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Abstract—Recent noise at work regulations in the EU (2003)
have been established to prevent noise induced hearing loss
(NIHL). This imposes better performance results to traditional
feedback active noise control (ANC) in motorcycle helmets, which
suffer from well known limitations. Here two new ideas are
applied to this problem. First, an hybrid (feedforward/feedback)
linear time invariant (LTI) controller is designed for a motorcycle
helmet ANC, which improves the resulting attenuation. This is
achieved by adding an extra pair of microphones which measure
the external noise that is then used as the feedforward input signal.
In addition and to increase even more the resulting performance,
the air velocity is measured in real-time and used as the parameter
which schedules a linear parameter varying (LPV) feedback (FB)
controller. This is combined with the previous feedforward (FF)
controller, resulting in a time-varying hybrid controller. Both
hybrid, LTI and LPV controllers are designed using linear matrix
inequality (LMI)-based optimization. Two experiments have been
carried out to measure the relation between external noise spectra
and velocity: a wind tunnel test and a freeway ride experience.
The resulting controllers are tested in a simulation which uses
actual data obtained from the freeway experiment. The resulting
attenuations in this motivating study seem promising for future
controller tests to be performed in real-time, with the adequate
hardware.

Index Terms—Active noise control (ANC), linear parameter
varying (LPV) control, motorcycle helmets, robust control.

I. INTRODUCTION

A CTIVE noise cancellation (ANC) in motorcycle helmets
has received special attention in the last few years due

to the recent European legislation of noise in work environ-
ments [1]. This legislation, establishes a maximum level of noise
that workers can suffer during a regular working day [ 87
dB (A)] in order to prevent noise induced hearing loss (NIHL).
The problem is that these laws are very difficult to fulfill with
existing technology. In particular, occupational motorcyclists
such as policemen, delivery employees, sportsmen, are in risk
of NIHL. Several medical studies [2]–[5] point out that, with
the inner helmet noise levels and the typical driving patterns,
the percentage of exposed population that will suffer a hearing
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loss of 30 dB or more ranges from 40 for professional racers,
36% for paramedics and 6% for driving instructors.

Nowadays, there are many noise reduction techniques, for
example, the use of earplugs can be very practical but it does
not provide a good attenuation for low frequency noise and also
complicates the use of radio communication equipment. The use
of a proprietary neck seals has been demonstrated to reduce up
to 4 dB at 120 Km/h but it is very difficult to fit in many situa-
tions and the wind can pull it out of the helmet. In 1997 [6] the
use of noise cancelling earphones in full coverage style helmets
was patented and proved that the use of ANC techniques does
not present any of these disadvantages. Nevertheless, the tradi-
tional ANC used in helmets is based only on feedback, whose
limitations have been extensively studied [7]–[9] and produces
low performance in general.

ANC is a well documented area of research [10], [11] that
presents many particularities, depending on the application.
There are many works on ANC in rooms, headphones or tubes
as documented in [8], [12], and [13] but very few works on
active noise control in helmets. In [14], an adaptive feedback
in helmets and headsets used by the Finish Air Force pilots is
presented and some interesting aspects on the implementation
are treated. In [15]–[17] a feedback ANC system for earphone
applications is introduced and in [18] the ideal position of the
error microphone was studied and determined experimentally.
On the other hand, there are a few more works concerned on
the health consequences (NIHL) of the noise in occupational
motorcyclists [3], [5].

All the works on ANC in helmets are based on a feedback
scheme which suffers well known limitations and have in gen-
eral low performance. Feedforward (FF) controllers instead are
not subject to the typical performance limitations of the feed-
back loop, but need to guarantee stability and robustness. The
two novelties of our approach are: the use of a feedforward con-
troller and the real-time measurement of the air velocity, in order
to increase the controller performance. This leads to the design
of a two-degree-of-freedom (2DOF) hybrid1 control structure,
with both a feedback and a feedforward signal (see also [19]).
The feedback signal is the actual noise in the ear of the mo-
torcyclist sensed by a coupled set of microphones. The feedfor-
ward variable is the noise in a different part of the helmet, where
the dominant external noise source appears. Both actuate over
the driver ears by means of a set of matched speakers. The LTI
FF control is designed based on an LMI-based recent method-
ology in [20]. Another option could be the use of an adaptive

