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ABSTRACT

An unusual ANC approach using structural sensors and actuators is investigated for its effectiveness in actively at-
tenuating the sound radiation from an irregular enclosure excited by an internal sound field. The intention of the con-
trol strategy is to control the enclosure vibrations in such a way that the radiated sound field is minimized. For the
case considered here the interior noise spectrum has most of its energy below the first enclosure structural resonance
frequency, thus complicating the control design. Here the design of a suitable control system for this problem is de-
scribed. This is followed by a discussion concerning the type and reliability of the equipment which is most appropri-
ate, after which experimental results illustrating the performance of this approach are presented. The experimental
data show a direct correlation between the reduction in enclosure surface vibration and the reduction in noise radia-

tion.

INSTRUCTION

Nowadays, noise reduction is still a main concern, both to
improve the work environment and to reach new customers
where noise is a choice factor between two products provid-
ing the same services. Although passive noise control is
widely used in industry, there are relatively few industrial
applications of active control, probably because of its unreli-
ability (both in terms of control stability and in terms of em-
bedded electronic devices) and because it is usually difficult
and time consuming to implement. Here, it is shown how a
simple robust active noise control system can be used to at-
tenuate noise radiated from an irregular enclosure at frequen-
cies below the first enclosure structural resonance frequency.
The robustness comes from two system properties: only
structural sensors/actuators have been used; and the choice of
an adaptive feed forward controller using a simple FXLMS
control algorithm. The controller developed here could easily
be applied in industry as it is robust, simple and small in size.

There are three main issues addressed in this paper: the use of
structural sensors and actuators to control noise radiation, the
type of control approach needed to drive the ANC system and
the reliability of the real time system involved.

Structural actuators/sensors to control acoustic
radiation

To actively attenuate noise radiated by a structure, a set of
actuators and sensors has to be chosen. When the goal is to
use the system in an embedded way, the first choice generally
goes toward piezoelectric patches, as structural sen-
sors/actuators, because they are small, light-weight and low
cost. When the first structural modes have resonances that are
quite high in frequency the location and the size of the piezo
patches have to be carefully chosen. Due to the size and the
location of the piezo patch, the observability and controllabil-
ity become a issue; the piezo sensor is able to measure the
response at most of the frequencies applied to the structure by
the disturbance but it is only able to excite structural modes
to which it is strongly coupled. In addition, when the piezo
patch is driven at relatively high voltage levels in order to
produce an acceptable output, it generates harmonics of the
applied frequency which may compromise the overall con-
troller performance. Acoustic actuators such as loudspeakers
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are also difficult and impractical to implement because of
their size and the requirement to completely surround the
sound source with them if global noise attenuation is to be
achieved.

The most effective type of structural actuator which gives a
large frequency and amplitude range of controllability is the
shaker. For the classic electro-dynamic shaker, the main
drawbacks are the weight, the cumbersomeness, the attach-
ment difficulty, the required shaker support structure and the
noise radiation from the shaker body. None of these problems
occur if an inertial shaker is used. The weight of an inertial
shaker can be adjusted depending on the control force that is
required. As the shaker is mounted directly on the structure
and it does not suffer from mis-alignment. The excitation
efficiency can also be optimized by tuning the shaker reso-
nance frequency to be close to the frequency range that is to
be controlled. For the work described here, an inertial shaker
has been especially developed and optimized for the required
dynamic range and force input requirements and the result is
a petite device of 4cm diameter and 7cm height. It is illus-
trated in Fig. (1).

Figure 1: Inertial shakusd in the experlent

For control of structurally radiated noise, either a structural
sensor (eg. an accelerometer) or an acoustic sensor (eg. a
microphone) can be used. The most appropriate sensor will
depend on the application and the surrounding environment.
When the signal to noise ratio (S/N) is high, which means the
background noise does not interfere with the signal of inter-
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est, acoustic sensors are the simplest to implement. However,
in a traditional workplace, it is difficult to keep them and the
attached wiring out of the way and it is also difficult to en-
sure global noise control outside of the area immediately
around the sensor. The use of structural sensors would de-
pend on the frequency bandwidth of interest, as the noise
radiation is a function of the amplitude of excitation of radia-
tion modes and not vibration modes [1-2]. Thus, a radiation
mode model must be incorporated into the control system
design. Any radiation mode is a well known linear combina-
tion of vibration modes, so a very accurate radiation mode
model for a specific bandwidth which might include several
radiation modes is difficult to achieve, as one radiation mode
can involve a large number of vibration modes, resulting in
the control design not being very robust.

