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Abstract

The study presented in this paper aims at developing an aid to the modeling of the pass-by noise of a vehicle, as called for
in regulatory testing. The goal is to accurately predict and evaluate noise emissions earlier in the vehicle development cycle, i.e.
before the industrialization stage. For these reasons, a synthesis model is developed. This model combines the acoustic flow of
the most influent sources (powertrain, intake, exhaust tail, exhaust line, tire/road noise), with the acoustic transfer between these
sources and the microphone located at 7.5 m from the axis of the test track, taking into consideration the motion of the vehicle. The
input parameters of these models are considered uncertain ; therefore, an uncertainty quantification study is first performed. These
uncertainties are then propagated in these models using quasi-Monte Carlo methods. Finally, a sensitivity analysis study is carried
out to study the impact of the variability of the input parameters on the variability of the output noise levels of the synthesis models.

Influential parameters have been identified and classified by vehicle family.

Keywords: Vehicle pass-by noise, quantification of uncertainty, propagation of uncertainty, global sensitivity analysis.

1. Introduction

European legislation requires car manufacturers to ensure
that the noise levels of their vehicles do not exceed a certain
limit. The Economic Commission for Europe Regulation, ECE
R51.03 [1], specifies the permissible levels that a motor vehicle
can emit while driving. This regulation is applied since July 1st,
2016 to replace the former ECE R51.02 regulation [2], with a
new test method and a tightening of the permissible levels. This
will be done in three stages, from 74 dB (A) under the former
ECE R51.02 regulation [2] to 68 dB (A) in 2024. This noise
level is equivalent to that emitted by today’s electric cars. Joint
measurements under the two regulations, ECE R51.02 [2] and
ECE R51.03 [1], carried out in an official framework in 2012,
showed that 97% of French vehicles did not comply with the
68 dB (A) of the new regulation [3, 4]. This will be a major
challenge for automotive manufacturers and suppliers. Indeed,
at the end of the project, it is no longer possible to change the
design if a vehicle exceeds the permissible limit. At this stage
of the project, only palliative solutions can be proposed. These
solutions are expensive and can deteriorate the vehicle perfor-
mance. In addition, competitive pressure is imposing shorter
development times and lower costs on manufacturers. To main-
tain its competitiveness, Renault company has therefore modi-
fied its research and development processes, in particular by in-
creasing the number and quality of numerical simulations and
by reducing the number and duration of validation tests. Ho-
wever, the accuracy of the models available in the company is
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still insufficient, today, to predict the noise of a vehicle under
development.

The objective of this paper is to develop an aid to the whole
modelling of the pass-by noise of a vehicle in accordance with
the regulatory test requirements of the new standard. The goal
is to predict and evaluate accurately the noise emissions ear-
lier in the vehicle development cycle. For these reasons, a syn-
thesis model is developed to predict the pass-by noise of a ve-
hicle. The latter combines the different "links", i.e. the acoustic
characteristics of the different subsystems of the vehicle that
contribute to the external noise level. The various elements of
this vibro-acoustic chain are divided into sources (powertrain,
intake, exhaust tail, exhaust line, tire/road noise) and trans-
fers, which represent insulation and/or propagation (powertrain
compartment walls, openings, absorbent materials, insulation
screens).

In the next section, the procedure for measuring the level
of vehicle pass-by noise under the new regulation is presented.
Section 3 is devoted to the presentation of the synthesis model
developed and its operating principle. The input parameters of
this model are then considered uncertain, that is why the propo-
sed approach aims to identify their uncertainty and variability
to understand how they propagate. A global sensitivity analy-
sis study is then carried out to study the impact of the uncer-
tainty and variability of the input parameters on the outputs of
the model. The main steps of this study are presented in Sec-
tion 4. Finally, the main results are presented and discussed in
Section 5.
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2. Measurement procedure

The regulation of the Economic Commission for Europe,
ECE R51.03 [1] refers to the new international standard ISO
362: 2015 [5], which describes the new procedure for mea-
suring the vehicle pass-by noise. This test procedure is used
to evaluate the representative noise emission of a vehicle un-
der conditions typical of urban traffic. Indeed, this new method
consists in combining the maximum level of external noise of a
vehicle during acceleration and at a constant speed of 50 km/h.

The method for measuring the pass-by noise of vehicles of
category M1 !, according to ISO 362: 2015 [5], is detailed here.
As with the previous ISO 362: 1998 standard [6], the test is per-
formed on a track that complies with the requirements of ISO
10844 [7] (tracks designed to be particularly quiet have a lower
sound emission than tracks ISO 10844 [7]). The estimate of
pass-by noise level L., (expressed in dB (A)), representative
of the external noise level of a vehicle under conditions typical
of urban traffic, is done under partial load, i.e. based on measu-
rements under full load acceleration and at a constant speed of
50 km/h. For the full load acceleration test, the driver must ac-
celerate so that the vehicle speed is at 50 km/h in the middle of
the test track PP’ (see Figure 1a). The noise levels recorded at
both microphones are A-weighted and then converted to an ove-
rall value. The values used correspond to the maximum value
during the vehicle passage on the track. Four tests are perfor-
med consecutively, all within a variation range of 2 dB (A). The
noise levels corresponding to the four runs are then averaged at
each microphone, for both full load acceleration and constant
speed of 50 km/h. The largest values recorded on each side are
used to calculate the partial load noise level L, pap.

Based on measurements and statistical analyses of urban
traffic noise [1], a formula has been developed to calculate the
pass-by noise noise level L. This formula depends on the
two noise levels corresponding to the passage under full load
acceleration and at a constant speed of 50 km/h, as well as
power-to-mass ratio of the vehicle: PMR (in kW/t)%. The PMR
ratio allows to calculate two accelerations for each vehicle:

— The target acceleration a,p4, (in m/s?) is defined as the ty-
pical acceleration in an urban environment. The latter is ob-
tained from statistical study. Its expression depends on the
PMR and corresponds to [1]:

Gurpan = 0.631og PMR — 0.09 (1)

— The reference acceleration for the wide-open-throttle test
Qyor rey (IN M/ s?) is defined as the acceleration required du-
ring the full load acceleration test. It is expressed in terms
of the PMR of the vehicle [1]:

Aot rey = 1.5910g PMR—1.41 if PMR>25 (2)

1. Category M1: vehicles used for the carriage of passengers with not more
than eight seats in addition to the driver’s seat.

