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Abstract – Today’s cars must meet ever-higher acoustic standards, and so, to avoid compromising vehicle
dynamics, handling performance and fuel consumption, standard passive methods alone do not provide suffi-
cient performance. Active control solutions can provide a potential solution to this challenge, particularly at
low frequency and such systems have been investigated for application to small cars, SUVs and luxury vehicles.
These vehicles are generally characterised by fairly slow dynamics and limited noise emission and, therefore,
this paper explores the challenging application of active noise control to a two-seat super sports car equipped
with a naturally aspirated engine. This work aims to track and then control sounds characterised by extremely
rapid frequency variation rates, up to peaks of over 80 Hz/s, and high sound pressure levels. A multi-channel,
multi-order FxLMS based control system has been implemented, which has been modified to optimise perfor-
mance for this application by including both convergence gain and leakage scheduling, to achieve effective con-
trol at the driver’s and passenger’s ears. To evaluate the performance of the controller, its performance has been
simulated when applied to measurements taken under several vehicle manoeuvres, ranging from conventional
constant engine speed to very fast engine run-ups. From the presented results, it is shown that the system can
obtain high levels of control during the manoeuvre set, with the controller reducing the overall sound pressure
level by more than 10 dB at certain frequencies when analysing a single order, and it reduces the overall loud-
ness by around 5% in all of the analysed cases.
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1 Introduction

Active noise control systems are effective and efficient at
low frequencies, where traditional passive methods fail or
where such passive treatments would require dimensions
and weights that would compromise the performance of
the system to which they are being applied. In essence,
active solutions act on the system by creating a secondary
excitation equal in magnitude and opposite in phase to
the unwanted disturbance at particular locations so that
cancellation is achieved via destructive interference [1–3].

Active control has been shown to be beneficial in a vari-
ety of applications where acoustic control is critical [4, 5],
including trains [6] and aeroplanes using both acoustic
and non-acoustic actuators [7, 8]. In the nautical field, sev-
eral applications have been implemented in the last few
years – one example is given in the work of Cheer and
Elliott [9] where the low frequency noise produced by a die-
sel generator has been reduced by several decibels in the

master cabin of a luxury yacht. It is possible to find a mul-
titude of different applications that exploit active control
technologies in order to reduce and modify the sound field:
for example, active control has been applied to reduce: the
noise produced by a fan [10], the narrowband noise gener-
ated by the propellers of an aircraft [11], the acoustic exci-
tation generated by a helicopter transmission [12], the noise
in a tractor cabin [13], or general environmental noise expe-
rienced when wearing headphones [14]. Active control sys-
tems have attracted a lot of interest and attention in the
automotive field as they do not require the addition of
heavy or bulky materials that would compromise the per-
formance and fuel consumption of the car [15–17]. Research
in this area has focused on two issues: control of engine-gen-
erated noise [18–20], i.e. a tonal disturbance, and control of
tyre rolling noise, i.e. a broadband disturbance [21–23].

This paper focuses on the design and numerical simula-
tion of a multi-channel, multi-tonal adaptive control system
designed to control the sound generated by a naturally aspi-
rated engine of a 2-seat super sports car at the driver’s and
passenger’s ears. So far, noise attenuation activities in the*Corresponding author: cesarelupo.ferrari@polimi.it
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automotive industry have focused on small cars [18, 20, 24],
SUVs [19] and other premium luxury vehicles [25]; however,
this work is one of the first attempts published in the open
literature to reduce the noise produced by the engine of a
super sports car. This presents a particular challenge due
to the high dynamic nature of the super sports car, partic-
ularly compared to the small cars, SUVs and luxury vehi-
cles that have been the application focus for the majority
of previous applications of engine ANC systems. This paper
therefore presents a new case study that addresses the chal-
lenge of controlling engine orders with variable-frequencies
with acceleration rates ranging between, over 80 Hz/s and
8 Hz/s. Moreover, the acoustic field to be controlled is char-
acterised by engine orders with amplitudes over 90 dB,
which puts significant requirements on the loudspeaker
used for control. To overcome these two challenges, which
are quite specific to the super sports car application, this
paper uses both convergence gain and leakage scheduling.
To this end, the stability and performance of the controller
are not only investigated under one simple manoeuvre, but
under several manoeuvres carried out in different gears and
under different rates of acceleration. The investigated
manoeuvres have been identified to provide a selection of
conditions that represent a complete range of driving sce-
narios under which the controller may be required to
operate.

