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THE PROCESS CONTROL curriculum at Georgia 
Tech consists of two undergraduate and two 

graduate courses taught by two faculty members. The 
purpose of this paper is to describe one of the graduate 
courses which specializes on Model Predictive Con­
trol. Traditionally the two graduate courses have 
covered multivariable control systems, frequency do­
main approaches, and robust control systems (Ad­
vanced Process Control I), and state space concepts, 
state estimation, and optimal control (Advanced Pro­
cess Control II) in two quarters. For the first time, 
in the spring quarter of 1988, Model Predictive Con­
trol (MPC) became the theme of one of our graduate 
control courses. 

The objective of this course is to teach the students 
the general principles of MPC and give them the op­
portunity to implement the powerful predictive con­
trol methods on case studies of industrial importance. 
The need for teaching the MPC methods came from 
industrial success stories. It is now widely recognized 
that MPC is an emerging technology which provides 
the best framework to address the industrially rele-
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vant control problems involving hard and soft con­
straints, continuously changing operational objec­
tives, poor models, and sensor and actuator failures. 

Despite the significant amount of research in the 
area of MPC and the increasing industrial utilization 
of the new predictive control methods, only a few pro­
grams in the country offer courses on this subject to 
the best of our knowledge. This is not very surprising 
considering that there is no textbook; the concepts 
are new and require integration of knowledge from 
different subdomains of modeling, control, and optimi­
zation, and finally there is very limited CAD software, 
without which the students cannot appreciate the full 
power of the MPC methods. 

Our ten-week course drew upon the key papers 
from the MPC literature, covered parts of the forth­
coming book, Robust Process Control, by Morari, et 
al. [5], and used the in-house CAD software developed 
by Charos [19]. In the remainder of the paper we will 
discuss the course contents and share with the reader 
our first experience. 

SCOPE OF THE COURSE 

A requirement of the course is that students have 
taken an undergraduate control course. Knowledge of 
z-transforms is also desirable. The course outline is 
given in Table 1. The required and supplementary 
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The objective of this course is to teach the students the general principles of MP~ and ~ive th~m _the opportunity 
to implement the powerful predictive ~ontrol method~ on case st~d1es of 1ndustr1al ~mporta~ce . ... 

It is now widely recognized that MPC 1s an emerging technology which provides the 
best framework to address industrially relevant control problems ... 

INTRODUCTION 

TABLE 1 
Course Outline 

• Process control objectives 
• Motivation for MPC 

INTERNAL MODEL CONTROL 
• Principles of feedback: nominal stability and performance, 

robust stability and performance 
• SISO IMC design procedure 

MODEL PREDICTIVE CONTROL FORMULATION 
Unconstrained SISO Problem 

• Discrete system rep re sen tations 
• Least-squares solution and stability theorems 
• Implementation and controller tuning guidelines 

Unconstrained MIMO Problem 
• Discrete MIMO representation 
• Factorization of multiple time delays 
• MPC solution and the control law 
• Controller tuning rules 

Constrained MIMO Problem 
• Quadratic Dynamic Matrix Control 
• Description of our CAD software 
• Case studies (see Table 2) 

reading list for each topic is supplied in the Literature 
Cited section. The course commences by introducing 
the students to Model Predictive Control through a 
critical view of the fundamental process control prob­
lem using a mixture of industrial and academic 
critique papers. These key papers put the control 
problem into perspective, define the performance 
criteria for process control, and motivate the study of 
MPC. 

Next we start with the text Robust Process Con­
trol and present the Internal Model Control (IMC) 
structure in its simplest form as shown in Figure 1. 
Students are repeatedly told that this generic struc­
ture explicitly uses a separately identifiable model in 
parallel with the plant and is common to all the MPC 
methods to be discussed in the course. It is also stres­
sed that IMC establishes the necessary foundation for 
general analytical treatment of the different MPC 
methods. 

