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1. INTRODUCTION

Engine noise and wind noise are familiar problems in the automotive industry, but noise

generated from an open sun roof is perhaps less well documented. The effect can be

understood by the experiment of blowing air across the open top of a glass bottle which in

turn produces a discrete tone. Energy from the blown air excites the acoustic modes

within the cavity of the bottle so that the shear layer associated with the jet oscillates into

and out of the bottle. The oscillation is similar to that produced in an organ pipe, as

analysed by Fletcher and Rossing (1991), for example. Another analysis of a flow excited

resonance is given by Nelson et :11 (1981, 1983), who also give references to earlier work in

this area.

George (1989) provides an excellent review of vehicle aeroacoustics, including a discussion

of the sources of noise caused by flow over a cavity. Two forms of noise are identified:

broadband noise and tone noise, as illustrated in Figure I. It is the tone noise caused by an

unstable shear layer which we are principally concerned with in this paper. The problem

often only occurs at critical speeds, at which the natural frequency of the shear layer is
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Figure 1. Noise generation mechanisms for flow over large open cavitis (afler George, 1989).
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similar to an acoustic resonance frequency. Various methods of analysing and potentially
controlling this noise in cars have been proposed by Badger and Jones (1964) and Lackrnan
(1989), for example. Such methods include smoothing the flow over the sunroof, or
changing the natural frequency or damping of the system. This source of noise remains,
however, asignificant problem in a number of cars. ’

Our experience of one particular full-size motor car, revealed dramatic consequences of
travelling at the critical speed while the sun roof was fully open. Gradually increasing
road speed from stationary created a tremendously loud 24 Hz tone inside the passenger
compartment. Generation occurred at a frequency consistent with the volume of the car
cavity and the sun roof aperture size being excited by the air flow over the open aperture.
By further increasing road speed the amplitude was reduced by passing through the
resonance. Alternatively, a window could be opened fractionally to dampen the cavity, or
the sun roof position could be adjusted to reduce the area and subsequently reduce the
boom However, with the new reduced sun roof aperture (windows closed) the boom

could be regenerated by increasing road speed, to a new higher critical speed.

2. FEEDBACK CONTROL OF FLOW OSCILLATIONS

Previous work by a number of authors has demonstrated the active control of flow—excited
oscillations using the principle of feedback. A simplified block diagram of an
experimental arrangement used by Sunyach and Ffowcs Williams (1986), for example, is
shown in Figure 2. In this experiment the Helmholtz resonance of a cavity was excited by
an external flow of air across the neck, causing a narrow band peak in the spectrum of the
pressure inside the cavity at about 140 Hz, which was about 25 dB greater than the
background broadband noise. By feeding back the internal pressure in the cavity to a
loudspeaker inside the cavity via a fixed electronic controller, the 140 Hz peak in the
spectrum of the internal pressure was reduced to the level of the broadband noise.

The action of the active controller can be modelled using a frequency domain analysis
similar to that of Sunyach and Ffowcs Williams (I986). Assuming linear superposition of
small amplitude variations, the complex external prssure, p2, can be written as

Pe=Pt'qu . (2.1)

where Pt is the external pressure due to the flow alone, Zris a radiation impedance, and q
is the volume velocity of the flow into the cavity. The frequency dependence of all
quantities is suppressed for notational convenience, The volume velocity drawn from the
cavity by the loudspeaker is given by

q: = Yapi (2.2)
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Figure 2. Simplified block diagram of the feedback control afn flaw-excited cavity, after Sunyach
and Ffawcs Williams (1986).

in which pi is the internal pressure in the cavity and Y, is the gain of the feedback control
system, which has the dimensions of an acoustic admittance, The pressure is assumed to
be uniform inside the cavity. and is given by

pi=zc<q-qs> 0-3)
where 2c is the impedance of the cavity which will be assumed below to be purely
compliant. The final, and most important, equation is that linking the pressure differences
on the two sides of the cavity neck (p9 - pi) with the volume velocity flowing through it.
These quantities are assumed to be linearly related via a complex frequency dependent
impedance Zn, so that '

Pe - Pi = he ‘2")
Combining equations (2.2) and (7.3), we find that

q =(1 +2233) Pi- ' (2.5)

