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Series Introduction

Many textbooks have been written on control engineering, describing new
techniques for controlling systems, or new and better ways of mathematically
formulating existing methods to solve the ever-increasing complex problems
faced by practicing engineers. However, few of these books fully address the
applications aspects of control engineering. It is the intention of this new series
to redress this situation.

The series will stress applications issues, and not just the mathematics of
control engineering. It will provide texts that present not only both new and
well-established techniques, but also detailed examples of the application of
these methods to the solution of real-world problems. The authors will be drawn
from both the academic world and the relevant applications sectors.

There are already many exciting examples of the application of control
techniques in the established fields of electrical, mechanical (including aero-
space), and chemical engineering. We have only to look around in today’s highly
automated society to see the use of advanced robotics techniques in the
manufacturing industries; the use of automated control and navigation systems
in air and surface transport systems; the increasing use of intelligent control
systems in the many artifacts available to the domestic consumer market; and
the reliable supply of water, gas, and electrical power to the domestic consumer
and to industry. However, there are currently many challenging problems that
could benefit from wider exposure to the applicability of control methodolo-
gies, and the systematic systems-oriented basis inherent in the application of
control techniques.

Copyright © 2003 Marcel Dekker, Inc.



This series presents books that draw on expertise from both the academic
world and the applications domains, and will be useful not only as academically
recommended course texts but also as handbooks for practitioners in many
applications domains. Linear Control System Analysis and Design with MATLAB
is another outstanding entry in Dekker’s Control Engineering series.

Neil Munro
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Preface

The countless technological advances of the twentieth century require that
future engineering education emphasize bridging the gap between theory and the
real world. This edition has been prepared with particular attention to the needs
of undergraduates, especially those who seek a solid foundation in control
theory as well as an ability to bridge the gap between control theory and its real-
world applications. To help the reader achieve this goal, computer-aided design
accuracy checks (CADAC) are used throughout the text to encourage good
habits of computer literacy. Each CADAC uses fundamental concepts to ensure
the viability of a computer solution.

This edition has been enhanced as a solid undergraduate and first-year
graduate text; it emphasizes applying control theory fundamentals to both ana-
log and sampled-data single-input single-output (SISO) feedback control sys-
tems. At the same time, the coverage of digital control systems is greatly
expanded. Extensive reference is made to computer-aided design (CAD)
packages to simplify the design process. The result is a comprehensive pre-
sentation of control theory and design—one that has been thoroughly class-
tested, ensuring its value for classroom and self-study use.

This book features extensive use of explanations, diagrams, calculations,
tables, and symbols. Such mathematical rigor is necessary for design applica-
tions and advanced control work. A solid foundation is built on concepts of
modern control theory as well as those elements of conventional control theory
that are relevant in analysis and design of control systems. The presentation of
various techniques helps the reader understand what A. T. Fuller has called
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“the enigmatic control system.” To provide a coherent development of the sub-
ject, we eschew formal proofs and lemmas, instead using an organization that
draws the perceptive student steadily and surely to the demanding theory of
multivariable control systems. Design examples are included throughout each
chapter to reinforce the student’s understanding of the material. A student who
has reached this point is fully equipped to undertake the challenges of more
advanced control theories, as presented in advanced control theory textbooks.

Chapter 2 sets forth the appropriate differential equations to describe the
performance of physical systems, networks, and devices. The block diagram, the
transfer function, and the state space (the essential concept of modern
control theory) are also introduced. The approach used for the state space is
the simultaneous derivation of the state-vector differential equation with the
SISO differential equation for a chosen physical system. The chapter also shows
how to derive the mathematical description of a physical system using
LaGrange equations.

Chapter 3 presents the classical method of solving differential equations.
Once the state-variable equation has been introduced, a careful explanation of
its solution is provided. The relationship of the transfer function to the state
equation of the system is presented in Chapter 14. The importance of the state
transition matrix is described, and the state transition equation is derived.
The idea of eigenvalues is explained next; this theory is used with the Cayley—
Hamilton and Sylvester theorems to evaluate the state transition matrix.

The early part of Chapter 4 presents a comprehensive description of
Laplace transform methods and pole-zero maps. Some further aspects of matrix
algebra are introduced as background for solving the state equation using
Laplace transforms. Finally, the evaluation of transfer matrices is clearly
explained.

Chapter 5 begins with system representation by the conventional block-
diagram approach. This is followed by a discussion of simulation diagrams and
the determination of the state transition equation using signal flow graphs. The
chapter also explains how to derive parallel state diagrams from system transfer
functions, establishing the advantages of having the state equation in uncoupled
form.

Chapter 6 introduces basic feedback system characteristics. This includes
the relationship between system type and the ability of the system to follow or
track polynomial inputs.

Chapter 7 presents the details of the root-locus method. Chapters 8 and 9
describe the frequency-response method using both log and polar plots. These
chapters address the following topics: the Nyquist stability criterion; the corre-
lation between the s-plane, frequency domain, and time domain; and gain set-
ting to achieve a desired output response peak value while tracking polynomial
command inputs. Chapters 10 and 11 describe the methods for improving
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system performance, including examples of the techniques for applying cascade
and feedback compensators. Both the root-locus and frequency-response
methods of designing compensators are covered.

Chapter 12 develops the concept of modeling a desired control ratio with
figures of merit to satisfy system performance specifications. The system inputs
generally fall into two categories: (1) desired input that the system output is to
track (a tracking system) and (2) an external disturbance input for which the
system output is to be minimal (a disturbance-rejection system). For both types
of systems, the desired control ratio is synthesized by the proper placement
of its poles and inclusion of zeros, if required. Chapter 12 also introduces the
Guillemin-Truxal design procedure, which is used for designing a tracking
control system and a design procedure emphasizing disturbance rejection.

Chapter 13 explains how to achieve desired system characteristics using
complete state-variable feedback. Two important concepts of modern control
theory—controllability and observability—are treated in a simple and straight-
forward manner.

