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The discussion of negative-velocity feedback control gain
G is presented in this paper. For all the existing models,
they normally neglect the electric charge of the actuator
introduced by the mechanical force applied on the smart
composite structure. In this paper, the electric charge of
the actuator is considered and the expression of the feed-
back control gain G; is also studied. Numerical results are
presented to demonstrate the scale of the feedback control
gain.

Introduction

Smart structures technology featuring a network of sen-
sors and actuators, real-time control capabilities, compu-
tational capabilities and host material will have a tremen-
dous impact upon the design, development and manufac-
ture of the next generation of products in diverse indus-
tries. The idea of applying smart materials to mechanical
and structural systems has been studied by researchers in
various disciplines. A number of promising materials with
adaptable properties are available which may be used as
sensor or actuator elements of smart structures. These ma-
terials include piezoelectric polymers and ceramics, shape
mermory alloys, electrorheological fluids and optical fibres.
Modelling and simulation will play a key role in the design
of smart structures (see Crawley).!

There have been many theories and models proposed
for analysis of laminated composite beams and plates con-
taining active and passive piezoelectric layers. Bailey and
Hubbard? designed a distributed-parameter actuator and
control theory. They used the angular velocity at the
tip of cantilever isotropic beam with constant-gain and
constant-amplitude negative velocity algorithms and ex-
perimentally achieved vibration control. A mechanical
model for studying the interaction of piezoelectric patches
surface-mounted to beams has been developed by Crawley
and de Luis,® Im and Atluri,* and Chandra and Chopra.®
The study presented here is different from those in that
we study laminated beams containing piezoelectric lami-
nae. The strain sensing and actuating (SSA) lamina can
offer both discrete effects similar to patches as well as dis-
tributed effect. Gerhold and Rocha® used piezoelectric
sensor /driver pairs that are collocated equidistant from
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the neutral axis for the active vibration control of free-
free isotropic beams using constant-gain feedback control.
They neglected the effect of piezoelectric elements on the
mass and stiffness properties of the beam element. The
modeling aspects of laminated plates incorporating the
piezoelectric property of materials have been reported in
Lee,” Crawley and Lazarus.® Wang and Rogers® used the
assumptions of classical lamination theory combined with
inclusion of the effects of spatially distributed, small-size
induced strain actuators embedded at any location of the
laminate. Both negative-velocity feedback and positive-
position feedback gains have been discussed by Chan-
drashekhara and Agarwal.l® An overview of recent de-
velopments in the area of sensing and control of struc-
tures by piezoelectric materials has been reported in Rao
and Sunar.!! Mitchell and Reddy'? developed refined hy-
brid theory for laminated piezoelectric plates, Huang and
Sun!®1* formulated laminated smart beams with piezo-
electric laminae. Up to now, from our investigation, there
is no one publication that has given attention to discus-
sion of the negative-velocity feedback control gain. This is
mainly the objective in this paper.

In some of the existing models proposed by Chen'®
and Mindlin,'® they introduce the electric potential func-
tion as an additional variational function. But for some
complicated cases, it is very difficult to determine this elec-
tric field function. The present model in this paper does
not introduce the voltage as an additional degree of free-
dom. It assumes that the electric field distribution is aver-
age because the piezoelectric sensor and actuator layers are
very thin. In this paper, we take the smart laminated beam
as an example to discuss the feedback control gain. The
present theory can apply to the smart composite plates
and shells as well.

Laminate constitutive relations

Consider a fibre-reinforced laminated composite beam
(length I, width b, and thickness h) containing distributed
plezoelectric layers as sensor and actuator that can be on
the top and bottom layers in the present beam model (Fig-
ure 1). The lamina constitutive relations of smart struc-
ture for the kth with respect to the plane (laminate) co-
ordinates (z, v, 2), is given as

{ohy = [Ql {e}hs — E {E}e (1)

R & D Journal, 2000, 16(2) 41



{D}r = [Elx {e}e + @l { £} (2)
where {e} is the strain, {0} is the stress, {D} is the elec-
tric displacement, {E} is the electric field intensity, [ Q]
is the elastic stiffness matrix, [€] is the piezoelectric stress
coefficient matrix and [g] is the permittivity matrix. Non-
piezoelectric larninae can be modelled by simply setting
the piezoelectric constants to zero and retaining the di-
electric permittivity constants if necessary.