1Here the terminology hybrid refers to the FB/FF combination of controllers.
It should not be confused with similar terminology used in the control area
jargon which describes the combination of discrete and continuous time
systems.
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identification/cancellation scheme, which has been extensively
used in other applications of ANC. One of the main problems is
its stability [21], due to the fact that although it is open loop,
it has a nonlinear closed loop structure. Here, a comparison
between several adaptive procedures (RLS, LMS, normalized
LMS, sign-sign LMS, sign-error LMS) and LTI FF algorithms
has been performed, but a thorough comparison between both
methodologies will be the object of future research.

The feedback (FB) controller has been designed based on two
different approaches: an LTI and an LPV model of the helmet,
the latter scheduled by the air velocity. In the first case, a tradi-
tional optimal controller is designed which guarantees sta-
bility and robustness against helmet, sensor and actuator model
uncertainties [22]–[24]. In the second case, if the external noise
spectrum variation with velocity is exploited, a linear parameter
varying (LPV) optimal controller can be applied which sched-
ules an optimized performance design weight, and therefore im-
proves the attenuation with respect to the LTI case.

Here, to compute the relation between the helmet inner noise
and the motorcycle-air relative velocity, two experiments have
been performed. The first one in a wind tunnel considering the
velocity/noise relation as a parameter varying model. The other
experiment was performed in the actual freeway with the helmet
mounted on a car’s roof. The resulting experimental database
from this last experiment has been used as the actual feedfor-
ward signal to test both controllers.

This paper is organized as follows. Section II presents the
problem formulation and the FB/FF framework for controller
design. Section III presents both experiments performed to ob-
tain the time variation of the noise spectrum with the motor-
cycle-air relative velocity: in the wind tunnel and in the freeway.
Section IV present the hybrid controller designs for the time in-
variant and the time varying cases as well as the results. Final
conclusions and comments on future work to be done end this
paper in Section V.

II. PROBLEM FORMULATION

It is clear that, when possible, FF control may significantly
improve performance in active noise cancellation [13], [19]. In
addition, air velocity seems to be a key variable in ANC for mo-
torcycle helmets. The proposed hybrid ANC strategy measures
the actual noise in the ear with a pair of omnidirectional matched
microphones, the external noise entering the helmet with an-
other pair of reference microphones, and the relative motor-
cycle-air velocity with an anemometer or pitot tube. Some basic
characteristics of the system need to be determined to asses the
objective.

• Dominant Noise Source: To establish the correct location
of the reference microphones, the dominant noise source
in the helmet has to be established. Several works [5], [25]
state that above 60 km/h the aerodynamic noise caused
by the airflow around the helmet and the driver exceeds
the noise generated by the motorcycle itself. So, it will be
important to study how this aeroacoustic noise is generated
in order to know where to measure it.

• Control Structure: According to the literature and the
available variables, the best control structure and the best

control design have to be chosen. This step is essential
in order to obtain the best performance while robust
stability is guaranteed. It is well known that different
control structures imply different limitations on the per-
formance/robustness that can be achieved [9], [13], [26].
In addition, time invariant and/or time varying solutions
should be considered.

• Required Attenuation: There are several works that deter-
mine which is the range of noise levels that motorcyclists
suffer [4], [5], these being between 75 and 107 dB(A). As
the European legislation of noise in work [1] establishes a
maximum level of 87 dB(A), a 20 dB attenuation is there-
fore needed.

• Bandwidth (BW): The frequencies that generate the
highest levels of noise have to be determined in order to
be attenuated. The range of human hearing falls roughly
within the range of sound waves with frequencies between
20 Hz and 20 kHz, but in addition the useful BW should
be reduced to a much smaller set of frequencies where the
most disturbing effects on the ear are produced. Moreover,
this tuning of the effective BW should be made at different
velocities if a high attenuation is required, i.e., a velocity
(and time) dependent design.