The paper is structured as follows: in Section 2 the sys-
tem configuration is described. In Section 3 the set of vehi-
cle manoeuvres is analysed. Section 4 describes the
feedforward active noise control algorithm, and Section 5
presents simulation results highlighting its performance
and stability. Lastly, Section 6 closes with conclusions.

2 Control system configuration

This section will initially describe the configuration of
the active sound control system inside the cabin of a 2-seat
super sports car. As previously mentioned in Section 1, the
control system uses 4 error microphones, with two posi-
tioned at each of the headrests, as shown in Figures 1 and
2. The actuation system, which is shown in Figure 1, is com-
posed of 4 loudspeakers, including 2 woofers (8 inches)
housed in the doors in the area between the floor and the
dashboard, and 2 tweeters (2 inches) positioned on the side
of the dashboard, close to the A-pillars. The reference signal
is a non-acoustic signal provided by the CAN bus (Con-
troller Area Network), which provides the control algorithm
with a digital signal corresponding to the engine speed. As a
result there is no acoustic feedback to the reference signal to
consider in the design of the controller [2, 3]. The block dia-
gram of the control system is shown in Figure 2, indicating
the five inputs to the controller – including the four head-
rest microphone error signals and the engine speed signal
provided by the CAN bus – and the four outputs from
the controller that drive the loudspeakers in order to control
the sound field within the car cabin.

As noted above, two different types of loudspeakers
have been used to implement control, including both

door-mounted woofers and dash-mounted tweeters. There-
fore, it is interesting to study the frequency responses of
the different control sources and Figure 3 shows the plant
responses between an error microphone and the two differ-
ent types of loudspeakers. From these results it can be
observed that over the presented frequency range the
response of the woofer is quite flat, with some cabin modes
observable at frequencies below around 300 Hz, but at
higher frequencies the modal density and damping both
increase and this leads to a relatively flat response. On
the contrary, the response corresponding to the tweeter
shows that it is less capable at lower frequencies, as
expected, where ANC systems are more effective. Below

Figure 1. Actual scheme and positioning of the control system
(microphones and loudspeakers) in the car cabin.

Figure 2. Block diagram of the ANC system highlighting the
direction of the data flow in the control system.

Figure 3. Plant responses between one woofer (solid line) and
one tweeter (dashed line) and one of the error microphones at
the headrest.
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100 Hz, the response is lower than the noise floor of the
measurement setup, but as frequency increases the output
from the tweeter begins to increase until it reaches full
strength at around 700 Hz. It is still less sensitive at the
upper limits of the presented frequency range than the woo-
fer, however, two tweeters are still included in the system
since they improve the control performance in terms of
the measured loudness.

3 Vehicle manoeuvres

Previously published research on engine order cancella-
tion has typically focused on a limited range of vehicle
manoeuvres, often simply demonstrating performance on
a single Wide-Open Throttle (WOT) condition in a single
gear. To provide broader insight, this paper investigates
the performance of the active control system for a larger
set of manoeuvres, which is particularly relevant owing to
the dynamic nature of the super sports car being investi-
gated. The considered manoeuvres not only include the
WOT manoeuvre in both high and low gears, but also a
Partial-Open Throttle (POT) manoeuvre, and a constant
speed manoeuvre.

The WOT condition is a ramp up at full throttle – 100%
throttle opening – in a constant gear from the minimum
rpm to the maximum allowed by the gear. The POT is also
a ramp up from minimum to maximum rpm in a single gear,
but the throttle is only open about 50%. Clearly, the POT
manoeuvre will be slower compared to the WOT manoeu-
vre, but it will be more difficult to repeat and replicate.
Lastly, the constant speed manoeuvre consists of maintain-
ing the same speed, and therefore, the same engine rotation,
for a period of time. Through this set of manoeuvres it is
possible to reliably characterise the vehicle, covering both
steady manoeuvres and dynamic ones, with both fast and
slow accelerations which are typical of super sports cars.
Although a deceleration condition may be included to fully
characterise the vehicle driving conditions, the engine
orders are no longer dominant under such conditions and,
therefore, the engine order cancellation is not applicable
under this condition.

