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Abstract

This paper concerns distributed parameter sensors designed to extract a vibration mode of a struc-
ture, as well as its active modal control. Compared to conventional point sensors, the distributed
parameter sensors are superior to point sensors provided that they are properly designed. Firstly,
taking into consideration the applicability of the sensors, a design procedure for modal filtering
using one-dimensional sensors is presented, the number, location and shaping functions for the
one-dimensional modal sensors being clarified. Furthermore, the modal filtering using the one-
dimensional sensors is found to be applicable for two dimensional structures with any classical
boundary condition. Experimental results show the capability of modal filtering even for a degen-
erate mode of a structure. Finally, using the modal sensors, experiments on active modal control
are conducted, showing a significant suppression of the targeted mode without causing instability
of the control system.

1. Introduction

Regardless of what control theory is employed, the essential conception of active vibration control
relies upon modal control 1~3, which is defined as control that changes the modes of a targeted
structure to achieve the desired control objectives. Rosenbrock ! appears to have been the first to
propose modal control of a process, the concept being extended by Murray-Lasso 2, Gould 3 and
Schlaefer 4 to include linear distributed-parameter systems.

Difficulty in modal control lies in the tremendous number of sensors required to construct a
modal filter, which is indispensable for modal control. When reviewing the reports on modal
filtering, most papers would be dependent on the utilization of point sensors for implementing a
modal filter, mainly due to the availability of only point-type sensors at that time. There are,
however, practical difficulties in implementing such a point measurement-based modal sensing
system for real problems. These problems arise from the number of measurements which are
required to resolve modes with adequate fidelity. The other way to reduce the burden is to ex-
change point sensors for distributed parameter sensors3~8 such as PVDF film sensors. The distrib-
uted parameter sensor can be viewed as the limit of an infinite number of point sensors, thereby
reducing a large number of point sensors. If it is possible to use distributed parameter sensors, the
control information of a vibration field can be obtained not from points, but from lines or areas. As
a result of the enhancement of observability, global attenuation of the vibration level over the
structure can theoretically be achieved with observation spillover? being avoided.

The application of PVDF film sensors can be traced back to Lee and Moon!0 for measuring



modal amplitudes. The applications of these sensors for modal filtering thereafter have been lim-
ited to one-dimensional structures and cantilever plates. Although there have been some attempts
11 to apply the distributed sensors to a two-dimensional structure, the systematic design procedure
for modal filtering of a two-dimensional structure using the distributed parameter sensors has yet
to be clarified.

It is the purpose of this paper to present the design methodology of a PVDF film sensor in
view of filtering out a modal parameter of a two-dimensional planar structure. First, this paper
overviews a conventional modal filter method using point sensors, and points out the problems
they involve. To overcome the drawbacks of the point sensor-based modal filter, a novel modal
filtering technique based upon a distributed parameter PVDF film sensor is proposed. To begin
with, a design procedure for one-dimensional sensors for modal filtering is presented, the number,
location and shaping function of the one-dimensional modal sensors clarified. Then, modal filter-
ing using the one-dimensional shaped sensors is found to be applicable for two dimensional struc-
tures with any classical boundary conditions. Experimental results show the capability of modal
filtering even for a degenerate mode. Finally, using one-dimensional modal sensors, experiments
on active modal control are conducted, showing a significant reduction of the targeted modal
amplitude without causing instability of the control system.

2. One-dimensional distributed parameter modal sensors

A. General case

In the interest of filtering out a particular modal amplitude, consider the one-dimensional PVDF
film sensor of constant thickness, which is attached to a rectangular plate at x = xq along the y
direction with its width varying according to a shaping function s(y). Then, the sensor output
amplitude becomes

~ (L, [xq+s(y) 9%w(r) 9%w(r)
q:fo yf (631 ax2 +€3; ay2 )dl‘ ) (1)

X0

where w(r) denotes the deflection of a plate, and is described as
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where (p,-gr and w; are the i-th eigenfunction and modal amplitude, respectively. Inserting Eq.(2)
into Eq.(1) and using the following assumptions on the eigenfunctions,
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the sensor output becomes
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Consider the extraction of the s-th modal amplitude, w;. For this purpose, the shaping func-
tion is needed to be defined as follows:
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Equation (5) is further expanded to
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To proceed with the further expansion of Eq.(7), consider the integral
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Multiplying Eq. (8) by —B? and applying the properties of the eigenfunctions given by Eq. (4),
Eq. (8) may be expanded to
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Similarly, multiplying Eq. (8) by — B} leads to
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When applying the classical boundary conditions, the boundary terms in Egs. (9) and (10) vanish
aty =0and Ly. Therefore, Egs. (9) and (10) may be simplified into
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Note that the right hand sides of Eqs. (11) and (12) are equal, so that subtraction of Eq. (12)
from Eq. (11) gives
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‘where c; is a constant of proportionality.

