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Active Vibration Control of a Simply Supported Plate
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Abstract

Undesired vibratery motion of a simply supported plate is controlled with piezoeilectric sensors and
actuators. Appropriate dynamic equations of the sensor and actuator are derived and coupled with the dy-
ramic equation of the plate for the construction of an active feedback vibration control system, Analytic
solutions are obtained for amplitude response of the plate, reflecting the combined effect of external driving
forces and piezoelectric control moments, Numerical examples are presented to illustrate the effectiveness of
this approach for two types of external forces, i.¢, a concentrated point load and a piezoelectric plate driver,
Calculation results show that the sensors and actuators can be efficient tools to mitigate the sensitivity of
the structure to external sources of vibration, The method investigated in this work is applicable to arbitrary

external loading conditions and control algorithms,

1. Introduction

alists: (1) passive method in which the impressed

force does work in the damper and (2) active

There are, in general, two categories ot te

method in which an auxiliary mechamsm coun-

chniques available to vibration control speci-

* gl g
Aeda 1992, 3. 3.

teracts the effect of the undesirable force[1].
The control technique has to be efficient and
should not increase the size and weight of the
components substantially. This paper concerrns
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the active vibration control system that rely in
its operation on piezoelectric sensors and act-
uators. Such systems have been experimentally
demonstrated to be effective in suppressing the
vibration of simple structural elements like one
dimensional rectangular beams(2]. The effective-
ness of these systems is consolidated by the light
weight, high force and low power consumption
capabilities of the sensors and actuators, These
features render this method an attracive ap-
proach for controlling structural vibration of
higher orders,

This paper is concerned with the use of bonded
piezoceramic sensors and actuators to actively
control vibration in a two dimensional structural
dynamic system, a simply supported plate, Defor-
mation of the bonded piezoceramic transducer
results in an electrical voltage in the sensor de-
tection unit This signal is conditioned by control
circuits adopting various algorithms, The
processed signal is used as an input to bonded
piezoelectric  actuators located at selected
positions, and the actuators transmit mechanical
energy to the flexible structure. Instantaneous
feedback circulation of input signal to controlling
energy can reduce overall vibration response of
the plate to external forces. A wide selection of
feedback algorithm is available in connecting the
sensed signal to the actuator[3, 4). In deciding on
the algorithm, one must weigh the ease of im-
plementation of feedback against the desirability
of control method. A strategy offering simple imn-
plementation is direct feedback control. whereby
the control force at a given point depends only on
the state at the same point, In this study, there-
fore, the direct feedback technigue is pursued in
favor of the simplicity.

This work nvestigates theoretical aspects of
the active vibration control of a simply supported
plate and performs analytic derivation of its am-
phtude response to external forces, The deri
vation s very general. It can accommodate arbi-
trary external loading conditions as well as arby-
trary number and location of piezoelectric

sensor ‘actuator pairs. Based on the direct

R T WMEE 11 % 3 W(1992)

feedback control algorithm, numerical examples
are presented to illustrate effectiveness of the
method for concentrated point loads, piezoelectric
plate drivers, and their combination. Calculation
results show that the sensors and actuators can
effectively reduce the vibration amplitude of the
structure responding to external forces. This ap-
proach is applicable to any control algorithm.

[I. Piezoelectric sensors and actuators in a
simply supported piate

Ideal sensors or actuators for vibration sup-
pression would be electrically powered, highly ef-
ficient, light, and would have a high bandwidth,
The high bandwidth requirement allows a design-
er to construct a closed loop system without re-
gard to sensor and actuator dynamics. Two types
of piezoelectric materials are available to
choose from, piezoelectric ceramics and pie-
zoelectric polymers, and they each have specific
advantages and disadvantages. Both types are
electrically powered, are low in mass, and have
high bandwidth. Principal advantages of the cer-
amics are higher -electromechanical efficiency.
and low voltage operation capability. That of the
polymers is the ease of casting the material into
an arbitrary surface shape[5]. This study adopts
the piezoceramics, PZT. as both the sensor and
actuator materials,

