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Preface

This book is primarily intended for researchers and engineering practitioners in sys-
tems and control, especially those engaged in the area of modeling and control of
vibrations in mechanical structures and systems. The book aims at empowering read-
ers with a clear understanding of characteristics of various vibrations, their effects on
system stability and performance, and techniques for rejecting vibrations of different
frequency ranges and their limitations. Special attention is given to recently devel-
oped vibration modeling and control techniques in high precision systems. Many
real-world examples are given {o demonstrate the modeling and control techniques.

Vibration exists in a wide spectra of engineering systems such as hard disk drives,
automotives, aerospace and aeronautic systems, manufacturing systems, etc. Vibra-
tion is undesirable in most engineering applications, lowering system performance,
wasting energy and creating unwanted noise. Although the problem of vibration
control has been studied for a long time, it remains and indeed becomes more chal-
lenging in many applications such as precision engineering and hard disk drives,
where an extremely high positioning accuracy is required. Therefore, vibration con-
trol has drawn more intensive efforts from researchers and engineering practitioners
in recent years. Itis our intention in this book to present to readers some of the recent
developments in this field.

The book presents the latest results in vibration modeling and advanced control
design for vibration attenuation in mechanical actuation systems to achieve high
precision positioning performance. It focuses on vibration and disturbance rejec-
tions using recently developed control techniques for high precision positioning, and
demonstration of the benefits gained from the applications of these techniques. The
theoretical developments and principles of control design are elaborated in detail so
that the reader can apply the techniques developed to obtain solutions with the help

of MATLAB™ . Examples are presented throughout the book so that the subject can
be better understood. A number of simulation and experimental results with compre-
hensive evaluations are provided in each chapter, except Chapters 1, 4, and 5, which
are dedicated to the review of related background knowledge.

The book summarizes a collective research effort which we have had the plea-
sure to contribute to. Many results reported in the book are due to the collaboration
with Guoxiao Guo from Western Digital Corporation, Jianliang Zhang and Jul Nee
Teoh from Data Storage Institute (DSI) of Singapore, Youyi Wang from Nanyang
Technological University (NTU), and Frank Lewis from the University of Texas at
Arlington. The research work contained in this book was mainly performed at DSI
and the School of Electrical and Electronic Engineering (EEE) of NTU, Singapore.

Xi
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Algorithms applied in magnetic recording systems were implemented at DSI and
those in the Stewart platform at the School of EEE, NTU. We would like to express
our sincere appreciation to DSI for its supportive environment and vibrant research
atmosphere. We are also sincerely grateful to Dr. Ong Eng Hong and the colleagues
in Mechatronics and Recording Channel Division of DSI, and EEE, NTU for their

support.

Lihua Xie
Chunling Du

MATLAB® is a registered trademark of The MathWorks, Inc. For product in-
formation, please contact: The MathWorks, Inc., 3 Apple Hill Drive, Natick, MA
01760-2098 USA, Tel: 508 647 7000, Fax: 508-647-7001, E-mail: info@mathworks.
com, Web: www.mathworks.com.
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R™: n-dimensional real Euclidean space

R set of n X m real matrices

T n X n identity matrix

(A,B,C,D): state-space representation of a system
A|B;y Bs
Ci|D11 Dia |: compact representation of system:
C2|D21 Dao

z(k+1) = Az(k) + Biw(k) + Bou(k)
y(k) = CQLE(]C) + D21W(k') + Dggu(k)

diag{A1, A2, -+, A,}: block diagonal matrix with A;( not necessarily

square), j = 1, 2,---, n, on the diagonal
X7 transpose of matrix X
X*: complex conjugate transpose of matrix X
P >0: symmetric positive semidefinite matrix P € R™**"
P>0: symmetric positive definite matrix P € R"**"
P>Q: P — @ > 0 for symmetric P, Q € R"*"
P>Q: P — @ > 0 for symmetric P,(Q € R"»*"
a(X): largest singular value of X
Trace(X): trace of X