 

Combining equations (2.1) and (2.4). we also find that

PI = Pi 4’ (Zn + Zrlq (2.6)

so that, finally, using equations (2.5) and (2.6) we can see that the ratio of the complex
prasure inside the cavity to that outside due to the flow is
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Ei___Z¢__
p" Z... + (Zn + 290 + 2919' (2'7)

The equivalent circuit for this lumped parameter model of the actively controlled flow
excited cavity is shown in Figure 3. We now assume that the combined effect of the
acoustic impedance of the neck, and radiation impedance can be represented as

Z" + Z, = ij + R (2.8)

where L is the combined acoustic inertance of the neck and radiation term and R is their
total acoustic resistance. Sunyach and Ffowcs Williams discuss the fact that these
quantities are dependent on the flow conditions over the neck. and note that the resistance
term can become negative under certain flow conditions, Assuming also that 2c = 1/ij,
where C is the acoustic compliance of the cavity, the ratio of pressures, equation (27), can
then be written as

E ‘ (2.9)I_—_

pl'l + (juiL + R)(ju)C + Ya)'

 

Figure 3. Block diagram of the lumped parameter model of the actively controlled flaw excited
cavity.

In the absence of active control, Y3 = 0 and equation (2.9) become

E__—‘__
Pi' ijR+l -a)2LC (2'10)

which is the standard equation of a second order resonator. Clearly, if R is negative,

because of the flow, the system will be unstable and oscillate at its natural frequency

m0 = ‘J‘l/LC. Equation (2.9) suggsts a number of possible strategies for overcoming this
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instability. If, for example, the feedback controller included a differentiation, gain and
inversion, such that Y; = -ju)C, then the natural compliance of the cavity would be
removed by the active controller and pi would become insensitive to L and R since the
flow through the neck, q, would be zero, and so pi = p.. Other possible control strategies
are revealed if equation (2.9) is expanded to give

E =——1-— . (2.11)
Pt qutR + YaL/C) + (1 + YaR) - w2L£

By comparing equation (2.11) with (2.10), it is clear that the total "resistance" in the
feedback system, (R + YaL/C), could be made positive, even if R is negative, by ensuring

that Ya is a sufficiently large positive real constant at the frequency of interest.

In any experimental arrangement the analysis above will be considerably
complicated by the frequency response of the loudspeaker, but it is clear that active Control
can, potentially, be achieved in a variety of ways. Rather than specify the mechanism of
control a priori, by using a fixed electronic controller, it is interesting to allow the controller
to be adaptive, and thus, hopefully, to find whichever controller frequency response
minimises the selected error criterion. -

3. ADAPTIVE CONTROLLERS

Adaptive controllers have been used successfully for feedfonmrd approaches to active
control for some time, with application, for example, to controlling noise in ducts (Eriksson
at al, 1987), cars (Elliott cf «1, 1988) and aircraft (Elliott at a], 1990). It is far easier to change

the coefficients of a digital filter adaptively than those of an analogue filter. Adaptive
digital filters have also been widely studied because of their importance in other
applications (Widrow and Steams, 1985). If a finite impulse response (FIR) digital filter is
used in a purely feedforward active controller, it is readily shown that the variation of the
mean square residual error with any of the filter coefficients is quadratic, with a unique
global minimum. The "error surface" of such a controller is thus guaranteed to be
unimodal and gradient descent methods, such as the LMS algorithm (Widrow and Steams,

1985) will thus always converge monotonically towards the optimum solution.