The main advantages of structural sensors, is that they do not
suffer from any acoustic interference and they do not cause
inconvenience to personnel movement in the vicinity of the
equipment or in the case of consumer products or parts they
do not interfere with the use or assembly of the product. For
the case considered here, the resonance frequency of the first
structural mode is higher than the frequency spectrum of
interest (that is, the first mode resonance frequency is higher
than 1kHz). Thus there are no vibration or radiation modes
that must be incorporated into the control system design. In
other words, the transfer function between the inside enclo-
sure noise and the structural sensor is only a constant gain as
a function of frequency.

Another concern for the application of ANC to consumer
products is that the active noise control system that does not
interfere with the actual assembly of the product to be con-
trolled. As the desired controlled structure is an enclosure,
neither sensor nor actuator can be put inside very easily. For
feed forward control, which requires a reference signal that is
not influenced greatly by the control source and has a high
S/N ratio, an inside microphone would be ideal. However, as
the transfer function between the structural vibration and the
inside noise is constant as a function of frequency for the
case considered here, an outside structural sensor can be just
as effective. However, it will be necessary to compensate for
the feedback path from the control actuator to the reference
sensor as this will be of significant amplitude.

In conclusion, for example considered here regarding the
design of a control system to attenuate structurally radiated
sound, structural sensors and actuators have been chosen.
Also, no structural or radiation modes are involved as the
frequency range of interest is below the resonance frequency
of the first mode. These system properties will have a benefi-
cial effect on the robustness and simplicity of the final con-
trol system. The next question to answer is what is the opti-
mum type of control system for this application: feed forward
or feedback?

Feedback/Feed forward

To be able to decide which type of control system is the most
suitable, the inside disturbance type (eg.: white noise, peri-
odic noise,...), the system to be controlled and the surround-
ing environment have to be considered. The system, which is
an irregular enclosure, has an average shell thickness of
3mm, which results in a very high structural stiffness; conse-
quently the structural resonance frequencies are quite high.
The surrounding environment, in which the noise has to be
cancelled is an open space. The inside noise is a periodic
noise with a frequency spectrum ranging from 50Hz to 900
Hz. Spectral analysis indicates that the spectrum is composed
mainly of harmonics of 50Hz. For this situation, it is clear
that a feedback approach will not be very effective as it is
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based on damping the resonant modes of the structure. One
possibility for feedback control may be to create a model of
the irregular enclosure with virtual modes at the frequencies
of interest but this approach has not yet been realised on any
practical system.

The noise periodicity and features indicate that the feed for-
ward approach is likely to give good results. However, it is
still necessary to decide on the optimum number and loca-
tions of error sensors and control actuators to obtain the best
result. This will be discussed in the following section. An-
other consideration is the type of real time system that would
be most suited to running the controller. Questions as to its
reliability and how it may be applied to an industrial setting
are answered in the next section.

Real time systems

In the past, real time experiments were reserved for applica-
tions with large budgets (the army and aerospace applica-
tions, for example). In 1978, Texas Instruments launched a
toy able to deal with a numerical signal in real time. But it
was not until 1985 that the first DSP card (Digital Signal
Processor), which could be used in industrial systems, be-
came available. The DSP card allows complex numerical
operations, such as the Fourier transform, to be carried out at
very high speed. Hardware which allows the implementation
and use of a control system in real time are of great interest in
the industrial world, since the cost of these tools is rapidly
reducing.

Two viable alternative approaches may be differentiated from
the viewpoints of cost and ease of implementation. The first
approach involves using a DSP card, which is the most com-
monly used tool. The effective use of a DSP card alone re-
quires knowledge of relatively low level machine language so
that the control system can be programmed into the card. To
overcome this problem there are some software programs
which do not require this knowledge, but on the other hand
the choice of hardware is imposed by the software and the
software provider. The most famous software is dSpace pro-
vide by the MathWorks company [3].

The second approach doesn't use a DSP card, but instead uses
a standard input and output card and is based on the principle
that the DSP limits the user from the practical and financial
point of view. The second approach uses an Operational Sys-
tem (OS) and Freeware (QNX or Linux), dedicated to real
time processing and able to be installed on whatever com-
puter is available. The advantage of this approach is that it
allows the design of embedded systems for direct application
of the type FPGA (Field Programmable Gate Array), without
the requirement for the designer to have knowledge of ma-
chine language (VHDL). This technology is currently rarely
used because it is still new, but the interest from industry has
been growing considerably in the past 7 years because of the
viability and low cost. The most famous software engines are
XPcTarget [4] and RT-LAB [5] provided by MathWorks and
Opal-rt respectively. The idea underlying these software
packages, either dSpace, xPcTarget or RT-LAB is to use
other software already well developed from the theoretical
point of view in the areas of mathematical calculations, signal
processing, automation, and the generation of the codes C,
FORTRAN such as Matlab/Simulink or Labview in order to
dedicate it more to the restrictions of real time.

