CONTENTS

Preface XV
Part 1 Classic Analysis
1 Input-Output Characteristics of a Linear
Dynamic System: Time Domain 3
-1 Basic Properties of a Linear Dynamic-System Time Response 4
-2 The Principle of Linear Superposition 14
-3 The Convolution Integral of a Linear Time-Invariant System 26
1-4  Relation between the Discrete Pulse-Response Sequence and the
 Continuous-Impulse Response 33
I-5  The System Step Response 35
I-6  Performance Characteristics of the Step Response 39
1-7  Stability 43
*I-8  Time-Delay and Distributed-Parameter Systems 45
1-9  Linear Time-Varying Systems 48
1-10 Summary 49
Problems 50
Notes and References 50
2 Classic Solution to the Linear Time-Invariant
Ordinary Differential Equation Model 54
2-1  Deriving the Differential Equation Model 55
2-2  The Form of the Complete Solution 58
2-3  The Homogeneous Solution 62
2-4  System Stability 65

* An asterisk indicates an advanced topic area that may be omitted from the course of study with no
loss in continuity to later material.

ix



X CONTENTS

25
2-6
23
2-8
2-9
2-10
211}

3-1
32
%3
3-4
3.5

*3-6

3.7

*3-8
*3-9

3-10

4-1
4-2
4.3

4.5
*4.6
4-7

5-1
5-2

5-4
5-5

5-6
5-7

The Particular Solution for Exponential Inputs

The Complete Solution

Elementary Row Operations and the Linear Equation Problem
A Very Subtle Point: The Difference between ¢, and 7,*

The System Step Response

The Impulse Response Function

Summary

Problems

Notes and References

Input-Output Characteristics of a Linear Dynamic
System: Frequency Domain

Steady-State Response to Sinusoid Inputs

The Bode Magnitude Plot

The Bode Phase-Angle Plot

The Fourier Transform

Properties of the Fourier Transform
Time-Delay Systems

Correlation between the System Input and the
Steady-State Output

The Discrete and Fast Fourier Transforms
Digitally Sampled Signals, Aliasing, and Shannon’s
Sampling Theorem

Summary

Problems

Notes and References

Laplace Transform Analysis

Definition and Relation to Fourier Transform

Properties of the Laplace Transform

Using the Laplace Transform to Solve the Differential Equation
Unit Step Response Revisited

Interconnection of Linear Systems

Unity Feedback and the System Poles and Zeros

Summary

Problems

Notes and References

The Finite-Difference Equation in Modeling
Discrete SISO Systems

Derivation of the Finite-Difference Equation

The Homogeneous Response

Stability

Relation between the Continuous Poles, p,, and the
Discrete Poles, pr

The Particular Solution

Particular Solution to Discrete Sinusoidal Input
The Complete Solution

66
76
79
84
88
91
95

100

101

101
104
107
117
121
130

131
133

134
138
138
139

142

142
145
150
154
158
165
166
167
170

171

1
181
182

183
188
193
194



CONTENTS xi

5-8  The z Transform 196
53-9  Properties of the z Transform 198
*5-10  The z Transform Used to Solve the Finite-Difference Equation 201
5-11  Summary 202
Problems 202
Notes and References 203
Part 2 State-Variable Analysis
6 Deriving the State-Variable Model 209
6-1 Phase-Variable Canonical Form 210
6-2  States Derived via the Simulation Diagram 218
6-3  Diagonal Form, Distinct Roots 223
6-4  Physical-Variable States 226
6-5 Introduction to MIMO State Equations 234
6-6  Summary 237
Problems 238
Notes and References 238
7 State-Space Analysis: Continuous Time 241
7-1  Simplest Case: First-Order State Model 241
7-2  General State-Space Model 246
7-3  The Resolvent Matrix and e4! 247
7-4  Properties of the Matrix Exponential Function 250
7-5  The General-State Solution 258
7-6  Further Consideration of the Fundamental Concept of State 256
7-7  State-Space Solution to Unit Singularity Inputs 258
7-8  Further Consideration of H (s) 261
7-9  Summary 264
Problems 264
Notes and References 264
8 State Space Analysis: Discrete Time 268
8-1 Discrete Time Simulation: First-Order System 268
8-2  Discrete Time Simulation: General MIMO System 273
8-3  Calculation of A, and B, 274
8-4  Stability and the Poles of 4, 279
8-5  Relation between the Discrete State Model and the Finite