Gradient descent methods have also been used to adapt the coefficients in feedback
controllers, even thoughthere is no guarantee that the error surface will be unimodal
under these conditions. In the 1940's a gradient dacth method brown as the "MIT rule"
was used to adjust analogue flight controllers (Astrc‘irn and Wittenmark, 1989), although
such methods went out offavour after instabilities in flight! More recently, Billoud e! n!
(1991) used a digital llR filter as the feedback controller for the control of flow-excited  Pm.I.O.A. Vol 15 PM 3 (1993) 381
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cavity oscillations. The coefficients of the HR filter were adjusted using the RLMS
algorithm (Eriksson at al, 1987), which is essentially a gradient descent method. An
unusual feature of the algorithm, as it was implemented here, was that the same signal
(that from the internal pressure microphone) was used both as the reference signal driving
the adaptive controller, and as the error signal which the adaptive controller was
attempting to minimise. Billoud 2! ul (1991) report reductions of about 20 dB at the peak of
the internal pressure spectrum in a flow-excited cavity, which occurred at about 180 Hz in
these experiments. These authors have also considered the error surface for this problem.
Specifically, they have plotted the variation of mean square pressure in the cavity as the
first two non-recursive filter coefficients in the feedback controller are varied. They find
that no clear minimum exists in this surface but there are many combinations of the two
coefficients which give similar attenuations. This is contrasted with the error surface for a
well-conditioned feedforward controller, for which a clear unique minima exists, as
mentioned above. The existence of this broad range of possible feedback controllers,
which all suppress the oscillations of the flow excited resonance, may support the
observations of Sunyach and Ffowcs Williams (l986), discussed in the previous section,
that there may be a variety of control strategis which can suppress this instability. Similar
error surfaces can also be observed, however, in purely feedforward control systems if the
control problem is not well conditioned (Elliott et al, 1992). One method of improving the
conditioning of such systems is to add a leak to the adaptation algorithm (Elliott ef al,
1992), as was used in the experiments below.

The controller used in the experiments reported here was based on a duct noise control
system demonstrated at ISVR in 1987. The physical components of the feedback
controller, and the equivalent block diagram, are shown in Figures 4(a) and (b). In these
diagrams. H(z) is the transfer function of theFIR digital control filter and C(z) is the
transfer function of the "plant" under control, which in this case includes the
electroacoustic response between the loudspeaker and microphone, and that of the data

A

converters. An initial identification phase was used to adapt another digital filter, C(z),
which modelled the electroacoustic response from the loudspeaker to the microphone, this
was then used to filter the reference signal in the filtered-x LMS algorithm used to adapt
the coefficients of H(z), as shown in Figure 4(c). If the i—th coefficient of H(z) at the n-th
sample time is denoted hi(n), each of the filter coefficients was updated at every sample
interval using the equation ‘

mm + l) = (l - a3) hifn) — a. e(n) r(n - i) (3.1)

where o: is a convergence coefficient, [3 a leakage factor, e(n) the sampled error signal, and

r(n) the filtered reference signal which, in this case, is obtained by passing e(n) through
A

(3(2). The sample rate of the digital filter was 3 kHz, and it was implemented to give the
least possible delay from input sample to output sample. No anti-aliasing or
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Figure 4. The physical components of the feedback controller (a) and its equimlmi block diagram
(17). The block diagram of the filtered-x LMS algorithm used for the adaptation of H(z) is also
shown (c).

reconstruction filters were included in the feedback loop so that no delay would be added
by these components. This minimisation of loop delay allows the possibility of a relatively
high loop gain without instability.

Another control filter arrangement which was tried in this application was the parallel
. connection of a feedback filter W(z) and feedlorward filter -F(z), as shown in Figure 5.
i . Such an arrangement is widely used l'or echo cancellation in telecommunications and has
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previously been used in feedforward active control in ducts. its use in a feedback loop is
discussed by Forsythe et a! (1991). The overall transfer function of the controller in
Figure 5 thus becomes

W(z)
H(2) =W (32)

and the behaviour of the complete feedback loop is thus described by the equation

E l W F(2) + (z) (z) (3.3)
m = 1'. wmcm +—W(_z)F(z)‘

 

Figure 5. The feedback control loop in which the controller, le), is implemented as i'wofilters in
parallel to give the response H(z) = W(z)/(l + W(2)F(z)).

If it can be arranged that Hz) is a good approximation to C(z). using for example the filter
already obtained during the identification phase, then the error signal becoms

5(2) = (l + W(z)G(z))D(z). (3.4)

The mean square error is then a quadratic function of the weights in the FIR filter W(z) and
should thus be easier to adapt. In fact. if C(z) were a pure delay, the action of W(z)
hecoma similar to the adaptive line enhancer widely used in adaptive signal processing
(Widrow and Stearns, 1985).