Chapter 14 presents the sensitivity concepts of Bode, as used in variation
of system parameters. Other tools include the method of using feedback transfer
functions to form estimates of inaccessible states for use in state feedback, and
a technique for linearizing a nonlinear system about its equilibrium points.

Chapter 15 presents the fundamentals of sampled data (S-D) control
systems. Chapter 16 describes the design of digital control systems, demonstrat-
ing, for example, the effectiveness of digital compensation. The concept of a
pseudo-continuous-time (PCT) model of a digital system permits the use of
continuous-time methods for the design of digital control systems.

The text has been prepared so that it can be used for self-study by
engineers in various areas of practice (electrical, acronautical, mechanical,
etc). To make it valuable to all engineers, we use various examples of feedback
control systems and unify the treatment of physical control systems by using
mathematical and block-diagram models common to all.

There are many computer-aided design (CAD) packages (e.g.,
MATLAB® [see App. C], Simulink, and TOTAL-PC) available to help students
and practicing engineers analyze, design, and simulate control systems. The use
of MATLAB is emphasized throughout the book, and many MATLAB m-files
are presented as examples.

We thank the students who have used this book in its previous editions
and the instructors who have reviewed this edition for their helpful comments
and recommendations. We thank especially Dr. R. E. Fontana, Professor
Emeritus of Electrical Engineering, Air Force Institute of Technology, for the
encouragement he provided for the previous editions. This edition is dedicated
to the memory of Dr. T. J. Higgins, Professor Emeritus of Electrical Engineer-
ing, University of Wisconsin, for his thorough review of the earlier manuscripts.
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We also express our appreciation to Professor Emeritus Donald McLean
of the University of Southampton, England, formerly a visiting professor at
the Air Force Institute of Technology. Our association with him has been an
enlightening and refreshing experience. The personal relationship with him
has been a source of inspiration and deep respect.

John J. DAzzo
Constantine H. Houpis
Stuart N. Sheldon
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1

Introduction

1.1 INTRODUCTION

The technological explosion of the twentieth century, which was accelerated
by the advent of computers and control systems, has resulted in tremendous
advances in the field of science. Thus, automatic control systems and
computers permeate life in all advanced societies today. These systems and
computers have acted and are acting as catalysts in promoting progress
and development, propelling society into the twenty-first century.
Technological developments have made possible high-speed bullet trains;
exotic vehicles capable of exploration of other planets and outer space; the
establishment of the Alpha space station; safe, comfortable, and efficient
automobiles; sophisticated civilian and military [manual and
uninhabited (see Fig. 1.1)] aircraft; efficient robotic assembly lines; and
efficient environmentally friendly pollution controls for factories. The
successful operation of all of these systems depends on the proper function-
ing of the large number of control systems used in such ventures.
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FIGURE 1.1 An unmanned aircraft.

1.2 INTRODUCTION TO CONTROL SYSTEMS
Classical Examples

The toaster in Fig. 1.2a can be set for the desired darkness of the toasted bread.
The setting of the “darkness” knob, or timer, represents the input quantity,
and the degree of darkness and crispness of the toast produced is the output
quantity. If the degree of darkness is not satisfactory, because of the condition
of the bread or some similar reason, this condition can in no way automati-
cally alter the length of time that heat is applied. Since the output quantity
has no influence on the input quantity, there is no feedback in this system.
The heater portion of the toaster represents the dynamic part of the overall
system, and the timer unit is the reference selector.

The dc shunt motor of Fig. 1.25 is another example. For a given value of
field current, a required value of voltage is applied to the armature to produce
the desired value of motor speed. In this case the motor is the dynamic part of
the system, the applied armature voltage is the input quantity, and the speed
of the shaft is the output quantity. A variation of the speed from the desired
value, due to a change of mechanical load on the shaft, can in no way cause
a change in the value of the applied armature voltage to maintain the desired
speed. Therefore, the output quantity has no influence on the input quantity.
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FIGURE 1.2 Open-loop control systems: (a) automatic toaster; (b) electric motor;
(¢) functional block diagram.

Systems in which the output quantity has no effect upon the input
quantity are called open-loop control systems. The examples just cited are repre-
sented symbolically by a functional block diagram, as shown in Fig. 1.2¢. In
this figure, (1) the desired darkness of the toast or the desired speed of the
motor is the command input, (2) the selection of the value of time on the
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toaster timer or the value of voltage applied to the motor armature is
represented by the reference-selector block, and (3) the output of this block is
identified as the reference input. The reference input is applied to the dynamic
unit that performs the desired control function, and the output of this block is
the desired output.

A person could be assigned the task of sensing the actual value of the
output and comparing it with the command input. If the output does not
have the desired value, the person can alter the reference-selector position to
achieve this value. Introducing the person provides a means through which
the output is fed back and is compared with the input. Any necessary change
is then made in order to cause the output to equal the desired value.
The feedback action therefore controls the input to the dynamic unit. Systems
in which the output has a direct effect upon the input quantity are called closed-
loop control systems.

To improve the performance of the closed-loop system so that the output
quantity is as close as possible to the desired quantity, the person can be
replaced by a mechanical, electrical, or other form of a comparison unit. The
functional block diagram of a single-input single-output (SISO) closed-loop con-
trol system is illustrated in Fig. 1.3. Comparison between the reference input
and the feedback signals results in an actuating signal that is the
difference between these two quantities. The actuating signal acts to maintain
the output at the desired value. This system is called a closed-loop control
system. The designation closed-loop implies the action resulting from the
comparison between the output and input quantities in order to maintain the
output at the desired value. Thus, the output is controlled in order to achieve
the desired value.

Examples of closed-loop control systems are illustrated in Figs. 1.4 and
1.5. In a home heating system the desired room temperature (command input)

Reference  Actuating System
mput signal dynamics
Command | Reference | | + Forward - Qutput
input selector o elements = o
Feedback
signal

Feegback |
element

loop control system.