A. Dominant Noise Source

There are several studies concerned with the definition of
the noise sources in motorcycle helmets [3], [5], [25]. The en-
gine noise is an important noise source for low velocities
60 km/h , but as the velocity increases, the aerodynamic noise
around the driver clearly becomes the dominant noise source.

When the aeroacoustics of the helmet is analyzed the mecha-
nisms that generate aerodynamic noise [see Fig. 1(b)] are found
to be the following: 1) aspiration (“leak”) noise in the visor;
2) protuberance noise in the base of the helmet and the driver’s
neck and shoulders; 3) cavity flow noise between the neck and
cheeks of the driver, and the helmet; 4) flow separation and
reattachment noise; and 5) wake noise. All works in the liter-
ature agree that the first and the second noise sources become
dominant when the velocity of the motorcycle is higher than
60–70 km/h. Several passive solutions have been proposed in
order to reduce it, which have achieved attenuations between
-5 and -8 dB. In [3] and [25] there are unequivocal evidences
that this turbulence generates noise that increases logarithmi-
cally with speed and up to very high levels, e.g., 110 dB(A) at
158 km/h. These levels seem relatively constant regardless of
the choice of helmet, motorcycle, or seating position.

None of these works show any information about the spec-
trum of this noise for a certain velocity and which are the most
disturbing frequencies. Here instead, this information will be
the basic source data and also an essential tool for the design of
the robust controllers. This data will be the clue to define which
is the BW we need to attenuate in order to asses the aim of this
work. To determine the spectrum of this noise for each velocity
two experiments were performed: 1) in a wind tunnel and 2)
on a car driving along the freeway. These will be described in
Sections III-A and III-B, respectively.
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Fig. 1. (a) Helmet and mannikin used in the experiments, the mannikin has a pair of omnidirectional matched microphones in her ears (error microphones) and
another pair in the chin bars of the driver (reference microphones). (b) Scheme of the aeroacoustic noise sources for the helmet noise control problem.

B. Control Structure

In [10], [13], and [26], a comparison between three basic
control structures [FF, FB and hybrid (FB/FF)] for con-
trollers in ANC applications is performed. This analysis con-
cludes that, in general, the hybrid structure provides maximum
performance. Another important conclusion of these works is
that a strong performance limitation in the FB design is due to
the non-minimum-phase zeros [7]–[9], usually related to time
delays. Hence, another reason to include the use of FF is be-
cause this limitation is not present.

Here, the signal from the reference microphones is used in the
feedforward action, and the error signal and the air velocity are
the inputs to the feedback action. The reference microphones are
placed in the chin bars of the motorcyclist2 and the error micro-
phones near the ears. In both cases, matched pairs are selected
in order to have similar open circuit sensitivity, frequency, and
phase response characteristics. Therefore a symmetric location
of sensors and actuators is used, although here for practical rea-
sons, only one side is analyzed. The velocity sensor is placed
on the helmet so that no extra noise sources are added. A con-
venient location could be the top of the helmet.

The three parts of the control structure can be seen in Fig. 2.
• Noise Direct Path Identification: The noise that affects

the ear of the motorcyclist should be predicted and used
in the feedforward path. To this end, an identification of
the transfer function between the reference and the error
microphones should be made.

• Feedforward Controller: The noise prediction will be used
as the input to the FF controller, which is not subject to the
feedback loop limitations and has been designed consid-
ering the uncertainty on the noise prediction [20].

• Feedback Controller: The information provided by the
feedback (error) microphones will be the input to the LTI

2The location of the reference microphones should be studied in more detail
in the future as it is a key aspect to obtain better performance. The chin bar of
the driver is a good choice because it is close to the main noise source.

Fig. 2. Scheme of the hybrid control configuration and all the sensors and con-
trollers involved in the control design.

