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This paper presents an accurate characterisation based on an experimental set-up and mathematical
models of a dynamic pressure infrasound generator. The Commissariat à l’énergie atomique (CEA) has
developed microbarometers to measure infrasound waves in the atmosphere. To characterise its sensors
and validate their requirements, an infrasound generator has been designed, which covers a frequency
range from 4.0 10�4 Hz to 300 Hz. This pressure generator still needs accurate characterisation as there
is no standard reference in the infrasound frequency range for such sensor calibration. The research
focused on 17 parameters that affect the behaviour of this infrasound pressure generator. Two analytical
models of the sound pressure in the cylindrical cavity of the calibrator are presented. An experimental
characterisation was also performed to adjust the model parameters with genetic algorithms to the mea-
surements, and the results of the comparison between the measurements and the models are discussed.
This study highlights the influence of the thermodynamic transition from isothermal to adiabatic trans-
formation and the influence of viscoelastic non-linearities of a loudspeaker membrane. It aims to charac-
terise the amplitude and phase responses of the generator in order to develop an improved infrasound
calibration device for microbarometers with a similar technology.
� 2019 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

1.1. Context

The propagation of infrasonic waves in the air is used to charac-
terise both natural and human related sources, from tsunamis [1]
or volcanoes [2] in the mHz frequency range to the wind turbines
[3], avalanches [4] or transportation [5,6] near the audio range.
Confidence in the measurement of the sound pressure level of
these sources is crucial to understand our environment and estab-
lish legal acceptance levels. The International Monitoring System
(IMS) is a global detection network of geophysical stations man-
aged by the Comprehensive Nuclear Test Ban Treaty Organization
(CTBTO). This network is established all around the world in order
to provide global coverage for the surveillance of nuclear testing. It
uses hydro-acoustic, seismic and radionuclide monitoring, as well
as measurement of infrasonic sound pressure in atmosphere,
which is done with microbarometers. These instruments must
respond to specific requirements, particularly in terms of
frequency response on the sound pressure level and phase. The
CTBTO requires their calibration in the 0.02–4 Hz frequency range.

The primary reference method routinely used in the National
Metrology Institutes for sound pressure calibration is the pressure
reciprocity method [7], applied at frequencies up to 25 kHz and,
recently, down to 2 Hz [8]. For now, there is no primary standard
and therefore no calibration capability and method in the fre-
quency range below 2 Hz (Fig. 1).

In order to validate microbarometers’ performance in a wide
frequency range, a dynamic pressure infrasound generator was
built by the CEA [9–11]. Over the past 10 years, this generator
has been used considering a perfect linear response and constant
environment variables, including some estimated first order cor-
rections on the amplitude response. Although this use was suffi-
cient to calibrate infrasonic sensors with a given degree of
uncertainty, this generator is now in need of a more accurate char-
acterisation. Considering that the priority is the reduction of uncer-
tainties and regarding the fact that there are no standardised
method and reference in the infrasonic domain, the next objective
is to build up an acoustic primary standard in the infrasonic range
based on the CEA infrasound generator technology. To understand
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Fig. 1. Illustration of the actual state in calibration capabilities from the static
pressure range to the dynamic pressure frequency range such as defined in [8].
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the limitations of the generator, a complete modelling of this
device appears to be an essential preliminary step.

This paper addresses two specific phenomena affecting a beha-
viour of an infrasound generator: the thermodynamic transition
from isothermal to adiabatic transformation and the influence of
the loudspeaker membrane’s viscoelastic non-linearities. The
amplitude and the phase response of the infrasound generator
from 4.0 10�4 Hz to 300 Hz is presented with an analytical mod-
elling of the sound pressure in the cylindrical cavity. A fit of this
modelling on measurements is also performed with a genetic
algorithm.

