iterative) DMPC is not a direct decomposi-
tion of the centralized LMPC because the set of constraints of Eq. 5.23 (or Eq. 5.43)
for j =1,...,m in the DMPC formulation of Eqgs. 5.17-5.23 (or Eq. 5.38-5.43)
imposes a different feasibility region from the one of the centralized LMPC of
Egs. 5.50-5.54 which has a single constraint (Eq. 5.54).

Remark 5.13 Note also that for general nonlinear systems, there is no guarantee
that the closed-loop performance of one (centralized or distributed) MPC architec-
ture discussed in this section should be superior than the others since the solutions
provided by these MPC architectures are proved to be feasible and stabilizing but
the superiority of the performance of one MPC architecture over another is not es-
tablished. This is because the MPC designs are implemented in a receding horizon
scheme and the prediction horizon is finite; and also because of the different MPC
designs are not equivalent as we discussed in Remark 5.12 and the nonconvexity
property as we discussed in Remark 5.5. In applications of these MPC architec-
tures, especially for chemical process control in which nonconvex problems is a very
common occurrence, simulations should be conducted before making decisions as
to which architecture should be used.

5.4.3 Application to an Alkylation of Benzene Process

The process of alkylation of benzene with ethylene to produce ethylbenzene is
widely used in the petrochemical industry. Dehydration of the product produces
styrene, which is the precursor to polystyrene and many copolymers. Over the last
two decades, several methods and simulation results of alkylation of benzene with
catalysts have been reported in the literature. The process model developed in this
section is based on these references [23, 44, 83, 117]. More specifically, the pro-
cess considered in this work consists of four CSTRs and a flash tank separator, as
shown in Fig. 5.3. The CSTR-1, CSTR-2 and CSTR-3 are in series and involve the
alkylation of benzene with ethylene. Pure benzene is fed from stream F; and pure
ethylene is fed from streams F>, F4 and Fg. Two catalytic reactions take place in
CSTR-1, CSTR-2 and CSTR-3. Benzene (A) reacts with ethylene (B) and produces
the desired product ethylbenzene (C) (reaction 1); ethylbenzene can further react
with ethylene to form 1,3-diethylbenzene (D) (reaction 2) which is the byproduct.
The effluent of CSTR-3, including the products and leftover reactants, is fed to a
flash tank separator, in which most of benzene is separated overhead by vaporization
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Fig. 5.3 Process flow
diagram of alkylation of
benzene

F., B

and condensation techniques and recycled back to the plant and the bottom product
stream is removed. A portion of the recycle stream F} is fed back to CSTR-1 and
another portion of the recycle stream F; is fed to CSTR-4 together with an addi-
tional feed stream Fjop which contains 1,3-diethylbenzene from further distillation
process that we do not consider in this example. In CSTR-4, reaction 2 and catalyzed
transalkylation reaction in which 1,3-diethylbenzene reacts with benzene to produce
ethylbenzene (reaction 3) takes place. All chemicals left from CSTR-4 eventually
pass into the separator. All the materials in the reactions are in liquid phase due to
high pressure and their molar volumes are assumed to be constants. The dynamic
equations describing the behavior of the process, obtained through material and en-
ergy balances under standard modeling assumptions, are given below:

dCa1  Fi1Cao+ Fr2Car — F3Cay

= —r1(Ty, Cay, Cg1), 5.56
T 7 ri(T1, Ca1, Cp1) (5.56)
dC F>,Cpo+ Fi2Cpr — F3C
B B il Bl Ty, Car. C1)
dt Vi
—r2(T1, Cg1, Cc1), (5.57)
dCcy FoCcr — F3Ccy
= +r1(T1, Ca1, Cp1) — r2(T1, Cp1, Cc1), (5.58)
dt Vi
dC F»Cp, — F3C
Dl _ Zr2zbr — T3+ DI +r2(T1, Cg1, Cc1), (5.59)
dt Vi
T _ 01+ F1CaoHA(Ta0) + F2CpoHp(Tgo)
dt Y AECP ey

Y ABCD (FoCiy Hi(Ty) — F3Cit Hi(Th))
Mg etTon’

—AH;1r1(T1, Ca1, Cp1) — AHpr2(T1, Cp1, Cc1)
+ A.B.C.D ’
> Ci1Cpi

1

+

(5.60)
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dCaay  F3Ca1 — F5Ca2

—11(T2, Ca2, Cp2),

dr Vo
dCpy  F3Cp1+ FsCpo — F5Cp2
= —r1(T2, Ca2,Cp2)
dt V,

—r2(T2, Cp2, Cc2),
dCco F3Cc1 — F5Cco

= +r1(T2, Caz, Cp2) — r2(12, Cp2, Cc2),

dt Vo
dCpy  F3Cp) — F5Cpo
T +12(T2, Cp2, Cc2),
t 1%

dTy _ Q2+ F4CpoHp(Tpo)
dt Z.A’B’C’D CiZCinZ

1

Y ABCD (B Ci Hi(Ty) — FsCinHi(T2))
I o PT oM )

—AH;1r1(17,Ca2,Cp2) — AH, 2V2(T2,CA2,C32)
+ A.B,C.D
3 CinCpi

i

+

dCpz  FsCpp— F7Cy3
= —r1(T3, Ca3,Cp3),

dt Vs
dCp3  FsCpa+ FsCpo — F7Cp3
= —711(T3, Cy3, Cp3)
dt Vi

— (T3, Cp3, Cc3),
dCc3  F5Ccr— F7Cc3

= +r1(T3, Ca3, Cp3) — r2(13,Cp3, Cc3),

dt V3
dCp3s F5Cpy — F7Cps3
= +r2(T3, Cp3, Cc3),
dt V3

dT; _ Q3+ FsCpoHp(To)
dt SABCD v,

1

Y ABCD (B Ci Hi(Ty) — F1Ci3 Hi(T3))
AP CC,ivs

1

+

n —AHy 111 (T3, Ca3, Cp3) — AH,r2(T3, Cps, Cc3)
S ABCD CirCon

1

dCas  F1Caz+ FoCyps — FrCar — F3Cag

dt Va ’

dCpy  F7Cp3+ FoCps — FCpr — F3Cpy
dt Va4

’
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(5.61)

(5.62)

(5.63)

(5.64)

(5.65)

(5.66)

(5.67)

(5.68)

(5.69)

(5.70)

(5.71)

(5.72)
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dCc4  F7Cc3+ FoCcs — FrCer — F3Cey

5.73
dt V4 ( )
dC FC FoCps — F,.Cp, — FgC
p4 _ F7 D3+ FoCps rCDr 8 D4’ (5.74)
dt Va
ary Qs+ 3P (FCi3 Hi(T3) + FoCis Hi(T5))
dt S ABCL CuCivs
N Z?’B’C’D(—M,'H,'(TO — F3CigH;(Ty) — M; Hyqpi) (5.75)
Z,-A’B’C’D CisCpiVy ’
dCas  Fr1Car — FoCys
= —13(Ts5, Cas, Cps), (5.76)
dt Vs
dCBj FlCB —F9C35
= —r2(Ts5, Cps, Ccs), (5.77)
dt Vs
dCcs  Fy1Ccr — FoCcs
- —ry(Ts,Cps, C
T Vs r2(Ts, Cps, Ccs)
+2r3(Ts, Cas, Cps), (5.78)
dCps  Fr1Cpr+ F10Cpo — F9Cps
dt - Vs
+1r2(Ts, Cps, Ccs) —r3(T5, Cas, Cps), (5.79)
dTs _ Qs+ FioCpoHp(Tpo)
dt Y ABCP CisCpivs
S PP (FCiy Hi(Ty) — FoCis Hi(T5))
+ A,B.C.D
YT CisCpiVs
—AH, Ts5,Cps, C — AH, Ts5, Cys, C
n r212(T5, Cps, Ccs) +313(T5, Cas, Cps) (5.80)

A.B.C.D ’
> CisChpi

1

where rq, r and r3 are the reaction rates of reactions 1, 2 and 3, respectively and
H;,i=A, B, C, D, are the enthalpies of the reactants. The reaction rates are related
to the concentrations of the reactants and the temperature in each reactor as follows:

r1(T, Ca, C) = 0.0840¢ &1 C432C LS (5.81)
(T Cp. Co) — 0.0850¢ %7 3503 552)
T (14 kep2Cp) '
66.1e 77 C L0218,
r3(T,Ca,Cp) = , (5.83)

(I +kep3Ca)
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where:

kg = 0.152¢ ®T (5.84)

—50870

keps = 0.490e ™ RT (5.85)

The heat capacities of the species are assumed to be constants and the molar
enthalpies have a linear dependence on temperature as follows:

Hi(T) = Hiref + Cpi(T - Tref)a i=A,B,C,D, (5.86)

where Cp;, i = A, B, C, D are heat capacities.

The model of the flash tank separator is developed under the assumption that the
relative volatility of each species has a linear correlation with the temperature of the
vessel within the operating temperature range of the flash tank, as shown below:

au = 0.0449Ty + 10, (5.87)
ap = 0.0260T; + 10, (5.88)
ac = 0.0065T; + 0.5, (5.89)
ap = 0.0058T4 +0.25, (5.90)

where o;, i = A, B, C, D, represent the relative volatilities. It has also been assumed
that there is a negligible amount of reaction taking place in the separator and a
fraction of the total condensed overhead flow is recycled back to the reactors. The
following algebraic equations model the composition of the overhead stream relative
to the composition of the liquid holdup in the flash tank:

;i (F7Ci3 4+ FoCis) Z?’B’C’D(F7Cj3 + FoCjs)
M; =k : i=A,B,C,D,

I A k]
> BED o (F1Cj3 + FyCs)

591
where M;,i = A, B, C, D are the molar flow rates of the overhead reactants and &
is the fraction of condensed overhead flow recycled to the reactors. Based on M;,
i=A,B,C, D, we can calculate the concentration of the reactants in the recycle
streams as follows:

M;
5P M/ Co

C[’r: ) i=A9B9C7D9 (5'92)

where Cjo, j = A, B, C, D, are the mole densities of pure reactants. The condensa-
tion of vapor takes place overhead, and a portion of the condensed liquid is purged
back to separator to keep the flow rate of the recycle stream at a fixed value. The
temperature of the condensed liquid is assumed to be the same as the temperature
of the vessel.

The definitions for the variables used in the above model can be found in Ta-
ble 5.1, with the parameter values given in Table 5.2.
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Table 5.1 Process variables of the alkylation of benzene process of Egs. 5.56-5.80

Cai1, Cp1, Cc1, Cpi
Ca2,Cp2, Cc2 ,.Cp2
Ca3, Cp3, Cc3, Cps3
Caa, Cpa, Ccsa, Cpa
Cas, Cps, Ccs, Cps
Car, Cpr, Ccr, Cpr
N, 1y, 13, T, Ts

Trer

F3, Fs, Fr, F3, Fy
Fi, Fp, Fy, Fs, Fio
Fy, Fr1, Fro

Hyapas Hyaps, Hyapcs Hyapp
Haref, Hprefs Hcrefs Hpref
AH,, AH,», AH3
Vi, Vo, V3, V4, Vs
01, 02, 03, 04, Os
Cpa, Cpp, Cpc, Cpp
QA, AR, XC, UD

Ca0, Cgo, Cco, Cpo
Ta0, To, Tpo

k

Concentrations of A, B, C, D in CSTR-1
Concentrations of A, B, C, D in CSTR-2
Concentrations of A, B, C, D in CSTR-3
Concentrations of A, B, C, D in separator
Concentrations of A, B, C, D in CSTR-4
Concentrations of A, B, C, D in F,, F,1, Fy»
Temperatures in each vessel

Reference temperature

Effluent flow rates from each vessel

Feed flow rates to each vessel

Recycle flow rates

Enthalpies of vaporization of A, B, C, D
Enthalpies of A, B, C, D at Tef

Heat of reactions 1, 2 and 3

Volume of each vessel

External heat/coolant inputs to each vessel
Heat capacity of A, B, C, D at liquid phase
Relative volatilities of A, B, C, D

Molar densities of pure A, B, C, D

Feed temperatures of pure A, B, D

Fraction of overhead flow recycled to the reactors

Each of the tanks has an external heat/coolant input. The manipulated inputs to

the process are the heat injected to or removed from the five vessels, Q1, Q2, O3,
Q4 and Qs5, and the feed stream flow rates to CSTR-2 and CSTR-3, F4 and Fg.

The states of the process consist of the concentrations of A, B, C, D in each
of the five vessels and the temperatures of the vessels. The state of the process
is assumed to be available continuously to the controllers. We consider a stable
steady state (operating point), x;, of the process which is defined by the steady-state
inputs Q1s, Qzs, O3s, Q4s, Oss, Fas and Fgg which are shown in Table 5.3 with
corresponding steady-state values shown in Table 5.4.

The control objective is to regulate the system from an initial state to the steady
state. The initial state values are shown in Table 5.6.

The first distributed controller (LMPC 1) will be designed to decide the values
of Q1, Q2 and Q3, the second distributed controller (LMPC 2) will be designed to
decide the values of Q4 and Qs5, and the third distributed controller (LMPC 3) will
be designed to decide the values of F4 and Fg. Taking this into account, the process
model of Egs. 5.56-5.80 belongs to the following class of nonlinear systems:

x(1) = f(0) + g1()ur (1) + g2(x)ua(r) + g3(x)u3(1), (5.93)
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Table 5.2 Parameter values of the alkylation of benzene process of Eqgs. 5.56-5.80

F 7.1 x 1073 [m?/s] F, 0.012 [m3/s]

P> 8.697 x 10~* [m3/s] Fr1 0.006 [m3/s]

Fpy 0.006 [m3/s] Vi 1 [m3]

Fio 2.31 x 1073 [md/s] Vy 1 [m?]

Hyapa 3.073 x 10* [J/mole] V3 1 [m]

Hyapp 1.35 x 10* [J/mole] V4 3 [m?]

Hyapc 4.226 x 10 [J/mole] Vs 1 [m?]

Hyapp 4.55 x 10* [J/mole] Cpa 184.6 [J/mole K]
Haref 7.44 x 10* [J/mole] Hpre 5.91 x 10* [J/mole]
Hcref 2.02 x 10* [J/mole] Hprer —2.89 x 10* [J/mole]
AH, —1.536 x 10° [J/mole] Cps 59.1 [J/mole K]
AH» —1.118 x 10° [J/mole] Cpc 247 [J/mole K]
AH,3 4.141 x 10° [J/mole] Cpp 301.3 [J/mole K]
Ca0 1.126 x 10* [mole/m?] Tef 450 [K]

Cso 2.028 x 10* [mole/m3] Tuo 473 [K]

Cco 8174 [mole/m?3] Tgo 473 [K]

Cpo 6485 [mole/m?] Tpo 473 [K]

k 0.8

Table 5.3 Steady-state input

6 6
values for x; of the alkylation Q15 —4.4 % 10° [J/s] Qos —4.6 x 10° [J/s]
of benzene process of 03 —4.7 x 10° [J/s] Qus 9.2 x 10° [J/s]
Egs. 5.56-5.80 0ss 5.9 x 10° [J/s] Fis  8.697 x 10~* [m%/s]

Fus 8.697 x 10~* [m?/s]

where the state x is the deviation of the state of the process from the steady
state, u] =[uy ui2 u13] =[Q1 — Q1y Q2 — Q2 Q3 — 03,1, uy = [uz) uxn]=
[Q4 — Q45 Os5 — Osg] and ul =[u3) uzy] =[F4 — F4s Fs — Fe,] are the manipu-
lated inputs which are subject to the constraints shown in Table 5.5.

In the control of the process, u; and u; are necessary to keep the stability of the
closed-loop system, while u3 can be used as an extra manipulated input to improve
the closed-loop performance. To illustrate the theoretical results, we first design the
nonlinear control law A (x) = [h1(x) ha(x) h3(x)]T. Specifically, &1 (x) and ha(x)
are designed as follows [97]:

LiVAJ(LV)24(Lg, V)4
LV s T LV if Ly V #£0,

hi(x) =4 "~ (Lg; V)2
0 if L, V=0,

(5.94)

wherei =1,2, L;V = % f(x)and L,V = %gi (x) denote the Lie derivatives of
the scalar function V with respectto f and g; (i = 1, 2), respectively. The controller
h3(x) is chosen to be h3(x) = [0 0] because the input set u3 is not needed to
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Table 5.4 Steady-state values for x; of the alkylation of benzene process of Egs. 5.56-5.80

Cal 9.101 x 103 [mole/m3] Can 7.548 x 103 [mole/m>]
Cpi 22.15 [mole/m?] Cro 23.46 [mole/m3]

Cci 1.120 x 103 [mole/m?] Cea 1.908 x 103 [mole/m?]
Chi 2.120 x 102 [mole/m?] Cm 3.731 x 10% [mole/m?]
T 4772 x 10? [K] T, 4.77 x 10? [K]

Ca3 6.163 x 10° [mole/m?] Cas 1.723 x 103 [mole/m?]
Cr3 24.84 [mole/m?] Cp4 13.67 [mole/m>]

Ccs 2.616 x 103 [mole/m?] Ccs 5.473 x 103 [mole/m?]
Cp3 5.058 x 102 [mole/m?] Cpa 7.044 x 10% [mole/m?]
T3 4735 x 102 [K] Ty 4.706 x 102 [K]

Cas 5.747 x 10% [mole/m?] Cps 1.537 x 102 [mole/m?]
Cps 3.995 [mole/m?] Ts 4.783 x 10% [K]

Ccs 3.830 x 10? [mole/m?]

Table 5.5 Manipulated input

5 5
constraints of the alkylation lun| =7.5 > 10 [J/s] luial =5 10° [Jfs]
of benzene process of luz] <5 x 105 [J/s) luzi| <6 x% 10° [J/s]
Eqs. 5.56-5.80 luaz| <5 x 105 [J/s] luz| <4.93 x 1075 [m3/s]

luzz| <4.93 x 1075 [m3/s]

Table 5.6 Initial state values of the alkylation of benzene process of Eqs. 5.56-5.80

Cai 9.112 x 103 [mole/m?] Car 7.557 x 103 [mole/m?]
Cai 25.09 [mole/m?3] Ca> 27.16 [mole/m?]

Cci 1.113 x 103 [mole/m?] Cer 1.905 x 103 [mole/m?]
Cpi 2.186 x 102 [mole/m?] Cpm 3.695 x 10% [mole/m?]
Ty 4.430 x 102 [K] ) 4371 x 102 [K]

Cas 6.170 x 103 [mole/m?] Cas 1.800 x 103 [mole/m?]
Cr3 29.45 [mole/m3] o 16.35 [mole/m?3]

Ccs 2.617 x 103 [mole/m?] Ccs 5.321 x 103 [mole/m?3]
Cp3 5.001 x 10% [mole/m?] Cpa 7.790 x 10% [mole/m?]
T3 4.284 x 102 [K] Ty 4.331 x 102 [K]

Cas 5.889 x 103 [mole/m?] Cps 2.790 x 10% [mole/m?]
Cgs 5.733 [mole/m?3] Ts 4.576 x 10% [K]

Ccs 3.566 x 10° [mole/m?]

stabilize the process. We consider a Lyapunov function V (x) = x” Px with P being
the following weight matrix:

P:diag([l11110111110111110111110111110]). (5.95)
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Fig. 5.4 Trajectories of the Lyapunov function V(x) of the alkylation of benzene process of
Eqgs. 5.56-5.80 under the controller i(x) of Eq. 5.94 implemented in a sample-and-hold fash-
ion (solid line), the centralized LMPC of Eqs. 5.50-5.54 (dashed line), the sequential DMPC of
Eqs. 5.17-5.23 (dash-dotted line) and the iterative DMPC of Eqs. 5.38-5.43 with ¢ = 1 (dotted
line)

The weights in P are chosen by a trial-and-error procedure. The basic idea behind
this procedure is that more weight should be put on the temperatures of the five
vessels because temperatures have more significant effect on the overall control per-
formance, and the controller 4 (x) should be able to stabilize the closed-loop system
asymptotically with continuous feedback and actuation.

