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This paper is concerned with modal control of a rectangular plate using both smart sensors
and smart actuators. Since filtering and actuation are related with dudity, discusson on a
smart sensor comes first, and then that of the counterpoint, smart actuator, follows in the
work. This paper begins by discussing anided case of moda control comprising an extraction
and activation of atarget structurd mode of aplate. Then, for the purpose of implementing a
modal control system, three-dimensiona shaped smart sensors and actuators are introduced,
the design procedure being discussed. Taking into consideration the practicability, two-
dimengona smart sensors and actuators for modd filtering and moda actuation respectively
are then presented, the number, location and shaping function of the two-dimensiona shaped
modal sensors and actuators being clarified. Furthermore, the extraction and actuation of the
(1, 3) mode of asmply supported rectangular panel using the smart sensors and actuators are
shown. Findly, amoda feedback control system is congtructed utilizing both the smart sensors
and smart actuators, demongtrating the effectiveness for suppressing the particular structura
mode of interest without causing spillover.

INTRODUCTION

Difficulty in moda control of a distributed-parameter structure liesin alarge number of
vibration modes (theoreticaly infinite) it has, and hence the corresponding number of sensors
for moda filtering (sometimes termed modal analyzer) and actuators for moda actuation
(sometimes dubbed moda synthesizer) are required for building a modal control system.
Regarding the modd filtering, most papers reported in the past would resort to point sensors,
mostly due to the availability of the point sensors. The other way to aleviate the burden isto
exchange point sensors for distributed parameter sensors’ ~ 10 such as PVDF film sensors. A
distributed parameter sensor can be viewed as the limit of an infinite number of point sensors,
and hence the use of the distributed sensor per se entails the spatial integration capability.
Moreover, shaping a distributed sensor with gppropriate functionsis equivaent to using point
sensors together with alarge number of read, multiply and addition operationsin the associated
digital signa processing. In other words, the output of the shaped sensor is the desired
control sgnd for the contraller, and thusthe direct senaing of the target mode becomes possible,
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with acorresponding large reductionin the digita signd processng |
requirement, hence smart sensor. Againthe sameistruefor smart
actuators based on the distributed piezo-electric laminar because y (y)
of the dudlity.

This paper is concerned with moda control of arectangular
plate usng both smart sensors and smart actuators. Sincefiltering
and actuation are related with dudity, discusson on asmart sensor
comes first, and then that of the counterpoint, smart actuator,
follows. This paper begins by discussing an idedl case of modal

control comprising an extraction and activation of atarget sructurd
mode of adigributed plate. Then, for the purpose of implementing
XS

themoda control system, three-dimensiona shaped smart sensors
and actuators areintroduced, the design procedure being discussed. 0 X
Taking into congderation the practicability, two-dimengond smart

sensorsfor modd filtering are presented, the number, location and Fig. 1 Smart sensor
shaping function of the two-dimensional shaped modal sensors

being darified. Furthermore, the extraction of the (1,3) mode of asmply supported rectangular
pand using the smart sensorsis shown. Moreover, the two-dimensona shagped smart actuators
for modd actuation are presented, its number, location and shaping function being investigated.
Furthermore, based upon the smart actuator the modd actuation on the (1,3) structurd mode
of the pane isdiscussed. Findly, a modal feedback control system is constructed utilizing
both the smart sensors and the smart actuators, demondtrating the effectivenessfor suppressng
the particular ructurd mode of interest without causing spillover.

MODAL CONTROL USING SMART SENSOR /ACTUATOR
Suppose that a PV DF film shaped by afunction G, (r) isplaced a x = x; asshownin Fig.
1. The equation of motion of aplate is then given by
- & 1°G,(r) 1°G,(r)6