1.2. Infrasound generator

The CEA dynamic infrasound pressure generator is based on a
pistonphone concept [12] in which the volume variation of a sealed
cylinder induces a pressure variation inside it. The front sealed
metallic cavity is in a vertical orientation (374-mm diameter and
270-mm high). A device under test (DUT) and a reference micro-
phone (Mic) are coupled to the front cavity (Fig. 2). Its upper side
is closed by a flat and stiff plate associated with the mobile dia-
phragm of a loudspeaker. This device acts as a rigid piston with
an assumed perfect translation motion in a perfect cylinder. The
loudspeaker, located in the back sealed cavity, is driven by a volt-
age that induce the piston motion. The CEA dynamic pressure gen-
erator’s main characteristics are a frequency range from
4.0 10�4 Hz to 300 Hz, a resonance frequency at 90 Hz, and a
dynamic pressure level up to 50 Pa. Fig. 2 introduces the variables
describing the generator geometry: Vf and Vb are the front and
back cavities volumes, Sf and Sb the corresponding vibrating sur-
faces, Af and Ab the total corresponding areas, and n the plate dis-
placement. Pf and Pb are the dynamic pressures of respectively the
front and back cavities. The volume of the DUT is not taken into
account, since it is negligible regarding Vf . Indeed, the internal vol-
ume of the DUT is about 100 times lower than Vf .
Fig. 2. Schematic illustration of the infrasound pressure generator.
2. Models

The relevant pressure is the one in the front cavity, to which
sensors are coupled. In this paper, this dynamic pressure is
expressed with two models: the first one is under adiabatic
assumption, the second one is a global model that is based on
the assumption of a uniform pressure only. The main difference
is that the global model takes into account the transition of the
thermodynamic transformation from isothermal to adiabatic
condition.

2.1. Expression of the displacement

Using Newton’s second motion law, the displacement field of
the plate, which is considered to be uniform when assuming a 1-
degree of freedom movement, can be expressed in a steady-state
sinusoidal regime as

�mx2n ¼ Bl i� jxhn� Knþmg � Sf Pf þ SbPb; ð1Þ
with x the angular frequency [rad�s�1], n the displacement of the
plate [m], Bl the force factor of the loudspeaker [T�m], i the electric
current injected in the loudspeaker coil [A], h the fluid friction
[N�s�m�1], K the membrane stiffness [N�m�1], mg the gravity force
[N] on the membrane with a mass m [kg], and Sf Pf and SbPb the
pressure forces [N] respectively on the front and on the back sides
of the membrane. Some of these parameters are shown on Fig. 2.
The electric current i could be written with the generalized Ohm’s
law as

i ¼ U � jxBln
Rþ jxL

; ð2Þ

where U is the voltage applied to the loudspeaker terminals [V], R
the coil electrical resistance [X], and L the coil’s inductance [H].

2.2. Loudspeaker non-linearities

The modified flat plate used in this device increases the non-
linear effects of the loudspeaker behaviour. Considering the low
frequency range, it is important to take into account a creep phe-
nomenon that arises from visco-elastic properties of the loud-
speaker suspension and prevents it behaving as a simple
stiffness. Several works on the loudspeakers non-linear stiffness
have been carried out [13,14]. More specifically, Ritter and Agerk-
vist [15] described the non-linear stiffness model K ¼ KðxÞ as

KðxÞ ¼ K0 1� alog10

j x
x0

e
�j tan�1 x

x0

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ x

x0

� �2
r

2
6664

3
7775

�1

; ð3Þ

where K0 is the usual stiffness [N�m�1], a is the creep factor, andx0

can be interpreted as the frequency where the creep of the suspen-
sion starts to rise [rad�s�1]. This model expresses a behaviour where
the stiffness is constant when x > x0 and decreases when the fre-
quency decreases. Thus, the pressure field in the cavity can be
expected to increase when the frequency decreases, characterised
by a fixed slope when plotted logarithmically, especially in the
infrasound domain when x� x0.

As far as the displacement of the plate remains relatively low in
comparison with the distortion due to high level amplitude, the
non-linearity of the force factor Bl ¼ BlðnÞ is not taken into account
here, though, numerous works on this phenomenon have been car-
ried out [16,17]. Thus, not all the non-linearities of the loudspeaker
have been taken into account. The present work has focused on a
low amplitude level, which already seems to be sufficient to
observe and model behaviour of the system.



Fig. 3. Amplitude and phase of the complex corrected heat capacity ratio c0c taking
into account the thermodynamic effects in the cavities (– for the front cavity, - - for
the back cavity) over frequency variation from 10�4 Hz to 103 Hz.

