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his article describes a course in the digital control of

industrial processes jointly offered by the Depart-

ments of Chemical Engineering and Electrical Engi-
neering at the University of Idaho. The course grew out of a
perceived need for engineers with the ability to design multi-
input multi-output (MIMO) digital controllers for industrial
processes, especially in the pulp and paper industry. Evi-
dence for this need lies in the numerous opportunities for
improved process performance offered by advanced multi-
variable digital control techniques.

The primary goals of the course are to

* Teach students how to design MIMO controllers for
industrial processes

* Give students laboratory experience with represen-
tative industrial processes and control systems

¢ Introduce students to the use of state-of-the-art
computer-aided design software for control-system
design

* Provide an opportunity for chemical and electrical
engineering students to work together in interdisci-
plinary teams.

The following sections describe how the course attempts to
achieve these goals, highlights some of the distinctive fea-
tures of the course, and discusses some plans for the future.

COURSE DESCRIPTION

Digital Process Control is a three semester-credit hour
course jointly offered by the chemical and electrical engi-
neering departments. It is a required course for chemical
engineering (ChemE) seniors and an elective course that

satisfies a breadth requirement in the control-systems area
for electrical engineering (EE) seniors. ChemE students have
previously had a course in chemical process control using
classical control-system design methods. The prerequisite
for EE students is a junior-level course in signals and sys-
tems. Some EE students, however, have had a prior course in
classical control-system design as applied, primarily, to
electro-mechanical systems. All of the EE students and many
of the ChemE students have had a prior course in linear
algebra or have had some exposure to vectors and matrices
in previous courses.

Computer-aided design is an essential part of the course,
and all students have had prior experience with Matlab,!"! the
main computer program used in the course. The course is
taken by about twenty-five ChemE students and fifteen EE
students each year and is jointly taught by a faculty member
from each department.
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The course is organized around three major laboratory
experiments of progressive difficulty. Each of the experi-
ments is a laboratory-scale simulation representative of a
typical industrial process. The lecture material and the
laboratories are coordinated so that when a lecture se-
quence describing a new design technique is completed,
it is followed immediately by a laboratory experiment
using that technique.

The choice of an appropriate design method, or methods,
for this class is not easy. Current practice in the process
control community is focused

laboratory experiment. The model is linearized at an operat-
ing point and discretized at a selected sampling rate to form
the basis for the controller design. The control problem is
presented as an optimization problem, trading off control
effort for state performance. The dynamic programming ap-
proach is used to develop the Riccati equation, and its steady-
state solution is used to find the optimal DLQR gain. By
beginning with this scalar example, students get a good
understanding of the basic DLQR approach before moving
to the multivariable problem, with the additional complexity

of vector-matrix notation,

on some form of internal
model control (IMC),** of-
ten model predictive control
(MPC) or dynamic matrix
control (DMC). On the other
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linear quadratic regulator
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nity. The distinctions are
not, of course, that clear,
and there are many successful LQR applications in the
process industry'® and many PID applications in the
electro-mechanical area.”!

A compromise, of sorts, has been reached by using the
discrete-time version of the linear quadratic regulator (DLQR)
as the main design tool used and pointing out the relation-
ships among DLQR, DLQG, PID, and MPC as the occasions
arise. DLQR is used because of its generality, the availabil-
ity of Matlab design tools and the familiarity of most of the
students with Matlab, and the simplicity of the resulting
control algorithm. Once a suitable process model is devel-
oped, the design can be efficiently completed in an interac-
tive computer session using Matlab, Simulink,”™ and the
Control Systems Toolbox.”! Students quickly learn the rela-
tionship between performance index weightings on the one
hand and state performance and control effort on the other
hand, and are able to find control gains that yield satis-
factory system performance.

