PREFACE

This book is an introductory textbook on the theory and
practice of dynamic chemical and biological process engi-
neering. As such, it complements the educational mate-
rial of most undergraduate curricula in chemical and bio-
logical engineering, which focus on the steady-state anal-
ysis and design of processes. Thus, this book aims to cover
the needs of basic chemical and biological engineering
education in a first undergraduate course in process dy-
namics and control and the first part of an advanced un-
dergraduate or graduate course in the same subject.

Why Another Textbook in Process Dynamics
and Control?

In 1984, I wrote a book entitled “Chemical Process Con-
trol: An Introduction to Theory and Practice.” Its goal
was to “...bridge the classical approach to process con-
trol problems with the current and future trends and
needs”. The emphasis was on “... understanding the na-
ture of process control problems and their attributes, as
well as systematizing the approach to their solution”. It
was well received and, for over thirty years, was used ex-
tensively in undergraduate education worldwide.

Since 1984, more than a dozen process dynamics
and control textbooks have been published, with some
in several editions. A significant number of MATLAB®,
Mathematica®, Python®, and other language-based
computer-aided tools have been generated to support the
teaching material in some textbooks and to automate
many design/tuning methodologies for control systems.
Furthermore, many entrepreneurial academics have
produced handy online course material, manuals of
how-to methods, and technical services to educate stu-
dents and practicing young engineers on how to ap-
proach and solve real-world process control problems.

Amid all this positive activity, one may ask, " What
is the need for and purpose of a new textbook for under-
graduate education in process dynamics and control?”

For many years, I resisted the temptation of a 2nd
edition of my 1984 book because I did not have some-
thing new and compelling to say and teach. How-ever,
following the introduction of Dynamic Matrix Control by
Shell Development and Internal Model Control by
Manfred Morari and his students, the need for a time-
domain, model-based approach in teaching process
dynamics and control became, for me, the beacon for any
future educational textbook. The phenomenal success of
Model Predictive Control in industrial practice and the
lessons Ilearned from IMC encouraged me to undertake

the long and torturous experimentation (trial and error)
in creating a new introductory textbook. Now, I thought
Thad something compelling to say and teach, not in terms
of methods or magical tuning rules but foundational
fundamentals, which would guide the methodology of
any controller design approach.

Therefore, this textbook is an attempt to use the
model-based analysis and design of process dynamics
and control in the time domain and address the follow-
ing contemporary needs within the inevitable confines of
an undergraduate curriculum:

1. Process dynamics is far more prominent and es-
sential today than in the past for understanding the
science and engineering of chemical and biological
processes. Therefore, as with most classical control
textbooks, the cursory treatment of dynamics in
support of controller tuning is not sufficient or sat-
isfactory.

2. Control systems are not just for regulating the tem-
peratures, pressures, and compositions in pro-
cessing units. The real purpose of process control is
to control the operation of process units.

3. Furthermore, we encounter feedback, feedforward,
ratio, and other control configurations in chemical
and biomolecular networks, which regulate living
cells, ecological systems of interacting living species,
and modern manufacturing processes for foods,
pharmaceuticals, and specialty chemicals and mate-
rials. An educational curriculum that unifies the ex-
position of control theory and addresses analysis
and design questions for molecular networks and
macroscale processes is essential. To do so, we need
to explicitly articulate the “foundational principles
of control systems,” which is missing from most of
the educational material.

4. Present-day process control technologies and plans
for future developments are model-based and
integrated with diagnosis, real-time optimization,
and business planning and scheduling of opera-
tions. We need a model-based framework that can
provide a unifying treatment of all presently dis-
parate design approaches for control systems from a
PID to an MPC (model predictive control) through
the variety of popular control elements with
enhanced capabilities, such as cascade, adaptive,
inferential, controllers with two degrees of freedom,
override, auctioneering, split range, and others.



Departure from the Classical Approach

In response to the above needs, this textbook is a major
departure from my 1984 book and other similar books.
The following changes capture this departure:

1. The advent of molecular biology, systems biology,
and synthetic biology have significantly impacted
the industrial practice and the scope of traditional
chemical engineering curricula. Furthermore, many
chemical engineering departments have been
renamed Chemical and Biological Engineering or
Chemical and Biomolecular Engineering depart-
ments and are adapting their curricula to accom-
modate the new educational requirements. Classical
design approaches do not lend them-selves to
effective treatment of biological control systems,
especially at the level of biomolecular networks. This
book has been designed from the ground up to
address the needs of biological process control.

