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Preface

MODERN CONTROL SYSTEMS—THE BOOK

Global issues such as climate change, clean water, sustainability, waste management,
emissions reduction, and minimizing raw material and energy use have caused many
engineers to re-think existing approaches to engineering design. One outcome of
the evolving design strategy is to consider green engineering. The goal of green engi-
neering is to design products that minimize pollution, reduce the risk to human
health, and improve the environment. Applying the principles of green engineering
highlights the power of feedback control systems as an enabling technology.

To reduce greenhouse gases and minimize pollution, it is necessary to improve
both the quality and quantity of our environmental monitoring systems. One exam-
ple is to use wireless measurements on mobile sensing platforms to measure the
external environment. Another example is to monitor the quality of the delivered
power to measure leading and lagging power, voltage variations, and waveform har-
monics. Many green engineering systems and components require careful monitor-
ing of current and voltages. For example, current transformers are used in various
capacities for measuring and monitoring current within the power grid network of
interconnected systems used to deliver electricity. Sensors are key components of
any feedback control system because the measurements provide the required infor-
mation as to the state of the system so the control system can take the appropriate
action.

The role of control systems in green engineering will continue to expand as the
global issues facing us require ever increasing levels of automation and precision. In
the book, we present key examples from green engineering such as wind turbine
control and modeling of a photovoltaic generator for feedback control to achieve
maximum power delivery as the sunlight varies over time.

The wind and sun are important sources of renewable energy around the world.
Wind energy conversion to electric power is achieved by wind energy turbines con-
nected to electric generators. The intermittency characteristic of the wind makes
smart grid development essential to bring the energy to the power grid when it is
available and to provide energy from other sources when the wind dies down or is
disrupted. A smart grid can be viewed as a system comprised of hardware and soft-
ware that routes power more reliably and efficiently to homes, businesses, schools,
and other users of power in the presence of intermittency and other disturbances.
The irregular character of wind direction and power also results in the need for reli-
able, steady electric energy by using control systems on the wind turbines them-
selves. The goal of these control devices is to reduce the effects of wind
intermittency and the effect of wind direction change. Energy storage systems are
also critical technologies for green engineering. We seek energy storage systems that
are renewable, such as fuel cells. Active control can be a key element of effective
renewable energy storage systems as well.

Control engineering is an exciting and a challenging field. By its very nature, con-
trol engineering is a multidisciplinary subject, and it has taken its place as a core
course in the engineering curriculum. It is reasonable to expect different approaches
to mastering and practicing the art of control engineering. Since the subject has a

7 .



strong mathematical foundation, we might approach it from a strictly theoretical
point of view, emphasizing theorems and proofs. On the otherhand, since the ulti-
mate objective is to implement controllers in real systems, we might take an ad hoc
approach relying only on intuition and hands-on experience when designing feed-
back control systems. Our approach is to present a control engineering methodology
that, while based on mathematical fundamentals, stresses physical system modeling
and practical control system designs with realistic system specifications.

We believe that the most important and productive approach to learning is for
each of us to rediscover and re-create anew the answers and methods of the past.
Thus, the ideal is to present the student with a series of problems and questions and
point to some of the answers that have been obtained over the past decades. The
traditional method—to confront the student not with the problem but with the fin-
ished solution—is to deprive the student of all excitement, to shut off the creative
impulse, to reduce the adventure of humankind to a dusty heap of theorems. The
issue, then, is to present some of the unanswered and important problems that we
continue to confront, for it may be asserted that what we have truly learned and
understood, we discovered ourselves.

The purpose of this book is to present the structure of feedback control theory
and to provide a sequence of exciting discoveries as we proceed through the text
and problems. If this book is able to assist the student in discovering feedback con-
trol system theory and practice, it will have succeeded.

WHAT’S NEW IN THIS EDITION
This latest edition of Modern Control Systems incorporates the following key updates:

4 A new section in Chapter 1 on green engineering. The role of control systems in green
engineering will continue to expand as global environmental challenges require ever
increasing levels of automation and precision.

O New design problems in key chapters that illustrate control design to support green
engineering applications, such as smart grids, environmental monitoring, wind power
and solar power generation.

U A new section in each chapter entitled “Skills Check ™ that allows students to test their
knowledge of the basic principles. Answers are provided at the end of each chapter for
immediate feedback.

1 A new section on the negative gain root locus.

O

A new section on PID tuning methods with emphasis on manual tuning and Ziegler-

Nichols tuning methods.

3  Over 20% of the problems updated or newly added. With the twelfth edition we now
have a total of over 1000 end-of-chapter exercises, problems, advanced problems,
design problems, and computer problems. Instructors will have no difficulty finding
different problems to assign semester after semester.

