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Summary

The spatial performance of local active control systems depends on the correlation properties of the
primary sound field. Previously this sound field has generally been assumed to be diffuse when
simulating active control performance. In this study the spatial properties of the primary sound field
due to road noise in a car were measured using the spectral density matrix calculated from the
outputs of an array of 25 microphones in front of a headrest, into which a number of secondary
sources had been integrated. The spatial correlation properties of the primary field were estimated
and inverse methods were also used to estimate the sources of the road noise. Predictions were then
made of the performance of local active sound controllers using the secondary sources in the

headrest.

PACS no. 43.50.Ki, 43.50.Lj

1. Introduction

Road noise in cars is generated by the interaction
between the tyres and the road surface and its
transmission into the cabin is mainly structure-
borne at low frequencies [1,2]. It can be a dominant
source of noise at higher speeds and various
systems have been used to control it passively or
actively [1,2,3]. Previous active noise control
systems for road noise have typically used
accelerometers on the suspension and body to
derive reference signals and the car’s audio
loudspeakers as secondary sources [3]. The
acoustics of the typical car interior limit the
frequency of operation of such systems to about 200
Hz [4]. There is considerable interest in controlling
road noise at higher frequencies using more local
active control systems, with loudspeakers located in
the headrests for example [5,6].

The performance of such a local control system
depends on the local geometry of the head and
headrest [7], but also on the spatial properties of the
primary sound field [8]. This paper is concerned
with understanding these spatial properties and their
effect on local active control systems. A general
formulation is presented that allows the
performance of such a local control system to be
predicted from the calculated and measured
properties of the sound field. After discussing some
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illustrative results for idealized primary fields,
some experiments are described in a car, in which
the spatial properties of the road noise were
measured at an array of microphones. This data is
then used to predict the levels of active control that
can be achieved with two loudspeakers in the
headrest.

2. General theory and free field

simulations

An illustration of the physical arrangement assumed
here is shown in Fig. 1(a). An array of primary
sources, of source strengths v’ = [vl,vz ...vaZ],
is assumed to generate the spatially random
pressure field under control. This field is detected
by a set of reference sensors producing signals
xT = [x1, %5 ... Xy, ], which are used to drive a set of
secondary  sources  with  signals u’ =
[uq, Uy ... upy . The region of control is assumed to
be monitored by a set of sensors with outputs y7 =
[yl, Vo e yNy], some of which are used to define the
cost function used in the design of the control
system. In the formulation used here, all the signals
are assumed to be at a single frequency and
proportional to e/®t, although this dependence on
w 1is suppressed for notational convenience. The
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signals are, however, assumed to be random
variables, with their average properties defined by
spectral density matrices, as described, for example,
in [5]. The spectral density matrix defining the
primary source strengths, for example, is given by

Sy = E[vH v], (1)

where the superscript # denotes the Hermitian,
complex conjugate, transpose and E denotes the
expectation operator. The diagonal elements of S,
are the power spectral densities of each individual
primary source, and the off-diagonal terms are the
cross spectral densities between these sources.

The block diagram for the system is illustrated in
Fig. 1(b), where the primary sources, v, generate the
reference signals, x, and the disturbance signals at
the monitoring sensors, d, via the matrices of
transfer responses R and P respectively. The matrix
of transfer responses from the secondary sources, u,
to the monitoring sensors, y, is denoted G, but it is
assumed that any feedback from the secondary
sources to the reference sensors, F, is cancelled out
by a perfect model, F equal to F, within the overall
controller as explicitly shown in Fig. 1(b).
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Fig. 1. (a) Geometric arrangement assumed for active
control and (b) The block diagram of the feedforward
active control system
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The matrix of control filters, W, which drive the
secondary sources from the reference sensors, is
thus entirely feedforward and the vector of signals
at the monitoring sensors can be written as

y=d+GW x. (2)

The cost function to be minimised is a weighted
sum of the modulus squared signal from the
monitoring sensors, which can be written as

J=E[y" Ayl =trace AE[yy"], (3)

where A is a square Hermitian “aperture” matrix,
through which the error signals to be minimized are
selected from all of the monitoring sensors. It is
assumed in the simulations below, that 4 is a real,
diagonal, matrix, and is used to select the few
monitoring signals to be minimised out of the whole
array.