2. PMR: Power to Mass Ratio index. It is defined by: PMR = r% x 1000
where P, is the power of the vehicle (in kW).
my, (Mass of vehicle in running order) is the mass of the vehicle (in kg). It
represents the mass of the vehicle with its fuel tank filled to at least 90% of its
capacity, as well as the driver’s mass set at 75kg.

or

ot ey = 0.6310g PMR—0.09 if PMR<25 (3)

2.1. In the case of a single gear ratio

If a specific gear ratio (n) gives an acceleration within a to-
lerance interval of +5% of the reference acceleration for the
wide-open-throttle test a,,o ref, and not exceeding 2 m/s?, then
this gear ratio will be chosen to perform the test. The pass-by
noise level L., is calculated by performing a linear interpo-
lation between the two recorded sound levels (see Figure 1b):

Lurhan = Lwot(n) - Kp(Lwot(n) - Lcr.v(n)) (4)

where Lyon) and Le,4x) (expressed in dB (A)) represent respec-
tively the sound pressure levels corresponding to the full load
acceleration of the vehicle aye ) (in m/ s%) and at a constant
speed of 50 km/h for the gear ratio (n). The partial power fac-
tor K, represents a dimensionless numerical quantity. It is used
to interpolate the test results under full load acceleration and at
constant vehicle speed. This factor is given by the following
equation [1]:

Ayrban (5)

Awort(n)

K, =1-

14

2.2. In the case of two gear ratios

In most cases, there is no gear ratio to approach the refe-
rence acceleration for the wide-open-throttle test aor ror. In this
case, the acceleration a,,, oy is framed by the nearest accelera-
tions of the two gear ratios: dyxn) and ayorm+1) 3 (see Figure 2).
The pass-by noise level Ly, is calculated as follows [1]:

Lurban = Lwot rep — Kp(Lwot rep — Lcrs rep) (6)

where Ly rep and Leys rep (in dB (A)) correspond respectively
to the linear interpolation between the two sound pressure le-
vels of the gear ratio (n) and (n+1), under full load acceleration
Ayor rey and at a constant speed of 50 km/h. They are given by
the following equations [1]:

Lwot rep — Lwat(n+l) + K(Lwol(n) - Lwor(n+l)) (7)
Lcrs rep = Lcr:(n+l) + K(Lcrs(n) - Lc‘rs(n+l)) (8)

where Lo ) and Lyoin+1) (in dB (A)) represent the sound pres-
sure levels corresponding to the accelerations a@yos(;) and dypr(n+1)
respectively, and where L) and Leys+1) (in dB (A)) represent
the sound pressure levels corresponding to constant speed runs
for the gear ratios (n) and (n+1) respectively. K is the gear ratio
weighting factor. It is used to linearly interpolate the noise le-
vels of the two gear ratios, as shown in Figure 2. The K factor
is given by the following relationship [1]:

Ayot ref — Awor(n+1)

K = ©))

Aywot(n) — Awor(n+1)

3. If the acceleration value of the gear ratio (n) exceeds 2 m/s?, the gear
ratio (n+1) will be used for the test. However, if the acceleration of the gear
ratio (n+1) is less than the target acceleration a,,pan, in this case both gear
ratios (n) and (n+1) are used.
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Ficure 1: Estimated noise level L4, according to the new ECE R51.03 regulation

In the case of two gear ratios, the partial power factor K, is
given by the following equation [1]:

K. =1 Ayrban ( 1 O)
p = _
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Ficure 2: Estimated noise level L4, in the case of two gear ratios according
to ECE R51.03 regulation

3. Pass-by noise prediction model

Prediction model, or synthesis model, is based on a simple
Source-Transfer-Receiver model [8, 9, 10, 11, 12], also known
as the TPA (Transfer Path Analysis) method. The method is ba-
sed on the principle that, for a source divided into k sources
assumed to be uncorrelated, it can be written that the contribu-
tion of each source is the product of the acoustic flow multiplied
by the acoustic transfer between this source and the microphone
which is 7.5 m from the track axis. Nevertheless, the assump-
tion of uncorrelated sources generates limitations of the method
in low frequency (up to about 300 Hz). This method is used not
only to reproduce the level of vehicle pass-by noise, but also to

classify sources and analyze their contribution to total noise se-
parately. It is thus possible to define a noise level target for each
source, by acting on the source modifying the structure, or by
acting on the acoustic transfer adding absorbent or insulating
treatments. The noise emitted by each source is thus calculated
at discrete positions (receiver point j) over the entire length of
the test track as follows:

k
Plw) = Y 0/ (). TFjw) (an

i=1

where Q; = w.Q; is the volume acceleration flow rate corres-
ponding to the source i (expressed in m?/s?) and w (in rad/s) is
the angular velocity. k corresponds to the number of sources.
P; (in Pa) is the sound pressure at the measurement point j,
and finally TF;; (expressed in Pa.m™.s%) represents the trans-
fer function between the source i and the measurement point

However, the noise level of tire/road contact is characterised
in a different way. Indeed, the sound contribution of tire/road
contact is directly measured at 7.5 m, and this for several vehicle
speeds (from 30 to 80 km/h). A logarithmic regression is then
performed to obtain the coefficients A, and B, which depend on
the tire, as illustrated in the following empirical equation [13]:

\%
Ly = Ap log(%) + B, (12)
where L, (in dB (A)) represents the overall noise level of the
tire. A, and B, are constants that depend on the tire and the ve-

hicle’s position on the track, and V represents the vehicle speed
in km/h.
3.1. Operating principle

The acoustic radiation of the sources as well as the trans-
fer functions are constantly changing during the test. Indeed,

the contribution of each noise sources varies according to the
conditions under which the vehicle passes through the test track.



The acoustic radiation of the sources depends mainly on the en-
gine speed, while the acoustic transfers depend on the position
of the vehicle on the track. This must be taken into account in
the model for predicting the level of pass-by noise. To do this,
it is necessary to use the same run conditions as the regulatory
tests and to calculate the vehicle accelerations for each gear ra-
tio during runs under full load acceleration (the vehicle acce-
leration is considered constant). It also allows us to choose the
acceleration of the gear ratio which approaches a,o; e t0 £5%.
In the case where no gear ratio allows to approach this refe-
rence acceleration, the two gear ratios (n) and (n+1) are chosen,
which allow to frame a,,, . (see Figure 2). Figure 3 represents
a complete diagram of the operating principle of the synthesis
model.

