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“Where the mind is without fear and the head is held high;
Where knowledge is free;
Where the world has not been broken up into fragments by narrow domestic
walls;
Where words come out from the depth of truth;
Where tireless striving stretches its arms towards perfection;
Where the clear stream of reason has not lost its way into the dreary desert
sand of dead habit;
Where the mind is led forward by thee into ever-widening thought and action

Into that heaven of freedom, my Father, let my country awake.”

..... Rabindranath Tagore

Dedicated to our Wives
Tamisra, Uma, Sujatha

and
Children

Trisha, Nidhisha and Nikhitha, Rahul



Preface

Smart materials and smart structures, often called as the intelligent structures
forms a new rapidly growing interdisciplinary technology in the modern day
world embracing the fields of materials, structures, mechatronics, sensor -
actuator systems, information and signal processing, electronics, mathematics,
control and are basically distributed parameter systems.

A common feature in majority of the structures is the active vibration
control problem, which has to be dealt with as it would lead to the degrada-
tion of the structural performance if left uncontrolled. A modest attempt is
made to reduce the structural vibrations in smart cantilever beam using var-
ious control strategies and is presented in this monograph, which is entirely
based on the authors work. Some of the developed control techniques are also
experimentally verified.

Much of the research work done in the area of smart structures so far is
mainly concentrated in the modeling and control techniques, static and dy-
namic analysis which make use of state feedback, output feedback principles,
linear quadratic regulator, optimal control and PID based techniques, etc.,.
Since most of these types of control techniques needs all the system states
for feedback, which may not be available for measurement, they may suffer
from the problem of real time implementation and some times need a state
observer for control purposes. These drawbacks could be overcome by the use
of multirate output feedback techniques (MROF).

With the increasing use of computers and discrete-time samplers in con-
troller implementation in the recent past, discrete-time systems and computer
based control have become the topics that have a lot of potential in them. An
MROF based control technique can be applied to almost all the systems which
are controllable and observable, while at the same time being simple enough
as not to tax the computers too much.



VIII Preface

State feedback algorithms can be converted into output feedback algo-
rithms by the use of multirate output feedback sampling technique. Conse-
quently, the MROF based control strategies has the advantages of both the
state feedback and output feedback control philosophies. This has further
opened up the field of multirate output feedback based discrete time sliding
mode control of smart structures.

The authors would like to express their deep sense of gratitude to their
parents and teachers who have made them capable enough to write this book.

The authors wish to place on record their hearty thanks to many of the
individuals who had helped them directly or indirectly in completing this
monograph. Notable among them being Prof. P. Seshu of Mechanical En-
gineering Department, IIT Bombay, who had helped the authors by giving
constructive suggestions in the preparation of some part of this monograph.
The authors would like to thank Prof. P.S.V. Nataraj of Systems and Control
Engg. Dept. for his cooperation during the preparation of this monograph.

The authors would also like to thank a large number of people of various
departments of Indian Institute of Technology Bombay, National Institute
of Technology Tiruchirapalli, Indian Institute of Science Bangalore and vari-
ous other organizations for their critical comments and stimulating technical
discussions which the authors had with them during the preparation of this
monograph and to bring out their work in a fine form. To name a few of them,
Ezhil Arasi, G.Uma, Juhi, Dhuri and S.Janardhanan.

Finally, the authors like to thank the entire team of springer publications
for their cooperation and encouragement in bringing out the authors work in
the form of a monograph in such a short span of time.

Mumbai-400076, Bignan Bandyopadhyay
Maharashtra, India, Tadaga Channaveerappa Manjunath
August 2006. Managalanathan Umapathy



Nomenclature

List of Roman symbols:

a1 to ag Constants used in the solution of the displacement function

Qe Actuator constant

A Area (m?, mm?)

A1 Extensional coefficient

Ass Transverse shear stiffness coefficient

Ap Area of the beam element

A Diagonalized A matrix consisting of eigen values

Ap Area of the beam piezoelectric element (m?, mm?)