FIGURE 1.3 Functional block diagram of a closed-loop system.
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FIGURE 1.4 Home heating control system.

is set on the thermostat in Fig. 1.4. (reference selector). A bimetallic coil in the
thermostat is affected by both the actual room temperature (output) and the
reference-selector setting. If the room temperature is lower than the desired
temperature, the coil strip alters its shape and causes a mercury switch to
operate a relay, which turns on the furnace to produce heat in the room.
When the room temperature [1] reaches the desired temperature, the shape of
the coil strip is again altered so that the mercury switch opens. This deactivates
the relay and in turn shuts off the furnace. In this example, the bimetallic coil
performs the function of a comparator since the output (room temperature)
is fed back directly to the comparator. The switch, relay, and furnace are the
dynamic elements of this closed-loop control system.

A closed-loop control system of great importance to all multistory build-
ings is the automatic elevator of Fig. 1.5. A person in the elevator presses the
button corresponding to the desired floor. This produces an actuating signal
that indicates the desired floor and turns on the motor that raises or lowers the
elevator. As the elevator approaches the desired floor, the actuating signal
decreases in value and, with the proper switching sequences, the elevator
stops at the desired floor and the actuating signal is reset to zero. The closed-
loop control system for the express elevator in the Sears Tower building in
Chicago is designed so that it ascends or descends the 103 floors in just
under 1 min with maximum passenger comfort.

Modern Examples

The examples in this section represent complex closed-loop control systems
that are at the forefront of the application of control theory to the control
system challenges of the twenty-first century.

The ultimate objective in robotic arm control research [2]* is to provide
human arm emulation. Payload invariance is a necessary component of

*References are indicated by numbers in brackets and are found at the end of the chapter.
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2d floor

FIGURE 1.5 Automatic elevator.

human arm emulation. Model-based controllers require accurate knowledge
of payload and drive system dynamics to provide good high-speed tracking
accuracy. A robust multivariable control system design technique is required
which solves the payload and dynamics uncertainty. Thus, the model-based
quantitative feedback theory (QFT) design technique [3] is applied which
results in controllers that are implemented by a series of simple backwards
difference equations. QFT high-speed tracking accuracy was experimentally
evaluated on the first three links of the PUMA-500 of Fig. 1.6. This robust
design technique increased tracking accuracy by up to a factor of 4 over the
model-based controller performance baseline. The QFT tracking perfor-
mance is robust for both unmodeled drive system dynamics and payload
uncertainty. The nonheuristic nature of the QFT design and tuning should
allow application to a wide range of manipulators.

The interest in improving the fuel efficiency of automobiles has spurred
the improvement of the idle speed control for the automotive fuel-injected
engine [4,5]. The following is the abstract from the paper entitled “Robust
Controller Design and Experimental Verification of I.C. Engine Speed
Control” by G.K. Hamilton and M.A. Franchek, School of Mechanical
Engineering, Purdue University [4].
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FIGURE 1.6 Robot arm (From Ref. 2).

Presented in this paper is the robust idle speed control of a Ford 4.6
V-8 fuel injected engine. The goal of this investigation is to design
a robust feedback controller that maintains the idle speed within
a 150 rpm tolerance of about 600 rpm despite a 20 Nm step torque
disturbance delivered by the power steering pump. The controlled
input is the by-pass air valve which is subjected to an output satura-
tion constraint. Issues complicating the controller design include the
nonlinear nature of the engine dynamics, the induction-to-power
delay of the manifold filling dynamics, and the saturation constraint
of the by-pass air valve. An experimental verification of the proposed
controller, utilizing the nonlinear plant, is included.
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The desired performance has been demonstrated on the laboratory test
setup shown in Figure 1.7a. The authors show in their paper that they met all
the design objectives and have achieved excellent results.

Shown in Figure 1.75 is the testing and simulation setup of a mass air
flow (MAF) sensor diagnostics for adaptive fueling control of internal com-
bustion engines performed at the Purdue Engine Research Facility/Engine
Control Technology, Purdue University, by Professor M.A. Franchek and his
associates [6]. An information synthesis solution is attractive for diagnostics
since the algorithm automatically calibrates itself, reduces the number of
false detections, and compresses a large amount of engine health information
into the model coefficients. There are three primary parts to information
synthesis diagnostics. First, an IS model is used to predict the MAF sensor
output based on the engine operating condition. The inputs to this IS
model include the throttle position sensor (TPS) and the engine speed sensor
information. The second part concerns an adaptation process that is used to
reduce the errors between the IS model output and the actual MAF sensor
output. Finally, the adapted model coefficients are used to diagnose the
sensor as well as identify the source for changes in the sensor characteristics.
This proposed solution is experimentally tested and validated on a Ford 4.6 L

FIGURE 1.7a Fuel injection engine.
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FIGURE 1.7b  Testing and simulation setup of a mass air flow sensor diagnostics for
internal combustion engines.
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FIGURE 1.8 Wastewater treatment plant.

V-8 fuel injected engine. The specific MAF sensor faults to be identified
include sensor bias and a leak in the intake manifold.

One of the most important objectives of a wastewater treatment plant
(WWTP) [7], shown in Fig. 1.8, is to protect the water environment from
negative effects produced by residual water, controlling the maximum
concentration of pernicious substances. A computer simulation of the QFT-
designed WWTP-compensated control system met the desired performance
specifications. The control system design resulted in an improved performance
of the plant because the concentration levels obtained are nearer to those
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required by environmental law, and a notable reduction in the running
costs is produced. Thus, the operation of the plant is notably more efficient.
The controller developed is also suitable for low-cost microcomputer
implementation.