478 P. Vincent et al. / Applied Acoustics 148 (2019) 476–483
2.3. Model with adiabatic assumption

The easiest way to express the pressure in a cavity is to consider
an adiabatic transformation, as used in a usual acoustic problem.
The first law of thermodynamics gives the relation between the
dynamic pressure p in a volume V for a perfect gas as

p
P0

þ c
dV
V

¼ 0; ð4Þ

p ¼ � cdV
vTV

; ð5Þ

where dV ¼ R R
S n:dS ¼ Sn is the variation of the volume V due to the

movement n of the plate of surface S; c being the specific heat ratio,
and vT ¼ �1=V @V=@Pð ÞT the isothermal compressibility coefficient.
For a perfect gas, vT ¼ 1=P0. In the case of the infrasound pressure
generator,

Pf ¼ cSf
vTVf

n and Pb ¼ � cSb
vTVb

n: ð6Þ

This solution for the pressures in the front and in the back cav-
ities (Fig. 2) is valid considering a perfect gas under the adiabatic
assumption. The operating frequency range of the CEA infrasound
generator does not validate the adiabatic hypothesis, therefore
the isothermal to adiabatic thermodynamic transition have to be
considered.

2.4. Global model with isothermal to adiabatic transition

As Fletcher [18] explained, the operating frequency range of the
generator does not justify the adiabatic assumption. His reasoning
is to write the lowest frequency f a which validates adiabatic
hypothesis as

fa �
k

2r2
; ð7Þ

where k is the thermal diffusivity (k ¼ 2:1110�5m2 � s—1 for air at
standard conditions) and r a characteristic dimension. Taking
r ¼ 0:01 m as the effective radius of an equivalent sphere for the
back cavity of the CEA generator with the loudspeaker in it, this adi-
abatic assumption approximation becomes

fajback cavity � 1:0 10—3 Hz: ð8Þ

Therefore, it seems that the isothermal effects begin to be
important for frequencies lower than 10�2 Hz. Then, it is necessary
to take into account the isothermal to adiabatic thermodynamic
transition. The effects of the thermal conduction in an acoustic
wave have been theoretically described by Daniels [19] and Golay
[20] for simple geometries such as a sphere, a rectangular cavity, or
an infinite cylindrical cavity.

Considering small amplitude disturbances of the fluid (air), the
homogeneous equations can be linearised. Taking into account the
thermodynamic law expressing the density variation as function of
the independent variables p and s (being respectively the dynamic
pressure and the dynamic acoustic temperature shift), the conser-
vation of mass equation, can be written as

ZZZ
V

r � v þ vT
@

@t
p� bsð Þ

� �
dV ¼ 0; ð9Þ

with v the particle velocity, and b ¼ @P=@Tð ÞV the increase in pres-
sure coefficient per unit of increase in temperature at constant vol-
ume [Pa�K�1].
The infrasound generator chamber is assumed to be rigid apart
from the moving loudspeaker plate. In the Fourier domain, the pre-
vious equation becomes

1� b
p
sh i

� �
p ¼ � dV

vTV
;

with sh i ¼ 1
V

ZZZ
V
sdV :

ð10Þ

Even if s changes significantly within the boundary layers, it is
interesting to see that the dynamic pressure only depends on the
volumetric averaging of the temperature variation sh i, induced
by the dynamic pressure variation p.

Guianvarc’h et al. [21,22] presented a formulation to express sh i
in a closed cylinder originally developed by Gerber [23]. The volu-
metric averaging of this solution in the Fourier domain can be writ-
ten as

b
p
sh i ¼ 8

p2

c� 1
c

Xþ1

m¼0

Xþ1

n¼1

Dðm;nÞEðm;nÞ;

Dðm;nÞ ¼ 1

ðmþ 1=2Þ2k2n
;

Eðm;nÞ ¼ 1

1þ k2nR
2 þ ðmþ 1=2Þ2p2

ð1þ 2RÞ2
A2

V2

c0lh
jx

;

ð11Þ

where kn corresponds to the zeros of integer-order JnðxÞ Bessel func-
tion, R ¼ l=ð2aÞ is the ratio of the length over the radius of a perfect
closed cylinder and lh ¼ k=ðq0c0CpÞ is a characteristic thermal
length as defined in [24]. This equation is used in an approximated
developed form in reciprocity calibration of microphones used to
establish acoustic primary standards [7]. However, the entire solu-
tion (11) is required for the CEA generator because of the very low
frequency domain.