Piezoelectric material is an inherent electro-
mechanical transducer. An electric field causes it
to strain by an armount proportional to the
strength of the applied field. The actuator is
arranged so that a voltage applied to the elec-
trode surfaces causes the ceramic to expand or
contract depending on the polarity of the electric
field. Similarly, the bending of the plate stresses
the sensor ceramic which in turn produces a volt
age to be measured. When the plate is bent by
external forces such as initia) boundary conditions
or harmonic loading, the sensor responds to the
applied stress, Above discussion can be sum-
marized in the following two sets of constitutive

cquations of a piezoelectric material| 6],
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S=s*T+gD. E =—-gT+p"D
S=s&T+dE De=dT+sTE (1)

where S is mechanical strain. T is mechanical
stress, $D¢ is compliance measured at constant D,
field, SE¢ is compliance measured at constant E,
field. g and d are mezoeiectric stress and strain
constants, D, is electrical displacement field, E,
is electric field, eT is permittivity measured at
constant stress field, and §7T is impermittivity
measured at constant stress field. PZT has the
hexagonal 6mm crystal symmetry after poling,
When the crystal Z axis is configured to be a

piezoelectric
actuator
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Fig i iwateral view Ol A simply supporied piate wilh
piezoelectric sensors and uactuators on, t. 1S
thickness of the sensor, t. is thickness of
the actuator, tp 15 thickness of the plate,
and to is thickness of the neutral plane

poling direction and the other two crystal axes ly-
ing on the transversal isotropic basal plane, its
piezoelectric stress constant matrix consists of
three non-zero independents components as

follows:

0 0 0 0 g 0
[ I I S SR B Y)
gun g g 0 00 (2)

where giz=gu and gu=gx. The same argument
applies to the other set of piezoelectric constants d.
Main idea in the use of piezoelectric sensors
and actuators for active vibration control is to
measure and o cancel the bending moment at

specific points of the structure, Figure 1 shows
the structural model with the sensor and actuator
on. To avoid residual spillover effects, the PZT
sensor is placed in parallel with the actuator,
collinear placement, For the detection purpose,
the sensor needs not be large, {t is made so small
that it is regarded as a point sensor with regard
to the vibration modes of interest in this study.
The actuator takes the form of a bimorph. The
well-known theorv of piezoelectric devices says
that a bimorph actuator connected in parallel can
produce four times more deformation than a
unimorph does[7].

Assuming that the stress at the mid-thickness
of the PZT film is the sensor stress ¢s, the sensor
responds to the planar curvature of the plate[8].
From Eq.1. a sensor equation corresponding to
Fig. 1-bis

Vs=t. E:
= t: Zitas, {3)

In Eq. 2, gu=g» gw=0 and the PZT sensor
can not respond to surface shear stresses., By hin-
earity.

@ g b ae L

¥rom the plate theory|9].

o W
Fsx = _"f_z( O + W Al ) ] 2 ALGt o =t
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=-Y,s{0.5t: + tp“tf'){g%y + vs_gv%w)
Jax = “Yss(0.5t5+t°_t0)(%‘£+v;§%w) (5)

where w is plate displacement, vs Poisson's
ratio of the piezoelectric sensor, and Ys the effec-
tive Young’s modulus of the sensor, i.e. plane

stress version Ys = l?-sv 7 Of the common elas-
s

tic constant Y., respectively. t is the distance of
the neutral axis from the bottom of the plate, It
is calculated by considering the force balance in
the X axis of the composite plate as

Ip]atedpx dz +J.s¢nsor Osxdz=10 (8)

where opx is the X axis stress in the plate and
Os 15 the X axis stress in the sensor, When the
% in Fig. 1 is assumed to vary linearly with the
distance z from the neutral axis, Eq. 6 turns out
to be

by =L, sHto—

J.p CIYDzdz"‘IL vl Yszdz=n (7)
~tg to=ly
which yields

=Y o2+ Yoz + 2Y oo
2(Y 0, + Yo

(8)

where Yp is the effective Young's modulus of
the plate. Therefore when the Eqgs. 3, 4, and 5 are
combined together, the voltage Vs produced by
the PZT sensor is

oW+ ﬂ'\:r b (9)
&y”

Vs =ts g Yo(0.5 ts +to—to) (

This equation reveals the fact that the measure-
ment is related to the bending strain of the plate
which is a generalized displacement

The bending moment applied by the actuator is de-
termined by mtegrating the stress produced. The
magnitude of the applied moment is found to be pro-
portional to the product of the effective Young's
Modulus and piezoelectric strain constant. du Ys, the
distance from the neutral axis of the plate, and the ap-
plied voltage V. The actuator equation corresponding
to Fig, 1-¢ is derived as folfows.