Design methods for analog SISO control systems shown in Fig. 1.3 are
covered in Chaps. 6 to 16. Some systems require a precision in their
performance that cannot be achieved by the structure of Fig. 1.3. Also,
systems exist for which there are multiple inputs and/or multiple outputs.
They are discussed in References 3 and 8. The design methods for such
systems are often based on a representation of the system in terms of state vari-
ables. For example, position, velocity, and acceleration may represent the state
variables of a position control system. The definition of state variables and
their use in representing systems are contained in Chaps. 2, 3, and 5. The use
of state-variable methods for the design of control systems is presented in
Chaps. 13 and 14. The design methods presented in Chaps. 7 to 16 require
knowledge of a fixed mathematical model of the system that is being
controlled. The parameters of some systems change because of the range of
conditions under which they operate. The quantitative feedback theory is a
design technique for nonlinear plants that contain structured parametric
uncertainty [3]. Using QFT, the parameter variations and performance
specifications are included at the onset of the design process. The use of
a digital computer to assist the engineer in the design process is emphasized
throughout this book, and an available computer-aided design (CAD)
package is given in Appendix C.

The design of the robust flight control system (FCS) for the VISTA
F-16 of Fig. 1.9b was accomplished by an Air Force Institute of Technology

FIGURE 1.9 VISTA F-16.
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student who is an F-16 pilot [9]. He was able to utilize his real-
world knowledge of the aircraft and its handling qualities to achieve
the desired robust FCS. Traditionally, flight control engineers have taken
a conservative, brute force approach to designing a full envelope FCS for
an aircraft. First, many design points, which for this design were points
representing airspeed vs. altitude, within and along the border of the flight
envelope plot were selected. Second, individual compensator designs
were accomplished for each of these points. Third, smooth transitions
between these compensators must be engineered. Making the transitions
imperceptible to the pilot is very difficult and time consuming because
each airspeed-altitude design point can be approached from an infinite
number of initial conditions. Obviously, if the number of the design
points can be reduced, thus reducing the number of transitions required,
the design process can be made more efficient, and the resulting FCS less
complex.

A way to reduce the number of necessary design points is to apply a
robust control design technique to the problem. A compensator synthesized
using robust control principles should be able to handle large parts of, if
not the whole, flight envelope. Unfortunately, many previous attempts at
applying robust control design algorithms to practical, real-world problems
have been dismal failures [9]. Although the problem is well posed, the
failure is due to the fact that the resulting compensator is impractical to
implement. Either the compensator is of too high order, or its gain is too
large to accommodate real-world nonlinearities. Also, any sensor noise
present is accentuated by this gain. The typical reason for these poor results
is that the robust design is synthesized in the essentially noiseless world of the
digital computer, and then validated on the digital computer through the use
of small signal, linear simulation.

A robust control design technique that overcomes the aforementioned
pitfalls is the QF T design technique. Although a QFT design effort could very
easily result in a compensator of high order and of high gain, it does give the
designer complete control over the gain and the order of the compensator;
hence, QFT is not constrained to produce an impractical compensator.
In addition, if a decision is made to decrease or limit the order or gain of a
compensator, the performance trade-offs due to this action can be clearly
seen by the designer.

In summary, although excellent FCSs have been designed for aircraft
using traditional design methods, the synthesis of those FCSs has been a
costly, time-consuming endeavor. Thus, limiting robustness in FCS design
results in a convoluted, complex, full envelope design. QFT offers the ability
to incorporate enough robustness to simplify the design process and
the resulting FCS, but not so much robustness that the resulting FCS is
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impractical to implement due to violation of physical limitations imposed by
the “real-world” (i.e., actuator saturation or sensor noise amplification).
Also, QFT has the feature of utilizing the control system designer’s knowledge
of the real-world characteristics of the plant, etc. during the ongoing design
process in maximizing the ability to achieve the desired robust system
performance. A simulation [10], involving the nonlinear plant was performed
on the Lamars Simulator [I1] by the FCS designer—an F-16 pilot. The
excellent performance in these simulations demonstrated the viability of
a QFT design approach in producing flight-worthy aircraft control systems.
It illustrated the benefits of designing flight control systems with the QFT
robust control system design technique in contrast to the brute force
approach of optimizing a flight control system for performance in expected
configurations and then scheduling the gains.

1.3 DEFINITIONS

From the preceding discussion the following definitions are evolved, based in
part on the standards of the IEEE [1], and are used in this text.

System. A combination of components that act together to perform a
function not possible with any of the individual parts. The word
system as used herein is interpreted to include physical, biological,
organizational, and other entities, and combinations thereof, which
can be represented through a common mathematical symbolism.
The formal name systems engineering can also be assigned to this defi-
nition of the word system. Thus, the study of feedback control
systems is essentially a study of an important aspect of systems
engineering and its application.

Command input. The motivating input signal to the system,which is inde-
pendent of the output of the system and exercises complete
control over it (if the system is completely controllable).

Reference selector (reference input element). The unit that establishes the
value of the reference input. The reference selector is calibrated in
terms of the desired value of the system output.

Reference input. The reference signal produced by the reference
selector, i.e., the command expressed in a form directly usable by
the system. It is the actual signal input to the control system.

Disturbance input. An external disturbance input signal to the system
that has an unwanted effect on the system output.

Forward element (system dynamics). The unit that reacts to an actuating
signal to produce a desired output. This unit does the work of control-
ling the output and thus may be a power amplifier.
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Output (controlled variable). The quantity that must be maintained at a
prescribed value, i.e., following the command input without respond-
ing the disturbance inputs.

Open-loop control system. A system in which the output has no effect upon
the input signal.

Feedback element. The unit that provides the means for feeding back the
output quantity, or a function of the output, in order to compare it
with the reference input.

Actuating signal. The signal that is the difference between the reference
input and the feedback signal. It is the input to the control unit that
causes the output to have the desired value.

Closed-loop control system. A system in which the output has an effect
upon the input quantity in such a manner as to maintain the desired
output value.