Figure 4 shows the change in engine speed over time for
the five different manoeuvres. In each case the duration of
the manoeuvre is normalised to the duration of the WOT
in the main gear, which is equal to 10.5 s. From this plot
the different rates of engine speed increase for the analysed
manoeuvres can be seen. The main gear WOT is charac-
terised by a linear growth in the rotational speed of the
engine that presents a good trade-off between representing
the behaviour of the car and testing the performance of the
control algorithm. However, in order to test the perfor-
mance limits of the control algorithm, a faster ramp up
has also been provided by the low-gear WOT, while slower
run ups have been provided by the POT in the main gear,
and by the WOT in a high gear.

Having described the different vehicle manoeuvres, the
associated noise control problem will now be demonstrated
initially via analysis of the WOT manoeuvre in the main

gear. Figure 5 shows the spectrogram of the sound pressure
level at one of the headrest microphones recorded during
the WOT manoeuvre in the main gear – other microphones
sense analogous sound fields. On the x-axis, as previously
explained, the time has been normalised according to the
duration of the main-gear WOT manoeuvre, so in this case
it spans exactly from 0 to 1. The y-axis represents the fre-
quency, and the colour of the spectrogram provides the
amplitude of the sound pressure level, which is plotted with
respect to an arbitrary reference level. Figure 5 shows that
the spectrum is characterised by a considerable number of
tonal components throughout the manoeuvre. These tonal
components correspond to engine orders, and it can be seen
that not only are the integer multiples of the principal
engine rotational speed, but also the non-integer orders,
albeit with a lower amplitude.

In the right plots of Figure 6, the spectrograms referring
to the WOT performed in the low and high gear are shown
respectively. From the graphs, it can be seen that the exci-
tation during the two tests is comparable, i.e., it is mainly
marked by the engine orders especially towards the end of
the ramp-up. The biggest difference, as already noted, is
the duration: the high-gear manoeuvre lasts almost three

Figure 4. Comparison of the engine speed time histories of the
analysed manoeuvres.

Figure 5. Normalised spectrogram of the sound pressure level
measured at one of the headrest microphones during the WOT
manoeuvre in the main gear.
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times as long as that in low gear. The algorithm will there-
fore have significantly different control adaptation times.
The top left plot of Figure 6 shows the spectrogram mea-
sured during a POT manoeuvre. This manoeuvre is also
characterised by tonal components due to the engine orders,
although with a lower amplitude as the engine load is lower
– the throttle valve is only open to 50%. It can be seen that
the frequency trend of the orders does not increase linearly
over time as is the case with the WOTmanoeuvres. Finally,
the spectrogram obtained during a constant speed manoeu-
vre is shown in the bottom left plot of Figure 6. The latter is
also characterised by the engine orders that are constant in
time, but of significantly less amplitude than the other
manoeuvres.

This analysis demonstrates the specific challenge associ-
ated with controlling the noise generated by the naturally-
aspirated super sports car, which clearly requires multiple
engine orders to be tracked and controlled. It is also clear
that the sound measured at the headrest is dominated by
the engine orders during the presented manoeuvres and this
motivates the particular choice of control algorithm
described in the following section. In this work, it has been
chosen to control four orders characterised by the highest
noise emission due to the engine architecture and the num-
ber of cylinders. In this work, the 1.5th, 2.5th, 4th and 5th
orders have been selected.

4 Control algorithm

In order to address the engine noise control challenge as
described by the results presented in Figure 6, it is necessary
to develop a controller that is able to control multiple
engine orders. Since the noise corresponding to the engine
orders can be directly predicted from the engine speed,

and an engine speed reference signal is available, it is possi-
ble to use a feedforward controller. As explained in [3], the
Fx-LMS algorithm, i.e., filtered reference least mean
squares, is the most widely used algorithm for problems of
this type. The first appearance of this algorithm was in
the 1980s [26], and since then numerous variations have
been made to improve and customise its performance to suit
specific problems. Some examples of the most used varia-
tions can be found in [27, 28]. As quoted in the introduction,
those algorithms have been employed in several fields in a
variety of applications [3, 4, 16].