HEEPEQE 1T £ 3 $(1992)

f

—13-0.5

ts ™+ 5ty
* oz dz
—1,5-0 .:tD

o5ty Ht
612 dz + I e oz dz

0Mp

I

I "% o Y.dnEaz dz + J‘n'mpﬁ-ta Y.ds Eaz dz

by = 0.5, 0.5t

= 11(ta+tu}ta DY
== Y dSl(ta+tp)Va
= (10)

In a similar manner,
May = MmMs = Yadst(tattp)Va. (11)

where Ya is the effective Young's modulus of
the PZT actuator. For sensors, as noted in Eq.9,
the PZT with a higher value of ga is preferred.
and for actuators, the PZT with a higher value of
da is preferred. Unfortunately the PZT of high
g does not coincide to be that of high da. if the
same PZT meterial is used as hoth the sensors
and actuators, Y. wil! be equal to Y-,

[0. Theoretical basis for the active vibration contro

The piezoelectric sensor and actuator pairs are
placed on a simply supported plate. The sensor
detects the current state of the plate when the
plate is exposed to external loading conditions.
After processed by a control unit, the sensor sig-
nal drives the actuator, and the control moment
acts as an additional forcing term to the plate. In
this investigation, first, the general equation of
motion of the plate is analyzed to obtain its vi-
bration response at the sensor location, Once it is
found, actuator moment is determined by means
of the sensor /actuator functions derived in the
previous section. Secondly, the moment is
coupled with the initial external forces. Solution
of the modified equation of motion wil] disclose
the controlled vibration response of the plate
reflecting coupled effect of the external driving
forces and piezoelectric control moment,

Figure 2 shows the structural model under in-
vestigation. Plate dimenson 1s axbxt:{width x
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Fig 2. Upper view of the simply supported plate
with multiple sensors and actuators on

length x thickness). On top of the plate, » differ-
ent inital dniving forces F(xdq, ya)are simul-
taneously loaded, and induced vibration is con-
trolied by / different piezoelectric sensor /actu
ator pairs. Governing equation of motion of a
simply supported rectangular plate is

\ .
DV'w—+ pw I_IFJ {xa, ya) (12)

where D 1s the flexural rigidity YI. I 1s the sec.
ond moment of inertia, p is the planar density of
the plate, When time harmonic terms are omitted
for brevity, the plate response is given for an ar-

bitrary initial external force as

W(x, y} = :’—_-, :;ﬁrnm‘rnnix. }') (13)

where xor is a2 plate response modal amplitude
and is dependent on source locations and source
types, For this plate, the eigenfunctions are

mex

drudx. 1 = st M siny "‘{T-?- : (14}

4

The homogeneous version of Eq. 12 takes the
form of a Sturm Liouville system and the charac
teristic functions satisfy the following orthogona-

fixed
edge

lity conditions,

fm=m,n=n
(15)

fm#m,n#n

b
: - _ ab
j” ‘[O ﬁmnémn dx dy = 4

b a
1 _[[a Fmagrindx dy =0

The effect of the x external forces can be
regarded as linear superposition of those of indi-
vidual forces. When Eq. 13 is substituted into Eq.
12, the governing equation for the jth external
driving force Fi(xa. ye}becomes

v 21((93“1—(3'-') o pmn = Fj(xdi. yo) (16}
m=1n=

where wmn is the resonant frequency of the
plate and is given as

ey 1 2z n2 .
“’Hm=n_p[} (Ian—:_‘_g)“ (1?]
where p is the planar density of the plate. The
plate modal amplitude !, is determined by
utilizing the orthogonality of the response

eigenfunctions as below,

d,:-.n = ﬂ)ﬁ j_ ) J'T, Flxa. )'dl)émn[X, y) dx d}’
(18)

When Eq. 18 is summed up for all the x driving
forces F(x4, va)and plugged into Eq. 13, w(x. ¥)
give the total vibration amplitude response of the
plate. L different sensors are placed on top of the
plate to detect the vibration, and the plate ampli-
tude at the zth sensor location {Xs, ys) is given as

oo k
wWilXe, Ya) = .-E; :‘. { ‘;la:.nﬂ]émn(}bl, Vai) {19}

This is substituted into Eq, ¢ and the induced
voltage at the sth sensor is determined by