2. All aspects of modeling, analysis, and design of pro-
cesses and control systems are in the time domain,
their natural setting. Frequency response-based an-
alytical results and design methodologies are not
covered.

3. In addition to the classical process units (reactors,
separators, exchangers, compressors, furnaces,
etc.), the coverage has expanded significantly to in-
clude (a) chemical and biomolecular networks, (b)
multi-compartment processes, and (c) processes
with population dynamics.

4. The design of control systems proceeds in the fol-
lowing three phases and addresses questions of in-
creasing complexity: (a) Structural analysis: To gen-
erate control configurations. (b) Steady-state analy-
sis: To study the stability and operability of process
units and select the operating points for the design
of the corresponding controllers. (¢) Dynamic anal-
ysis: To design model-based controllers to ensure
the desired dynamic operation of process systems.

5. The design of control systems starts with an
explicit discussion of the foundational principles
on which it is based. So, the design of all control
systems, from the PID to MPC, through cascade,
adaptive, inferential, override, auctioneering, and
others, is guided by the same principles. The
absence of such foundational principles from many
classical textbooks was and still is a significant
shortcoming.

6. The Internal Model Control (IMC) structure is used
as the unifying framework for the design of model-
based controllers. In this context, the IMC is not a
tuning approach for PID controllers, as it is usually

perceived to be. It is the framework of a general de-
sign methodology for feedforward and feedback
controllers. The design approach is in the time do-
main and uses input-output models, representing
differential equations in the time domain. Thus, the
corresponding transfer functions are alternate rep-
resentations of the differential equations in the time
domain and maintain the attractive features of the
traditional Laplace-based transfer functions.

7. The transition from continuous-time to discrete-
time systems for the analysis and design of com-
puter-based control systems is natural since it is
based on the same foundational principles.

Book Outline

This book contains 31 chapters, organized in 10 parts.
The chapters of each part have a common theme and il-
lustrate the material with more than 450 figures, dia-
grams, and tables. They also include over 200 Examples,
case illustrations, and Practice Exercises, many of which
are supported by MATLAB® code or/and Simulink®
models. Part X is the book’s website. It contains the fol-
lowing material: (a) nine process modules; (b) presen-
tation of MATLAB® functions and Simulink® facilities
used throughout the book; (¢) many exercises to practice
the book’s material; (d) answers to select exercises; and
(e) more than 150 MATLAB® and Simulink® files, which
are used to generate the numerical results of methods
presented in the book. These files can be extended to new
processes and controllers to solve new problems.

Part I: Process Dynamics and Control: Characteristics

and Associated Problems (Chapters 1, 2, 3)
These chapters present a general introduction to the
dynamics and control aspects of a chemical or biological
process, such as the following: (a) Identification of the
needs and incentives for process control. (b) Definition of
the design questions and formulation of the problems that
must be solved. (c) Articulation of the rationale for study-
ing the material presented in subsequent chapters.
Chapter 3 focuses on biological process control problems
for the following two classes of systems: (i) processes with
populations of living species and (ii) biomolecular
networks.

Part Il: Modeling and Simulation of Process
Behavior (Chapters 4, 5, 6)

These chapters illustrate how we can construct state space
models in the time domain from first principles and outline
the scope of difficulties in developing these models for pro-
cess analysis and controller design purposes. Their cover-
age goes beyond the classical processes to include (a)
chemical and biomolecular networks (metabolic, signal
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transduction, and gene transcription pathways); (b) multi-
compartment processes to account for ecological systems,
pharmacokinetics, and others; and (c) processes with pop-
ulation dynamics (predation, competition, commensal-
ism, amensalism, and mutualism). Chapter 6 is focused on
the computer-aided dynamic simulation of linear and non-
linear processes, using the MATLAB functions dsolve and
ode4s5 for the solution of linear and nonlinear differential
equations.