B. Numerical example of a simply supported plate

Consider a simply supported, thin, lossless, rectangular plate of the length Ly (=0.88 m) and Ly (=
1.8 m) in the X and y directions, respectively, and of the thickness h (= 9mm). Note that the design
methodology presented can also be applicable to
a rectangular plate with other classical boundary

conditions. n — —
iewi isti indi- Mode Mode Modal e Mode

In viewing Table 1 listing the modal indi number frequency Hz | number frequency Hz
ces and modal indices of the panel, a numerical —
example of extracting the (1,4) modal amplitude ! 83 223?2 12 ;2,5; 263,588
of the plate using the one-dimensional modal sen- 3 g3 8975 14 B3 31768
sors is shown. 4 @n 120744 15 26 35904
5 1,4) 137.412 16 (.7 362.077
| > 6 @2 141.168 17 (34)  365.284
I. Direction of the one-dimensional sensor to be 7 (3 175208 18 (35 426556
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As seen in Table 1, there are 22 structural modes |lio 5, 23164 2 18 a1

involved in the frequency range up to 500 Hz; Of |["t a6 27357 2 @) -

22 modes, the (1,4) modal amplitude is designed

to be extracted. The natural frequency of the (1,4)
mode is 137 Hz, with the closest mode, the (2,2)
mode with a natural frequency of 141 Hz, the dif-

Table 1 Modal frequency and modal number of
a simply supported plate of 0.88m x 1.8m x 9mm



ference between these modal frequencies being only 4 Hz, and hence the (1,4) mode may be
identified as an almost degenerate mode.

As the modal index in the x direction of the (1, 4) mode is 1, eight modes are found to have
it in the x direction, e.g. (1,1), (1,2), (1,3) etc. On the other hand, there are three structural modes
possessing the modal index, 4, in the y direction. As such, it is obviously advantageous to use the
y direction for sensor placement, as the necessary number of the sensors is determined by the
number of vibration modes extracted by a one-dimensional sensor.

I1. Shaping Function
The shaping function described in Eq.(6) may be given by
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The number of structural modes extracted by the sensor shaped with Eq. (16) is 3; the (1,4), (2,4),
and (3,4) mode with the modal number of 5, 9 and 17, respectively. By using these numbers, the
sensor output is described by
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II1. Number of the necessary sensors

Among the three extracted structural modes given by Eq. (17), the unwanted mode, the (3,4) mode,
with the modal number of 17 has two nodal lines in the y direction. Moreover, considering that
three modes are filtered out at this stage, the necessary number of the sensors can be reduced to 2
by placing the sensors along the nodal lines of the (3,4) mode.

IV. Extraction of modal amplitudes
The amplitudes of the two sensor outputs are given by

g1 =Wsbsc5+Wgbgch (18)
.and
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Because of the symmetric location of the two sensors with regard to the central line of the plate, the
following relations are obtained,
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By inserting Eqs.(20) and (21) into Egs.(18) and (19), and further expanding the equations, the
modal amplitude of the (1,4) mode, ws, is found to be
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By adding the two sensor outputs with opposite polarity, the (2,3) modal amplitude, w7, can also
be obtained by
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3. Modal filtering/control of a rectangular
plate

A schematic diagram for extracting the (1,4)
modal amplitude using PVDF film sensors is
shown in Fig. 1. The polarity of the film sensor
is changed by swapping the top and bottom sur-
face of a sensor, each segment of the sensor con-
nected by a conductive foil. Figure 2 shows the
spectrums of the impact force used as distur-
bance, together with the acceleration response of
the panel obtained at the driving point; the cor-
responding waveforms of the impact force as well
as the acceleration are depicted in Figs. 3(a) and
(b). As is seen from the frequency characteris-
tics of the impact force, it rolls off at 500 Hz,
thereby the maximum frequency range of inter-
est determined as 500 Hz.

As shown in Fig.1, a pair of PVDF film
sensors shaped with the function given by Eq.(16)
are attached along the two nodal lines of the (3,4)
mode in the y direction. Each one-dimensional
modal sensor consists of four segments with a
half period of the sine function, these segments
being connected by conductive foils. When com-

Modal amplitude
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+
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Fig. 1 Schematic diagram for measuring modal ampli-
tude using PVDF modal sensors

bining these two sensor outputs with the same polarity, the (1,4) modal amplitude may be filtered

out, while, with the opposite polarity, the (2,4)
sensor output per se is the desired modal signal,

modal amplitude extracted. Note the combined
hence no further signal processing required.