Vo oo tegn Y. (0.5t~ (1 4] YVEW (Xa, Vo )
(20)

The measured signal 15 conditioned by the con:
trol unit. The conditioning includes filtering,
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phase shifting and amplifying. By virtue of the
actuator, the modified signal is reinput to the
structure in the form of bending moment
counterbalancing the original moment of the
plate. The sensor and actuator blocks exhibit no
dynamics because their bandwidth is far beyond
that of the control loop, After passing through
control circuits, the electrical potential applied to
the #th piezoelectric actuator corresponding to
the 7th sensor becomes

Va =G, Vi 1)

where Gi is the amplifier gain of the 7th con-
troller, Actually the Gi denotes the transfer
funciton of the ¢th control unit relating input
voltage V. to output voltage Va. All the effect of
control algorithm is reflected in this G.. It does
not have to be a positive real number, Control
processing speed is assumed to be so high that
the controlier’s time delay is considered negli-
gible. Control moment applied by the actuator is
from Eq. 10,

Ms = Mxas = Myar
= Yadsi {ta+tp) Va
= Yadsi{tatp} Gr { tsgm Ys (0.5 ts+tp —to)
(1+vae? walxa, ysit}
=S Gi V?wilxs, ysi) (22)

where
S = Yadu(tutp} {tagﬁl Y: (0.5 te+tra —to) (1+V3) H

This is for the actuator having unit length and
unit width. For a general rectangulat actuator
having arbitrary length and width, Eq. 22
changes to

M = M [ h{X = %at) —h{X ~ %o} ]
Lhiy =yan) —h(y —ya2)]

Mya = miva [h{X = %1} —=h{X — %) ] »
Thiy =yw) —hly —vuz)] (23)

where h s the Heavyside step function. and

BT EFREE 11 ¥ 3 R1992)

the sth actuator spans from Xa to Xaz and from
yal to yaz, These control moments act on the
plate as additional forcing functions in Eq, 12.
Therefore, when the effect of all the / actuators
is added up, the final equation of motion becomnes

DV*wetpw = T Fi (xa ya) + &
( &M 4 & My
X 37 (24)

When Eq. 23 is plugged into Eq, 24. the final
equation of motion looks like

%
Y By (xa, ya)

DV wHpw =

fnn” [87(x — %) ~ 8" (X~ Xar) "

[1-

[hiy —yeir) —h{y —yaz) ]+ my*
{h(x— Xait) ~h{X — Xa) ]* [6’(5' _Yall.}
=8 (y—ya2) J} {25}

where §' is a doublet, The corresponding final
response of the plate is defined as

w(x, y) r;”.___,lb’ P (X, ¥) (26)

where fmn is a plate total response modal ampli-
tude.

The total response consists of two groups. each
one due to (1) initial external load F, and (2)
controlling moments Mx and My, respectively,
In this analysis, respective response to each
group of forcing functions is calculated by
utilizing the orthogonality of the eigenfunctions,
and the final amplitude response will be deter-
mined by summing up the individual responses
based on the principle of linear superposition,

(1) first forcing function group—this term is
the initial external load Fixs, y4) and the re-
sponse is the same as the Eq, 18.

k
3 =T 4
" mn ._l—'r nn ( 2"‘- )

(2) second forcing function group-the response

to this group is found, in a similar manner. as
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a b

..}: {ma*[cos (ﬂ;'":’ Xail) _COS(%?!. Xarz) ]

[cos(‘%IL le)—COS(%E' yaz)] (28)

where wa 13 the frequency of the signal applied
by the actuator. wa can be the same as the initial
external loading frequency w in Eq. 18. However,

if filtering of the sensor signal is included in the
control circuit, which is the usual case, wa may
be different from the external loading frequency.
When these are combined together, the final con
trolled amplitude response of the plate is

W(X, Y} = :’I i"ﬁlﬂrlﬁmﬂ{x. y)

iR

: tﬁ#ful_kﬁ;}m} (ﬁnlil[x. V) (EQJ

Equation 29 is a vary general equation for
feedback vibration control of a simply supported
plate without any restrictions. The eguation shows
the coupled effect of injtial drniving forces and
piezoelectric control moment on overall amplitude
response of the plate. The whole purpose of this
study is to reduce the vibration amphtude ot the
plate in response to external forces. For measure-
ment of the efficiency of the control method, the
absolute value of the amplitude over all the plate

surface is calculated,

b o,
“0 [T, @;iﬂrrmémn(x, yvi]2dx dy (30)