The acceleration a0, that interests us is the one that cor-
responds to a speed of V = 50 km/h. In order to calculate this
acceleration, we use the fundamental principle of dynamics, as
illustrated in the Eq. (13), with R (in m) the radius of the tire, In
(expressed in kg.m?) represents the moment of inertia of the ve-
hicle’s kinematic chain, Fr (in N) designates the resistive force
at 50 km/h, Fd ) (in N) corresponds to the driving force deve-
loped by the vehicle at 50 km/h for the gear ratio (n), and finally

my (in kg) represents the total mass 4,
Fd(n) —Fr
Aywor(n) = n (13)
mg + i

The resistive force Fr depends on the aerodynamic force
Fero (in N) which is proportional to the square of the vehicle
speed (the speed here is set at 50 km/h), on the rolling resistance
force R, (in N/1), on the force related to bearing friction Feqring
(in N) and brake friction Fp,4. (in N). The resistive force is
given by:

s (14)
1000

The driving force Fd, that the vehicle develops is expres-
sed as a function of the engine torque 7 (in Nm). It is given by
the Eq. (15). T, is the transmission efficiency in percentage (%),
and w, is the engine rotation speed in rad/s, with w, = 2l

60
3600w, T, _ 120x T,
1000V 100 ° " Ve 100

with Ve (expressed in km/h) represents the vehicle speed
when the engine speed N, = 1000 rpm. This parameter de-
pends on the gearbox ratio and the circumference of the tire.
The parameter Vi, allows us to make the link between the
vehicle speed V and the engine speed N, (expressed in rpm),
using the following linear relationship:

Fr = Faero + Fbmring + Fhrake + Rr

Fd = (15)

V= Vinitte(n) N (16)
1000 ¢

4. The total mass mg, corresponds to the mass of the vehicle m with its
fuel tank filled to at least 90% of its capacity, as well as the mass of the driver
my. The mass my is different from the mass m,, (Mass of vehicle in running
order). Indeed, the mass my is used to calculate the vehicle’s performance (i.e.
accelerations). The model user is therefore free to choose the real mass of the
driver, unlike the mass m,, which is used in the regulation to calculate the value
PMR, where the mass of the driver is set at 75 kg.

7 corresponds to the full load torque. This is the torque de-
veloped by the engine when the vehicle’s accelerator pedal is
fully depressed. This parameter is directly measured as a func-
tion of the engine rotation speed.

The accelerations a,,.») are then calculated with the Eq. (13).
Then we choose the acceleration that approaches a,,o; o to £5%.
In case no gear ratio allows to approach this reference accelera-
tion, it is framed with @,y0.(;y and dyeqn+1) (se€ Figure 2). From
the acceleration ;) and/or a,,gyn+1y, the vehicle speed is cal-
culated over the entire length of the test track>. To do this, we
assume that the vehicle is a material point of mass m, in transla-
tion in a Galilean reference frame between the entrance of track
AA’ and the complete exit of the vehicle from track BB’ (see
Figure 1a). The kinetic energy theorem is applied to calculate
the speed V as a function of the vehicle’s position on the track
X,:

1 1000

2 " 3600
with Vo = 50 km/h corresponding to the vehicle speed at the
position X,o = 0 m (on line PP’, see Figure 1a).

The vehicle speed V allows to obtain the contribution of the
tire/road contact by using the Eq. (12). For full load acceleration
configurations, a measured value related to the effect of wheel
torque 74, (in Nm) is added to the contribution of the tire/road
contact at constant speed.

The engine speed N, is obtained from the vehicle speed,
using the Eq. (16). It gives the possibility to obtain the power
of the sources Wac; (in Watt) corresponding to the current ro-
tation speed for each position of the vehicle on the track X,.
These powers will be transformed into a volume acceleration
flow rate Q;, before being multiplied by the appropriate trans-
fer functions 7 F;; to obtain the contribution of each source (see
Eq. (11)). Thus, at the output of the model, we obtain the noise
levels for each run: Lerstn), Lwotn)> Lerste1)> Lwotns1y- The noise
level L, is obtained by interpolating these noise levels.

(V2 - Vg) = Qwot(n) (Xv - XVO) (17)

3.2. Overall synthesis model

The question of the powertrain modeling subsists. Indeed,
this is a very complex noise source that must be refined. The
procedure used in this study for measuring the acoustic flow
and the transfer functions related to the powertrain are detailed
below.

The powertrain is modeled here by a single point source
(see Figure 4). To quantify the volume acceleration flow rate of
this source, measurements are made on the powertrain extrac-
ted from the vehicle and installed on a test bench. The tests are
carried out under the same load conditions as those correspon-
ding to the pass-by noise test. The total acoustic power of the
powertrain Wac; is obtained by intensity measurements, with
the engine running at 3000 rpm. To obtain the acoustic power
as a function of the engine speed N,, microphones are placed at
a distance of 1 m in front of each side of the powertrain. Then
the total power is extrapolated using the root mean square of

5. For the stabilized speed configuration, the vehicle speed is considered
constant V = 50 km/h for all vehicle positions X,.
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the pressure levels of all microphones at 1 m. Thus the power-
train is assimilated to a single acoustic monopole i with a vo-
lume acceleration flow rate Q;, baffled by the powertrain wall.
The acoustic volume acceleration flow rate is obtained from the
acoustic power of the powertrain Wac;:

0/@) = |2 Wae ) (18)
el
where c represents the velocity of sound (in m/s) and p repre-
sents the density of air (in kg.m™3).
The powertrain is then divided into 21 zones. For each zone,
a transfer function 7 F;; is measured by the reciprocal method.
For this purpose, a calibrated sound source with a known flow
rate is moved 1 m between each measurement along a line lo-
cated 7.5 m from the centre line of the track and 1.2 m high.
The 21 measured acoustic transfers are averaged quadratically
to represent the powertrain by a point source.
In this study, the acoustic flow rate of the sources and the

