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Abstract

The design and implementation of an active control mechanism for noise cancellation and
vibration suppression within an adaptive control framework is presented. A control
mechanism is designed within a feedforward control structure on the basis of optimum
cancellation at an observation point. The design relations are formulated such that to allow
on-line design and implementation and thus result in a self-tuning control algorithm. The
algorithm is implemented on an integrated digital signal processing and transputer system

and results verifying the performance of the algorithm are presented and discussed.

Key words:  Active noise control, active vibration control, self-tuning control.
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1 Introduction

Noise and vibration have long been recognised as sources of environmental pollution,
having adverse effects on human life in numerous ways. Many attempts have been made in
the past at devising methods of tackling the problems arising from unwanted noise and
vibration. Traditional methods of noise cancellation and vibration suppression utilise
passive control techniques which consist of mounting layers of passive materials on or
around the source. Investigations have shown that these methods are efficient at high
frequencies but expensive and bulky at low frequencies (Leitch and Tokhi, 1987; Tokhi
and Leitch, 1991a).

Active noise/vibration control consists of artificially generating cancelling source(s)
to destructively interfere with the unwanted 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 to the broadband nature
of these disturbances, it is required that the control mechanism realises suitable frequency-
dependent characteristics so that cancellation over a broad range of frequencies is
achieved. In practice, the spectral contents of these disturbances as well as the
characteristics of system compénems are in general subject to variation, giving rise to
time-varying phenomena. This implies that the control mechanism is further required to be
intelligent enough to track these variations, so that the desired level of performance is
achieved and maintained.

In many practical applications the problem of noise and vibration are found to be
closely related. For example, a close coherence is observed in numerous situations between
the two due to secondary effects (Tokhi and Leitch, 1991b). In these cases a control
solution aimed at reducing, for example the level of vibration will result in significant
reduction in the level of noise and, to some extent, vice versa (Snyder and Hansen, 1991).

The control of noise and vibration by active means is based on the same design principle.
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This has been utilised here in the development of an active control strategy for both noise
cancellation and vibration suppression.

Active noise/vibration control is not a new concept. It is based on the principles that
were initially proposed by Lueg in the early 1930s for noise cancellation (Lueg, 1936).
Since then a considerable amount of research work has been devoted to the development
of methodologies for the design and realisation of active noise/vibration control systems in
various applications (Baz and Poh, 1988; Baz and Ro; 1991; Baz et.al, 1990a,b; Burton,
1993; Clark and Fuller, 1991; Doelman, 1991; Firoozian and Stanway, 1988; Fuller et.al,
1992; Jayasuriya and Chopra, 1990; Kourmoulis, 1990; Krishnamurthy and >Chao, 1992;
Leitch and Tokhi, 1987; Lu et.al, 1989; Lueg, 1936; Snyder and Hansen, 1991, 1992;
Tanaka and Kikushima, 1988; Tokhi and Leitch, 1991a,b; Tzou and Gadre, 1990; Yaniv
and Horowitz, 1990). Not much work has been done in investigating the problems of noise
and vibration together (Doelman, 1991). Thus, it will be advantageous to consider tackling
the two problems within a unified design strategy.

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 on the basis of optimum
cancellation of broadband noise at an observation point in a linear three-dimensional
propagation medium. The controller design relations are formulated such that to allow on-
line design and implementation and, thus, yield a self-tuning control algorithm. The
algorithm is implemented on an integrated digital signal processing (DSP) -transputer
system and its performance assessed within a simulated three-dimensional free-field
medium.

A flexible 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 resonance
modes although in most cases the lower modes are the dominant ones requiring attention.
First order central finite difference (FD) methods are used to study the behaviour of the
beam and develop a suitable test and verification platform. The unwanted vibrations in the

structure are assumed to be caused by a single point disturbance of broadband nature.
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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 self-tuning
control algorithm developed within the ANC system is implemented on the integrated

DSP-transputer system and its performance assessed.