Equation 30 can be analyzed in many different
ways. For constant external forces, 1t is a func-
tion of input source locations, sensor locations,
actuator locations and sizes, and amplifier gains.
Once the magnitude and location of the initial ex-
Lertal torce 15 Know, by tne eip vi lodils driac,
minimization techmques such as Downhili Sim-
plex Method due to Nelder and Maed | 10], all of
the above variables can be optimized to get the
minimum value of A, Certain critena for the

selection of the sensor and actuator locations like
the preference of anti-nodal points will reduce the
number of variables to be minimized This sort of
analysis will be presented in the author's consecu-
tive paper, But in the case of random distribution
of initial forces, which is a rather common case
explaining why it is called “noise”, the location of
the external forces changes from time to time,
However, the sensor and actuator can not aiter
their positions tracking the change of disturbance
sites, Hence, for a general external force when
the sensors and actuaturs are fixed at certain
predetermined places, the amplifier gain 15 the
only remaining controllable variable,

Equation 30 can be written in terms of the gan
G in a simplified notation as follows.

A={r+% Gy (31)

This equation 1s minimzed by use of the above

mentioned Downhill Simplex optimization algor-
ithm. Here. the minimized value of G is not the
same as the modal control gain in the optimal
contro! technique. Each G, corresponds the ampli-
fier gain of each controller with the specific con-
trol algorithm. Once the optimal amplifier gain Gi
15 determined from Eq. 31. the result is substi-
tuted into Eq. 29. This concludes our derivation
of the response function, and it gives the
optimally controlled vibration amplitude of the
plate in response to external forces.

IV. Numerical Analtysis

Use of the Eq, 29 is exemplified for two types
of external forces, concentrated point loads and
PZT plate drivers, The plate is made of alu-
minium, Table 1 shows material properties and
dimensions of the plate as well as the PZT
sensors and actuators. This study focuses on the
Heiral atkilysis o[ auhively wentrolled viliration
response of a simply supported piate to external
forces. Development of new control algorithm is
not the target of current investigation. Hence, of

a great variety of control algorithm, direct pro-
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portional feedback control method is adopted due
to its simplicity and ease of implementation.
Further, it is assumed that just one controller is
used for the vibration suppression, It means that
all the sensor and actuator pairs share the same

controller and we have just one amplifier gain to
be evaluated, In this case, Eq. 31 reduces to a
simple quadratic equation of G. The value of G
minimizing A is easily calculated as the root of
the first derivative of A with respect to G. In the
calculation, the summation index m and n are in-
cluded up to 5, respectively, which is accurate
enough. Numerica! results are obtained for four
different lowest modes, (1, 1), (1, 2}, {2, 2), and
(1, 3).

Table 1. Material specifications of the plate and PZT
sensor/ actuator

plate length 36.0 cm

plate width 36.0 cm

plate thickness 0.05 cm

plate density 2.7g/cm?

plate Young’s modulus 73 GN /m?

plate Poisson’s ratio 0.31

PZT actuator length 1.0 cm

PZT actuator width 1.0em

PZT sensor and actuator thickness 0,02 cm

PZT density 7.5g /cm?

PZT Young's modulus 139 GN /m?
PZT da 123X10-*m/V
PZT ga -11.9x10"3 Vm /N
PZT poisson’s ratio 0.31

4.1. Point Loads
The initial force function Fy{x4, ya}in Eq. 12 is
x concentrated point loads Pi located at{xa, vdi).

The equation changes to

- k
DV'w + pw= L Py olx—ya) sly~ya) (32)

The plate response modal amplitude «! in Eq.
18 is determined by utilizing the orthogonality
properties of the response eigenfunctions as

1 =___4p 1
T T oAbt — o)

mnrXd, ¥ sin { neyd )

(33}

EREELN 1] & 3 ®(1992)

This equation is substituted into Eq. 29 and the
final amplitude response to various types of ex-
ternal point sources is calculated., Three different
combinations of point loads and PZT sensor /act-
uator pairs are considered to show the generality
of the derivation,