Part Ill: Structural Analysis: Construction of
Control Configurations (Chapters 7,8,9)

The three chapters of Part III focus on the con-
struction of control configurations, which is the first
task in designing a control system for a process. These
chapters, taken as a group, emphasize the significance
of well-formulated problems, especially for processes
with many interacting units, such as chemical plants
and biomolecular networks. Using structural models
(incidence matrix, directed graphs), which are the
simplest possible representations of the state space
models developed in Part II, these chapters show how to
generate “feasible” control configurations for (a) single
units, (b) processes with many inter-acting units (plant-
wide control configurations), and (c) biomolecular
networks (metabolic, signal transduction, and gene
transcription networks).

Part IV: Steady State Analysis: Operability and
Steady State Controllers (Chapters 10, 11)

Steady-state analysis is essential for the selection of the
operating points. It is also necessary to design steady-
state controllers, which must always be feasible and
effective, independently of the specific dynamic
controllers used. Many control systems fail because they
try to regulate poorly selected operational points or have
poor steady-state characteristics. Thus, in Chapter 10, we
study how to choose acceptable steady-state operating
points, taking into account the following considerations:
state or/and input multiplicity, stability, operability, and
sensitivity to external disturbances.  Chapter 11
introduces the concept of the Internal Model Control
(IMC) structure for the design of steady-state controllers.
It also shows how to design steady-state feedback
controllers for (a) square systems, with an equal number
of controlled outputs and manipulated variables, and (b)
non-square systems, where the number of controlled
variables is larger than the number of manipulated
variables (least-squares approximate controllers), or
smaller (optimization and feedback control).

Part V: Dynamic Analysis: Linear Systems
(Chapters 12 through 16)

These chapters cover classical material, which is included

in almost all control textbooks. However, there is one sig-
nificant difference. Classical material uses Laplace trans-
forms to define the transfer function and input-output
models. In this book, Chapter 12 introduces the concept of
the transfer function using differential operators. It shows
how to generate input-output models from the state space
models in the time domain. Thus, transfer functions are
simply another representation of the differential equations
in the time domain. Chapter 13 shows how to use these in-
put-output models to generate the “inherent” and “forced”
dynamics of processes and how these dynamics depend on
the location of poles and zeros of the transfer function. It
also shows the linkage with the dynamics produced from
the state space models through the correspondence of
poles and eigenvalues. Chapters 14, 15, and 16 present the
classical material for the first-order, second-order, and
higher-order systems dynamics.

Part VI: Foundations of Feedback Control Systems
(Chapters 17 through 22)

These chapters cover the analysis and design of feed-
back control systems. Unlike most classical textbooks,
which start with the PID controller, Chapter 18 intro-
duces the foundations of feedback control, using the dy-
namic IMC structure as a prototype of a model-based
control system in the time domain. Chapters 18 through
21 further develop these foundations and define the
methodological approach for the design of any feedback
controller. These foundational principles can be sum-
marized as follows:

a. The design of any feedback controller is always
based on an assumed model (explicit or implicit) of
the process.

b. Every feedback and feedforward controller is an
approximate inverse of the assumed process
model; Chapter 18.

c. The “nominal” design of a feedback controller,
which is generated under conditions of zero model-
ing error, is a valuable target of what is theoretically
the “best possible” controller; Chapter 19. If this
“best possible” controller does not produce accepta-
ble controlled behavior, there is no point in contin-
uing with the controller design. We must improve
the assumed model of the process.

d. A feedback controller's “nominal” design must pos-
sess two degrees of design freedom to perform well
for both setpoint tracking and disturbance rejection.
The 2-degrees of freedom feedback controller is also
discussed in Chapter 19.

e. The stability of closed-loop responses of stable pro-
cesses under “nominal” feedback control depends
entirely on the magnitude of modeling errors or,



equivalently, process uncertainty. Chapter 20 de-
scribes a computational procedure for tuning IMC
controllers in the time domain, which ensures that
the closed-loop response is robustly stable in the
presence of prescribed modeling errors.

f. The closed-loop performance of stable processes
under “nominal” feedback control is also the result of
modeling errors only. Chapter 21 describes a compu-
tational procedure in the time domain on how to tune
IMC controllers for “least-worst” or “best-average”
performance in the presence of modeling errors.

At the conclusion of this part, i.e., Chapter 22, all these
principles are used to tune the PID controllers for both
stable and unstable processes.

Part VIl: Control Systems with Enhanced
Capabilities (Chapters 23, 24, 25)

The foundational principles of Part VI are applied to

the design of control systems with enhanced capabili-

ties, such as the following;:

a. Controllers with improved disturbance rejection:
feedforward, ratio, and cascade controllers.

b. Control systems with estimators: adaptive and in-
ferential controllers.

c. Control systems that can handle input constraints,
output constraints (override control systems), or logic
(auctioneering, split-range controllers).