DNZNZW(r,t)Hh\'/v(r,t):-ke(t)(é\e\,,1 T +e,, v 1

where

G,(r) = hy{u(x- X)) -u(x- x- y (y)} 2
where u(x) isthe step function. Note that the thickness of the area with hatched linesin Fig.
lis h,, otherwise zero. Furthermore, in order to activate the pgth structural mode, the basic
function iswritten as

y(y):apq.l pq(xs’y)l apq <<1 3

Substituting Egs. 2 and 3into Eq. 1, multiplying both sides of the formula by the poth structural
mode j ,(r) and integrating it over the domain of the plate, the equation of motion of a

moda coordinate system is given by
RO +wW h (1)

ly . .
=-hka, P, Qi (X Y m(X,Y) dyet)
= - hyka , PrCon () E(B)d;  MN=1,2,3--



N. Tanaka

Equation 4 implies that the two-dimensional smart actuator excites the target mode aswell as
unwanted modes with the same modal index g inthey direction. To overcomethis problem,
multiple two-dimensiond smart sensorsare required to excite the targeted mode without spillover

aswill be discussed shortly.
Consider to activate the pqth structural mode of a Ssmply supported rectangular plate
using the two-dimensiona PV DF actuator shaped by
G, =h{u(x- x)-u(x- x.- a sinb,y)} . 5
Then the displacement of the plate excited by the distributed actuator at is given by

_hka l ¥ b,, Sina X, sina X
Ws(r)_%glj mq(r) . Wrzﬂ:_ Wz es 6

where e, isthe driving voltage of the actuator placed at x,. Suppose that there are M
gructural modes with the modad index g in the'y direction in the frequency range of interest.
Then M shaped smart actuators are needed to perform the moda excitation. Then summing
up al the M displacement responses w,(r) in Eqg. 6 resulting from each distributed actuator
located at driven by voltage e, should be the target modal response h ,,j ,, (r), and hence

g
a w,(r)
s=1

hka,l, & § b, sina X, sina x;
=—n r e
2 glgljmq() Wﬁwq’wz > 7
- hqu pq(r)

In order for the above equation to hold, the term with respect to each | ,,,(r) except the
target structural mode | (1) must be zero, so that we have the following formula,

Ae=D 8
where

a&eh, sna x sinax, b, sina x, sina X, b, sina x, sna,x, 0

g cee _

(; \pr_w2 Wfp_Wz \pr_WZ =
gbzq snax sinay by, sina,x, sna,x, by, sinax, sina,x, :
A= W2, - W W, - W W2, - W 2
c : : : : +
b, sina x sina,x b, sna x, sna,x, by, SIina Xy sinay Xy =

é Wsz' w Wﬁ/lp'w2 Wﬁ/lp'w2 é

9

e=(e, & - ¢,), 10
b=(0 -~ 0 h, 0 - 0. 11

Thematrix A further expandsto
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A=LBFTy 12
where
e 1 0
0 o -
g lp- Wz -
¢ 1 -
-~ hkag,c O 0 =+
L = Zm yg 2p - W2 -
G PT 13
c -
C 0 0 1 =
8 Wﬁ/lp' Wzﬂ
ad, O 06
c -
g=¢? P O¢
G: o N 14
éO 0 - Byy
a&sna X, sina,x sinaMxlé
_gsinalx2 sna,X, shay X, -
¢ : Pt 15
gsinalxM sina,x, sina,, X, g
gsinapxl 0 o
g = sna X, +
¢ - i 16
g 0 sina X,

Consequently, the driving voltage vector e for moda actuation, the solution to aset of equations
in Eq. 8, isfound to be
e=AD
=9 (FT) B
MODAL ACTUATION OF THE (1,3) MODE

Using the two-dimensiona smart PV DF actuator, let us activate the (1,3) structura mode as
was done for modal sensing.

A. Direction of the actuator placement
With the same reason used in the moda sensing design, the y direction is exploited for the two-
dimensona smart sensor location.

