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Preface

Principle of Automatic Control is a foundation module for students
learning Automation and Electrical Engineering. In Chinese universities, the
model is often taught in two semesters, with the transfer function based
traditional control in semester one and the state-space model based modern
control in semester two. The digital control and the nonlinear control are
separately taught in two independent modules. Tongji University has used
Regelungstechnik, written by Prof. H. Unbehaun, as the text book for its
undergraduates since 1986 and its content has been well received by the
students. The book is engineering-oriented and logically structured to engage
engineer and student interest. The book is divided into three volumes. The first
two volumes are for undergraduates, with volume 1 covering the traditional
control and volume 2 covering state-space control, digital control, and
nonlinear control. The book was in German and translated into Chinese by
Prof. Wu Qidi and Prof. Huang Shengle. In order to reform engineering
education and foster students to excel as engineers, the experiences of German
universities in engineering and technical education can provide us a valuable
reference,

In recent years, Chinese universities promote teaching of engineering
orientation courses in English for improving student communication skills in a
globalize environment. Several popular English textbooks about the traditional
control theory have been adopted by Chinese universities. However, none of
them targets undergraduates for teaching the modern control theory. This
motivates us to write this book about the modern control theory, following the
structure of Unbehaun’s book. It covers state-space method, digital control and
nonlinear control. The book was based on the authors’ lecture notes and has
been taught to students for three years. For publishing the notes to a book
format, significant revision has been made with modification and inclusion of
other additional topics, in response to the problems during the teaching. Some
exercises and questions in the references were used in this book. The authors
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are grateful to the authors.

The book has 10 chapters to cover three main topics. The first topic is
about state-space analysis and synthesis for linear systems, from Chapter 1 to 4.
Chapter 1 introduces the description of linear dynamic systems and Chapter 2
covers solution of linear dynamics equations. Controllability, Observability and
synthesis based on state feedback are arranged in Chapter 3 and Chapter 4,
respectively.

The second topic is about linear digital control systems, from Chapter 5 to
Chapter 8. Chapter 5 introduces discrete sampling systems, digital systems and
computer control systems. Chapter 6 covers mathematic foundation for analysis
of discrete systems, including sampling theorem, z transformation and control
system pulse transfer function. Chapter 7 presents discrete system analysis,
including system stability and steady state response. Chapter 8 discusses linear
discrete system design, including digital controller design and discretization of a
continuous controller.

The third topic is about nonlinear system analysis and synthesis, from
Chapter 9 to 12. Chapter 9 discusses characteristics, classification, and typical
components of nonlinear systems. Describing function method, phase plan
method and Lyapunov method are discussed in Chapter 10, 11 and 12,
respectively. The describing function method can be used for stability analysis
by linearization of a nonlinear system, which is only applicable to a nonlinear
system with small perturbation. The phase plan method can be used for stability
analysis of a second order system. The Lyapunov method is a universal method,
widely studied for both linear and nonlinear systems.

The book is structured to engage student learning interest. It is intended to
clearly present and emphasize basic concepts and physical meanings but take
rigorous mathematic proofs as extended materials. This motivates the learning
of general students and gives first-class students a space to study in-depth
theoretical background. From our teaching experience, it was appreciated by
most students and helped top student excel in the area.

The first part, linear state-space analysis and synthesis, was written by
Prof. Xu Weisheng; the second part, linear discrete control systems, was
written by Prof. Zhu Jin; the third part, nonlinear systems, was written by
Prof. Wang Zhongjie. The book could not have been published without many
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people’s help. Prof. Lin Feng at Wayne State University gave some valuable
comments and suggestions. Prof. Jiang Ping, Prof Yao Jin, and Mr. Yi
Zonggen were kind enough to proofread the book. The authors are grateful to
those who supported the writing.

The authors would like to acknowledge the Eleventh Five-years plan
Textbook Publication Fund for their sponsorship.

Xu Weisheng, Zhu Jin, Wang Zhongjie
Tongji University
Oct 10, 2010
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Section I

State Space Analysis and Synthesis of
Linear Systems






1 State Space Description of Dynamic
Systems

1.1 Introduction

Generally speaking, control theory can be divided into classical and modern
control theory. Transfer function and frequency domain techniques are
predominant in the classical control theory which deals primarily with linear,
constant coefficient systems by use of the approaches of root locus, Nyquist
analysis Bode diagram, etc. Such methods are useful for investigating single-
input single-output (SISO) systems. More complex systems may have multiple
inputs and/or multiple outputs (MIMO), which make the situation more
intricate. The problems of design, stabilization and compensation of such
systems are obviously more complicated than the ones of SISO systems, since
the number of inputs and outputs increases. Clearly, analyzing such systems
using classical methods would be very tedious and error-prone. \

Starting in the late 1950s and early 1960s, a time domain approach using
state variable descriptions, which is usually referred to as modern control
theory, came into prominence and provided an alternative approach for
handling MIMO systems. Its principle advantages are as follows:

* It can easily manipulate MIMO systems.

* It provides additional insights into system behaviors that transfer function
analysis does not.

* It handles linear time — varying systems, even nonlinear systems.

* It is easily implemented on a digital computer.

When we are confronted with the task of analyzing and/or synthesizing
MIMO systems, the time domain approach using state variables (often called
state-space methods) is preferred. Once the method is chosen, developing the
State-state description, which is the corresponding mathematical models of
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physical systems, is inevitable. In modern control theory based on state-space

descriptions, the basis is the concepts of state and of state variables.

1.2 State and state space

Definition of state:
The state of a dynamic system is a mathematical structure containing a set of n

variables x;(t), x,(t), **+, x,(1), called state variables, such that the initial
values x;(t,), i = 1, 2, ==, n, of this set at time ¢, and the system inputs
uj(t), j =1, 2, =, p, t = ty, are sufficient to determine uniquely the
system’s future behavior of ¢t = t,. A minimum set of state variables is required
to represent the system completely. The p inputs, w; (1), =, uy(t), -,
ui(r)y ===, u, (1) are deterministic, i.e. they have specific values for all ¢ ==ty

Generally the initial time 7, is taken to zero. The state variables need not
be physically observable and measurable quantities; they may be purely
mathematical quantities. Furthermore, we can have different choices of state

variables for the same system.

Definition of state vector:
The state vector of a dynamic system is defined as the column vector x (1)

which is composed of all the state variables x, (), x, (1), v Xuild)m e,
xn(t); that iS,

x;(t) X1
)
w(PH AR lgipFag o) a4y
X, (1) Xin

The system state is known when all of the n state variables are known, i.e.
when x(¢) is known.

For a particular system, the number of state variables, i. e. n, is fixed
and is equal to the system order. It can be determined as the number of initial
conditions needed to solve the system differential equations or the number of
first-order differential equations needed to define the system. But as mentioned
above, the choice of state variables is not unique. The only restriction on the