Part VIll: Multivariable Control Systems
(Chapters 26, 27)

The foundational principles of Part VI are further ex-
tended to the design of control systems for processes
with multiple inputs and multiple outputs (MIMO).
Chapter 26 focuses on the design of MIMO control con-
figurations composed of interacting single-input, single-
output (SISO) control loops. The concepts of interacting
SISO loops, the pairing of inputs and outputs for the con-
struction of the SISO control loops, and the design of de-
couplers are also discussed in Chapter 26. Chapter 27 ex-
tends the IMC design approach to MIMO processes and
generates true multivariable controllers.

PartIX: Discrete-Time, Computer-Based Control
(Chapters 28 through 31)

These four chapters constitute an introduction to process
control using discrete-time models and digital
computers. Chapter 28 introduces the characteristics of a
digital computer control loop in terms of the required
new hardware elements and the new control design
questions. Chapter 29 covers input-output models of
discrete-time systems and the analysis of their discrete-
time response: stability, inverse response, oscillatory and
asymptotic dynamics. Chapter 30 outlines the method-

ological procedures for the design of discrete-time PID
controllers and discrete-time IMC controllers. An itera-
tive version of the discrete-time IMC controller is a
preamble to the MPC controller. Model Predictive
Control (MPC) is introduced in Chapter 31, which covers
its design and implementation under different condi-
tions, including the following: unconstrained case; pro-
cessses with input and output constraints; multivariable
MPC; 2-degrees of freedom MPC; and integration of MPC
with optimization.

Part X: The Book’s Website

Part X: Supplementary Support Material. The mate-
rial of Part X is not part of this book. It can be found
on the book’s website:

www.TetractysEditions.com/
ChemBio_Dynamics_and_ Control

It is composed of the following five addenda:
Addendum X1: Process Modules

Addendum X1 contains several process modules used for a
series of Practice Exercises in various chapters of the book.
The number of process modules will increase over time,
and their educational scope will expand with new options
to practice the material of the book. Initially, Addendum
X1 contains the following set of process modules:

PM-1: Fluid Catalytic Cracking (FCC) Plant
PM-2: Binary Distillation Column

PM-3: Heavy Oil Fractionator

PM-4: Biological Clock

PM-5: Batch Reactor

PM-6: CSTR with van de Vusse Reactions
PM-7: Fed-Batch Bioreactor

PM-8: Flash Drum

PM-9: Plant-Wide Control Configurations

Each process module describes the corresponding pro-
cess, its operating characteristics, and associated engi-
neering tasks such as modeling, simulation and analysis,
controller design, etc. These tasks constitute the scope of
the Practice Exercises contained in the book. MATLAB®
code supports the numerical execution of these tasks.
Addendum X2: MATLAB and Simulink Facilities.
Addendum X2 contains the description and usage of
MATLAB functions and Simulink® facilities, which are
used in various chapters of the book. These facilities
are organized according to the chapter in which they
are first used and include the following;:
1. The name, purpose, and call format of the corre-
sponding MATLAB® function.
2. The facilities of Simulink® for the construction and
modeling of the block diagrams, which represent
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control configurations.
3. Examples of usage of MATLAB® functions and
Simulink® models.
Addendum X3: Exercises
Addendum X3 contains many exercises, covering the ma-
terial of all 31 book chapters. The number of exercises will
increase over time, and their scope will expand the oppor-
tunities for practicing the book's material, including the
integration of material across different chapters.
Addendum X4: Answers to Select Exercises
Addendum X4 includes the answers to select exercises.
The objective is to allow the students to practice
their knowledge and compare their solutions against
known answers.

Addendum X5: MATLAB® and Simulink’ Files for
Examples and lllustrations
Addendum X5 includes more than 150 MATLAB®
and Simulink® files, which are used to generate the
numerical results illustrating the methodologies in the
various sec-tions and examples of the book. The
names of the files correspond directly to the numbers
of the various sec-tions and examples in the book,
where the code is used to generate numerical results.
The number of MATLAB® and Simulink® files in
Addendum X5 will increase with time, and the scope
of the corresponding engineering tasks will expand.