After an introduction to sampling and development of a
discrete-time model, the DLQR method is introduced through
a scalar single-input single-output (SISO) example. The ex-
ample concerns a simple nonlinear process model associated
with the liquid-level control problem addressed in the first
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consisting of two cascaded tanks. application of DLQR state

variable feedback control
methods to a first-order system. It allows the chemical engi-
neering students to become familiar with the notion of sam-
pling and digital-control-system hardware and familiarizes
the electrical engineering students with the relatively long
time scale and nonlinearity of process systems. The relation-
ship of scalar DLQR control to traditional proportional con-
trol is pointed out, and the need for integral augmentation to
eliminate steady-state error is clearly illustrated. The inte-
grator-augmented DLQR controller is then shown to be
equivalent to a traditional PI controller.

Experiment 2

The second experiment involves a second-order process
consisting of two cascaded tanks simulating a bioreactor
system. The objective of this experiment is to control the
level in the second tank, in spite of disturbances caused by a
fluctuating flow from the first tank into the bottom of the
second tank. Both tank levels are measured so that full state-
feedback can be used. The control input is the position of an
outlet valve on the second tank. A schematic of the experi-
mental setup is shown in Figure 1. The system is modeled as
a two-state discrete-time SISO process and the vector-ma-
trix form of the state and output equations is introduced. The
controller for this process is designed using the integrator-
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augmented DLQR method'"” extended to accommodate level
set-point changes and zero steady-state error. The necessity
of using vector-matrix notation and computer-aided design
tools begins to become evident to students when solving this
relatively simple second-order problem. The relationship of
this simple DLQR controller to the classical PID controller
is also examined.

Experiment 3

The third experiment requires the design of a two-input/
two-output controller to simultaneously control the water
level and total head in a laboratory-scale model of a paper
machine head box. A schematic diagram of the process is
shown in Figure 2 and details of its construction are avail-
able from the second author. Zero steady-state error and set-
point control are required

STUDENT REACTION

Student reaction to the course has been quite favorable.
The ability to test controller designs in the laboratory is men-
tioned by most students as the most positive feature of the
course. Many students comment on the power of the com-
puter-aided design tools to facilitate control system design. A
smaller number view the computer approach as “magic.”

DISTINCTIVE FEATURES OF THE COURSE

This course includes a number of distinctive features. The
most obvious is the combination of chemical and electrical
engineering students in a joint class. This helps bridge the
disciplinary gap and teaches the students how to work with
specialists in another field on challenging interdisciplinary

problems. The student-
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ables. This is the most chal-
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manually to fully appreci-
ate the difficulty of the task
and the power of the DLQR
design method. The control design is carried out on a full
state feedback basis.

COURSE STRUCTURE

Daily homework assignments are focused on the upcom-
ing laboratory experiment. Each assignment addresses a dif-
ferent phase of the design effort, with the last assignment
before a given lab producing the controller algorithm re-
quired for that experiment.

Student performance is assessed through the homework,
two one-hour tests, a two-hour final exam, and reports on
each of the laboratory experiments. The lab reports are a
crucial part of the course requirements and account for about
one-third of the course grade. Lab groups generally consist
of three students, two from chemical engineering and one
from electrical engineering. Students pick their own lab
partners, but “bonus points” are awarded to interdisciplinary
lab groups to encourage interaction between the electrical
and chemical engineering students. Individual lab reports in
the form of a technical memo with supporting appendices
are required of each student.
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Figure 2. Experiment 3: a laboratory-scale model of a
paper- machine headbox.

a given control or mod-
eling issue. Both instruc-
tors attend each class,
with the EE instructor primarily addressing the control theory
and design topics and the ChemE instructor focusing on
process modeling and the relationship of the labs to actual
industrial processes.

