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Time-varying noise control in motorcycle helmets
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1. Introduction

Motorcyclists are usually exposed to high noise levels that
increase with speed. There have been a variety of medical
studies that confirm that the prolonged exposure to exces-
sively noisy environments may cause health problems, such
as, noise-induced hearing loss (NIHL) [1-4]. Active noise
control (ANC) has an extensive reference bibliography [5,6],
but there have been very few ANC works on motorcycle
helmets [1,7-9], probably due to the time-varying nature of
their dynamics.

Here, the active noise control problem in motorcycle
helmets is studied, which has an intrinsic time-varying
behavior. To achieve a reasonable noise attenuation, the
noise source and its dynamic characteristics are computed
through an experimental identification process. Also, in a
robust control framework [10,11], the time-varying dynamics
can be either considered as a dynamic uncertainty or treated as
it is. Here a time-varying feedback (FB) controller is proposed
and compared with a robust linear time-invariant (LTI)
controller. The LTI controller optimizes against the lack of
knowledge of the model dynamics using #, optimal control.

The time-varying approach is designed to have an
attenuation level that increases with the speed between the
helmet and the air (since the noise level increases with speed)
using a linear parameter-varying (LPV) controller. The main
purpose here is to take advantage of this time-varying
controller to fune the attenuation level in accordance with
the noise environment. In this way, the attenuation is higher at
speeds where the external noise is louder and lower at reduced
velocities. Such tuning cannot be performed with LTI
controllers, which provide a constant attenuation at all speeds.
The result is illustrated by an experimental simulation, which
uses the noise obtained from a freeway at different speeds.

2. Results
2.1. Experimental setup

Three different experiments were performed: an experi-
ment on the noise dynamics, identification tests, and an
experiment on controller implementation. The first involved
measuring the sound pressure level simultaneously with the
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relative speed between the air and the helmet. This setup was
placed on a car driven at different speeds. In the identification
tests, the voltage on the headphones and the pressure in the ear
canal were measured.

The following hardware was used in all the experiments:
a pair of Sennheiser HD 280 headphones placed inside the
helmet, a Testo 0628 0036 anemometer for the car speed
measurement, a dummy head specifically built for this
purpose (Fig. 1), an anti-vibration platform to mount the
dummy on the car, a Knowles BT-21759 microphone placed
at the ear canal of the dummy and a National Instruments
(NI) CompactRIO system (cRIO 9075, with 9205 and 9263
modules for analog input and output, respectively) for the
data acquisition and real-time control. The control was
implemented on a Xilinx FPGA in the CompactRIO. A
complete view of the experimental setup is shown in Figs. 1
and 2.

2.2. Noise dynamics and identification

Concerning the noise characterization, Fig. 3 shows the
power spectral density (PSD) for different velocities.

The identification tests were carried out using six sinus-
oidal sweeps as system excitation signals. Between each
sweep, the system was perturbed (by changing the helmet’s
position, moving the error microphone and headphone
positions, etc.) to include various practical situations. From
the tests, a nominal model Gy(s) and an uncertainty weight
were obtained using subspace methods [12,13], which were
used to design robust controllers. Figure 4 illustrates how
the nominal model (in black) has a good data fit with the
experimental transfer functions (in red) for all the tests.

2.3. Controller design and implementation

An F controller was designed to ensure the maximum
attenuation level and robust stability for all relative velocities
between the air and the helmet. A fixed performance weight
Wp(s) = 759 was designed to increase performance at
lower frequencies. For practical reasons, to produce a
controller that does not require a high sampling rate, a linear
matrix inequality (LMI) region [14] was added so that a cutoff
frequency of 25kHz was achieved in the closed loop.

