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1. INTRODUCTION

Active noise/vibration control consists of arificially generating cancelling source(s) to
destructively interfere with the unwanied source and thus result in a reduction in the level of the
noise/vibration {disturbances) at desired location(s). This is realised by detecting and processing
the noise/vibration by a suitable electronic controller so that when superimposed on the
disturbances cancellation occurs. Due o the broadband nature of these disturbances, it is
required that the control mechanism realises svitable frequency-dependent characteristics so that
cancellation over a broad range of frequencies is achieved. The dependence of the required
controller characleristics on frequency-dependent components within the system makes it
possible 10 estimate/measure the controller iransfer function and realise this either as an
analogue or digital or hybrid controller [1,2). In practice, the spectral contents of these
disturbances as well as the characteristics of sysiem components are in gencral subject to
variation, giving rise to lime-varying phenomena. This implies that the control mechanism is
further required to be intelligent enough Lo track these variations, so that the desirced level of
performance is achieved and maintained.

This paper presents an investigation into the development of an active control mechanism for
noise cancellation and vibration suppression within an adaptive control framework. An active
noise control (ANC) system is designed utilising a single-input single-output (SISO) control
 -structure to yield optimum cancellation of broadband noise at an observation point in a linear
~ propagation medium. The controller design relations are formulated such that to allow on-linc
design and implementation and, thus, yield a self-tuning control algorithm. The algorithm is
implemented on an integrated digital signal processing (DSP)/transputer system, using DSP and
parallel processing (PP) methods, and its performance assessed.

A Nexible beam system in transverse vibration is considered in fixed-free and fixed-fixed forms
for vibration suppression. Such a system has an infinite number of vibration modes although in
most cases the lower modes are the dominant ones requiring attention. The unwanted vibrations
in the siructure are assumed to be caused by a single peint disturbance of broadband nature.
These are detected and suitable suppression signals generated via a point actuator to yield
vibration suppression over a broad frequency range along the beam. The sclf-tuning control
algorithm developed within the ANC system is implemented within a SISO vibration control
structure using the integrated DSPAransputer system and its performance assessed.
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2. ACTIVE NOISE CONTROL

A schematic diagram of the geometrical arrangement of a SISO ANC structure is shown in
Figure 1(a). An unwanted primary point source cmits broadband noise into the propagation

medium, This is detected by a detector located at a distance r, relative to the primary source,
processed by a controller of suitable transfer characteristics and fed to a cancelling (secondary)
point source located at a distance d relative to the primary source and a distance r, relative to
the detector, The secondary signal thus generated is superimposed on the primary signal so that
to achieve canceliation of the noise at and in the vicinity of an observation point located at

distances 7, and #, relative Lo the primary and secondary sources respectively.

A frequency-domain equivalent block diagram of the ANC structurce is shown in Figure 1(b),
where E, F, G and H are transfer functions of the acoustic paths through the distances r,., ;. r,
and r, respectively. M, M,, C and L are transfer characteristics of the detector, the observer,
the controller and the secondary source respectively. Uj, and U, are the primary and secondary
signals at the source locations, whereas, ¥y, and ¥, are the comresponding signals at the

observation point respectively. [/, is the detecled signal and ¥, is the observed signal. The
block diagram in Figure 1(b) can be thought of either in the continuous frequency (s) domain or
discrete frequency (z) domain. Therefore, unless specified, the analysis and designs developed in
this paper apply to both the continuous-time and the discrete-time domains.

The objective in Figure | is to achieve total (optimum) cancellation of the noise at the
observation point. This is equivalent to the minimum variance design criterion in a stochastic
environment. This requires the primary and secondary signals at the observation point, lo be
cqual in amplitudes and have a phase differcnce of 180° relative 1o each other. Thus,
synthesising the controller within the block diagram of Figure 1(b} on the basis of this objective
yiclds

G

C=MUFG-EM) ()

Equation {1} is the required controller transfer function for optimum cancellation of broadband
noise at the observation point.

Note in equation (1) that, for given secondary source and detector the controller characleristics

arc determined by the geometric arrangement of sysicm components. This incorporates the
location of the detector and the observer with respect to the primary and secondary sources.
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(a) Schematic diagram.
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(b) Block diagram.