Based on i (x), we design the centralized LMPC of Egs. 5.50-5.54, the sequential
DMPC of Egs. 5.17-5.23 and the iterative DMPC of Eqs. 5.38-5.43. The sampling
time used is A = 30 s and the weight matrices:

Qc=diag([111110°111110°1010101010*111110° 1 11110%]), (5.96)

and R = diag([107% 1078 1078]), R. = diag({10~8 1078]) and R =
diag([1 1]).

First, we carried out a set of simulations which demonstrate that the nonlinear
control law A (x) and the different schemes of LMPCs can all stabilize the closed-
loop system asymptotically. Figure 5.4 shows the trajectories of the Lyapunov func-
tion V (x) under the different control schemes. Note that because of the constraints
of Egs. 5.54, 5.23 and 5.43, the trajectories of the Lyapunov function of the closed-
loop system under the centralized LMPC, the sequential DMPC and the iterative
DMPC are guaranteed to be bounded by the corresponding Lyapunov function tra-
jectory under the controller .(x) implemented in a sample-and-hold fashion with
the sampling time A until V (x) converges to a small region around the origin (i.e.,
§2p)- This point is also illustrated in Fig. 5.4.

Next, we compare the mean evaluation times of the centralized LMPC optimiza-
tion problem and the sequential and iterative DMPC optimization problems. Each
LMPC optimization problem was evaluated 100 times at different conditions. Dif-
ferent prediction horizons were considered in this set of simulations. The simu-
lations were carried out using JAVA™ programming language in a PENTIUM®
3.20 GHz computer. The optimization problems were solved using the open source
interior point optimizer Ipopt [109]. The results are shown in Table 5.7. From Ta-
ble 5.7, we can see that in all cases, the time needed to solve the centralized LMPC
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Table 5.7 Mean evaluation

time of different LMPC Centralized LMPC N=1G6) N=3(6) N=6()
optimization problems for 2.192 8.694 27.890
100 evaluations
Sequential LMPC1 0472 2.358 6.515
LMPC2  0.497 1.700 4.493
LMPC3  0.365 1.453 3.991
Iterative LMPC1 0484 2.371 6.280
LMPC2 0426 1.716 4413
LMPC3  0.185 0.854 2.355

Table 5.8 Total performance costs along the closed-loop trajectories I of the alkylation of benzene
process of Egs. 5.56-5.80

J (x107)
Centralized 1.8858
Sequential 1.8891
Cmax 1 3 5 7 9 11 13 15
Iterative 1.8955 1.8883  1.8867 1.8863 1.8862 1.8859  1.8858  1.8858

1.895

1.89

Cost index (1 07)

1.885

1 3 5 7 9 11 13 15
Maximum iteration number c
max

Fig. 5.5 Total performance costs along the closed-loop trajectories of the alkylation of benzene
process of Egs. 5.56-5.80 under centralized LMPC of Eqs. 5.50-5.54 (dashed line), sequential
DMPC of Egs. 5.17-5.23 (dash-dotted line) and iterative DMPC of Eqs. 5.38-5.43 (solid line)

is much larger than the time needed to solve the sequential or iterative DMPCs. This
is because the centralized LMPC has to solve a much larger (in terms of decision
variables) optimization problem than the DMPCs. We can also see that the evalua-
tion time of the centralized LMPC is even larger than the sum of evaluation times
of LMPC 1, LMPC 2 and LMPC 3 in the sequential DMPC, and the times needed
to solve the DMPCs in both sequential and iterative distributed schemes are of the
same order of magnitude.

In the following set of simulations, we compare the centralized LMPC and the
two DMPC schemes from a performance index point of view. In this set of simula-
tions, the prediction horizon is N = 1. To carry out this comparison, the same initial
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Table 5.9 Total performance

7

costs along the closed-loop J (x107)

trajectories II of the Centralized 5.052

alkylation of benzene process Sequential 7.039

f Egs. 5.56-5.80

oLEe Cmax I 3 5 6
Iterative 7.2286 7.2241 7.2240 7.2240

Table 5.10 Total .

performance costs along the J (x10%)

closed-loop trajectories I11 Centralized 3.8564

of the alkylation of benzene Sequential 3.6755

process of Egs. 5.56-5.80
Cmax 1 3 4
Iterative 3.6663 3.6639 3.6639

condition and parameters were used for the different control schemes and the total
cost under each control scheme was computed as follows:

™
J = / [x@l g, + 1@ g, + @], + |us@ g, Jdz. 5.97)
0 : : 3

where #g = 0 is the initial time of the simulations and #3; = 1000 s is the end of the
simulations. Table 5.8 shows the total cost along the closed-loop system trajectories
(trajectories I) under the different control schemes. For the iterative DMPC design,
different maximum number of iterations, ciax, are used. From Table 5.8, we can see
that in this set of simulations, the centralized LMPC gives the lowest performance
cost, the sequential DMPC gives lower cost than the iterative DMPC when there is
no iteration (cpax = 1). However, as the iteration number ¢ increases, the perfor-
mance cost given by the iterative DMPC decreases and converges to the cost of the
one corresponding to the centralized LMPC. This point is also shown in Fig. 5.5.
Note that the above set of simulations only represents one case of many pos-
sible cases. As we discussed in Remarks 5.5 and 5.13, there is no guaranteed
convergence of the performance of distributed MPC to the performance of a cen-
tralized MPC and there is also no guaranteed superiority of the performance of
one DMPC scheme over the others. In the following, we show two sets of sim-
ulations to illustrate these points. In both sets of simulations, we chose different
matrices R.1 and R, and all the other parameters (Q., Rc3, A, N) remained the
same as the previous set of simulations. In the first set of simulations, we picked
Re1 =diag([5x 1075 x 107> 5 x 107°]), Reo = diag([5 x 107> 5 x 107°]). The
total performance cost along the closed-loop system trajectories (trajectories II) un-
der this simulation setting are shown in Table 5.9. From Table 5.9, we can see that
the centralized LMPC provides a much lower cost than both the sequential and
iterative distributed LMPCs. We can also see that as the number of iterations in-
creases, the iterative distributed LMPC converges to a value which is different from
the one obtained by the centralized LMPC. In the second set of simulations, we
picked Ro1 =diag([1 x 1074 1x 107* 1 x 1074]), Rea = diag([1 x 107* 1 x 1074])
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and the total performance cost along the closed-loop system trajectories (trajecto-
ries III) are shown in Table 5.10 from which we can see that the centralized LMPC
provides a higher cost than both distributed LMPCs.

5.5 Sequential and Iterative DMPC Designs with Asynchronous
Measurements

In this section, we design sequential and iterative DMPC schemes, taking into ac-
count asynchronous measurements explicitly in their designs, that provide deter-
ministic closed-loop stability properties. Similarly, in each DMPC architecture, we
will design m LMPCs to compute u;, i =1, ..., m, and refer to the LMPC com-
puting the input trajectories of u; as LMPC i. Schematic diagrams of the sequential
and iterative DMPC designs for systems subject to asynchronous measurements are
shown in Figs. 5.6 and 5.7.

5.5.1 Modeling of Asynchronous Measurements

We assume that the state of the system of Eq. 5.1, x(¢), is available asynchronously
at time instants ¢, where {#,>¢} is a random increasing sequence of times. We also
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assume that there exists an upper bound 7}, on the interval between two successive
measurements, that is, the sequence satisfies the condition of Eq. 2.22.

5.5.2 Sequential DMPC with Asynchronous Measurements

5.5.2.1 Sequential DMPC Formulation

For the design of the sequential DMPC for systems subject to asynchronous mea-
surements (see Fig. 5.6), we take advantage of the MPC scheme when feedback is
lost to update the control inputs based on a state prediction obtained by the model
and to have the control actuators store and implement the last computed optimal
input trajectories. Specifically, the implementation strategy is as follows:

1. When a new measurement is available at #,, all the LMPCs receive the state
measurement x (¢,) from the sensors.
2. Forj=mto 1l
2.1. LMPC j receives the entire future input trajectories of u;, i =m, ..., j+1,
from LMPC j + 1 and evaluates the future input trajectory of u; based on
x(t,) and the received future input trajectories.
2.2. LMPC j sends the entire input trajectories of u; to its actuators and the
entire input trajectories of u;, i =m, ..., j,to LMPC j — 1.
3. When a new measurement is received (a <—a + 1), go to Step 1.

In order to make a decision, LMPC j, j =m, ..., 2 must assume trajectories for
uj,i=j—1,...,1, along the prediction horizon since the communication is one-
directional. To this end, the controller £ (x) is used. In order to inherit the stability
properties of the controller /(x), each control input u;, i = 1, ..., m must satisfy a
set of constraints that guarantee a given minimum contribution to the decrease rate
of the Lyapunov function V (x) in the case of asynchronous measurements. To this
end, the input trajectories, u, ;(t|t;) (i =1, ..., m), defined in Eq. 5.37 are used.

Specifically, the design of LMPC j, j =1,...,m, is based on the following
optimization problem:

. ta+NA . m
u,-rensl?m/,a [”xj(’)“ 0.t ;H“i(f)n&i} dr, (5.98)
S.t. )Lcj(t) = f(i](t)) + Zgi ()?j(t))ui(t), (5.99)
i=1
J m
fj(t) = f()%l(t)) + Zgl' (xAj(t))un,,'(ﬂta) + Z gi ()?j(t))u,'(t), (5.100)
i=1 i=j+1

ul(t)Zul’l,l(tlt(l)5 i:17-"’j_15 (5.101)
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wi () =ul; (tlty), i=j+1,....m, (5.102)
us,j(t) e Uj, (5.103)
¥ (ta) = 37 (ta) = x (1), (5.104)

V(EF 1) < V(R 1), Vtelta ta+ NgA), (5.105)

where Ny is the smallest integer satisfying T, < NgA. The vector %/ is the pre-
dicted trajectory of the nominal system with u ; computed by the above optimization
problem (i.e., LMPC j) and the other control inputs defined by Egs. 5.101-5.102.
The vector £/ is the predicted trajectory of the nominal system with u j=up, j(tltg)
and the other control inputs defined by Egs. 5.101-5.102. In order to fully take
advantage of the prediction, we choose N > Ng. The optimal solution to this opti-
mization problem is denoted u’ ;k(t|ta) and is defined for ¢ € [t,, 1, + NA).

The constraint of Eq. 5.99 is the nominal model of the system, which is used to
generate the trajectory X/; the constraint of Eq. 5.100 defines a reference trajectory
of the nominal system (i.e., %/) when the input u; is defined by u,_ ;(t|t,); the con-
straint of Eq. 5.101 defines the value of the inputs evaluated after u; (i.e., u; with
i=1,...,j—1); the constraint of Eq. 5.102 defines the value of the inputs evaluated
before u; (i.e., u; withi = j+1, ..., m); the constraint of Eq. 5.103 is the constraint
on the manipulated input u ;; the constraint of Eq. 5.104 sets the initial state for the
optimization problem; and the constraint of Eq. 5.105 guarantees that the contribu-
tion of input u ; to the decrease rate of the time derivative of the Lyapunov function
from 1, to 1, + NRA,if uj = u (t|ta) t €[t,,t, + NRA) is applied, is bigger or
equal to the value obtained when u j=up j(tlty), t € [tq, ta+ NRA) is applied. This
constraint guarantees that the sequential DMPC design of Egs. 5.98-5.105 main-
tains the stability of the nonlinear control law A (x) implemented in a sample-and-
hold fashion and with open-loop state estimation in the presence of asynchronous
measurements.

The manipulated inputs of the closed-loop system under the above sequential
DMPC are defined as follows:

ui(t) = ug l*(t|tk) i=1,...,m,Vt €ty tar1). (5.1006)

5.5.2.2 Stability Properties

The sequential DMPC design of Eqs. 5.98-5.105 maintains the closed-loop stabil-
ity properties of the nonlinear control law & (x) implemented in a sample-and-hold
fashion and with open-loop state estimation in the presence of asynchronous mea-
surements. This property is presented in Theorem 5.3 below. To state this theorem,
we need the following corollaries.

From Proposition 2.1, we can obtain the following corollary for systems with
m sets of control inputs, entering the dynamics of the system in an affine fashion,
which ensures that if the nominal system of Eq. 5.1 under the control u; = h; (x)
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(i =1,...,m) implemented in a sample-and-hold fashion with state feedback every
sampling time starts in §2,, then it is ultimately bounded in £2

Pmin *

Corollary 5.2 Consider the nominal sampled trajectory x of the system of Eq. 5.1
in closed-loop with a nonlinear control law u; = h;(x) (i =1, ..., m), satisfying the
conditions of Eqs. 5.5-5.8 and applied in a sample-and-hold fashion, obtained by
solving recursively the following equation:

0 =FED)+ Y g(FO)hi(R@), 1€t s, (5.107)
i=1

where ty =tg+ kA, k=0,1,.... Let A, &5 > 0 and p > pg > 0 satisfy:
—as(@; ' (09) + L'M < —&,/A (5.108)

with L' = L, + " lL’ M4 Then, if pmin < p Where pmin is defined as in
Eq.5.26 and x(O) € £2,, thefollowmg inequality holds:

V(X)) < V(£@w)), Vi€, i), (5.109)
V(£(tx)) < max{V (X(t0)) — ke, Pmin}- (5.110)

Proof Following the definition of % (¢) in Eq. 5.107, the time derivative of the Lya-
punov function V (x) along the trajectory x(¢) of the system 5.1 in ¢ € [#, tx41) is
given by:

: IV (& d
V(@)= @) (f()%(z)) +Y gi(®O)hi ()?(tk))). (5.111)

0x .
i=1

Adding and subtracting av(x(”‘)) (f(x(t)) + Zl 1 8 (x(tr))hi(X(%))) and taking
into account Eq. 5.6, we obtaln

: V(& <
V() = (|50 ) + (f()?(t)) +Y s GO (mk»)

i=1

8V ~ m .
_ M(f(x(tk))-}-Zgi(x(tk))hi(x(fk)))- (5.112)

0x ‘
i=1

From the Lipschitz property of Eqs. 5.14-5.15, the fact that the control inputs are
bounded in convex sets and the above inequality of Eq. 5.112, we have that:

V(E®) < —a3(a; ' (py) + (L; + Z L;iu;‘m) [£@) — 2@ | (5.113)
i=1
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for all X () € £2,,/52,,. Taking into account the Lipschitz property of Eq. 5.9 and
the continuity of x(¢), the following bound can be written for all ¢ € [#, tx41):

£ — 2| =M A. (5.114)

Using the expression of Eq. 5.114, we obtain the following bound on the time deriva-
tive of the Lyapunov function for ¢ € [#x, fx11), for all initial states X (tx) € §2,/82,,:

V(E®D) < —a3(e; ' (ps) +L'M A, (5.115)

where L' = L} + Y72, L, ui"™. If the condition of Eq. 5.108 is satisfied, then
V()?(t)) < —gg/A. Integrating this bound on ¢ € [#, tx4+1) we obtain that the in-
equality of Eq. 5.109 holds. Using Eq. 5.109 recursively, it is proved that, if
x(t0) € §2,/82,,, the state converges to §2,, in a finite number of sampling times
without leaving the stability region. Once the state converges to §2,, € £2,,..., it re-
mains inside §2,, . for all times. This statement holds because of the definition of
Pmin as in Eq. 5.26. Il

From Proposition 2.2, we can have the following Corollary 5.3 to get an upper
bound on the deviation of the state trajectory obtained using the nominal model of
Eq. 5.1, from the real-state trajectory when the same control actions are applied for
systems with m sets of control inputs entering the dynamics of the system in an
affine fashion.

Corollary 5.3 Consider the systems:
Xa(1) = f(xa(®)) + Zgi (xa (0))ui (1) + k(x4 (1)) w (), (5.116)

i=1

(1) = (@) + Y gi(x@)ui (). (5.117)

i=1

where initial states x,(ty), xp(to) € §2, With xp(to) = x4(t0) + ny and ||ny|| < 6.
There exists a function fw (-, -) such that:

|xa@) = x6(0) | < fw (B, 1 — t0), (5.118)
Sforall x,(t), xp(t) € 2, and all w(t) € W with:

fw Oy, T) = (LL—“j/e +9x>(e”’r -1), (5.119)

where L = Ly + Y /L | Ly, ui™.
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Proof Define the error vector as e(t) = x,(t) — xp(t). The time derivative of the
error is given by:

)= f(xa(®) = f(xp(x(0))) Zg, xa(1)) = 8i (x6/(0)) )i (1) + k (xa (1)) w(2).

(5.120)
From the Lipschitz property of Eq. 5.11-5.13 and the fact that the control inputs are
bounded in convex sets, the following inequality holds:

le@] < Leflxa@® = x| 4+ Lug [|¥a @) = x50 Loy Jw@) |

i=1
m
< (LX +2Lui>u?}ax”e(t)” + Ly0 (5.121)
i=1

for all x,(t), xp(¢) € 2, and w(t) € W. Integrating |é(¢)|| with initial condition
lle(to)|| = |Inx|| and that ||n,| < 6, the following bound on the norm of the error
vector is obtained:

o] = (55

where L” = Ly + Y i~ L, u™*. This implies that the inequality of Eq. 5.118 holds
for:

)(eL”<”0> -1), (5.122)

fw (1) = <LL“j,9 Jré'x)(e“r ~1), (5.123)

which proves this corollary. 0

In Theorem 5.3 below, we provide sufficient conditions under which the DMPC
of Eqs. 5.98-5.106 guarantees that the state of the closed-loop system is ultimately
bounded in a region that contains the origin.

Theorem 5.3 Consider the system of Eq. 5.1 in closed-loop with x available at
asynchronous sampling time instants {t,>o}, satisfying the condition of Eq. 2.22,
under the DMPC design of Egs. 5.98-5.106 based on a control law h(x) that sat-
isfies the conditions of Eqs. 4.3-5.8. Let A, &5 > 0, p > pmin >0, p > ps > 0 and
N > Ng > 1 satisfy the conditions of Egs. 5.108 and the following inequality:

—Nges + fv(fw(0, Ng4)) <0 (5.124)

with fy defined in Eq.2.49 and fw defined in Eq. 5.119, and Ng being the smallest
integer satisfying NrA > T,,. If the initial state of the closed-loop system x(ty) €
§2,, then x(t) is ultimately bounded in $2,,, € §2, where:

Pa = Pmin + fv(fw (O, NrA)) (5.125)
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with pmin defined in Eq. 5.26.