FB controller, and in addition the anemometer output will
also feed the feedback LPV controller. Both robust con-
trollers will guarantee robust stability and performance of
the closed loop [22]–[24], [27], [28]. Furthermore, the fact
that the noise spectrum changes (in magnitude and band-
width) with the relative velocity is applied as a ve-
locity varying performance weight and used in the
design of the FB LPV control. This tuning of the perfor-
mance with air speed produces a better attenuation
than if a single LTI weight is used for all veloc-
ities, as in the LTI FB design.

The way to introduce the noise cancelling signal in both, the
FB and FF controllers, is through the earphones. Hence, the
model of the earphones and its level of uncertainty have to be
taken into account in both designs. The earphones and the error
microphone have been modelled separating the electrical, me-
chanical and acoustical parts (see details in [19] and references
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Fig. 3. Control configuration with the FB and FF controllers for both, the LTI
and LPV cases.

therein). The transfer function between the voltage input of the
speaker and the voltage output of the error microphone,
has been obtained as in [16] and [19]. Here, the dynamics are as
follows: electrical impedance: ; mechanical
impedance: ; and acoustical
impedance: . The electrical part in-
cludes which is the inductance of the voice coil and the elec-
trical resistance . The mechanical one includes the speaker
moving mass and the mechanical damping and stiff-
ness . Finally, the acoustical part has the parameters that ex-
plain how the motion of the speaker is translated into air pres-
sure variations. In this part, is the microphone
dynamics and is the corner frequency, is the dis-
tance between the earphone and the microphone and is the
earphone radius. The microphone transfer function is flat from
20 Hz to 20 kHz, and can be modelled by a constant. The un-
certainty level for this model has been taken into account in the
controller designs [16], [19]. Therefore, the transfer function re-
lating the input voltage of the speaker , and the pressure
in the ear of the motorcyclist is defined as follows:

(1)

where is defined as the voice coil force factor.
According to the controller structure selected, five sensors

are needed: one pair of matched omnidirectional (error) mi-
crophones located near the ears of the driver, another pair of
(reference) microphones next to the chin bar, both for the LTI
feedback and feedforward designs, respectively. In addition an
anemometer (in the freeway experience) or a pitot tube (in the
wind tunnel) to measure relative motorcycle-air velocity for the
feedback LPV controller where also used.

The control structure chosen to solve this problem is illus-
trated by Fig. 3. There were several 2DOF structures that could
have been chosen to solve this problem and they were studied
in a previous work [19], but the control structure presented in
this article offers several advantages. Let us define as the actual

transfer function between the chin bar noise and the ear
noise as , and its nominal model as . The FF con-
troller is represented by and the FB controller as .3 The
uncertainty of the earphone model is represented by and the
uncertainty in the prediction of the noise in the ear is defined
as . Note that and (or in the LPV de-
sign) are used as performance weights and is a robustness
weight. can be interpreted as the level of uncertainty in
the prediction of the noise in the ear and it works exactly as a
performance weight that can be included in . Notice that if
no active noise control is used, the actual noise in the ear would
be .

It is clear that this control structure can also be defined in a
normalized way as follows:

(2)

where is the control input and is the actual noise in the ear of
the driver. Note that the control action is , hence if

and the uncertainty of the system is added,
the closed-loop relation between disturbance and performance
is

(3)

(4)

Here, has been computed only for the feedforward
case , and for the feedback case .
Hence, the resulting transfer function when the hybrid controller
is in place, is as follows:

(5)

Note that the feedback and the feedforward noise attenuations
(in decibels) will have an additive effect. The FF controller is
inversion-based, hence in the nominal case, i.e., no uncertainty,

. In addition, for an FB controller, the
product will be large in the BW where the perfor-
mance is needed. This produces the desired result on both terms

and , for the hybrid controller in the nominal
case.