Ficure 3: Complete diagram of the synthesis model

transfer functions are represented by overall values. Indeed, the
value to be analyzed at the output of the model, i.e. the level
L, pqn mentioned in ECE Regulation R51.03 [1] is given as a
A-weighted overall value. We can therefore imagine a model
where all the source powers (powertrain, intake, exhaust tail,
exhaust line) and their adequate transfer functions would also
be reduced to overall values (see Figure 4).
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FiGure 4: overall synthesis model



4. Sensitivity analysis and propagation of uncertainty

The application of sensitivity analysis and uncertainty pro-
pagation methods to the vehicle pass-by noise prediction model
is presented in this section. To perform sensitivity analysis and
propagation of uncertainty, it is assumed that the model is suf-
ficiently accurate to predict the behaviour of the system (the
equations are relevant and the approximations introduced in the
model are controlled), and only the parametric uncertainties
are focused on. Indeed, calculations are generally made in a
deterministic way ; however, in reality, the values of the input
parameters are not exactly known and are therefore subject to
uncertainties. A probabilistic approach is then better adapted
by considering the input and output parameters of the model as
random variables. The uncertainty of these input parameters is
then propagated in the model in order to characterize the varia-
bility generated in the variables of interest at the output of the
model. Finally, the sensitivity analysis takes place at this stage
in order to study the impact of the variability of each input pa-
rameter on the output(s) of the model. Figure 5 summarizes in
a general framework all the steps for uncertainty studies [14]:

1. specification of the problem: definition of the model(s),
input and output variables, quantities of interest as well
as the objectives of the study;

2. quantification of uncertainties related to the input para-
meters of the model, and attribution of probability distri-
butions, based on available or measured data, literature or
expert judgment. This is an important and delicate step,
which can be very time-consuming ;

3. propagation of uncertainties (forward process) in the mo-
del and evaluation of the variability of the output induced
by the uncertainty of the input data;

4. sensitivity analysis is the backward process, it allows to
measure the sensitivity of the variables of interest to the
input parameters ;

5. depending on the result obtained, it is sometimes impor-
tant to redefine the problem and return to the different
stages of the study.

Step 3 : Propagation of uncertainty (forward process)

—

N ‘ Step 1 : Specification of the problem ‘
Quantity of
interest

Step 2:
Inputs Model r‘

Quantification
Step 4 : Sensitivity analysis (backward process)

of Uncertainty
Feedbacks on input data and

—_—
model factors

FiGure 5: The basic steps to perform a sensitivity analysis study

4.1. Quantification of uncertainties

It is assumed that the model accurately predict the beha-
viour of the system if the input parameters are perfectly known;
however, the values of the input parameters are not exactly known,
and are therefore subject to uncertainty. For this reason, quan-
tifying the sources of uncertainty on input parameters is an im-
portant step for uncertainty studies.

In this study, the input parameters of the synthesis model are
represented by random variables. Their uncertainties are quan-
tified using mainly expert judgment or the maximum entropy
principle [15, 16, 17]. However, some measurements are made
on some parameters, where a distinction is made between mea-
surement uncertainty, which is related to repeatability, reprodu-
cibility and test conditions, and production variability, that cor-
responds to the differences between vehicles of the same tech-
nical definition produced with the same industrial tools.

Usually, all input parameters presented in the Section 3 are
measured one time for each vehicle type. The aim now is to de-
termine the uncertainty associated to each of these parameters,
which corresponds respectively to a fluctuation around this ex-
perimental nominal value. We also assume that this uncertainty
is the same for all types of vehicles. This approach for dea-
ling with uncertainties allows the treatment of dependencies as
a relationship between parameters with a term "noise" added
around the nominal value [18]. The probability distributions as-
signed to the input parameters of the synthesis model are pre-
sented in the Table 1. The methods used to characterize the un-
certainty of certain parameters and the probability distributions
assigned to them are presented below (see Table 1).

4.1.1. Measurement uncertainty

The total mass my: to determine the measurement uncer-
tainty related to the vehicle mass m, we measured that of the
same vehicle several times. An uncertainty of +0.5 kg was ob-
served. Concerning the mass of the driver my, its nominal value
is set at 75 kg. We considered an uncertainty corresponding to
+25 kg. These two parameters are completely independent, and
their sum corresponds to the global mass m, with mg, = m +my.
The main purpose of separating these two parameters is that the
vehicle mass is used to calculate the power-to-mass ratio of the
vehicle PMR, and therefore the target accelerations a,,pq, and
Ayor rey (see Eq. (1), (2) and (3)), but also to calculate the ve-
hicle’s performance, i.e. the vehicle accelerations for each gear
ratio using Eq. (13). However, the driver’s mass is only used to
calculate the vehicle’s performance.

The speed Ve the vehicle speed V and the engine speed
N, are measured on several vehicles during the tests. The values
of the parameter V. are then calculated for each vehicle from
the Eq. (16), and compared with the nominal value given by the
vehicle’s technical definition. We noted that the values obtained
are normally distributed around this nominal value. therefore, a
normal distribution has been attributed to the uncertainty of this
parameter, with a standard deviation o = 0.5 % of the nominal
value.



Variable Measurement Production
uncertainty variability

Vehicle mass m (kg) U(-0.5,0.5) U(-2,2)

Total mass my (kg) Driver’s mass my (kg) U(-25,25) /

Vinitte (%) N (0,0.5?) U(-2.8,2.8)

Engine torque 7 (%) U(-5,5) U(-5,5)
Powertrain U(-2,2) U(-0.5,0.5)
Exhaust tail U(-2,2) U(-0.5,0.5)
Wacer (dBW) Exhaust Tine 022 0(05,03)
Intake tail U(-2,2) U(-0.5,0.5)
Powertrain U(-1,1) U(-0.5,0.5)
Exhaust tail U(-1,1) U(-0.5,0.5)
Wacyo (ABW) Fxhaust Tin UCLI) U(:0.5,03)
Intake tail U(-1,1) U(-0.5,0.5)
Powertrain U(-1,1) U(-0.5,0.5)
Exhaust tail U(-1,1) U(-0.5,0.5)
TF(dB (A) Fxhaust Tin UCLI) U(05,05)
Intake tail U(-1,1) U(-0.5,0.5)
At constant speed N (0,0.6%) U(-0.5,0.5)
Lpe (dB (A)) Wheel torque T U(1,25) U(:0.5,03)

TasLE 1: Probability distributions assigned to the input parameters of the synthesis model ©

Engine torque 7: Since there are not sufficient measures to
characterize the uncertainty associated with the engine torque
7, we used expert judgment to assign a uniform probability dis-
tribution corresponding to +5 % of its nominal value.