Figure 1: Active noise control struciure.

Among these, there exist arrangements that will lead to the denominator, £G - EH, in cquation
(1) approaching zero and thus requiring the controller to have impractically large gain. Thus, an
analysis of the system on this basis yiclding the locus of detection and observation points for
which the controller will be required 1o have an impractically large gain for oplimum
cancellation is required at a design stage [3). Moreover, note in Figure 1(b) that the secondary
signals reaching the detector form a positive feedback loop that can cause the sysiem to become
unstable for certain geometrical arrangements of sysiem components. Therefore, an anaiysis of
the system from a stability point of view leading to a robust design of the system is important at
a design stage [4].

2.1, Scif-tuning Active Noise Control
Consider the system in Figure 1 as a SISO system with the detected signal, U/ u» @S input and the

observed signal, ¥, as output. Moreover, owing 1o the state of the secondary source let the
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system behaviour be characterised by two sub-systems, namely, when the secondary source is
off, with an equivalent transfer function denoted by Q,, and when the secondary source is on,

with an equivalent transfer function denoted by Q. Using the block diagram of Figure 1{b},
these can be obtained as

_MG _MG[, ML(FG-EH)
R R @

Note that in obtaining O, and Q, in equation (2) the controller block in Figure 1 is replaced

simply by a swich; the controller transfer function is not known before an
estimation/measurement process. Manipulaling cquation (2) and using cquation (1) yiclds an

equivalent design relation for the controller in terms of ¢ and , as

c=[1-%ﬂl o)

Equation (3) is the required controller design rule given in terms of transfer characteristics ¢,
and Q, which can be measured/estimated on-line. An on-line design and implementation of the

controller can thus be achieved by obtaining Q, and (, using a suitable system identification
algorithm (e.g. a recursive least-squares parameter estimation algorithm), using equation (3) to
calculate the controller transfer function and implementing this on a digital processor.
Moreover, (0 monitor system performance and update the controller characteristics upon
changes in the syslem a supervisory level control can be utilised. This results in a self-tuning
ANC mechanism. The supervisor is designed to monitor system performance on the basis of a
pre-specified quantitative measure of cancellation as an index of performance, so that if the
cancellation achieved is within the specified range then the algorithm implementation remains at
the control level. However, if the cancellation is outside the specified range then self-wming is
re-initiated at the identification level. The supervisory level can also be facilitaied with further
levels of inteligence such as monitoring system stability, system performance in a transient
period, validation of the plant model at the identification level, etc.

2.2, Experimeniation

To assess the performance of the self-tuning ANC algorithm a simulation environment
characterising the structure in Figure | was constructed using practical measurements of noise
propagalion in a three-dimensional medium. The propagation medium is assumed to be non-
dispersive (lincar), where a sound wave in propagating through a distance r is attenuated in
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amplitude inversely with r and delayed in bhase directly with the product of r and the frequency
of the wave,

The self-tuning ANC algorithm was implemented on an integrated DSP-transputer sysiem
incarporating an i860 DSP device and a T805 transputer using DSP and PP methods. To assess
the performance of the algorithm a broadband (0-512 Hz) PRBS signal was used as the
unwanicd primary noise. Figure 2 shows the difference between the aulopower spectral
densitics of the noise before and after cancellation, i.e. the cancelled spectrum. It is noted that
an average cancellation level of nearly 40 dB is achieved over the broad frequency range of 0-
312 Hz. As compared with previous implementations using DSP devices only this significant
level of cancellation over a broad range of frequencies is due to the computing power achieved
by the utilisation of DSP and PP methods. :
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Figure 3: Active vibration control system.
Figure 2: Cancelled noise spectrum.

