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Active noise control systems offer a potential method otisialg the weight of passive acous-
tic treatment and, therefore, increasing vehicles’ fuétieihcy. The widespread commer-
cialisation of active noise control has, however, not begreved partly due to the cost of
implementation. To achieve cost-effective control of roatse, a feedback control strategy is
presented which employs the array of microphones and thauzfio loudspeakers common
to a feedforward engine noise control system. The propogsed® weights the contributions
from the error microphones and the loudspeakers to inctbasmagnitude of the open-loop
response over the bandwidth where noise attenuation isregluas in modal feedback con-
trol. This spatial filtering technique is combined with tesngl filtering to further enhance the
magnitude of the open-loop response over the targeted bdtidand to compensate for the
phase response of the control loudspeakers. The proposéaek control system is shown
to achieve reductions of up to 10 dB in the composite erraraidput only reduces the sum of
the squared pressures by around 3 dB over a very narrow bdtidwi

1. Introduction

Noise in road vehicles has been widely acknowledged as agdotgrfgoverning their commer-
cial success [1]. The reduction of both engine and road naibén the car cabin is currently achieved
through the use of passive acoustic treatments such asstiudamping and acoustic absorption [2].
However, over the last 20 years the application of activeecbntrol to vehicles has been investi-
gated [3] and, consequently, a wide variety of systems haes Iproposed to control both engine
[3] and road noise [4]. This interest in active control smns has recently been driven by the need
to improve the fuel efficiency of vehicles through the use afrenfuel-efficient engine designs and
by reducing the vehicle’s weight. Economical engine desigurch as variable displacement, which
usually operates by deactivating a number of cylindergrofesult in an increased low frequency
noise due to the use of a lower number of cylinders. Similadglucing the weight of a vehicle also
results in increased low frequency noise. Low frequencgad difficult to control using lightweight
passive measures, and since active noise control systemmast effective at low frequencies and
may be implemented within a car with relatively little inase in weight, they offer a convenient
complementary solution. This is particularly true whendb#ve noise control systems are integrated
into the vehicle’s electronic systems, for example, by @yiplg the car audio loudspeakers [5].

The active control of engine noise using a feedforward absystem was successfully demon-
strated in the late 1980s [3] and a number of commercial Bystgave since been implemented.
Feedforward control of engine noise is achieved by drivingaay of loudspeakers with an engine
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speed reference signal that is filtered adaptively so tleedtim of squared pressures at an array of mi-
crophones is minimised. By integration with the car audstey, such a controller requires relatively
little additional hardware and can therefore be implemeatdittle extra cost.

The active control of road noise has been demonstrated adegdforward control system by
Suttonet al [4], who report a reduction of around 7 dB in the A-weightedrst pressure level over
a bandwidth of 100-200 Hz. However, to obtain suitable exfee signals it is necessary to employ
a number of accelerometers mounted to the vehicle’s sugpeasd bodywork, which results in an
expensive system that has, consequently, seen little cocrahenplementation.

As a result of the high cost of feedforward road noise corgysktems, interest has arisen in
implementing road noise cancellation using a feedbaclesysas this avoids the need for separate
reference sensors. Feedback control of road noise has ésearched and implemented in a mass-
production system by Honda [5]. This single channel feekllcaatrol system reduces the drumming
noise associated with the first longitudinal mode of the ednirtat the front seats by 10 dB, whilst
avoiding enhancements at the rear seats. To achieve globabtof booming noise, a feedback
controller based on modal control techniques widely emgidioin structural control [6] has been
proposed by Cheer and Elliott [7]. This system employs aayaof error sensors to enhance the
open-loop response of the feedback controller at the ®aigabde, whilst rejecting interference from
other modes and thus reducing spillover. A global reduabio® dB in the acoustic potential energy
in a car cabin sized rectangular enclosure is reported asdaolild be enhanced through the use of
temporal filtering, as employed in a similar system used tdgrobthe sound field within an aircraft
fuselage [8].

In this paper a feedback control system is presented whigiloys the spatial and temporal
filtering techniques of modal control to achieve control @ivlfrequency road noise in a vehicle
cabin. The proposed control strategy uses the spatial amglatel filtering methods to enhance the
open-loop response over the bandwidth where noise redustrequired and minimise the open-loop
response at all other frequencies. The feedback contrémyis first described and the equations
governing the stability and response of the controller amvdd. A novel method of selecting the
spatial transducer weightings is then discussed and aigabtgmporal filtering method is outlined.
To investigate the performance of the feedback contradlesgries of measurements of a small city
car are conducted and employed to investigate both the altamis nominal performance and its
robustness to plant uncertainties.