-1 Euclidean vector norm
wlly ly-norm of a signal {w(k)}, i.e., [lw (k).
\ k=0
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£5{[0,00)}: space of square summable sequences on {[0, c0)}.
The signal {w(k)} is said to be from £2{[0, o)} or simply ¢»
if ||[w]l2 < 0.

|G| 2: H; norm of transfer function G
|G| co: H o, norm of transfer function G
Re(): the real part of a complex number
Im(): the imaginary part of a complex number
p(): spectral radius

AGC': automatic gain control

AVC : active vibration control

deg: degree

det: determinant

DSA: Dynamic Signal Analyzer

FFT: fast Fourier transform

FXLMS: filtered-X LMS

HDD: hard disk drive

LDV: Laser Doppler Vibrometer
LFT: Linear fractional transformation
LMT: linear matrix inequality

LMS: least mean square

LQG: linear quadratic Gaussian

LTR: loop transfer recovery

MEMS: micro electro-mechanical system
MSE: mean square error

NRRO: nonrepeatable runout

PES: position error signal
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TMR:

VCM:

proportional-integral-derivative
phase lead peak filter

lead zirconate titanate/piezoelectric
radial basis function

root mean square

rotations per minute

repeatable runout

self-servo track writing

servo track writing

track misregistration

voice coil motor




Contents

Preface

List of Tables

List of Figures

Symbols and Acronyms

1 Mechanical Systems and Vibration

1.1
1.2
1.3
1.4

L5

1.6

Magnetic recording system: . . . . . . ... L.
Stewart platform . . . .. ... ... .. ... S EEEEE
Vibration sources and descriptions . . . . . ... ... ...
Types of vibration . . . . . . . .. ... ... ... .
1.4.1  Free and forced vibration . . . . . ... ... ... ....
1.42  Damped and undamped vibration . . .. ... ... ...
1.4.3  Linear and nonlinear vibration . . . . .. ... ... ...
1.44  Deterministic and random vibration . . . . ... ... ..
1.4.5  Periodic and nonperiodic vibration . . . . . . ... .. ..
1.4.6  Broad-band and narrow-band vibration . . ... ... ..
Random vibration . . . .. .. .. ... ... ... ..
1.5.1 Randomprocess . . . . . . . . . .
1.5.2  Stationary random process . . . . . . . ... o . ..o
1.5.3 Gaussian random process . . . . . . . ... e e e ..
Vibrationanalysis . . . . . .. .. ... ...
1.6.1  Fourier transform and spectrum analysis . . . . . . . . ..
1.6.2  Relationship between the Fourier and Laplace transforms .
1.6.3 Spectralanalysis . .. .. .................

2 Modeling of Disk Drive System and Its Vibration

2.1
2.2
23

24

Introduction . . . . ... ... L.
System description . . . . .. ..o L
Systemmodeling . . . . ... .. ...
23.1 ModelingofaVCMactuator . . . . .. ... .......
232 Modeling of friction . . . ... ... ... ........
233  Modeling of a PZT microactuator . . ... ..... ...

234 Anexample . . . .. ...

Vibrationmodeling . . . ... ... ... ... ... . ..., .

xi

xiii

XV

xxiii

~N AN N BN

e T T S Sy
AR W WNDN——

17
17
17
19
19
23
29
30
39,



vi

Modeling and Control of Vibration in Mechanical Systems

2.4.1  Spectrum-based vibrationmodeling . . . . ... ... .. 39
2.42  Adaptive modeling of disturbance . . . ... ... . ... 43
2.5 Conclusion . . . ;& ¢ ww s o @ e s 5 8 8 508 8 6% s a5 0 4 s« 48
Modeling of Stewart Platform 53
3.1 Introduction . . . . . . . . ... 53
3.2  System description and governing equations . . . . . ... .. .. 53
3.3  Modeling using adaptive filtering approach . . . . . ... ... .. 55
3.3.1 Adaptive filteringtheory . . ... ............. 55
3.3.2 Modeling of a Stewart platform . . . ... ... ... .. 58
34 Conclusion . . ... e e e e e 62
Classical Vibration Control 63
4.1 Introduction . . . . . . . ... .. 63
42 Passivecontrol . . . . . . .. ... 63
421 Isolators . . . . . o .o i e e e e e 63
422 Absorbers . .. ............ e e 64
423  Resonators . . . . ... i e e e e e e e e 64
424  SuSpension . . . ... ... ..o 65