Proof In order to prove that the state of the closed-loop system is ultimately
bounded in a region that contains the origin, we prove that V (x(#,)) is a decreasing
sequence of values with a lower bound. Specifically, we focus on the time interval
t € [t4, t,41) and prove that V (x(t,41)) is reduced compared with V (x(z,)) or is
maintained in an invariant set containing the origin.

To simplify the notation, we assume that all the signals used in this proof re-
fer to the different optimization problems solved at 7, with the initial condition
x(t,), and the trajectory X/ (), j =1,...,m, is corresponding to the optimal input
u‘:;k +1(l‘|fa)- We also note that the predicted trajectories @) and 27 (1) gener-
ated in the optimization problems of LMPC j + 1 and LMPC j are identical. This
property will be used in the proof.

Part I: In this part, we prove that the stability results stated in Theorem 5.3 hold
in the case that 7,41 — t, = T, for all @ and T;, = Nr A. This case corresponds to
the worst situation in the sense that the controllers need to operate in open-loop for
the maximum possible amount of time. By Corollary 5.2 and the fact that 7,1 =
t, + Nr A, the following inequality is obtained:

V(f(ta—i-l)) = max{v(i(ta)) — Nges, pmin}~ (5.126)

From the constraints of Eq. 5.105 in the LMPCs, the following inequality can be
written:

VE@®)<VE©®), j=1,....mVt€lta, ta + NgA). (5.127)

By the fact that ¥/*1(r) and £/(¢) are identical, the following equations can be
written:

VEIO)=V(@ET®), j=1,....m—1,Vt €lte ta + Ngd).  (5.128)

From the inequalities of Eqs. 5.127 and 5.128, the following inequalities are ob-
tained:

VE@®) < <sV(E @) < < VE"O) < VE®), Y Elta,ta + NRA).

(5.129)
Note that the trajectory X! is the nominal trajectory (i.e., X) of the closed-loop sys-
tem under the control of the sequential DMPC of Eqs. 5.98-5.106. Note also that the
trajectory x™ is the nominal sampled trajectory (i.e., x) of the closed-loop system
defined in Eq. 5.107. Therefore, the following trajectory can be written:

V(E@®) < V(R®)), Vi€lta,ta+ NRA). (5.130)

From the inequalities of Eq. 5.126 and 5.130 and the fact that X(¢,) = x(#,), the
following inequality is obtained:

V()E(ta+l)) fmax{V(x(ta)) — Nges, pmin}- (5.131)
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When x(t) € £2, for all times (this point will be proved below), we can apply Propo-
sition 2.3 to obtain the following inequality:

V(x(tarD) < V(Xar1) + fr (|£Gar1) — x g ). (5.132)

Applying Corollary 5.3, we obtain the following upper bound on the deviation of
x(t) from x(z):

|x(ta1) = tas D) || < fw (0, NrA). (5.133)

From the inequalities of Eqs. 5.132 and 5.133, the following upper bound on
V (x(t4+1)) can be written:

V(x(tasn) < V(Earn) + fv (fw 0, Ng4)). (5.134)

Using the inequality of Eq. 5.131, we can rewrite the inequality of Eq. 5.134 as
follows:

V(x(tax1)) <max{V (x(ta)) — Nrés, pmin} + fv (fw(0, NgA)).  (5.135)

If the condition of Eq. 5.124 is satisfied, from the inequality of Eq. 5.135, we know
that there exists &, > 0 such that the following inequality holds:

V(x(tag1)) < max{V (x(ta)) — w, pa} (5.136)

which implies that if x(z,) € £2,/82,,, then V(x(t441)) < V(x(%,)), and if
x(ty) € -Qpa» then V (x(t441)) < pa-

Because the upper bound on the difference between the Lyapunov function of the
actual trajectory x and the nominal trajectory X is a strictly increasing function of
time (see Corollary 5.3 and Proposition 2.3 for the expressions of fy (-) and fw(-)),
the inequality of Eq. 5.136 also implies that

V(x(@®) <max{V(x(ta)), pa}, VI € lta,tas1). (5.137)

Using the inequality of Eq. 5.137 recursively, it can be proved that if x(fp) € £2,,
then the closed-loop trajectories of the system of Eq. 5.1 under the sequential DMPC
of Egs. 5.98-5.106 stay in £2,, for all times (i.e., x(¢) € £2,, Vt). Moreover, using the
inequality of Eq. 5.137 recursively, it can be proved that if x(f) € £2,, the closed-
loop trajectories of the system of Eq. 5.1 under the sequential DMPC of Eqgs. 5.98—
5.106 satisfy

lim sup V(x(t)) < Pa- (5.138)
—>0o0
This proves that x(t) € §2,, for all times and x(¢) is ultimately bounded in £2,, for
the case when #,41 — t, = T, for all a and T,,, = NR A.

Part 2: In this part, we extend the results proved in Part 1 to the general case, that
is, tg+1 —ty < T, for all a and T, < Ng A which implies that 7, —f, < Np A. Be-
cause fy(-) and fw (-) are strictly increasing functions of time and fy (-) is convex,
following similar steps as in Part 1, it can be shown that the inequality of Eq. 5.135
still holds. This proves that the stability results stated in Theorem 5.3 hold. U
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Remark 5.14 Note that the stability results stated in Theorem 5.3 also hold when
the sequential DMPC of Egs. 5.98-5.105 is applied to a nonlinear system described

by Eq. 5.4.

5.5.3 Iterative DMPC with Asynchronous Measurements

5.5.3.1 Iterative DMPC Formulation

In contrast to the one-directional communication of the sequential DMPC architec-
ture, the iterative DMPC architecture utilizes a bidirectional communication strategy
in which all the distributed controllers are able to share their future input trajectories
information after each iteration. In the presence of asynchronous measurements, the
iterative DMPC of Eqs. 5.38-5.44 presented in Sect. 5.4.2 cannot guarantee closed-
loop stability. In this subsection, we modify the implementation strategy and the
formulation of the distributed controllers to take into account asynchronous mea-

surements (see Fig. 5.7). The implementation strategy is as follows:

1. When a new measurement is available at ¢, all the LMPCs receive the state mea-
surement x (f;) from the sensors and then evaluate their future input trajectories

in an iterative fashion with initial input guesses generated by A (-).

2. Atiteration ¢ (¢ > 1):

2.1. Each LMPC evaluates its own future input trajectory based on x(#,) and the
latest received input trajectories of all the other LMPCs (when ¢ = 1, initial

input guesses generated by /A (-) are used).

2.2. The controllers exchange their future input trajectories. Based on all the
input trajectories, each controller calculates and stores the value of the cost

function.

3. If a termination condition is satisfied, each LMPC sends its entire future input
trajectory corresponding to the smallest value of the cost function to its actuators;

if the termination condition is not satisfied, go to Step 2 (¢ <— ¢ + 1).

4. When a new measurement is received (a <—a + 1), go to Step 1.

The design of the LMPC j, j =1, ..., m, atiteration c is based on the following

optimization problem:

ta+NA ) m
1 ] .
[ [0l ol Ja

st. ¥ () =f(FO)+ Y gi(® ©)ui,

i=1
o—1 . .
wi(ty=u); (tlta), Vi,

sty — u‘;’ffl(ﬂta)” < Auj, Vt€lty, t,+ NrA),

(5.139)

(5.140)

(5.141)

(5.142)
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uj(t) e Uj, (5.143)
1 (ty) = x(1), (5.144)
AV (F/ (1))

1 B

_VGEE))
- ax

Vt €[ty t, + NrpA), (5.145)

1
<Ef()e(t|[a)) +gj (a?(rltu))un,j(tlta)>,

where %/ is the predicted trajectory of the nominal system of Eq. 5.1 with u j com-
puted by this LMPC and all the other inputs are the optimal input trajectories at
iteration ¢ — 1 of the rest of the distributed controllers, X (¢|t,) and u, ; (t|t;) (i =
1,...,m)are defined in Egs. 5.36 and 5.37, respectively. The optimal solution to this
optimization problem is denoted u‘;"; (t|t;) which is defined for t € [t,,1, + N A).
Accordingly, we define the final optimal input trajectory of LMPC j of Egs. 5.139—
5.145 as u;j (t|t,) which is also defined for r € [t,,t, + N A).

Similar to the iterative DMPC with continuous measurements, for the first iter-
ation of each distributed LMPC, the input trajectories defined in Eq. 5.37 based on
the trajectory generated in Eq. 5.36 are used as the initial input trajectory guesses;
thatis, u®? =, ; withi =1,...,m.

The constraint of Eq. 5.142 puts a limit on the input change in two consecutive
iterations. This constraint allows LMPC j of Egs. 5.139-5.145 to take advantage
of the input trajectories received in the last iteration (i.e., u?)’j*l, Vi # j) to predict
the future evolution of the system state without introducing big errors. For LMPC j
(i.e., uj), the magnitude of input change in two consecutive iterations is restricted to
be smaller than a positive constant Au ;. Note that this constraint does not restrict the
input to be in a small region and as the iteration number increases, the final optimal
input could be quite different from the initial guess. The constraint of Eq. 5.145 is
used to guarantee the closed-loop stability.

The manipulated inputs of the closed-loop system under the above iterative
DMPC are defined as follows:

wi(t) =uf5(tlta), i=1,....m, Vi €lta,tat1). (5.146)

5.5.3.2 Stability Properties

The iterative DMPC design of Eqs. 5.139-5.146 takes into account asynchronous
measurements explicitly in the controller design and the implementation strategy. It
maintains the closed-loop stability properties of the nonlinear control law A (x) im-
plemented in a sample-and-hold fashion and with open-loop state estimation. This
property is presented in Theorem 5.4. To state this theorem, we need another propo-
sition.
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Proposition 5.1 Consider the systems:

m

fa(0) = f(xa(0) + Z i (xa (O)uf (1), (5.147)
]
i() = f (x5 (0)) + Z i) + g (O)us @) (5.148)

with initial states x4 (t9), xp(to) € 2, such that xp(ty) = x4(to) +ny and ||ny|| < 6.
There exists a function fx (-, -) such that:

|xa@® —x6@®)|| < fx,jOx. 1 —t0) (5.149)

for all x4(t), xp(t) € 2, and uS (t), S~ € U; and |us(t) — us™ O] < Au; (i =
1,...,m) with:

fx.j(®) = (Cl +9)(ec.,_,.f_1)’ (5.150)
J

where C1 ;= Ly + Y1 %) Lo,u™ and Cy j = Y1 7/ My, Au;.

Proof Define the error vector as e(t) = x,(¢t) — xp(¢). The time derivative of the
error is:
m, i#j m, i#j

ety =f(xa®) = f®)+ D gilxa®)ui®t) = Y gi(x®)ui™" ).
= = (5.151)

Adding and subtracting Z;"z’li# 8i (xp(t))us (1) to/from the right-hand side of the
above equation, we obtain the following equation:

m, i#j
)= f(xa®) = F(p®) + Y (8i(xa®))uif (1) — gi (xp(0))uf (1))
i=1

m, i#j
+ 3 (g (w®)uf @) — gi(xp)ui ™ (). (5.152)

i=1

From the Lipschitz properties of Eqs. 5.10-5.12, the fact that the manipulated inputs
are bounded in convex sets and the difference between u; () and uffl (¢) is bounded,
the following inequality can be obtained:

m, i#]
le®| < Llxa@® = x| + D Ly |xa(®) — x5 @) | |uf 0]
i=l1
m, i#]j
+ D ei(w@)[ui@) —ui~ 0]

i=1
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m, i#j m, i#£j
<Lle@|+ Y LyuP™ew)|+ > Mg Aui.  (5.153)
i=1 i=1
Denoting Cy j = Ly + 317/ Ly,u™ and C, j = Y7 [#/ My, Au;, we can ob-
tain:
le®] < Cujle®| + Ca;- (5.154)
Integrating ||e(¢)|| with initial condition |e(#p)| = |ln.|| (recall that xp(tp) =

Xx4(tp) + ny) and taking into account that ||ny| < 6y, the following bound on the
norm of the error vector is obtained:

C .
le®] < <i + ex) (eCrit=m) 7). (5.155)
Cy,j
This implies that Eq. 5.149 holds for:
C .
Ix,j(0x, 7)) = (ﬁ +9x)(ecw'f —-1). (5.156)
Cy,j
O

Proposition 5.1 bounds the difference between the nominal state trajectory under
the optimized control inputs and the predicted nominal state trajectory generated in
each LMPC optimization problem. To simplify the proof of Theorem 5.4, we define

a new function fx(t) basedon fx;,i =1,...,m, as follows:
2 /1 1 Cy;

= —L' + L ym (0,7) — =7 ). 5.157

fx(@) Z(m L L )(Cl’i.fx,m DT (5.157)

i=1
It is easy to verify that fx(t) is a strictly increasing and convex function of its
argument. In Theorem 5.4 below, we provide sufficient conditions under which the

iterative DMPC of Eqs. 5.139-5.146 guarantees that the state of the closed-loop
system is ultimately bounded in a region that contains the origin.

Theorem 5.4 Consider the system of Eq. 5.1 in closed-loop with x available at
asynchronous sampling time instants {t,>0}, satisfying the condition of Eq. 2.22,
under the DMPC design of Egs. 5.139-5.146 based on a control law h(x) that sat-
isfies the conditions of Eqs. 4.3-5.8. Let A, &5 > 0, p > pmin > 0, p > ps > 0 and
N > Ng > 1 satisfy the conditions of Egs. 5.108 and the following inequality:

—Nges + fx(NrA) + fv(fw(0, Nr4)) <0 (5.158)

with fx defined in Eq. 5.157, fy defined in Eq. 2.49, fw defined in Eq. 5.119,
and N being the smallest integer satisfying NrA > Ty,. If the initial state of the
closed-loop system x (to) € §2,,, then x(t) is ultimately bounded in 2, C 2, where:

Pb = pmin + fx(NrA) + fv (fw (0, NgA)) (5.159)
with pmin defined in Eq. 5.26.
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Proof We follow a similar strategy to the one in the proof of Theorem 5.3. In or-
der to simplify the notation, we assume that all the signals used in this proof refer
to the different optimization variables of the problems solved at #, with the initial
condition x(#,). This proof also includes two parts.

Part I: In this part, we prove that the stability results stated in Theorem 5.4 hold in
the case that 7,41 —t, = T, for all @ and T,,, = Nr A. The derivative of the Lyapunov
function of the nominal system of Eq. 5.1 under the control of the iterative DMPC
of Egs. 5.139-5.146 from ¢, to #,41 is expressed as follows:

o WVEO) ([ ., N
V(@) = — <f(x(l)) + Zgi (x(t))u;’j(ﬂta) , ¥Vt e[ty ty + NRA).
i=1
(5.160)
Adding the above equation and the constraints of Eq. 5.145 in each LMPC together,
we can obtain the following inequality for ¢ € [t,, 7, + NrA):

: AV (% “
V@OHS——QED<fGOD+§:&@UDﬁjMMO

ox .
i=1

+8V@um»(
0x

f@mm»+§:&@UW»WMWQO
i=1

Vv (&! 1
_ % <Zf(il 1) + &1 (F O)us (z|;k))

_VE@)

1
. (;f(xm(z)) + gm (7 (0)ul, (t|ta)). (5.161)

Reworking the above inequality, the following inequality can be obtained for
t€lty, ty+ NrA):

s AV (X(tlta))
V(X)) < T(

f()?(”ta)) + Zgi (£(t|ta))un,i(t|ta))

i=1
" AV (x())
0x

v (! 1 i .
- %(;ﬂxl(ﬂ) +81 (xl(t))up”l(ma))
e (5.162)

IV(E 1. By
+ % <;f(x(t>) + gm(D)ui, (t|ta))

_VE"@)
0x

1 ~ sk
<Zf(x(t>) + gl(x)”p’l(t|ta)>

1
<;f(im(t)) + gm (X" (0))usy (r|za)). (5.163)
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By the continuity and locally Lipschitz properties of Egs. 5.14-5.15, the following
inequality can be obtained for ¢ € [t,,1, + NRrA):

) ) 1
V(E®) = V(E¢la) + <;L; + L;,u‘,’;ﬁ;(tlta)> HOEEROI R

+ (iL; + L, u;’;tn(ma)) @) — 2" @] (5.164)
m m )

Applying Proposition 5.1 to the above inequality of Eq. 5.164, we obtain the fol-
lowing inequality:

(= S (a 1 / / max
V(x(t))sV(x(tlta))Jr(ELXJFLMIMl )fx,l(o,t—ta)+--~

1
+ (;L; +L;,,,uf§1‘a*>fx,m(0,t —1q). (5.165)

Integrating the inequality of Eq. 5.165 from ¢t =1¢, to t =t,+ = NrA and taking
into account that ¥ (7,) = x(#,) and t,4| — t, = Ng A, the following inequality can
be obtained:

V(%(tay1) <V (£tas))

1 1 Cr1
—L +L um™)— 0, NrA) — ——NprA
+<m x Ly uy )(C“fx,l( RA) o R )-i-

1 1 C2m
—L 4+ L u™) — 0, NrA) — —=ZNpA ).
+(m vt Ly, ><C1,mfx’m( RA) Com R )
(5.166)

From the definition of fx(-), we have

V(E(tar1) <V (2ar)) + fx(NgA). (5.167)

By Corollaries 5.2 and 5.3 and following similar calculations to the ones in the proof
of Theorem 5.3, we obtain the following inequality

V (x(tag1)) < max{V (x(ta)) — Nrés, pmin} + fx (NRA) + fv (fw (0, NrA)).
(5.168)
If the condition of Eq. 5.158 is satisfied, we know that there exists &,, > 0 such that
the following inequality holds:

V(x(tag1)) < max{V (x(ta)) — €w, pp}. (5.169)

which implies that if x(z,) € £2,/82,,, then V(x(t541)) < V(x(%)), and if
x(ta) € £2p,, then V(x(ta+1)) < pp.

Because the upper bound on the difference between the Lyapunov function of the
actual trajectory x and the nominal trajectory X is a strictly increasing function of
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time, the inequality of Eq. 5.169 also implies that:
V(x@®) <max{V(x(ta)) — ew. op}, VI €lta, tat]. (5.170)

Using the inequality of Eq. 5.170 recursively, it can be proved that if x(f) € £2,,
then the closed-loop trajectories of the system of Eq. 5.1 under the iterative DMPC
design stay in £2,, for all times (i.e., x(t) € §2,, for all ). Moreover, if x (o) € §2,, the
closed-loop trajectories of the system of Eq. 5.1 under the iterative DMPC design
satisfy:

lim sup V(x(t)) < pPp. (5.171)

—>00

This proves that x(¢) € §2, for all times and x(¢) is ultimately bounded in £2,, for
the case when #,4+1 — t, = T, for all @ and T,, = N A.

