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Enhancing Undergraduate
Control Education

Dennis S. Bernstein

. ducation must be both conceptual and experiential. Ab-

stract concepts are elcgant and powerful, but learning is
. always enhanced by direct experience, concrete exam-
ples, and real-world relevance.

Control theory and much of control education is highly con-
ceptual. In fact, control engineering tends to be the least tangible
of all subjects in the engineering curriculum. In the hope of tipping
the balance from the conceptual to the experiential, T offer the fol-
lowing modest suggestions. These suggestions encompass model-
ing, control, technology, and cultural issues. By discussing these
issues in an undergraduate control course, the instructor can em-
phasize some of the more practical aspects of the subject. My hope
is that these suggestions will enhance the teaching and apprecia-
tion of a rich and intellectually exciting subject.

Modeling Issues
1. Stress the technological dimensions of control,

Remind students that “control” is a transitive verb, and con-
trol is meaningless without something to be controlled. Control
enginecring depends on technology, and this technology is high-
ly interdisciplinary.

2. Use dynamic analogies.

Since control engineering is highly interdisciplinary, stu-
dents of mechanical and aerospace engineering need to under-
stand power requirements, circuits, and computers, whereas
students of electrical engineering and computer science need to
understand mechanical design and the dynamics of the systems
being controlled. One way to bridge this gap is by means of dy-
namic analogies. Students can benefit by learning to represent
circuits by mechanical systems and vice versa. However, these
analogies are incomplete, since nonlinear mechanical concepts

such as friction and three-dimensional rotational motion don’t
have electrical analogs.

3. Employ dimensions and units.

Dimensions and units are almost universally ignored in control
theory. Even transfer functions have dimensions. On the other hand,
dimensionless quantities are helpful in certain {ields of cngineering,
but how useful are they in control? While little has been written
about this question, two points can be made. First, to resolve ques-
tions of controller architecture and achicvable performance,
dimensionless quantities can clarify issues in a scale-independent
way. However, for controller tuning, which often depends critically
on the knowledge of certain parameters, the use of dimensionless
variables can obscure the role of modeling information and physical
constraints such as actuator saturation levcls.

4. Emphasize identification.

No matter how well analytical modeling is performed, some
identification is always needed. Real hardware abounds with
unmodelable effects and sensitivities. Modeling the effects of a
mundane task such as torquing a bolt can be daunting. In addi-
tion, modeling a system in a piecemeal fashion is rarely useful
for controller tuning because components can interact dynami-
cally in complicated ways due to spurious feedback paths and
unexpected couplings. The need for identification is crucial, and
cnd-to-end identification is desirable whenever possible. In ad-
dition, it is important to clarify the environment in which the
identification is performed, for example, whether ambient dis-
turbances can be turned off during identification. (Engines can
be turned off; turbulent wind noisc around a moving vehicle can-
not.) Also, identification is only practical for stable plants,
whereas unstable plants require either extensive modeling or
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adaptive stabilization methods. Adaptive stabilization in the
presence of exogenous disturbances presents a severe challenge
to control engineering.

5. Expect unexpected plant changes.

It is important to realize that any given plant can change in an
unexpected manner during operation. Identification can be use-
ful for empirical modeling and controller tuning, but what hap-
pens if the plant changes between the time that modeling was
performed and the controfler is implemented? Furthermore, tiny
physical changes in a plant can have a great effect on its dynam-
ics. For example, as lubrication dissipates, time constants can
change and friction can increase in an unpredictable way. More
generally, while plant phase at crossover is crucial knowledge
for control engineers, it is a hidden detail to other disciplines.
The problem of unexpected plant changes lies at the heart of con-
trol engineering, since one of the main reasons for implementing
afeedback control system is to achieve performance in the pres-
ence of uncertainty. Determining what modeling information is
needed is essential for obtaining satisfactory performance. In
any event, the need for some form of on-line identification and
adaptive control is unavoidable.