The fundamental difference between the open- and closed-loop systems
is the feedback action, which may be continuous or discontinuous. In one
form of discontinuous control the input and output quantities are periodically
sampled and discontinuous. Continuous control implies that the output is
continuously fed back and compared with the reference input compared;
i.e., the control action is discontinuous in time. This is commonly called
a digital, discrete-data or sampled-data feedback control system. A discrete-
data control system may incorporate a digital computer that improves the
performance achievable by the system. In another form of discontinuous
control system the actuating signal must reach a prescribed value before the
system dynamics reacts to it; i.e., the control action is discontinuous in
amplitude rather than in time. This type of discontinuous control system is
commonly called an on-off or relay feedback control system. Both forms
may be present in a system. In this text continuous control systems are
considered in detail since they lend themselves readily to a basic understand-
ing of feedback control systems. The fundamentals of sampled-data (S-D)
control systems are given in Chap. 15. Digital control systems are introduced
in Chap. 16.

With the above introductory material, it is proper to state a definition [1]
of a feedback control system: “A control system that operates to achieve
prescribed relationships between selected system variables by comparing
functions of these variables and using the comparison to effect control.” The
following definitions are also used.

Servomechanism (often abbreviated as servo). The term is often used to
refer to a mechanical system in which the steady-state error is zero
for a constant input signal. Sometimes, by generalization, it is used
to refer to any feedback control system.
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Regulator. This term is used to refer to systems in which there is a con-
stant steady-state output for a constant signal. The name is derived
from the early speed and voltage controls, called speed and voltage
regulators.

1.4 HISTORICAL BACKGROUND [12]

The action of steering an automobile to maintain a prescribed direction of
movement satisfies the definition of a feedback control system. In Fig. 1.10,
the prescribed direction is the reference input. The driver’s eyes perform the
function of comparing the actual direction of movement with the prescribed
direction, the desired output. The eyes transmit a signal to the brain, which

Prescribed direction
of movement-
reference input

Actual direction of
movement of
automobile-output

FIGURE 1.10 A pictorial demonstration of an automobile as a feedback control
system.
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FIGURE 1.11 Hero’s device for opening temple doors.

interprets this signal and transmits a signal to the arms to turn the steering
wheel, adjusting the actual direction of movement to bring it in line with
the desired direction. Thus, steering an automobile constitutes a feedback
control system.

One of the earliest open-loop control systems was Hero’s device
for opening the doors of a temple. The command input to the system
(see Fig. 1.11) was lighting a fire upon the altar. The expanding hot air under
the fire drove the water from the container into the bucket. As the bucket
became heavier, it descended and turned the door spindles by means of
ropes, causing the counterweight to rise. The door could be closed by
dousing the fire. As the air in the container cooled and the pressure was
thereby reduced, the water from the bucket siphoned back into the storage
container. Thus, the bucket became lighter and the counterweight, being
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heavier, moved down, thereby closing the door. This occurs as long as the
bucket is higher than the container. The device was probably actuated when
the ruler and his entourage started to ascend the temple steps. The system for
opening the door was not visible or known to the masses. Thus, it created an
air of mystery and demonstrated the power of the Olympian gods.

James Watt’s flyball governor for controlling speed, developed in 1788,
can be considered the first widely used automatic feedback control system.
Maxwell, in 1868, made an analytic study of the stability of the flyball
governor. This was followed by a more detailed solution of the stability of a
third-order flyball governor in 1876 by the Russian engineer Wischnegradsky
[13]. Minorsky made one of the earlier deliberate applications of nonlinear
elements in closed-loop systems in his study of automatic ship steering about
1922 [14].

A significant date in the history of automatic feedback control systems is
1934, when Hazen’s paper “Theory of Servomechanisms” was published in
the Journal of the Franklin Institute, marking the beginning of the very intense
interest in this new field. It was in this paper that the word servomechanism
originated, from the words servant (or slave) and mechanism. Black’s important
paper on feedback amplifiers appeared [15] in the same year. After World War
I1, control theory was studied intensively and applications have proliferated.
Many books and thousands of articles and technical papers have been written,
and the application of control systems in the industrial and military fields has
been extensive. This rapid growth of feedback control systems was acceler-
ated by the equally rapid development and widespread use of computers.

An early military application of a feedback control system is the antiair-
craft radar tracking control system shown in Fig. 1.12. The radar antenna
detects the position and velocity of the target airplane, and the computer
takes this information and determines the correct firing angle for the gun.
This angle includes the necessary lead angle so that the shell reaches the
projected position at the same time as the airplane. The output signal of the
computer, which is a function of the firing angle, is fed into an amplifier that
provides power for the drive motor. The motor then aims the gun at the
necessary firing angle. A feedback signal proportional to the gun position
ensures correct alignment with the position determined by the computer.
Since the gun must be positioned both horizontally and vertically, this system
has two drive motors, which are parts of two coordinated feedback loops.

The advent of the nuclear reactor was a milestone in the advancement of
science and technology. For proper operation the power level of the reactor
must be maintained at a desired value or must vary in a prescribed manner.
This must be accomplished automatically with minimum human supervision.
Figure 1.13 is a simplified block diagram of a feedback control system for
controlling the power output level of a reactor. If the power output level differs
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FIGURE 1.12 Antiaircraft radar-tracking control systems.

from the reference input value, the actuating signal produces a signal at the
output of the control elements. This, in turn, moves the regulating rod in
the proper direction to achieve the desired power level of the nuclear reactor.
The position of the regulating rod determines the rate of nuclear fission
and therefore the total power generated. This output nuclear power can be
converted into steam power, for example, which is then used for generating
electric energy.