2 Active noise control

A schematic diagram of the geometrical arrangement of a feedforward ANC structure is
shown in Figure 1. An unwanted (primary) point source emits 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 cancellation of the noise at and in

the vicinity of an observation point located at distances r,

and r, relative to the primary
and secondary sources respectively.
A frequency-domain equivalent block diagram of the ANC structure is shown in

Figure 1(b), where E, F, G and H are transfer functions of the acoustic paths through the

distances r,, r,, 7, and r, respectively. M, M,, C and L are transfer characteristics of the
detector, the observer, the controller and the secondary source respectively. U, and U,
are the primary and secondary signals at the source locations whereas Y., and Y. are the
corresponding signals at the observation point respectively. U,, is the detected signal and
Y, is the observed signal. The block diagram in Figure 1(b) can be thought of either in the
continuous frequency (s ) domain or the discrete frequency (z) domain. Therefore, unless
specified, the analysis and design developed in this paper apply to both the continuous-

time and the discrete-time domains.
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The detected and observed signals, namely U,, and Y, in Figure 1(b), can each be

thought of as composed of sum of two signals one due to the primary source and one due

to the secondary source. Using the block diagram in Figure 1(b), these can be expressed as

U, = MEU, + MFU,

(1)
Y,=M,GU,+M,HU_

The secondary source signal U, on the other hand, can be expressed, through the
controller path as,

U.=CLU, 2)
For complete cancellation of the noise to be achieved at the observation point the
condition

Y,=0 (3)

must be satisfied. This is equivalent to the minimum variance design criterion in a

stochastic environment. This requires the primary and secondary signals at the observation
point to be equal in amplitudes and have a phase difference of 180° relative to each other.
Thus, synthesising the controller within the block diagram of Figure 1(b) on the basis of

this objective yields

e N S
ML(FG - EH)

4)
Equation (4) is the required controller transfer function for optimum cancellation of
broadband noise at the observation point. In designing the controller, causality is ensured
by making the number of zeros in C either less than or equal to the number of its poles.
Note in equation (4) that, for given secondary source and detector the controller
characteristics are determined by the geometric arrangement of system components. This

incorporates the location of the detector and the observer with respect to the primary and
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secondary sources. Among these, there exist arrangements that will lead to the
denominator, FG — EH, in equation (2) approaching zero and thus requiring the controller
to have impractically large gain. Thus, an analysis of the system on this basis yielding the
locus of detection and observation points for which the controller will be required to have
an impractically large gain for optimum cancellation is important at a design stage.?
Moreover, note in Figure 1(b) that the secondary signals reaching the detector form a
positive feedback loop that can cause the system to become unstable for certain
geometrical arrangements of system components. Therefore, an analysis of the system
from a stability point of view leading to a robust design of the system is important at a

design stage (Tokhi and Leitch, 1991c).

2.1 Self-tuning active noise control

In practice, the characteristics of sources of noise vary due to operating conditions leading
to time-varying spectra. Moreover, the characteristics of transducers, sensors and other
electronic equipment used are subject to variation due to environmental effects, ageing,
etc. To design an ANC system so that the controller characteristics are updated in
accordance with these changes in the system such that the required performance is
achieved and maintained, a self-tuning control strategy, allowing on-line design and
implementation of the controller, can be utilised.

Self-tuning control is distinguished as a class of adaptive control mechanisms (Harris
and Billings, 1981; Tokhi and Leitch, 1992; Wellstead and Zarrop, 1991). It essentially
consists of the processes of identification and control, both implemented on-line. The
identification process is mainly concemed with on-line modelling of the plant to be
controlled and, thus, incorporates a suitable system identification algorithm. The control
process, on the other hand, is concerned with the design and implementation of the
controller using the plant model and, thus, incorporates a suitable controller design
criterion. In this manner, various types of self-tuning control algorithms can be designed

depending on the type of the identification algorithm and controller design strategy
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employed. Many system identification schemes have been used in self-tuning control
algorithms. Among these, the recursive form of the least squares algorithm which produces
unbiased estimates of a plant model (in parametric form), based on measurements of the
input and output signals of the plant, has proved to be the most useful and practically
successful self-tuning identifier (Tokhi and Leitch, 1992). In a similar manner, several
controller design criteria have been used in self-tuning control algorithms. Among these,
the most common ones are the minimum variance and pole assignment designs.* A self-
tuning control algorithm can either be designed as an explicit combination of identification
of a plant model and controller design or as an implicit algorithm in which the controller is
identified directly (bypassing identification of the plant model). Each of these algorithms
have their advantages and disadvantages which depend mainly on the application and
availability of resources for implementation. Self-tuning is, in a sense, the simplest possible
adaptive control algorithm derivable from the point of view of the discrete-time stochastic
control theory. An attractive property of the self-tuning controller is that under most
reasonable circumstances, as the number of input and output samples tends to infinity, it
will converge to the optimal controller that would be obtained if the system parameters are
exactly known. Moreover, the strategy is simple enough to allow ihe use of digital
processors for implementing self-tuning controllers, thus promising a relatively low cost

=

solution to complex control problems?\-I‘n this paper an explicit self-tuning ANC algorithm,
incorporating a recursive least squares (RLS) parameter estimation algorithm and the
minimum variance design criterion, is developed. ‘..\