For the smart composite beam, equation (1) can be
written as®

{U.r}: Qllq {Ez}_{€31}Elc
Tz )y 0 Q55 k Yzz ] 0 ke ‘

(3)

Strain-displacement relations of beams

The displacement field of smart composite beams based
on Mindlin!® theory is given by

wuy (z,y,2,t) = ug (x,t) + 219 (z, )
U2 (x)y7z7t) =0 (4)
u3 (:v,y,z,t) = Wo (IIZ,t)

where uy and wy represent the mid-plane displacements
in the z,2 directions, and g represents the rotations of
transverse normal to mid-plane about the y co-ordinates.
Here, we assume that the displacement for the y-direction
is neglected and up, wo, Yo are only functions of x-axis
and time (t) in the present model of beam.

The strain displacement relations of the laminated
beam based on a first order shear deformation theory as-
sociated with the displacement field are given by

€, =€ +2k;
(5)
Yoz = Vas
where ) ‘
IR R
5 o't ax
5 (6)
Gy, "Wo
Yoz = %0+ B

Sensor equation

The equation (4) is used to calculate the output charge
created by the strain in the smart beam. Since no exter-
nal electric field is applied to the sensor layer, the electric
displacement developed on the sensor surface is directly
proportional to strain acting on the sensor. If the z-axis
is the poling axis, the charge is collected only in the z-
direction. Hence, only Df is considered. For a PVDF
piezoelectric material layer acting as a sensor E* =0 and
equation (2) can be written as

Df =&y (€2 + 2K}) (7)

In order for the charge to tie measured, the electric
loop has to be closed. That is, the electrode has to appear
on both sides of lamina so that a charge move in z-direction
can be measured. It should be noted that the concept of
the effective surface electrode is an approximation. From

‘a practical design viewpoint, it must try to minimize the

edge effect of the electric field. Based on all these physical
arguments, the total charge ¢(t) can be measured through
the sensor layer as

wo=3| (o) + (o) ]

where R is the effective surface electrode of the piezoelec-
tric sensor layer. Substitution of equation (7) in equation
(8) results in

0(®) = [T (24 ot o

0

- dug 0 9o
. —_ T —— | bd
/Oedl ( oz + 2, Oz) z

where

Discussion of feedback control gain G,

The external applied voltage across the actuator layer by
using the negative velocity feedback control method is the
following

Vd = Gi(t)=Gi—=

= 0211,0
= Gi/oe'sl (_azat +

where G; is the gain to provide feedback control.

The phenomenon is called the direct piezoelectric ef-
fect which implies that when some mechanical force or
pressure (strain) is applied on a piezoelectric component,
some electric charge or voltage is induced in the piezo-
electric material. Because of the capabilities of the piezo-
electric materials, the actuator layer can also collect the
electric charge due to the mechanical deformation, that is

(10)

%o
0
. aw::) T

qa(t) = /531 (e2 + 24Ky bd
0

~ (Ouo 0%
= [ (204 220
/0631 <8az + 2 9z z

Z’l]c = z (zn + 2"n—l)

(11)

where

Please note the difference in the definitions for 22 and z}c
The voltage of actuator due to mechanical deforma-
tion can be written as
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where C is the electric capacity of the actuator. The total
voltage acting on the actuator layer is expressed as

~ O?ug 0o
vA Vé—be‘:|Gi|e,31/<a 2 at)bd:c

__eﬂ/<au0 k%ﬁo) (13)

If set VA = 0, the feedback control gain G; can be
expressed as

( + 2} 81[)0) dx
ox
G = 0 0%
C{O(axat+ %3 )dz
_ 1 UO(lt —Uo(O t)-|-~/ [ (l t)—?[)o(o,t)]
o (1,2) — it (0, 2) + 22 [w (1,t) — o (O,t)J
_ &+ 2iR
where
| U (lyt) — U (O)t) - ’WO (lat) - w (O7t)
g = , K=

l l

The symbols €, K, are called the average measurement
of deformation and z;,K, are the rate of deformation. If
the period of time At is very small, it can be assumed that