A complex corrected heat capacity ratio can then be written to
take into account the thermodynamic effects in a closed cylindrical
cavity, with c standing for the front (c ¼ f ) or the back (c ¼ b)
cavity,

c0c ¼ 1� b=p sh ic½ ��1
: ð12Þ

Fig. 3 shows an example of the thermodynamic transition from
an isothermal transformation to an adiabatic transformation in the
CEA generator. In the lowest frequency range, c0j j ¼ 1, which is
equivalent to an isothermal one. In the highest frequency range,
c0j j ¼ 1:4, which is equivalent to an adiabatic transformation.

Hence a more accurate than Eq. (6) expression relating Pc and n,

Pc ¼ c0c Sc
vTVc

n: ð13Þ



Fig. 4. Schematic illustrations of the experimental set up of the driving and control
system.
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2.5. Pressure in the front cavity

The relevant pressure is the one in the front cavity, to which
sensors are coupled. Using (1), (2), (3) and (13), the global model
of this pressure variation can by the end be written as

Pf ðxÞ ¼
BlU

Rþ jxL
þmg

� �
cf Sf
vTVf

KðxÞ þ jxhþ jx ðBlÞ2
Rþ jxL

�mx2 þWc

;

with Wc ¼
X
c¼b;f

cc S
2
c

vTVc
:

ð14Þ

In the case of an adiabatic model, one must consider the classical
specific heat ratio cf ¼ cb ¼ c (c ¼ 1:4 for dry air at 20 �C).

In the case of the global model, one must consider the corrected
heat capacity ratios cf ¼ c0f and cb ¼ c0b as defined in (12).

The major difference between the two models is that the global
one takes into account the thermodynamic transition from an
isothermal transformation to an adiabatic one.

A preliminary study was carried out before the work was com-
pleted. The idea was to remove the rear cavity of the infrasonic
dynamic pressure generator, in order to add a new dimension to
the understanding of the system. This approach has made it possi-
ble to eliminate in the model the complex phenomena that appear
in the rear cavity. This first study confirmed the usefulness of
working with the modelling presented in this article.
3. Measurements

The aim of the CEA infrasound generator is the characterisation
and calibration of infrasound sensors, e.g. microbarometers. In
order to achieve an infrasound primary standard in a near future,
the CEA generator appears to be an appropriate system to observe
the phenomena that occur in the infrasound frequency range. This
section presents the measurements of this system response. In Sec-
tion 4.3, the measured amplitude and phase of the pressure are
then compared to the models detailed in the previous section.

3.1. Setup

The measurements were carried out with a B&K 4193-L-004
microphone calibrated by the laser pistonphone of the National
Physical Laboratory [12] and an MB2000 microbarometer. The first
order low-frequency high-pass filter of the microbarometer has
been modified to get a �3 dB cut-off frequency at 10�3 Hz and
therefore to have a better signal-to-noise ratio. Its response is
based on its theoretical modelling [25,26] and the measurement
of its electrical components. The calibrated B&K 4193-L004 micro-
phone is used for the frequency points from 10 Hz to higher fre-
quencies, and the microbarometer for the ones from 10�4 Hz up
to 10 Hz. Going down at such low frequencies is a choice made
to explore the fully isothermal area of the system, and therefore
test the models. These very low frequencies are not usually used
with this generator.

Fig. 4 presents a diagram of the driving and control system. The
signal generation and acquisition are driven by a VTI Instruments
CMX09 chassis with an EMX-1434 waveform generator and two
EMX-4350 24-bit digitizers. The generated signal is amplified by
an AE TECHRON 7224 DC-enabled AC amplifier and both sent to
the loudspeaker and digitised by the EMX-4350. A relay card
SMX-2002 commands two solenoid valves to equalize the static
pressure between the cavities in the case of a significant pressure
variation. During the measurement, an ALMEMO 5690-1M envi-
ronmental acquisition system digitises a dozen of temperature,
hygrometry and static pressure sensors. These sensors are located
inside and outside the cavities, on the surfaces of the infrasound
generator and in the air. The CEA generator and its sensors are
located inside an isolated thermal chamber which reduces signifi-
cantly the ambient temperature variations.

The control and command software (written in Python lan-
guage) is designed to remain stable for up to several weeks which
is the period required for a long measurement campaign.