Part 2: In this part, we extend the results proved in Part 1 to the general case, that
is, tyy1 — t; < Ty, for all a and T,, < Nr A which implies that ¢, —t, < NgA.
Because fy, fw and fy are strictly increasing functions of time and fy, fy are
convex, following similar steps as in Part 1, it can be shown that the inequality of
Eq. 5.168 still holds. This proves that the stability results stated in Theorem 5.4
hold. 0

Remark 5.15 Referring to the design of the LMPC of Eqgs. 5.139, the constraint
of Eq. 5.142 ensures that the deviation of the predicted future state evolution (using
input trajectories obtained in the last iteration) from the actual system state evolution
is bounded. It also ensures that the results stated in Theorem 5.4 do not depend on
the iteration number ¢ which means the iterations of the DMPC can be terminated
at any iteration and the stability properties stated in Theorem 5.4 continue to hold.
The constraint of Eq. 5.142 can be also imposed as the termination condition of the
iterative DMPC; that is, the DMPC stops iterating when ||up ; (t) — u;’j_l )|l <
Auj, i =1,...,m, for all t € [t,,t, + NrA). In this case, however, the stability
properties stated in Theorem 5.4 have dependence on the iteration number ¢ in a
way that they hold only after the termination condition of Eq. 5.142 is satisfied.

5.5.4 Application to an Alkylation of Benzene Process

Consider the alkylation of benzene with ethylene process of Eqgs. 5.56-5.80 de-
scribed in Sect. 5.4.3. The control objective is still to drive the system from the
initial condition as shown in Table 5.6 to the desired steady-state as shown in Ta-
ble 5.4. The manipulated inputs are the heat injected to or removed from the five
vessels, Q1, 02, O3, Q4 and Qs, and the feed stream flow rates to CSTR-2 and
CSTR-3, F4 and Fg, whose steady-state input values are shown in Table 5.3. We
design three distributed LMPCs to manipulate the 7 inputs. Similarly, the first dis-
tributed controller (LMPC 1) will be designed to decide the values of Q1, Q> and



5.5 Sequential and Iterative DMPC Designs with Asynchronous Measurements 175

03, the second distributed controller (LMPC 2) will be designed to decide the val-
ues of Q4 and Qs, and the third distributed controller (LMPC 3) will be designed
to decide the values of F4 and Fg. The deviations of these inputs from their corre-
sponding steady-state values are subject to the constraints shown in Table 5.5. We
use the same design of i(x) as in Sect. 5.4.3 with a quadratic Lyapunov function
V(x) =xT Px with P being the following weight matrix:

P=diag([llllll1111111111111111111]). (5.172)

Based on A (x), we design the sequential DMPC of Egs. 5.98-5.106 and the iterative
DMPC of Egs. 5.139-5.146 with the following weighting matrices:

Qc=diag([111110°111110°101010103000111110° 1111 10%]),

(5.173)
and R.1 = diag([1 x 10781 x 10781 x 1078]), Rex = diag([1 x 1078 1 x 1078])
and R.3 = diag([10 10]). The sampling time of the LMPCs is chosen tobe A = 30s.
For the iterative DMPC of Eqs. 5.139-5.146, Au; is chosen to be 0.2514}nax for all
the distributed LMPCs and maximum iteration numbers (i.e., ¢ < cpmax) are applied
as the termination conditions. In all the simulations, bounded process noise is added
to the right hand side of the ordinary differential equations of the process model to
simulate disturbances/model uncertainty.

We consider that the state of the process of Egs. 5.56-5.80 is sampled asyn-
chronously and that the maximum interval between two consecutive measurements
is T;, =75 s. The asynchronous nature of the measurements is introduced by the
measurement difficulties of the full state given the presence of several species con-
centration measurements. We will compare the sequential and iterative DMPC for
systems subject to asynchronous measurements with a centralized LMPC which
takes into account asynchronous measurements explicitly as presented in Sect. 2.7.
The centralized LMPC uses the same weighting matrices, sampling time and pre-
diction horizon as used in the DMPCs. To model the time sequence {f,>0}, we apply
an upper bounded random Poisson process. The Poisson process is defined by the
number of events per unit time W. The interval between two successive state sam-
pling times is given by A, = min{—1n x/W, T,,}, where yx is a random variable
with uniform probability distribution between 0 and 1. This generation ensures that
maxy{tg+1 — t4} < Tpn. In the simulations, W is chosen to be 30 and the time se-
quence generated by this bounded Poisson process is shown in Fig. 5.8. For this set
of simulations, we choose the prediction horizon of all the LMPCs to be N =3 and
choose Ng = N so that NpA > T,,.

We first compare the DMPC designs for systems subject to asynchronous mea-
surements with the centralized LMPC from a stability point of view. Figure 5.9
shows the trajectory of the Lyapunov function V (x) under these control designs.
From Fig. 5.9, we see that the DMPC designs as well as the centralized LMPC de-
sign are able to drive the system state to a region very close to the desired steady
state. From Fig. 5.9, we can also see that the sequential DMPC, the centralized
LMPC and the iterative DMPC with cppax = 5 give very similar trajectories of V (x).
Another important aspect we can see from Fig. 5.9(b) is that at the early stage of the
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Fig. 5.8 Asynchronous measurement sampling times {t,>0} with 7,,, =75 s: the x-axis indicates
{t,>0} and the y-axis indicates the size of the interval between 7, and #,_1

t [s]

a

closed-loop system simulation, because of the strong driving force related to the dif-
ference between the set-point and the initial condition, the process noise/disturbance
has small influence on the process dynamics, even though the controller(s) has/have
to operate in the presence of asynchronous measurements. When the states are get-
ting close to the set-point, the Lyapunov function starts to fluctuate due to the dom-
ination of noise/disturbance over the vanishing driving force. However, the DMPC
designs are able to maintain practical stability of the closed-loop system and keep
the trajectory of the Lyapunov function in a bounded region (V (x) < 250) very close
to the steady state.

Next, we compare the evaluation times of the LMPCs in these control designs.
The simulations are carried out by JAVA™ programming language in a PENTIUM®
3.20 GHz computer. The optimization problems are solved by the open source in-
terior point optimizer Ipopt [109]. We evaluate the LMPC optimization problems
for 100 runs. The mean evaluation time of the centralized LMPC is about 23.7 s.
The mean evaluation time for the sequential DMPC scheme, which is the sum of
the evaluation times (1.9 s, 3.6 s and 3.2 s) of the three LMPCs, is about 8.7 s.
The mean evaluation time of the iterative DMPC scheme with one iteration is 6.3 s
which is the largest evaluation time among the evaluation times (1.6 s, 6.3 s and
4.3 s) of the three LMPCs. The mean evaluation time of the iterative DMPC archi-
tecture with four iterations is 18.7 s with the evaluation times of the three LMPCs
being 6.9 s, 18.7 s and 14.0 s. From this set of simulations, we see that the DMPC
designs lead to a significant reduction in the controller evaluation time compared
with a centralized LMPC design though they provide a very similar performance.

5.6 Iterative DMPC Design with Delayed Measurements

In this section, we consider the design of DMPC for systems subject to delayed
measurements. In Chap. 4, we pointed out that in order to obtain a good estimate of
the current system state from a delayed state measurement, a DMPC design should
have bi-directional communication among the distributed controllers. Consequently,
we focus on the design of DMPC for nonlinear systems subject to delayed measure-
ments in an iterative DMPC framework.
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Fig. 5.9 Trajectories of the Lyapunov function of the alkylation of benzene process of
Eqgs. 5.56-5.80 under the nonlinear control law /(x) implemented in a sample-and-hold fashion
and with open-loop state estimation, the iterative DMPC of Eqs. 5.139-5.146 with ¢pax = 1 and
cmax = 3, the sequential DMPC of Egs. 5.98-5.106 and the centralized LMPC accounting for
asynchronous measurements: (a) V (x); (b) Log(V (x))

5.6.1 Modeling of Delayed Measurements

We assume that the state of the system of Eq. 5.1 is received by the controllers
at asynchronous time instants 7, where {t,>0} is a random increasing sequence of
times and that there exists an upper bound 7;,, on the interval between two successive
measurements. We also assume that there are delays in the measurements received
by the controllers due to delays in the sampling process and data transmission. In
order to model delays in measurements, another auxiliary variable d, is introduced
to indicate the delay corresponding to the measurement received at time #,, that is,
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at time ¢#,, the measurement x (¢, — d,) is received. In order to study the stability
properties in a deterministic framework, we assume that the delays associated with
the measurements are smaller than an upper bound D.

5.6.2 Iterative DMPC Formulation

As in the DMPC designs for systems subject to asynchronous measurements, we
take advantage of the system model both to estimate the current system state from a
delayed measurement and to control the system in open-loop when new information
is not available. To this end, when a delayed measurement is received, the distributed
controllers use the system model and the input trajectories that have been applied
to the system to get an estimate of the current state and then based on the estimate,
MPC optimization problems are solved to compute the optimal future input trajec-
tory that will be applied until new measurements are received. A schematic of the
iterative DMPC for systems subject to delayed measurements is shown in Fig. 5.10.
The implementation strategy for the iterative DMPC design is as follows:

1. When a measurement x(z, — d,;) is available at 7, all the distributed controllers
receive the state measurement and check whether the measurement provides new
information. If z, — d, > max; -, t; — dj, go to Step 2. Else the measurement does
not contain new information and is discarded, go to Step 3.

2. All the distributed controllers estimate the current state of the system x(#,) and
then evaluate their future input trajectories in an iterative fashion with initial
input guesses generated by A ().

3. Atiteration ¢ (¢ > 1):

3.1. Each controller evaluates its own future input trajectory based on x°(z,) and
the latest received input trajectories of all the other distributed controllers
(when ¢ = 1, initial input guesses generated by A (-) are used).

3.2. The controllers exchange their future input trajectories. Based on all the
input trajectories, each controller calculates and stores the value of the cost
function.



5.6 Iterative DMPC Design with Delayed Measurements 179

4. If a termination condition is satisfied, each controller sends its entire future input
trajectory corresponding to the smallest value of the cost function to its actuators;
if the termination condition is not satisfied, go to Step 3 (¢ <— ¢ + 1).

5. When a new measurement is received (a <—a + 1), go to Step 1.

In order to estimate the current system state x°(f,) based on a delayed measure-
ment x (¢, — d,), the distributed controllers take advantage of the input trajectories
that have been applied to the system from #, — d, to t, and the system model of
Eq. 5.1. Let us denote the input trajectories that have been applied to the system
as ”2,1’ (#),i=1,...,m. Therefore, x°(z,) is evaluated by integrating the following
equation:

m

0 =f(x0)+ D gi(x@O)uf (1), Vtelty—da.ta) (5.174)

i=1

with x¢(t, —dy) = x(t, — d,).

Before going to the design of the iterative DMPC, we need to define another
nominal sampled trajectory X(¢|t,) for t € [t,,t, + NA), which is obtained by
replacing x(¢|z,) with X(¢|¢t;) in Eq. 5.36 and then integrating the equation with
X(ta)ta) = x°(15). Based on x(t|t,), we define a new input trajectory as follows:

uy, (tlta) = hj(¥(ta +1Alt)),
Jj=1...om Vie[ta+1A,1,+A+1DA),[=0,...,.N—1,  (5175)

which will be used in the design of the LMPC to construct the stability constraint
and used as the initial input guess for iteration 1 (i.e., uz;? = ”Z,i fori=1,...,m).
Specifically, the design of LMPC j, j =1,...,m, at iteration c is based on the

following optimization problem:

. wtNA[ m
u,-g?m/,a [”xl(f) [, + §||u,-(‘c)”Rci:| dr, (5.176)
st. ¥ =fF®O)+ Y 8@ O)ui), (5.177)
i=1
wi(t) =uy$ (tlta), Vi, (5.178)

[[uj () — ufl:;_l(tlta)n <Auj, Vtellg,ta+Npgd), (5.179)

uj(r) eUj, (5.180)
(1) = x°(t,), (5.181)
AV (X (1))

1 s .
WO (L) + 81 0)us00)

< IV (X))

1 . . e
7 (Zf(xam,))+g./-(x@lta))u;j(flfa))
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VT € [ta,ta + Np o), (5.182)

where Np , is the smallest integer satisfying Np ,A > T,, + D — d,. The optimal
solution to this optimization problem is denoted ”;3 (alt;) which is defined for r €
[t4,t, + N A). Accordingly, we define the final optimal input trajectory of LMPC j
of Egs. 5.176-5.182 as u;j(t|tk) which is also defined for ¢ € [t,, 7, + N A). Note
again that the length of the constraint Np , depends on the current delay d,, so it
may have different values at different time instants and has to be updated before
solving the optimization problems.

The manipulated inputs of the closed-loop system under the above iterative
DMPC for systems subject to delayed measurements are defined as follows:

ui(t) =uy,;(tlty), i=1,...,mVt €ty tary) (5.183)

for all ¢, such that ¢, — d, > max; -, #; —d; and for a given ¢,, the variable ¢ denotes
the smallest integer that satisfies t,4y — dgyq > 14 — dg.

5.6.3 Stability Properties

The stability properties of the iterative DMPC of Eqgs. 5.176-5.183 are stated in the
following theorem.

Theorem 5.5 Consider the system of Eq. 5.1 in closed-loop with x available at
asynchronous sampling time instants {t,>0} involving time-varying delays such that
d, < D for all a > 0, satisfying the condition of Eq. 2.22, under the iterative DMPC
of Egs. 5.176-5.183 based on a control law u = h(x) that satisfies the conditions of
Egs. 5.5-58.Let A, e >0, p > pmin >0, p > ps >0, N > 1 and D > 0 satisfy the
condition of Eq. 5.108 and the following inequality:

—Nges + fx(NpA) + fv(fw(,NpA)) + fv(fw(0, D)) <0 (5.184)

with fy defined in Eq. 2.49, fw defined in Eq. 5.119, Np being the smallest integer
satisfying NpA > Ty, + D and Ng being the smallest integer satisfying Nr A > T,.
If the initial state of the closed-loop system x(ty) € $2,, N > Np and dy =0, then
x(t) is ultimately bounded in $2,,, < §2, where:

Pd = pmin + fx(NpA) + fv (fw(0, NpA)) + fv(fw(0, D)) (5.185)

with pmin defined in Eq. 5.26.

Proof We assume that at 7,, a delayed measurement x (¢, — d,) containing new in-
formation is received, and that the next measurement with new state information is
not received until #,4;. This implies that t,4; — d,+; > t, — d, and that the itera-
tive DMPC of Eqgs. 5.176-5.183 is solved at #, and the optimal input trajectories
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u;i(ﬂta), i=1,...,m, are applied from 7, to #,;. In this proof, we will refer to
X(t) for t € [t,, t,4;) as the state trajectory of the nominal system of Eq. 5.1 under
the control of the iterative DMPC of Eqs. 5.176-5.183 with x(#;) = x°(#,).

Part I: In this part, we prove that the stability results stated in Theorem 5.5 hold
for t,4i —ta = Np oA and all d, < D. By Corollary 5.2 and taking into account
that X (f,) = x¢(t,), the following inequality can be obtained:

V((tasi)) < max{V (x(ta)) — Np ats. pmin). (5.186)

By Corollary 5.3 and taking into account that x°(t, — d,) = x(t; — d,), X(t,) =
x¢(t,) and NpA > Np A + d,, the following inequalities can be obtained:

|x¢(ta) = x(ta) | < fw (0., dy). (5.187)
|%(tagi) = x(tagi) | < fw (0. NpA). (5.188)

When x(t) € £2,, for all times (this point will be proved below), we can apply Propo-
sition 2.3 to obtain the following inequalities:

V(x¢(ta)) < V(x(ta)) + fv (fw(0,dy)), V(x(tati))
< V(%(tas)) + fv(fw(0, NpA)). (5.189)

From Eqgs. 5.186 and 5.189, the following inequality is obtained:

V (¥ (ta+i)) < max{V (x(1a)) = Np,a&s, pmin} + fv(fw(0,da)).  (5.190)

By Proposition 5.1 and following similar steps as in the proof of Theorem 5.4, the
following inequality can be obtained:

V(X (tati)) < V(¥(tati)) + fx(Np.aA). (5.191)
From Eqgs. 5.189, 5.190 and 5.191, the following inequality is obtained:
V(x(tqui)) = max{v(x(tu)) — Np qés, pmin} + fv (fW(O’ da))
+ fv(fw(©,NpA)) + fx(NpaA). (5.192)

In order to prove that the Lyapunov function is decreasing between two consecutive
new measurements, the following inequality must hold:

Np.a&s > fv(fw(0,d)) + fv (fw(©, NpA)) + fx(Np,aA) (5.193)

for all possible 0 < d, < D. Taking into account that fy, fy and fx are strictly
increasing functions of time, Np , is a decreasing function of the delay d, and
that if d, = D then Np , = Ng, then if the condition of Eq. 5.184 is satisfied, the
condition of Eq. 5.193 holds for all possible d, and there exists &, > 0 such that the
following inequality holds:

V(x(tasi)) <max{V (x(ta)) — €w, pa}. (5.194)
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Fig. 5.11 Asynchronous time sequence {t,>0} and corresponding delay sequence {d,>o} with
T,n =50 s and D =40 s: the x-axis indicates {#,>0} and the y-axis indicates the size of d,

which implies that if x(t,) € £2,/82,,, then V(x(t44i)) < V(x(#)), and if
x(ta) € 29,1 then V (X (ta4)) < pu-

Because the upper bound on the difference between the Lyapunov function of the
actual trajectory x and the nominal trajectory X is a strictly increasing function of
time, the inequality of Eq. 5.194 also implies that:

V(x(®) <max{V(x(ta)). pa}. V1 € [ta, tagi). (5.195)

Using the inequality of Eq. 5.195 recursively, it can be proved that if x(7) € £2,,
then the closed-loop trajectories of the system of Eq. 5.1 under the iterative DMPC
of Eqs. 5.176-5.183 stay in £2, for all times (i.e., x(¢) € £2,, Vt). Moreover, us-
ing the inequality of Eq. 5.195 recursively, it can be proved that if x(#) € £2,,
the closed-loop trajectories of the system of Eq. 5.1 under the iterative DMPC of
Egs. 5.176-5.183 satisfy:

lim sup V(x(t)) <p4. (5.196)
1—00

This proves that x(¢) € §2,, for all times and x(¢) is ultimately bounded in §2,,, when

layi — g = ND,aA~
Part 2: In this part, we extend the results proved in Part 1 to the general case,
that is, t,4; — t, < Np 4A. Taking into account that fy, fw and fx are strictly
increasing functions of time and following similar steps as in Part 1, it can be readily
proved that the inequality of Eq. 5.193 holds for all possible d, < D and t,4; —t, <
Np 4A. Using this inequality and following the same line of argument as in the
previous part, the stability results stated in Theorem 5.5 can be proved. U

5.6.4 Application to an Alkylation of Benzene Process

Consider the alkylation of benzene with ethylene process of Eqgs. 5.56-5.80 de-
scribed in Sect. 5.4.3. We set up the simulations as described in Sect. 5.5.4.

We consider that the state of the process of Eqs. 5.56-5.80 is sampled at asyn-
chronous time instants {#,>0} with an upper bound 7;, = 50 s on the interval be-
tween two successive measurements. Moreover, we consider that there are delays
involved in the measurement samplings and the upper bound on the maximum delay
is D =40 s. The delays in measurements can naturally arise in the context of species
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concentration measurements. We will compare the iterative DMPC of Eqgs. 5.176—
5.183 with a centralized LMPC which takes into account delayed measurements
explicitly as presented in Sect. 2.8. The centralized LMPC uses the same weighting
matrices, sampling time and prediction horizon as used in the DMPC. In order to
model the sampling time instants, the same Poisson process as used in Sect. 5.5.4
is used to generate {#,>0} with W =30 and T,, = 50 s and another random process
is used to generate the associated delay sequence {d,>o} with D = 40 s. For this
set of simulations, we also choose the prediction horizon of all the LMPCs to be
N =3 so that the horizon covers the maximum possible open-loop operation inter-
val. Figure 5.11 shows the time instants when new state measurements are received
and the associated delay sizes. Note that for all the control designs considered in
this subsection, the same state estimation strategy shown in Eq. 5.174 is used.