Acoustic power of the sources Wac: we also used expert
judgment to characterize the uncertainty associated with the
acoustic power of the sources. A uniform distribution corres-
ponding to +1 dB (A) is then attributed to the power of the
sources under full load conditions Wac,,,;. However, for constant
speed conditions, the method of measuring the acoustic power
of the sources Wac,, is very uncertain. Indeed, the load condi-
tions corresponding to the constant speed run are difficult to
reproduce on the bench. That is why we have attributed to the
uncertainty of these powers a uniform distribution of +2 dB (A).

Transfer functions TF: several transfer functions are mea-
sured in repeatability on a vehicle for 21 powertrain zones and
42 receiving points located 7.5 m from the axis of the test track
(a transfer function is measured twice for each source-receiver).
The maximum observed uncertainty value was used. We have
assumed that the measurement uncertainty related to the trans-
fer function follows a uniform distribution between —1 and +1
dB (A).

Tire/road contact noise L,: the tire/road contact is the
only source of noise that is measured directly as a contribu-
tion. The method used consists in measuring twice the contri-
bution of tire/road contact for several vehicle speeds (from 30
to 80 km/h, with a step of 10 km/h). Then, a logarithmic regres-
sion (see Eq. (12) allows us to obtain the empirical relationship
that links the level of tire/road contact noise L, to the vehicle

speed V (see Figure 6). This formula allows us to obtain the no-
minal value of the tire/road contact noise level L. In order to
characterize the uncertainty associated with this parameter, 12
measurements were made on a vehicle driving at 50 km/h, then
we calculated their mean and standard deviation. We observed
that the mean value is close to the nominal value. This is why
we assumed that the uncertainty follows a normal distribution
with a standard deviation o = 0.6 dB (A).
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FiGure 6: Example of the contribution of tire/road contact noise as a function
of vehicle speed on the test track

Wheel torque 7y;.: for configurations under full load acce-
leration, we add to the contribution of the tire at constant speed



a value related to the effect of the vehicle wheel torque 7.
To quantify this uncertainty, the contribution of several tires is
measured under full-load acceleration of the vehicle. It has been
observed that, in the area of the track where the total contribu-
tion value is maximum (generally between +3 m and +5 m), the
wheel torque effect adds 1 to 2.5 dB (A) to the tire’s contribu-
tion at constant speed. It should be noted that this effect depends
strongly on the acceleration of the vehicle, and may differ from
one tire to another.

4.1.2. Production variability

The speed Vet we have assumed that the production va-
riability on the parameter V,,;. is only related to the production
dispersion on the circumference of the tire. The circumferential
tolerance data of 70 different tires provided by the manufactu-
rers are used to calculate the production uncertainty associated
with this parameter. The maximum observed value is used. It
corresponds to +2.8 % of the nominal value of V.

Engine torque 7: assuming that all vehicles must be mea-
sured at the factory and that the value of the measured engine
torque 7 must not exceed 5% of its maximum nominal value,
we have decided to assign to this parameter a uniform distribu-
tion between -5 and 5 % of its nominal value.

In the absence of experimental data for the other parame-
ters, we only used the expertise for the construction of the pro-
bability distributions (see Table 1).

4.2. Propagation of uncertainties

After the quantification of uncertainties and the modelling
of the input parameters of the synthesis model by random va-
riables, it is necessary to propagate this uncertainty to charac-
terize the variability of the outputs. To do this, we consider the
input variables X, the output variables ¥ and M represent the
function of the model (the mathematical model, the numerical
scheme and the calculation assumptions). We can write:

MRS R (19)
X Y =MX (20

where X = (X1, X>, ..., Xy) is a random vector of k input va-
riables. The Y outputs are therefore also random variables. The
main objective of uncertainty propagation is to study the proba-
bility of the outputs of the model Y, namely their joint proba-
bility density function fy(y). However, this probability function
is difficult to calculate except in simple academic cases. To do
this, the implementation of probability distributions in the mo-
del is done by approximation methods using random number
generators. The most famous method is the Monte Carlo (MC)
method [19, 20]. This method is often used since it provides

6. The notation X ~ N(u, 0%) is often used to describe a random variable
X that follows a normal distribution of expectation y and standard deviation
o. The uniform law is often referred to as U(a,b), where a and b represent the
smallest and largest value that the random variable can take, respectively.

an efficient and robust methodology for generating model solu-
tion sets by sampling input parameters. However, this approach
requires a large number of model evaluations.

In this paper, a method such as quasi-Monte Carlo [21, 22,
23] was used to accelerate the convergence of the Monte Carlo
method (Sobol sequence [22]). Indeed, it reduces the cost of
estimates by a factor of 10 [18]. This method, which is a deter-
ministic version of Monte Carlo methods, defines deterministic
sample sequences that have a lower discrepancy than random
sequences, i.e. that it has a better distribution of samples in the
parameter space. Its good occupancy of space makes this design
of experiment very satisfying [24].

4.3. Sensitivity analysis

After the quantification and propagation of uncertainties,
comes the last step, which is sensitivity analysis. Its main ob-
jective is to study the impact of the variability of each input
parameter on the model’s output(s). It can determine the most
influent parameters, those that do not influence the output, and
those that interact within the model. The interest is undeniable,
because the results of a sensitivity analysis can simplify the mo-
del or even improve its understanding. Finally and in general,
sensitivity analysis is an aid to validate a calculation code, to
orient research efforts, or to justify in terms of safety the di-
mensioning or modification of a system [24, 25, 26].

In our case, a linear relationship between the inputs and the
outputs of the prediction model is verified (see Section 5.2.1).
This allows us to define the Standardized Regression Coeffi-
cient S RC;, where S RCl.2 = §; represents the sensitivity index
that expresses the part of the variance of the Y output explained
by the X; parameter, with [18, 27, 28]:

V(X;
SRC; = ﬁ,»,/—v((y)) @1

with f3; the regression coefficient of the X; parameter.