Difference Equation for the SISO System 280

8-6  Calculation of the Discrete Pulse Response from the Discrete
State Model 284
8-7  Introduction to Discrete State Controllability 286
8-8  Introduction to Discrete Observability 290
8-9  The System Hankel Matrix Revisited 292
8-10  Summary 293
Problems 294
Notes and References 294



Xii CONTENTS

9

9-1
92
9-3
9.4

9-5
9-6
9-7

10

10-1
10-2
10-3
10-4
10-5

*10-6
*10-7
10-8
10-9
*10-10
10-11
10-12

11-2
11-3

11-4
11-5

*11-6
*11-7

*11-8
11-9

Fundamentals of Linear Vector Spaces and
Transformation of State Coordinates

The Definition of a Vector Space

Vector Norms and Inner Products

Linear Combinations of Vectors and Vector Subspaces
Linear Dependence, Independence, and Basis
Transformation of Basis

Transformation of State Coordinates

Use of Controllability and Observability Matrices to Transform
State Coordinates

Summary

Problems

Notes and References

Eigenvalues, Eigenvectors, and e4?

The Eigenvalue and Eigenvector Linear-Equation Problem
The General Linear-Equation Problem

Elementary Row Operations and the Complete Solution
The Eigenvector Solution

Transforming to the Diagonal and Block-Diagonal
Canonical Forms

The Jordan Canonical Form

Eigenvalues and Eigenvectors of Real Symmetric Matrices
¢4 and the Eigenvalues and Eigenvectors

Finding e4* Using the Block-Diagonal Form

Computing e4? with the Jordan Canonical Form

¢4t and the Cayley-Hamilton Theorem

Summary

Problems

Notes and References

Controllability and Observability

Controllability Analyzed via Applying the Cayley-Hamilton
Theorem

Observability Analyzed via the Cayley-Hamilton Theorem
Controllability, Observability, and the Transfer Function for the
SISO System

Kalman’s Canonical Decomposition of State Space
Controllability and Observability Analyzed in Diagonal

State Coordinates

The Hankel Matrix and Determination of System Model Order
Alternative Methods for Calculation of Controllability
{Observability)

Minimum-Effort Control and Controllability

Summary

Problems

Notes and References

300

300
302
305
307
310
314

319
321
322
390

335

325
328
334
339

341
345
347
349
354
356
357
360
360
361

367

367
372

375
378

380
383

386
387
392
392
393



12

12-1
12-2
*12-3
*12-4
12-5
12-6

12-7

>

T OQTMmYUnw

CONTENTS Xxiii

Linear Time-Varying State Models

The General Linear Time-Varying State Model Solution
Properties of the State Transition Mairix

Controllability of the Linear Time-Varying System
Observability of the Linear Time-Varying System

Discrete Time Simulation of the Linear Time-Varying System
Linearizing a Nonlinear State Differential Equation
Summary

Problems

Notes and References

Appendixes

Finding the Transfer Function for a Linear Circuit via
Linear Graphs

Introduction to Matrices

Partial Fraction Expansions

Recursive Calculation of the Resolvent Matrix
Introduction to the Singular Value Decomposition
Applicable Software

List of Symbols

Problem Solutions

Index

397

397
403
405
406
407
412
421
422
424

425

425
438
444
449
451
458
461
464

477



	14090001
	14090002
	14090003
	14090004
	14090005