3.2. Frequency points

For each chosen frequency points of interest, a sinusoidal signal
is generated several times by the driving and control system in
order to compute repeatability uncertainties. The duration of the
measurement directly depends on three parameters: the chosen
frequency range, the number of points of interest and the number
of periods needed for each generated point. The lower the fre-
quency, the longer the measurement duration.

3.3. Amplitude and Phase

The amplitude (in dB re. 1 V) and the phase (in degrees) are esti-
mated by a projection of digitised sensor signals on the sinus basis,
inspired by IEEE Standard 1057:2017 [27], as explained thereafter.
In order to fit a digitised sinusoidal waveform signal yðtÞ ¼ Yd to a
sine wave in the case when the frequency f g and the temporal basis
t are known,

Yd ¼ A sinð2pf gt þ /Þ; ð15Þ
and the unknown parameters are its amplitude A and its absolute
phase delay /.

The Yd signal is truncated to get a whole number of periods,
based on f g frequency. This equation can be decomposed as

Yd ¼ B cosð/Þ sinð2pf gtÞ þ C sinð/Þ cosð2pf gtÞ
¼ DS1 þ ES2;

ð16Þ

where the unknown scalars are D ¼ B cosð/Þ and E ¼ C sinð/Þ, the
known vectors are S1 ¼ sinð2pf gtÞ and S2 ¼ cosð2pf gtÞ.

Using the transposed known vectors S1T and S2T , the projection
of the signal on the sinus basis at the f g frequency gives,

S1TYd ¼ DS1S1T þ ES2S1T

S2TYd ¼ DS1S2T þ ES2S2T

(

() S1Y ¼ DS11 þ ES21
S2Y ¼ DS12 þ ES22

�
:

ð17Þ



480 P. Vincent et al. / Applied Acoustics 148 (2019) 476–483
Since S12 ¼ S21,

D ¼ S1Y S22 � S2Y S12
S11 S22 � S12 S12

E ¼ S2Y S11 � S1Y S12
S22 S11 � S12 S12

8>><
>>: : ð18Þ

Then, the amplitude A and the phase / can be written as

A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2 þ E2

p
and

/ ¼ arctan E
D

� 	
:

ð19Þ

Fig. 5. Schematic diagram of the evolutionary process.
3.4. Static pressure equalization

Since the measurements last several days to go down to
4:0 10�4 Hz due to low frequencies points and repeatability, the
external static pressure can vary up to ±20 hPa around the initial
value. Since the cavity is full sealed, it has been observed that
the CEA generator is sensitive to the static pressure variation. In
order to reduce this effect an equalization of the internal and exter-
nal static pressures is made between each generated point, this is
done by the use of solenoid valves controlled by the software
through a relay card. The amplitude of the external static pressure
variation between two equalizations can reach up to 5 hPa at very
long frequency points.

3.5. Temperature variations

The temperature in the laboratory varies around 23 ± 2 �C. Since
the CEA generator and the sensors are sensitive to temperature
variations, they are placed in an insulated box used to reduce the
amplitude of temperature variations. The effect of this box is to
reduce these variations by a factor of 10 around the generator,
and then to reduce these variations by a factor of 100 inside the
closed front cavity where the sensors are coupled. The measure-
ment starts when the overall thermal balance is achieved.

4. Optimization and fit

4.1. Genetic algorithm

Actually, the model given in (14) uses a lot of hard-to-measure
or unknown parameters, such as the a creep factor, the fluid fric-
tion h, the mobile membrane mass m or the total areas Ac . The dif-
ficulty is to find the model parameters that fit the measurements
both in amplitude and phase. As there are up to 17 interdependent
parameters that drive the model, classical optimization algorithm
cannot properly converge. In fact, it was observed in this case that
the arbitrary origin, chosen to start a classical constrained mini-
mization method, impacts the fitting result.

To compensate for that, a Genetic Algorithm (GA) has been
adapted from [28]. The main property of an evolutionary algorithm
is that the problem’s origin can be randomly chosen. Each launch
starts from a new randomly chosen origin but considering a suffi-
cient number of iterations it should end up with the same final
result. Also, the propagation of the algorithm follows a chosen
probabilistic law for each parameter.