Figure 7 shows the block diagram proposed by Kuo and
Morgan [2] that can be used to control a single frequency
using a tachometer-based reference signal. The vector of
error signals, that the controller aims to minimise, is repre-
sented by e in the block diagram; d denotes the vector of
disturbance signals, i.e., the engine sound to be reduced plus
additional noise in the surroundings, such as road noise; u
represents the vector of control signals generated by the
control algorithm; x denotes the input reference signal,
i.e., the engine speed signal provided by the CAN bus data.
The matrix of filtered reference signals is denoted by R, G
is the matrix of the actual plant responses between the con-
trol sources and the error sensors, while Ĝ represents a
model of these plant responses. The control filters are
denoted by W. In this case, the plant response model, Ĝ,
uses 256-coefficient FIR filters to approximate the transfer
functions between the control loudspeakers and the error
microphones. This length has been set to provide a trade-
off between an accurate approximation of the responses
and a low computational load. To model the plant
responses of the controller, it is possible to use a two-coeffi-
cient filter that is updated to track the input frequency.
However, it is more straightforward to use a fixed broad-
band filter and therefore a constant 256-coefficient filter
has been chosen.

The single frequency Fx-LMS algorithm has been
extended here to realise control of multiple engine orders.
This is achieved by creating a set of four parallel algorithms
that start from the same input – the engine speed – with
each control algorithm tuned to minimise the contribution
from one of the four selected engine orders. In other words,
each algorithm works independently of the others. The fre-
quency of the engine order to be controlled is first estimated
from the tachometer-based reference signal and then the
individual algorithm adapts the control filter coefficients

Figure 6. Normalised spectrogram of the sound pressure level
measured at one of the headrest microphones during the POT
manoeuvre in the main gear.

Figure 7. Block diagram of the single-frequency Fx-LMS
algorithm.
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to reduce minimise the error signal associated with the
engine order under consideration using the LMS approach.
The control filter in each case uses 2 coefficients per chan-
nel, so there is a total of 16 coefficients per engine order.
Finally, the control signals generated by each of the parallel
adaptive algorithms are summed to generate the 4 signals
to drive the loudspeakers.

Since the multi-tonal controller is realised via a set of
parallel single-frequency controllers, the single frequency
controller will be described in more detail as follows. The
control filter weights for the single-frequency multichannel
controller are adapted according to the update equation

w nþ 1ð Þ ¼ w nð Þ � a nð ÞRTe nð Þ; ð1Þ
where w is the vector of control filter coefficients and a is
the convergence step size. To improve the convergence
and to limit both the power and frequency range over
which the system operates to avoid divergence and dam-
age to the loudspeakers, the Fx-LMS algorithm has been
modified here in comparison to the standard
implementation.

Firstly, to improve the convergence behaviour as the
engine speed is varied, a-scheduling, as described in [9], is
used to modify the convergence coefficient, a, according to
the expression:

a xcð Þ ¼ c
2

kmax xcð Þ ; ð2Þ

where kmax (xc) is the maximum eigenvalue of GH G,
where G is the plant responses matrix at the controlled
frequency xc, and c is a scaling parameter, which is typi-
cally a positive constant adjusted manually by the system
designer to offer a trade-off between system stability and
convergence speed – it is set here to 1 � 10�3. Figure 8
shows how the value of a varies as a function of frequency.
From these results it can be seen that the value of a varies
quite significantly over the presented frequency range due
to the characteristics of the plant responses and this offers
a significant improvement in the speed of adaptation over
frequency.