Consider the system in Figure 1 as a smgle_1;1put single-output (SISO) system with the
detected signal, U,,, as input and the observed signal, ¥,, as output. Moreover, owing to
the state of the secondary source let the system behaviour be characterised by two sub-
systems, namely, when the secondary source is off, with an equivalent transfer function
denoted by @,, 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
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_MG _MG[, ML(FG-EH)
Q“"—ME d Q'_ME[] G } )

Note that in obtaining Q) and Q in equation (5) the controller block in Figure 1 is

replaced simply by a switch; prior to an estimation/measurement process the controller

transfer function is not known. Manipulating equation (5) and using equation (4) yields an

equivalent design relation for the controller in terms of 0, and Q, as

Equation (6) is the required controller design rule given in terms of transfer characteristics

O, and Q which can be measured/estimated on-line. An on-line design and implementation
of the controller can thus be achieved by (a) obtaining Q) and Q, using a suitable system
identification algorithm (e.g. an RLS parameter estimation algorithm), (b) using equation
(6) to calculate the controller transfer function and (c) implementing the controller on a
digital processor. Moreover, to monitor system performance and update the controller
characteristics upon changes in the system a supervisory level control can be utilised. This
results in a self-tuning ANC mechanism as depicted in Figure 2. The ‘plant' in Figure 2
designates the system in Figure 1 between the detection and observation points, in which
during the identification process the controller is replaced by a switch. During the contro]
process, however, the estimated controller transfer function is implemented to replace the
switch. 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-tuning is re-initiated at the identification level.

In implementing the self-tuning control algorithm described above, several issues of
practical importance need to be given careful consideration. These include properties of

the disturbance signal, robustness of the estimation and control, system stability and
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and the frequency of the wave. Thus, for known distances the frequency response of the
acoustic paths in Figure 1(a) can be obtained. These can then be utilised within the block
diagram in Figure 1(b) to calculate signal propagation through the system. A fast Fourier
transform (FFT) algorithm is utilised to transform the signals concerned from time-domain
into frequency-domain and vice versa as required.

The self-tuning ANC algorithm was implemented on an integrated DSP-transputer
system incorporating an i860 DSP device and a T805 transputer using DSP and parallel
processing (PP) methods to allow efficient and relatively accurate implementation. The
DSP device with its extensive signal processing power is a 64 bit processor and is capable
of 80 MFLOPs. The transputer, on the other hand, with its powerful communication
facility, is a 32 bit processor capable of 4 MELOPs. The operational configuration of this
system is shown in Figure 3. This comprises of an IBM compatible PC, A/D and D/A
conversion facility, a TTM110 board incorporating the transputer and the DSP device. The
ANSI C toolset is used as common software for program development and
implementation.

To assess the performance of the algorithm a broadband (0-512 Hz) PRBS signal was
used as the unwanted primary noise. Figure 4(a) shows the autopower spectral density of
the noise at the observation point before cancellation as Gp,(®) and after cancellation as
G,,(®). Figure 4(b) shows the difference Gp,(0)=G,,(w), ie. the actual attenuation in
the spectral density of the noise. It is noted that an average broadband cancellation level of
20-25 dB below 150 Hz and more than 40 dB cancellation above 150 Hz is achieved. 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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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 flexible beam system is considered in transverse
vibration in fixed-free and fixed-fixed forms. Such a system has an infinite number of
resonance modes although in most cases the lower modes are the dominant ones requiring
attention. A schematic diagram of the AVC system, incorporating a fixed-free beam, is
shown in Figure 5. The unwanted vibrations in the structure are assumed to be éaused bya
single point disturbance force (U,) of broadband nature. These are detected by a point
detector, processed by a controller to generate suitable suppression signals (U,) via a
point actuator 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 5 will give rise to that of the ANC system in Figure l(bj, 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, therefore, given as in equation (4) with the corresponding equivalent relation
suitable for on-line design and implementation as in equation (6). Therefore, a similar
formulation of the self-tuning control algorithm developed for noise cancellation applies to

vibration suppression in Figure 3, yielding a self-tuning AVC algorithm.