425  An application example — Disk vibration reduction via
stackeddisks . . ... ... Lo oo 66
43  Self-adapting systems . . . . . . ... ... 82
4.4  Active vibrationcontrol . . . . .. ... ... ... 83
441 ActuatorS . . . . . v i i e e e e e e e e e e e e 84
442  Activesystems . . . . .. ... i e e 84
443 Controlstrategy . . . . . . . . . ..o 86
4.5 Conclusion . . . . . . . . e e 87
Introduction to Optimal and Robust Control 89
5.1 Introduction . . . . . . . .. . ... e 89
52 HoandH.norms . . .. .. ... ... ... u.u.ou.o... 89
521 Hanorm . .. . ... ... e e 89
522 HeenOrm . . . . . o0 o e e e e e e e e 91
53 Haoptimalcontrol . . ... ... ... ... 92
5.3.1 Continuous-timecase . . . . . . . . . . . v« 1., 92
5.3.2 Discrete-timecase . . . . . . . ... 00 ... 94
54 Hgocontrol . .. .. ... e 96
5.4.1 Continuous-timecase . . . . . . . . . . .. ... .. ... 96
542 Discrete-timecase . . . . . . . ... ... 99
5.5 Robustcontrol . . . ... ... ... ... 101
5.6  Controller parametrization . . . . ... ... ... ........ 104
5.7  Performance limitation . . .. ... .. ... ... ........ 108
577.1 Bodeintegral constraint . . . ... ............ 108
5.7.2  Relationship between system gain and phase . . . .. .. 111

573 Sampling . ... ... 111



Table of Contents . vii

58 ConclusSion . .« c s wms s s 55 ¢ ssmmme w565 0 112
6 Mixed H,/H,, Control Design for Vibration Rejection 115
6.1 Introduction . . . . . . . . .. . .. 115
6.2 Mixed Ho/H, control problem . . . . ... ... ........ 115
6.3  Method 1: slack variable approach . . . . ... ... ....... 116
6.4  Method 2: an improved slack variable approach . . . .. ... .. 117
6.5  Application in servo loop design for hard disk drives . . . . . . .. 123
6.5.1  Problem formulation . . .. ................ 123
6.52 Designresults . . . . . . ... ... ... 128
6.6 Conclusion . . . .. .. ... ... 131
7 Low-Hump Sensitivity Control Design for Hard Disk Drive Systems 133
7.1 Introduction . . . ... ... ... ... ... 133
7.2  Problemstatement . . . . . .. .. ... ... ... 133
7.3 Design in continuous-time domain . . . ... .. ... ...... 137
7.3.1  H loop shaping for low-hump sensitivity functions . . . 137
7.3.2  Applicationexamples . . . . ... ... ... ... .... 141
7.3.3  Implementation on a hard diskdrive . . . . . ... .. .. 148
7.4  Design in discrete-time domain . . . . . ... .. ... ...... 152
7.4.1  Synthesis method for low-hump sensitivity function . . . . 152
7.4.2  Anapplicationexample . . . . ... ... ......... 153
7.4.3  Implementation on a hard disk drive . . . ... ... ... 158
7.5 Conclusion . . . ... ... 158
8 Generalized KYP Lemma-Based Loop Shaping Control Design 161
8.1 Introduction . . . ... .. ... .. ... ... ... 161
8.2 Problemdescription . . . ... ... ... .. ......... .. 162
8.3  Generalized KYP lemma-based control design method . . . . . . 163
84 Peakfilter . . .. ....... ... .. ... 166
8.4.1 Conventional peak filter . . . .. .. ........... 166
84.2 Phaselead peak filter . . . . . ... ............ 168
843 Grouppeakfilter . ... ... .......... ..... 169
8.5  Application in high frequency vibration rejection . . ... ... . 169
8.6  Application in mid-frequency vibrationrejection . . . . .. . ... 177
87 Conclusion . ... ..... .. ... ... 178
9 Combined H; and KYP Lemma-Based Control Design 183
9.1 Introduction . .. ....... .. ... ... ... ... ... 183
9.2 Problem formulation . . ... ... .. ... ... ... ... .. 184