In the application discussed here, this filter arrangement was, however, only slightly more
stable than that shown in Figure 4. This perhaps reflects the fact that the raponse of the
system under control, C(z), changes with time. particularly as the airflow over the sunroof

3W Proc.l.0.A. Vol 15 Part 3 (1996)
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increases with speed. Under these conditions, the cancellation of the two terms in the
denominator of equation (3.3) will not be exact, and the resulting mean square error signal
will not be quadratic in the coefficients of W(z), as would be expected from equation (3.4).

4. PRACTICAL RESULTS

The filter arrangements of Figures 4 and 5 were implemented with a range of filter lengths
of between 16 and 64 for both feedfomard, (F(z)), and feedback, (W(z)). filters. Filter
lengths of approximately 32 taps were found to give the most repeatable results. For filters
longer than 32 points, it was found that the filter was prone to adapt into a state with large
coefficients towards the end of the controller impulse response. instability of the control
system occurred soon after this.

The feedforward filter, Hz), was non-adaptive. after the initial identification phase, and
the most stable state of the control system was found empirically to be with the coefficients
of this filter set to half of that required to match the feedback path with the car stationary.
The performance differences between filter lengths of between 8 and 32 coefficients were
indistinguishable because of the variability in the original noise signal, caused by wind
gusting.

The control system was mn both with and without anti-aliasing and reconstruction filters.
It was found that the delay added by these filters (— 2-3 ms) caused the onset of instability
in the controller to be far more likely. The noise suppression in the car was also far less
with the anti-aliasing filters than without. Without reconstruction filters, however,

     

Frequency, Hz

Figure 6. Sound pressure spectrum measured inside the arr with (dashed) and without (solid)
feedback control.
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The secondary sound source used werefour 8" loudspeakers driven in parallel, using a
100 W amplifier. This was found to be barely adequate to establish control if oscillations
had built up in the car prior to turning on the control system. However, if the control
system was switched on prior to the acoustic oscillation reaching large levels, then the
drive signals to the secondary source were found to be relatively small. The spectrum of
the resulting sound pressure inside the car is shown in Figure 6, together with the
spectrum with no feedback controller. The active control system has clearly reduced the
tone at 75 Hz by about 30 dB, although some enhancement of the broadband noise at other
frequencies can also be seen.

The impulse response of the control filter continually changed during cancellation and if
adaptation of this filter was stopped while allowing control to continue, then instability
frequently resulted within a few seconds. The controller was thus continually adjusting
itself into stable operation.

5. CONCLUSIONS

When driving with an open sun roof at certain critical speeds, intense but very low
frequency tones are often experienced in cars. The cause of these tones is the interaction
between the shear layer flowing over the sun roof, and the compliance of the air volume
inside the car. |

Previous laboratory work has demonstrated that such flow excited oscillations can be
controlled with an active control system in which the pressure in the cavity is fed back to
an internal loudspeaker via an electronic controller. By using a simple theoretical analysis
it can be shown that such an arrangement can suppress the oscillations in a variety of
ways. We have investigted the use of adaptive digital filters as the controller for such a
system implemented within the car. The most important aspect of the controller in
determining the performance of the control system was found to be the overall delay in the
open loop system. This was minimised by an efficient implementation of the digital
control filter, and by not using analogue anti-aliasing and reconstruction filters. This does,
however, cause some increase in broadband noise at higher frequencies because of
aliasing, which somewhat degrades the subjective effect.

The experiments in the car demonstrated that the original peak in the sound pressure
spectrum, at 25 Hz, could be reduced by up to 30 dB with the feedback controller,
although the broadband noise at about 20 Hz was somewhat increased in the process. if
the control system was operating while the car was driven up through the critical speed,
the secondary loudspeakers were not required to operate very hard to maintain control. If,
however, the flow—excited oscillation was allowed to build up before the control system

Pmc.l.0.A. Vol 15 Part 3 (1993)
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was switched on, the loudspeakers had to operate quite hard to establish control. If a
smaller loudspeaker were used, it may be that control would be maintained most of the
time, but that if for any reason the flow-induced oscillation did build up beyond a certain
point the control system would no longer be able to maintain control.
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