The IMC concepts are best illustrated using open­
loop stable single-input-single-output (S1S0) systems 
and extensions to unstable and MIMO systems are 
briefly mentioned by referring to the appropriate 
chapters in the text. The essential topics that are 
taught under IMC include: zero steady-state offset 
property; simplicity of nominal stability test in con-
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trast with classical feedback; parameterization of all 
stabilizing controllers; characterization of achievable 
regulatory and servo performances in the absence of 
model/plant mismatch; the concept of inverse or per­
fect controller and the fundamental limitations to per­
fect control, i.e., time delays, right half-plane zeros, 
constraints and uncertainty; design of the approxi­
mate inverse controller Q using H2-optimal control de­
sign for a given input; robust stability, robust perfor­
mance and the design of the filter F to detune the 
controller against uncertainty. The Laplace domain is 
adopted throughout and the design calculations are 
demonstrated on first order systems with deadtime 
(see Chapter 4). The experimental evaluation of the 
method is addressed using the heat exchanger im­
plementation given in Arkun et al. [6]. Coverage of 
the basic IMC concepts closes with a homework as­
signment in which the students define their own SISO 
system and demonstrate the utility of all the analysis 
and design tools they have so far learned. Computer 
aids such as Program CC [21] or PC MATLAB [20] 
are used to perform the more tedious calculations. It 
is important that the students go through such an 
exercise to make sure that they have mastered the 
principles of the IMC design. The first part of the 
course takes about two weeks with three hours of lec­
tures per week. 

The second part of the course recasts IMC into the 
general predictive control formulation as presented in 
the landmark paper by Garcia and Morari [9]. This is 
done in an on-line optimization framework to pave the 
way to general MPC algorithms such as QDMC (Quad­
ratic Dynamic Matrix Control) which can deal with 
input and output constraints. Basically, based on past 
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FIGURE 1. The IMC structure 
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control actions and current measurements, the con­
troller calculates the current and future control ac­
tions which will insure that the model predicted out­
put follows the desired output trajectory as close as 
possible in a horizon of specified sampling times into 
the future. Because of disturbances and modeVplant 
mismatch, only the current control action is im­
plemented as computed, and the calculation is re­
peated as illustrated in Figure 2. 

past -F u t u re 

K+P 

horizon. 

FIGURE 2 . The model predictive control scheme with its 
"moving horizon." 

Since the MPC problem is formulated and solved 
in discrete time, discrete system representations are 
covered, emphasizing the development of the discrete 
pulse response model, the step response model, and 
their connection. Although the mathematical prelimin­
aries in Garcia and Morari [9] are self-contained, our 
students have found the supplementary reading mate­
rial cited in the Literature section particularly useful 
to brush up their background on discrete systems. 

We first look at the unconstrained SISO problem. 
Since the control law turns out to be a least-squares 
solution, and the stability theorems are well-charac­
terized, this case is the easiest to grasp. The students 
master the material easily in three weeks, but special 
care should be given to bookkeeping of matrices. A 
homework problem asking for the verification of the 
key system matrices and the least-squares solution 
has helped the students follow the notation. Also, 
since the IMC paper discusses some of its results 
within the context of dead beat control which is new 
to the majority of the students, supplemental material 
and half a lecture is given on the subject. Finally the 
unconstrained SISO MPC problem is completed by 
mid-quarter projects. Each group of two students is 
asked to write its own software and report on its find-
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ings with tuning of different controller parameters. 
This is done in a two-week period using two MICRO­
V AX workstations. The program is not difficult to 
write and the students value the experience. 

Some sample results from a project looking at the 
control of a nonminimum phase second order system 
with dead time are shown in Figures 3-5. Using 
Program CC, a sample time is chosen to yield a 
discrete monotonic step response. IMSL subroutines 
VMULFF and LINVF are used for matrix manipula­
tions while DGEAR is used to integrate the state­
space system realization to calculate the output at and 
between sampling points. MPC tuning parameters M 
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FIGURE 3. Unstable response w ith perfect controller 
(M = N = P = 6) 
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(input suppression), P (optimization horizon length), 
f3 (input penalty) and -y (output penalty) are adjusted 
to show their effects on closed-loop stability and per­
formance. The perfect controller is unstable due to 
the inversion of RHP zero (Fig. 3). Figure 4 demon­
strates that the nominal system is stabilized and per­
formance improved by decreasing M, increasing P, 
and adjusting -y. Robustness against uncertainty in 
the location of the RHP zero is illustrated for set-point 
responses shown in Figure 5. Note that when the 
RHP zero is closest to the origin (a = 4), one gets the 
worst performance deterioration as expected. 

In the last part of the course we devote five weeks 
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to more advanced constrained MIMO predictive 
methods. The intricacies of MIMO systems are intro­
duced based on the papers IMC Parts 2 and 3 by Gar­
cia and Morari [12, 13]. From IMC Part 2 we basically 
cover the factorization of multiple time delays and its 
optimality. The rest of the concepts carry over from 
the SISO IMC design. The MPC problem is formu­
lated next as an unconstrained quadratic optimization 
and the analytical solution based on least-squares is 
studied in detail following IMC Part 3. The students 
are asked to verify the system of linear equations and 
the resulting control law. The analogy with the SISO 
results is made, and the conditions under which decou-
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pling is optimal (in the least-squares sense) is dis­
cussed. Examples from the paper IMC Part 3 are used 
throughout. 