The waveform of an impact response of the extracted (1, 4) modal amplitude is shown in Fig.
3(d), the corresponding frequency characteristics given in Fig. 4. As is seen in Fig. 3(d), a sinusoi-
dal signal with slight damping appears which is filtered out from the turbulent acceleration wave-

- form illustrated in Fig. 3(b). It should be noted
that even with a narrow bandpass filter tuned
to the targeted natural frequency (the (1,4)
modal frequency), a similar waveform may be
obtained; however, intrinsic difference be-
tween these similar waveforms is whether the
dynamic characteristics of the targeted mode
are acquired or not. In other words, as is found
in Fig. 4, the signal obtained by the modal fil-
ter carries the dynamic characteristics of the
(1,4) mode in the whole range of frequency
(which can be viewed as a single degree of
freedom vibratory system), while the signal
obtained by the narrow bandpass filter does
not.

If one attempts to extract the (1,4) modal
amplitude by using point sensors, at least 50
to 60 sensors, a few times the modal number
of interest, should be necessary to ensure the
fidelity. In addition, a digital signal process-
ing for calculating an inverse matrix, multi-
plication and addition of signals are needed,

Impact force
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0.01— (1,4) (2’2)
— 1 Accelerati ,
1 cceleration \ /( -
0.1+
3 0.01-
0.001—
0.0001—
l | 1 it L1111
10 100 500
Frequency Hz

Fig. 2 Spectrum diagram of an impact force
and acceleration response at a driving point



thereby making it almost impos-
sible to use in control systems,
because the computation time to
produce a control signal cannot
be allowed. Thus, a heavy bur-
den is imposed on the use of the
conventional modal filtering
technique based upon point sen-
sors. In contrast to this, the
modal filtering method using
distributed sensors can be con-
ducted by merely shaping its
width with an appropriate shap-
ing function, which is equiva-
lent to spatial integration, read,
addition and multiplication in
digital signal processing; hence
no calculation time.

To carry out the active
modal control, the signal ob-
tained by combining the two
modal sensors is needed to be
fed back to drive a control ac-
tuator. To dampen a resonance
peak, velocity feedback is
needed; however, the sensor
output is proportional to the
modal amplitude of displace-
ment, and therefore an approxi-
mate differential circuit re-
quired.

Figure 3 (e) shows the
waveforms of the (1,4) mode
suppressed by the active modal

_control using the distributed
modal sensors. The optimal ve-
locity feedback gain was deter-
mined experimentally by moni-
toring the waveforms being sup-
pressed. Because of the control
system comprising distributed
sensors and a point actuator, the
observation spillover leading to
a destabilization of the control
system may be avoided.

(a) Impact force

m/s? (b) Acceleration (without control)

(d) Modal sensor output of the (1, 4) mode
(without control)

(e) Modal sensor output of the (1, 4) mode
(with control)

Time s

Fig. 3 Time history of an impact force, acceleration waves
and modal filter output f the (1,4) mode

Throughout the experiment, it was possible to increase the velocity feedback gain to a signifi-
cantly high level; the excess amount of feedback gain caused instability of the system due to the
saturation of a power amplifier, though. Regarding the waveforms of the acceleration response
before and after the active modal control as shown in Figs. 3 (b) and (c), it is hard to recognize the
difference in those waveforms, although the (1,4) modal signal was thoroughly eliminated in the
uncontrolled acceleration waveform. With this, it is seen that the active modal control was achieved
without causing any effect on other structural modes.



4. Conclusions

The design of one-dimensional shaped
PVDF film sensors to provide the modal
amplitude of interest has been consid-
ered. It was shown that the modal or-
thogonality of one-dimensional distrib-
uted sensors can be applicable for a two-
dimensional planar structure with any
classical boundary condition. The de-
sign procedure for one-dimensional
modal sensor has been presented, the
number, location and shaping function —
of the one-dimensional sensor being
clarified. Experimental results using —
one-dimensional modal sensors show
that significant accuracy for modal fil-
tering can be attained. The (1,4) mode
has been picked up, which is regarded
as an almost degenerate mode. It was | | i L 1 1]
found that the modal filtering works even 10 100 500
on a degenerate mode. The active modal

control was performed, showing the sig- Frequency  Hz

nificant control effect for suppressing the

targeted modal resonance without caus-

ing instability of the control system. Fig. 4 Modal amplitude characteristics of the (1,4) mode
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