B. Shaping function
Since the moda index of they directionis 3, the basic function as shown in Eq. 3 will be of the

form

17
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.3
y (v)=a,snPy. 18

y

As such, the shaping function in Eq. 44 may be written as

i . 3p ¢
Ga(r)=h)_|l,U(X- X;) - u(x- xo-yosnl—py)y_ 19
} y b

C. Number of the necessary actuators
Smart actuator designed with the shaping function in Eq. 18excites not only the targeted (1,3)
mode but the (2,3) mode and (3,3) mode due to control spillover. Hereit isworth exploiting
the nodal lines of the (3,3) mode for actuator placement so as not to excite the (3, 3) mode,

which is unwanted; that is,
I

:_X’ 20
% 3
_ 2, ”n
X 3

When placing two smart actuators dong these nodd lines, the excitation of the (3,3) modeis
avoided, the resdual mode being the (2,3) mode

D. Activation of modal amplitude

Distributed smart actuators placed at x, and x, enables one to conduct moda actuation on
the target structurd mode. In order to solve the matrix equation in Eq. 17, necessary matrices

are described as follow:

e_a@l('j 22
ey
ab,, 0
b=¢ - 23
80 )
e 1 0 o]
o _hkad, Sv- w8 :
2 ¢ 0 1 = 24
& W, - W g
& by ; ; b, .0 0
sina xsina sin“a X -
Azng_wz 1X1 2X1 11-W2 | 1X1_
¢ b, : . -b, +, 25
g—v\él_wzgnamsnale vvfl-vvzsmalxl;
Then Eqg. 17 may be written as
& b, ) ) b, s
—=2 __gna,xsna sin‘a. X -
w0 S KSR TN
ge: ngb_z*wzsinalxlsinazx1 Wz'blflvzsinzalxlig0’a 25
e''a1 11
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where
o = 1
° " hkabybd sin‘ax,sinax, 26
0 that
€ =6= V?;bzsk\]/fé sina;xsina,x, 27

21"
Apparently from Eq. 27, the input voltages, e, and e, are the same so that driving the two
actuators with the same signd enables the smart actuators to excite only the target structura
mode.

EXPERIMENT

In order to verify the validity of modal control using PVDF smart sensors / actuators, an
experiment is conducted. The specification utilized in the experiment is as follows: the plate
withthedimension of |, =175mm, |, =330mm and h = 0.3mm isuniform, thin, durdumin
and smply supported; thickness h, of the PVDF filmis 25mm for sensors and 250mm for
actuators; Piezo-electric directiona coefficientsare e, = 25x10°c/N and e,, = 2x10°c/N for
both sensors and actuators.

Figure 2 depictsasmply supported pand of the test rig used for experiment; on the panel
surface apair of shgped smart actuators are bonded. Aswith the measurement of adynamic
mohbility of the pand, aload effect resulting from the attachment of a sensor and a disturbance
exciter must be eschewed; otherwise the experimentd data obtained will be inggnificant snce
thefundamentd characteridticsof such athin and flexible pand are vulnerableto the measurement
influence. For this purpose, a considerably light and tiny permanent magnet is installed at
ry = (135mm,275mm) , whereby the magnet is provided with amagnetic fild viaan eectrica
magnetic exciter, hence non-contact disturbance excitation. Regarding the measurement of a
dynamica behavior of the pand response,
alaser vibrometer is employed, measuring
theveocity a r., = (52mm,54mm) of the |29 — Eilter

Signal

pand, hence non-contact measurement. Processof Frequency | [po——
Figure 3 shows the experimental result Anayier

of mobility of the panel measured at r,, Power Amp. ,

obtained by using the non-contact excitation Msghe

and measurement method. According to

Table 1, there should be 20 structural modes
appearing in the figure; however there are
some degenerate modes in the frequency
range of interest, and hence the number of
structura modes appearing in the figureis
not necessxrily the samewiththet in andyss.

In order to estimate the potentid of the
two-dimensona smart sensorsfor extracting
the targeted (1, 3) structural mode, PVDF
filmswith the thickness of , shgped with the
basic function vy (y)=sinpy/l, are L— - _
respectively bonded at x =1, /3 and Fig. 2 Schematic d|ag?ram of experimental

— pend et setup of modal control using both smart
X =2, /3dthe dong they direction sensors and smart actuators

PVDF Modal
Sensor

Charge Amp.
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S0 asto avoid the excitation of the unwanted (3,3) mode. Regarding the load effect asaresult
of ataching PVDF films on the plate, it is negligible due to the weight and flexibility of aPVDF
film. Each two-dimensona moda sensor consgts of three sesgments with ahdf period of the
gne function, these ssgments being connected by conductive foils. Polarity of the film sensor
is changed by swapping the top and bottom surface of asensor. Combining these two sensor
outputs with the same polarity enables the sensorsto filter out the (1,3) modal amplitude, while
summing with the opposite polarity alows one to extract the (2,3) modd amplitude. Hereit
should be noted that the smart sensor output is the desired control signa per se, so that no
further sgna processing is needed.