Figure 5.12 shows the trajectory of the Lyapunov function V (x) under different
control designs. From Fig. 5.12, we see that both the iterative DMPC for systems
subject to delayed measurements and the centralized LMPC accounting for delays
are able to drive the system state to a region very close to the desired steady state
(V(x) < 250); the trajectories of V (x) generated by the iterative DMPC design are
bounded by the corresponding trajectory of V (x) under the nonlinear control law
h(x) implemented in a sample-and-hold fashion and with open-loop state estima-
tion. From Fig. 5.12, we can also see that the centralized LMPC and the iterative
DMPC with cpax = 5 give very similar trajectories of V (x).

In the final set of simulations, we compare the centralized LMPC and the iterative
DMPC from a performance index point of view. To carry out this comparison, the
same initial condition and parameters were used for the different control schemes
and the total cost under each control scheme was computed as follows:

ry Fle@ |, + lus@] g Jdr,  (5.197)

iy

7= [ Ul g, + )
where ty = 1500 s is the final simulation time. Figure 5.13 shows the total cost
along the closed-loop system trajectories under the iterative DMPC of Egs. 5.176—
5.183 and the centralized LMPC accounting for delays. For the iterative DMPC
design, different maximum numbers of iterations, cpmax, are used. From Fig. 5.13,
we can see that as the iteration number c increases, the performance cost given
by the iterative DMPC design decreases and converges to a value which is very
close to the cost of the one corresponding to the centralized LMPC. However, we
note that there is no guaranteed convergence of the performance of iterative DMPC
design to the performance of a centralized MPC because of the nonconvexity of the
LMPC optimization problems, and the different stability constraints imposed in the
centralized LMPC and the iterative DMPC design.

5.7 Handling Communication Disruptions in DMPC

In this section, we focus on a hierarchical type DMPC (see Remark 4.12) for
the system of Eq. 5.1 and discuss how to handle communication disruptions—
communication channel noise and data losses—between the distributed controllers.
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Fig. 5.12 Trajectories of the Lyapunov function of the alkylation of benzene process of
Eqgs. 5.56-5.80 under the nonlinear control law /(x) implemented in a sample-and-hold fashion
and with open-loop state estimation, the iterative DMPC of Eqs. 5.176-5.183 with cpax = 1 and
cmax = 5 and the centralized LMPC accounting for delays: (a) V (x); (b) Log(V (x))

In the sequel, we design m LMPCs to calculate the m sets of control inputs, re-
spectively, and refer to the controller that calculates u; (i = 1,...,m) as LMPC i.
In this approach, LMPC 1 communicates with the rest of LMPCs (i.e., LMPC 2 to
LMPC m) using one-directional communication and cooperates with them to main-
tain the closed-loop stability.

In the proposed design, to handle communication channel noise between the dis-
tributed controllers, feasibility problems are incorporated in the DMPC architecture
to determine if the data transmitted through the communication channel is reliable
or not. Based on the results of the feasibility problems, the transmitted information
is accepted or rejected by LMPC 1. When there are communication data losses be-
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Fig. 5.13 Total performance costs along the closed-loop trajectories of the alkylation of benzene
process of Eqs. 5.56-5.80 under the centralized LMPC accounting for delays (dashed line) and
iterative DMPC of Eqs. 5.176-5.183 (solid line)
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tween the distributed controllers, the closed-loop system under the proposed DMPC
is guaranteed to be practically stable because of the stability constraints incorpo-
rated in the LMPC designs. A schematic diagram of the DMPC design for systems
subject to communication disruptions between distributed controllers is depicted in
Fig. 5.14.

5.7.1 Model of the Communication Channel

We consider data losses and channel noise in communication between the m dis-
tributed controllers. For a given input r € R™ to the communication channel, the
output 7 € R™ is characterized as:

F=Ir+n, (5.198)

where [ is a Bernoulli random variable with parameter & and n € R™ is a vector
whose elements are white gaussian noise with zero mean and the same variance o 2.
The random variable / is used to model data losses in the communication channel.

The white noise, n, is used to model channel noise, quantization error or any other
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Fig. 5.15 Bounded
communication channel noise

-6 0 &)

error to the transmitted signal, and it is independent of the data losses in a proba-
bilistic sense. If the receiver determines that a successful transmission is made, then
| =1, otherwise [ = 0. Furthermore, in order to get deterministic stability results,
we assume that, when a successful transmission is made, the noise, n, attached to
the input signal, r, is bounded by 6, (that is ||n| < 6.) as shown in Fig. 5.15. Both
assumptions are meaningful from a practical standpoint. We further assume that the
capacity of the communication channel [15] is high enough so that we can transmit
data through it with a high rate.

Remark 5.16 Note that there are a variety of approaches to detect whether data
loss has happened at the receiver side of a communication channel. One common
approach is to measure the power of the received signal and compare it with a pre-
configured signal transmission power level. If the power of the received signal is
much smaller than the preconfigured signal transmission power level, then data loss
is declared; and if the power of the received signal is close to the preconfigured
signal transmission power level, then the transmission is assumed to be successful.

5.7.2 DMPC with Communication Disruptions

The implementation strategy for the DMPC with feasibility problems is as follows:

1. At 1, all controllers receive the sensor measurements x (#z ).

2. Fori=2,....m
2.1. LMPC i evaluates the optimal input trajectory of u; based on x(#;) and

sends the first step input values of u; to its corresponding actuators.
2.2. LMPC i sends the entire optimal input trajectory of u; to LMPC 1 through
a communication channel.

3. LMPC 1 solves a feasibility problem for each input trajectory it received to de-
termine if the trajectory should be accepted or rejected.

4. LMPC 1 evaluates the future input trajectory of | based on x (#;) and the results
of the feasibility problems for the trajectories it received from LMPC i with
i=2,...,m.

5. LMPC 1 sends the first step input value of u; to its corresponding actuators.
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6. When a new measurement is received (k <— k + 1), go to Step 1.

In the sequel, we describe the design of LMPC j (j =2,...,m) and its corre-
sponding feasibility problem and the design of LMPC 1. In the formulations, the
input trajectories u, ; (t|tx) defined in Eq. 5.37 based on the sampled state trajectory
defined in Eq. 5.36 will be used.

Upon receiving the sensor measurement x (f;), LMPC j obtains its optimal input
trajectory by solving the following optimization problem:

' N | “
ujI?;?A)/,.k ||xf (r)” 0. T ;”Mi(t)”&i dr, (5.199)
Hoy=fEO)+> & ® ©)ui), (5.200)
i=1

ui(t) =un,i(tlty), i#Jj, (5.201)
() = x(1), (5.202)
uj(t)eUj, (5.203)

oV oV (x(z
PO o (wair)us ) = LD g (et (xa), (5:204
where ¢ =0, ..., N — 1, %/ is the predicted trajectory of the nominal system with

u ; being the input trajectory computed by this LMPC j and u; (i # j) determined
by un,i(t|tk)~

Let ujf(t|tk) denote the optimal solution of the optimization problem of
Eqgs. 5.199-5.204. LMPC j sends the first step value of uj(t|tk) to its actuators
and transmits the whole optimal input trajectory through the communication chan-
nel to LMPC 1. LMPC 1 receives a corrupted version of u;f(t|tk) which can be
formulated as:

i (t]te) =lujf(t|tk) + n. (5.205)

If data losses occur during the transmission of the control input trajectory from
LMPC j to LMPC 1, LMPC 1 assumes that LMPC j applies 4;(x) (ie., u; =
hj(x)). Note that we do not consider explicitly the step of determining whether data
losses occur or not in the transmission of input trajectories. Please see Remark 5.16
on approaches of determining transmission data losses.

When a transmission of the input trajectory u’;(t|tk) is successful, LMPC 1 re-
ceives i j (t|tr) which is a noise-corrupted version of u*(¢|#). To determine the reli-
ability of the received information, LMPC 1 solves a feasibility problem. Based on
the result of the feasibility problem, LMPC 1 determines if the received information
should be accepted or rejected. The feasibility problem for the information received
from LMPC j is as follows:

find ze S(4Q), (5.206)
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Wjtlt) — 0 <z(t) <ij(tl) +6c, 1€t tken), (5.207)
2 eU;, tell, tiin), (5.208)
aVv

% i (2 (00)2(t) > g (x (1)) (x (1) (5.209)

According to the bounded noise value and the received signal from the communi-
cation channel, LMPC 1 considers all the possibilities of noise effect on the opti-
mal trajectory of LMPC j (i.e., the constraint of Eq. 5.207) and checks whether in
these cases the input received from LMPC j still satisfies the stability constraint
of Eq. 5.204 (i.e., the constraint of Eq. 5.209). Note that when the optimization
problem of Eqgs. 5.206-5.2009 is not feasible, it is guaranteed that the original signal
u’;(t|tk) after transmission through the channel still satisfies the stability constraint
of Eq. 5.204. The feasibility of this problem is used to test whether there exists any
possible value of the noise that could (due to corruption) end up making the imple-
mented control action cause an increase in the Lyapunov function derivative, i.e.,
that av(x(t"))gj (x (tk))uj (0) > g (x(tx))h j(x()). If the problem is infeasible, it is
guaranteed that the noise cannot make the control action destabilizing, and hence,
the control action is accepted. On the other hand, if the problem is feasible, it opens
up the possibility of the noise rendering the control action destabilizing, and hence,
it is discarded. We also note that there is no requirement that 6, is sufficient small,
however, larger values of 0. increase the range of z(¢) and influence the feasibility
of the problem of Egs. 5.206-5.209.

If the optimization problem of Egs. 5.206-5.209 is not feasible, then the tra-
jectory information received by LMPC 1 (i.e., i (¢|#;)) is used in the evaluation
of LMPC 1; and if the optimization problem of Eqs. 5.206-5.209 is feasible, then
1 (t|ty) is discarded and the input trajectory u,_ ;(t|fx) will be used in the evalua-
tion of LMPC 1. If we define the trajectory of u; that is used in the evaluation of
LMPC 1 as ﬁj(ﬂtk), then it is defined as follows:

uj(tlty)  if the problem of Egs. 5.206-5.209 is not feasible
and there is no data loss,

uy, j(tltr) if the problem of Egs. 5.206-5.209 is feasible or
there exists data loss.

s _
Mj(”tk) =

Note that when data loss in the communication channel occurs, the input trajectory
up, j (tlt) is also used in the evaluation of LMPC 1. Note also that the above strategy
on the use of the corrupted communication information is just one of many possible
options to handle communication disruptions in the DMPC architecture.

Employing IZ;‘ ,Jj=2,...,m,LMPC 1 obtains its optimal trajectory according to
the following optimization problem:

. Tk+N » m
ullgsl?A)/lk |# @] 0. +§Hui(r)| R

} (5.210)
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= f(Eo) +Zgl LO))ui(0), (5.211)
ui (1) € Uy, (5.212)
wj(t)y =itln), j=2,...,m, (5.213)
X (1) = x (1), (5.214)
v v
D ¢ (xta)ur ) = gy (e (b)) 5215)

In the LMPC 1 formulation of Eqgs. 5.210-5.215, LMPC 1 takes advantage of
the knowledge of m — 1 fea51b111ty problems (i.e., u , j=2,...,m) to predict the

future evolution of the system %'. Let ui (tltr) denote the optlmal solution of the
optimization problem of Egs. 5.210-5.215.

Based on the solutions of the m LMPC optimization problems, the manipulated
inputs of the DMPC design are defined as follows:

ui(t) =uj(tlty), Vtelt, tiy1),i=1,...,m. (5.216)

Remark 5.17 Note that the white gaussian noise considered in this section is the
accumulation of thermal effects and quantization errors. We do not consider the
effects of multi-path transmission, terrain blocking, interference, etc. Furthermore,
we assume that when package loss happens, all of the information that should be
transmitted is lost; however, without loss of generality, the method presented in
this section can be extended to the case in which data loss happens only in some
packets of information following a similar methodology like Egs. 5.206-5.209 to
deal with this issue. The interested reader may refer to [15, 87] for more details on
communication channel modeling.

5.7.3 Stability Properties

As it will be proved in Theorem 5.6 below, the DMPC framework takes advan-
tage of the constraints of Eqs. 5.204 and 5.215 to compute the optimal trajectories
ui, ..., uy such that the Lyapunov function value V (x (#;)) is a decreasing sequence
with a lower bound and achieves the closed-loop stability of the system.

Theorem 5.6 Consider the system of Eq. 5.1 in closed-loop under the DMPC design
of Egs. 5.199-5.216 based on a control law h(x) that satisfies the conditions of
Egs.5.5-5.8. Let &y, > 0, A > 0 and p > ps; > 0 satisfy the following constraint:

m
—a3(e; (py)) + (L; +>° L;iu;.“a"> MA+ L0 <—g,/A. (5.217)
i=1
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If x(to) € £2 and if pmin < p where pmin = max{V (x(t + A)) : V(x (1)) < ps}, then
the state x(t) of the closed-loop system is ultimately bounded in $2,, ...
Proof The proof consists of two parts. We first prove that the optimization prob-
lems of Egs. 5.199-5.204 and 5.210-5.215 are feasible for all states x € £2,,. Sub-
sequently, we prove that, under the DMPC design of Eqs. 5.199-5.216, the state of
the system of Eq. 5.1 is ultimately bounded in a region that contains the origin.

Part I: First, we consider the feasibility of LMPC j of Egs. 5.199-5.204
(j =2,...,m)and of LMPC 1 of Egs. 5.210-5.215. All input trajectories of u ;(t)
(j=1,...,m)suchthatu;(t) =u, ;(t|tx), Vt € [t, try ) satisfy all the constraints
(including the input constraints of Eqgs. 5.203 and 5.212 and the constraints of
Eq. 5.204 and 5.215) of LMPC j, thus the feasibility of LMPC j as well as LMPC 1
is obtained.

Part 2: Considering the inequality of Eq. 5.6, addition of inequalities of
Eqs. 5.204 for j =2,...,m and 5.215 implies that if x(#) € £2,, the following
inequality holds:

aVv N
V) (f(x(tk)) + D si(x(m0)uf |tk)>

0x ‘
i=1

- aV(xak))(
- 0x

FE@)+ Y gi(x))un (rkm))

i=1

< —a3(|x @) |). (5.218)

The time derivative of the Lyapunov function along the state trajectory x(¢) of the
system of Eq. 5.1 in t € [#x, fx4+1) is given by:

. 8V m
V(x@®) = AdC) (f(x(t)) + ) gi(x@)uf et + k(x(t))w(t)). (5.219)

0x
i=1

Adding and subtracting 20U (f (x (1)) + YO0 gi (x(6))uk (tel1e)) to the right-
hand side of Eq. 5.219 and taking Eq. 5.218 into account, we obtain the following
inequality:

V(x®) = —as(|x@l)

v =
TRALC) (f(x(t)) + ) gi(x)uf (teln) + k(x(t))w(t))

0x ‘
i=1

AV (w)
0x

Fl@)+) g (x(tk))u;"mtk)). (5.220)

i=1
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From Eq. 5.5, Egs. 5.14-5.16, and the inequality of Eq. 5.220, the following in-
equality is obtained for all x (tx) € £2,/£2,,:

m
V(x®) < —a3(a;  (os)) + L), Jw®)|| + (L; + Z L;iu;‘(tk|tk)) |x(®) = x (@) |-
= (5.221)
Taking into account Eq. 5.9 and the continuity of x(¢), the following bound can
be written for all ¢ € [#, tr+1), ||x(#) — x(t)|| < M A. Using this expression, we
obtain the following bound on the time derivative of the Lyapunov function for
t € [, try1), for all initial states x (tx) € §2,,/82,:

V(x(1) < —a3(e; (o5)) + <L; +> L;iu}na")MA +16. (5.222)

i=1

If the condition of Eq. 5.217 is satisfied, then there exists &, > O such that the
following inequality holds for x(#) € £2,/82,,:

V(x(1) < —ew/A, Vi€t k1) (5.223)
Integrating this bound on ¢ € [#, fx+1), we obtain that:

V(x(se) < V(x@) — €w, (5.224)
V(x®) < V(x@), Vel i) (5.225)

for all x(#) € §2,/52,,. Using Egs. 5.224-5.225 recursively, it is proved that, if
x(to) € £2,,/82,,, the state converges to §2, in a finite number of sampling times
without leaving the stability region. Once the state converges to £2, C £2, ., it
remains inside §2,, . for all times. This statement holds because of the definition of
Pmin- This proves that the closed-loop system under the DMPC of Egs. 5.199-5.216
is ultimately bounded in £2,, . . g
Remark 5.18 Note that the use of the corrupted input trajectory information of u ;
(i.e., uj) where j =2, ..., m does not affect the feasibility of the optimization prob-
lems of Egs. 5.199-5.204 and 5.210-5.215 as well as the stability of the closed-loop
system; however, it does affect the closed-loop system performance. This is the rea-
son for the introduction of the feasibility problem of Eqs. 5.206-5.209 which is
used to decide whether the corrupted information can be used or not to improve the
closed-loop performance. An application of the DMPC architecture with the feasi-
bility problem of Eqs. 5.199-5.216 to a chemical process can be found in [30].

5.8 Conclusions

In this chapter, we designed sequential and iterative DMPC schemes for large-scale
nonlinear systems. In the sequential DMPC architecture, the distributed controllers
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adopt a one-directional communication strategy and are evaluated in sequence and
once at each sampling time; in the iterative DMPC architecture, the distributed
controllers utilize a bidirectional communication strategy, are evaluated in paral-
lel and iterate to improve closed-loop performance. We considered three cases for
the design of the sequential and iterative DMPC schemes: systems with continu-
ous, synchronous state measurements, systems with asynchronous measurements
and systems with delayed measurements. For all the three cases, appropriate im-
plementation strategies, suitable Lyapunov-based stability constraints and sufficient
conditions under which practical closed-loop stability is ensured, were provided.
Extensive simulations using a catalytic alkylation of benzene process example were
carried out to compare the DMPC architectures with existing centralized LMPC
algorithms from computational time and closed-loop performance points of view.
Moreover, we focused on a hierarchical type DMPC and discussed how to han-
dle communication disruptions in the communication between the distributed con-
trollers by incorporating feasibility problems to decide the reliability of the trans-
mitted information.



Chapter 6
Multirate Distributed Model Predictive Control

6.1 Introduction

In Chap. 5, we considered the design of DMPC architectures for large-scale nonlin-
ear systems assuming that all the measurements of the system states are available
at the same sampling instants. In this chapter, we consider the design of a network-
based DMPC system using multirate sampling for large-scale nonlinear uncertain
systems composed of several coupled subsystems. Specifically, we assume that the
states of each local subsystem can be divided into fast sampled states (which are
available every sampling time) and slowly sampled states (which are available every
several sampling times). The distributed model predictive controllers are connected
through a shared communication network and cooperate in an iterative fashion at
time instants in which full system state measurements (both fast and slow) are avail-
able, to guarantee closed-loop stability. When only local subsystem fast sampled
state information is available, the distributed controllers operate in a decentralized
fashion to improve closed-loop performance. In this control architecture, the con-
trollers are designed via LMPC techniques taking into account bounded measure-
ment noise, process disturbances and communication noise. Sufficient conditions
under which the state of the closed-loop system is ultimately bounded in an invari-
ant region containing the origin are derived. The theoretical results are demonstrated
through a nonlinear chemical process example. The results of this chapter were first
presented in [31].