When performing a linear regression between the output Y
and the inputs X, it is important to calculate the coefficient of
determination of the model R. It represents a quality criterion
for model prediction, i.e. it provides a measure of how the linear
regression model Y can reproduce the real output vector Y. It
corresponds to the part of the variance of the model output Y
explained by the linear regression. It is expressed by [24]:

, v ZL0OY -3’
T VM T R0 52

(22)

where j represents the mean of the sample {y'", ..., y™}, 3 re-
presents the prediction of the linear model, and y' represents
the real output. Note that the closer the coefficient of determi-
nation R? is to the unit, the better the performance of the regres-
sion model, and that the sum of the square of the S RC indices
is R%, with _ SRC? = R2.

It should be noticed that if two variables X; and X are de-
pendent, then the sensitivity index S; no longer expresses only
the sensitivity measure of Y to X; but also a part of the influence
of the parameter X; on Y, with [29, 30, 31]:

S; = SC+8" (23)



where S and S¢ are respectively the uncorrelated and correla-
ted part of the sensitivity index §;.

Some input parameters of the synthesis model can be highly
correlated (see Figure 3). For example, the acoustic power of
the sources Wac depends on the rotational speed of the engine
N,, and therefore on the total mass m,, the vehicle speed at 1000
rpm (Vi) and the engine torque in full load 7. The contribu-
tion of tire/road contact noise L. is another example, since it
depends on the vehicle speed V, and therefore on the three pa-
rameters mentioned above. It is then necessary to know how to
interpret the sensitivity indices of these correlated input para-
meters. Indeed, the sensitivity index of the power of the sources
Wac and the contribution of the tire/road contact L, only mea-
sures the influence of these parameters on the model outputs:
SWacLy,) =S (”WHC’LPC). However, the sensitivity indices corres-
ponding to m,, Vi, and 7 take into account, in addition to their
influence on the model outputs, the influence of their correlation
with the other parameters: S (. v,,..,) = S ?mg,V,,,m ots Emg.mee,r)'

Nevertheless, it should be noted that the parameters m,,
Vimile and 7 have no direct influence on the noise levels L),
Lwot(n)s Lcr(n+l) and Lwot(n+l)’ ie. S(umg,\/,,,illg,T) = 0. Their sensiti-
vity indices therefore correspond only to their correlation with
the acoustic powers Wac and the contribution of the tire/road
contact Lpc: S gng Vyier) = S(Cmg%””m. However, regarding the
influence on the output L,,,, the term S é‘mg’vmﬂw) # 0, because
the parameters m,, Vi, and 7 are first used to determine the
source power and the tire/road contact contribution, and then
to calculate the vehicle accelerations a,os(;) and @yern+1) Which
are used to interpolate the noise levels Ly, Lyot(n)s Leren+1) and
Lyvoin+1) to obtain the noise level L., (see Section 2).

5. Results and discussion
5.1. Deterministic calculation

Before performing a calculation taking into account uncer-
tainties, it is important to make a deterministic calculation to
classify noise sources according to their influence on the noise
level L, pa,. Three vehicles with different power-to-mass ra-
tios are selected: a B gasoline segment (entry-level), a B diesel
segment (mid-range) and a D diesel segment (high-end). The
choice of three vehicles with different power-to-mass ratios al-
lows us to know the most influent parameters on the model’s
outputs, and to classify them by vehicle family. The results ob-
tained are presented in Figure 7.

Note that two gear ratios are used to obtain the noise le-
vel L, pan, for all three vehicles. We can observe that the hi-
ghest level L4, corresponds to the entry-level vehicle. This is
due to the contribution of the powertrain, which represents the
most important source for this segment (approximately 60%).
Tire/road contact noise is the second most important source for
this segment, followed by other sources of noise, including ex-
haust line radiation, the intake and finally the exhaust tail. Ho-
wever, the contribution of the powertrain is becoming less and
less important for both upper segments, which are dominated
by tire/road contact noise. Indeed, the contribution of tire/road
contact noise represents about 68% of the total contribution for
the D diesel segment, while the contribution of the powertrain

represents only 26%.
5.2. Calculation under uncertainty
5.2.1. Linearity of the model

Figure 8 represents the scatter plot of the output L4, (in
dB (A)) as a function of the 18 input parameters, after the pro-
pagation of the measurement uncertainty of the B diesel seg-
ment. First, we notice that the points are uniformly distributed
in space: this confirms that there is no interaction effect bet-
ween the parameters. We also observe a linear relationship bet-
ween the inputs and the output of the model. We can also get
an idea of the influent parameters from this figure, such as the
level L,,,, which increases linearly and considerably with the
contribution of the tire/road contact at constant speed.

Since our model is simple (no interaction, and linear effect
also verified for other vehicles), we will use, in the following
paper, quasi-Monte Carlo methods to propagate uncertainty and
linear regression to estimate sensitivity indices. The sensitivity
can then simply be quantified by the S RC index (see Eq. (21)).
This allows us to considerably reduce the number of simula-
tions, and thus reduce calculation time when introducing pro-
duction variability. However, it should be noticed that, in our
study, all vehicle types were, as in most cases, in a situation
where none of the gear ratios allowed to approach the reference
acceleration for the wide-open-throttle test a,yo; ror. TWo gear
ratios are then used to frame this reference acceleration and the-
refore estimate the value L., (see Section 5.1). On the other
hand, in some situations, variations related to the engine torque
7, the V.., as well as the vehicle mass m and the driver mass
my can modify the vehicle accelerations and therefore the mo-
del’s behaviour. Therefore, depending on the value of the ran-
dom draw on the input parameters, the model may sometimes
use a single or two gear ratios to estimate the value L,,p4,. In
this case, the model becomes discontinuous and the estimation
of the Sobol indices is necessary to have unbiased sensitivity
indices [32]. Another solution is to separate and study the two
configurations separately. However, this separation of samples
creates dependency between input parameters, which makes the
analysis more complex.