A A State matrix in continuous-time model of LTI system,

b Width of the beam or piezoelectric sensor or actuator
(m, cm, mm)

B Spatial derivative of the vector of inertial forces N

B, B Input matrix in continuous-time model of LTI system

B Bending-extensional coefficient

c Constant which is given by \/g , width of the beam

C, C Output matrix in continuous-time model of LTI system

Co, Dy Fictitious matrices or the matrices of the lifted system
C(F,N) Fictitious measurement matrix

c* Generalized structural modal damping matrix

dys, d31 Piezoelectric constants

d(k), d(k) Bounded disturbance

dy, dy Known lower and upper bounds on the disturbance

dA Elemental area (m?2, mm?)

dz Elemental length along the z-axis (m, mm)

D, D Transmission matrix in continuous-time model of LTI system

D, Electric displacement



XXIV Nomenclature

Dll
e(k)
Cl? Cu

€31

Bending coefficient

Permittivity of the medium (dielectric constant)
Variable resulting due to effect of disturbance on
sampled output

Lower and upper bounds of e(k)

Mean (average value) of the function of uncertainty
Piezoelectric stress/charge constant

Piezoelectric constant

Actuator induced piezoelectric axial force

Young’s modulus of the beam, modulus of elasticity (GPa)
Young’s modulus of the piezo patch or

modulus of elasticity (GPa)

Electric field (V)

External load matrix which couples disturbance to the system
Young’s modulus or modulus of elasticity (GPa)
Flexural rigidity

Frequency (Hertz)

External force, i.e., disturbance applied to the beam ()
Generalized external force vector

Control force coefficient vector

Generalized control force coefficient vector

Total force coefficient vector

Generalized total force coefficient vector

Shape functions of the beam

Forces acting at the nodes 1 and 2 (N)

State feedback gain

Actuator induced bending moment

PZT stress constant (VmN 1)

Generalized coordinates

Signal conditioning device gain

Actuator induced shear force

Output injection gain

Constant vector which depends on actuator characteristics
Height of the beam + 2 piezo patches,

i.e., the thickness of total structure (m, mm)
Sensor current (Amps)

Variables, i.e., 1, 2, 3,....

Moment of inertia of the beam

Moment of inertia of the piezoelectric patch
Identity matrix

Mass inertias of the cross-section of the beam
Positive integer chosen by the designer

Discrete samples



Nomenclature

Stiffness matrix of the regular beam element,
i.e., local stiffness matrix

Stiffness matrix of the piezoelectric element,
i.e., local stiffness matrix

Controller gain

Stiffness matrix of the piezoelectric beam element
Assembled stiffness matrix of the beam,

i.e., global stiffness matrix

Periodic output feedback gain matrix
Generalized stiffness matrix of the beam
Length of piezo patch (either sensor/actuator)
(m or ¢m or mm)

Length of the beam element (m or cm or mm)
Fast output sampling feedback gain matrix
Total length of the beam (m or em or mm)
Matrix blocks represent the output feedback gains
Moment along the length of the beam

Bending moments acting at node 1 and 2

Mass of the regular beam element,

i.e., local mass matrix

Resultant moment acting on the structure
Mass matrix of the piezoelectric element

Mass matrix of the piezoelectric beam element
Assembled mass matrix of the beam,

i.e., global mass matrix

Mass matrix of the beam associated with the
translational inertia

Mass matrix of piezoelectric element associated
with translational inertia

Mass matrix of the beam associated with the
rotary inertia

Mass matrix of the piezoelectric element associated
with the rotary inertia

Generalized mass matrix of the beam

Bending moment

Spatial derivative of the shape functions

Mode shape functions for displacement taking
shear into consideration

Mode shape functions for velocity taking shear
into consideration

XXV



XXVI Nomenclature

Mode shape functions for acceleration taking shear
into consideration
Internal forces acting on the cross section of the beam,
i.e., axial force
Number of actuators
Number of layers of the beam, Number of sub-intervals
Constant vector which depends on sensor characteristics
Transformation matrix
P21 (rxr)and (n—7) X r sub-matrices obtained
by partitioning of P matrix
q(z,t) Externally applied pressure loading at the tip of the beam
q(t) Charge accumulated on the sensor surfaces
q Vector of displacements and slopes,
i.e., nodal displacement vector
Principal coordinates

xevzz oz oz

q Velocity vector

q Acceleration vector

qd Distributed force along the length of the beam

Qo Transverse distributed loading

Q1) Total charge developed on sensor surface (Coloumbs)