A second key feature of the course is that it approaches the
digital control-design problem from the “direct digital de-
sign” perspective and uses the DLQR design method as the
basic design approach. This approach is taken for a number
of reasons. First, the DLQR method approaches controller
design as an optimization problem, trading off control effort
for state performance. This is a crucial concept that is often
overlooked, or addressed after the fact, in other design meth-
ods. Second, currently available CAD tools, such as Matlab,
Simulink, and associated toolboxes, simplify computations
so that students can focus on design objectives and not
become bogged down in mathematical complexities. Stu-
dents are taught the advantages of testing controller designs
by nonlinear simulations on a desktop computer before try-
ing them out on the actual process. Third, the DLQR ap-
proach seems more direct in that a good design can be
accomplished almost entirely in the discrete-time domain,
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avoiding, for the most part, the complexities introduced by
transform mathematics. Finally, we realize that students com-
pleting this course will not be experts in DLQR design
methods. They will, however, have had a practical introduc-
tion to the topic that will alert them to the power and poten-
tial of advanced control techniques. They will also be aware
of some of the relationships among three control methods
representative of the electro-mechanical, process, and tradi-
tional control communities, i.e., DLQR, MPC, and PID.

The final important aspect of the course is the laboratories
and their integration with the lecture material. In a sense, the
course is driven by the laboratory experiments and the stu-
dents are motivated to master the lecture material so that
they can perform the laboratory experiments satisfactorily.
Homework assignments are carefully chosen so that satisfac-
tory completion of the last assignment before a lab should fully
prepare the student to carry out the experiment properly.

PLANS FOR FUTURE DEVELOPMENT

A number of plans are underway for further development
of the course. New laboratory experiments are always under
consideration. We plan to include an experiment involving
system identification to develop an empirical model of the
headbox process next year. Longer-range plans include add-
ing a third input and a third output to the headbox experi-
ment and developing a new experiment using a distillation
column as the process to be controlled. The lecture material
is also being continually refined and updated to find more
logical and consistent ways to introduce this relatively ad-
vanced material to students at this stage in their development.
More emphasis will be given to IMC methods such as MPC
and DMC in future versions of the course. The course notes
currently being used as the course text are being readied for
publication and should be submitted to a publisher this year.
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BOOK REVIEW: Numeric Computation

Continued from page 11.

The next three chapters are devoted to function interpola-
tion and differentiation (Chapter 6), numerical integration
(Chapter 7), and approximation of functions, lines, and sur-
faces (Chapter 8). In the final chapters, the author discusses
the solution of ordinary differential equations and initial
value problems (Chapter 9), boundary-value, eigenvalue,
and free-boundary problems (Chapter 10), and finite-differ-
ence methods for partial differential equations (Chapter 11).

Finally, the author provides four appendices. In Appendix
A, he provides a brief calculus refresher, with a table of
various series approximations to a variety of functions. In
Appendix B, he discusses orthogonal polynomials. Again,
he includes a number of tables of various orthogonal polyno-
mials, including Legendre, Chebyshev, Jacobi, Radau,
Lobatto Laguerre, Hermite, and Gram, and their properties.

Developing the ability to proficiently use the computer
and interface with the operating system is one of the main
hurdles often encountered by students in a numerical meth-
ods course. Appendix C provides this essential background
information, including an introduction to the c-shell, to the
unix file system, to the vi editor, and to the compilation and
linking of typical programs. Finally, Appendix D provides a
Fortran primer, while an index to the publicly available
programs discussed above is provided in Appendix E.

Although they are covered briefly in Chapter 10, I would
have liked additional coverage of weighted residual tech-
niques. These methods provide a powerful tool for the solu-
tion of ordinary differential equations and provide the basis
of finite element methods for the solution of partial differen-
tial equations. In devoting only seventeen pages to this topic,
the author has given the students only a brief glimpse of the
power of such methods and may leave students thinking that
they are not as useful as others that are covered in much
more detail. Further, as is often the case, the coverage of
techniques for solving partial differential equations is quite
limited. I assume that this is because the author expects this
materials to be covered in a later course.

In general, Pozrikidis has met his goals and has produced a
usable text in which he covers the fundamentals of numeri-
cal methods, while at the same time enabling the reader to
understand how to use the various techniques to solve physi-
cal problems in science and engineering. (1
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