3.1 Simulation algorithm

A schematic diagram of the cantilever beam system is shown in Figure 6, where L
represents the length of the beam, U(x,t) represents an applied force at a distance x from
the fixed (clamped) end of the beam at time ¢ and y(x,t) is the deflection of the beam
from its stationary (unmoved) position at the point where the force has been applied. The
motion of the beam in transverse vibration is governed by the well known fourth-order

partial differential equation (PDE) (Virk and Kourmoulis, 1988)

10
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d'y(x,t) I’y(x,t) 1
2 y o) _ 1
H 5 + 3 m U(x,t) 7

where U is a beam constant given by p? =£;, with p, A, I and E representing the mass
p

density, cross-sectional area, moment of inertia of the beam and the Young's modulus
respectively, and m is the mass of the beam. The corresponding boundary conditions at the

fixed and free ends of the beam are given by

¥0,0=0 ana 20D _,

ox ®
2 3
Oy(Lyt) _ o By(z';,r)zo

ox* ox

To construct a suitable platform for test and verification of the AVC mechanism, a
method of obtaining numerical solution of the PDE in equation (7) is required. The finite
element (FE) method has commonly been used in the past for obtaining numerical
solutions of the PDE and for constructing simulation environments characterising the
behaviour of such systems (Chen and Ku, 1990; Lin and Trethewey, 1990; Tzou and
Tseng, 1990; Udupa and Varadan, 1990). This method allows irregularities in the structure
and mixed boundary conditions to be handled. However, these are not of concem in the
case of a uniform beam structure considered here. Moreover, the computational effort and
consequent software coding involved in the FE method makes it unfavourable for uniform
structures. It has been reported that the FD method is more suitable in the simulation of
uniform beam structures and simpler than the FE method (Kourmoulis, 1990). Therefore,
the FD method is used here thus obtaining a numerical s_si“ﬁ-ti‘dn of the PDE in equation (7)
and for constructing a suitable simulation environment characterising the behaviour of the
beam.

To obtain a solution to the PDE, describing the beam motion, the partial derivative

0*y(x,1) 9%y(x,1)
d
5 ox* an ox*

term in equation (7) and the boundary conditions in equation (8)

11
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are approximated using first order central FD approximations. This involves a
discretisation of the beam into a finite number of equal-length sections (segments), each of
length Ax, and considering the beam motion (deflection) for the end of each section at
equally-spaced time steps of duration Ar. In this manner, let y(x,1) be denoted by y, i
representing the beam deflection at point i at time step j (grid-point i,j). Let

y(x+vAx,t+wAt) be denoted bY Vi jsw» Where v and w are non-negative integer

numbers.
0’ 0*
Using a first-order central FD method the partial derivatives ?f and 5—{ can be
x
approximated as
azy(x,t) - Yi el _2yi,j + Y0
or’ (Ar)
9)
9°y(x,t) = Yisa,j _4yr'+l.j +6yi,j = 4yi—l.j + Y5
ox* (Ax)*
_ 9%y o'y : . . i B
Substituting for 3 and ) from equation (9) into equation (7) and simplifying
yields
(Ary’

Yijjn = 2}';'.; —Yija " ?‘2{3’i+2,j = 4)'.41.;‘ +6y£,j - 4)’;‘—1,,.‘ +* )’f-z,;}'*‘—‘_m U(x,t) (10)

where, A’ = %uz. Equation (10) gives the deflection of point i along the beam at time

step j+1 in terms of the deflections of the point at time steps j and j-1 and deflections

of points i—1, i—2, i+1 and i +2 at time step j. Note that in evaluating the deflection at

the grid point i =1 the fictitious deflection y_,,; will be required. Similarly, in evaluating

the deflection at the free end of the beam, i=n (n representing the total number of

sections along the beam), the fictitious deflections Yoer,; and y,.. . will be required. To

obtain these, the boundary conditions in equation (8) are used. In a similar manner as

12
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above, the boundary conditions in equation (8) can be expressed in terms of the FD

approximations as

— yl" - y_lv- j—
0, =0 ’ T 0 (11)
yn+l.j - 2yn,j + Yn-1,i =0 Yns2,j 2}’,,...1,} + 2y’"l'j = Yn-2,j =0

(Ax)? B 2(Ax)’

Solving equation (11) for the deflections y_, ; and Yy, ; at the fixed end and y,,, ; and y,,, ;

at the free end yields

}’0,,':0 and Yor,i = Yi
(12)