4.1.1. one point load and one PZT sensor/actuator
pair

In Fig. 2, one 10N concentrated load is applied
at(0.27, 0.27) and the center of one PZT
sensor /actuator pair is placed at(0.9, 0.9). The
point source frequency is adjusted at the first
resonance of the plate, Without the actuator, the
response 1s as shown in Fig, 3. It shows the{l, 1)
mode shape and has the maximum amplitude of 6
cm. When the control moment is coupled with
the point load, the amplitude response changes to
Fig. 4. Maximum amplitude reduces to 0.8 cm.
Figure 5 is the magnified view of the controlled
vibration amplitude, which allows a clear view of
the actuator effect. By means of oppositely

sensed control moment, the peak at the source lo-
cation decreases and a new downhill peak is
generated at the actuator location. Figure 6
shows relative amplitude suppression ratios in
terms of the decibel unit, There is a deep valley
around the actuator. The valley corresponds to
the points where the amplitude becomes almost
zero after control. Maximum amplitude reduction
is -90.7 dB at the valley and average reduction all
over the plate surface is -24.7 dB. When the
source frequency is tuned at the{}, 2) resonance
of the plate, amplitude response without the con-
troller is as in Fig, 7, and that with the controller
is as in Fig. 8. Here also, at least around the ac-
tuator, the curvature of the plate changes its sign
after control Maximum amplitude suppression is
-75.4 dB and average suppression 1s -23.1 dB.
When the source frequency is adjusted at the(2,
2and (1, 3) resonance of the plate, similar
results are obtained as in Figs. 8. 10 and Figs, 11,
12. respectively, Maximum amplitude reductions
are -70.5 dB and -68.4 dB for each case, and
occurs around the actuator position Average
reductions are -28.0 dB and -15.0 dB. respect-
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0.2570.1
Fig 3. Vibration amplitude response of the simply

supported plate exposed to one point load
tuned at{1.1) mode without any control ef-
fect

Fig 6. Vibration amplitude reduction after the ac
tive vibration control when the plate is ex-
posed to one point load tuned at{1,1} maode

Fig 4. Vibration amplitude response of the simply
supported plate exposed to one point load
tuned al{1,1) mode and one PZT sensor 7 ac
tuator pasr

Fig 7. Vibration amplitude response of the simply
supported plate exposed to onc point load
tuned at(1,2) mode without any control cf-
fect

Fig 8. Vitwation amplitude response of the simply
Fig 5. Magmfied view of vibration amphtude respunse supported plate exposed lo one point load
tuned at{1.2) mode and one PZT sensor - ac

tuator pair

of the plate exposed to one point tuned at(1.1) maode
and one PZT sensor /actvator pair
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Fig 9. Vibration amplitude response of the simply Fig 12. Vibration amplitude response of the simply
supported plate exposed to one point load supported plate exposed to one point load
tuned at{2,2) mode without any control ef- tuned at{1,3) mode and one PZT sensor /ac-
fect tuator pair

Fig 10. Vibration amplitude response of the simply Fig 13. Vibration amplitude response of the simply
supported plate exposed to one point load supported plate exposed to one point load
tuned at(2,2) mode and one PZT sensor /ac- tuned at 30 rad. /sec. without any contro}
tuator pair effect,

Fig 11. Vibration amplitude response of the simply Fig 14, Vibration amplitude response of the simply
supported plate exposed to one point load supported plate exposed to one point load
tuned at(1,3) mode whithout any control ef tuned at 30 rad. “ses. and one PZT

fect sensor Jactuator pair
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ively. Higher modes of vibration can be analyzed
m the same fashion,

As seen in the results. the control efficiency of
the sensor /actuator pair varies for each mode. [t
iIs because the fixed sensor factuator position 1s
not always good for all the modes of vibration.
Main idea employed in the analysis is to control
the vibration by measuring and cancelling the
bending moment at a specific point of the struc-
ture. The optimal locatton of the sensor and actu-
ator for each mode should be therefore where the
specific mode's maximum bending moment occurs
when the plate is loaded.