_ de; g _ dr; Ri
El = — /{,l = —

at At dt At
Substituting equation (15) into equation (14) yields

(15)

IGi]  1& + 2R

&l = -
! At C“[-l- ,h[

(16)

where G is called the rate of feedback control gain. It can
also be written as

_ G _ 1E+24%

- : 17
At CE + 20K (17)
. . 1¢e + 2K
From equation 16, if = M then there
C &l + y

1s no voltage applied on the actuator, it means the exter-
nal applied voltage on the actuator is equal to the voltage
of the actuator due to the mechanical deformation. The
active control effect of smart composite beams can be ob-
served when the feedback control gain has the following
expression:

1 & 4 R

CE + 20K

-

(18)

It is very important to note that the scale of feedback
control gain G; has to be considered in the application of
smart composite structures.

Results and discussion

In the present smart beam structure, the piezoelectric of
the bottom layer is considered as a sensor to sense the
strain and generate the electrical potential and the piezo-
electric of the top layer as an actuator to control the vi-
bration of the structure. All material properties used are
shown in Table 1.

Table 1 The material properties of the main structure
and piezoelectric

Property PVDF Graphite/Epoxy
E 0.2E+10 N/m? 0.98E+11 N/m?
E, 0.2E+10 N/m?  0.79E+10 N/m?
G2 0.775E+9 N/m?  0.56E+10 N/m?
Gos - 0.385E+10 N/m?
Uy 0.29 0.28

P 1800 kg/m? 1520 kg/m?®
es1 0.046 C/m? —
€32 0.046 C/m? —
€33 0.0 =
91 0.1062E—-9 F/m —
go2 0.1062E—-9 F/m —
933 0.1062E—9 F/m e

t 0.1E-3 m 0.125E—-3 m

A cantilever laminated beam with distributed piezo-
electric PVDF layer serving as a distributed actuator on
the top surface, and another PVDF on the bottom surface
as a distributed sensor, will be used as a case study. The
beam dimensions considered are: length | = 100 mm and
width b = 5 mm. The thickness of the beam can be gen-
erally written as h = n x 0.125F — 3 m and piezoelectric
PVDF layer is taken as 0.1 x 1073 m (see Table 1). The
applied transverse load is uniformly distributed and has a
magnitude of 2.5 x 10® N/m? and frequency of 10 Hz.

Figure 2 shows the tip depiction of the beam ver-
sus feedback control gain for the different ply orienta-
tion. From these results, it can be found that the tip
deflection (amplitude) of the beam decreases quickly while
the feedback control gain increases. It can also be found
that the limit scale of feedback control gain is about 5
coulombs/ampere. From this point, the control effect can
be clearly observed. But when the control gain G; > 100
coulombs/ampere, the tip deflection decreases very slowly.
From all these phenomena, we can say the optimal feed-
back control gain of the present beam model is about 100
coulombs/ampere.

Conclusions

The negative velocity of feedback control gain of smart
composite beams has been discussed. There are three pos-
sible conditions for the feedback control gain G;. Same
results have been presented by Sun and Huang.!”

g+ zkm

L. If |G| < O 1 0% only the self-created voltage is
LT 2k

acting on the actuator layer. For this case, the control
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Figure 1 Laminated beam with integrated piezoelectric sensor and actuator
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Figure 2 The tip deflection of beam versus feedback control gain
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effect cannot be observed for the present beam model.

_ 1 g+ 2LR,
2. If |G| = 5 =—E2 |
Gl C&+ 0%
ator layer is zero. This is the limit scale of feedback
control gain.

the total voltage on the actu-

18 +2.K : .
3. If |Gy > = c_l-i-—}”(f_l , the active control effect will be
C & + 2R
clearly noticed.
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