One of the original aspects of RT-LAB is the use of a cross-
platform, open-source scripting language called Python,
which is growing in popularity, particularly within technical
applications. Its syntax is very close to m-script, which has
become very popular among Matlab users. It is object-
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oriented and allows users to automate applications on any
platform. The RT-LAB API allows users to configure models
and automate test runs using the Python language. Also, be-
cause Python is multi-threaded, it is possible to interface to
multiple concurrent models, running on several target proces-
sors. This means that it is possible to program many different
tests, even having data flow from one test platform to an-
other, from a single operator station. In other words, this
functionality allows the generation of a statistical point of
view of an experiment or process behaviour, which is a valu-
able tool for industrial applications.

EXPERIMENT DESCRIPTION

The experiment was performed on an irregular asymmetrical
enclosure shaped like an ellipsoid cylinder with many irregu-
lar bumps and welded on a plinth, which was placed on a
table. Fig. 2 shows a very simplified schematic of the struc-
ture. A loud speaker is inserted in the enclosure to simulate
the pressure that the real inside disturbance would produce.
To be able to reproduce the real situation, the top lid and the
main enclosure body of the enclosure have to be strongly
coupled, hence the top lid has been welded to the main body.

The positions of the sensor have been selected with regard to
the zone of highest radiation of the irregular enclosure, meas-
ured with a microphone that was moved around the outside of
enclosure. Four enclosure sections were found to be signifi-
cant noise radiators: the top, the left and right sides and the
bottom. These results indicate that the position choices of the
sensors and actuators depend on what surrounds the enclo-
sure and what supports it; if the enclosure is in contact with
another object such as a table, then that object could become
a radiation noise amplifier.

A trial set of experiments showed that the best compromise
between efficiency and number of sensors/actuators involved
was reached when only one actuator on the enclosure top was
used in combination with 3 error sensors (on the top, left and

on the bottom) as shown in Fig. 2. In the figure the bottom

sensor does not appear for obvious perspective reasons. As
the feed forward approach is used, a reference sensor is
needed, which has been placed on the plinth. The transfer
function between the accelerometer output and the distur-
bance is, as mentioned before, only a constant complex gain.
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Figure 2: Simplified diagram of the structure showing the
position of the error sensors, the reference sensor and the
actuator

The enclosure is made of steel; its general features are de-
scribed in Table 1.
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Thickness * (£) 3 mm
Young's Modulus (E) 209x10° N/m?
Density (p) 8000 kg/m®

x radius * 102 mm
y radius 85 mm
Height * (h) 170 mm
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@ as the shell is irregular, it just an order of magnitude.

Table 1: Enclosure features

The sensors and accelerometers are amplified and the result-
ing signal passes through low-pass filters that are directly
connected to the data acquisition card. For the output, a stan-
dard power amplifier is used to drive the shaker.

Vibration velocities were measured at 200 discrete points
along the top of the enclosure using a Polytech PSV 400
scanning laser vibrometer to show the direct relation between
the vibration reduction and the noise radiation reduction. The
sound radiation before and after implementation of the con-
troller was measured using a set of 16 microphones surround-
ing the enclosure.

CONTROL DESIGN

The objective of the control system is to attenuate noise ra-
diation from the enclosure. As already discussed, a feed for-
ward, single-reference/single-input/multiple-output (MISO)
FxLMS adaptive control algorithm has been selected as the
optimum approach. The robustness of the control system is
enhanced by the use of an adaptive algorithm is used. If the
enclosure features change through the time due to material
fatigue or small damages, or the environment changes so the
wavelength of sound changes, the algorithm will adapt itself.
Fig. 3 shows the details of the [1x1x3] MISO vibration con-
trol system used for the experiment. x is the reference signal,
which for the case considered here is the equivalent of the
enclosure interior noise.
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Figure 3: Detailed diagram of the [1x1x3] MISO system
showing the electronic part and the vibration/acoustic part