Qs Shear force

Q11, Q55 Constants of the composite beam

r(t) Reference input to the beam, i.e., impulse or
sinusoidal disturbance

s(k) Switching function or the sliding function or the
switching surface

sgn Signum function

s7 Compliance of the medium

sa(k) apriori known function

Se Sensor constant

tp Thickness of the beam (m or em or mm)

ta Thickness of the actuator (m or cm or mm)

ts Thickness of the sensor (m or em or mm)

t Time (sec)

T Modal matrix containing eigenvectors representing
desired number of modes

T Transpose, Kinetic energy

Ug Initial control

ug(x) Axial displacement of a point on the composite beam

U Stabilizing control for the reduced order model

u Control input applied to actuator from controller (V)

Axial displacement along the z-axis (mm)



Nomenclature XXVII

u(t) Input vector

U Strain energy

v Lateral displacement along the y-axis

Vi(t) Sensor voltage (V)

Ve(t) Actuator voltage (V)

VE(x,t) Applied voltage to k" actuator having a thickness of
(2fy — 222)

wo(T) Lateral displacement of a point on the composite beam

w(zx,t)  Displacement function

w'(z,t) First spatial derivative of the displacement function

w’(z,t) Second spatial derivative of the displacement function

w;, 6; Degrees of freedom at the nodes
w(x,t)  Time derivative of the displacement function
w Transverse displacement (mm)
w External work done
T Distance of the local coordinate from the fixed end
State variable or axis
o Initial state
x(t) State vector in CT consisting of state variables z1, zo, ...
x(k) State vector in DT consisting of samples at &k = 0,1,2,3, ..

y(t), yv; System output, i.e., sensor o/p of the CT system (volts)
Yr Output sampled at 7

y(k) System output, i.e., sensor o/p of the DT system (Volts)
Y Axis
Zk Distance of the k** layer from the z-axis

z1, 22 r and (n — r) dimensional state vectors corresponding to
the original state variables

z Distance from the center of the beam to the piezo patch,
ie., (ta +%) (mm)
Axis
Depth of the material point measured from beam reference
plane along vertical axis (mm)

zZ, h Distance between neutral axis of the beam and the PE layer
(32) (mm)

Z; Vector of forces and moments



XXVIII Nomenclature

List of Greek symbols:

(%

3
de

oIl
)
oU
oT
oW
€

€

Exxy Eyyy €22

Ex
€z
¢

P(x)
(®,,T,,C)

(®,I,C)

,I,CT

= B0

Yz Yyzr Yoy
v(x)

K

G

A

v

Frictional damping constant

Structural damping constant

Variation (maximum deviation) of the function

of the uncertainty

Change in energy

Half the quasi sliding mode band width

Variation in the strain energy

Variation in the kinetic energy

Variation in the work done due to the external forces
Belongs to

Strain

Longitudinal strains or the tensile strains in the

xz, y and z directions

Mechanical normal strain

Transverse shear strain

Ratio of the beam bending stiffness to shear stiffness
Bending slope

DT system obtained by sampling CT system with
sampling interval of 7 sec.

Tau system

DT obtained by sampling CT system with sampling
interval of A sec.

Delta system

Augmented DT system

Shear strain

Controllability index of the system

Shear strains in the 3 directions

Additional shear deformation angle

Shear coefficient

Shear modulus or modulus of rigidity

Angle between the fiber direction and the longitudinal
axis of the beam

Eigen values of the system

Poisson’s ratio

Observability index of the system



Pb

Pp

pA

p(°)

P1, P2, P3
%TL

§Rm

RP

Ua

o

Nomenclature

Vector of inertia forces

22

T71me dependent rotation of the beam cross section
about the y-axis

Angle of rotation or slope in EB beam(rads or degs)
Density of the beam (Kg/m?)

