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Preface

This book is written to assist those students and practicing engineers who wish to
study MATLAB to solve control engineering problems. It is written at the level
of the senior engineering student.

The book is organized into seven chapters. Chapter 1 presents an introduction
to MATLAB. Chapter 2 deals with preliminary materials that the reader must
know prior to applying MATLAB to the analysis and design of control systems.
Chapter 3 is a detailed discussion of how to apply MATLAB to obtain transient
response outputs of dynamic systems to time-domain inputs. Chapter 4 treats
root-locus analysis and design with MATLAB. Detailed frequency-response
analysis and design with MATLAB are given in Chapter 5. Chapter 6 discusses
state-space design problems, such as pole placement and state observers, solved
with MATLAB. Finally, Chapter 7 presents a computational approach to obtain-
ing optimal sets of parameter values in connection with control systems design.
The book concludes with a discussion of MATLAB’s approach to solving qua-
dratic optimal control problems.

The book includes some of the MATLAB materials presented in my previous
publications Modern Control Engineering (4th ed.) and System Dynamics
(4th ed.).

All sample problems discussed in the book are given detailed explanations so
that the reader will acquire a good understanding of MATLAB’s approach to
solving the analysis and design problems presented.

The book assumes that the reader has a relatively new version of MATLAB
in his or her computer. In plotting root-locus diagrams or Nyquist diagrams with
MATLAB, the reader’s grid command may produce grid lines or curves different
from those presented here; it all depends on the version of MATLAB. (For prob-
lems that may arise with regard to grid lines or curves, see the appendix.)

It is hoped that the reader will find this book useful in applying MATLAB to
solve many control engineering problems.

KATSUHIKO OGATA
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Introduction to MATLAB

1-1 INTRODUCTION

MATLAB® is a matrix-based system for performing mathematical and engineer-
ing calculations. We may think of MATLAB as a language of technical comput-
ing. All variables handled in MATLAB are matrices. That is, MATLAB has only
one data type: a matrix, or rectangular array, of numbers. MATLAB has an ex-
tensive set of routines for obtaining graphical outputs.

This section presents background material necessary for the effective use of
MATLAB in solving control engineering problems. First, we introduce MATLAB
commands and mathematical functions. Then we present matrix operators, rela-
tional and logical operators, and special characters used in MATLAB. Finally, we
introduce the semicolon operator, MATLAB ways to enter vectors and matrices
into the computer, the colon operator, and other important material that we must
become familiar with before writing MATLAB programs to solve control engi-
neering problems.

MATLAB is used with a variety of toolboxes. (A toolbox is a collection of
special files called M-files.) For control systems analysis and design, MATLAB is
used with the control system toolbox. When we refer to MATLAB in this book,
we include the basic programs of MATLAB and the control system toolbox.

MATLAB is basically command driven. Therefore, the user must know the
commands that are used in solving computational problems. Table 1-1 lists vari-
ous types of MATLAB commands and predefined functions that are frequently
utilized in solving control engineering problems.



Table 1-1 MATLAB Commands and Matrix Functions

Commands and Matrix Functions
Commonly Used in Solving Control
Engineering Problems

Explanations of What Commands Do
and Matrix Functions Mean

format long e

format short

abs Absolute value, complex magnitude.

acker Compute a state-feedback gain matrix
for pole placement, using Ackermann’s
formula.

angle Phase angle.

ans Answer when expression is not assigned.

atan Arctangent.

axis Manual axis scaling.

bode Plot Bode diagram.

clear Clear workspace.

clf Clear current figure.

computer Type of computer.

conj Complex conjugate.

conv Convolution, multiplication.

corrcoef Correlation coefficients.

cos Cosine.

cosh Hyperbolic cosine.

cov Covariance.

ctrb Compute the controllability matrix.

c2d Conversion of continuous-time models to
discrete-time models.

deconv Deconvolution, division.

det Determinant.

diag Diagonal matrix.

eig Eigenvalues and eigenvectors.

end Terminate scope of for, while, switch, try,
and if statements.

exit Terminate program.

exp Exponential base e.

expm Matrix exponential.

eye Identity matrix.

feedback Feedback connection of two LTI models.

filter Direct filter implementation.

for Repeat statement(s) a specified number of
times.

format long Fifteen-digit scaled fixed point.

(Example: 1.33333333333333)
Fifteen-digit floating point.

(Example: 1.33333333333333¢ + 000)
Five-digit scaled fixed point.

(Example: 1.3333)

Chapter 1 / Introduction to MATLAB




Table 1-1 (continued)

Commands and Matrix Functions

Commonly Used in Solving Control Explanations of What Commands Do

Engineering Problems and Matrix Functions Mean

format short e Five-digit floating point.