6. Distinguish plant and control architecture design from
controller tuning.

Control architecture design and controller tuning are strongly
interrelated but nevertheless distinct tasks in control engineer-
ing. Control architecture design refers to the selection of sensors
and actuators that need to be specified and designed to achieve a
control task, The design of the control architecture and associ-
ated hardware usually depends on a solid understanding of the
basic physics along with detailed physical modeling. Tn addition,
the control engineer must determine what variables to measure.
For example, position, velocity, and acceleration differ by
“only” an “s” but may require vastly different technology to
measure. In practice, this distinction is significant, since integra-
tors are affected by bias, whereas differentiators suffer from
noise. However, control architecture design is often only loosely
coupled with the choice of the control algorithm and its tuning, Tn
Tact, the modeling information used for control architecture de-
stgn is usually inadequate for controller tuning.

7. Reveal the joys of controller tuning.

Controller tuning includes the choice of a control algorithm
along with the choice of parameters required by the algorithm or
design procedure. Controller tuning is where the veal fun of con-
trol engineering les. Unfortunately, control engineers spend most
of their effort on the control architecture phase (and later, the fail-
ure prevention phase). Controller tuning methods range from clas-
sical techniques, which require little plant modeling, to robust
conirol methods, which require nominal plant and uncertainty
modeling, to adaptive control methods, which involve automatic
gain adjustment. In all cases, controller tuning must account for all
available modeling information, and it must be forgiving to unex-
pected plant changes, Controller tuning often invokes mathemati-
cally sophisticated techniques. Yet no controller synthesis
technique can account for all real-world effects. Consequently,
controller tuning is an art to be practiced and mastered.
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8. Expose the myth of the linear unstable plant.

Although unstable plants are invariably nonlinear, they are
often introduced as linear plants with one or more open right-
half-plane poles. (A plant with a chain of integrators is alse un-
stable, but less seriously.) In my opinion, the distinction between
stable and unstable plants is vastly underemphasized. An unsta-
ble plant provides almost no opportunity for identification and
therefore must rely heavily on analytical modeling and extrapo-
lation from stable regimes. Unstable plants are unforgiving in the
sense that once large deviations occur, saturation limits may pre-
vent recovery. Furthermore, linearizing a nonlinear unstable
plant may obscure the actual saturation recovery limits, which
are invariably smaller than those of the linearized model. Tn con-
trast, stable plants are much more forgiving, since the zero con-
troller is always stabilizing and identification (at least in the
absence of ambient disturbances) is feasible. Finally, controller
start-up is a serious problem for unstable plants that sometimes
require unstable controllers.

Control Issues
9. Emphasize measurement and actuation technologies.

Every working control system requires real sensors and real
actuators. Sensors are needed for measurement, which is a chal-
lenging and important aspect of technology. The control systems
engineer may need to measure a diverse collection of physical
quantities. In addition, actuation is equally if not more challeng-
ing (due to power and weight limitations) and requires skills in
electromechanical technologies. Measurement and actuation
technelogies are essential for control systems engineering and
must never be taken for granted.

10. Clarify control objectives.

There are numerous objectives in control, including stabiliza-
tion, disturbance rejection, modification of dynamics, and com-
mand following. Although these objcctives are interrelated to
some extent, it is helpful to clarify and distinguish them, For ex-
ample, stabilization is an equilibrium-focused requirement that
can be expanded to include disturbance rejection. On the other
hand, stabilization and disturbance rejection may be transform-
able into certain command-following problems and vice versa.
However, these problems are not equivalent, since disturbances
are rarely known, whereas commands are usually known, some-
times in advance. In addition, command following in general
may or may not be related to the notion of equilibrium. For exam-
ple, an aggressive aircraft maneuver is not an equilibrium-
dependent control objective.

11. Explain the physics behind the control law.

When a feedback controller is applied to a physical system, it
has a physical (not magical) effect on that system. It is important
to understand how the control system modifies and exploits the
physics of the uncontrolled system. Energy balance analysis is
often useful here. Unfortunately, the relevant effects are often
obscured by the mathematics used to cxpress feedback control
laws. For example, if a control law “adds damping,” it is impor-
tant to understand the physical mechanism for the increased en-
ergy dissipation.
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12. Don't slight passive control.