III. IDENTIFICATION OF THE LPV NOISE SPECTRUM

The purpose of this section is to determine experimentally the
spectrum and magnitude of the noise in the helmet due to the ex-
ternal velocity induced noise. This information will be used in
the design of the FB and FF controllers to increase performance
in the BW where the noise levels are higher, based on the rela-
tion between spectrum and relative air velocity. There are pre-
vious works related to this issue [3], [14], [25], where the max-

3���� in the LTI case and ������� in the LPV design.
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Fig. 4. (a) Experimental setup for the wind tunnel experiment. (b) Noise spectra for different values of the air velocity in the wind tunnel experiment.

Fig. 5. Experimental setup for the freeway experience. The mannikin and the helmet with the microphones and the anemometer were located in the car’s roof.

imum level of noise for a certain velocity and for a given helmet
can be found, but no one determines the frequency spectrum.

Here, the motorcycle is assumed to have a low windscreen
or no windscreen at all, so that the turbulence is directed to-
wards the base of the helmet and the driver’s neck and shoul-
ders. Higher windscreens direct the turbulent flow towards the
face and, depending upon screen height, hit the visor or the
helmet shell immediately above the visor. These alternatives
would show different noise patterns and could be studied in a
future work.

A. Wind Tunnel Experiment

The helmet model chosen for the experiments can be seen in
Fig. 1(a). It has been placed on a mannikin because the dom-
inant noise source in the motorcycle helmet is in the base of
the helmet, between the chin bar and the neck of the driver [14],
[25]. A pair of omnidirectional matched microphones have been
placed in the mannikin’s ears. The transfer function of these mi-
crophones is known and flat in the range Hz.

The mannikin and helmet were placed inside a wind tunnel
(as in [25]). The test chamber for the wind tunnel computes air
flow velocity by means of a pitot tube [see Fig. 4(a)] that mea-
sures the difference between the atmospheric and air pressures.
The wind tunnel [see Fig. 4(a)] used in the experiments is lo-
cated in the Fluid Mechanics Department in ETSEIB (UPC). It
is a metallic subsonic tunnel with a closed circuit, low turbu-
lence level and low velocity. The air flow is generated by a ven-
tilator with guideline propellers, powered by an oleohydraulic

pump-engine. With this setup, the sound spectrum in the ear of
the motorcyclist was computed for several values of velocity in
the rank allowed by the wind tunnel. These results can be seen
in Fig. 4(b).

B. Freeway Experiment

The mannikin (with the microphones), the helmet and the
anemometer with its corresponding transmitter were placed on
a car’s roof (see Fig. 5). This was done carefully, in order not to
generate extra sources of turbulent flow. The anemometer was
fixed in a convenient place so that the actual air velocity whose
main component is the car velocity, could be determined. For a
future industrial design, the location of the anemometer should
be studied in order to determine a good measure of the noise
BW that is affecting the motorcycle driver. Initially, the top of
the helmet shell seems a good choice. The velocity sensor is a
16 mm diameter vane measurement probe, with temperature and
velocity ranges of C and m/s km/h , re-
spectively. The car battery was used to power the anemometer
and all the data was collected with a portable oscilloscope. The
experiment was performed at velocities ranging from 20 to 120
km/h in a freeway. The data obtained from the experiment can
be seen in Figs. 6 and 7.

C. Discussion

In both experiments, the fact that the noise in the ear increases
with the velocity is clear. The noise pressure levels from the first
experiment were not useful due to the high environmental noise
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Fig. 6. (a) Noise spectra for different values of the car-air velocity in the freeway experiment estimated via Thompson Multitaper and (b) detail of the most
annoying BW.

Fig. 7. Average noise as a function of car-air velocities in the freeway
experiment.

caused by the tunnel fan and the vibration of the methacrylate
chamber. In Fig. 7 the noise pressure levels for the second ex-
periment can be seen. Note that the noise in the ear of the driver
increases linearly with the of the velocity. The relation is
approximately the following .

Here is the increment of noise [in decibels(A)], is the
air velocity and is the reference air velocity. This data is fully
consistent with the works in [3] and [5] where the sound pres-
sure levels where computed for different types of helmets and a
wide range of air velocities.