The second form of the cost function in equation (3)
can be expanded out using equation (1) to give [5]

J=trace[AGW S, WHG" + AGW S, +
Sxa WHGHAM + 844 ), 4

where the spectral density matrix for the reference
signals, and the cross spectral density matrix
between the output of the reference and detection
sensors, are defined to be

S =E [xx"],and (5)
Sya = E [d x"]. (6)

A generalisation of the result derived in [5] then
allows the optimum set of control filters to be
obtained that minimise the cost function in equation
(4), as

Wope = — [G"AG]™ G" A S,y Sxx_l' (7)

where it is assumed that both G¥AG and S, are
invertible. The influence of the spatial distribution
of the primary field on the shape of the 10dB zone
of quiet is illustrated in Fig. 2, for a local control
system with a secondary source at (Z, 0) cancelling
the sensor at (0,0), at a normalized excitation
frequency of &L equal to 0.5, where k is the wave
number. The shape of the zone of quiet for the
simulations of the diffuse sound field, which was
achieved with 408 uncorrelated sources as a sphere
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in the far field, is the same as that in [9]. Also shown
in this figure is the shape of this zone when only 21
uncorrelated primary sources are operating, either
above or to the right or to the left of the quiet zone.
The zone of quiet is greatest when the primary field
is mainly from above, since in this case the primary
pressure field is almost uniform in the plane shown
in Fig. 2, so that reductions at the control point will
result in similar reductions at all positions which are
a similar distance from the secondary source. When
the primary field is mainly from the right, the zone
of quiet is somewhat broader in the x-direction than
that achieved with a diffuse primary field, since the
phase variation of the primary field then more
nearly matches that of the secondary field in this
direction. Conversely, when the primary field is
mainly from the left, the phase variations of the
primary and secondary field match more accurately
in the y-direction, and so the extent of the quiet zone
has instead been extended in this direction.

kL=0.5

’Diﬁuse @From above (C=) From right @me left ‘

Fig. 2. The extent of the 10 dB zone of quiet, for a local
control system of a normalized excitation frequency of
kL=0.5, when the simulation field is diffuse, thin solid
black line, mainly coming from above, thick solid black
line, mainly from the right hand side, thin dash grey line,
and mainly from the left hand side, thick solid grey line

3. Measurements in a stationary car

A series of measurements were made in a medium-
size car, a Ford S-MAX, using an array of 25
microphones, as illustrated in Fig. 3, mounted on a
0.4 by 0.4 m grid positioned in front of the headrest
on the front passenger seat. 12 of the microphones
were in an upper grid and 13 in a lower grid, which
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were separated by 75 mm. Two secondary
loudspeakers were also mounted in the headrest and
the frequency responses measured between the
secondary sources and all of the microphones,
giving the 25 X 2 matrix G in this case. The
frequency response was also measured from a
loudspeaker used to simulate the primary source to
all the microphone locations. This loudspeaker was
moved around to 96 positions on the front, sides,
roof, floor and rear of the vehicle to measure the
columns of the 25 x 96 element matrix P in this
case, over a range of frequencies. In these initial
simulations the reference microphones were
assumed to be calculated with the monitoring
microphones, so that the matrix R was equal to P in
this case.
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Fig. 3. The geometry of the microphone array and its
installation on the front passenger seat

The formulation in section 2 can now be used to
calculate the attenuation in the sum of squared
pressures at the 25 monitoring microphones, when
using the two headrest loudspeakers as secondary
sources, with any combination of primary sources
driven by a given spectral density matrix. Fig. 4 for
example shows the attenuation results when a single
primary source, located in either the front or the rear
of the vehicle, is used and also when all 96 primary
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sources are assumed to be driven with uncorrelated
white noise signals, so that §,, is equal to the
identity matrix. This indicates that greater
attenuation is achieved with the primary source in
the rear of the vehicle.
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Fig. 4. Comparison of attenuations that are predicted in
the sum of the squared pressures at all 25 monitoring
microphones either with one primary in the front, or one
primary in the rear or when all 96 primary sources are
driven with uncorrelated white noise signals

The effect of the primary source location on the
attenuation that can be achieved is also illustrated in
Fig. 5, which shows the attenuation at all of the 25
microphone locations as a function of frequency
when the primary source is assumed to be located in
each of the 96 possible locations. It can be seen that,
in general, better performance is obtained for
primary sources placed above the microphone array
or towards the rear of the vehicle, but there are
considerable variations with primary source
location and frequency.
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Fig. 5. A contour map of the attenuation at all 25
monitoring microphones using the two headrest
secondary loudspeakers as a function of frequency and
the location of a single primary source
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Primary source position No. Areas