The control theory developed through the late 1950s may be categorized
as conventional control theory and is effectively applied to many control-
design problems, especially to SISO systems. Since then, control theory has
been developed for the design of more complicated systems and for multiple-
input multiple-output (MIMO) systems. Space travel has become possible only

Actuating
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FIGURE 1.13 A feedback system for controlling the power level of a nuclear reactor.
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because of the advent of modern control theory. Areas such as trajectory
optimization and minimum-time and/or minimum-fuel problems, which
are very important in space travel, can be readily handled by multivariable
control theory. The introduction of microprocessors as control elements, i.e.,
performing control functions in contrast to being used solely as computa-
tional tools, has had an enormous impact on the design of feedback control
systems which achieve desired control-system specifications.

The development of control concepts in the engineering field has been
extended to the realm of human and biomedical engineering. The basic
concept of feedback control is used extensively in the field of business
management. The field of medicine is also one to which the principles of
control systems and systems engineering are being applied extensively. Thus,
standards of optimum performance are established in all areas of endeavor:
the actual performance is compared with the desired standard, and any
difference between the two is used to bring them into closer agreement.

1.5 DIGITAL CONTROL DEVELOPMENT [16]

The advances of the twentieth century have expedited the decrease in cost of
digital hardware; thus economical digital control implementation is enabling
the tremendous advances that will be made in the twenty-first century.
Applications include process control, automatic aircraft stabilization and
control, guidance and control of acrospace vehicles, aerospace vehicle man-
agement systems (VMS), uninhabited (unmmaned) aerospace vehicles such
as the Global Hawk, and robotics. The development of digital control systems
is illustrated by the following example of a digital flight control system.
Numerous changes have been made in aircraft flight control systems.
Initially, flight control systems were purely mechanical, which was ideal for
smaller, slow-speed, low-performance aircraft because they were easy to
maintain. However, more control-surface force is required in modern high-
performance airplanes. Thus, during the twentieth century a hydraulic power
boost system was added to the mechanical control. This modification
maintained the direct mechanical linkage between the pilot and the control
surface. As aircraft became larger, faster, and heavier, and had increased
performance, they became harder to control because the pilot could not
provide the necessary power to directly operate the control surfaces. Thus,
the entire effort of moving the control surface had to be provided by the
actuator. A stability augmentation system (SAS) was added to the hydraulic
boosted mechanical regulator system to make the aircraft flyable under
all flight configurations. Motion sensors were used to detect aircraft
perturbations and to provide electric signals to a SAS computer, which, in
turn, calculated the proper amount of servo actuator force required. When
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FIGURE 1.14 Fly-by-wire (FBW) and power-by-wire (PBW) control systems.
(Control Systems Development Branch, Flight Dynamics Laboratory, Wright-
Patterson AFB, Ohio.)

higher-authority SAS was required, both series- and parallel-pitch axis, dam-
pers were installed. This so-called command augmentation system (CAS),
which is no longer utilized, allowed greater flexibility in control because the
parallel damper could provide full-authority travel without restricting the
pilot’s stick movements. Although planes were originally designed to be stati-
cally stable, longitudinally unstable aircraft are more agile. In these aircraft
the flight control system provided the required stability.

The next step in the evolution of flight control systems was the use of a
fly-by-wire (FBW) control system shown in Fig. 1.14. In this design, all pilot
commands are transmitted to the control-surface actuators through electric
wires. Thus, all mechanical linkages from the pilot’s control stick to the
servo actuators are removed from the aircraft. The FBW system provided
the advantages of reduced weight, improved survivability, and decreased
maintenance. However, the pilot is required to believe in and accept the
increased survivability that is provided by using redundancy throughout the
entire flight control system.

Originally the flight control computers were analog (such as the F-16
aircraft computers), but these have been replaced by digital computers.
In addition, the controller consists of a digital computer which accepts the
pilot commands and signals from the sensors (position and rate gyros) and
accelerometers, and sends commands to the actuators. This is now referred to
as a digital flight control system (DFCS). For twenty-first century aerospace
vehicles the use of hydraulics has essentially been eliminated in favor of an
all-electric system incorporating the use of digital computers. No longer do
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FIGURE 1.15 An aircraft designed for aero-redundancy for reconfiguration to
maintain desired flying qualities.

they simply control the flight control system; they now command and control
utilities and other aircraft subsystems. The flight control system has now
become a more inclusive VMS.

The improved airborne digital processors have further reduced the cost,
weight,and maintenance of modern aircraft. Other advantages associated with
twenty-first century digital equipment include greater accuracy, increased
modification flexibility through the use of software changes, improved in-
flight reconfiguration techniques that compensate for physical damage and
equipment failures, and more reliable preflight and postflight maintenance
testing. An example of a modern high-performance aircraft is shown in
Fig. 1.15. This aircraft has a quad-redundant three-axis fly-by-wire flight con-
trol system. It also includes a digital built-in task computer that runs through
all the preflight tests to make sure that all equipment is functioning properly.

1.6 MATHEMATICAL BACKGROUND

The early studies of control systems were based on the solution of differential
equations by classical methods. Other than for simple systems, the analysis
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in this approach is tedious and does not readily indicate what changes
should be made to improve system performance. Use of the Laplace transform
simplifies this analysis somewhat. Nyquist’s paper [17] published in 1932
dealt with the application of steady-state frequency-response techniques
to feedback amplifier design. This work was extended by Black [15] and
Bode [18]. Hall [19] and Harris [20] applied frequency-response analysis in
the study of feedback control systems, which furthered the development of
control theory as a whole.

Another advance occurred in 1948, when Evans [21] presented his root-
locus theory. This theory affords a graphical study of the stability properties
of a system as a function of loop gain and permits the graphical evaluation of
both the time and the frequency response. Laplace transform theory and
network theory are joined in the root-locus calculation. In the conventional
control-theory portion of this text the reader learns to appreciate the
simplicity and value of the root locus technique.

The Laplace transform and the principles of linear algebra are used in
the application of modern control theory to system analysis and design.
The nth-order differential equation describing the system can be converted
into a set of n first-order differential equations expressed in terms of the state
variables. These equations can be written in matrix notation for simpler
mathematical manipulation. The matrix equations lend themselves very well
to computer computation. This characteristic has enabled modern control
theory to solve many problems, such as nonlinear and optimization problems,
which could not be solved by conventional control theory.