It is known that the efficiency of the FB controller is limited
by the characteristics of the loop. Instead, the efficiency of the
FF controller is only limited by the knowledge of the transfer
functions between (a) the chin bar noise and the noise in the

ear and (b) the earphones (with a BW of Hz, and
its level of uncertainty. For these reasons, the bandwidth where
the attenuation is needed has to be carefully chosen in order
for both controllers to provide the best attenuation. In Fig. 6,
the most perturbing frequencies can be seen to lie in the range

Hz. This figure has been used to design the perfor-
mance weights in both, the LTI and LPV controller designs. In
the latter, the magnitude and frequency response of this weight
changes with the air velocity, which should be measured in real
time.

IV. DESIGNS AND RESULTS

A. LTI Controller Design

The robust performance feedforward problem to be solved is
the following:

(6)

where is the upper (lower) linear fractional transforma-
tion, denotes the induced norm,
and is defined as

(7)
Here we have switched with the multiplicative uncertainty
blocks in Fig. 3, due to the fact that the system is
SISO. This controller [see Fig. 8(a)] has been designed via ro-
bust (weighted) synthesis [20], [29], [30]. Using the results
in [20], the infinite dimensional problem is reduced to a finite
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Fig. 8. Control configuration scheme for the (a) feedforward and the (b) feed-
back LTI controllers.

dimensional one by restricting the frequency dependent func-
tions of the uncertainty set to rational transfer functions with
fixed order and denominator, i.e., . Here

, and the resulting feedfor-
ward controller has order 11. Another option could be the use
of an adaptive identification/cancellation scheme, which has as
its main disadvantage the possible instability at implementa-
tion [21]. Here, a comparison between several adaptive schemes
(RLS, LMS, normalized LMS, sign-sign LMS, sign-error LMS)
and the LTI FF algorithm has been performed. A thorough com-
parison between both methodologies will be the object of future
research.

The FB controller [see Fig. 8(b)] is designed via a standard
discrete LMI approach with defined as follows:

(8)

The resulting FB controller has order 9. The weights indicated
in Fig. 3 have been selected as follows:

(9)

(10)

(11)

The two controllers have been discretized with a sampling pe-
riod that has been chosen to be 0.01 ms. This is due to the fact
that both, the feedforward [20] and LPV design methods tend
to produce fast poles. In the first case, there is no direct discrete
time design method, and in the latter case this problem can be
mitigated by means of an extra pole placement LMI (see [31]
and [32]), probably at the expense of some performance loss.
Nevertheless, from the implementation point of view, the hy-
brid LTI and LPV controllers have similar complexity. In the
latter case, only the signal should be added to the hybrid
structure to schedule the FB time varying control. The order
of the FB and the FF controller are 8th and 9th, respectively.
Therefore, the DSP has to compute 34 sums and 34 products
to obtain the voltage input to the headphones. DSPs are devel-
oped to efficiently compute the multiply-and-accumulate unit

Fig. 9. Spectrum of the air pressure levels for different configurations and dif-
ferent levels of uncertainty in the estimation of �� for a fixed velocity.

(MAC). For example the TI C64x architecture can compute 4
product/adds in one cycle, so the execution of the hybrid LPV
controller would take around 9 clock cycles. Recent DSPs have
a clock frequency of 600 MHz, so the computation time for the
hybrid controller would be 15 ns, and the acquisition time for
the most recent AD/DA Converters is around 5.5 s (resolutions
of 24 bits). Therefore, with the actual sampling time (0.01 ms),
the implementation is feasible. Experience with older versions
of DSPs applied to ANC in tubes have been performed in our
group with sampling times of 0.2 ms.

The design seeks to achieve the best level of performance in
the range where the highest levels of noise pressure are detected,
i.e., from 20 to 1500 Hz. Two simulations have been performed
using the experimental data from the freeway test, one for fixed
and the other for variable velocities.