Density of the piezoelectric patch (Kg/m?)
Mass / unit length

Spectral radius

LMI norms

n-dimensional real space

m-dimensional real space

p-dimensional real space

Stress in the actuator

Stress

Shear stress

Normal shear stress

Tensile stress

Sampling interval (secs)

Shear stress

Natural frequency (rads/sec)

Damping ratio

List of Acronyms/Abbreviations:

ADC
AVC

CcC

CF

CL

CcT
DAC
DOF
DSM
DSMC
DT
DTQSMC
DTSMC
EB

ER

FE

Analog to Digital Converter

Active Vibration Control

Clamped Clamped

Clamped Free

Closed Loop

Continuous Time

Digital to Analog Converter

Degree Of Freedom

Discrete Sliding Mode

Discrete Sliding Mode Control
Discrete Time

Discrete Time Quasi Sliding Mode Control
Discrete Time Sliding Mode Control
Euler-Bernoulli

Electro Rheological

Finite Element

XXIX



XXX Nomenclature

FEM
FFT
FOS
FOSSMC
HOBT
IEEE
10P
ISSS
LHS
LMI
LTI

LTI
MATLAB
MEMS
MIMO
MR
MROF
NEMS
OL

PC

PCI

PE
POF
PVC
PVDF
PZT
QSM
QSMC
RDFOS
RDPOF
RHS
RTI
RTW
SFB
SISO
SMA
SMC
SPIE
SS

TLC

Finite Element Method

Fast Fourier Transform

Fast Output Sampling

Fast Output Sampling based Sliding Mode Control
Higher Order Beam Theory

Institute of Electrical and Electronics Engineers
Institute of Physics

Institute of Smart Structures and Systems

Left Hand Side

Linear Matrix Inequalities

Linear Time Invariant

Linear Time Invariant

MATrix LABoratory

Micro Electronic Mechanical Systems

Multiple Input Multiple Output

Magneto Rheological

Multi-Rate Output Feedback

Nano Electronic Mechanical Systems

Open Loop

Personal Computer

Personal Computer Interface

Piezo Electric

Periodic Output Feedback

Poly Vinyl Chloride

Poly Vinylidene Fluoride

Lead Zirconate Titanate

Quasi Sliding Mode

Quasi Sliding Mode Control

Robust Decentralized Fast Output Sampling
Robust Decentralized Periodic Output Feedback
Right Hand Side

Real Time Interface

Real Time Workshop

State Feedback Gain

Single Input Single Output

Shape Memory Alloys

Sliding Mode Control

Society of Photonics and Instrumentation Engineers
State Space

Target Language Compiler



Lecture Notes in Control and Information Sciences

Edited by M. Thoma and M. Morari

Further volumes of this series can be found on our homepage:

springer.com

Vol. 349: Teutsch, H.

Modal Array Signal Processing: Principles and
Applications of Acoustic Wavefield Decomposition
253 p. 2007 [978-3-540-40893-2]

Vol. 348: Rogers, E.T.A,; Galkowski, K.; Owens, D.H.

Control Systems Theory and Applications for Linear
Repetitive Processes
482 p. 2007 [978-3-540-42663-9]

Vol. 347: Assawinchaichote, W.; Nguang, S.K.; Shi, P.

Fuzzy Control and Filter Design for Uncertain
Fuzzy Systems

178 p. 2006 [978-3-540-37011-6]

Vol. 346: Tarbouriech, S.; Garcla, G.;
Glattfelder, A.H. (Eds.)

Advanced Strategies in Control Systems

with Input and Output Constraints

430 p. 2006 [978-3-540-37009-3]

Vol. 345: Huang, D.-S.; Li, K.; Irwin, G.W. (Eds.)
Intelligent Computing in Signal Processing
and Pattern Recognition (ICIC 2006)

1179 p. 2006 [978-3-540-37257-8]

Vol. 344: Huang, D.-S.; Li, K.; Irwin, GW. (Eds.)
Intelligent Control and Automation (ICIC 2006)
1121 p. 2006 [978-3-540-37255-4]

Vol. 343: Jalali, A.A,; Sims, C.S.; Famouri, P.
Reduced Order Systems

170 p. 2006 [978-3-540-34358-5]

Vol. 342: Hasegawa, Y.; Suzuki, T.

Realization Theory and Design of Digital Images
275 p. 2006 [978-3-540-36115-2]

Vol. 341: Commault, C; Marchand, N. (Eds.)
Positive Systems

448 p. 2006 [978-3-540-34771-2]

Vol. 340: Diehl, M.; Mombaur, K. (Eds.)

Fast Motions in Biomechanics and Robotics
500 p. 2006 [978-3-540-36118-3]

Vol. 339: Alamir, M.

Stabilization of Nonlinear Systems Using
Receding-horizon Control Schemes

325 p. 2006 [978-1-84628-470-0]

Vol. 338: Tokarzewski, J.