2. Feedback Control System

The proposed feedback control system has the same arohéest the modal feedback control
strategies employed in [7, 8] and a block diagram of the systgresented in Fig. 1a. The feedback
control system consists df' loudspeakers anfl discrete error sensors, which may also be employed
in a feedforward engine noise control system. A composita asignal,e(jw), is generated through
the weighted sum of the signals from theliscrete error microphones. This weighted sum is imple-
mented via thé L. x 1) vector of real, frequency independent, error sensor wigigbtw ,, and can
be expressed in terms of thé x 1) vector of pressures at the error senserss,

e(jw) = wie(jw), (1)

where” denotes the matrix transpose and the vector of pressurle atror sensors is given by the
summation of thé L x 1) vectors of pressures due to the primary disturbad¢gy), and the control
sourcesy(jw), so that

e(jw) = d(jw) +y(jw) (2)
= d(jw) + G(jw)u(jw), 3)
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whereG (jw) is the(L x M) matrix of plant responses andjw) is the (A x 1) vector of control
signals. The composite error signaljw), is filtered by the negative feedback controllet (jw),
which incorporates the temporal filtering, to give the cosifgocontrol signal,

u(jw) = —H(jw)e(jw). 4)

The composite control signal is sent to thé loudspeakers, or secondary sources, via(thle x
1) vector of real, frequency independent source weightimgs, which gives the vector of control
signals as,

u(jw) = wiu(jw). (5)
Substituting equations 2 - 5 into equation 1 gives the cottgesror signal as,

e(jw) = wid(jw) — wi G(jw)wy H (jw)e(jw). (6)

If the scalaw?d(jw) is defined as the composite disturbance sigily), and the scalaw? G (jw)w
is defined as the single-input-single-output (SISO) plasponseF(jw), it can be seen that the com-
plete feedback controller shown in Fig. 1a can be writtensiagle channel system, as shown in Fig.
1b, with the composite error signal given by,

e(jw) = d(jw) — G(jw)H (jw)e(jw). (7)

Consequently, the frequency response of the sensitivitgtion, S(jw), is given by,

L e(jw) 1
S0 i) T TT GGG o

and the open-loop response is given by,

G(jw)H (jw) = wG(jw)wa H (jw). 9)

u y e 3 y
w, —> @ w, » G -

( u _H |« —I u _H |

(a) Block diagram of the feedback controller ~ (b) Block diagram of the single channel representation ef th

employing spatial and temporal filtering. feedback controller employing spatial and temporal fittgri

Figure 1: Feedback controller block diagrams.

In order to achieve good disturbance rejection the seitgifivnction, given by equation 8, must
be small, whilst to ensure the controller is robust to véoiat in the plant response the complementary
sensitivity function should be small compared to unity [Bherefore, at frequencies where control is
required,G(jw)H (jw) should be large compared to unity, whilst at frequenciesrevhentrol is not
required,G(jw)H (jw) should be kept small compared to unity. To achieve this usiagontroller
presented in Fig. 1a, it is necessary to optimise both thiaspeeighting vectorsw; andw,,, and
the temporal filtering feedback controlléf.,
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2.1 Spatial Filtering

In the modal control system reported in [7] the transducdgtengs,w; andw,,;, can con-
veniently be determined based on the mode shape of theddrgeide and the relative positions of
the transducers. However, in practical enclosures sudheasnall city car considered in the follow-
ing application, the complexity of the structural-acocstoupled system means that the transducer
weightings are less straightforward to determine. A methioslystematically optimising the trans-
ducer weightings when disturbance rejection is requirest aspecific frequency range is presented.

