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Controlling the volume velocity of a plate has previously been shown to be a good
strategy to reduce its overall sound radiation. Although distributed volume velocity sensors
have been developed they have some inherent limitations, particularly the fact that they
cannot measure whole-body motion which can have large volumetric components. In this
paper, a number of accelerometers are placed on the plate and their outputs are summed in
order to estimate the volume velocity. It is found that, by increasing the number of evenly
spaced accelerometers, improved estimates of the true volume velocity can be obtained.
The number of accelerometers required for a good estimate of volume velocity is also
calculated analytically and this value is found to agree with the value found from the
simulations. Some further cost functions using accelerometers are also outlined, such as
controlling the frequency-dependent shape of the first radiation mode although the results
are not very much better then controlling the sum of their outputs. The use of arrays of
accelerometers hold some promise for future practical applications of active control as their
performance continues to improve and their prices decrease.

# 2002 Elsevier Science Ltd. All rights reserved.
1. INTRODUCTION

Active structural acoustic control (ASAC) is a branch of active control in which structural
actuators are used to reduce sound radiation from plates instead of using actuators in the
acoustic field as is the case in conventional active sound control (ASC). ASAC also differs
from active vibration control (AVC) in that it attempts to control only the vibrations
which are important to sound radiation or which radiate sound efficiently. Conventional
vibration control on the other hand attempts to reduce the vibrations of a structure as
much as possible with no concern for the resulting sound radiated by the structure. This
results in situations where even though the vibrational levels of a structure are decreased,
the overall sound radiation can actually be increased. Conversely, reduction in sound
radiation can be achieved even with an increase in a structure’s vibrational levels.
yAt ISVR while this work was completed.
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The first references to ASAC appeared around 1990 and used point forces to control
structural modes of a plate, whilst examining the effects on the radiated sound power [1–
3]. More recently, piezoceramic actuators have been used instead of point forces as they
have a number of practical advantages such as the fact that they do not require reaction
mounts [4–6]. A good overview of ASAC is given in reference [7].

As well as using structural actuators, it is now common to integrate sensors with the
structure to be controlled rather than using microphones in the far field to measure the
radiated sound. A major advantage when both actuators and sensors are integrated is that
the system can be used when it would be impractical to have transducers placed in the
acoustic far field. Recent developments of piezoelectric materials have enabled new sensors
to be designed. Many of these focus on the use of PVDF film which can be shaped easily to
target the control of individual modes. Where structural sensors are used, they must
measure variables which are strongly related to the radiated sound power. The use of
structural sensors is reviewed in references [7, 8].

As well as developments in transducer technology, another important development
in the field of ASAC has been research into the most efficient methods of controlling
structural vibrations such that the radiated sound power is reduced. These
control strategies have led to the development of the radiation mode approach [9]
which is used in this paper, and more elaborate methods of trying to predict the
radiated sound power using structurally measured variables measured at a number of
points [10].

Radiation modes are sets of independently radiating velocity distributions and,
although a number of authors developed similar methods of analyzing them at around
the same time, the techniques used in this paper were introduced in references [9, 11, l2].
The third of these references also gives a comparison of the different radiation mode
approaches.

At low frequencies, the first radiation mode accounts for most of the sound radiation
and has a shape corresponding to the volume velocity of the panel. The sound radiation
from the panel could thus be significantly reduced by the control of a single structural
variable. This led to the development of volume-velocity sensors which consisted of
etching quadratic strips into PVDF film [9, 13]. An example of the use of these volume
velocity sensors in experiments is described in reference [14].

One disadvantage of the PVDF volume velocity sensors is that they are essentially strain
sensors and so are unable to measure whole-body motion, which can give rise to significant
volumetric vibrations. The main purpose of this paper is to investigate whether a number
of accelerometers, with their outputs summed, can be used to obtain an approximation to
the volume velocity. A similar use of accelerometers is suggested in references [15–18],
where it is used to obtain the radiated power in a single direction. Multiple piezoelectric
patch sensors have also been used instead of accelerometers in a method similar to the one
outlined below [19].