Finite Zeros in Discrete Time Control Systems
325 p. 2006 [978-3-540-33464-4]

Vol. 337: Blom, H.; Lygeros, J. (Eds.)
Stochastic Hybrid Systems

395 p. 2006 [978-3-540-33466-8]

Vol. 336: Pettersen, K.Y.; Gravdahl, J.T,;
Nijmeijer, H. (Eds.)

Group Coordination and Cooperative Control
310 p. 2006 [978-3-540-33468-2]

Vol. 335: Koztowski, K. (Ed.)
Robot Motion and Control
424 p. 2006 [978-1-84628-404-5]

Vol. 334: Edwards, C; Fossas Colet, E.;

Fridman, L. (Eds.)

Advances in Variable Structure and Sliding Mode
Control

504 p. 2006 [978-3-540-32800-1]

Vol. 333: Banavar, R.N.; Sankaranarayanan, V.
Switched Finite Time Control of a Class of
Underactuated Systems

99 p. 2006 [978-3-540-32799-8]

Vol. 332: Xu, S.; Lam, J.

Robust Control and Filtering of Singular Systems
234 p. 2006 [978-3-540-32797-4]

Vol. 331: Antsaklis, P.).; Tabuada, P. (Eds.)
Networked Embedded Sensing and Control
367 p. 2006 [978-3-540-32794-3]

Vol. 330: Koumoutsakos, P.; Mezic, |. (Eds.)

Control of Fluid Flow
200 p. 2006 [978-3-540-25140-8]

Vol. 329: Francis, B.A.; Smith, M.C.; Willems, J.C. (Eds.)

Control of Uncertain Systems: Modelling,
Approximation, and Design
429 p. 2006 [978-3-540-31754-8]

Vol. 328: Lorfa, A.; Lamnabhi-Lagarrigue, F.;
Panteley, E. (Eds.)

Advanced Topics in Control Systems Theory
305 p. 2006 [978-1-84628-313-0]

Vol. 327: Fournier, J.-D.; Grimm, J.; Leblond, J,;
Partington, J.R. (Eds.)

Harmonic Analysis and Rational Approximation
301 p. 2006 [978-3-540-30922-2]

Vol. 326: Wang, H.-S.; Yung, C-F,; Chang, F.-R.
H ., Control for Nonlinear Descriptor Systems
164 p. 2006 [978-1-84628-289-8]

Vol. 325: Amato, F.

Robust Control of Linear Systems Subject to Uncertain

Time-Varying Parameters
180 p. 2006 [978-3-540-23950-5]



Vol. 324: Christofides, P.; El-Farra, N.

Control of Nonlinear and Hybrid Process Systems
446 p. 2005 [978-3-540-28456-7]

Vol. 323: Bandyopadhyay, B.; Janardhanan, S.
Discrete-time Sliding Mode Control

147 p. 2005 [978-3-540-28140-5]

Vol. 322: Meurer, T.; Graichen, K.; Gilles, E.D. (Eds.)
Control and Observer Design for Nonlinear Finite
and Infinite Dimensional Systems

422 p. 2005 [978-3-540-27938-9]

Vol. 321: Dayawansa, W.P.; Lindquist, A.;

Zhou, Y. (Eds.)

New Directions and Applications in Control Theory
400 p. 2005 [978-3-540-23953-6]

Vol. 320: Steffen, T.

Control Reconfiguration of Dynamical Systems

290 p. 2005 [978-3-540-25730-1]

Vol. 319: Hofbaur, M.W.

Hybrid Estimation of Complex Systems

148 p. 2005 [978-3-540-25727-1]

Vol. 318: Gershon, E.; Shaked, U.; Yaesh, I.

H . Control and Estimation of State-muliplicative
Linear Systems

256 p. 2005 [978-1-85233-997-5]

Vol. 317: Ma, C; Wonham, M.

Nonblocking Supervisory Control of State Tree
Structures

208 p. 2005 [978-3-540-25069-2]

Vol. 316: Patel, R.V.; Shadpey, F.

Control of Redundant Robot Manipulators

224 p. 2005 [978-3-540-25071-5]

Vol. 315: Herbordt, W.