So far, the control clement has controlled par
ticular modes of vibration. The controller could
concentrate on that single mede, and the ef-
ficiency was fairly good. 1f the exciting force 1s
not tuned at the resonances of the plate, which is
a more general case, the sensor /actuator pair has
to control all the induced meodes simultaneousty,
and the efficiency would detenorate. Figures 13
and H show the uncontrolled and controlled i
bration amplitude of the plate when the point
load is anplied at 30 radians /sec while (1, 1) res-
onance frequency is 120 radians /sec. Maximuum
reduction 1s -43.4 dB and average reduction 1s -6.1
dB. The results confirm the above argument. Use
of more contro] elements, each one aimed at
specific modes, will improve the efficiency. In
conclusion, these results verify the effectiveness
of the Eq. 29,

4.1.2 multiple point load and one PZT
sensor/ actuator pair

Equation 29 is a general equation accommodat -
ing arbirtary number of Ioads and sensor factu-
ator pairs, To check the validity of the equation
for multiple number of external forces, three
point loads are applied to the plate and one PZT
sensor /actuator pair ts used to control the w-
bration. External loads are located at (0.09. 0.273,
(0,27, 0.09), (027, 0.27) and the sensar “actuator

:\L\Sii:ix;s'.-. [REEEE

owered down o 2 N to prevent utiealistic vi
bration. Source frequency tuned at the first res
onance of the plate produces the amplitude re

spense almost the same as Fig. 3. Figure 15
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shows the vibration amplitude when the control
effect is included, Effect of nearby two point
luads is cancelled a lot, but that of the farther
load at{0.27, 0.27) is stil} pronounced. Amplitude
peak decreases from 4 cm to 0.8 cm. Maximum
suppression occurs around the actuator and is
64.4 dB. Average reduction is 31.4 dB. For
higher modes, similar results are obtained. and
they are summarized in Table 2. Comparison of
the two sets of data in Table 2 does not show
much differece, That is because, even though the
number of the point loads increases, all of them
are tuned at a certain frequency. The generated
vibration mode does not have much distinct from
that of a single point load. The increase of exter-
nal loads requires more control cffort, and it 1s
taken care of by the control unit. In general. av-
erage control efficiency decreases with the num-
ber and distribution of the loads,

Table 2. Comparison of average vibration amplitude re
duction ratio

mwde  one point load one three point 1oad one
sensor /actuator patr  sensor /actuator pair

[. 1 - 24.7 =311
1,2 —23.1 - 222
22 —28.1 —24.2
1.3 —15.1 —14.1
unit : dB

4.1.3. one point load and muliple PZT
sensor/ actuator pairs

This section investigates the case where the
external point load is single, and the PZT
sensor /actuator pair is multiple, When 10 N
point load is adjusted at the fivrst resonance, the
vibration amplitude without control is the same
as Fig. 3. With the three actuators turned an, the
response diminishes to Fig. 10. Duc to the imcrease
of control forces, there is a great reduction in the
ampliwie . dMaximun suppression s acineved
arourki the load position as shown in Fig, 17
Results  tor higher modes consideration are
summarized in Table 3.

The case of multiple external forces and mul-



Fig 15. Vibration amplitude response of the simply
supported plate exposed to three point leads
tuned at (1,1} mode and one PZT
sensor /actuator pair

Fig 16. Vibration amplitude response of the simply
supported plate exposed to one point load
tuned at{l,1) mode and three PZT
sensor /actuator pairs

0.2570.1

Fig 17. Vibration amplitude reduction after the ac-
tive vibration control when the plate is ex-
posed to one point load tuned at(1.1) mode
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tiple control elements will be treated in Sec, 4.3

Table 3. Comparison of average viration amplitude re-
duction ratio
mode one point load one one point load three
sensor /actuator pair  sensor /actuator pairs

1.1 —24.7 —30.5
1,2 -23.1 —24.2
2,2 —28.1 -29.1
1. 3 -15.1 -17.1
unit : dB

4.2. Piezoelectric Drivers

Instead of the point load, the external load is
given by a small PZT planar driver, The driver is
basically the same as the actuator. Just the role
of the element is different. When the plate is
driven by the driver, the initial force is given in
the form of bending monent like

Mdx = Mayi = Yd dar(tat+tp) Va= my. (34)

where Vi is driver electric voltage, ta the
thickness, and Yd the effective Young's modulus
of the driver, respectively. When the dimension
of the piezoelectric driver is considered, the in-

itial bending moment is given as

Mag=malh{x—=xa1) =h{x—Xa2)
(hly—ya)=hly—-ya2)],

May,=mag[h(x~xdn) —h{x~Xd) (35)
(hiy —yan}—h{y—va2) ].