We tend to think of control in terms of active electrically driven
devices. However, feedback algorithms are often implemented by
nonelectrical means (for example, using pneumatic actuators) as
well as through passive devices. The escapement mechanism in a
clock, the speed governor, and the vibration absorber are passive
control devices with “hard-wired” control algorithms.

Technology Issues
13. Analyze everyday control systems.

Have students analyze control systems that can be found in
everyday life. Examples include toilets, thermostats (in the
house, refrigerator, and oven), garage door openers, cruise con-
trol, engine (automatic choke), etc. It is interesting to examine
the performance and reliability of these control systems,

14. Analyze control systems in technology.

Control systems abound in technological applications, and
students from various disciplines can analyze control systems
that are most familiar to them. Students of electrical engineering
can analyze circuits in radios and televisions that use feedback,
mechanical engineering students can analyze motion control
systems, and aerospace engineering students can analyze auto-
pilots. Low-cost, accessible control systems can be identified
and reverse-engineered.

15. Observe person-in-the-loop control systems.

People are ready-made control systems in one convenient
package that is fully equipped with multiple sensors, processors,
and actuators. This allows humans to perform feats that require
feedback, such as standing, walking, running, catching, hopping,
swinging, juggling, biking, unicycling, yo-yoing, skating,
skate-boarding, skiing, surfing, driving, parking, and flying. 1t
can be extremely informative, interesting, and challenging to ob-
serve and analyze control systems with human controllers. 1 be-
lieve that control systems engineering can benefit from an
understanding of the control strategies that humans use, whether
consciously or unconsciously. Building machines to perform
these tasks is anengineering challenge and a lesson in humility.

16. Use ready-made demos for illustration,

Ready-made control demos deprive students of control archi-
tecture design. However, these devices give students the chance
to gain experience in controller tuning, Feeling the increasing
tug of a motor under integral controlis a graphic reminder of how
this control law works.

17. Build working control systems, no matter how rudimentary.

Nothing can be more educational than building and tinkering
with a working control system. Simple control systems can he
built from inexpensive components and lots of ingenuity. Some
great sources of components are auto parts stores and high-tech
surplus vendors,

18, Stress safety and reliahility,

Any real system that depends on a control system involves is-
sues of safety and reliability. Even normally benign feedback
Toops can wreak havoc on a system in the event of unexpected
changes arising from failures of almost any kind. Dealing with
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such failures is the job of the control systems engineer and is of
extreme importance if human lives can be threatened by unreli-
able operation.

Cultural Issues

19. Discuss the implications of feedback in other disciplines.

Feedback has significant implications in other fields. For ex-
ample, consider economic and biological systems, which have
deep similarities. Both applications involve numerous interacting
components that either compete or cooperate to achieve their
goals. These interactions are bidirectional and are thus governed
by feedback. (Game-theoretic control is relevant here.) In eco-
nomic systems, some of the most basic issues, which also have po-
litical ramifications, concern self-regulation versus centralized
control, Physiological and ecological systems contain numerous
examples of feedback control. Regulation is essential for life.

20. Tell the history of control.

Talk about the clock escapement and how it made accurate
timekeeping practical, thereby ushering in the scientific revolu-
tion. Talk about the governor and how it made the steam engine
practical and thereby ushered in the industrial revolution. In
thosc days, power generation was not centralized and thousands
of steam engincs needed thousands of governors. Hundreds of
old patents show the incredible ingenuity of early control engi-
neers and the importance of control engineering in the develop-
ment of technology.

Conclusion
21, Balance the abstract and the concrete,

Conwrol engineering is highly muitidisciplinary, with issues
and features that are distinct from those of other branches of engi-
neering. These issnes are numerous and subtle, and often the most
important aspects depend on the seemingly most insignificant de-
tails. Historically, the subject has advanced by employing abstrac-
tion to extract principles that are potentially applicable to a broad
range of applications. Unfortunately, this abstraction often ob-
scures the practical ramifications of important ideas. A more con-
crete approach to the subject can rcjuvenate and reinvigorate
cducation in this exciting and important arca of technology.
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