1~5 Windshield
6~14 Dashboard
15~18 Front right floor
19~23 Front right door
24~28 Front left door
29~32 Front left floor
33~40 Front roof
41~49 Rear roof
50~55 Boot roof
56~61 Rear left door
62~67 Rear floor
68~72 Rear right door
73~80 Boot floor
81~86 Boot left wall
87~90 Boot right wall
91~96 Tailgate

Table 1. Primary source positions

4. Measurements in the car on the road

The vehicle was then taken on the road and driven
at different speeds over different road surfaces. It
was again assumed that perfectly correlated
reference signals were available, by using the
monitoring microphones as reference sensors, so
the matrix Sy Sy, © in equation (7) just becomes
the identity matrix and the spectral density after
control becomes equal to

Syy = U+ GW)Sqq(I + GW)HH (8)

The power spectral density, PSD at each
microphone before and after control is given by the
diagonal elements of Sg44 and Sy,. The sum of
these PSDs are used as an overall measure of mean
square pressure over the microphone grid, which
are calculated from the trace of these matrices. Fig.
6 for example shows the A-weighted PSDs,
averaged over all 25 microphones, when the car was
driven at 50 mph on a relatively smooth road. Also
shown in this figure is the predicted A-weighted
average of the 25 PSDs when the two headrest
loudspeakers are used to control the sound at four
microphones in the second row in the array,
calculated using the frequency domain theory in
section 2. The A-weighted average of the PSDs at
these four microphones only is also shown, before
and after control. It can be seen that although
reductions of about 20 dB are achieved at the four
control microphones, up to frequencies of about 200
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Hz, the average attenuation over the rest of the
microphone array is only about 10 dB.
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Fig. 6. A-weighted averaged PSD with/without two
channel local active control systems which control 4
monitoring points with the physical microphone
technique under the 50 mph driving

Fig. 7 shows the attenuation achieved for different
frequencies at the 25 microphone positions, when
these four microphones are controlled. Whereas a
band of about 20 dB attenuation is achieved at the
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control microphone locations up to 200 Hz, this
becomes more local above this frequency.

The source of the primary sound field due to the
road noise in the car can be estimated using the
matrix of responses from the 96 loudspeaker
locations on the boundaries of the vehicle to the 25
microphones, P, and the inverse method of
characterizing acoustic sound locations. Using the
theory described in [10], the estimated spectral
density matrix of the equivalent primary sources at
96 locations is given by

Sop = {[P"P + BIT' P3S4 {[P"P + BI 7' PT}H, (9)

where S,4 is the spectral density matrix measured
with the microphone array and f is a regularization
factor chosen by trial and error to avoid ill-
conditioning problems. The results are shown in
Fig. 8, which indicates, for example, that at about
400 Hz, the road noise is mostly being produced by
the dashboard, with some contribution from the left
front door and left rear door.
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Fig. 7. Performance at all 25 microphones by the two channel local active control which controls the 4 selected
microphone positions with the physical microphone sensing under the 50 mph driving : (a) 100 Hz (b) 200 Hz (c)
300 Hz (d) 400 Hz
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Fig. 8. The estimated contribution to the road noise in
the test vehicle at 50 mph from the 96 assumed primary
source locations, calculated using the inverse method
from the measured signals at the 25 monitoring
microphones in the array

5. Conclusions

A general formulation for calculating the optimal
performance of local active sound control systems
has been used to illustrate the effect of the spatial
distribution of the primary field on the performance.
In general, the performance of the controller is
better for primary source locations above or behind
the secondary source than it is in front, since in this
case either the primary field is more uniform, or its
phase more closely matches that of the secondary
field. This is found both in free field simulations
and in the simulations based on data measured in a
car. The performance of a local system has also
been investigated, controlling the road noise at 4
error microphones with 2 secondary loudspeakers
mounted in the headrest. Good attenuations are
predicted close to these microphones up to about
200 Hz. Finally, the source of the road noise within
the vehicle has been estimated using an inverse
method, using the transfer responses from 96
potential primary source locations in the vehicle to
the 25 microphones.

The formulation presented here is in the frequency
domain, for clarity, but time domain formulations,
in which causality is imposed on the controller, are
also possible [8]. Although some illustrative
examples of results for particular control
configurations have been presented here, it should
be emphasized that the real power of the
formulation is that it allows the performance of
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many potential local control systems to be
calculated off-line, given a set of simulated or
measured data of the plant frequency responses and
the spectral density properties of the reference and
monitoring sensors. It is thus possible to rapidly
investigate the effect of different reference signals
and different secondary source and error sensor
locations, for example, on the performance of local
active control systems.
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