Secondly, b-scheduling is used to limit the control effort
dynamically and thus prevent the algorithm from diverging
or damaging the actuators [18]. The b-scheduling process
has two limiting effects: the first confines the maximum
electrical power, to avoid over-driving the loudspeakers,
and the second circumscribes the minimum frequency, thus
avoiding driving the loudspeakers with high level signals
below their operating frequency limit. The two components
are described as follows:

� The power limit is set so as to avoid over-driving the
loudspeakers and must therefore be set according to
the actuator properties. The limit is imposed by
scheduling b as follows:

bP nð Þ ¼ 1

PL �wðnÞTwðnÞ �
1
PL

�
�
�
�
�

�
�
�
�
�
; ð3Þ

where PL is the power limit imposed based on the loud-
speaker manufacturer’s specification, and w is the vector
of control filter weights.

� The frequency limit is intended to avoid over-driving
the loudspeakers below their low frequency operating
limit. The limit is imposed by scheduling b as follows:

bf nð Þ ¼ fL � f nð Þ
fL

; ð4Þ

where fL is the low frequency threshold and f(n) is the cur-
rent control frequency at time instant n. From the fre-
quency response plots in Figure 3 it can be seen that
this value will be low for the woofers but will be signifi-
cantly higher for the tweeters.

The outputs from these two b-scheduling routines are
then combined as b(n) = bP(n) + bf(n) in order to obtain
a single value that is then used to limit the control action
via leakage. Thus, the new weight update equation becomes

w nþ 1ð Þ ¼ 1� a nð ÞK nð Þð Þw nð Þ � a nð ÞRTe nð Þ; ð5Þ
where K(n) is the matrix containing the vector of control
effort weightings, b, on the main diagonal.

For reference, Figure 9 shows the value of b correspond-
ing to the fifth order as the frequency of the order varies
between 55 and 670 Hz. Only two of the four coefficients
are shown: one, in blue, referring to a woofer and the other,
in red, referring to a tweeter. The greatest differences are
observed at low frequencies where bf corresponding to the
tweeter is significantly larger than that for the woofer. At
high frequencies, no particular differences are noticeable
between the woofer and the tweeter, but the b values at
these higher frequencies impose a limit on the power
requirements.

5 Control performance

This section presents the simulation results when apply-
ing the developed controller to the data recorded during the
manoeuvres described in Section 2. The data used to

Figure 8. Trend of the a coefficient as a function of the
frequency.
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conduct the simulations consists of the time histories of the
signals measured at the headrest microphones and of the
CAN bus data stream. In addition, measurements of plant
responses have been made while the vehicle is stationary by
feeding white noise to the loudspeakers and acquiring the
signals at the headrest error microphones; examples of these
plant responses for one woofer and one tweeter have been
presented in Figure 3. Both the measurement of the acous-
tic sound field, i.e., the dynamic manoeuvre set, and the
measurement of the plant responses were performed with
both occupants seated inside the vehicle, such that the
results represent a realistic vehicle operating condition.

The first part of this section presents a detailed analysis
of the control system performance for the reference manoeu-
vre, i.e., the WOT in the main gear. Subsequently, the per-
formance for the other manoeuvres is summarised in order
to observe and compare the performance of the control sys-
tem under different conditions.

In the first instance, before exploring the control perfor-
mance, it is insightful to observe the spectrograms of the
control effort required for control of the WOT main-gear
driving condition for the woofer and tweeter with and with-
out the b-scheduling routine described in the previous sec-
tion; these results are shown in Figure 10. The difference
between the control effort required by the woofers and
tweeters without b-scheduling is evident: the woofer has a
very strong low frequency output, while the tweeter oper-
ates predominantly at frequencies above 150 Hz. This can
be linked back to the characteristic responses of the two
loudspeakers as shown in Section 2. In the right-hand plots
in Figure 10, the effect of the b-scheduling can be observed.
In this case it can be seen that the low frequency control
effort is limited by the algorithm – the low frequency limit
of the woofer has been set to 50 Hz, and the limit for the
tweeter has been set to 200 Hz. In addition, it is possible
to notice that the b routine slightly limits the maximum
control effort – with the levels corresponding to the engine
orders being reduced as a result of the b-scheduling. The
maximum power limit is set according to the specifications
of the loudspeakers.