6.2 System Description

We consider a class of nonlinear systems which is composed of m interconnected
subsystems where each of the subsystems can be described by the following state-
space model:

Xi (1) = fi(x) + gsi (Ou; (1) + ki (x)w; (1), (6.1)
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where i = 1,...,m, x;(t) € R™ denotes the vector of state variables of subsystem
i,uij(t) € R™ and w;(t) € R™ denote the set of control (manipulated) inputs and
disturbances associated with subsystem i, respectively. The variable x € R" denotes
the state of the entire nonlinear system which is composed of the states of the m
subsystems, that is:

x=[xlxlx) e R (6.2)

] m

The dynamics of x can be described in a compact form as follows:

m
B0 =f)+ Y gi(0ui(t) +k@)w(), (6.3)

i=1
where f=[fl - fT-- fI7, gi =[07 ---gL-.-0T]" with 0 being the zero ma-
trix of appropriate dimensions, k is a matrix composed of k; (i =1, ..., m) and zeros
whose explicit expression is omitted for brevity, and w = [w] -+ w! .- wl]T is

assumed to be bounded, that is:

W:={weR":|wl<6,60>0} (6.4)

with 6 being a known positive real number.

The m sets of inputs are restricted to be in m nonempty convex sets U; € R™i,
i =1,...,m, which are defined as:

Ui = {ui € R™ : |lui|| < u™™}, (6.5)
where u;.“‘”‘, i =1,...,m, are the magnitudes of the input constraints in an element-
wise manner. We will design m controllers to compute the m sets of control inputs
uj, i =1,...,m, respectively. We will refer to the controller computing u; associ-
ated with subsystem i as controller i.

We assume that f, g;,i =1,...,m, and k are locally Lipschitz vector, matrix
and matrix functions, respectively, and that the origin is an equilibrium point of
the unforced nominal system (i.e., system of Eq. 6.3 with u;(#) =0,i =1, ..., m,
w(t) = 0 for all #) which implies that f(0) =0.

6.3 Modeling of Measurements and Communication Networks

We assume that the states of each of the m subsystems, x; (i = 1,...,m), are di-
vided into two parts: xy,;, states that can be measured at each sampling time (e.g.,
temperatures and pressures) and x; ;, states which are sampled at a relatively slow
rate (e.g., species concentrations). Specifically, we assume that x 7, are available at
synchronous time instants t, = fo + pA, p =0, 1,..., where 1y is the initial time
and A is the sampling time; and assume that x; ;, are available every T sampling
times (i.e., x5, ;, are available at #x with k =0, T, 2T, ...). Note that, in order to sim-
plify the development, we assume that the slowly sampled states of different sub-
systems are all available at the same time instants. This modeling of measurements
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is relevant to systems involving heterogeneous measurements which have different
sampling rates; please see the example in Sect. 6.6.

We also assume that for each subsystem its local sensors, actuators and controller
are connected using point-to-point links, which implies that x s; and x, ; are avail-
able without delay to controller i once they are measured. We further assume that
the controllers for different subsystems are connected through a shared communica-
tion network and communicate when the full system state is available (i.e., at time
instants 7 with k =0, T, 2T, ...). When each predictive controller communicates
with the rest of the controllers, they share state and future input trajectories infor-
mation.

Moreover, in addition to process disturbances, we consider measurement noise
and communication network noise. Specifically, we consider measurement noise
caused by the lack of complete accuracy of measurement sensors. This type of noise
is defined as the difference between the reading value of a state from a sensor and
the true value of the state. We assume that the sensor reading values of states x r,;
and x; ; are x*¥ Fi and X x ;» respectively; and x° i and )Efl are modeled as follows:

)E}l =xzpi+ nfcf’i, (6.6)
)E;l =Xx5;+ n;.r,i’ (6.7)

where n}, 1 and n3, . are the measurement noise terms associated with x s; and x; ;,
respectively. The measurement noise is assumed to be bounded, that is, ||n A=
03, 1 and ||n} || <6} . with 65 . and 07 . being positive real numbers. It should
be mentioned that thlS assumptlon on the type of measurement noise is meaningful
from a practical standpoint due to the limit on the accuracy of the measurement
sensors and the fact that measurement noise is usually modeled as a percentage of
the actual value.

In addition to measurement noise, we consider communication channel noise
of the shared communication network. At # with k =0, T, 2T, ..., when fast and
slowly sampled states are available to each controller, the distributed controllers ex-
change information which is subject to communication channel noise. Specifically,
we assume that controller i sends X} = [)?}IT % : lT]T as well as its control input tra-
jectory u; to the other controllers; and the values received by controller j (j # i),

%/ and it!, are modeled as follows:
vJj _ xS ¢,
X =X +ny/, (6.8)
i =u; +nj,, (6.9)
where ny,’ and nj, are the communication noise terms. The communication noise

terms are also assumed to be bounded; that is, ||ny; | < Or; J and Ini. || < 6y, with

C
0x; "/ and 0., being positive real numbers. The noise terms in Egs. 6. 8 6.9 are gaus-
51an white noise variables with zero mean and covariance matrix a - and o ~ with
)C

appropriate dimensions, respectively. The power of the input signal (whlch can be
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system state variables or control input trajectories) should be much greater than the

channel noise variance in a way such that the input signal does not disappear in the

noise, which implies that 02j and ouz, should be sufficiently small. Furthermore, in
X 1

order to get deterministic stébility results, we assume that the channel noise is also
bounded by 65’ and 6,,.

According to the above modeling, at time #; with k =0, T, 2T, ... when fast and
slowly sampled states are available, the state information received by controller i
(i=1,...,m) is described as follows:

Xy =[H, .. X8 F ] =)+l (6.10)

where n’. € R" denotes combined communication and measurement noise and
||ni | < 9)’; with 9)’; being a suitable composition of Q;f,i , 9;”_ and Qf}i (J #10).

This class of systems is relevant to the case of large-scale chemical processes
that are controlled by distributed control systems that exchange information over a
shared communication network through which it is not cost-effective to communi-
cate at every sampling time. Instead, in order to achieve closed-loop stability and
good closed-loop performance, the controllers communicate every several sampling
times. Please see Fig. 6.1 in Sect. 6.5 for a schematic of such type of DMPC system
with the distributed controllers designed via LMPC techniques.

6.4 Lyapunov-Based Control

We assume that there exists a locally Lipschitz nonlinear control law h(x) =
[h1 ()T -+ by ()T with u; = h;(x), i = 1,..., m, which renders the origin of
the nominal interconnected closed-loop system asymptotically stable while satis-
fying the input constraints for all x inside the closed-loop stability region. This
assumption implies that there exist class . functions «;(-), i = 1,2,3,4 and a
continuously differentiable Lyapunov function V (x) for the nominal closed-loop
system, that satisfy the following inequalities:

ar(lxll) = V) <ax(lxl), (6.11)
v “
i (f(x) " Zg,»(xmi(x)) < —as(xll). (6.12)
i=1
A%
H "D < aa(1x1), 6.13)
hix)eU;, i=1,....m (6.14)

for all x € O C R"™ where O is an open neighborhood of the origin. We denote the
region £2, € O as the stability region of the closed-loop system under /2 (x).

By continuity, the local Lipschitz property assumed for the vector fields f(x),
gi(x),i=1,...,m, k(x) and h(x) and taking into account that the manipulated
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Fig. 6.1 DMPC architecture
with multirate sampling
(solid line denotes fast state
sampling and/or
point-to-point links; dashed
line denotes slow state
sampling and/or shared
communication networks)
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|fe) = )] = Ly
|gi(x) — gi(x")|| < Lu, i=1,
[hi(x) = hi | < Ly ||x = x|, i=1,

forallx,x’ € 2,,u; €U;,i=1,...,

[k = Lo

,m, and the disturbance w are bounded in convex sets, there

exist positive constants M, Mg,, Ly, Ly;, Lp; and Ly, (i =1, ..., m) such that:

(6.15)

(6.16)
(6.17)
(6.18)
(6.19)
(6.20)

m, and w € W. In addition, by the continuous

differentiable property of the Lyapunov function V (x), there exist positive constants

, i=1,...

PRI

L;,L;i,Cgi,izl,...,m,andL;U such that:
oV avV(x'
H O EA T
oV AV (x'
H D g~ DO )| < 1 v
Hayﬂ&@)scw i=1
HBV(x)k() -

forallx,x € 2,,u; €U;,i=1,...,

m,and w e W.

6.21)

(6.22)

(6.23)

(6.24)
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6.5 Multirate DMPC

In this section, the m controllers manipulating the m sets of inputs will be de-
signed through LMPC techniques. For the LMPC associated with controller i,
i=1,...,m, we will refer to it as LMPC i. A schematic of the control system
is shown in Fig. 6.1.

6.5.1 Multirate DMPC Formulation

At a sampling time in which slowly and fast sampled states are available, the dis-
tributed controllers coordinate their actions and predict future input trajectories
which, if applied until the next instant that both slowly and fast sampled states are
available, guarantee closed-loop stability. At a sampling time in which only fast
sampled states are available, each distributed controller tries to further optimize the
input trajectories calculated at the last instant in which the controllers communi-
cated, within a constrained set of values to improve the closed-loop performance
with the help of the available fast sampled states of its subsystem.

We propose to adopt an iterative DMPC approach when we have access to both
fast and slowly sampled state measurements. Specifically, the implementation strat-
egy of the DMPC architecture at time instants in which fast and slowly sampled
states are available is as follows:

1. At withk=0,T,2T,..., all the controllers first broadcast their local subsys-
tem states to the other controllers and then evaluate their future input trajectories
in an iterative fashion with initial input guesses generated by A (-).

2. Atiteration ¢ (¢ > 1)

2.1. Each controller evaluates its own future input trajectory based on X' (1)
(noisy version of x (#x)) and the last received control input trajectories (when
¢ =1, initial input guesses generated by /4 (-) are used).

2.2. All the distributed controllers exchange their latest future input trajectories.
Based on the input information, each controller calculates and stores the
corresponding value of the cost function.

3. If a termination condition is satisfied, each controller sends its entire future input
trajectory corresponding to the smallest value of the cost to its actuators; if the
termination condition is not satisfied, go to Step 2 (¢ <— ¢ + 1).

The implementation strategy of the DMPC architecture at time instants when
only local fast sampled states are available is as follows:

1. Controller i, i =1, ..., m, receives its local fast sampled states, )?}l which are
affected by measurement noise.

2. Each controller i estimates the current full system state and evaluates its future
input trajectory and sends the first step input value to its actuators.

In the sequel, we describe these steps in detail.
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We first describe the design of the LMPCs at time instants in which fast and
slowly sampled states are available. To proceed, we define a nominal sampled tra-
jectory for each subsystem xfl (tltx), k=0,T,2T, ..., which will be employed in
the construction of the stability constraint of LMPC i (i = 1,...,m). This nomi-
nal sampled trajectory is obtained by integrating recursively, for t € [#, tx4+7) and
k=0,T,2T,..., the following equation:

) = f(xhle) + D gi(eh Ela Vi (xf tra10)), Y € [kt i),

i=1

(6.25)
xh (i) = X (1), (6.26)
where [ =0,..., T — 1, )Ei(tk) is the system state received by controller i at #.

Based on this sampled trajectory, we can define the following input trajectories:

wp, li) = hj(xy tealt)),  j=1,...,m,Vt € [tiyr, ti141),L=0,..., T — 1.
(6.27)
From the definition of xfl, we see that this trajectory is a prediction of the evo-
lution of the system of Eq. 6.3 under the control law 4 (x) applied in a sample-and-
hold fashion. This sampled trajectory, xfl (t]tx), will be used in the formulation of
LMPC ;.
At time t;, k =0,T,2T, ..., the LMPCs are evaluated in an iterative fashion
to obtain the future input trajectories. Specifically, the optimization problem of
LMPC j at iteration c is as follows:

) e+ N iy m
i [ 1P @l + Xy, o 629
st ¥ =f(FO)+ ) &i(® @)ui ), (6.29)
i=1
wi(t) =7 " (et Vi, # (6.30)
Juj@) = @l | < Auj, V€l ), (6.31)
uj(t) e U, (6.32)
() =¥ (1), (6.33)
IV (& (1)

1 . .
o (;f(x’(r))+g,-(xf(t))u,-(t)>

AV (x] (t1t1))
< -
- 0x

Vi € [tk iy ), (6.34)

1 ; . .
<Zf(x,i (t110) + 8 (%, (tltk))u,ﬁ,,-(tltk))
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where state ¥/ is the predicted trajectory of the nominal system with u j computed
by this LMPC and all the other inputs are received from the other controllers (i.e.,
;e Y(¢|tx) which is a noisy version of uie” Yt 1t0)).

The optimal solution to this optlmlzatlon problem is denoted by uj.’c(t|tk) which
is defined for ¢ € [#, tx+n). Accordingly, we define the final optimal input trajec-
tory of LMPC j (that is, the optimal trajectories computed at the last iteration) as

j’f (t|tx) which is also defined for ¢ € [#, fx+n). Note that for the first iteration
of each distributed LMPC, the input trajectories defined in Eq. 6.27 are used as the
initial input trajectory guesses; that is, u* 0= “1]1 ; withi =1,...,m. The constraint
of Eq. 6.34 is used to guarantee the closed -loop stablhty and the predlctlon horizon
N should be chosen to satisfy N > T'.

The manipulated inputs of the above control design from time # to #41 (k =

0,T,2T,...) are defined as follows:
u;(t) = u;.k’f(t|tk), i=1,...,m, Vt € [tg, ty+1). (6.35)

Next, we describe the design of the distributed controllers at the time instants in
which only local fast sampled states are available. In order to improve the perfor-
mance, between two slow sampling times, each controller uses the available local
fast sampled measurements to adjust its control input based on the calculated opti-
mal input trajectory for the current time obtained at the last time instant in which fast
and slowly sampled states were available. In order to guarantee closed-loop stabil-
ity, the maximum deviation of the adjusted inputs from the optimal input trajectory
at each time step is bounded.

Between two slow sampling times, each controller estimates the current full
system state using an observer based on the system model and the available in-
formation. Specifically, the observer for controller i takes the following form for
telt_1,1):

m, jF#i

Fy =fEO)+ @ O)io+ Y g (B O)is ), (6.36)
j=1

£ (t-1) = xL(1-), (6.37)

where %' is the state of this observer, %" (t|tk) is the optimal input trajectory of

LMPC j (j=1,...,m, j #1i) received by LMPC i (i.e., it is a noisy version of
u;’fvf (t-|tk) + ”L_,)’ uf(t) is the actual input that has been applied to subsystem i
and x,(#—1) is the full state estimate obtained at #_;. The state estimate x/ (1),
1 #0,T,2T,...,is acombination of the state of the observer of Eqs. 6.36—6.37 and
of the available local state information )?Sf ; (1) as follows:

xiay =R xw@ 2T (6.38)

y w5, T «
where X%; ()T = [x}, “]
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The optimization problem of LMPC j for a time instant #;, [ £ 0, T, 2T, ... is as
follows:

ti+N . m

1 yJ .
min, / |:||x @, +i§||ul(f)| Ra_]df, (6.39)
st. ¥ =f(FO)+ Y &i(® O)ui), (6.40)

i=1

wi () =ity (tl), Vi jor el tean), (6.41)
wi () =hi(¥ (1), Vi#j,t €[tean. tian), (6.42)
luj@) —ul? ()| < Ay, teln. fn), (6.43)
uj(t) €Uy, (6.44)
(1) = x (), (6.45)

where #; is the last time instant in which both fast and slowly sampled states are
available, the state ¥/ is the predicted trajectory of the nominal system with u j
computed by this LMPC and all the other inputs are determined by the constraints
of Egs. 6.41 and 6.42. In this optimization problem, the input u ; is restricted to be

within a bounded region around the reference input trajectories given by u;kf (ttr)
and A(x). This ensures that the stability of the closed-loop system is maintained;
please also see the proof of Theorem 6.1 below. The optimal solution to this opti-
mization problem is denoted by uj’l(tm) which is defined for ¢ € [1;, fj+n).

The manipulated inputs of the control design of Egs. 6.39-6.45 from #; to #41

(I#0,T,2T,...) are defined as follows:
wi®)y=ul @), i=1,...,m, Vieln, ni1). (6.46)

In the design of Eqs. 6.28-6.35 and 6.39-6.46, the closed-loop stability of the
system of Eq. 6.3 is guaranteed by the design of Eqs. 6.28-6.35 at each sampling
time #, k =0, T, 2T, ..., when the full state measurements are available. The de-
sign of Eqs. 6.39-6.46 takes advantage of the predicted input trajectories u;.k’f ,
i=1,...,m, at sampling times #, k =0, T, 27, ..., and the additional available
fast-sampling state measurements to adjust the predicted inputs, u:.k’f , to improve
the closed-loop performance.

Remark 6.1 In the proposed implementation strategies, we adopt an iterative DMPC
approach when both the fast and slowly sampled states are available. Note that a
sequential DMPC approach or a centralized LMPC approach can also be applied in
the proposed multirate DMPC framework.
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6.5.2 Stability Properties

The multirate DMPC of Eqgs. 6.28-6.35 and 6.39-6.46 computes the inputs u;,
i=1,...,m, applied to the system of Eq. 6.3 in a way such that in the closed-
loop system, the value of the Lyapunov function at time instant #; (i.e., V (x(#)))
is a decreasing sequence of values with a lower bound. This is achieved due to
the constraints of Eq. 6.34 incorporated in each LMPC. This property is presented
in Theorem 6.1 below. To prove this theorem, we need the following definitions,
propositions and corollaries.

Definition 6.1 We define £2,, as follows:
on =max{V(x(0)): (x(1) +n) € 2,, |n] <6}, (6.47)

where 6, = maxj<;<; {0’} defines the upper bound on the noise n. The region £2,,
will be used as the stability region of the system under the control law 4 (x) in the
presence of measurement noise, process disturbances and communication noise.

Definition 6.2 The closed-loop state trajectory of the nominal system for time ¢ €
[#, tx+1) under the nonlinear control law A (x) based on actual system state (x(#))
and applied in sample and hold fashion is denoted by xj 2(¢) which is obtained by
integrating, for t € [#, fx+1), the following equation:

20 = f (xn20) + Y &i(xn20)) i (xn.2(10)), (6.48)

i=l1
where xp,2(1) € £2,,.
Definition 6.3 The closed-loop state trajectory of the nominal system for time
t € [tk, tk+1) under the nonlinear control law /i(x) based on noisy system states

and applied in sample and hold fashion is denoted by xj(f) which is obtained by
integrating, for ¢ € [#, tx+1), the following equation:

m

i) = fxn®) + Y gi (xn(O)hi (¥ (1)), (6.49)

i—1
where xj, () € 2, and X, (tx) = xp 2 (t) +n(te), ||nll < 6x.

