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A Laptop-Based Studio Course
for Process Control

I
n many disciplines,
systems and control
courses tend to be
abstract, and students
have difficulty attach-
ing physical signifi-

cance to many of the
concepts. In the chemical
engineering curriculum,
process control is the only
course with a focus on
dynamic behavior [1]. Hence basic concepts, such as
dynamic models, linearization, and Laplace transforms,
must be covered before control sys-
tems analysis techniques can be pre-
sented. Simulation assignments can
help students understand dynamics and control but can be
a frustrating experience when students must learn new
software as well. A better option is to use a studio-based
approach, which combines lectures, discussions, and sim-
ulations within a single classroom experience. 

Process control is an ideal course for students to inte-

grate their knowledge from
other courses into the cur-
riculum. Furnace control, for
example, leads to discus-
sions about fuel/air ratio,
efficiency, pollution, and
modes of heat transfer.
Thoughts of safety play a
role in the discussion about
when combustion air should
“lead” the gas flow and

when it should “lag” the gas flow. Safety is also the major
factor in determining whether an actuator should fail open

or fail closed. Process design for effi-
ciency is emphasized by the use of
heat exchangers that transfer waste

heat from the flue gas stream to the feed stream. 
Until recently, the process control course at Rensselaer

Polytechnic Institute (RPI) used a multidisciplinary control
engineering studio classroom shared by several engineer-
ing departments [2]. While the studio was more successful
than a standard lecture-based classroom, limitations were
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such that the PCs were shared, they occupied a lot of
space, and they required ongoing maintenance and
replacement. The studio could seat only 40 students, often
requiring two sections for a class.

Since all undergraduate students at RPI are now
required to purchase laptop computers, we are able to use
a laptop-based classroom for the process control course.
The current classroom seats up to 56 students, and there
are additional facilities available on campus for larger
course enrollments. The four-credit course is taught three
days a week, with the third day occasionally used as a
recitation or quiz time. Typically, 50 minutes is spent lec-
turing and discussing the primary topic of the day, fol-
lowed by 50 minutes of interactive simulations using
MATLAB/SIMULINK; see Figure 1. During this period the
teaching assistants and instructor circulate through the
room answering questions, frequently providing “mini-lec-
tures” to address problems and questions, and minimizing
the frustrations of students performing MATLAB-based
simulation studies through immediate feedback. Rensse-
laer has a site license for MATLAB, which allows all stu-

dents to have MATLAB on their laptops. Most homework
assignments and the capstone case study are performed in
groups of two students.

I consider it important for students to learn MATLAB
and SIMULINK by writing their own script files and devel-
oping their own block diagrams. As we move to more
advanced material, I begin to supply files and models that
the students can modify to solve problems, including a
library of PID controllers with anti-reset windup, various
derivative options, and internal model controllers. 

Another advantage of the studio-based environment is
that the students can easily perform simulations on
advanced topics. For example, model predictive control
(MPC) is probably the most widely applied advanced con-
trol strategy in the chemical process industries, but a rig-
orous mathematical understanding of MPC is beyond the
scope of an introductory process control course. The stu-
dents are exposed to MPC in one conceptual lecture and
through simulation studies. They also have the textbook as
a resource for more detailed information if they encounter
MPC in their professional careers.

Case Study Projects
To tie the course concepts together and to motivate the
students to learn basic multivariable control concepts, stu-
dents perform a case study during the last few weeks of
the course. Students, working in groups of two, select a
project from a list of candidate projects, including:

● reactive ion etcher (electronic materials)
● rotary lime kiln (pulp and paper, cement)
● fluidized catalytic cracking (petrochemical)
● anaerobic sludge digester (environmental)
● drug infusion control (biomedical).

Lectures = Discussions

More than ten years ago, when Rensselaer began
implementing studio-based courses in calculus
and physics, the mantra was that the instructor

should be the “guide on the side” rather than the “sage on
the stage,” that is, there should be less lecturing and more
“interactive learning.” I certainly believe that we must
actively engage students, but doing this purely through sim-
ulation studies is not sufficient. My goal during the lecture
period is to encourage active participation and discussion. 

On the first day of class I present a general discussion of
automation and control, developing objectives, determining
measured and unmeasured outputs, manipulated and distur-
bance inputs, and constraints, as well as safety, environmen-
tal, and economic issues. A simple surge drum between two
process units is used as an example, where one of the main
points is that either the flow in or the flow out can be manip-
ulated, depending on objectives and the control strategy
used upstream or downstream. A point of confusion with
many students is that an outlet flowrate can be considered
an input from a dynamic systems viewpoint; we revisit this
issue many times during the course. Students soon realize
that one person’s manipulated input may be another per-
son’s disturbance. The first assignment is for the students to
select a favorite activity, such as driving a car, and perform a
detailed control systems analysis. During the next class peri-
od I review a few of the more interesting writeups.