GA are based on the evolution of a population in an environ-
ment as explained, for example, in [29]. The general principle is
to make individuals survive in a hostile environment. The individ-
uals with the best genome will be the only ones left alive at the end
of the process. By analogy, in this study, an individual charac-
terised by its genome corresponds to one set of the 17 independent
parameters that drive the model (14). The hostile environment cor-
responds to the measurements of the amplitude and phase of the
infrasound generator presented in Section 3, with which the indi-
viduals are compared through the model. The aim of the evolution-
ary process is to find the set of parameters that best fits the model
to the measurements (i.e. the best genome that survives to the
environment). Fig. 5 shows a diagram describing the evolutionary
process in search of the best set of parameters.

1. The first step is the initialization of the population. Each indi-
vidual is characterised by his genome. In the present study, a
genome corresponds to a random set of the 17 independent
parameters. The coding of the parameters was done according
to a bounded array and normalised to the unit. This is a usual
direct value encoding method for real numbers. The genome
attribution follows a uniform law bounded by the description
of the parameters. The population size (i.e. the number of indi-
viduals) is chosen to minimize calculation cost and maximize
convergence. For the present experiment, 500 individuals have
randomly been generated (i.e. 500 sets of genomes). The itera-
tive process can then begin.

2. The evaluation step calculates the model result (14) with the
genome of each individual. The model is launched with each
genome set of parameters, which gives an amplitude level and
phase response for each individual of the population. Survival
to the environment corresponds to testing the closeness of
the model to the measurements. The evaluation is done by an
objective function calculating an arbitrary fitness value, which
is an image of this closeness, explained in the following.

3. The population evolves by selection: only the most adapted
individuals in the environment survive. For the present study,
this corresponds to keeping only the parameter sets that pro-
duce with the model (14) the amplitude and phase results clos-
est to the measurements of the infrasound generator response.
To select individuals among themselves, their fitness values are
compared. The lower this fitness value, the better the set of
parameters found. Some of the best individuals from the former
population are selected by a random 4-individual-size tourna-
ment selection [29]. This method allows to keep in the process
genomes with parameters that could be correct even if the glo-
bal result of the model is far from the measurements.

4. At each population generation, several individuals are crossed
according to a probabilistic criterion (chosen to minimize pro-
cess time and maximize convergence, in this study p = 0.7).
The crowding degree of the mutation is 0.1, this produce a
mutant with some differences compare to its parents. The
sequence value for the bound of the search space is chosen lar-
ger than the description of the parameters ([�5, 5]). Children
are made with a two-point crossover [29], which permits mix-
ing genome sequences. This steps swaps some parameters
between individuals.

5. Some children born from the crossover are mutated, with
another probabilistic criteria (in the present case p = 0.15). Sev-
eral parameters mutate, following a polynomial bounded law,
with a probability p = 0.25 for the apparition of formally new
independent parameters.



Table 2
Global model significant influence areas for each parameter. TH, NL, RE, Full
respectively stand for THermodynamic area, viscoelastic loudspeaker Non-Linearities
area, loudspeaker REsonance area, and Full frequency influence zone in amplitude and
phase.

TH NL RE Full
<0.01 Hz [0.01–10] Hz �90 Hz [10�4–300] Hz

Ac x0;a x0;a; L; h
Rc K0 K0 K0

Vc Vc , Sc Vc , Sc
m, Bl m, Bl
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6. The algorithm stops when a given number of generation is
reached (chosen to minimize calculation cost and maximize
convergence).

The optimization algorithm is written in Python language. The
selection step is parallelized in order to reduce the calculation cost.
Each new launch starts from a random new set of parameters and
the experiment shows that they converge sensitively to the same
result presented on Table 1.

4.2. Barycentered fit

The first step of the optimization is to determine some approx-
imated values and boundaries for each parameter. The volumes Vc ,
the electric resistance R, the tension U and the vibrating surfaces Sc
are measured.

A parametric study has shown the frequency areas where each
parameter has a significant influence (thermodynamic zone, vis-
coelastic loudspeaker non-linearities zone, resonance zone, or a
significant influence over the full frequency range). Considering
the influence areas presented in Table 2, some weights must be
chosen in order to balance the optimization for each area. This step
allows to achieve better results in less computation time.

The bold-written parameters in Table 2 highlight the ones
which have an important influence on several areas. These have
to be properly chosen in order to ensure the confidence on the final
result. Table 1 gives, in the column Expected, the estimated or mea-
sured values for the 17 parameters set of the global model. The val-
ues presented in this column are approximate estimates. For
example, the dimensions of vibrating surfaces are difficult to char-
acterise. As explained above, since the loudspeaker is modified to
behave like a piston-cylinder, the addition of a honeycomb and a
neoprene membrane makes it difficult to estimate some values.
Their variability range takes these uncertainties into account in
the algorithm.