Proposition 6.1 Consider the systems:

0 (1) = f(xa®) + Y 8i(xa ()i (X4 (0)), (6.50)

i=1

(1) = f (@) + Y gi(xp(1))hi (¥(0)), (6.51)

i=1
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where the initial states x4(0),x5(0) € £2,,, 1%4(0) — xp(0)|| < Oup, [Xa(0) —
Xa(0)|| <64 and ||x5(0) — Xp(0)|| < 6y. If 0 < p,, < p, then there exists a function
fEC, -, -, ) such that:

|%a(®) = x| < f£Bab, Oas O, 1), (6.52)

forall x4(1), xp (1) € 2y, With [ Oap, 0a, O, 1) = Oap + F2)eH1 — £2 where Ly =
Ly+ Y7 uM™ Ly, Lo = (64 + 0p + Oap) Y iy Mg, Ly, with Oap, 64 and 0, being
positive real numbers.

Proof Define the error vector as e(t) = x,(t) — xp(¢). The time derivative of the
error, e(t), is as follows:

et) = f(xa(®) = f(xp(0)) Zg, (xa()hi (¥a(0)) — gi (xp(1)) i (¥(0)) ).

(6.53)
Adding to and subtracting Z;”:l &i (xq (1))h; (Xp(0)) from the above equation, we
obtain:

) = f(xa(®) = f(x6(0) + Y gi (¥a(®)) (hi(Xa(0)) — hi (¥5(0)))

i=1
+ Z hi (X5(0)) (gi (xa (1) — &i (xp(1)))- (6.54)
i=1

Using the conditions defined in Egs. 6.17-6.19 obtained by the local Lipschitz prop-
erty assumed for the vector fields f(-), g;(-), h;(-), i =1, ..., m, and the fact that
h; () satisfies input constraints (k;(-) € U;), we obtain the following inequality:

le®] < Li|xa@®) = x@) | + D Mg, Li, | %2(0) — %0)|
i=1

+ ) u Ly, |xa (1) — xp(1) . (6.55)
i=1

Using that [|¥,(0) — X5(0)|| <6, + 65 + 64 and defining Ly =L, + Y 1, u™ Ly,
and Ly = (04 + 0p + Oap) D= Mg, Ly, , we obtain:

le®] < Lille@®] + Lo (6.56)

Integrating ||e(¢)| with initial condition ||e(0)|| < 6,5, the following bound on the
norm of the error vector is obtained:

L L
e = <9ab + L—?)e“’ - L—? (6.57)

This proves Proposition 6.1. U
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The following corollary which is an extension of Proposition 2.1 provides suffi-
cient conditions that ensure that 4 (-) can achieve closed-loop stability of the nominal
system in the presence of bounded measurement and communication noise.

Corollary 6.1 Consider the closed-loop nominal sampled trajectory xj(t) of the
system of Eq. 6.3 as defined in Definition 6.3. Let A, &;,6, > 0and0 < pg < p, < p

satisfy:

m
—Ol3(0[2 (:OS (L + Z maxLu ) fE(O’ 0’ QXa A) + MA) + 9)6 Z CgiLhi

i=1
< —g4/A, (6.58)

where fg is defined in Proposition 6.1. Then, for any k, if xp(tx) € $2,,/82,, the
following inequalities hold:

V (xn (1)) < V(xn() — & (6.59)
V(@) < V().  Vrelte, i) (6.60)
Also, if pmin < pn Where:
Pmin = max{V (x;(t + 4)) : V(x4 (1)) < ps} (6.61)
and xp(ty) € §2,,, the following inequalities hold:

V (xn () < max{V (x4 (t0)) — kés. pmin} (6.62)
V(xn () < max{V (xp (%)), omin}, V1 € [tk trg1). (6.63)

Proof Following Definition 6.3, the time derivative of the Lyapunov function along
the nominal sampled trajectory x;(¢) of the system of Eq. 6.3 in ¢ € [, tx+1) is
given by:

V(xn (1)) =

awgh(r)) < ;
X

(xn () + Zgi (xn (D)) hi (Xn (tk))>~ (6.64)

i=1

Adding and subtracting ——-2%2 dv(xh 2(”‘)) (f Cen2(t)) + 20 gi (xn 2 (k) hi (xp 2(11))) to
and from the above equation and taking into account the Eq. 6.12, we obtain:

oV (xp,2(1))
0x

AV (xn (1))

V(xn(®) < —az(|xn2@) ) + o

f(xn () — f(xn2(10))

3V
) Z (o ()i (B 20))

t
Ve Z(k) Z Xh,2 (1)) hi (x4,2(16)) (6.65)
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Adding and subtracting w it &i (xn()hi(xp2(fx)) to and from the above
inequality, we have:

oV (xp2(t))

o f(xn2@)

f (@) —

] A%
 (0) < —as(lon 2 )+ 2L

m

A% v
+ S o 00 ()

i=1

m

aV
- % Z i (xn(0))hi (xn,2(1))

i=1

Vv “
+ % Z 8i (xn () hi (xn.2(10))

i=1

AV (X 2(1)) <
— W ; gi (thz(l‘k))hi (xh,z(tk))~ (6.66)

From Eq. 6.11 we have:

—a3([Jxn 2@0)])) < =3 (e ' (o)) (6.67)
for all x; 2 (#) € §2,,/52,, - From the Lipschitz properties of Eqs. 6.21-6.24 and the
fact that h; (-) € U;, we obtain the following inequality:

m
V(an0) < —a3(ez " (00) + (L; + Zu?a*L;i) i (6) = 280
i=1
m
+ 3 Co L |50 (t0) — xa 20 (6.68)
i=1

Using the triangular inequality, we obtain:

. Vet tiy).

(6.69)
Taking into account Eq. 6.15 and the continuity of xj »(¢), the following bound can
be written for all 7 € [#, tx+1):

% (@) = xp 20 || < ||xn (@) = X0 20| + [|x8,2() — x1.2(%)

| 2(6) = xn2(00) | < MA. (6.70)

Using that [|x;(t) — xp2()|l < fE(0,0,60x, A) and [|X5 (1) — xp2(t0) || < Ox, we
obtain from Eq. 6.68 the following bound on the time derivative of the Lyapunov
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function for ¢ € [#, tyy1), for all initial states xp, (t) € §2,, /82,

V(1) < —as(ay ' (09) + <L; + Zu?la"L;i> (f£(0,0,6, A) + MA)

i=1

m
+0: Y Cy Ly, 6.71)

i=1

If the condition of Eq. 6.58 is satisfied, then V(xh (t)) < —e&5/A. Integrating this
bound on ¢ € [#, tx+1), we obtain that the inequalities of Eqgs. 6.59-6.60 hold. Ap-
plying this result recursively, if x;, (fo) € £2,,, /£2,,, then there exists k* > 0 such that
Xp(tkx) € 2, X (te) € 82, /82p,, Yk < k* and V (xp,(1x)) < V (xp(to)) — kes. Once
the state converges to §2, C £2,, . (or if it starts there) it remains inside £2,,, for
all times. This statement holds because from the definition of pmin, if X (t) € £2,,,
then xp, (tx4+1) € §2,,.;,- It follows that the condition of Eq. 6.62 holds, and thus, x, (¢)
is ultimately bounded in £2, . . The bound on the evolution of the state between
sampling times follows from Eq. 6.58. ]

In Theorem 6.1 below, we provide sufficient conditions under which the DMPC
of Egs. 6.28-6.35 and 6.39-6.46 guarantees that the state of the closed-loop system
is ultimately bounded in a region that contains the origin. To simplify the proof of
Theorem 6.1, we define new functions fy(r) and fx2(r) based on fr and fx;

(i=1,...,m) (see Proposition 5.1), respectively, as follows:
“ /1
fu(@) = 2;(;% + Mg Ly, + u?‘“L;,-)
1=
1 ; Lot + 6L +6!
— fe(0i+6),00,7)- Z—=x = 6.72
X<Lle(x+x 7) L ) (6.72)
1 1 C21
S L max 0, _ ;
Sx2(7) (m © + Luyuy >(—C1,1fx’l( T) —C1,1r)
21
+ Z(ZL;‘ + L;iu{.“a">
=2
1 , Cri_ 60.46]
(0L 4 0] 1) — ==t - XX ) 6.73
% <C1,ifx’l(X+ %) Cl,ir Ci, (673)

It is easy to verify that fy(t) and fx»(t) are strictly increasing and convex func-
tions of their arguments.

Theorem 6.1 Consider the system of Eq. 6.3 in closed-loop with the DMPC design
of Egs. 6.28-6.35 and 6.39-6.46 based on the controller h(x) that satisfies the con-
ditions of Egs. 6.11-6.14 with class ¢ functions a;(-), i = 1, 2,3, 4. If there exist
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A>0,6>0,0,>0,0>pp>Pmin>0,0>p0,>ps>0and N>T > 1 that
satisfy the conditions of Egs. 6.58 and the following inequality:

—Tes + fx2(TA) + fv(fwOx, TA) + fv (w6, 0) + fu(TA)

m
+) CoiAui(T —1)A <0 (6.74)

i=1

with fy defined in Eq. 2.49, fw defined in Eq. 5.119, fy defined in Eq. 6.72 and
fx2 defined in Eq. 6.73, and if the initial state of the closed-loop system x(ty) € §2,,,
then x(t) is ultimately bounded in 2, C $2,,, where:

o6 = Pmin + [x2(TA) + fv (fwOx. T ) + fv(fw(x.0) + fu(T A)

m
+ Z CoiAui(T —1)A (6.75)

i=1

with pmin defined in Eq. 6.61.

Proof We first consider two consecutive time instants in which both fast and slowly
sampled states are available and we have full system state measurements which are
affected by noise: # and fx+7 (k=0,T,2T, ...). We will prove that the Lyapunov
function of the system is decreasing from #; to ;7. In the following, we denote
the trajectory of the nominal system of Eq. 6.3 under the DMPC of Egs. 6.28-6.35
and 6.39-6.46 starting from (1) (which is the state received by LMPC 1 at #) as
X, and we also denote the predicted nominal system trajectory in the evaluation of
the LMPC of Eqs. 6.28—6.34 at the final iteration as 4 with j=1,...,m. It should
be mentioned that the initial condition for the nominal sampled trajectory X under
the implementation of u can be X(#) = x;'l (t|tx) forany i = 1, ..., m. Without loss
of generality, we assume that ¥(f;) = ¥ (1) = x}l (t|tx); use of any i =2,...,m in
x(ty) = x;l (t]tx) would simply require an appropriate modification in the definitions
of fx2(-) and fy(-).

The derivative of the Lyapunov function of the nominal system of Eq. 6.3 un-
der the multirate DMPC of Eqgs. 6.28-6.35 and 6.39-6.46 from #; to f44+7 can be
expressed as follows:

. V(% “
V(E®)= % (f(i(t)) + Z gi (i(r))ﬁ(z)) , (6.76)

i=1

where ¥ (1) = X (1) = x}l (tx|tx) and u’ (¢) is the actual input applied to the system
and defined as follows:

* f
) = !u,- (t16), 1€ [tk tran)s 677

W),  relnuin), l=k+1,.. k+T —1.
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Combining Eq. 6.76 and the inequality constraints of Eq. 6.34 (i = 1,...,m),

AV (x)l (el

LZONTPNTHI SN T
u}l ; (t1)) to and from the right-hand 51de of the resulting inequality, we can obtain
the following inequality for all 7 € [#, txy7):

and adding and subtracting the term

AV (x) (rl)) (

V(E®) = — Fnln) + " gix, (r|tk))u},,,~<r|zk))

i=1

av )t 1
(xh( 7)) ;f xp (t110) + g1 (x (¢ 100 Y, 1(t|tk)>

8V
OC’I“""”( Flxkatlo) +g1(xh(z|rk>)uh1<r|rk)>

1
m

8V 1
(x (t|tk)) ;f m(t|tk) _|_gm( /Zn(z'tk))u;[n,m(t'tk))
A% t|t 1
M(Zf (ept1t)) + gm (xp (¢ 1) ), m(tltk)>
8V(x(t))
T
AV (L (1)
 ax
4 AVE@)
0x
AV (XM (1))
O ax

<mf( () + g1 Dy f(rm))

1 .
(;f(i‘(t)) + g1 (a?‘(t))ul‘f(tltk))

< FED) + gnEouy’ (tltk))
m

1 .
(;f(i’”(t)) + e (B @) us’ (rm))

"IV (X N
+y %gi FO) (@) = @110). (6.78)

i=1

Using the locally Lipschitz properties of Eqs. 6.21-6.24, the following inequality
can be obtained for ¢ € [#x, tx4+7) from the inequality of Eq. 6.78:

V(E@®) < V(x,ln)
1 I 1ok f ¥ 71
i <2Lx+Lu.u1 (tltk)> NOREROI

1 / f =m
+<;LX+L Uy (t|tk)>||x(t)—x |
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1 2 1
+ (ZL; + Mg, Ly, + ug“‘xL;z) |7 1) = 2 @) | 4+
1
+ <%L;C + Mgm Lhm + ui’lnlaXL;tm) ||x}rgn(t|tk) - -xlll (t|tk) ||
m
+ 3 Coy () —u (t1)). 6.79)
i=1

Applying Propositions 5.1 and 6.1 to the inequality of Eq. 6.79, we have:

V(E®) < V(x5 n)

1 .
+ (ZL; + Ly <t|tk>> fx100.1)

+

L, + L;zu;f(tltk)> fxa0y+067.1)+- -

+

L+ L;muZ;f(tltk)> Fxm(0F +0 1)

S[= 3|~ I~

L+ Mg Ly, + u%‘“LZz>fE(9$ +62,0,0,0) + -

+

+

SR

L;C + MgmLhm +M$aXL;m)fE(9; —|—0;”70, O’ t) +e

Cy, (1) — 7 (t]1p)). (6.80)

+
-

I
—

Integrating the inequality of Eq. 6.80 from ¢ = # to t = #;+ 7 and taking into account
that x(#) = x,& (tx|tx), the constraints of Eqs. 6.31 and 6.43 and the definitions of
fx2(), fu(-) and u*(t), the following inequality can be obtained:

m
V(E@rr)) <V (5h trarli0) + fxa(TA) + fu(TA) + ) CoiAui(T — DA.
= 6.81)
Using the above inequality and since V(x}l(tk+T|tk)) < max{V(x,ll(tk|tk)) —
Teg, pmin} from Corollary 6.1, X(t;) = x}l(tk|tk) and |[V(x(t)) — Vx ()] <
v (fw(0x,0)) and |V (x(txt7)) — V(x (eIl < fv (fw(6x, T A)) from Corol-
lary 5.3 and Proposition 2.3, we can obtain the following inequality:

V (x(ts)) < max{V (x(t)) = Ty puin}
+ fx2(TA) + fu(TA) + fy(fw(6x, T A))

+ v (fw(0:.0) + > CoiAug(T = D A. (6.82)
i=1
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F. Fp
Fao -
F1o T, Fi T, Fy >
T3
A—C A—C |_>
Qs
Q Q. Fs

Fig. 6.2 Reactor—separator with recycle process network with reactions A — B and A — C

If there exist A >0, &5 >0, 0, >0, p > p > Pmin > 0, p > p > ps > 0 and
N > T > 1 that satisfy the conditions of Eqs. 6.58 and Eq. 6.74, then there exists
&w > 0 such that the following inequality holds:

V(x(trr)) < max{V (x(t) — ew. op ). (6.83)

which implies that if x () € £2,,/£2,,, then V (x(tx+7)) < V(x(#)), and if x(#) €
2py, then V (x(tx+7)) < pp.

Because the upper bound on the difference between the Lyapunov function of the
actual trajectory x and the nominal trajectory x (the term fx2(T A) + fu(T A) +
fv(fw Oy, TA) + fv(fw (b, 0)) + Z;"zl Cg i Au;(T —1)A) is a strictly increas-
ing function of T, the inequality of Eq. 6.83 also implies that:

V(x(®)) <max{V(x(t)) — ew. o}, Vit € [tx, trit). (6.84)

Using the inequality of Eq. 6.84 recursively, it can be proved that if x (1) € £2,,,
then the closed-loop trajectories of the system of Eq. 6.3 under the multirate DMPC
design stay in §2,, for all times (i.e., x(t) € £2,, for all t). Moreover, if x (o) € £2,,,
the closed-loop trajectories of the system of Eq. 6.3 under the multirate DMPC
design satisfy:

lim sup V(x(t)) < pPp. (6.85)
11— 00

This proves the stability result stated in Theorem 6.1. ]

6.6 Application to a Reactor—Separator Process

Consider the three vessel, reactor—separator process with different reactions taking
place in the vessels as shown in Fig. 6.2 [10]. A feed stream to the first CSTR con-
tains the reactant, A, which is converted into the desired product, B. Species A can
also react into an undesired side-product, C. The solvent does not react and is la-
beled as D. The effluent of the first CSTR along with additional fresh feed makes
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up the inlet to the second CSTR. The reactions A — B and A — C (referred to as 1
and 2, respectively) take place in the two CSTRs in series before the effluent from
CSTR 2 is fed to a flash tank. The overhead vapor from the flash tank is condensed
and recycled to the first CSTR, and the bottom product stream is removed. All three
vessels are assumed to have static holdup. The dynamic equations describing the be-
havior of the system, obtained through material and energy balances under standard
modeling assumptions, are given below:

dTi FIO(T T+ o T)+_AHk e
ahr _ o . Irom ¢
dt Vl 10 1 Vl 3 1 ,OCp 1 Al
—AH —E
+ ke ™ Cyy + , (6.86)
pCp pCpVi
dCa1 Fio F,
=—(C -C —(Cyr —C
7 v, (Cato A1)+ ( Ar A1)
E E
—kie RTI Ca1 —kpe RTI Cai, (6.87)
dC F —Ep
dfl = Vm Cpi + —(CBr — Cp1) +kie ¥ Cyy, (6.88)
dcC, F, —E
= V”) Cer + —(CCr —Cc1) + kae ™ Cay, (6.89)
dT, F Fyo —AH,  ZEi
=T -+ 2Ty T k1™ C
R Vz( 1— 1)+ V) (Tro — T7) + C, 1€ A2
—AH> —E ()
k RTZ C , 6.90
+ °C, 20 A2+,0C,,V2 (6.90)
dC o F F
=—(Cy1 —C —(C -C
7 Vz( Al A2) + V2( A20 A2)
-E —E
— kle RTy CA2 — kze RT) CA2, (6.91)
dC F —E
= 7;(C31 C2) — 7032 +kie®n Ca, (6.92)
dcC F —E
= 7;(6'01 Cea) — —Ccz +kae 2 Ca, (6.93)
dT F Hy,, F,
an _ B py Hwfr o 03 (6.94)
dt V3 pCpVs — pCpV3
dCas _ I (Car— Caz) — £5(Car = Can) (6.95)
dt - V3 A2 A3 V3 Ar A3)s .
dCps F» F,
=—(Cp—-C — —(Cpgr — Cp3), 6.96
r V3( B2 B3) V3( Br B3) (6.96)
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dCcs F F;
=—(Cc—C — —(Cc;r —Cc3). 6.97
P V3( c2 c3) V3( c c3) (6.97)

Each of the tanks has an external heat input/removal actuator. The model of the
flash tank separator is derived under the assumption that the relative volatility for
each of the species remains constant within the operating temperature range of the
flash tank. This assumption allows calculating the mass fractions in the overhead
based upon the mass fractions in the liquid portion of the vessel. It has also been
assumed that there is a negligible amount of reaction taking place in the separator.
The following algebraic equations model the composition of the overhead stream
relative to the composition of the liquid holdup in the flash tank:

aaCa3z

Car = z (6.98)

apCps
Cpr = —x (6.99)

acCcs
Cer = z (6.100)

where
Wa MWpg We

K =asCas +apCps +acCcs +apxpp, (6.101)

and xp is the mass fraction of the solvent in the flash tank liquid holdup and is found
from a mass balance. The definitions for the variables used in Egs. 6.86—6.100 be
found in Table 6.1, with the parameter values given in Table 6.2.