The algorithm design for the experiment takes into account
the feedback effects F(n) of the actuator on the reference

sensor [6-8]. An estimator of F(n), F(n), is modelled to
remove the contamination of the reference signal by the sig-
nal from the actuator. F (n) is estimated simultaneously with

the secondary paths (8, §1, and §,3), which are estimated off-
line using a standard LMS algorithm. Plant;, Plant, and
Plant; are the different paths of the disturbance to the sen-
sors. The weight update equation for the control filter weights
is given by:

w(n+1) = w(n)+ u{e, (S, +e,(mS, +e,(m)S, | X
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where w(n)=[wo(n) ... wy(n)]" is the adaptive weight vector
of length N, x(n) = [x(n) ... x(n-N-L+1)]" is the input data
vector, L is the estimator filter length of the §);, §1, and §i;
secondary paths and p is the step-size Sj, is given by the
following matrix with a=1,2 or 3:

5.(0) 0 0 |
5,,(0)
: 0
) ) z : 5,,(0)
e | S, (L=1) :
0 § (L-1)
0 0 §,(L-1)]

The experiment focuses on the vibration control over the
bandwidth from OHz to 900Hz, hence, all the output and
input signals of the control system are low pass filtered using
a filter with a cut on frequency of 900Hz.

The MISO algorithm has been implemented in Simulink
using RT-LAB software to provide the real time system. The
FxLMS algorithm was operating at a sampling frequency of
8kHz, with a step size u=0.0001. w and §, have 300 and 200
coefficients, respectively.

EXPERIMENT RESULTS

The vibration level at 200 points across the enclosure top was
measured using the laser vibrometer for the case with and
without control representing the enclosure global behaviour.
Fig. 4 shows the 200 point average velocity spectrum.
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Figure 4: Velocity average spectrum of the shell scanned area
with and without control.

From Fig. 4, it can be seen that the controller managed to
heavily reduce the vibration of the enclosure in the scanned
area. This general impression is confirmed by inspection of
the Root Mean Square (RMS) of the scanned area, Fig. 5
shows the RMS calculated for the cases with and without
control. No measurements were done on the shaker actuator
which is the reason why there is a big surface of interpolation
in the middle of the scanned area of Fig. 5.
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Figure 5: RMS of the scanned area.

The result of the vibration attenuation is a reduction in noise
radiation. Fig. 6 shows the noise radiation measured by the
microphone (of an array of 16) that measured the worst case
noise attenuation.
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Figure 6: Microphone pressure power spectrum.

It can be seen from the frequency peaks in Figs. 4, 5 and 6
that the vibration attenuation is directly related to the noise
radiation attenuation.

Fig. 6 indicates quite a high background noise Level as the
experiment was deliberately done in a standard room with a
large amount of noisy equipment to simulate industrial con-
ditions.

CONCLUSIONS

The major issues that have to be taken into account when
designing an active noise control system for an industrial
application have been discussed. In particular, it has been
shown that for, an enclosure radiating sound at frequencies
below the first structural resonance, it is possible to design an
effective, simple feed forward system to significantly attenu-
ate the radiated sound without using any sound field sensors
such as microphones. The process was illustrated using a
small irregularly shaped enclosure radiating sound into an
industrial type environment.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the financial support for
this work provided by the CNPq (Brazilian Ministry of Sci-
ence and Technology), Embraco (Brazilian Compressor
Company) and the Australian Research Council (ARC). Spe-
cial thanks to George Osborne and Silvio Deieso for help

Acoustics 2006



Proceedings of ACOUSTICS 2006

with the experiment setup and to Chris Fuller for the use of
the inertial shaker prototype. Assistance from Will Robertson
and Pierre Dumuid is also gratefully acknowledged.

REFERENCES

[1] B. S. Cazzolato and C. Hansen, Active control of sound
transmission using structural error sensing , Journal of
the Acoustical Society of America, vol. 104, pp. 2878—
2889, 1998.

[2] B. S. Cazzolato and C. Hansen, Structural radiation mode
sensing for active control of sound radiation into en-
closed spaces , Journal of the Acoustical Society of
America, vol. 106, pp. 3732-3735, 1999.

[3] Dspace,
http://www.mathworks.com/products/connections/produc
t main.html?prod_id =59, 2006.

Acoustics 2006

20-22 November 2006, Christchurch, New Zealand

[4] xPcTarget,
http://www.mathworks.com/products/xpctarget,
2006.

[5] Opal-rt, http://www.opal-rt.com/catalog/products, 2006.

[6] S. M. Kuo and D. R. Morgan, Active Noise Systems, Al-
gorithms and DSP Implementations, John Wiley and
sons, inc., 1996.

[7]1 S. M. Kuo and J. Chen, Multiple-microphone acoustic
echo cancellation system with partial adaptive process,
Digital Signal Processing, vol. 3, no. 1, 1993.

[8] S. M. Kuo and J. Tsai, Acoustical mechanisms and per-
formance of various active duct noise control systems,
Applied Acoustics, vol. 41, no. 1, 1994.

67