3. ACTIVE VIBRATION CONTROL

Active vibration control (AVC) is realised in a similar manner as ANC. The design of an AVC
system depends upon the complexity of the structure under consideration and the nature of the
disturbance process. A schematic diagram of the AVC system, incorporating a fixed-free beam,
is shown in Figure 3. The unwanted vibrations in the structure are assumed to be caused by a

single point disturbance force (U,) of broadband nature. These are detected by a point detector,

processed by a controller Lo generate suitable suppression signals (U,.) via a point actator so
that to yield vibration suppression over a broad frequency range at an observation point along
the beam. A frequency-domain equivalent block diagram of the AVC system in Figure 3 will
give rise to that of the ANC system in Figure 1, with a similar interpretation of the transfer
functions and signals involved. In this manner, the required controller transfer function for
optimum vibration suppression at the observation point is, thercfore, given as in equation (1)
with the corresponding equivalent relation suitable for on-line design and implementation as in
cquation (3). Therefore, a similar formulation of the self-tuning conirol algorithm developed for
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noise cancellation applies to vibration suppression in Figure 3, yielding a self-tuning AVC
algorithm.

3.1. Experimentation

To allow testing of the self-tuning control algorithm in the suppression of vibration of the beam
structure an environment simulating a flexible beam of length 0.635 m in transverse vibration, in
fixed-free and in fixed-fixed forms, was developed through discretisation of the governing
dynarmic equation of motion of the beam using central finite-difference (FD) methods [5)- This
involves dividing the beam into a finite number of equal-length sections (segments) and
considering the mation of cnd of each section (grid-point) at equally-spaced discrete instants of
time. Investigations were carried out to determine a suitable number of segments the beam
under consideration be divided into so that reasonable accuracy is achieved by the simulation
algorithm. This was, thus, chosen as 19 sections for both the fixed-free and the frec-free forms.
To investigate the performance of the self-tning AVC algorithm in broadband vibration
suppression, the beam simulation algorithm, as a test and evaluation platform was implemented
on the integrated DSP/transputer system. The investigations here were focused onto a broad
frcquency range covering almost all the resonance modes of the beam. To assess the
performance of the algorithm a fixed (finite-duration) disturbance was used as the unwanted

primary disturbance ({/,).

The self-tuning algorithm was first realised within a SISO structure, for the beam in fixed-free
form, with the primary and secondary sources located at grid points 16 and 20 respectively, the
delector at grid-point 16 and the observer at grid-point 12 along the beam. Figure 4(a) shows
the amount of cancellation (cancelled spectrum) achicved at the observation point. It is noted
that an average cancclation level of more than 25 dB is achieved over the broad frequency
range of the disturbance. The sharp dips/spikes noted in Figure 4(a), correspond to the
resonance modes of vibration of the beam, The comresponding time domain descriptions of the
beam fluctuation before and afier cancellation are shown in Figures 4(b) and 4(c). it is noted
that the level of unwanted disturbance is significanily reduced throughout the length of the
beam.

The self-tuning algorithm was secondly realised within an SISO structure, for the beam in fixed-
fixed form, with primary and secondary sources located at grid points 10 and 1 respectively,
the detector at grid-point 11 and the observer au grid-point 9 along the beam. Figure 5(a) shows
the amount of cancellation (cancelled spectrum) achicved at the observation point. It is noted
thal an average cancellation level of more than 25 dB is achieved over the broad frequency
range of the disturbance. The comesponding time domain description of the beam fluctuation
before and after cancellation are shown in Figures 5{b) and 5(c).
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Figure 4: Performance of the self-tuning AVC algorithm (fixed-free beam).

4. CONCLUSION

The design and implementation of a self-tuning control algorithm for ANC and AVC have been
presented, discussed and verified through experimentation. An active control mechanism for
broadband cancellation of noise and vibration has been developed within an adaptive control
framework. The algorithm thus developed and implemented on an integrated DSP-transputer
system, incorporates on-line design and implementation of the controller in real-time. Moreover,
a supervisory level control has been incorporated within the control mechanism which allows
on-line monitoring of system performance and controller adaptation. The performance of the
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algorithm has been verified in the cancellation of broadband noise in a free-field medium and in
the suppression of broadband vibration in flexible beam structure of various forms. A significant
amount of cancellation has been achieved over the full frequency range of the disturbance in
each case. These demonstirate the significance of the self-tuning control mechanism for
broadband noise cancellation and vibration suppression,
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Figure 5: Performance of the self-tuning AVC algorithm (fixed-fixed beam).
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