These moments replace the forcing term F(xq,
ya)in Eq. 12 as

«  #Max
DV’W+,0W=% +

aszw_ ( 36 )
81 :

&e

In the same manner as before, with Eq. 18, the

coefficient %) is determined as

L

4IT1dL______ (____.a._..____.__.)
pablw? —?) mza nn
a b

MmXd) MuXdz2
) —cos(T ™) ]

X mn

{cost
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[cos(mﬁm)—cos(m%m)] (37)

The only difference between the point load and
the PZT driver is the way of providing initial load
to the plate. Point load is giving a direct force
term as the P{xq, ya) in Eq. 12. and the PZT
driver is giving a moment term. Generated vi
bration of the plate should not change with re-
spect to the way of receiving energy. In addition,

the point load operates on just a single point. But
the PZT driver operates on a planar area of the
driver size even if small. This operation area can

Fig 18- Vibration amplitude reduction after the ac-
tive vibration control when the plate is ex-

. sed to one P driver tuned at(l.1)
cause some difference in the control effort and :ode 2T di att

the generation of higher modes of vibration. For
the various arrangement of number and location
of the drivers and controllers, however, results
should be basically almost the same as those in
Sec, 4.1, as long as the driver is not large. If we
look at the case of one lcm X lem PZT driver
and one PZT sensor /actuator pair, the amphtude
response shape is the same as Fig. 3 and 4. Am-
plitude reduction ratio in Fig. 18 changes a little
bit from that of Fig. 6 and this difference reflects
the effect of exciter type change. Control resuits
for the four modes are summarized in Table 4,

Fig 19. Vibration amplitude response of the simply
supported plate exposed to one point load
and one PZT driver, both tuned at(l1,1)

Table 4. Comparison of average vibration amphtude re- mode, as well as two PZT sensor /actuator

duction ratio pairs

mode one point load one one PZT driver one
sensor /actuator pair  sensor /actuator pair

1,1 —-24.7 —24.4
1.2 -23.1 -23.3
2,2 —28.1 —29.0
i, 3 —15.1 —16.1
unt @ dB
0.2570.1

Point Loads and Piezoeleclric Drivers Fig 20. Vibration amplitude reduction after the ac-

Both point and PZT drivers are used as the tive vibration control when the plate is ex-

initial external load source. and multiple pairs of posed to one point load and one PZT driver,

PZT sensor /actuator are used as the control both tuned at(1, 1} mode
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elements, This corresponds to the case of mul-
tiple external forces and multiple control
elements. One 10 N point load is placed at{0.27,
27), the center of one 20 Nm PZT driver at(0.09,
0.27}, and the centers of two PZT sensor /actu-
ator pairs at(0.09, 0.09) and (0.27, 0.09), respect-
ively, When both of the vibration sources are
tuned at the first resonance of the plate, ampli-
tude response_ without the control effect is almost
the same as Fig. 3. Figure 19 shows the response
with the actuator on. Amplitude reduction ratio is
described in Fig. 20, The figure clearly shows the
external force dominating zone and the control
moment dominating =one. Maximum amplitude
suppression occurs around the actuator and is
—90 dB. Average suppression is —26.4 dB.
Further results are summarized in Table 5,

These prove the validity of the Eq. 29 for mul-
tiple ioput forces and multiple pairs of the
ptezoelectric sensor /actuator,

Tabie 5. Comparison of average vibration amplitude re-
duction ratio

mode one point load one one point load, one PZT driver
sensor /actuator pair  &wosensor /actuator parr

1,1 —-24.7 —26.4
1,2 -231 —-25.4
2.2 -28.1 =23.5
1,3 -15.1 —15.4
unit : dB

V. Conclusion

Theoretical aspects of active vibration contrel of
a simptly supported plate were {nvestigated using
piezoelectric sensors and actuators. Appropriate
dynamic equations of the piezoelectric sensor and
actuator for the control purpose were derived and
coupled with the governing equation of the plate.
Analytic solution of the modified equation of mo-
tion allows detailed analysis of the vibration am-
plitude response of the plate to the combined ef-
fect of external driving forces and piezoelectric

RESTREEE 11 £ 3 W92

control moments. To illustrate the solution, nu-
merical analysis was performed with concentrated
point loads and PZT plate drivers. The results
demonstrate the effectiveness of the solution as
well as the piezoelectric sensors and actuators.
The approach investigated in this work can be
applied to arbitrary external loading conditions
and control algorithm, Experimental verification
of the theoretical results will be presented next.
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