1 Video solutions of representative homework problems are available on the companion

website: www.pearsonhighered.com/dorf.

THE AUDIENCE

This text is designed for an introductory undergraduate course in control systems for
engineering students. There is very little demarcation between aerospace, chemical,
electrical, industrial, and mechanical engineering in control system practice; there-
fore, this text is written without any conscious bias toward one discipline. Thus, it is
hoped that this book will be equally useful for all engineering disciplines and, per-
haps, will assist in illustrating the utility of control engineering. The numerous prob-



lems and examples represent all fields, and the examples of the sociological,
biological, ecological, and economic control systems are intended to provide the
reader with an awareness of the general applicability of control theory to many
facets of life. We believe that exposing students of one discipline to examples and
problems from other disciplines will provide them with the ability to see beyond
their own field of study. Many students pursue careers in engineering fields other
than their own. For example, many electrical and mechanical engineers find them-
selves in the aerospace industry working alongside aerospace engineers. We hope this
introduction to control engineering will give students a broader understanding of
control system design and analysis.

In its first eleven editions, Modern Control Systems has been used in senior-level
courses for engineering students at more than 400 colleges and universities. It also
has been used in courses for engineering graduate students with no previous back-
ground in control engineering.

THE TWELFTH EDITION

L

A companion website is available to students and faculty using the twelfth edition.
The website contains all the m-files in the book, Laplace and z-transform tables,
written materials on matrix algebra and complex numbers, symbols, units, and con-
version factors, and an introduction to the LabVIEW MathScript RT Module.
An icon will appear in the book margin whenever there is additional related mate-
rial on the website. The companion website also includes video solutions of repre-
sentative homework problems and a complete Pearson eText. The MCS website
address is www.pearsonhighered.com/dorf.

With the twelfth edition, we continue to evolve the design emphasis that his-
torically has characterized Modern Control Systems. Using the real-world engi-
neering problems associated with designing a controller for a disk drive read
system, we present the Sequential Design Example (identified by an arrow icon in
the text), which is considered sequentially in each chapter using the methods and
concepts in that chapter. Disk drives are used in computers of all sizes and they
represent an important application of control engineering. Various aspects of the
design of controllers for the disk drive read system are considered in each chapter.
For example, in Chapter 1 we identify the control goals, identify the variables to
be controlled, write the control specifications, and establish the preliminary sys-
tem configuration for the disk drive. Then, in Chapter 2, we obtain models of the
process, sensors, and actuators. In the remaining chapters, we continue the design
process, stressing the main points of the chapters.

Rotation
of arm

Spindle

Track a
Track b
Head slider
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In the same spirit as the Sequential Design Example, we present a design prob-
lem that we call the Continuous Design Problem (identified by an arrow icon in the
text) to give students the opportunity to build upon a design problem from chapter
to chapter. High-precision machinery places stringent demands on table slide sys-
tems. In the Continuous Design Problem, students apply the techniques and tools
presented in each chapter to the development of a design solution that meets the
specified requirements.

The computer-aided design and analysis component of the book continues to
evolve and improve. The end-of-chapter computer problem set is identified by the
graphical icon in the text. Also, many of the solutions to various components of
the Sequential Design Example utilize m-files with corresponding scripts included
in the figures.

A new feature of the twelfth edition is a Skills Check section at the end of each
chapter. The section is noted with a check mark icon. In each Skills Check section,
we provide three sets of problems to test your knowledge of the chapter material.
This includes True of False, Multiple Choice, and Word Match problems. To obtain
direct feedback, you can check your answers with the answer key provided at the
conclusion of the end-of-chapter problems.

The book is organized around the concepts of control system theory as they have
been developed in the frequency and time domains. An attempt has been made to
make the selection of topics, as well as the systems discussed in the examples and
problems, modern in the best sense. Therefore, this book includes discussions on
robust control systems and system sensitivity, state variable models, controllability
and observability, computer control systems, internal model control, robust PID con-
trollers, and computer-aided design and analysis, to name a few. However, the classi-
cal topics of control theory that have proved to be so very useful in practice have
been retained and expanded.

Building Basic Principles: From Classical to Modern. Our goal is to present a clear
exposition of the basic principles of frequency- and time-domain design techniques.
The classical methods of control engineering are thoroughly covered: Laplace trans-
forms and transfer functions; root locus design; Routh—Hurwitz stability analysis;



frequency response methods, including Bode, Nyquist, and Nichols; steady-state
error for standard test signals; second-order system approximations; and phase and
gain margin and bandwidth. In addition, coverage of the state variable method is
significant. Fundamental notions of controllability and observability for state vari-
able models are discussed. Full state feedback design with Ackermann’s formula for
pole placement is presented, along with a discussion on the limitations of state vari-
able feedback. Observers are introduced as a means to provide state estimates when
the complete state is not measured.