Fgure4 illudratesthe experimentd result of the frequency spectrum obtained by summing
up the two smart sensor outputs. 1t is evident that the two-dimensional smart sensors extract
the targeted (1,3) mode out of 20 structural modes that are dl excited as seeninthefigure. In
experiment, PV DF film sensors were shgped by hand using a utility cutter, and this handiwork
seemsto have caused some deterioration in moda filtering. In fact, this effect can be identified
as pikesin the gain characterigtics; however, the maximum amplitude of the targeted (1,3)
modeis dill large enough compared with those of the soikes. Improving the shaping technology
of film sensorswould lead to more accurate extraction of moda amplitudes. Asawhole, the
frequency characteristics are similar to a single degree of freedom vibratory system, hence
modd filtering.

For the purpose of estimating the capability of smart modal actuation, a pair of PVDF
laminae with the thickness of shaped with the same basic function as was used for modal
filtering were glued on the back sde of the pand at the same location of the smart sensors.
The two-dimensiond smart actuators were then driven Smultaneoudy by awhite noise so as
to activate the targeted (1,3) structurd mode. Figure 6 shows the frequency characteristics of
the panel measured at . Clearly from the figure, even when the smart actuators are driven by

Gain [dB]
Gain [dB]

o 100 ) 100
Frequency [HZ] Frequency [HZ]
180 .
180 m
) )
2 2
S o S oo
Ji B
o T
150 R
Frequency [HZ] Fregquency [HZ]
Fig. 3 Frequency characteristics of smart sensor Fig. 4 Frequency characteristics of a panel when

outputs for extracting the (1,3) structural mode driven by the smart actuators
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arandom signd, they activate only the
targeted (1,3) mode among 20 modes of T
the panel. Again, the precision of the
shaping function applied to the smart
actuators was not perfect, however the
frequency characteridticsin thefigure shows
asngledegreeof freedomvibratory system,
hence modal actuetion. .
Figure 5 showsthe experimenta result 0 100
of the mobility characteristics of the paned Frequency [Hz]
a beforeand after moda control. Clearly o T
from the figure, the targeted (1, 3) mode 2 Vi Conol
peak is reduced by 20 dB, whereas the
other modes remain intact.  The veocity
feedback gain was then applied by
59x107%V / pC to acquire the control
effect. Because of the control system
comprising both distributed smart sensors '
and distributed smart actuators, the g 100
observation spillover and control spillover Frequency [HZ]
leading to a destabilization of the control Fig. 5 Mobility characteristics of a panel before
system was significantly alleviated. and after modal control of the (1,3) mod
Throughout the experiment, it was possible
to increase the vel ocity feedback gain to acongderably high level, dthough the excess amount
of feedback gain caused ingtability of the system due to the saturation of a power amplifier.

CONCLUSIONS

Inorder to perform moda control, distributed smart sensorsand actuators have been presented,
the vaidity of the moda controllability being verified. First from aviewpoint of theoretical
perspective, moda control of a distributed pand was discussed. Then, using both three-
dimengiona smart sensors and actuators, an ideal modal control system was investigated, the
underlying properties being discussed. Taking into consideration the practicability, two-
dimensiond distributed smart sensors and actuators were then presented, the design procedures
being presented. It was found that the two-dimensional smart sensor / actuator extracts /
excitesthe targeted structural mode together with unwanted modes with the moda index in the
perpendicular direction of the sensor / actuator placement. To cope with the problem, severd
smart sensors / actuators are needed, the design procedures being presented. Findly, an
experiment was conducted using both PV DF shaped distributed sensors and actuatorsin an
am to conduct the modal control on the (1,3) structurdl mode of apand, verifying the vdidity
for suppressing the target structura mode without spillover.
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