The paper is divided into four further sections. In the first, the theory of radiation
modes is briefly reviewed and the reasons for looking to control volume velocity are
examined. Section 3 compares using the summed output from an increasing number of
accelerometers as an error signal with the control of true volume velocity. This comparison
is in terms of the control performance measured by the power radiated by the
plate. Section 4 considers other multi-channel cost functions which could be used,
where the outputs of the accelerometers are manipulated in some other way rather than by
a simple summation. These further control strategies all take into account further
properties of the radiation modes, but in doing so increase the complexity of the
controller.



VOLUME VELOCITY ESTIMATION WITH ACCELEROMETERS 869
2. VOLUME VELOCITY

An important consideration in ASAC is which structural quantities should be measured
in order to give a signal which is strongly related to the sound power. In this paper, this is
achieved through the use of radiation modes and their theory is reviewed in this section.

Radiation modes, which are a set of independently radiating velocity distributions, are
described in detail by Johnson and Elliott [11, 12], but there are two important properties
outlined here which are important for ASAC purposes; the efficiency and shape of the first
radiation mode.

The motivation for using radiation modes is that although the structural modes, which
are normally used to analyze plate vibrations, form a set of orthogonal mode shapes, they
do not radiate sound independently. The sound radiated by any one structural mode is
dependent on the amplitude and phase of every other structural mode. Apart from at the
resonant frequency of one of these modes, the effect of reducing the mode’s amplitude on
the overall sound radiation cannot be easily predicted. It would thus make sense to
develop a method of analyzing plate vibrations in terms of patterns which do radiate
sound independently and these are termed radiation modes. There are a number of
different mathematical formulations for analyzing radiation modes [12], but they all have
the property that they radiate sound independently. In contrast to the control of structural
modes, it is clear that by reducing the amplitude of any radiation mode, the total sound
radiated by a structure is sure to be reduced.

In this paper, an approach is used in which the vibration of the plate is approximated by
dividing the surface into a large number, I ; of elemental sources which are small compared
with the acoustic wavelength and which oscillate harmonically. The power radiated, Wel ;
by a single element el is given by the element’s complex velocity, vel ; and the complex
pressure, pel ; at the elemental position

Wel ¼
Sel

2

� �
RðvnelpelÞ; ð1Þ

where Sel is the elemental area, R denotes the real part, and * denotes conjugation.
The total power, W ; radiated by the panel can then be calculated by defining vectors v

and p whose elements are the velocities and pressures of each element and the total power
output can be written as

w ¼ Sel

2

� �
RðvHpÞ: ð2Þ

The pressure at each elemental position can also be expressed as a function of the
velocity of each of the elemental sources

p ¼ Zv; ð3Þ

where Z is a matrix of acoustic transfer impedances which relates the pressure at each
element to the velocity at each element and, the total acoustic power radiated is thus

W ¼ Sel

2

� �
RðvHZvÞ ¼ vHRv; ð4Þ

where

R ¼ Sel

2

� �
RðZÞ ð5Þ

and the symmetry of Z due to reciprocity has been used.
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The specific acoustic transfer impedance between elements i and j (which is the i; jth
element of Z) is given by [9, 20]

Zij ¼
jor0Sel

2prij

e�jkrij ; ð6Þ

where rij is the distance between elements i and j: This equation is derived from the
equation for radiation from a baffled, pulsating half-sphere [9]. The elements of R are then
given by

Rij ¼
o2r0S2

el

4pc0

sinðkrijÞ
krij

� �
; ð7Þ

so that

R ¼ o2r0S
2
el

4pc0

1
sin kr12

kr12
. . .

sin kr1I

kr1I

sin kr21

kr21
1 . . . . . .

. . . . . . . . . . . .

sin krI1

krI1
. . . . . . 1

2
6666666664

3
7777777775
: ð8Þ

The matrix R is seen to be symmetric (due to reciprocity), real (proportional to RðZÞ), and
positive definite (as the power output of the plate must be greater than zero unless velocity
is zero). This means that it can be decomposed into a set of orthogonal real eigenvectors
with positive real eigenvalues:

R ¼ QTKQ; ð9Þ
where QT is a real and unitary matrix of orthogonal eigenvectors, and K is a diagonal
matrix whose elements li are the eigenvalues and are positive real numbers.