The system of Eqgs. 6.86—6.100 is numerically simulated using a standard Euler
integration method. Process noise was added to the right-hand side of each equation
in the differential equations to simulate disturbances/model uncertainty and it is
generated as autocorrelated noise of the form wy = pwi_1 + & where k =0, 1, ...
is the discrete time step of 0.001 h, & is generated by a normally distributed ran-
dom variable with standard deviation o, and ¢ is the autocorrelation factor and
wy is bounded by 6, that is [Jwg|| < 6,. Table 6.3 contains the parameters used in
generating the process noise.

This process is divided into three subsystems corresponding to the first CSTR, the
second CSTR and the separator, respectively. For the three subsystems, we will refer
to them as subsystem 1, subsystem 2 and subsystem 3, respectively. The state of sub-
system 1 is defined as the deviations of the temperature and species concentrations
in the first CSTR from their desired steady-state; that is, x] = [x;] , xXTyl] where
xf1="T—Ti;and xz:l =[Ca1—Ca1s Cp1 —Cgi1s Cc1 — Ccs] denote fast sampled
and slowly sampled measurements of subsystem 1, respectively. Due to the simplic-
ity of temperature measurement at each sampling time, we denote the temperature as
the fast sampled measurement of each subsystem. The states of subsystems 2 and 3
are defined similarly; they are xZT = [T, —Tps Cap — Cpzs Cpa — Cp2s Cca — Ceasl
and x3T = [T3 — T35 Ca3 — Cy35 Cp3 — Cp3s Cc3 — Ce3s]. Accordingly, the state of
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Table 6.1 Process variables of the reactor—separator process of Eqs. 6.86—6.100

Ca1, Ca2, Cas Concentrations of A in vessels 1, 2, 3
Cpg1,Cp2, Cp3 Concentrations of B in vessels 1,2, 3
Cci1,Cc2,Cc3 Concentrations of C in vessels 1, 2, 3

Car, Cpr, Cer Concentrations of A, B, C in the recycle

Ty, T, T3 Temperatures in vessels 1, 2, 3

Tio, Tho Feed stream temperatures to vessels 1, 2

Fi, F», F3 Effluent flow rates from vessels 1, 2, 3

Fio, Foo Feed stream flow rates to vessels 1, 2

Ca10, Ca20 Concentrations of A in the feed stream to vessels 1, 2
F, Recycle flow rate

Vi, V2, V3 Volumes of vessels 1, 2, 3

Ei, Ep Activation energy for reactions 1, 2

ki, ko Pre-exponential values for reactions 1, 2

AH,, AH) Heats of reaction for reactions 1, 2

Hyap Heat of vaporization

oA, AR, 0C, AD Relative volatilities of A, B, C, D

MW, MW, MW Molecular weights of A, B, and C

01, 02, 03 Heat inputs into vessels 1, 2, 3

Cp,R, p Heat capacity, gas constant and solution density

Table 6.2 Parameter values of the reactor—separator process of Egs. 6.86—6.100

Tho 300 [k] T 300 [K]
Fio 5 [m3/h] Fro 5 [m3/h]

F, 1.9 [m3/h] Caio 4 [kmol/m?]

Ca2 3 [kmol/m?] Vi 1.0 [m3]

Va 0.5 [m3] 12 1.0 [m?]

E; 5 x 10* [KJ/kmol] E» 5.5 x 10* [KJ/kmol]
ki 3 x 100 [h—1] ko 3 x 100 [h—1]

AH, —5 x 10* [KJ/kmol] AH, —5.3 x 10* [KJ/kmol]
Hyap 5 [KJ/kmol] C, 0.231 [KJ/kg K]

R 8.314 [KJ/kmol K] P 1000 [kg/m?]

oy 2 ap 1

ac 1.5 ap 3

MW 4 50 [kg/kmol] MWp 50 [kg/kmol]

MW 50 [kg/kmol]

the whole process is defined as a combination of the states of the three subsystems;
that is, xT = [xlT sz xST].
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Table 6.3 Noise parameters
of the reactor—separator
process of Egs. 6.86-6.100

Table 6.4 Steady-state
values for x; of the
reactor—separator process of
Egs. 6.86-6.100

Table 6.5 Steady-state
values for Q15, Q25 and Q3
of the reactor—separator
process of Egs. 6.86-6.100

6 Multirate Distributed Model Predictive Control

op 1) 0p
Ca 0.1 0.7 0.09
Cpi 0.02 0.7 0.01
Cci 0.02 0.7 0.01
T 10 0.7 1.17
Car 0.1 0.7 0.09
Caa 0.1 0.7 0.03
Cea 0.1 0.7 0.01
T, 10 0.7 1.35
Cas 0.1 0.7 0.09
Cp3 0.1 0.7 0.02
Ccs 0.02 0.7 0.01
T3 10 0.7 1.35
Cals 3.31 [kmol/m?] Caos 2.75 [kmol/m3]
Cass 2.88 [kmol/m?] Cais 0.17 [kmol/m?]
Cpas 0.45 [kmol/m3] Cpay 0.50 [kmol/m?]
Ccls 0.04 [kmol/m3] Ccas 0.11 [kmol/m3]
Ccss 0.12 [kmol/m3] Tis 369.53 [K]
Tos 435.25 [K] Tss 435.25 [K]
O1s 0 [KJ/h] 05 0 [KJ/h]
03 0 [KJ/h]

The external heat input associated with each vessel is the control input associated
with each subsystem, that is, u; = Q1 — Q1s, U2 = Q2 — Q2 and uz = Q3 — Q3;.
The process has one unstable and two stable steady states. The control objective
is to regulate the process at the unstable steady-state x; shown in Table 6.4 with
corresponding steady-state inputs as shown in Table 6.5. The inputs are subject to
constraints as follows: |u;| <5 x 10* KJ/h, |ua| < 1.5 x 10° KJ/h, and |uz| <2 x
10° KJ/h. Three distributed LMPCs (controller 1, controller 2 and controller 3) will
be designed to manipulate each one of the three inputs in the three subsystems,
respectively. The process model of Egs. 6.86—6.100 belongs to the following class

of nonlinear systems:

3
i) =fx@®)+ Y &i(x®)ui ) + w(x@)),

i=1

where the explicit expressions of f, g; (i =1, 2, 3), are omitted for brevity.
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We assume that x 7,1, x 7,2, x 7,3 are measured and sent to controller 1, controller 2
and controller 3, respectively, at synchronous time instants ty =[A, [ =0,1, ...,
with A = 0.01 h =36 s while we assume that each controller receives x;; every
T = 4 sampling times. The three subsystems exchange their states at #; = kT A,
k=0, 1,...;thatis, the full system state x is sent to all the controllers every T =4
sampling times.

In the simulations, we consider a quadratic Lyapunov function V (x) = x” Px
with:

P = diag([20 10° 10* 10° 20 10°* 10° 10° 20 10° 10° 10%]). (6.102)

We design the Lyapunov-based controller 4 (x) following the continuous bounded
control law [47] as follows:

h(x)=—px)(LgV)", (6.103)
where
LVA/(L V) 2@ La VT )* LoV 20
p(x) =1 ILcVT I+ T+@™ | L VT [)2] ¢V #0,
0, LoV =0

with LV = 3¥ f(x) and LgV = 3L G(x) where G = [g; g2 g3] being the Lie
derivatives of the scalar function V with respect to the vector fields f and G, re-
spectively.

Based on A(x) and V (x), we design the three LMPCs following Eqs. 6.28-6.35
and 6.39—-6.46 and refer to them as LMPC 1, LMPC 2 and LMPC 3. For each LMPC,
we also design a state observer following Eqgs. 6.36—6.37. In the design of the LM-
PCs, the weighting matrices are chosen to be:

0. = diag([20 10° 10° 10° 20 10° 10° 10° 20 10° 10° 10°]), (6.104)

and Ri = R, = R3 = 10~°. The prediction horizon for the optimization problem
is N =5 with a time step of A =0.01 h. In the simulations, we put a maximum
iteration number cpyax on the DMPC evaluation and the maximum iteration number
is chosen to be cpax = 2. Also, we set Au; as 10% percent of u"** (i =1, 2, 3). The
optimization problems are solved by the open source interior point optimizer Ipopt
[109]. The initial condition which is utilized to carry out simulations is as follows:

x(0)7 =[360.69 3.19 0.15 0.03 430.91 2.76 0.34 0.08 430.42 2.79 0.38 0.08].
(6.105)
We set the bound on the measurement noise to be 1% of the instantaneous value
of the signal measured by sensors. The communication channel noise is generated
using gaussian random variables with variances o, and o, bounded by 6, and 6,, for
state values and control inputs, respectively. These values are shown in Tables 6.6
and 6.7.
Figures 6.3 and 6.4 show the temperature, concentration and input trajectories of
the process under the multirate DMPC design of Eqs. 6.28-6.35 and 6.39-6.46 in
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Table 6.6 Communication noise parameters for states of the reactor—separator process of
Eqgs. 6.86-6.100

oy 6, On On
Cai 1 0.033 Ca2 1 0.027
Ca3 1 0.028 Cpi1 1 0.001
Cp2 1 0.004 Cp3 1 0.005
Cci 1 0.001 Ce2 1 0.001
Ces 1 0.001 T 10 3.695
T 10 4.352 T3 10 4.352

Table 6.7 Communication

noise parameters for control Ou Ou
inputs of the
reactor—separator process of U1 10 7.39
Eqgs. 6.86-6.100 Uy 30 22.17
u3 40 29.56
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Fig. 6.3 State trajectories of the reactor—separator process of Egs. 6.86—6.100 under the multirate
DMPC of Egs. 6.28-6.35 and 6.39-6.46

the presence of communication and measurement noise. As it can be seen from these
figures, the multirate DMPC system can steer the system state to a neighborhood of
the desired steady-state.
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Fig. 6.4 Manipulated input trajectories of the reactor—separator process of Eqs. 6.86—6.100 under
the multirate DMPC of Eqgs. 6.28-6.35 and 6.39-6.46

We also carried out a set of simulations to demonstrate the optimality of the
closed-loop performance of the multirate DMPC compared with different control
schemes. Specifically, we compared the multirate DMPC with five different con-
trol schemes from a performance point of view for the case in which there is no
communication and measurement noise. The six control schemes considered are as
follows: (1) the multirate DMPC of Eqgs. 6.28-6.35 and 6.39-6.46; (2) a DMPC de-
sign with LMPCs formulated as in Eqs. 6.28—6.34 which are only evaluated at time
instants in which full system states are available and the inputs are implemented
in open-loop fashion between two full system state measurements (in this case, the
additional fast sampled measurements are not used to improve the closed-loop per-
formance); (3) multirate DMPC design but without communication between the
distributed controllers and each controller estimating the full system states and the
actions of the other controllers based on the process model and £ (x) (in this case, a
distributed LMPC in the DMPC design takes advantage of both fast and slowly sam-
pled measurements of its own local subsystem but does not receive any input or state
information from the other subsystems); (4) the DMPC design as in (2) but without
communication between the distributed controllers and each controller estimating
the full system states and actions of the other controllers based on the process model
and h(x); (5) h(x) applied in sample-and-hold; (6) a centralized LMPC introduced
in [72]. We perform these simulations under different initial conditions and differ-
ent process noise/disturbances. To carry out this comparison, we have computed the
total cost of each simulation based on the index of the following form:

tym 3
J=/ [||x(r)||QC+Z||uj(f)|
1o j=1

where 1y = 0 is the initial time of the simulations and 7); = 1 h is the end of the
simulations. Table 6.8 shows the total cost computed for 10 different closed-loop
simulations under the six different control schemes. From Table 6.8, we see that the
centralized LMPC gives the best performance and the multirate DMPC design gives
the second best performance in all the simulations. Also, Table 6.8 demonstrates that
when there is communication between controllers or there is MPC implementation
when there is only partial state information in each controller (fast sampled state),

Rq:|dr, (6.106)
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Table 6.8 Total performance costs along the closed-loop trajectories of the reactor—separator pro-
cess of Egs. 6.86—6.100 under different control schemes

sim. )] @) 3) (C)) &) (0)
1 43963 633589 72200 812903 1116578 27057
2 21512 606628 28079 743874 1095819 7370
3 23041 604148 27407 706319 1084445 15112
4 24681 613289 30211 720131 1104045 8838
5 31440 618649 36290 723598 1106508 18654
6 21775 654268 25950 859380 1079984 15287
7 28553 667143 34209 879852 1109976 13168
8 28974 659250 34565 865643 1109363 13424
9 28228 672756 33949 891549 1110884 12991

10 23929 668499 29688 887300 1106623 11903

the closed-loop performance is improved. Note that the Lyapunov-based controller
is a feasible solution to the DMPC problem; however, the DMPC solution can sub-
stantially improve closed-loop performance while it inherits closed-loop stability
from the Lyapunov-based controller. All of the DMPC designs yield improvement
in performance compared to the Lyapunov-based controller.

6.7 Conclusions

In this chapter, we designed a DMPC system using multirate sampling for large-
scale nonlinear uncertain systems composed of several coupled subsystems. Specif-
ically, we considered that the states of each local subsystem can be divided into fast
sampled states (which are available every sampling time) and slowly sampled states
(which are available every several sampling times). The distributed controllers com-
municate over a shared communication network in an iterative manner at time in-
stants in which full system state measurements (both fast and slow) are available and
the controllers communicate, to guarantee closed-loop stability. When local subsys-
tem fast sampled state information is available, the distributed controllers operate in
a decentralized fashion to improve closed-loop performance. In the multirate con-
trol architecture, the controllers were designed via LMPC techniques taking into
account bounded measurement and communication noise and process disturbances.
Sufficient conditions under which the state of the closed-loop system is ultimately
bounded in an invariant region containing the origin were derived. Finally, the ap-
plicability and performance of the proposed DMPC scheme were demonstrated
through a nonlinear chemical process network example.



Chapter 7
Conclusions

This book presented approaches to networked and distributed predictive control of
nonlinear process systems via model predictive control and Lyapunov-based con-
trol techniques. Following an introduction to the motivation and objectives of this
book, Lyapunov-based predictive control methods for nonlinear systems which pro-
vide an explicit characterization for the closed-loop stability region and account for
the effect of asynchronous feedback and time-varying measurement delays were
first developed. Then, a two-tier framework for the design of networked predictive
control systems for nonlinear processes that naturally augment dedicated control
systems with networked control systems was presented. Subsequently, distributed
predictive control methods for large-scale nonlinear process networks taking into
account asynchronous measurements and time-varying delays as well as different
sampling rates of measurements were presented. Throughout the book, the effec-
tiveness and performance of the control approaches were illustrated via applications
to nonlinear process networks and wind-solar energy generation systems.
Specifically, in Chap. 2, two LMPC designs for nonlinear systems subject to
data losses and time-varying measurement delays were presented. In order to pro-
vide guaranteed closed-loop stability results in the presence of data losses and/or
time-varying measurement delays, the constraints that define the LMPC optimiza-
tion problems as well as the implementation procedures were modified to account
for data losses/asynchronous measurements and time-varying measurement delays.
The presented LMPCs possess an explicit characterization of the closed-loop sys-
tem stability regions. Using a nonlinear CSTR example, it was demonstrated that
the presented LMPC approaches are robust to data losses and measurement delays.
In Chap. 3, a two-tier networked control architecture, which naturally augments
preexisting, point-to-point control systems with networked control systems, was
presented. The two-tier networked control architecture is a decentralized control
architecture which is able to take advantage of asynchronous and delayed measure-
ments and additional actuation capabilities provided by real-time wired or wireless
sensor and actuator networks. Using a nonlinear CSTR example and a nonlinear
reactor—separator example, the two-tier control architecture was demonstrated to be
more optimal compared with conventional control systems and to be more robust

P.D. Christofides et al., Networked and Distributed Predictive Control, 219
Advances in Industrial Control,
DOI 10.1007/978-0-85729-582-8_7, © Springer-Verlag London Limited 2011



220 7 Conclusions

compared with centralized predictive control systems. The two-tier control archi-
tecture was also applied to the problem of optimal management and operation of a
standalone wind-solar energy generation system.

In Chap. 4, a DMPC design involving two controllers was presented where
the preexisting LCS and the new NCS were redesigned/designed via LMPC. This
DMPC design uses a hierarchical control architecture in the sense that the LCS
stabilizes the closed-loop system and the NCS takes advantage of additional con-
trol inputs to improve the closed-loop performance and provide the potential of
maintaining the desired closed-loop stability and performance levels in the face
of new/failing actuators. The extensions of this DMPC architecture to account for
asynchronous and delayed measurements were also discussed. Using a nonlinear
reactor—separator example, the stability, performance and robustness of the DMPC
designs were illustrated.

In Chap. 5, sequential and iterative DMPC designs for large-scale nonlinear sys-
tems in which several distinct sets of manipulated inputs are used to regulate the
overall system were presented. In the sequential DMPC architecture, the distributed
controllers communicate via a one-directional communication network and are eval-
uated in sequence; in the iterative DMPC architecture, the distributed controllers
communicate via a bidirectional communication network, are evaluated in paral-
lel and iterate to improve closed-loop performance. Sequential and iterative DMPC
designs accounting for asynchronous and delayed measurements were also consid-
ered. In addition, an approach to handle communication disruptions and data losses
between the distributed controllers was discussed in the framework of the hierarchi-
cal DMPC architecture of Chap. 4. Using a nonlinear catalytic alkylation of ben-
zene process example, the DMPC designs were compared with the corresponding
centralized MPC designs from stability, evaluation time, and convergence points of
view.

In Chap. 6, a multirate DMPC design for large-scale nonlinear uncertain systems
with fast and slowly sampled states was developed. The distributed model predictive
controllers are connected through a shared communication network and cooperate
in an iterative fashion at time instants in which both fast and slowly sampled mea-
surements are available, to guarantee closed-loop stability. When only local subsys-
tem fast sampled state information is available, the distributed controllers operate
in a decentralized fashion to improve closed-loop performance. Using a reactor—
separator process example, the stability property and performance of the multirate
DMPC architecture was illustrated.

Future research in networked and distributed predictive process control as well as
related areas includes the development of general methods for the handling of broad
class of communication disruptions between distributed controllers, the design of
distributed state estimation systems which provide fast and guaranteed convergence
and the development of distributed plant monitoring and fault-tolerant control sys-
tems. The reader may refer to [12, 92, 95] for more discussions on the related open
problems.
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