Mathematical models are used in the linear analysis presented in this
text. Once a physical system has been described by a set of mathematical
equations, they are manipulated to achieve an appropriate mathematical
format. When this has been done, the subsequent method of analysis is
independent of the nature of the physical system; i.c., it does not matter
whether the system is electrical, mechanical, etc. This technique helps the
designer to spot similarities based upon previous experience.

The reader should recognize that no single design method is intended to
be used to the exclusion of the others. Depending upon the known factors and
the simplicity or complexity of a control-system problem, a designer may use
one method exclusively or a combination of methods. With experience in the
design of feedback control systems comes the ability to use the advantages of
each method.

The modern control theory presented in this text provides great
potential for shaping the system output response to meet desired performance
standards. Additional state-of-the-art design techniques for MIMO controls
systems are presented that bring together many of the fundamentals presented
earlier in the text. These chapters present the concepts of designing a robust
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control system in which the plant parameters may vary over specified ranges
during the entire operating regime.

A control engineer must be proficient in the use of available comprehen-
sive CAD programs similar to MATLAB (see Appendix C) or TOTAL-PC
[8] (see Appendix D), which are control-system computer-aided-design
programs. Many CAD packages for personal computers (PCs) and main-
frame computers are available commercially. The use of a CAD package
enhances the designer’s control-system design proficiency, since it minimizes
and expedites the tedious and repetitive calculations involved in the design of a
satisfactory control system. To understand and use a computer-aided analysis
and design package, one must first achieve a conceptual understanding of the
theory and processes involved in the analysis and synthesis of control systems.
Once the conceptual understanding is achieved by direct calculations, the
reader is urged to use all available computer aids. For complicated design
problems, engineers must write their own digital-computer program that is
especially geared to help achieve a satisfactory system performance.

1.7 THE ENGINEERING CONTROL PROBLEM
In general, a control problem can be divided into the following steps:

1. A set of performance specifications is established.

2. The performance specifications establish the control problem.

3. A set of linear differential equations that describe the physical
system is formulated or a system identification technique is applied
in order to obtain the plant model transfer functions.

4. A control-theory design approach, aided by available computer-
aided-design (CAD) packages or specially written computer
programs, involves the following:

(@) The performance of the basic (original or uncompensated)
system is determined by application of one of the available
methods of analysis (or a combination of them).

(b) If the performance of the original system does not meet the
required specifications, a control design method is selected
that will improve the system’s response.

(o For plants having structured parameter uncertainty, the
quantitative feedback theory (QFT) [3] design technique may
be used. Parametric uncertainty is present when parameters of
the plant to be controlled vary during its operation, as explained
in Ref. 3.

5. A simulation of the designed nonlinear system is performed.

6. The actual system is implemented and tested.
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Design of the system to obtain the desired performance is the control problem.
The necessary basic equipment is then assembled into a system to perform the
desired control function. Although most systems are nonlinear, in many cases
the nonlinearity is small enough to be neglected, or the limits of operation are
small enough to allow a linear analysis to be used. This textbook considers
only linear systems.

A basic system has the minimum amount of equipment necessary to
accomplish the control function. After a control system is synthesized to
achieve the desired performance, final adjustments can be made in a simula-
tion, or on the actual system, to take into account the nonlinearities that were
neglected. A computer is generally used in the design, depending upon the
complexity of the system. The essential aspects of the control system design
process are illustrated in Fig. 1.16. Note: The development of this figure is
based upon the application of the QFT [3,8] design technique. A similar
figure may be developed for other design techniques. The intent of (Fig. 1.16)
is to give the reader an overview of what is involved in achieving a successful
and practical control system design. The aspects of this figure that present the
factors that help in bridging the gap between theory and the real world are
addressed in the next paragraph. While accomplishing a practical control
system design, the designer must keep in mind that the goal of the design
process, besides achieving a satisfactory theoretical robust design, is to
implement a control system that meets the functional requirements. In other
words, during the design process one must keep the constraints of the real
world in mind. For instance, in performing the simulations, one must be able
to interpret the results obtained, based upon a knowledge of what can be
reasonably expected of the plant that is being controlled. For example, in
performing a time simulation of an aircraft’s transient response to a pilot’s
maneuvering command to the flight control system, the simulation run time
may need to be only 5s since by that time a pilot would have instituted a new
command signal. If within this 5s window the performance specifications are
satisfied, then it will be deemed that a successful design has been achieved.
However, if the performance varies even more dramatically, rate saturation
of the output effectors will significantly affect the achievement of the
functional requirements. Linear and nonlinear simulations are very helpful
in early evaluation of the controlled system, but if the system is to operate in
the real word, hardware-in-the-loop and system tests must be performed to
check for unmodeled effects not taken into account during the design and
implementation phases. In order to be a successful control system designer,
an individual must be fully cognizant of the role corresponding to each
aspect illustrated in Fig. 1.16.