If this eigenvector/eigenvalue decomposition (equation (9)) is substituted into the
equation representing radiated power for the elemental radiator approach, equation (4)
one obtains

W ¼ vHRv ¼ vHQTKQv: ð10Þ
Now define y ¼ Qv; as the vector of radiation mode amplitudes, in terms of the velocities
of individual elements, so that

W ¼ yHKy ¼
XI

i¼1

lijyij2; ð11Þ

where the final form follows from the fact that K is diagonal.
The power output due to any one of these eigenvectors is then equal to its amplitude

squared multiplied by its corresponding eigenvalue. This equation also shows that the
modes are radiating independently since there are no off-diagonal terms in the matrix K:
The total radiated sound power can thus be calculated as a sum of individual mode
amplitudes squared multiplied by their corresponding eigenvalues.

Figure 1 shows the radiation efficiencies of the first few radiation modes as a function of
non-dimensional frequency obtained by the eigenvalue/eigenvector decomposition of R: It
is clear that, at low frequencies, the radiation efficiency of the first radiation mode is very
large in comparison with the efficiencies of the other modes, which would suggest that
controlling this radiation mode would be a good strategy. Figure 2 shows the shapes of the
first six radiation modes at a low non-dimensional frequency of 0�5: The first radiation
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Figure 1. Radiation efficiencies of low order radiation modes.
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Figure 2. Shapes of first six radiation modes at a non-dimensional frequency of 0�5:
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mode shows each element of the plate vibrating with almost the same phase and
amplitude, and thus its amplitude is proportional to the volume velocity of the plate. The
shape of the first radiation mode, obtained from the eigenvectors of R; at non-dimensional
frequencies of 0�5 and 5 are shown in Figure 3. There is a clear difference in the shape over
this frequency range. The changing shape of the first radiation mode with frequency will be
considered below.
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Figure 3. Shape of first radiation mode at non-dimensional frequencies of 0�5 and 5 (normalized amplitudes).
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The important conclusions from Figures 1 and 2 are that radiation modes are found to
have a number of advantages when it comes to active structural acoustic control such as
the following:

(1) They radiate sound independently.
(2) The first radiation mode is seen to have a much larger radiation efficiency than the

other radiation modes at low frequencies.
(3) The shape of this first radiation mode is found to have a very simple form. At very low

frequencies, it corresponds to the volume velocity of the plate.

These provide the motivation for looking at the control of volume velocity during the
rest of this paper; by reducing the volume velocity, the total radiated power should also be
reduced.

3. APPROXIMATION TO VOLUME VELOCITY USING MULTIPLE ACCELEROMETERS

Consider a plate whose co-ordinate system is shown in Figure 4. The lengths of the sides
in the x and y directions are given by lx and ly; respectively. Movement in the direction of
the z-axis is denoted by w and only this form of vibration will be considered here since it is
the out-of-plane vibration which gives rise to sound radiation.

The plate is considered to be excited by an incident plane wave with angle of incidence
y ¼ f ¼ 458 which is chosen to excite all structural modes. This incident plane waves act
as the primary disturbance and, assuming the plate is simply supported around its edges
and light fluid loading, the resulting plate excitation and resulting sound radiation can be
calculated analytically as shown by Roussos [21]. The properties of the modelled plate
used are shown in Table 1 and the modelling techniques are described in more detail in
reference [22].

The secondary control force is generated on the plate by means of a 25 mm by 25 mm
piezoceramic patch placed at the centre of the plate. Although there are a number of
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Figure 4. Co-ordinate system of a thin rectangular plate.