9.3  Controller design for specific disturbance rejection and overall error
minimization . . .. ... 185
9.3.1  Q parametrization to meet specific specifications . . . . . 185
932  Q parametrization to minimize Hy performance . . . . . 187

933 Designsteps . .. .. ... ... 188



viii

10

11

12

Modeling and Control of Vibration in Mechanical Systems

9.4  Simulation and implementationresults . . . . .. ... ... ...
941 Systemmodels . .. ....................

9.4.2  Rejection of specific disturbance and Hy performance min-
imization . . . . ... ... ... .

9.4.3  Rejection of two disturbances with Hy performance mini-
MIZation . . . . . . .. e

9.5 Conclusion . . . . ... ...

Blending Control for Multi-Frequency Disturbance Rejection

10.1 Introduction . . . ... ... .. ... ... ...

10.2 Controlblending . . ... ... ... ...............
10.2.1 State feedback control blending . . . . . ... ... ...
10.2.2  Output feedback control blending . . . . ... ... ...

10.3 Control blending application in multi-frequency disturbance rejec-
HOTW o v v v s ommmmse s 8 8 8 6.8 @5 6 b omor s o o o5
10.3.1 Problem formulation . . .. .. ... ...........
10.3.2  Controller design via the control blending technique

10.4 Simulation and experimental results . . . . . . ... ... . ...
10.4.1 Rejecting high-frequency disturbances . . . . . . . .. ..
10.4.2  Rejecting a combined mid and high frequency disturbance

10.5 Conclusion . .. . ... ... ... ...

H_.-Based Design for Disturbance Observer

11.1 Introduction . . . ... ... ... .. ... ..
11.2 Conventional disturbance observer . . . ... .. .........
11.3 A general form of disturbance observer . . . . ... ........
11.4 Applicationresults . . ... ... ...... e e
11.5 Conclusion . . . . ... ...

Two-Dimensional H> Control for Error Minimization
12.1 Introduction . . . . .. ... . . . . ..
12.2  2-Dstabilizationcontrol . . . . . . .. .. .. .. .. ...
123 2-DHacontrol . . ... ... . .. ...
12.4 SSTW processand modeling . . . . .. ... ...........
1241 SSTWservoloop . . . . . ... ... ... ... .....
12.42 Two-dimensionalmodel . . .. ... ... ........
12.5 Feedforward compensationmethod . . . ... ... ........
12.6 2-D control formulation for SSTW . . . . .. . ... ... ....
12.7 2-D stabilization control for error propagation containment
12.7.1 Simulationresults. . . . . . ... ... ... ..... ..
12.8 2-D H; control for error minimization . . . . ... ... ... ..
12.8.1 Simulationresults. . . . ... ... ... ... ..... .
12.8.2 Experimentalresults . . .. ... .. ...........
129 Conclusion . . . . ... ...



Table of Contents ix

13 Nonlinearity Compensation and Nonlinear Control 251
13.1 Introduction . . . . . v v v v e i e e e 251
13.2 Nonlinearity compensation . . . . . . . . . .« oo oo 251
13.3 Nonlinear control . . . . . . . . . ot e 252

13.3.1 Design of a composite control law . . . . . .. ... ... 256
13.3.2 Experimental results in hard disk drives . . . . . . . ... 257
13.4 Conclusion . . . . . . . it e 259

14 Quantization Effect on Vibration Rejection and Its Compensation 261
14.1 Introduction . . . . . . . . . v v vt i i e e 261
14.2 Description of control system with quantizer . . . .. ... .. .. 261
14.3 Quantization effect on error rejection . . . . . . ... ... L. 266