Sound Capture for Human/Machine Interfaces:
Practical Aspects of Microphone Array Signal Processing
286 p. 2005 [978-3-540-23954-3]

Yol. 314: Gil', M.

Explicit Stability Conditions for Continuous Systems
193 p. 2005 [978-3-540-23984-0]

Vol. 313: Li, Z; Soh, Y.; Wen, C.

Switched and Impulsive Systems

277 p. 2005 [978-3-540-23952-9]

Vol. 312: Henrion, D.; Garulli, A. (Eds.)

Positive Polynomials in Control

313 p. 2005 [978-3-540-23948-2]

Vol. 311: Lamnabhi-Lagarrigue, F.; Lorfa, A.;
Panteley, E. (Eds.)

Advanced Topics in Control Systems Theory

294 p. 2005 [978-1-85233-923-4]

Vol. 310: Janczak, A.

Identification of Nonlinear Systems Using Neural
Networks and Polynomial Models

197 p. 2005 [978-3-540-23185-1]

Vol. 309: Kumar, V.; Leonard, N.; Morse, A.S. (Eds.)
Cooperative Control

301 p. 2005 [978-3-540-22861-5]

Vol. 308: Tarbouriech, S.; Abdallah, C.T.; Chiasson, J. (Eds.)
Advances in Communication Control Networks

358 p. 2005 [978-3-540-22819-6]

Vol. 307: Kwon, S.J.; Chung, W.K.

Perturbation Compensator based Robust Tracking
Control and State Estimation of Mechanical Systems
158 p. 2004 [978-3-540-22077-0]

Vol. 306: Bien, Z.Z,; Stefanov, D. (Eds.)
Advances in Rehabilitation
472 p. 2004 [978-3-540-21986-6]

Vol. 305: Nebylov, A.
Ensuring Control Accuracy
256 p. 2004 [978-3-540-21876-0]

Vol. 304: Margaris, N.I.
Theory of the Non-linear Analog Phase Locked Loop
303 p. 2004 [978-3-540-21339-0]

Vol. 303: Mahmoud, M.S.
Resilient Control of Uncertain Dynamical Systems
278 p. 2004 [978-3-540-21351-2]

Vol. 302: Filatov, N.M.; Unbehauen, H.
Adaptive Dual Control: Theory and Applications
237 p. 2004 [978-3-540-21373-4]

Vol. 301: de Queiroz, M.; Malisoff, M.; Wolenski, P. (Eds.)
Optimal Control, Stabilization and Nonsmooth Analysis
373 p. 2004 [978-3-540-21330-7]

Vol. 300: Nakamura, M.; Goto, S.; Kyura, N.; Zhang, T.
Mechatronic Servo System Control
Problems in Industries and their Theoretical Solutions
212 p. 2004 [978-3-540-21096-2]

Vol. 299: Tarn, T.-),; Chen, S.-B.; Zhou, C. (Eds.)
Robotic Welding, Intelligence and Automation
214 p. 2004 [978-3-540-20804-4]

Vol. 298: Choi, Y.; Chung, W.K.
PID Trajectory Tracking Control for Mechanical Systems
127 p. 2004 [978-3-540-20567-8]

Vol. 297: Damm, T.
Rational Matrix Equations in Stochastic Control
219 p. 2004 [978-3-540-20516-6]

Vol. 296: Matsuo, T.; Hasegawa, Y.
Realization Theory of Discrete-Time Dynamical Systems
235 p. 2003 [978-3-540-40675-4]

Vol. 295: Kang, W.; Xiao, M.; Borges, C. (Eds)

New Trends in Nonlinear Dynamics and Control,

and their Applications

365 p. 2003 [978-3-540-10474-0]

Vol. 294: Benvenuti, L.; De Santis, A.; Farina, L. (Eds)
Positive Systems: Theory and Applications (POSTA 2003)
414 p. 2003 [978-3-540-40342-5]

Vol. 293: Chen, G.; Hill, D.J.

Bifurcation Control

320 p. 2003 [978-3-540-40341-8]

Vol. 292: Chen, G; Yu, X.

Chaos Control

380 p. 2003 [978-3-540-40405-7]

Vol. 291: Xu, J.-X;; Tan, Y.

Linear and Nonlinear Iterative Learning Control

189 p. 2003 [978-3-540-40173-5]

Y5609