The arbitrary errors between the measurement and the model
on the amplitude (erramp) and on the phase (errphi), can be written
as the concatenation of three weighted differences frequency
bands:

erramp ¼ p11D
½TH�
a � p12D

½NL�
a � p13D

½RE�
a ;

errphi ¼ p21D
½TH�
p � p22D

½NL�
p � p23D

½RE�
p ;

ð20Þ

where the vectors Da ¼ ½measurement �model� and
Dp ¼ ½measurement �model� give the differences between measure-
Table 1
Global model parameters used to characterise the infrasound pressure generator.

Name Parameter

Loudspeaker voltage U [V]
Coil resistance R [X]
Coil inductance L [H]

Force factor Bl [T�m]
Membrane mass m [kg]
Fluid friction h [Ns�m�1]
Front cavity volume Vf [m3]
Back cavity volume Vb [m3]
Front vibrating surface Sf [m2]
Back vibrating surface Sb [m2]
Front total surface Af [m2]
Back total surface Ab [m2]
Stiffness K0 [N�m�1]

Creep pulsation rise x0 [rad�s�1]
Creep parameter a
Front cylindrical ratio Rf

Back cylindrical ratio Rb
ment and model, respectively for the amplitude modulus and for
the phase values. The scalar weights pij associated with the three
areas ½f 2 TH� (thermodynamic area), ½f 2 NL� (non-linearities area)
and ½f 2 RE� (resonance area) allow to equilibrate the minimization.
The matrix pij is presented in (21).

pij ¼
4 3 1
3 1 5


 �
: ð21Þ

As for a classical constrained minimization method, a chosen
scalar to minimize dm, which is here the fitness value for the GA,
composed by the arbitrary errors, can be written as:

dm ¼ p1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
erramp
� 	2q

þ p2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
errphi
� 	2q

; ð22Þ

with the arbitrary weights p1 [(dB Pa)�1] and p2 [deg�1] chosen to
equilibrate the unit range difference between the amplitude [dB
Pa] and the phase [deg] errors. The objective is to approach a situ-
ation where 0.05 dB error in amplitude weights the same as 1 deg
error in phase: p1=p2 � 50.

Fixing the most measurable values (Sc;Vc;U;R), several
launches of the genetic algorithm are made with a uniform and
bounded probabilistic law for the other parameters. This step gives
a first estimation of the model’s parameters. At this point, a more
accurate estimation is needed. A Monte Carlo uncertainties propa-
gation [30] is made to get a standard deviation of the model on the
whole frequency range. The uncertainty range is chosen as a uni-
form law from 0.1% variation for the measured U value, to 90% vari-
ation for the unknown Rb value.

Considering the weights and the standard deviation on the
amplitude stdamp and the phase stdphi, the scalar minimizer
becomes
Expected Fit Error

¼ 3:27
¼ 14:5

� 10�2 1:13 10�2 2.7%

� 28:8 28:4 1.3%
0:3 < m < 0:6 0.579
> 0 57.1
� 0:0328 0.03292 0.4%

� 0:0145 0.01457 0.5%
� 0:06 0:056 6.7%

� 0:06 0:069 13%
� 1:1 1.15 4.3%

� 1:1 1.14 3.5%

104 < K0 < 106 1:43 105

>10 116
0 < a < 1 0.095
� 0:698 0.7 2.9%
>0 3:4 10�4
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dm ¼ p1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX erramp

stdamp

� �2
s

þ p2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX errphi
stdphi

� �2
s

: ð23Þ
4.3. Results and discussion

The measurements and final analytical model results are pre-
sented in Fig. 6 and the values of the parameters in Table 1. The
measurements lasted 5 days with almost constant environmental
variables. The fitting calculus took several days on a parallel com-
puter first to evaluate the best area weights and evolutionary algo-
rithm law constants and then to find the model parameters and
converge at each execution. The final Monte Carlo uncertainty
propagation was made on 105 cases.