Your,j = 2Y04 = Voot and  y,,;= 2yrr+l,j =2y ¥ Wpay

Equations (10) and (12) give the complete set of relations necessary for the construction
of the simulation algorithm. Substituting the discretised boundary conditions for the fixed
and free ends from equations (12) into equation (10) yield the beam deflection at the grid

points along the beam as

2
Yjnn =~ Yjm1 7‘2{(7 —F)}’l,j - 4)’2,;‘ + }’3,j}+ 0

5 2
Yajs1 = " Yo,j-1 X {—4}’14 +(6 _F)J’z; - 4)’3,; + yd,j} +0

' 2
Ya,iv1 = " Vaj1 = 7\.2{2yn_2‘j + _4yn—l,j +(2 "'?:g')yn,j }+0

(At)

where, ¢ = U(x,t). The above equations can be written in a matrix form as

1
Y, =-Y_ -NSY +(At)2U(x,r)-’;1— (13)

where,

13
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M, j+1 Y N,i-1
vy = Ya,j41 Y = Yo, Y = Ya,j-1
e I (A N L el B

Yn it Yn.i Inj-1

and S is a stiffness matrix, given (for n =20, say) as

-

a 4 1 0 0 0 0
-4 b 4 1 0 0 0
1 4 b -4 1 0 0
1 4 b 4 1 0

z 2
where, a=7—-??-, b=6—%, c=5-—¥ and d=2—-%. Equation (13) is the required

relation for the simulation algorithm, characterising the behaviour of the flexible beam

system, which can be implemented on a digital computer easily.

- Considering the beam in fixed-fixed form the corresponding discretised boundary

conditions to equation (10) are given by

') ’_)\_E (¢, 4
Y=Yy
=0 =Ll o
yﬂ,) 2A.x
(14)
- Yo =0 , M-__o A )

2Ax

Thus, discretisation of the PDE with the boundary conditions for this case can be carried

out in a similar manner as for the fixed-free beam. This will result the same relation given

14



Tokhi, M. O.

in equation (13) with the stiffness matrix, for example with the beam divided into n-2 equal

length segments (n grid points), for n=21 say, as

[a =<4 1 0 0 0 07

-4 b -4 1 0 0 0

1 -4 b -4 1 0 0

0 1 -4 b -4 1 0

< = \
X

1 -4 b -4 1
0 1 -4 b -4

i 0 0 (1 4 af| S

3.2 Implementation and results
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 and(ﬁ()]lsecliOns for the fixed-free and

the ﬁxed-ﬁxed forms respectively. To investigate the performance of the self-tuning AVC
a.lgontiml 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 frequency 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 (U,,).

3.2.1 Fixed-free beam
The self-tuning algorithm for the beam in fixed-free form was realised with the primary and
secondary sources located at grid points 15 and 19 respectively, the detector at grid-point

15 and the observer at grid-point 11 along the beam. Figure 7(a) shows the performance of

the self-tuning control algorithm, where G, (@) and G,,(®) represent the autopower

15
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spectral densities of the vibration signal at the observation point before and after
cancellation respectively. Figure 7(b) shows the difference G, (w)-G, (o), ie. the
attenuation in the spectral density. It is noted that an average cancellation level of more
than 25 dB is achieved over the full broad frequency range of the disturbance. The sharp
spikes/dips noted in Figure 7(b) correspond to the resonance modes of vibration of the
beam. The corresponding time domain descriptions of the beam fluctuation before and
after cancellation are shown in Figure 8. It is noted that the level of unwanted disturbance
is significantly reduced throughout the length of the beam. This is further evidenced in the
corresponding frequency-domain description in Figure 9 given in terms of the average

signal power throughout the length of the beam.

3.2.2 Fixed-fixed beam

The self-tuning algorithm for the beam in fixed-fixed form was realised with the primary
and secondary sources located at grid points 10 and 9 respectively, the detector at grid-
point 10 and the observer at grid-point 8 along the beam. Figure 10(a) shows the
performance of the algorithm, where G, (®) and G, (®) represent the autopower spectral
densities of the vibration signal at the observation point before and after cancellation
respectively. Figure 10(b) shows the attenuation in the spectral density. It is noted that an
average cancellation level of more than 25 dB is achieved over the full broad frequency
range of the disturbance. The corresponding time- domain descriptions of the beam
fluctuation before and after cancellation are shown in Figure 11. It is noted that the level of
unwanted disturbance is significantly reduced throughout the length of the beam. This is
further evidenced in the corresponding frequency-domain description in Figure 12 given in

terms of the average signal power throughout the length of the beam.

16
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4 Conclusion

The design and implementation of a self-tuning control algorithm for ANC and AVC have
been presented, discussed and verified through simulation experiments. 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 perfoﬁnance and
controller adaptation. The performance of the 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 structures of fixed-free and fixed-fixed forms. A significant
amount of cancellation has been achieved over the full frequency range of the disturbance
in each case. These demonstrate the significance of the self-tuning control mechanism for

broadband noise cancellation and vibration suppression.
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(a) Schematic diagram.
(b) Block diagram.
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