Figure 1. Interactive simulations performed by students in
the laptop studio. Each class period begins with a 50-
minute lecture, followed by 50 minutes of simulation stud-
ies using MATLAB. Typically, students work on homework
assignments, or on a case study project through a MATLAB-
based module.
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The stages of the project are:
● literature review: 1 week
● model development: 2 weeks
● single input-single output controller design: 3 weeks
● multiple loop design: 4 weeks
● oral presentation: 4–5 weeks
● final written report: 4–5 weeks.

Each project has a SIMULINK .mdl file for a black box rep-
resentation of the process. To develop models for con-
troller design, students must perform step tests; since
there is measurement noise, and constraints on the
inputs and outputs, there are limits to the magnitude of
manipulated input step changes that will result in a valid

model for controller design. Independent single-input,
single-output (SISO) control loops are designed, and the
relative gain array (RGA) is used to understand the possi-
ble effects of control-loop interaction and determine the
best input-output pairings for multiple SISO loops.
Although loops must often be retuned for better perfor-
mance when other loops are closed, it is important to
analyze the sensitivity to controller failure, that is,
whether opening one loop will cause instability.

Rather than simply requiring a final report and oral pre-
sentation, I find it important to have intermediate short
reports to make certain that significant progress is being
made. Each case study has a different advisor, either a

Nearly all campuses have a boilerhouse facility, which
students can visit to obtain a better feel for industrial
scale. I arrange a tour guided by the boilerhouse

engineer, who traces the flow from the condensate return and
make-up feedwater treatment system into the condensate
storage tank, through the deaerator, into the steam drum and
out to the campus (see the figure below). At various points I
step in and emphasize the tie in with what the students have

been learning in the course. I first point out a standard bypass
arrangement for control valve failure, followed by differential
pressure cells for measuring level, transmitters for sending the
level signal to the programmable logic controllers (PLC), and
current/pressure converters for the control valve actuators. 

Probably nothing, however, leaves an impression on stu-
dents as much as peering into the firebox of a boiler generat-
ing over 50,000 lb/hr of steam. The major boilerhouse
control loops and algorithms are shown in the table below.
After touring the physical plant, and viewing the PLC panel,
the visit concludes in the control room, where the students
have a chance to see the operator interface and learn about
the SCADA system and data historian.

A side view of the furnace for the boiler system. This
process is ideal for illustrating control applications for heat
integration and energy conservation, safety, and environ-
mental factors (NOx formation and excess combustion air).
The feedwater valve, with bypass arrangement, is to the
lower left side; operators have easy access to perform man-
ual level control if this valve fails. The steam drum is on
the top of the furnace. The upper right side is the feedwater
preheat section, where waste heat is removed from the flue
gas. Stack gas analyzers are shown in this section. The
front of the furnace (combustion zone) is to the right hand
side. The rear of the furnace is to the left; here the students
can peer into the firebox to see the flame. 

Major control loops presented in the boilerhouse tour.
Students have the opportunity to see industrial scale
sensors, transmitters, and actuators and to view the
control loop performance on the control room monitor.

Controlled Output Control Type, Manipulated 
(Process Variable) Input (Controller Output)

Condensate return flow Ratio, flow split between 
heating plants

Condensate storage tank PID, make-up feedwater 
flow level

Deaerator level PID, flow from condensate 
storage

Steam drum level Feedforward and cascade, 
flow from deaerator

Steam header pressure PID, fuel gas flow

Stack gas oxygen Ratio, combustion air flow 
to fuel gas flow

Combustion air flow PID, variable speed drive 
of the air fan

Boilerhouse Tour
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teaching assistant, graduate student, or instructor, who
assists the groups and evaluates the reports. The oral pre-
sentation is evaluated by at least two advisors, with the
class as audience. Presentations are kept to 20 minutes,
including questions, similar to a conference format. All

groups make these presentations using their laptop com-
puters. Based on responses on the course survey forms,
many students consider the case study project to be the
most important aspect of the course.

Boilerhouse Visit
Although students can learn much about control through
analysis, simulation, and experiments, a visit to an indus-
trial plant can validate the important role of automation
and control. Approximately 10–11 weeks into the semester,
after feedforward, cascade, ratio, and selective/override
control have been covered, I arrange a tour of the campus
boilerhouse facility. Here the students have a chance to
see industrial scale equipment and the practical applica-
tion of control techniques.

Textbook
The textbook takes advantage of the studio structure [3],
yet can also be used in a traditional lecture-based course.

The book consists of 17 chapters, followed by 16 modules.
The modules serve two primary purposes: 1) to introduce
or review basic material, such as MATLAB, SIMULINK, and
MATLAB ordinary differential equation solvers and 2) to
provide a more detailed overview of characteristic chemi-

cal process modeling and control
problems. The process-oriented
modules can be used to compare
and contrast different control sys-
tem design techniques developed
in the chapters.

