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4 . Control Systems Concepts [Ch. 1

and plant of Figure 1-1. The output of these feedforward elements is the control
system output. This output is sensed by the feedback element and is fed back to
the comparator as the feedback signal, where it is compared with the reference
input to form the actuating error signal. In addition, an output element may exist
such as an output indicator.®

Common terms for control systems that are widely used in the literature are
servomechanism or servo, and regulator. A servomechanism is a control system
in which the output is the position, velocity, or acceleration of a mechanical
shaft, such as that corresponding to a motor. The term regulator usually applies
to a control system wherein the output quantity is desired to be maintained

constant despite unwanted disturbances to the system. An electric generator is

an example of a regulator, in that it is desired to maintain constant the generator
voltage regardless of the load fluctuations on the generator.

If control systems are classified according to the nature of the signals at the
various points of the feedback loop, then the three kinds of systems are con-
tinuous, sampled-data or pulsed-data systems,} and relay-type systems. A
continuous control system is one in which all the signals in the control loop may
be considered as continuous functions of time, and an example of a continuous
system is the regulation of speed of a motor using tachometric feedback. In such
a system, the tachometer feeds back a signal proportional to the motor shaft
speed to be compared with the desired speed.

A sampled- or pulsed-data system is one in which one or more signals in the
loop are in the form of a pulse train or a numerical code, such as the output of
a digital computer. An example of a sampled-data system is that of a radar
tracking system. The signals sent and received are in pulse form, and are used
to position an antenna to track some desired object.

A system in which a relay type of element is present in an otherwise continuous
type of system is called a relay, or on-off, system. The thermostat home-heating
system is an example of an on-off system. When the temperature at the thermo-
stat is below a preset value, the full force of the furnace is suddenly applied to

Command _| Reference Reference  * —~  Actuating Feedforward Qutput
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FIGURE 1-5. Functional block diagram of ciosed—laa‘b systent.

I The terms “sampled-data,” “digital,” and “discrete™ are used interchangeably in many
instances throughout the text, although fine distinctions are made by many researchers.
The term “sampled-data™ is the most general term, and includes all systems which contain
signals in pulsed form. The term “digital” implies that a digital component such as a
digital sensor or a digital computer is used in the system.
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8 Control Systems Concepts [Ch. 1
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FIGURE 1-10. Sampled-data fire-control system.

or missile launcher is commanded for the gun control system. The error signal
in pulsed form is converted to a continuous signal and applied to the gunmount
drive motor, and the gun is positioned accordingly. The angle of the gun is
sensed and converted to digital form and fed back for the error comparison.
While the diagram shows a simple single-axis representation, two separate
channels of azimuth and elevation are positioned simultaneously in the actual
equipment. In addition, if the fire-control system is on board a naval vessel,
the ship is subjected to sea motion that must also be accounted for in the fire-
control computer.®® ;

Another example of ‘a sampled-data system is the control of an electro-
optical telescope to effect automatic tracking of a star. The telescope must be
continuously repositioned if the star is to remain in the field of view of the tele-
scope, owing primarily to the rotation of the earth. This system is illustrated in
Figure 1-11. A television camera is mounted on the telescope and an image is
generated on the screen. The set is aligned such that the center of the raster is
coincident with the optical axis of the telescope. Additional tracker electronics
determine the displacement of the image with respect to the center of the raster
and furnish a signal proportional to the pointing error of the telescope. Since
television is by nature a repetitive scanning device, it is also by nature a sampled-
data component. The pointing error is amplified and shaped by stabilization
electronics, and is then applied to the servomotor, which positions the telescope
‘in a direction to decrease the pointing error. While a standard television applied
to this problem has a sampling rate so high in comparison to earth rate that the
system appears to operate as a continuous control system, the same system
applied to automatic tracking of a high speed missile or aircraft could have
system time constants of nearly the order of magnitude of the television sampling
rate, so that a sampled-data analysis would be required.®
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FIGURE 1-11. Electro-optical telescope tracker.
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§1.2] Open-Loop and Closed-Loop Systems 3
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FIGURE 1-3. Block diagram of closed-loop system.

and direction of the side winds, the accuracy of the compass instrument, the
engine thrust magnitude, and the accuracy of the controller all contribute to
errors between the desired flight path and the actual one.

A closed-loop control system is one in which the output quantity is fed back
for comparison with the input, and the difference, or error quantity, is then
applied to the amplifier, as shown in Figure 1-3. In such a feedback system, if
the output is not the desired one, an error is sensed by the comparator and the
control system will act in a manner to reduce the error to zero, or to maintain
the output equal to the desired input. Thus the feedback system has the ability
to correct for load disturbances and inaccuracies in the controller. If in the
aircraft navigation example the pilot can see the ground, and if he is familiar
with many landmarks along his flight, then he has the capability of correcting
his flight-path errors by this visual feedback, as shown in Figure 1-4.

In general, open-loop control systems are characterized by moderate accuracy,
high sensitivity to environmental conditions, and slow response. The advantages
of open-loop control are simplicity and low cost. In contrast, closed-loop or
feedback control systems are characterized by high accuracy, rapid response, and
relative independence of environmental factors.

Disturbances
D?scred _—lEye Error_ | Hecding " hircraft A?tqcl
flight path L_f_' controller flight poth

FIGURE 1-4. Closed-loop aircraft navigation system.

1.3 NOMENCLATURE

The functional block diagram of a closed-loop system in Figure 1-5 shows the
nomenclature that is in common use. The command input is transformed by the
reference input element, or reference selector, into a signal that is calibrated in
terms of the output. This signal is called the reference input. The actuating signal
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