In order to introduce production variability, we generated a
quasi-Monte Carlo draw of Npy =1024 samples from the input
parameters characterizing vehicles of the same technical defini-
tion produced with the same industrial tools. For each vehicle,
Nyy =1024 draws are generated from the measurement un-
certainty related to its parameters. A linear regression between
each output of the model and the 18 input parameters is then
performed, and the coefficients of determination are calculated.
We noted that R% =099 ~1, R%,I = 0.99 = 1 for the 5 outputs
of the model, where Rf, represents the coefficient of determina-
tion for the production variability and R?W the coefficient of de-
termination for the measurement uncertainty. This means that
the model’s linearity assumption is indeed acceptable, and that
the S RC sensitivity indices can be used. The sensitivity of each
output is then studied by calculating sensitivity indices S RCm
for measurement uncertainty, and sensitivity indices S RCp for
production variability. In Figure 9, the results of the S RCm? in-
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dices are presented. We can see that Zle SRCmf =0.96 ~ RZZW
(k is the number of parameters). This confirms the previous ob-
servations, i.e. the model is linear and without interactions bet-
ween the parameters.

5.2.2. Results of measurement uncertainty

The sensitivity indices corresponding to the measurement
uncertainty S RCm; for the B diesel segment are presented in
Figure 10, for the 4 outputs of the model L), Liot(n)s Lern+1)
and L,yon+1)- First, we notice that the indices are different from
one configuration to another. For the constant speed run with
gear ratio (n) (i.e. L)), the power and transfer function of the
powertrain and the contribution of the tire/road contact are the
most influent parameters. Concerning the constant speed run
with gear ratio (n+1) (i.e Leyns1)), it is always the same para-
meters that are influent, with slightly different amplitudes. In-
deed, the run with a higher gear ratio reduces the powertrain’s
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FiGURE 9: Sensitivity index S RCm? for model output Ly,pan (Measurement
uncertainty, B diesel segment)

contribution, and therefore its sensitivity index. For runs under
full load (Lyyoiny and Lyypyn+1y), the parameter related to the ef-
fect of the wheel torque appears systematically, in addition to
the parameters mentioned above, as an important parameter.
To compare the three vehicle types, the sensitivity indices
S RCm; corresponding to the output L., are presented in Fi-
gure 11. The results become different from one vehicle type to
another. Indeed, the power and transfer function of the power-
train are influent parameters for the B segment gasoline, which
corresponds to a small, low-power vehicle (entry-level vehicle).
This influence becomes more and more negligible for other seg-
ments. For example, for the D diesel segment, the influence of
powertrain noise is negligible, the output L, is then domi-
nated by variations related to the contribution of the tire/road
contact L,., as well as the effect of the wheel torque .. Mo-
reover, for the B gasoline segment, the engine torque 7 seems
to have a great influence. This effect has also been observed
on another vehicle in the same segment, which is not presented
in this paper. Indeed, this parameter does not directly influence



the estimated noise at each run, but it can have an influence on
the acceleration of the vehicle, and therefore an influence on
the value L., When interpolating. Therefore, the terms S,
S Sy, and ST may be different from zero when it is about
influencing the L4, output. In addition, the sensitivity index
related to the engine torque 7 is negative, which means that the
noise level L, is inversely proportional to this parameter, and
therefore to the acceleration of the vehicle. This parameter can
therefore be very important, especially for small, low-power ve-
hicles (entry-level vehicles, see Figure 11a). However, it is less
important for the B diesel segment, and even less important for
the D diesel segment (high-end vehicle). For example, today we
know that pre-accelerating on the track allows some vehicles,
especially those equipped with turbochargers, to accelerate bet-
ter and therefore to decrease the L4, level. This difference,
observed between the three vehicles, of the influence of the en-
gine torque 7 on the level L4, can be explained by the inter-
polation diagrams (see Figure 12). Indeed, we notice a gap in
the noise levels Ly and Lo 41y between the two gear ra-
tios (n) and (n+1) for the B gasoline segment (see Figure 12a).
This is why small variations in acceleration (which depends on
the engine torque 7) can cause a large dispersion over the L,,p4,
during interpolation. However, for the D diesel segment, L)
and L,,n+1) are of the same level (see Figure 12c). As a re-
sult, the influence of engine torque variations 7 is close to zero.
We observe exactly the same effect with respect to the driver’s
mass m,. Nevertheless, the value of sensitivity index linked to
this parameter is positive (see Figure 11a). Indeed, and contrary
to engine torque, an increase in mass reduces the vehicle’s ac-
celeration. However, this sensitivity index remains negligible
compared to the sensitivity indices of the other parameters.

5.2.3. Results of production variability

The sensitivity indices corresponding to the production un-
certainty S RCp; for the B diesel segment are presented in Fi-
gure 13, for the 4 outputs of the model L), Lwot(n)> Ler(n+1) and
Lyvotn+1)- The influent parameters are the same as those corres-
ponding to the measurement uncertainty. However, their ampli-
tude differs because the ranges of the used variabilities are une-
ven. The main difference is in the sensitivity index associated
with the V,,;;, parameter. The variability range corresponding
to 2.8% on this parameter can have a considerable influence on
the 4 outputs of the model Lcyn), Lwot(n)s Lertn+1) a0d Lyor(ns1y-
indeed, this influence is due only to the correlation between the
parameter V,,;;. with the acoustic powers Wac and the contri-
bution of the tire/road contact Ly, i.e. Sv,,, =Sy, . It should
also be noticed that this sensitivity index is negative; this im-
plies that the 4 outputs of the model are inversely proportional
to the parameter V,,;;.. The tolerance on the circumference of
the tire is then a parameter to be taken into account before per-
forming a study on a vehicle, in particular for the 4 noise levels
Lerinys Lwotnys Lerne1y and Lyoyne1). Nevertheless, considering
the output L,,54,, the sensitivity index related to the production
uncertainty on the V,,;;, parameter becomes negligible in com-
parison with the others (see Figure 14).
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Ficure 11: Sensitivity indices S RCm corresponding to the measurement uncertainty on the output L,,p4, for the three vehicle types
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6. Conclusion and perspectives

This paper addresses the problem of model construction for
the simulation of vehicle pass-by noise in order to predict and
evaluate accurately the noise emissions earlier in the vehicle de-
velopment cycle, i.e. before the industrialization stage. The ap-
plication of sensitivity analysis and propagation of uncertainty
methods to vehicle pass-by noise prediction model is presented.
The study is carried out on three vehicle types with different
power-to-mass ratios. The input parameters of the model are
considered uncertain. This is why a quantification of uncertain-
ties is first carried out by distinguishing between measurement
uncertainty and production variability. These uncertainties are
then propagated in the model using a quasi-Monte Carlo me-
thod. Finally, a sensitivity analysis study is carried out to study
the impact of the variability of the input parameters on the va-
riability of the noise levels at the output of the model. Influent
parameters have been identified and classified for each vehicle
family.