The textbook puts a greater
emphasis on a model-based
approach compared to traditional
process control textbooks. A chap-

ter on internal model control (IMC) develops a procedure
where the controller serves as an approximate inverse of
the process model and shows that closed-loop perfor-
mance is limited by nonminimum phase characteristics of
the process. Since proportional-integral-derivative (PID)
controllers are ubiquitous in the chemical process indus-
tries, another chapter demonstrates how to implement
IMC-based designs using a PID control framework.

While the focus of [3] is on linear control system design
and implementation, the importance of nonlinear behavior
is also discussed. The concept of input multiplicity, which
occurs when two different steady-state input values result
in the same steady-state output, is illustrated on the
isothermal continuous stirred tank reactor module, with
series and parallel reaction kinetics. The concept of multi-
ple steady states (three possible steady-state output val-
ues for a given steady-state input) is illustrated in the
(nonisothermal) continuous stirred tank reactor (CSTR)
module. Sometimes nonlinear closed-loop behavior is

Process control is an ideal course for
students to integrate their knowledge
from other courses into the curriculum.

Figure 2. Isothermal chemical reactor. The manipulated
input is the scaled flowrate, and the measured output is the
concentration of the desired compound. Perfect level control
is assumed and not shown in the diagram.
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Figure 3. Steady-state relationship between the input flow
rate and the output concentration. The dashed lines indicate
two flow rates that yield the same steady-state concentration
of 1.117 mol/liter. The steady state associated with the low
flowrate of 0.57 min−1 has nonminimum phase behavior.

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Dilution Rate, 1/min

0

0.2

0.4

0.6

0.8

1

1.2

C
on

c.
 B

, m
ol

/li
te

r



February 2005 49IEEE Control Systems Magazine

advantageous, even when the process is linear. This situa-
tion is illustrated with a module on surge drum level con-
trol, where a nonlinear proportional controller is shown to
reduce the effect of disturbances on flow to a downstream
process. A biochemical reactor module provides another
example of multiple steady-state behavior, with different
control system designs depending on whether it is desir-
able to operate at an open-loop stable or unstable point.

The effect of scale-up is important in process develop-
ment and is illustrated in modules on CSTRs and batch
reactors. As these reactors are scaled-up from laboratory
to pilot plant to full-scale manufacturing size, the heat
transfer area-to-volume ratio decreases, making it more dif-
ficult to remove heat and maintain temperature control. 

Finally, I have found that biomedical problems are espe-
cially motivating to students and have incorporated a bio-
medical systems module in the textbook. A brief
introduction to pharmacokinetic models is provided, fol-
lowed by applications to critical care and diabetes. 

Process Module Example
One goal of the textbook modules is to present more
detailed process examples that can be used to apply con-
cepts from a number of different chapters. We typically
cover a portion of a module during the interactive simula-
tion half of the period, after having covered the fundamen-
tal material during the lecture period. Here we use an
isothermal chemical reactor (see Figure 2) module for illus-
tration and make a connection with fundamental material
from the corresponding chapter. First, we develop the
dynamic modeling equations and solve for the steady-state
concentration. The governing reaction kinetics, known as
the van de Vusse system of series and parallel chemical
reactions, lead to input multiplicity, as shown in Figure 3.
Linearization at two different operating points yields trans-
fer functions with different behavior, one with non-
minimum phase behavior (NMP) behavior and the other
with minimum phase behavior.

At the NMP operating point, the student finds the pro-
portional gain that results in critically stable behavior
through simulation of the process under proportional-
only control, using the Ziegler-Nichols closed-loop contin-
uous oscillation approach. The student then uses the
Routh stability criterion to analytically confirm the value
of the critical gain. 

P, PI, and PID controllers are designed using Ziegler-
Nichols and Tyreus Luyben tuning parameters. Students
compare the closed-loop behavior through simulation
studies. Frequency response techniques can also be used
to design controllers based on gain and phase margins.

The internal model control (IMC) approach illustrates
the importance of factoring the model into invertible and
non-invertible portions before designing a model-inverse-

based controller. Students first implement the unstable
controller that results when the right-half plane (RHP) zero
factorization is not performed. They then implement a sta-
ble controller designed using the RHP zero factorization. 

The chemical reactor process example is used to fur-
ther illustrate the IMC-based PID approach, where the
model-based strategy is rearranged into a classical PID
controller. The process is again used to illustrate the
importance of long prediction horizons in finite horizon
model predictive controllers. Finally, this example is used
for digital control system design.

Conclusions
The laptop-based studio combines lectures, discussions,
and simulations in a single classroom environment and
keeps the students actively engaged in the learning
process. Difficult concepts are reinforced through simula-
tion studies immediately after being covered in the lecture.
The process modules present challenging dynamic behav-
ior and provide detailed examples to which different con-
trol techniques can be applied. A boilerhouse tour gives
students an appreciation for the scale of process equip-
ment and the importance of automation and control in
operating an industrial scale process. Finally, a multivari-
able case study project ties together many of the funda-
mental concepts, and gives the students a taste of the
practice of control engineering.
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