1) Constant Velocity Robust Performance Test: The first ex-
periment consisted on evaluating the performance of the system
for different values of uncertainty in the ear noise estimation, at a
constant speed. The results are presented in Table I, Figs. 9, and
13(a). The level of uncertainty depends on the location of the
reference microphones, which have been placed in the driver’s
chin bars, according to a preliminary study of the helmet aeroa-
coustics. In Table I and Fig. 13(a), the results of the attenuation
for different values of uncertainty are presented.

The feedback attenuation is the same for all cases, because
the worst case feedback uncertainty has been taken into account
in the design, and the air velocity is fixed. Instead, the feedfor-
ward attenuation increases from 6.3 dB up to 21.5 dB when
the uncertainty of the ear noise estimation decreases from 48%
to 4%. The results for the hybrid configuration show that ac-
tual noise attenuation levels are similar for uncertainties ranging
from 0% to 36%, and for higher uncertainty levels the per-
formance slightly decreases. As a conclusion, the addition of
a FF controller to the classical feedback one improves the re-
sulting performance even for high uncertainty levels. From the
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TABLE I
NOISE ATTENUATION AT 110 KM/H (ALL IN DECIBELS)

Fig. 10. Noise attenuation versus variations on the air velocity.

frequency point of view, Fig. 9 illustrates that the FF controller
is highly effective at lower frequencies, while the attenuation
levels in Hz are mainly due to the FB controller.
Note that in the bandwidth between 250 to 1500 Hz, the FF
controller increases significantly the attenuation as uncertainty
in decreases. Nevertheless this improvement is not as sig-
nificant when combined with the FB controller.

2) Varying Velocity Test: Here, the behavior of the LTI
hybrid controller under noise spectrum changes due to velocity
variations, has been tested. Again, the noise/velocity time series
collected during the freeway experiment (from 20 to 117 km/h)
where used. This data has been rearranged in a simulated
5 min journey, to study the noise attenuation performance of
the system. In the upper plot of Fig. 10, the velocity profile is
presented.

The simulation has also tested feedforward uncertainty levels
of 4% and 25%, combined with the worst case uncertainty in
the feedback loop. The results are presented in Figs. 10 and 11.
The attenuations for both values of uncertainty are very close
and the average noise for the complete journey is decreased in
approximately 21 dB.

Fig. 11. Spectrum of the air pressure levels for different configurations and
different levels of uncertainty in the estimation of ��.

TABLE II
NOISE ATTENUATION DURING THE JOURNEY (ALL IN DECIBELS)

Fig. 12. Design of the LPV FB controller.

The results for the feedback, the feedforward, and the hybrid
configuration can be seen in Table II separately. The first column
indicates the uncertainty level in the chin bar microphones, the
second and third columns present the attenuation for the feed-
back and the feedforward configurations separately, and finally,
the forth column present the actual attenuation for the hybrid
configuration. As in the previous experiment, the worst case un-
certainty for the FB controller has been taken into account in all
the cases.

B. Time Varying Controller Design

Here, the spectrum and noise pressure changes with velocity
illustrated in Fig. 6, where used to design the FB controller. The
design seeks the maximum level of performance for a range of
frequencies tuned with the actual velocity. To this end, the per-
formance weight for the feedback design is adjusted in order
to obtain maximum performance at each velocity. Take for ex-
ample in the same figure, for low velocities 60 km/h the
most disturbing frequencies are in the 20–500 Hz frequency
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Fig. 13. (a) LTI overall attenuation for different values of uncertainty in the FF path, worst case uncertainty in the FB path. (b) Theoretical and Real Attenuation
for the Hybrid Control Configuration in the LTI and LPV cases.

band. Hence, it is possible to improve the overall performance
with a parameter varying controller scheduled by the relative
motorcycle-air velocity.

The control structure for the design of the linear parameter
varying FB controller can be seen in Fig. 3, which can be
transformed into Fig. 12. In the first figure, the performance
weight and the controller are both LPV models, the
latter designed according to [27]. Here is the air velocity
measured by the anemometer and the varying FB controller
is adapted according to this value. The LTI uncertainty in the
earphone model is , and is the LPV augmented model
of the system. According to standard results, the controller
guarantees closed-loop internal stability for all parameter tra-
jectories , and performance based on the
induced -norm of the closed-loop system

(12)

By defining and , the system in Fig. 12

(without the controller) can be represented as follows:

(13)

This corresponds to the state space representation of (8), but
with a time-varying which depends on .