14.3.1 Quantizer frequency response measurement . . . . . . . . 266
14.3.2 Quantization effect on error rejection . . . . . . ... .. 266
14.4 Compensation of quantization effect on error rejection . . . . . . . 269
14.5 ConCluSion . . . . . v v e e e e e e e e e e e e 272

15 Adaptive Filtering Algorithms for Active Vibration Control 275
15.1 Introduction . . . . . ... . . . ... 275
15.2 Adaptive feedforward algorithm . . . . . .. ... ... ... .. 275
15.3 Adaptive feedback algorithm . . . ... ... ... ..., ... .. 277
15.4 Comparison between feedforward and feedback controls . . . . . 280
15.5 Application in Stewart platform . . . . . ... .. ... ... ... 280

15.5.1 Multi-channel adaptive feedback AVC system . . . . . . . 280
15.5.2 Multi-channel adaptive feedback algorithm for hexapod plat-
form. . . ... 281
15.5.3 Simulation and implementation . .. ... ..... ... 284
15.6 Conclusion . . . . . . . . .. e e 290
References 293

Index 305



List of Tables

2.1 o values of the modeling error (Jl —d,) for differentpand I . . . 49
4.1 % reduction of o values of PES, RRO and NRRO and disk vibration
amplitude with stacked disks compared with singledisk . . . . . . . 81
6.1 Control performance comparison . . . . . . . . . . ... .. ... 131
7.1 Control performance comparison. . . . . . . . ... .. ...... 146
9.1 Comparison of performance specifications . . . . . ... ... ... 191
14.1 Quantization and frictioneffect . . .. ... ... ......... 272

xiii



List of Figures

1.1
1.2
1.3
14
L.5
1.6
1.7

2.1
2.2
2:3

24
2.5
2.6
27
2.8
2.9
2.10
2.11

2.12

2.13
2.14
2.15
2.16

2.17

2.18
2.19
2.20
2.21
222
2.23

The servo control loop of a hard disk drive. . . . . . .. ... ...
Hexapod from Micromega Dynamics. . . . . . . ... ... ....
Zoomed-in view of the hexapod. . . . . . ... ... ... . ....
An example of random vibration. . . . . . ... .. ... ... ..
Spectrum density of broad-band vibration. . . . . ... ... .. ..
Spectrum density of narrow-band vibration. . . . . ... ... ...
Histogram of signal . . . . . . . .. .. ... .. ... ......

A read back signal of embedded servo. . . . . . ... ...
Frequency responses of a second order transfer function. . . . . . .
Measured VCM Bode plots (straight lines: pure double integrator
T
Multiplicative uncertaintyofa VCM. . . . . . . .. .. ... .. ..
The operator 2 Versus . . . . . . . . . . ... ..o
Friction f versus actuator displacementx. . . . . . .. ... .. ..
A PZT actuated suspension. . . . . .. ... ... .. .......
Equivalent spring mass system of PZT microactuator. . . . . . . . .
A typical frequency response of the PZT microactuator. . . . . . . .
An opened 1.8-inch hard disk drive. . . . ... .. .. ... ....
Measured and modeled frequency responses of the VCM actuation
system (LDVrange 0.5 um/V). . . . . . . ... . ... ... ....
Closed control loop of a disk drive with a VCM actuator for friction
measurement viaLDV. . . . .. ... 0L
Control signal u versus displacementz. . . . ... ... ... ...
VCM actuator modeling with friction nonlinearity model F(z).
Measured and modeled frictionanderror. . . . ... ... ... ..
Actuator frequency response for sinusoidal reference with amplitude
of land 3 V,respectively. . . . . . .. ... ... ....... ...
Actuator frequency response for sinusoidal reference with amplitude
of 0.5 V. . . .
Preload and two-slope model for friction modeling. . . . .. .. ..
Plant input voltage u versus displacementz. . . . . .. ... .. ..
Closed-loop control system disturbances d1, d> and noise n.
Closed-loop control system with disturbance and noise models. . . .
Sensitivity function S(2). . . . . ... ... L
PES NRRO spectrum. . . . . . . .. ... ... ... .......

37

37
38
38
39
40
41
42

XV