The work presented in this paper offers many perspectives.
First, a sensitivity analysis study was carried out and the in-
fluent parameters were identified. It would then be more rele-
vant to focus on the uncertainty of the most influent input para-
meters in order to improve the prediction of the synthesis mo-
del.

The effect of the wheel torque 7. is also an important pa-
rameter. However, today, this parameter is poorly characteri-
zed. It is therefore necessary to further investigate this subject
and develop precise models to characterize the contribution of
tire/road contact noise, which may depend on the speed of the
vehicle but also on its acceleration.

In order to to evaluate the accuracy and robustness of the
proposed model, it would be interesting in assessing the repea-
tability and the reproducibility of the pass-by noise of several
vehicles with the same technical definition and produced with
the same tools.

Moreover, the prediction capacities of the model could be
improved by using a better description, for example by mo-
difying the geometric and frequency refinement of the noise
sources. For example, the powertrain could be spatially divi-
ded into six sides or several zones with a frequency dependance
given by third octave bands or narrow bands (instead of ove-
rall value). To go even further, after passing in narrow bands,
we can consider a correlation between the exhaust tail noise
and the intake noise. Indeed, the intake and exhaust systems are
two significant sources in the calculation of external noise, due
to air pressure pulsations when opening and closing the valves.
At low frequencies, both noise sources are loaded with harmo-
nics whose main components are directly related to the engine’s
rotational speed. This is why these two sources can be assumed
to be correlated but only up to a specific frequency. The tem-
perature of the sources could also be an important parameter.
Indeed, the acoustic power of the sources is highly dependent
on temperature, which unfortunately is not taken into account
in the current model.

However, this simple approach of increasing the number of
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model parameters can lead to the phenomenon of overfitting.
Generally, if the prediction error decreases at first, it increases
above a certain limit when the number of parameters is increa-
sed [33, 34, 35]. It will then be necessary to address the problem
of model construction from the point of view of the trade-off
between the robustness and precision of these models.
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Nomenclature

y Mean of the samples

Bi Regression coefficient of the X; parameter

0; Volume acceleration flow rate corresponding to the source
i (in m3/s?)

7 Expectation of the distribution
Angular velocity (in rad/s)

We Engine rotation speed (in rad/s)

o Density of air (in kg.m™>)

o Standard deviation

T Engine torque (in Nm)

Trire Wheel torque (in Nm)

y Prediction of the linear model

A, Constant that depends on the tire and the vehicle’s po-
sition on the track (in dB (A))

aupan  Target acceleration : the typical acceleration in an ur-
ban environment (in 1/ s?)

awormy Full load acceleration of the vehicle for the gear ratio

(n) (in m/s*)

aworn+1) Full load acceleration of the vehicle for the gear ratio
(n+1) (in m/s?)

ayor ref Reference acceleration for the wide-open-throttle test :
the acceleration required during the full load accelera-
tion test (in m/s%)

B, Constant that depends on the tire and the vehicle’s po-
sition on the track (in dB (A))

c Velocity of sound (in m/s)

fr(y) Joint probability density function of the output variables

Faro  Aerodynamic force (in N)

Fpearing Force related to bearing friction (in N)

Fp.ae Force related to brake friction (in N)

Fd  Driving force developed by the vehicle at 50 km/h for
the gear ratio (n) (in N)

Fr Resistive force at 50 km/h (in N)

K Gear ratio weighting factor

k Number of sources

K, The partial power factor

Lerstry  Sound pressure level at a constant speed of 50 km/h for

the gear ratio (n) (in dB (A))
Lergne1y Sound pressure level at a constant speed of 50 km/h
for the gear ratio (n+1) (in dB (A))

Lers rep The linear interpolation between the two sound pres-
sure levels of the gear ratio (n) and (n+1) at a constant
speed of 50 km/h (in dB (A))
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Ly Overall noise level of the tire (in dB (A))

Sound pressure level corresponding to the full load ac-
celeration of the vehicle for the gear ratio (n) (in dB (A))

Lwot(n)

Lyoin+1) Sound pressure level corresponding to the full load
acceleration of the vehicle for the gear ratio (n+1) (in
dB (A))

The linear interpolation between the two sound pres-
sure levels of the gear ratio (n) and (n+1) under full
load acceleration (in dB (A))

Lyyor rep

m Vehicle mass (in kg)

my Driver’s mass (in kg)

my Total mass (in kg)

My Mass of vehicle in running order (in kg)

N, Engine rotation speed (in rpm)

Nyv = Number of samples of measurement uncertainty

Npy  Number of samples of production variability

P; Sound pressure level at the measurement point j (in Pa)

P, Power of the vehicle (in kW)

PMR Power to Mass Ratio index

R? Coefficient of determination

R,zw Coefficient of determination for the measurement un-
certainty

R%, Coefficient of determination for the production variabi-
lity

R, Rolling resistance force (in N/t)

S Sensitivity index of the parameter i

S¢ Correlated part of the sensitivity index S ;

S Uncorrelated part of the sensitivity index §;

SRC  Standardized Regression Coeflicient

SRCm Standardized Regression Coefficient for measurement
uncertainty

SRCp Standardized Regression Coefficient for production va-
riability

T, Transmission efficiency (in %)

TF;; Transfer function between the source i and the measu-
rement point j (in Pa.m™>3.s%)

\% Vehicle speed (in km/h)

V() Variance of a random variable

Vo Vehicle speed on line PP’ (in km/h)

Vmitteny Vehicle speed when the engine speed N, = 1000 rpm
(in km/h)

Wac  Acoustic power of a source (in dBW)



Wac. Acoustic power of a source at a constant speed of 50 km/h

(in dBW)

Wac,,,; Acoustic power of a source under full load acceleration
(in dBW)

X Random vector of input variables

X, Vehicle position on the track (in m)

X0 Vehicle position on line PP’ (in m)

Y Random vector of output variables

y Real output of the model

L.pan  Pass-by noise level under partial load (in dB (A))
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