One of the assumptions in this approach is that , ,
, are parameter-independent, which is the case

for this system. However for a more general time varying model
it can be solved with a post-filter in the control inputs and a
prefilter in the measured outputs (see [28]). The model is affine
in the parameter , therefore the design LMIs only need to
be solved at the extremes of the velocity interval to compute
the LPV controller. The LPV controller state space represen-
tation is

. Its value for the slower velocity is and

the controller for the faster velocity is .
1) Results: The LPV feedback and LTI FF controllers have

been tested considering a 48% of uncertainty in the estimation of
in Fig. 3 as well as worst case uncertainty in the FB loop. The

TABLE III
FB, FF, NORMALIZED-LMS AND HYBRID LTI AND LPV ATTENUATION

RESULTS (ALL IN DECIBELS)

performance results for this hybrid time varying control system
are presented in Table III. These results are also illustrated in
Fig. 13 where the noise pressure attenuations for different air
velocities are plotted. Note that the LPV approach allows more
performance for a fixed controller order, specially when the air
velocities are low 90 km/h . This is due to the fact that the
BW of the input signal is narrower.

Also note that in Fig. 13(a), the results indicate that for lower
values of uncertainty in , the attenuation could be
improved in 2–3 dB even at high air speeds. Recall that for these
velocities, the noise level is higher too.

Overall, from the results presented in these plots and in
Table III, it is clear that the use of the LPV hybrid approach
performs up to 4 dB better (in average) than the LTI hybrid
controller. In addition, Fig. 14 shows that using the hybrid LPV
ANC system, the noise in work legislation can be accomplished
even when taking into account the worst case uncertainty in the
FB controller and 48% uncertainty in the feedforward action.

Several adaptive filters (RLS, LMS, normalized LMS, sign-
sign LMS, sign-error LMS) have also been tested for the FF
path. However, the results obtained with all of them has been
poor or even unstable (LMS) for the current application. The
best attenuations have been obtained using the normalized LMS
algorithm and they are presented in Table III. Performance re-
sults for the RLS algorithm are similar. In the future, a thorough
comparison with other robust adaptive procedures, e.g., -mod-
ified, projection algorithm [21], will be performed.
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Fig. 14. Average noise attenuation versus air velocity. The grey line presents
the results when the worst case uncertainty is applied to the feedback controller
and there is a 48% of uncertainty in the prediction of the noise in the ear.

V. CONCLUSION AND FUTURE RESEARCH

This motivating preliminary study produces two hybrid (FF
FB) controllers which are applied to the problem of ANC in

motorcycle helmets. The first one is a combination of LTI FB
and FF controllers, the second is the same LTI FF combined
with a time varying LPV FB controller. Both FF controllers use
as an input signal the measurement of the aerodynamic external
noise in the helmet chin bar. The LPV scheduling parameters is
the velocity measured in real time by an anemometer.

The simulation results based on real experimental data and
physical models of the helmet system, show that the ANC hy-
brid LPV control structure seems promising for future controller
tests to be performed in real time. This controller satisfies the
recent European Legislation for motorcycle helmet noise atten-
uation, which protects the auditive health of occupational mo-
torcycle drivers, even with high levels of uncertainty.

Future work includes a real time experimental test of the hy-
brid LPV controller and an LTI or LPV identification of the
FF path, including the possibility of implementing an adaptive
identifier. In addition, the best location of the reference mi-
crophones should be studied carefully. Recall that the perfor-
mance achieved by the FF controller is highly dependent on the
uncertainty in the prediction of the noise in the ear, which in
turn is directly related to the location of these microphones.
The selection of the time scheduling sensor is another prac-
tical issue: anemometer, pressure sensor or accelerometers (with
lower manufacturing costs).
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