Bridging the gap, as illustrated in Fig. 1.16, is enhanced by the trans-
parency of the metrics depicted by the oval items in the interior of the QFT
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FIGURE 1.16 A control system design process: bridging the gap.

design process. A key element of QFT is embedding the performance
specifications at the onset of the design process. This establishes design goals
that enhance and expedite the achievement of a successful design. Another
important element is the creation of templates at various frequencies.
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The sizes of the templates indicate whether or not a robust design is
achievable. If a robust design is not achievable, then the templates can be
used as a metric in the reformation of the control design problem. Another
element of the QFT design process is the ability to concurrently analyze
frequency responses of the J linear-time invariant (LTI) plants that represent
the nonlinear dynamical system throughout its operating environment. This
gives the designer insight into the behavior of the system. The designer can
use this insight for such things as picking out key frequencies to use during
the design process, as an indicator of potential problems such as nonminimum
phase behavior, and as a tool to compare the nonlinear system with the desired
performance boundaries. The next element of QFT consists of the design
boundaries. During the actual loop shaping process, the designer uses
boundaries plotted on the Nichols chart. These boundaries are only guidelines
and the designer can exercise engineering judgment to determine if all the
boundaries are critical or if some of the boundaries are not important.
For example, based on knowledge of the real world system, the designer
may determine that meeting performance boundaries below a certain
frequency is not important, but it is important to meet the disturbance
rejection boundaries below that frequency. Once the initial design has been
accomplished, all of the J loop transmission functions can be plotted on a
Nichols chart to analyze the results of applying the designed compensator
(controller) to the nonlinear system. This gives the designer a first look at
any areas of the design that may present problems during simulation and
implementation. The last two elements of the QFT design process that help
bridging the gap is the relationship of the controlled system’s behavior to the
frequency domain design and the operating condition. These relationships
enable the designer to better analyze simulation or system test results for
problems in the control design. To obtain a successful control design, the
controlled system must meet all of the requirements during simulation and
system test. If the controlled system fails any of the simulation or system
tests, then, using the design elements of QFT, the designer can trace that
failure back through the design process and make necessary adjustments
to the design. QFT provides many metrics that provide the link between
the control design process and real world implementation; this is the transpar-
ency of OF T

1.8 COMPUTER LITERACY

In the mid 1960s, the first practical CAD package, FREQR, for frequency
domain analysis was developed at the Air Force Institute of Technology
(AFIT). This was followed by the development of two other AFIT CAD
packages: PARTL for partial-fraction expansion of transfer functions and for
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obtaining a time response, and ROOTL for obtaining root-locus data and
plots. These CAD packages became the basis for the practical control
system design CAD package called TOTAL, the forerunner of TOTAL-PC
[8], which was developed in 1978 at AFIT. TOTAL became the catalyst,
along with other control CAD packages developed by other individuals,
for the development of the current highly developed commercial control
system design CAD packages that are now readily available. One of these
CAD packages is MATLAB, which has become a valuable tool for a control
engineer and is illustrated in this text. The detailed contents of the TOTAL-
PC CAD package are described in Appendix D. The program is contained in
the disk which is included with this book.

Becoming proficient (computer literate) in the use of these CAD
packages (tools) is essential for a control systems engineer. It is also essential
to develop procedures for checking the CAD results at each stage of the
analysis and design. This is necessary in order to verify that these CAD tools
have generated results which are consistent with theory. Whenever in doubt,
concerning the operation of a specific CAD tool, apply the CAD tool to a
simple problem whose known analytical solution can be readily compared to
the computer generated output.

1.9 OUTLINE OF TEXT

The text is essentially divided into three parts. The first part, consisting of
Chapters 2 through 4, provides the mathematical foundation for modeling
physical systems and obtaining time solutions using classical or Laplace
transform methods. The second part consists of Chapters 5 through 9 that
provide the fundamentals of conventional control theory and state-variable
concepts. The remaining portion of the text represents material that is usually
covered in the first or second undergraduate course in control theory and
control system design.

The first few chapters deal with the mathematics and physical system
modeling that underlie the analysis of control systems. Once the technique of
writing the system equations (and, in turn, their Laplace transforms) that
describe the performance of a dynamic system has been mastered, the ideas
of block and simulation diagrams and transfer functions are developed.
When physical systems are described in terms of block diagrams and transfer
functions, they exhibit basic servo characteristics. These characteristics are
described and discussed. The concept of state is introduced, and the system
equations are developed in the standard matrix format. The necessary linear
algebra required to manipulate the matrix equations is included. A presenta-
tion of the various methods of analysis is next presented that can be used in the
study of feedback control systems. SISO systems are used initially to facilitate
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an understanding of the synthesis methods. These methods rely on root-locus
and steady-state frequency-response analysis. If the initial design does not
meet the desired specifications, then improvement of the basic system by
using compensators in presented. These compensators can be designed by
analyzing and synthesizing a desired open-loop transfer function or by synthe-
sizing a desired closed-loop transfer function that produces the desired overall
system performance. Chapter 12 is devoted to modeling a desired closed-loop
transfer function for tracking a desired input or for rejecting (not responding
to) disturbance inputs.

The next portion of the text deals with SISO system design using
state feedback. Topics such as controllability and observability, pole
placement via state-variable feedback, and parameter sensitivity are
presented. The fundamentals of sampled-data (S-D) control-system analysis
are presented in Chap. 15. The design of cascade and feedback compensators
(controllers) for improving the performance of S-D control systems is
presented in Chap. 16. Chapter 16 introduces the concept of the representation
of, and the design of digital control systems by a psuedo-continuous-time
(PCT) control system.

Appendix A gives a table of Laplace transform pairs. Fundamentals of
basic matrix algebra are presented in Appendix B. A description of the
MATLAB SIMULINK computer-aided-design packages, that are useful to a
feedback control system engineer, is presented in Appendix C.

In closing this introductory chapter it is important to stress that
feedback control engineers are essentially “system engineers,” i.e., people
whose primary concern is with the design and synthesis of an overall system.
To an extent depending on their own background and experience, they rely on,
and work closely with, engineers in the various recognized branches of
engineering to furnish them with the transfer functions and/or system
equations of various portions of a control system and the special characteris-
tics of the physical plant being controlled. For example, the biomedical
control engineer works closely with the medical profession in modeling
biological functions, man-machine interface problems, etc.

The following design policy includes factors that are worthy of consid-
eration in the control system design problem:

1. Use proven design methods.

2. Select the system design that has the minimum complexity.

3. Useminimum specifications or requirements that yield a satisfactory
system response. Compare the cost with the performance and
select the fully justified system implementation.

4. Perform a complete and adequate simulation and testing of the
system.
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