2.1.1 Sensor weighting optimisation

The aim of the spatial weighting vectors is to ensure thatsdesitivity function is small at
frequencies where disturbance rejection is required aoskeclo unity elsewhere. To achieve this
with respect to the sensor weighting it is necessary to magithe response of the distributed sensor
array,w’ G(jw), over the frequency range where noise reduction is requivhidst minimising the
response at all other frequencies. This can be expressed, fiiscrete frequencies, as maximising
the ratio,

wi (3., Gljwr) G (jwy)) wy,

k=cy

Cr= c1—1 . . K . . ' (10)
wl (S5 GU@ G (jen) + S04, 1 Gl GF () ) wi

wherec; andc, are the upper and lower bounds of the bandwidth targetedisturdance rejection.
Defining the summation over the targeted and rejected baltdsvas,

Cc2
T, =) G(jwe) G (jwy), (11)
k=c1
and
c1—1 K
Ry =) Gjw) G (jwr) + Y G(jwr) G (jwy), (12)
k=0 k=co+1
allows equation 10 to be written more concisely as,
WTTLWL
Cp = —k—"=. 13
L W%RLWL ( )

The maximisation of the rati@’;, can be cast as a constrained optimisation problem in which
wl T, w; is maximised with the constraint that! R, w is held constant with a value The cost
function to be maximised can be expressed using the methioalgphnge multipliers as [10],

JL = WETLWL + A (WERLWL - C) ) (14)

where\ is the real positive Lagrange multiplier. Since the senseigitings are constrained to be
real, it can be shown that the cost function to be maximisgtilis

J=wiR{TIw, + A (Wi R{R }wy, — ). (15)
Differentiating this cost function with respect 4o, equating to zero and rearranging gives,
Wy = —)QR{TL}ilé)%{RL}WL. (16)

To maximise the cost function/;,, the vector of sensor weightings must thus be the eigenvetto
the matrix®{T.} 'R{R .} corresponding to its largest eigenvalue.
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2.1.2 Source weighting optimisation

The vector of real source weightingg;,, can also be optimised by maximising the response of
the distributed array of secondary sources over the tatgetquency bandwidth, whilst minimising
its response at other frequencies. This can be expressef, discrete frequencies, as maximising
the ratio,

_ ZQ:cl wi, G (jwr) G (jwr) War
Sise WhHGH (juwi) G (jwr)war + ZkK:cQH wl GH (jwr)G(jwr) W

where the response of the distributed array is giveltiyw)w,,. Defining the summation over the
targeted and rejected bandwidths as,

CJ\J ) (17)

Ty = > G (jwr)G(jwr), (18)
k=c1
and
c1—1 K
Ry =Y G (jwr)Gliwe) + Y G (jwr)G(jw), (19)
k=0 k=co+1
allows equation 17 to be written more concisely as,
WT TMWM
Cy = —=———=. 20
M WIJZ\:[R]\JW]\/I ( )

The maximisation of the rati@’y; can once again be cast as a constrained optimisation where,
in this case,wLTMwM is maximised with the constraint tthRMwM is held constant with a
valuec. Following the method presented in Section 2.1.2 it can lmevahthat the optimal source
weightings are given as,
Wy = —A%{T]w}ilé)%{RM}W]w, (21)

and the cost functiod,, is maximised if the vector of source weightings is equal ®algenvector
of the matrixR{ Ty} ~'R{R,} corresponding to its largest eigenvalue.

2.2 Temporal Filtering

The performance of the feedback controller depicted in Hig.can be further improved by
specifying a frequency dependent feedback contréfleiThis can been achieved using a number of
different controller design methods [9]. However, a simel@poral filtering method employing an
all-pass filter for phase-compensation will be investidditerein following the formulation presented
in [12]. The total response of the feedback controller isttefined as,

H(jw) = gHap(jw), (22)

whereg is a frequency independent gain ald»(jw) is the frequency response of the all-pass filter.

To ensure maximal control over the targeted bandwidthniétessary for the phase of the open-
loop response in this bandwidth to be close to O radians otipies thereof. This can be achieved
through phase-compensation, which has traditionally bepiemented using lead-lag compensation.
Herein, however, an all-pass filter is tuned to give a phasgarse of O radians at the frequency of
maximum disturbance levek,., which is inherently within the control bandwidth. The fteapcy
response of an all-pass filter is given by,

jw—z
jw+p’

Hap(jw) = (23)
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wherez andp are the pole and zero of the all-pass filter and must be equeigore filter stability
[13]. The required value of to give a phase response of 0 radians as,

2= JLe (24)
tan (W+‘9012~1(ch)>

WherGGGH(jwc) = ZW%G(ju)c)WMHBp(jwc).