Table 1

Material properties of plate

Property Value

Length (x direction) 0:278 m
Length ( y direction) 0:247 m

Thickness 1 mm
Young’s modulus 71� 109 Nm3

The Poisson ratio 0�33
Density 2720 Kg=m3

Damping ratio 0�2%
Unity non-dimensional frequency 195 Hz

(i.e., when klx ¼ 1)
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possible options for structural actuators, piezoceramic actuators currently seem to be the
most suitable due to their low cost, light weight, and the fact that they can be shaped easily
and are easy to incorporate into the structure to be controlled. They can also deliver
relatively large forces to the structure under control with a low current, high voltage
supply. References which discuss the theory and use of piezoceramic actuators include
[7, 23]. The mass loading and damping effects of the piezoceramic actuator are assumed to
be negligible and so the sound power transmitted through the plate with no control is
unaffected by the actuator’s presence. Placement of the actuators and sensors is another
important issue which has a large effect on the performance of control systems and a
number of techniques exist for their optimal placement. Many optimization techniques
exist as outlined in reference [24] for example. A more intuitive method based on physical
arguments is given by Sors and Elliott [25]. A single actuator is used here for simplicity,
but as this is placed in the middle of the plate, it is able to control the odd–odd
volumetric modes with maximum effect and so this seems a reasonable position for the
actuator.

Single frequency feedforward simulations, which give the best performance that can be
achieved using a given physical system, are used in which the amplitude and phase of the
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control signal are calculated from signals measured by some form of structural sensor. In
practice, a reference signal would be required. The block diagram for the feedforward
simulations is shown in Figure 5. In the diagram, G represents the plant, i.e., the frequency
response function between the input to the secondary actuator and the output from the
error sensor, and W represents the feedforward controller.

Two different types of sensor are used. In the first case, the total radiated power will be
minimized. In practice, this method would require the use of a large number of error
microphones in the far field. This is often impractical and so error sensors bonded directly
to the structure are used in the second control strategy which minimizes the output of such
an error sensor either in the form of summed accelerometer outputs or, a distributed
volume velocity sensor. The aim is to get as close to the ideal control, given by the
minimum radiated power, as possible.

For the first control strategy of controlling radiated sound power, the complex velocity
distribution of the plate due to tonal excitation can be expressed as a combination of
velocities due to primary (disturbance) and secondary (control) forces. Furthermore, the
velocity distribution due to secondary actuators can be expressed as the velocity vector due
to a unit input voltage, g; multiplied by a complex control signal u; such that

v ¼ vp þ gu; ð12Þ

where vp is the velocity distribution due to the primary incident wave.
By substituting this into the equation for sound radiation, (4), it can be rearranged into

the well-known Hermitian quadratic form,

W ¼ unAu þ unb þ bnu þ c; ð13Þ

where

A ¼ ghRg; b ¼ gHRvp; c ¼ vTpRvp; ð14Þ

which is minimized by using the complex control voltage, um; given by

um ¼ �A�1b: ð15Þ

The second control strategy focuses on the cancellation of the error sensor output and
can be calculated in a way similar to that above. The aim is to cancel the total charge
output of the sensors attached to the panel. The charge output can be written as a
combination of contributions from primary and secondary sources:

qtot ¼ qp þ qhu; ð16Þ

where qh; is the charge output due to a unit input voltage to the actuator. To set qtot to
zero, the control voltage is

ue ¼ � qp

qh

: ð17Þ
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As the excitation of the plate is assumed to be tonal, with a known frequency, the
control problem reduces to adjustment of the amplitude and phase of the complex control
input, u; at that frequency. In each simulation, the following curves are shown:

(1) The power transmission ratio before control as defined by

T ¼ Wr

Wi

; ð18Þ

where Wr is the sound power radiated by the panel and the incident acoustic power is
defined by Roussos [21] to be

Wi ¼
jP2

i jlxly cosðyÞ
2r0c0

: ð19Þ

(2) The power transmission ratio after the input to the actuator has been adjusted at each
frequency to minimize the radiated sound power.

(3) The power transmission ratio after the input to the actuator has been adjusted at each
frequency to cancel the sensor output whether that is provided by the sum of
accelerometer outputs or by a volume velocity sensor.

The first control simulations shown in Figure 6 compare the control of radiated sound
power, equation (15), with the control of true volume velocity, equation (17), using the
single centrally placed actuator.

