
Chapter 14
Summary

Many other control approaches and applications have been developed (Baillieul and
Samad 2015). Those extensions build on the foundational principles emphasized in
this tutorial. Three key principles recur.

14.1 Feedback

There are two, and only two, reasons for using feedback. The first is to reduce the effect of
any unmeasured disturbances acting on the system. The second is to reduce the effect of any
uncertainty about systems dynamics.

—Vinnicombe (2001, p. xvii)

Feedback is unnecessary if one has a complete, accurate model of system dynamics.
With an accurate model, one can map any input to the desired output. A direct
feedforward open loop does the job.

However, unpredictable perturbations occur. Models of dynamics almost always
incorrectly specify the true underlying process.

Correcting errors by feedback provides the single most powerful design method.
Natural systems that control biological function often use feedback. Human-
engineered systems typically correct errors through feedback.

14.2 Robust Control

[H]ow much do we need to know about a system in order to design a feedback compensator
that leaves the closed loop behaviour insensitive to that which we don’t know?

—Vinnicombe (2001, p. xvii)

Robustness means reduced sensitivity to disturbance or modeling error. Feedback
improves robustness. However, feedback only describes a broad approach.
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Many specific methods refine the deployment of feedback. For example, filters
reduce the resonant peaks in system response. Controllers modulate dynamics to
improve stability margin.

A large stability margin means that the system can maintain stability even if the
true process dynamics depart significantly from the simple linear model used to
describe the dynamics.

14.3 Design Tradeoffs and Optimization

Awell-performing systemmoves rapidly toward the desired setpoint. However, rapid
response can reduce stability. For example, a strong response to error can cause a
system to overshoot its setpoint. If each overshoot increases the error, then the system
diverges from the target.

The fast response of a high-performing system may destabilize the system or
make it more sensitive to disturbances. A tradeoff occurs between performance and
robustness.

Many other tradeoffs occur. For example, control signalsmodulate systemdynam-
ics. The energy required to produce control signals may be expensive. The costs of
control signals trade off against the benefits of modulating the system response.

The sensitivity of a system to perturbations varies with the frequency at which the
signal disturbs the system. Often, reduced sensitivity to one set of frequencies raises
sensitivity to another set of frequencies.

Optimization provides a rigorous design approach to tradeoffs. One may assign
costs and benefits to various aspects of performance and robustness or to the response
at different frequencies. One can then consider how changes in system design alter
the total balance of the various costs and benefits. Ideally, one finds the optimal
balance.

14.4 Future Directions

Control theory remains a very active subject (Baillieul and Samad 2015). Methods
such as robust H∞ analysis and model predictive control are recent developments.

Computational neural networks have been discussed for several decades as a
method for the control of systems (Antsaklis 1990). Computational networks are
loosely modeled after biological neural networks. A set of nodes takes inputs from
the environment. Each input node connects to another set of nodes. Each of those
intermediate nodes combines its inputs to produce an output that connects to yet
another set of nodes, and so on. The final nodes classify the environmental state,
possibly taking action based on that classification (Nielsen 2015; Goodfellow et al.
2016).
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For many years, neural networks seemed like a promising approach for control
design and for many other applications. However, that approach typically faced
various practical challenges in implementation. Until recently, the practical problems
meant that other methods often worked better in applications.

New methods and increased computational power have made neural networks
the most promising approach for major advances in control system design. Spec-
tacular examples include self-driving cars, real-time computer translation between
languages, and the reshaping of modern financial markets. At a simpler level, we
may soon see many of the control systems in basic daily devices driven by embed-
ded neural networks instead of the traditional kinds of controllers.

The rise of neural networks also foreshadows a potential convergence between
our understanding of human-designed engineering systems and naturally designed
biological systems (Frank 2017).

In a human-designed system, an engineer may build a controller to improve the
total benefits that arise from tradeoffs between cost, performance, and robustness. In
biology, natural selection tends to build biochemical or physical systems that improve
the tradeoffs between various dimensions of biological success. Those biological
dimensions of success often can be expressed in terms of cost, performance, and
robustness.

The similarities and differences between human-designed systems and naturally
designed systems will provide many insights in the coming years. An understanding
of the basic concepts of control design will be required to follow future progress and
to contribute to that progress.
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