3. Application to Road Noise Control in Cars

To demonstrate the performance of the proposed feedbagk acise control system a series of
measurements have been conducted in a small city car toxdateboth the plant respong@, and the
disturbance produced at the error sensdysyhen the car is driven at 50 km/h on a pawad surface.
The investigated control system consists of the four stahckr audio loudspeakers — 2 positioned in
the front doors and 2 positioned adjacent to the rear seatd eight electret microphones positioned
in the nominal corners of the car, which are consistent wighrhicrophone locations required for a
feedforward engine noise control system [7]. A further datight electret microphones have been
positioned at the four car headrests to separately assesseitkroller's performance. The bandwidth
targeted for control is between 80 and 180 Hz, where theresigraficant peak in the disturbance
spectrum, due to a structural resonance in the vehicle anfrelquency of maximum disturbance
level is 117 Hz.

Using the plant responses measured with a driver and a ggesseocupying the cabin, the
spatial source and sensor weightings have been calculadeti@ open-loop response of the feedback
controller is presented in Fig. 2 for the system with and autttemporal filtering and a gain that has
been adjusted in each case so that the maximum enhancentbatdomposite error signal is 6 dB.
From the Bode plot in Fig. 2a it can be seen that in both cosystemsG H | is largest over the
targeted bandwidth, which is indicated by dashed vertinakl It can also be seen that the temporal
filtering reduces the phase-lag in the targeted bandwidthfacilitates an increase in the feedback
gain. This can also be seen from the Nyquist plot in Fig. 2bemntthe frequency of maximum
disturbance level is also shown.

Figure 3a shows the power spectral density of the composite signal, formed from the
weighted sum of the microphone signals, both before and eft&rol. Using the feedback controller
employing spatial and temporal filtering, reductions of a0 dB are predicted in the targeted fre-
guency range of 80 to 180 Hz, with enhancements of less thd, @tdabout 70 Hz for example.
Unfortunately, when the effects of this feedback contradlee calculated on the sum of the squared
error signals E,, which is deinfed a& [e(jw)”e(jw)], the reductions are considerably less, with
only about a 3 dB reduction being achieved in a very narrowgeaof frequencies around 100 Hz.
Close examination of the matrix of measured plant respomiggdights that over the targeted band-
width there are a number of discrete resonances, which areéxn a complex way by a number of
uncorrelated sources of noise. The single channel feedlmattkol system is only able to control one
of these resonances and, therefore, although the inteoraposite error signal can be attenuated, the
effect on the sum of the squared pressures is marginal, gieceaultitude of uncontrolled acoustic
and structural resonances then dominates.

4. Conclusions

A feedback control system employing spatial and temporariiig has been described and
its performance has been investigated when applied to tiiveaontrol of road noise in a small
city car. The controller, which is based on modal feedbacitegies, has been described and it is
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Figure 2: The predicted open-loop response of the feedbadkatler employing spatial filtering (—)
and that employing spatial and temporal filterirg)(
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Figure 3: The predicted performance of the feedback cdatremploying eight spatially weighted
microphones and four spatially weighted car audio loudspresaand a temporal filter. The level in
each case is shown before control (—) and for the nominaled#t passenger, plant response)(
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shown that despite employing a number of error sensors amdes®it behaves as a SISO system.
A novel method of optimising the transducer weightings tbieee control of the composite error
signal over a specific bandwidth has been detailed and asit@piporal filtering method previously
employed in modal feedback control is described. The perdmice of the proposed controller has
been evaluated through offline predictions, using plargorases and disturbance data measured in a
small city car. The offline simulations predict reductiofisip to 10 dB in the composite error signal
over the targeted bandwidth. Unfortunately, however, ihredicted to make very little difference
to the sum of the squared microphone signals, which is a measithe global pressure level in the
vehicle. This is believed to be due to the fact that the enckls response over the targeted bandwidth
has contributions from a number of acoustic and structessdmances, which are excited in a complex
way by a number of uncorrelated noise source, and the sihglenel controller cannot independently
control each of these resonances. In vehicle enclosurels asuestate cars or station wagons, where
a well separated acoustic mode occurs the presented systgnth@arefore, achieve significant levels
of global control. However, in order to provide a more geheadution that may be able to control
several dominant resonances, a multichannel extensidregiresented control strategy is currently
being investigated.
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