At all frequencies the ideal control curve, obtained by minimizing sound radiation, is
lower than the curve which is obtained by minimizing the volume velocity as expected.
This is the reference curve which shows the best possible attenuation which can be
achieved using the given transducer configuration. The total attenuation over the 1 kHz
frequency range is 7�9 dB; but at any single frequency can be very large. The value for
overall attenuation is weighted towards high frequencies where the overall sound power
radiation is increased. However, this is the frequency region with the lowest attenuation,
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Figure 6. Power transmission ratio before control (solid), using feedforward control of sound power (dotted)
and, using feedforward control of volume velocity (dashed).



T. C. SORS AND S. J. ELLIOTT876
so the value of overall attenuation does not give a good indication of the control
performance at low frequencies.

As there are practical problems associated with the sensors for both of these control
strategies outlined in the introduction, the remainder of this paper considers the use of
accelerometers and in particular, using increasing numbers of accelerometers with their
outputs summed to give an estimate to the true volume velocity. The feedforward
algorithm given by equation (17) is used to calculate the control voltage where the output
signal is given by the sum of the accelerometer outputs. Results are presented in terms of
the performance of the various sensor configurations rather than by comparing the sensor
output signals.

The results of cancelling the summed output of different numbers of accelerometers, as
an estimate of the volume velocity are shown in Figure 7. Each subfigure shows the
configuration of piezoceramic actuators and accelerometers, although the x and y

dimensions of the plate are not to scale, and shows four curves; the power transmission
ratio before control (solid), using control of radiated sound power (dotted), using control
of true volume velocity (dashed), and using control of the summed accelerometer outputs
(dash-dotted). Forty-nine structural modes were used in the theoretical model of the plate,
with natural frequencies up to 3527 Hz: The number of elements in the grid was around
20� 20; but was varied slightly depending on the number of accelerometers such that they
were all positioned at centres of elements. The results for the control of radiated power
and the control of volume velocity with a single piezoceramic actuator remain constant in
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Figure 7. Results of SISO simulations of active feedforward control showing power transmission ratio, T ; of
radiated sound power to incident sound power for plane wave excitation at y ¼ f ¼ 458 (con’t): a single actuator
is used to cancel the summed output from a number of accelerometers or true volume velocity or radiated power.
Solid line is power transmission ratio before control, dotted line is after control of radiated power, dashed line is
after control of volume velocity and thick dash–dot line is after control of summed accelerometer output.
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Figures 7(a)–7(d), as these two strategies depend only on the actuator configuration which
remains the same. The aim of these figures is to see whether, by increasing the number of
accelerometers, a good estimate of the volume velocity can be obtained.

The first comparison between sensors in Figure 7(a) shows the control of the output of
one accelerometer with the control of true volume velocity or control of sound power.
Figure 8 shows the vibration distribution of the plate after control of a pure tonal
disturbance at 72 Hz; the natural frequency of the ð1; 1Þ mode of the plate, using a
piezoceramic patch actuator with a centrally placed accelerometer. Before control, the
vibration of the plate takes a sinusoidal form. The effect of the actuator cancelling the
output of the accelerometer, as shown in the figure, is to pin that part of the plate. The
dynamics of the plate are thus changed and the structure displays a new frequency
response function with a new set of resonances. The effect is that the radiated sound power
is not controlled even though the kinetic energy and vibrational levels may be reduced.
This demonstrates the difference between ASAC and ACV.

The extra resonance at 100 Hz is suppressed when the sum of the outputs of nine
accelerometers is controlled in Figure 7(b). With the use of 16 or 25 accelerometers,
Figure 7(c) or 7(d), it becomes clear that a variable similar to the volume velocity is being
controlled. The graphs show that at low frequencies, the control of volume velocity is still
working slightly better. At high frequencies, there is somewhat less amplification when
using the accelerometers. This amplification effect is known as spillover and is described
below.