Having observed the effects of b-scheduling on the con-
trol effort, the performance with this scheduling in place

can now be analysed. The control performance can be char-
acterised by the attenuation in the error signals measured
at the headrest microphones with and without control.
Although it is often less biased to also observe the perfor-
mance at monitoring microphones, which are not included
in the control loop, the effect of averaging the performance
across the error sensors is somewhat similar, particularly
when including leakage in the controller, and avoids unreal-
istically high levels of control performance being predicted.
Figure 11 shows the attenuation spectrogram averaged over
the four error microphones at the headrests during the
WOT manoeuvre in the main gear. The colour scale shows
the level of noise mitigation in decibels, with green areas
corresponding to 0 dB, or no change in the pressure level,
positive values corresponding to attenuation and negative
values corresponding to enhancement. It can be seen that
the controller simultaneously controls the 4 targeted engine
orders at the 4 error microphone positions, corresponding to
the driver’s and passenger’s ears. From these results it can
be seen that the controller does not attenuate the 4 engine
orders uniformly over time, i.e., as the frequency varies.
This is due to the spectral characteristics of both the plant
responses and disturbance signals and, in general, the con-
troller does not achieve significant control when the distur-
bance level without control is low. This can be related to
the controller prioritising control of higher level
components.

A couple more observations can be made based on these
results. Firstly, the lowest controlled engine order is only
attenuated at the end of the manoeuvre, which is because
its frequency is below the operating range of the woofer
units for the first part of the manoeuvre. On the contrary,
with regard to the highest controlled engine order, signifi-
cant control is achieved during the first part of the engine

Figure 9. Variation in the b coefficients for one woofer and one
tweeter as a function of the fifth engine order frequency.

Figure 10. Control effort corresponding to the woofer and
tweeter during the WOT in the main gear. The left-hand plots
show the standard Fx-LMS algorithm; the right-hand plots show
the control action modified by the b scheduling block.
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run-up, where the frequency of the engine order is low, but
towards the end of the run-up the order corresponds to a
frequency that is beyond the operating limits of the control
system. To control to a higher frequency would require
either more loudspeakers, or a local ANC system that
may include head tracking in order to cope with head move-
ments in practice. Although head movements have not been
considered in the presented investigation, their influence on
the control performance of ANC systems has been previ-
ously investigated [29] and shown to limit the high fre-
quency performance in practice. However, it has also been
previously shown that the zone of quiet created by an
ANC system is increased in size through the use of multiple
control sources and error sensors [30], as utilised here, and
therefore it is expected that presented system will be rela-
tively robust to head position over the presented frequency
range.

Still focusing on the main-gear WOT manoeuvre, the
loudness has been calculated [31] in order to provide an
indication of the perceived subjective performance of the
active control system. Loudness has been calculated accord-
ing to ISO 532-1 [32] and is, therefore, reported in Sones/
Bark. The Bark scale uses a logarithmic division of the fre-
quency spectrum that reflects the frequency selectivity of
the human ear. It spans from 1 to 24 barks, which corre-
spond to bands with central frequencies equal to 50 Hz
and 13.5 kHz, respectively [33]. Figure 12 shows the loud-
ness before and after activating the control system and,
from these results, it can be seen that although the loudness
differs between the 4 error microphone locations, the con-
troller provides a loudness reduction of around 5% at all
locations, with peak reductions exceeding 7%. It can also
be seen that, as expected, the control system only acts at
low frequencies, where the 4 targeted engine orders occur,
leaving the higher frequency response unaffected.

To assess the performance and stability of the controller
in various situations, we now focus on summarising the
results obtained for the four other vehicle manoeuvres
described in Section 2. Figure 13 shows the attenuation
spectrograms averaged over the four error microphone loca-
tions during the set of different manoeuvres used to validate

the algorithm. It can be seen that the duration of each
manoeuvre is different: starting from top right plot of
Figure 13 that shows the shortest WOT performed in the
low gear – therefore with higher acceleration and faster fre-
quency variation – which lasts about half of the manoeuvre
in the main gear; to bottom right plot of Figure 13 repre-
senting the high-gear WOT which takes about 50% longer.
While the POT manoeuvre performed in the main gear,
reported in top left plot of Figure 13, has a duration slightly
longer than the WOT since the throttle valve is less open

Figure 11. Spectrogram of the attenuation averaged over the 4
error microphones during the WOT in the main gear.