Upon this strong foundation of basic principles, the book provides many oppor-
tunities to explore topics beyond the traditional. Advances in robust control theory
are introduced in Chapter 12. The implementation of digital computer control sys-
tems is discussed in Chapter 13. Each chapter (but the first) introduces the student
to the notion of computer-aided design and analysis. The book concludes with an
extensive references section, divided by chapter, to guide the student to further
sources of information on control engineering.

Progressive Development of Problem-Solving Skills. Reading the chapters, attending
lectures and taking notes, and working through the illustrated examples are all part of
the learning process. But the real test comes at the end of the chapter with the prob-
lems. The book takes the issue of problem solving seriously. In each chapter, there are
five problem types:

J  Exercises

Problems

Advanced Problems

Design Problems

C00Cd

Computer Problems

For example, the problem set for The Root Locus Method, Chapter 7 (see page
443) includes 28 exercises, 39 problems, 14 advanced problems, 14 design problems,
and 10 computer-based problems. The exercises permit the students to readily uti-
lize the concepts and methods introduced in each chapter by solving relatively
straightforward exercises before attempting the more complex problems. Answers
to one-third of the exercises are provided. The problems require an extension of the
concepts of the chapter to new situations. The advanced problems represent prob-
lems of increasing complexity. The design problems emphasize the design task; the
computer-based problems give the student practice with problem solving using
computers. In total, the book contains more than 1000 problems. The abundance of
problems of increasing complexity gives students confidence in their problem-
solving ability as they work their way from the exercises to the design and computer-
based problems. An instructor’s manual, available to all adopters of the text for
course use, contains complete solutions to all end-of-chapter problems.

A set of m-files, the Modern Control Systems Toolbox, has been developed by
the authors to supplement the text. The m-files contain the scripts from each com-
puter-based example in the text. You may retrieve the m-files from the companion
website: www.pearsonhighered.com/dorf.

Design Emphasis without Compromising Basic Principles. The all-important topic
of design of real-world, complex control systems is a major theme throughout the
text. Emphasis on design for real-world applications addresses interest in design by
ABET and industry.
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The design process consists of seven main building blocks that we arrange into
three groups:

1. Establishment of goals and variables to be controlled, and definition of
specifications (metrics) against which to measure performance

2. System definition and modeling

3. Control system design and integrated system simulation and analysis

In each chapter of this book, we highlight the connection between the design
process and the main topics of that chapter. The objective is to demonstrate differ-
ent aspects of the design process through illustrative examples. Various aspects of
the control system design process are illustrated in detail in the following examples:

O smart grids (Section 1.9, page 50)

O photovoltaic generators (Section 2.8, page113)

QO space station orientation modeling (Section 3.8, page 215)

1 blood pressure control during anesthesia (Section 4.8, page 281)

QO attitude control of an airplane (Section 5.9, page 368)

O robot-controlled motorcycle (Section 6.5, page 428)

0  wind turbine rotor speed control (Section 7.8, page 519)

0 maximum power pointing tracking (Section 8.6, page 605)

0  PID control of wind turbines (Section 9.8, page 696)

3  milling machine control system (Section 10.12, page 812)

In this column remarks
Topics emphasized in this example . relate the design topics on
the left to specific sections,
i) . \ figures, equations, and tables
/ Establish the control goals in the example.
Shading indicates the ¥ i
topics that are emphasized )
in each chapter. Some chapters Identify the variables to be controlled } (¢)) F,stz'lbhshmem of goals,
will have many shaded blocks, variables to be controlled,
and other chapters will emphasize ¥ and specifications.
JUSHONEOr O OPICS; Werite the specifications )
v
#| Establish the system configuration
‘ (2) System definition

- - and modeling.
Obtain a model of the process, the

actuator, and the sensor

¥

Describe a controller and select key

parameters to be adjusted
¥ (3) Control system design,

simulation, and analysis.

Optimize the parameters and
analyze the performance

| v

If the performance does not meet the If the performance meets the specifications,
specifications, then iterate the configuration. then finalize the design.
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4 diesel electric locomotive control (Section 11.9, page 898)
- digital audio tape controller (Section 12.8, page 965)
-} manufacturing worktable control (Section 13.10, page 1031)

Each chapter includes a section to assist students in utilizing computer-aided
design and analysis concepts and in reworking many of the design examples. In
Chapter 5, the Sequential Design Example: Disk Drive Read System is analyzed
using computer-based methods. An m-file script that can be used to analyze the design
is presented in Figure 5.47, p. 384. In general, each script is annotated with comment
boxes that highlight important aspects of the script. The accompanying output of the
script (generally a graph) also contains comment boxes pointing out significant ele-
ments. The scripts can also be utilized with modifications as the foundation for solv-
ing other related problems.