Table 2 gives values of attenuation averaged over a 0–500 Hz frequency range, which is
where the best control performance is achieved. It is evident from examining Figure 7 that
large reductions in radiated sound power can be achieved at low frequencies and that at
high frequencies, there may even be some increase in the radiated power, i.e., spillover.
Spillover can occur when the secondary source is unable to efficiently drive the first
radiation mode. If the secondary source has to drive extremely hard to cancel the volume
velocity of the plate, other higher order radiation modes may begin to radiate significant
amounts of sound power. At high frequencies, where the volume velocity is no longer a
good approximation to the shape of the first radiation mode, other radiation modes can



Table 2

Table of attenuations in sound power over a 500 Hz bandwidth for different control strategies

and different arrangements of accelerometers used in the estimate of volume velocity

Sensor Attenuation in transmitted
sound power (dB)

Sound power 20�2
True volume velocity 19�1

Volume velocity estimated with
1 � 3�8
9 14�0
16 18�1
25 18�3
400 19�1

T. C. SORS AND S. J. ELLIOTT878
also be excited by the secondary actuator. This is shown, for example, by an increase in the
power transmission ratio at around 950 Hz for the control of volume velocity. However,
the low frequency region is the region of most interest in active control applications.

Figure 9 shows the attenuation in radiated sound power as a function of the number of
accelerometers for a plane wave incident with angles y ¼ f ¼ 458 averaged over a 500 Hz
frequency range. It is evident that by increasing the number of accelerometers, the
attenuation tends to the use of a true volume velocity sensor. In the limit, where the
number of accelerometers is equal to the number of elements used in the plate model, the
attenuations for the two methods are the same. The configuration using 16 accelerometers
strikes a good and practical balance between obtaining a good estimate of the volume
velocity and the number of accelerometers required.

An analytical estimate of the number of accelerometers required to give a reasonable
practical estimate of volume velocity can be obtained by calculating the number of
structural modes with natural frequencies below the frequency for which the radiation
efficiency of all the radiation modes becomes similar. Below this frequency, only the first
radiation mode needs to be considered. Figure 1 shows that the radiation efficiencies of the
radiation modes become similar at around klx ¼ 10; which thus sets the upper frequency
limit for which volume velocity control alone can be used, and Figure 10 shows that for
the plate considered above, the number of structural modes with a natural frequency
below klx ¼ 10 is in the region of 20–25. In order to estimate the volume velocity,
approximately this number of accelerometers are required, which explains why around
16–25 is a good estimate for the number of required accelerometers to estimate volume
velocity in this case.

In general, the number of modes with natural frequencies below o for a flat
homogeneous plate of dimensions lx; ly; mass per unit area m; and bending stiffness D is
approximately [26]

NðoÞ ¼ lxly

4p

ffiffiffiffi
m

D

r
o: ð20Þ

If the number of accelerometers is equal to the number of modes when klx ¼ 10; i.e.,
o ¼ 10c0=lx; where c0 is the speed of sound, then the required number of accelerometers is

N ¼ 5

3p
c0ly

ffiffiffiffi
m

D

r
: ð21Þ
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For the plate used in this paper, this equation predicts that around 29 accelerometers
would be required.

4. OTHER COST FUNCTIONS USING MULTIPLE ACCELEROMETERS

In the previous section, a number of accelerometers were placed on a plate and their
outputs were combined by a simple summation to obtain a reference signal which was fed
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to a controller. Using these accelerometers, it is natural to investigate different ways of
combining the outputs of the accelerometers to obtain other reference signals which may
lead to a good reduction in the radiated power and, three of these cost functions are
outlined below:

(1) Using the accelerometers to control high order, frequency-independent, radiation
mode shapes.

(2) Controlling the frequency-dependent shape of the first radiation mode as opposed to
the volume velocity.

(3) Using multiple single channel control systems on the plate.

4.1. CONTROL OF HIGHORDERRADIATION MODES

Table 3 gives the additional reductions in sound power radiation up to 1 kHZ obtained
when the sum of the squared amplitudes of higher order radiation modes are controlled by
a feedforward control system with a single centrally placed piezoceramic actuator. These
can be calculated easily using equation (11), where the eigenvalue li can be found from the
relevant term in the decomposition of the matrix R (see equation (8)) and gives the power
radiated by the corresponding radiation mode in Figure 2. The small values indicate that,
at the frequencies considered, it is far more important to control the first radiation mode
as well as possible than to consider higher order radiation modes.