Figure 12. Specific loudness trend calculated according to ISO
532-1 for signals at the 4 error microphone locations. The top
right box in each plots indicates the overall loudness values
calculated in the two conditions – red solid line ANC off, blue
dashed line ANC on.

Figure 13. Spectrogram of the attenuation averaged over the 4
error microphones during the POT in the main gear.
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and so the car takes longer to reach the maximum engine
speed. For the cruising manoeuvre, shown in the bottom
left plot of Figure 13, an arbitrary time has been taken
equal to the duration of the WOT in the main gear. In all
four graphs, it can be seen that the algorithm is able to
reduce the noise emission related to the engine orders. Also
in these cases, the attenuation is not constant over the
duration of the manoeuvre, except perhaps for the constant
speed condition; this is due to the characteristics of the
plant responses as discussed previously. For example, it
can be seen that for the three dynamic manoeuvres there
is an enhancement in the sound field towards the beginning
of the manoeuvre, and this is more pronounced in the
slower runs. This can be related to the plant responses
and to the variation in the spectral characteristic of the
engine emission, but the enhancement effect could be
reduced by modifying the b-scheduling parameters. It can
also be seen that the attenuation is lower as the frequency
of the engine orders increases, which can be related to the
reduced acoustic wavelength and the need for either a larger
number of control sources or a local control strategy, as
mentioned previously.

Finally, Figure 14 presents a comparison of the loudness
during the 4 different manoeuvres before and after the con-
trol activation. In different ways, the controller is able to
reduce the loudness in the analysed manoeuvres while keep-
ing the algorithm parameters constant. The reduction is
concentrated only at low frequencies, where the engine
orders are located, whilst higher frequencies remain unal-
tered. The control system is able to reduce the overall
acoustic loudness by an average of about 5%, with peaks
of more than 7% under all manoeuvres, thus demonstrating
the effectiveness of the controller for the different driving

manoeuvres. It can also be noted that the effect of the con-
troller in terms of the loudness measure is less significant for
the constant speed condition and this can be related back to
the results presented in the bottom left plot of Figure 6,
where it can be seen that the engine orders are lower in
amplitude during constant speed conditions than during
the dynamic manoeuvres. From the loudness values in the
off control condition, shown in the top right-hand corner
of the graphs in Figure 14, it can be seen that the starting
level during the constant speed manoeuvre is considerably
lower compared to the other manoeuvres.

6 Conclusions

This article has investigated the performance and stabil-
ity of an active noise control system implemented within a
two-seat super sports car equipped with a naturally aspi-
rated engine. The purpose of the system is to control the
sound generated by the engine in the vehicle cabin, by con-
trolling 4 of the main orders at the driver’s and passenger’s
ears, through the use of 4 loudspeakers housed inside the
cabin.

Before proceeding with the simulated implementation of
the controller, the sound during different manoeuvres has
been analysed to enable an appropriate design of the control
strategy. Four different dynamic manoeuvres with different
accelerations, and one static manoeuvre, with constant
speed, have been analysed. In all cases, the spectrum is
mainly marked by the engine orders, i.e., harmonics with
varying frequencies as a function of engine speed. The main
contributions from the excitation produced by the engine
are found at low frequencies up to around 1000 Hz, which
is well suited to an active control solution. Therefore, an
active engine noise control system has been proposed and
investigated. It has been demonstrated that the controller
is able to effectively attenuate 4 engine orders simultane-
ously during the set of analysed manoeuvres. All the simu-
lations have been carried out with constant algorithm
parameters in order to simulate a real situation and thus
understand the performance and stability of the algorithm.
The outputs of the simulations show effective control both
in terms of reduction of the sound pressure level of the indi-
vidual examined orders, and in terms of loudness, calculated
according to the ISO 532-1 standard, which shows an over-
all average reduction in all manoeuvres of 5%, with peaks in
some manoeuvres of over 7%.
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Figure 14. Specific loudness trend calculated according to the
ISO 532-1 during the analysed manoeuvres, averaged over the 4
error microphone locations. The bottom left box indicates the
overall loudness values calculated in the two conditions – solid
red line ANC off, dashed blue line ANC on.
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