The columns Fit and Error on Table 1 show a good correlation
between expected or calculated parameters and the global model
fitted parameters. The volumes shift is less than 1% error. The
results presented on Fig. 6 allow to validate a model over measure-
ments on almost 6 decades, for the amplitude level (dB Pa Ref.
1 Pa) and the phase deviation (degrees). Outside the resonance
area, where a very slight frequency offset in the model induces a
very large difference with the measurements, the maximum devi-
ation between the global model and the mean of the measured
data is 0.15 dB and 1 degree. As expected in Eq. (8), the adiabatic
model is no more valid under 0.03 Hz both in amplitude level
(deviation >0.2 dB) and phase (deviation >1 degree). This effect
induces almost a 2 dB deviation between the two models at
10�4 Hz. Several papers already observed the deviation induced
by this thermodynamic transition on sensors [31,32]. The present
study presents these effects on the infrasound generator, used to
calibrate the sensors. Also, the �0.4 dB/decade slope that appears
on measurements below 10 Hz is strongly taken into account in
the loudspeaker creep non-linearity model (3), as suggested by
[13,14]. Indeed, the measurement of the displacement of the plate
by interferometry in the frequency band of the phenomenon shows
Fig. 6. Measurements and analytical models of the dynamic pressure amplitude (dB
ref 1 Pa) and phase (degrees), as function of the frequency, in the front cavity of the
CEA infrasound generator. The dot curve (	) is an average of measurements, the plus
curve (+) corresponds to the repeated measurement points, the solid (–) and the
dashed (- -) lines are respectively the global model (14) and the adiabatic model (6).
a very good correlation with the Ritter and Agerkvist [15] non-
linearity model. This model was chosen to respond to observations
of the system’s behaviour both on amplitude and phase. A simpler
model such as the ‘‘EXP” reference model [14] does not adequately
explain the phase behaviour at high frequencies.

However, the developed model has several limitations. The
solution for the volumetric average of the acoustic temperature
(11) is valid for a perfect, closed, cylinder. In reality, the cylinders
of the CEA infrasound generator are not perfect, especially for the
back cavity where the loudspeaker stands. In order to compensate
this non-cylindricity, the Rb parameter, normally standing for the
ratio between the length and the radius, is used as a small compen-
sation parameter. This non-cylindricity solution has only a slight
impact on the results. In the high frequency range, this model does
not take into account either the effects related to the volume of the
DUT, or the geometry of its coupling system with the front cavity.
Also, using a 17-parameter modelling complicates the independent
verification of each parameter, especially if some of them are not
measurable. Finally, the fact that only a theoretical response of
the microbarometer is taken as reference to estimate the value of
parameters below 10 Hz does not allow the result of this model
to be used as a reliable source for sensor calibration. Other
unknown and unaccounted for effects may be composed in some-
how by coincidence. Indeed, this theoretical response is not a
traceable metrological reference as such. However, such a possibil-
ity seems unlikely, since the phase response does not diverge at
low frequencies and remains very flat compared to the conven-
tional behaviour of the sensor. Nevertheless, the traceability of
measurements in the infrasonic frequency range is an essential ele-
ment on which future work will have to provide answers.
5. Conclusion

The aim of this work was to find a more accurate characterisa-
tion of the CEA infrasound generator in order to make measure-
ments with infrasound sensors more reliable. The model and the
measurements presented in this paper reflect the generator beha-
viour down to 4.0 10�4 Hz and validate a 17-parameters fit with a
slight deviation in amplitude and phase. These results provide the
opportunity to consider mechanical improvements of the system
with the understanding of the physical phenomena at stake. They
also improve confidence in the measurements done with this
equipment.

For future generator manufactures, particular attention may be
paid to the choice of the membrane stiffness, the cavity volume,
and the resonance frequency of the global system, since this study
indicates that these quantities play a major role in the behaviour of
the infrasound generator over its entire operating frequency range.

This work allows the transformation of a volume variation
model into a dynamic pressure variation model to be tested for
the first time on the CEA infrasound generator. In order to validate
this model at the level of a normative requirement, independent
tests must be carried out, with a limited number of parameters
and a complete control of them. In the future, the interferometric
measurement of the plate displacement, chosen as a reference, will
no longer need so many parameters.

The purpose of future work is now, in the short term, to design a
primary standard generator in the infrasonic frequency range, in
accordance with the BIPM strategy [33].
Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, athttps://doi.org/10.1016/j.apacoust.2018.12.
033.
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