4.2. CONTROL OF FREQUENCY-DEPENDENT SHAPE OF FIRST RADIATION MODE

This strategy examines controlling the frequency-dependent shape of the first radiation
mode instead of the volume velocity, which is only a good approximation to the shape of
the first radiation mode at low frequencies. The shape was seen to change significantly over
a 1 kHz frequency range in Figure 3. The following analysis deals with how the multiple
accelerometers can best be used to control the first radiation mode in practice and relies on
the fact that the radiation mode shapes can be obtained from the eigenvalue/eigenvector
decomposition of the matrix R: The position of each accelerometer for a given radiation
mode at a given frequency can then be calculated and stored in a frequency-dependent
weighting for the accelerometer instead of using a weighting of unity for each
Table 3

Reduction in the average power radiated below 1 kHz when different numbers of radiation

modes are controlled

Radiation mode Additional reduction in
sound power (dB)

1 11�3
2 0�1
3 0�1
4 50�1
5 50�1
6 50�1
7 50�1
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accelerometer, which would be equivalent to minimizing the approximation to the volume
velocity.

As an example, consider an arrangement with four accelerometers used to calculate
the amplitude of the first radiation mode y1}the weightings for each of the accelerometers
at each frequency can be found from the relevant elements of the first eigenfunction
of R:

y1ðoÞ ¼ 1
4
ðQ1ðoÞv1 þ Q2ðoÞv2 þ Q3ðoÞv3 þ Q4ðoÞv4Þ; ð22Þ

where Q1ðoÞ refers to the element of the first eigenfunction of R corresponding to
the position of the first accelerometer, v1 corresponds to the velocity at the point of
the first accelerometer, etc. These are similar to the radiation filters used by Bauman et al.
[27].

A comparison of the control of volume velocity, an approximation to the volume
velocity using 16 accelerometers, and an approximation to the first radiation mode using
16 accelerometers, is shown in Figure 11. Controlling an approximation to the first
radiation mode using the 16 accelerometers rather than an approximation to the volume
velocity itself using 16 accelerometers is seen to give some performance increase in the mid-
frequency range, particularly at frequencies away from resonances.

4.3. MULTIPLE SINGLE CHANNEL CONTROL SYSTEMS

Another possible configuration currently being investigated would include a number of
single channel control systems on the plate each with its own piezoceramic actuator,
collocated accelerometer and a simple velocity feedback controller for example. Each of
these local control systems could be used independently. This type of configuration could
be implemented easily using microelectromechanical systems (MEMS) which is currently
an area of rapid development [28]. Recent work [29] suggests that this technique may have
additional advantages for vibration control.
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Figure 11. Simulations of feedforward control in which a single actuator is used to minimize the output of
either a true volume velocity sensor (dashed line), summed output of 16 accelerometers, i.e., approximation to
volume velocity (dotted line), or approximation to first radiation mode using 16 accelerometers (dash-dotted line).
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This paper has considered a number of ways in which multiple accelerometers on a plate
could be used to obtain cost functions for ASAC. The main focus has been on summing
the outputs from increasing numbers of accelerometers to give a signal which is an
approximation to the volume velocity of the plate.

In the first section of the paper, the theory of radiation modes is reviewed and the
reasons for trying to control the volume velocity of the plate are outlined. Previous
attempts at this have used a quadratically shaped PVDF film to obtain the volume
velocity, but as this results in a strain sensor, it has the disadvantage of not being able to
measure whole-body motion. In this paper, the integrated output from an array of
accelerometers were used instead which have the additional advantage of allowing multi-
channel control.

Summing the outputs of increasing numbers of accelerometers was found to tend to the
use of a volume velocity sensor and, by reducing the amount of spillover at high
frequencies, certain numbers of accelerometers were found to work particularly well for
the plate used in the simulations. The reasons were explained in terms of the number of
significantly radiating structural modes.

In a final section, some multi-channel configurations were examined in which the
outputs of the accelerometers were used in some other way than a simple summation. The
advantages relative to the control of volume velocity were found to be small confirming
the effectiveness of this simple control strategy.

An experimental rig has been built following the simulations outlined in this paper and
it is hoped that feedback control will be possible in the near future using accelerometers as
sensors.
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