The LPV controller was designed so that the resulting

_ attenuation could be modulated by the speed in accordance

with a desired profile, for example, when the environmental
noise is low, the controller can be turned off. To achieve this
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Fig.1 Experimental setup on the car showing head,
anemometer, helmet, and headphone.
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Fig.3 Estimated PSD (Thomson multitaper method) for
the range of air velocities of 20—140km/h.

objective, a speed-varying performance weight is proposed as

follows: ?
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where the notation [’é g] refers to the (A, B, C, D) state-space
atrices. Here the LPV system is a polytopic model with
the real-time measured speed as the varying parameter v €
[vi, v2] = [0, 140] Km/h with k; = 12,566.37, k, = 7,539.82,
fi = 10%, and £, = 300.
Figure 5 shows the LPV system attenuation level as a
function of speed. Note that the LPV system shows gradual
attenuation depending on the relative speed measured by the
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Fig.4 Experimental transfer functions (red) and iden-
tified nominal model Go(jw) (black).
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Fig.5 Attenuation level at each speed.

anemometer. The #o, controller sensitivity function matches
that of the LPV system at the maximum motorcycle velocity
(approx. 140km/h, lower red curve in Fig. 5), because at this
speed it provides the best attenuation with robust stability
guaranteed.

The controller was implemented on a Xilinx FPGA
contained in an NI CompactRIO cRIO-9075 system. The
discretization of the controller was carried out through a
Tustin transform with a 50kHz sampling rate. In terms of
practical issues, two aspects were taken into account: the
controller implementation structure (balanced state-space
realization) and fixed-point quantification.

The controller programmed in the FPGA was tested using
the data acquired at the noise characterization stage
(Sect. 2.2) using a JBL Eon 315 flat response speaker, as
shown in Fig. 2. The velocity measurement was performed
using an additional analog input that was sensed by the
anemometer. To carry out this experiment, an auxiliary
system based on an NI PCle-6323 data acquisition card was
used to write the signals (waveform or speed profiles) to each
recipient (speaker and CompactRIO). In this way, the control
hardware (FPGA) was not overtaxed.

Figure 6 shows the results of both controllers as compared
with the open-loop response for a particular speed profile.
The attenuation levels are indicated in Table 1. The LPV
attenuations were computed at 655 ms intervals by calculating
the average speed and attenuation. Notice that the H
controller achieves a constant attenuation level regardless of
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Fig. 6 Blue: open-loop signal. Red: output signal of
LPV closed loop. Green: output signal of #,, closed
loop. Upper plot: output signal level. Lower plot: speed

profile.
Table1 Controller attenuation levels at different
speeds.

Speed Hos LPV
(km/h) (dB) (dB)
59.5 10.85 2.2

64 11.73 2.63

73.6 11.39 2.39
82.1 11.13 3.25
96.2 11.66 4.52
101.2 11.72 4.77
113.2 11.59 6.83
121.6 11.72 9.11
127.8 12.03 12.32

the air speed due to the fact that its dynamics are time-
invariant. In contrast, the LPV controller increases the
attenuation level up to the maximum speed in accordance
with its design. The output signal level with the LPV
controller is similar to that for the #., controller at the
maximum speed, at which both were designed to have the
same attenuation. Of course, different attenuation vs speed
functions can be achieved by modifying the design weight
W, (s, v) in the LPV controller synthesis stage.

Regardless of the attenuation results, the alternative of
having a controller that changes its performance as a function
of the helmet speed is attractive. In this case, we have used
the controller as a way of modulating the attenuation in
accordance with the changes in the noise level vs velocity. In
other cases, this time-varying controller can be applied to fit a
particular performance vs speed specification. For example,

when the environmental noise is low, say below 40 km/h, the
controller could be turned off.

3. Conclusions and future research

The potential of a time-varying LPV controller that can
fune its noise attenuation in accordance with the velocity is a
prominent feature of this work. This controller has also been
compared with a time-invariant version (J#,, controller),
which produces good results in the case that a simpler robust
controller is required. In the near future, a combination of the
LPV controller with a feedforward controller will be pursued
to further reduce the noise levels.
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