(Example: 1.3333e + 000)

freqs Laplace transform frequency response.

freqz z-Transform frequency response.

gram Controllability and observability gramians.

grid Toggles the major lines of the current axes.

grid off Removes major and minor grid lines from
the current axes.

grid on Adds major grid lines to the current axes.

help Lists all primary help topics.

hold Toggles the hold state.

hold off Returns to the default mode whereby plot
commands erase the previous plots and
reset all axis properties before drawing
new plots.

hold on Holds the current plot and all axis
properties so that subsequent graphing
commands add to the existing graph.

i V-1

imag Imaginary part.

impulse Impulse response of LTI models.

inf Infinity (00)

inv Inverse

; VoI

legend Graph legend.

length Length of vector.

linspace Linearly spaced vector.

load Load workspace variables from disk.

log Natural logarithm.

loglog Loglog x—y plot.

logm Matrix logarithm.

logspace Logarithmically spaced vector.

log10 Log base 10.

Ige Linear quadratic estimator design.

Igr Linear quadratic regulator design.

Isim Simulate time response of LTT models
to arbitrary inputs.

lyap Solve continuous-time Lyapunov
equations.

Section 1-1 / Introduction




Table 1-1 (continued)

Commands and Matrix Functions
Commonly Used in Solving Control
Engineering Problems

Explanations of What Commands Do
and Matrix Functions Mean

margin Gain and phase margins and crossover
frequencies.

max Maximum value.

mean Mean value.

median Median value.

mesh Three-dimensional mesh surface.

min Minimum value.

minreal Minimal realization and pole-zero
cancellation.

NaN Not a number.

ngrid Generate grid lines for a Nichols plot.

nichols Draw the Nichols plot of the LTI model.

num?2str Convert number to string.

nyquist Plot Nyquist frequency response.

obsv Compute the observability matrix.

oded5 Solve nonstiff differential equations,
medium-order method.
(If time constants involved do not vary by
several orders of magnitude or more, the
differential equations are called nonstiff
differential equations.)

ode23 Solve nonstiff differential equations, low-
order method.

odell3 Solve nonstiff differential equations,
variable-order method.

ones Constant.

ord2 Generate continuous-time second-order
system.

pade Pade approximation of time delays.

parallel Parallel interconnection of two LTI models.

pi Pi(m).

place Compute a state-feedback gain matrix for
pole placement.

plot Linear x—y plot.

polar Polar plot.

pole Compute the poles of LTI models.

poly Convert roots to polynomial.

polyfit Polynomial curve fitting.

polyval Polynomial evaluation.

polyvalm Matrix polynomial evaluation.

printsys Print system in pretty format.

prod Product of elements.

pzmap Pole—zero map of LTI models.
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Table 1-1 (continued)

Commands and Matrix Functions

Commonly Used in Solving Control Explanations of What Commands Do

Engineering Problems and Matrix Functions Mean

quit Terminate program

rand Generate random numbers and matrices.

rank Calculate the rank of a matrix.

real Real part.

rem Remainder after division.

residue Partial-fraction expansion.

rlocfind Find root-locus gains for a given set of roots.

rlocus Plot root loci.

rmodel Generate random stable continuous-time
nth-order test models.

roots Polynomial roots.

semilogx Semilog x—y plot (x-axis logarithmic).

semilogy Semilog x—y plot (y-axis logarithmic).

series Interconnect two LTI models in series.

shg Show graph window.

sign Signum function.

sin Sine.

sinh Hyperbolic sine.

size Size of matrix.

sqrt Square root.

sqrtm Matrix square root.

ss Create state-space model or convert LTI
model to state-space model.

ss2tf Convert state-space model to transfer-
function model.

std Standard deviation.

step Plot unit-step response.

subplot Create axes in tiled positions.

sum Sum of elements.

switch Switch among several cases, based on
expression.

tan Tangent.

tanh Hyperbolic tangent.

text Arbitrarily positioned text.

tf Create transfer-function model or convert
LTI model to transfer-function model.

tf2ss Convert transfer-function model to
state-space model.

tf2zp Convert transfer-function model to
zero—pole model.

title Plot title.

trace Trace of a matrix.
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Table 1-1 (continued)

Commands and Matrix Functions

Commonly Used in Solving Control Explanations of What Commands Do
Engineering Problems and Matrix Functions Mean

who Lists all the variables currently in memory.
whos List all the variables in the current

workspace, together with information
about their size, bytes, class, etc.

xlabel x-axis label.

ylabel y-axis label.

Zero Transmission zeros of LTI systems.

Zeros Zeros array.

zlabel z-axis label

zpk Create zero—pole—gain models or convert
to zero—pole—gain format.

zp2tf Convert zero—pole model to transfer-

function model.

Accessing and exiting MATLAB. On most systems, once MATLAB has
been installed, execute the command MATLAB to invoke MATLAB. To exit
MATLAB, execute the command exit or quit.

MATLAB has an online help facility that may be invoked whenever the need
arises. The command help will display a list of predefined functions and operators
for which online help is available. The command

help ‘function name'

will give information on the purpose and use of the specific function named. The
command

help help
will give information on how to use the online help.
Matrix operators. The following notation is used in matrix operations

(if multiple operations are involved, the order of the arithmetic operations can be
altered with the use of parentheses):

+ Addition

= Subtraction

¥ Multiplication

A Power

: Conjugate transpose
/ or \ Matrix division
Joor .\ Array division

Chapter 1 / Introduction to MATLAB



