
Introduction

1.1 PRELIMINARY CONSIDERATIONS

A control system may be defined as a collection of interconnected components that can be
made to achieve a desired response in the face of external disturbances. The "desired
response" could be the tracking of a specified dynamic trajectory, in which case the control
system takes the form of a servomechanism. An example of this type of control system is a
robot arm that is programmed to grasp some object and to move it to a specified location.
There is a second class of control system termed the regulator, for which the "desired
response" is to maintain a certain physical quantity within specified limits. A simple example
of this kind of control system is the thermostat.

There are two basic ways in which a control system can be made to operate. In open-
loop mode, the response of the system is determined only by the controlling input(s). As an
example, let us suppose that we wish to control the temperature of a room in winter with the
use of a fan-heater that heats up and circulates the air within the room. By setting the
temperature control to "medium," for instance, we should be able to get the room temperature
to settle down to an agreeable level during the morning hours. However, as the day progresses
and the external environment becomes warmer, the room temperature will also rise, because
the rate at which heat is added by the fan-heater exceeds the rate at which heat is dissipated
from the room. Conversely, when night sets in and the external temperature falls, the
temperature in the room will decrease below the desired level unless the heater setting is
raised. This is a fundamental limitation of open-loop control systems. They can perform
satisfactorily as long as the external conditions do not affect the system much. The simple
example we have described may be considered a physical analog of thermoregulatory control
in poikilothermic or "cold-blooded" animals. The design of the thermoregulatory processes
in these animals does not allow core body temperature to be maintained at a level independent
of external conditions; as a consequence, the animal's metabolism also becomes a function of
external temperature.
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Coming back to the example of the heating system, one way to overcome its limitation
might be to anticipate the external changes in temperature and to "preprogram" the
temperature setting accordingly. But how would we know what amounts of adjustment are
required under the different external temperature conditions? Furthermore, while the external
temperature generally varies in a roughly predictable pattern, there will be occasions when
this pattern is disrupted. For instance, the appearance of a heavy cloud cover during the day
could limit the temperature increase that is generally expected. These problems can be
eliminated by making the heater "aware" of changes in the room temperature thereby
allowing it to respond accordingly. One possible scheme might be to measure the room
temperature, compare the measured temperature with the desired room temperature, and
adjust the heater setting in proportion to the difference between these two temperatures. This
arrangement is known as proportional feedback control. There are, of course, other control
strategies that make use of the information derived from measurements of the room
temperature. Nevertheless, there is a common feature in all these control schemes: they all
employ feedback. The great mathematician-engineer, Norbert Wiener, characterized feedback
control as "a method of controlling a system by reinserting into it the results of its past
performance." In our example, the system output (the measured room temperature) is "fed
back" and used to adjust the input (fan speed). As a consequence, what we now have is a
control system that operates in closed-loop mode, which also allows the system to be self
regulatory. This strategy of control is ubiquitous throughout Nature: the physiological analog
of the simple example we have been considering is the thermoregulatory control system of
homeothermic or "warm-blooded" animals. However, as we will demonstrate throughout this
book, the exact means through which closed-loop control is achieved in physiological
systems invariably turns out to be considerably more complicated than one might expect.

1.2 HISTORICAL BACKGROUND

The concept of physiological regulation dates back to ancient Greece (~ 500 BC), where the
human body was considered a small replica of the Universe. The four basic elements of the
Universe—air, water, fire, and earth—were represented in the body by blood, phlegm, yellow
bile, and black bile, respectively. The interactions among pairs of these elements produced the
four irreducible qualities of wetness, warmth, dryness, and cold. It was the harmonious
balance among these elements and qualities that led to the proper functioning of the various
organ systems. The Greek physician, Galen (—2nd century AD), consolidated these tradi-
tional theories and promoted a physiological theory that was largely held until the end of the
16th century. Similar concepts that developed alongside the Taoist school of thought may be
traced back to the 3rd century BC in ancient China. Here, the Universe was composed of five
agents (wuxing): wood, fire, earth, metal, and water. These elements interacted with one
another in two kinds of way. One was a productive relationship, in which one agent would
enhance the effects of the other. The other was a limiting or destructive relationship whereby
one agent would constrain the effects of the other. As in the Graeco-Roman view, health was
maintained by the harmonious balancing of these agents with one another.

The notion of regulatory control clearly persisted in the centuries that followed, as the
writings of various notable physiologists such as Boyle, Lavoisier, and Pfliiger demonstrate.
However, this concept remained somewhat vague until the end of the 19th century when
French physiologist Claude Bernard thought about self-regulation in more precise terms. He
noted that the cells of higher organisms were always bathed in a fluid medium, e.g., blood or
Jymph, and that the conditions of this environment were maintained with great stability in the