After covering the unconstrained problem, the 
focus finally shifts to the constrained MIMO MPC 
which reflects the ultimate industrial practice. We 
have found the QDMC (Quadratic Dynamic Matrix 
Control) of Garcia and Morshedi [14] and the work of 
Ricker [15] easiest to teach from. Starting with the 
QDMC paper, the DMC equations are derived using 
step response coefficients, and the unconstrained 
MPC solution is shown to be the least-squares solution 
of the DMC equations. Next we show how the prob­
lem is augmented with constraints on inputs and out­
puts and formulated as a constrained quadratic pro­
gramming problem. The role of different tuning pa­
rameters is discussed, but detailed assessment of their 
effects is assigned to the final design project. The 
work of Ricker [15] is briefly visited to teach "input 
blocking" which generalizes and gives additional in­
sight to the use of the moving suppression parameter 
M. In discussing quadratic programming, one lecture 
is spent on the program QPSOL [22] which we use in 
our CAD software, and a brief background is given on 
Kuhn-Tucker conditions for optimality. Once the basic 
principles behind QDMC are understood, in the in­
terest of time its solution procedure is accepted almost 
like a black box. 

The course ends with the final projects on the ap­
plication of QDMC prepared and presented orally by 
groups of two students. The list of case studies is 
given in Table 2. Selected results for the Wardle and 
Wood column are given in Figure 6. The column sepa­
rates a binary mixture of benzene and methyl ethyl 
ketone. The manipulated variables are reflux flowrate 
(u1) and reboil flowrate (u2). Since the control of the 
distillate (y1) is the primary objective, y1 is included 
in the objective function of QDMC and the bottoms y2 
is allowed to float between limits. Additional con­
straints on the absolute values of inputs and on the 
magnitude of changes in the inputs (i.e., rate con­
straints) are also considered. Figure 6a shows that 

TABLE 2 
Final Projects 

• The evaporator system: Ricker [15] 

• A nonlinear isothermal CSTR: Ray (16], p. 120 

• UW water tank system with level and temperature control: 
Arlam et al [6] 

• Wardle and Wood distillation column: Luyben (17], Wardle and 
Wood[18] 
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control of y1 is excellent while y2 drifts when it is 
unconstrained. Also significant control action is re­
quired when inputs are unconstrained. Slight vari­
ations in y1 from the setpoint trajectory result as some 
of the control action is employed in keeping y2 within 
its constraints (Figure 6b). Finally, constraints on the 
inputs insure more realistic control action, but at the 
expense of further deterioration in the performance of 
the first output (Figure 6c). 

CONCLUSIONS 

MPC is an industrially important control 
framework and should be part of any process control 
curriculum. We have found that CAD software is very 
valuable for demonstrating the power of the methods 
and for performing creative designs. Although uncon­
strained MPC programs can be easily developed and 
used by the students as we have done in this course, 
constrained MPC software is not trivial and should be 
made available to the students. We hope that in the 
near future we will be able to make our software avail­
able to the interested educators. 
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tions after the talk, thus putting the speaker in the 
position of having to logically and eloquently defend 
the proposal. The panel then decides whether or not 
to fund the project. It is interesting to observe that 
proposal success rates in this course are significantly 
higher than in the real world! 

CONCLUSIONS 

It is a rare individual who can deliver a well-or­
ganized impromptu talk or write a grant proposal in 
one draft. Most people require skill development, 
preparation, and practice. This course offers not only 
the fundamentals of how these skills may be de­
veloped, but also serves to reassure the students that 
they can become effective communicators. We believe 
that we have been successful in accomplishing the 
three main course objectives described earlier in this 
article, but much more is accomplished in developing 
the students as professionals. Students are stimulated 
intellectually by what they learn about communication 
and by what they learn about their colleagues through 
communication. They learn a valuable lesson about the 
willingness to give and to accept constructive criti­
cism, a fact of life for someone in a technical field. At 
the beginning of the course, students are happy to 
praise the strengths of a classmate's presentation and 
are reluctant to criticize the weaknesses. But the 
classroom environment eventually evolves into a colle­
gial one as students recognize the value of construc­
tive criticism and how much can be learned from 
others. We hope that these attitudes, as well as what 
they have learned about technical communication, 
carry over into their professional interactions in 
graduate school and into their careers beyond. 
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