1:2

.............. -

[
Ka=30; Select K,,. |
t=[0:0.01:1J; RS 0.8 :
nc=[Ka*5);dc=[1]; sysc=tf(nc,dc); _ . K,=30. |
ng=[1];dg=[1 20 0]; sysg=tf(ng,dg); = 06 i =S e
sys1=series(sysc,sysg);
sys=feedback(sys1, [1]); [ % Compute the 04
y=step(sys,t); closed-loo[f :
plot(t.y), grid transfer function.

xlabel('Time (s)')

ylabel('y(t))

0.2

0 01 02 03 04 05 06 07 08 09
Time (s)
(a) (b)

Learning Enhancement. Each chapter begins with a chapter preview describing
the topics the student can expect to encounter. The chapters conclude with an
end-of-chapter summary, skills check, as well as terms and concepts. These sec-
tions reinforce the important concepts introduced in the chapter and serve as a
reference for later use.

A second color is used to add emphasis when needed and to make the graphs
and figures easier to interpret. Design Problem 4.4, page 319, asks the student to de-
termine the value of K of the controller so that the response, denoted by Y(s), to a
step change in the position, denoted by R(s), is satisfactory and the effect of the dis-
turbance, denoted by 7,(s), is minimized. The associated Figure DP4.4, p. 320, assists
the student with (a) visualizing the problem and (b) taking the next step to develop
the transfer function model and to complete the design.

Controller

Fiber optics

Patient

(a)
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T 4s) Camera and

Controller i+ laser
R{s) + X + 2 .
position ? I 6+ D+ 4) » Yis)

(b)

THE ORGANIZATION
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Chapter 1 Introduction to Control Systems. Chapter 1 provides an introduction to
the basic history of control theory and practice. The purpose of this chapter is to
describe the general approach to designing and building a control system.

Chapter 2 Mathematical Models of Systems. Mathematical models of physical sys-
tems in input-output or transfer function form are developed in Chapter 2. A wide
range of systems (including mechanical, electrical, and fluid) are considered.
Chapter 3 State Variable Models. Mathematical models of systems in state vari-
able form are developed in Chapter 3. Using matrix methods, the transient response
of control systems and the performance of these systems are examined.

Chapter 4 Feedback Control System Characteristics. The characteristics of feed-
back control systems are described in Chapter 4. The advantages of feedback are
discussed, and the concept of the system error signal is introduced.

Chapter 5 The Performance of Feedback Control Systems. In Chapter 5, the per-
formance of control systems is examined. The performance of a control system is
correlated with the s-plane location of the poles and zeros of the transfer function of
the system.

Chapter 6 The Stability of Linear Feedback Systems. The stability of feedback sys-
tems is investigated in Chapter 6. The relationship of system stability to the charac-
teristic equation of the system transfer function is studied. The Routh-Hurwitz
stability criterion is introduced.

Chapter 7 The Root Locus Method. Chapter 7 deals with the motion of the roots
of the characteristic equation in the s-plane as one or two parameters are varied.
The locus of roots in the s-plane is determined by a graphical method. We also
introduce the popular PID controller and the Ziegler-Nichols PID tuning method.
Chapter 8 Frequency Response Methods. In Chapter 8, a steady-state sinusoid
input signal is utilized to examine the steady-state response of the system as the fre-
quency of the sinusoid is varied. The development of the frequency response plot,
called the Bode plot, is considered.

Chapter 9 Stability in the Frequency Domain. System stability utilizing frequency
response methods is investigated in Chapter 9. Relative stability and the Nyquist
criterion are discussed.

Chapter 10 The Design of Feedback Control Systems. Several approaches to
designing and compensating a control system are described and developed in
Chapter 10. Various candidates for service as compensators are presented and it is
shown how they help to achieve improved performance.

Chapter 11 The Design of State Variable Feedback Systems. The main topic of
Chapter 11 is the design of control systems using state variable models. Full-state
feedback design and observer design methods based on pole placement are dis-
cussed. Tests for controllability and observability are presented, and the concept of
an internal model design is discussed.



Chapter 12 Robust Control Systems. Chapter 12 deals with the design ot highly
accurate control systems in the presence of significant uncertainty. Five methods for
robust design are discussed, including root locus, frequency response, ITAE meth-
ods for robust PID controllers, internal models, and pseudo-quantitative feedback.
Chapter 13 Digital Control Systems. Methods for describing and analyzing the
performance of computer control systems are described in Chapter 13. The stability
and performance of sampled-data systems are discussed.

Appendix A MATLAB Basics
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