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ARTICLE INFO ABSTRACT

The purpose of this paper was to estimate the road profile irregularities that affect vehicles. The studied random
road profiles are related to the ISO 8608 standard. The identification of these disturbances is very important to
select the adequate control law for an active suspension. Many studies have been carried out in this field but they
were either costly because their road profile measurements were achieved using longitudinal profile analyser or
laser sensors or needed long computation time particularly the neural network based models. This study pro-
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In(z:le;eli dZnt Component Analysis posed the implementation of a new fast and simple technique, called the Independent Component Analysis (ICA)
Robustness to identify the road profile, based on the so-called inverse problem. Knowing the dynamic responses of the

system (observed signals), the ICA allows the identification of road excitation. These responses can be either
measured via sensors or computed numerically. To this end, three models were studied: a full car model, a half
car (pitch-bounce and roll model) and a quarter car. The full car is considered as the real model. So the dynamic
responses, which make up the ICA observed signals, are computed from this model. In the second part of this
paper, we studied the ICA efficiency to construct the estimated road profile. The obtained results were validated
using some performance criteria and the robustness of the method was assessed using the sprung mass variation

and noise effect. The obtained results show that the ICA can identify the road disturbances adequately.

1. Introduction

The knowledge of the different excitations applied to a vehicle has
been the objective of many studies for decades. Since the vehicle per-
formance is affected by the road disturbances [1], such as the ride
quality and the road holding [2], pushing the researches to the choice
of adequate control laws, many authors have turned to focus on the
identification of these disturbances. Some of them proposed direct
measurements of the profile [3] or information acquisition from sensors
installed on a vehicle [4,5]. These methods are however very expensive
[3]. Others were interested in using the Neural Network models, which
were reveled to be very complicated and needed a long computation
time [3]. Another group focused on the use of the estimation methods
based on Monte Carlo algorithm such as Harris et al. [6], while some
authors relied on the Kalman filter to estimate the road profile [3-7].
This technique is efficient but requires the tuning of the algorithm on
the one hand, and it is affected by the load variability applied to the
vehicle, on the other. All these techniques remain interesting but they
all have their own shortcomings as mentioned above.
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For this purpose, this paper aimed to extract the road profile using a
new technique called the Independent Component Analysis, which is
based on the resolution of the inverse problem. This technique is able to
estimate the road profile using only the dynamic responses of the ve-
hicle. The ICA is an efficient method that was used by Akrout et al. [8]
to estimate the excitation forces applied on discrete and continuous
beam. Also, It was implemented in the Operational Modal Analysis to
determine the eignfrequenices and the modal parameters of a given
mechanical system [9]. The ICA does not require a long computation
time and it is easy to use. It just needs the dynamic responses of the
studied system, collected by available and conventional sensors such as
accelerometers and the suspension deflections. These sensors provide a
good estimation of road profile variability [1-3]. Such advantages make
the proposed method simple and cheap enough to be used in real time,
since it allows gathering road information when the vehicle is rolling.
The obtained results were validated by computing different perfor-
mance criteria. This would be of great importance to better understand
the vehicle dynamics and apply the control laws for active suspensions.

The remainder of this paper was organized as follows: in a second

Received 17 May 2017; Received in revised form 6 October 2017; Accepted 10 December 2017

Available online 26 December 2017
0003-682X/ © 2017 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/0003682X
https://www.elsevier.com/locate/apacoust
https://doi.org/10.1016/j.apacoust.2017.12.007
https://doi.org/10.1016/j.apacoust.2017.12.007
mailto:fakher.chaari@enis.rnu.tn
https://doi.org/10.1016/j.apacoust.2017.12.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apacoust.2017.12.007&domain=pdf

D. Ben Hassen et al.

section, the ICA technique was presented and the studied models were
detailed together with the simulation results. They were then, validated
by some performance criteria and a good agreement between the ori-
ginal signals and the estimated ones was shown. Finally, the robustness
of the proposed method was studied varying the sprung mass and
showing the noise effect.

2. The independent component analysis
2.1. Motivation

The Independent Component Analysis is based on Blind Source
Separation (BSS). This method consists in recovering the original
sources knowing only the observed signals, which represent a mixture
of these signals. To better understand this definition, the example of the
simple ‘Cocktail party’ problem was illustrated [10].

This problem consists in supposing that there are two people
speaking at the same time in the same room and two microphones
placed in different locations are recording the time signals noted by
x(t) and x,(t). Each of these recorded signals is a mixture of the original
signals s;(t) and s,(t) emitted by the two speakers. This problem could
be expressed as:

@
(2

So the vector of the observed signals X can be written in a matrix
form as [11,12]:

X} = [A]{s}

xi(t) = a;181 + sy

%(t) = azs; + ans;

3)

where [A]: the mixing matrix and {S}: the vector of source signals.
The task consists in estimating both [A] and {S} relying only on the
knowledge of the observed signal {X}.

2.2. Assumptions

In order to find the estimated sources, The ICA seeks for the di-
rections that are the most independent. This can be achieved taking into
account these assumptions [10,11]:

— The component of the vector S must be both statistically in-
dependent and have non gaussian distribution.

— The number of the estimated sources is equal to the number of ob-
served signals.

So, the ICA can define each column of the matrix A and then
compute the separating matrix [W] as:

[W] = [A]! (€3]

Then the ICA estimates the corresponding source signal defined by:
{S} = [WI{X} %)

After that, the observed signal {X} undergoes some pre-treatments
[10-12]. These pre-treatments are centering and whitening. Centering
means subtracting its mean vector m = E (X). Therefore, each signal
becomes a zero-mean variable so that we obtain a zero mean source
signal. As for whitening it means that the measured signal X becomes
white signal X with uncorrelated components and a variance equal to
the unit [10].

As a whitening method, we can use the eigenvalue decomposition of
the covariance matrix:

E{XX"} = EDET (6)

where E is the orthogonal matrix of eigenvectors of E{XX"} and D is the
diagonal matrix of its eigenvalues. A whitening transform is then given
by:
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Fig. 1. Cocktail party problem.

)

So that we are able to determine each column of the separating
matrix by the ICA and then the source related to this column is ex-
tracted. It is defined by:

X = ED"12ETX

{¥} = [WI*{X} ®

where ()" denotes the conjugate-transpose operator. It should be noted
that [W] must satisfy the criterion of non gaussianity distribution. So it
has to maximize the kurtosis defined by Zarzoso and Comen [13] as the
normalized fourth-order marginal cumulate defined by the following
equation in order to guarantee a non-Gaussianity distribution.

E{lyl*}—2E3{ly?I}—IE{y?} |?
E*{ly?1}

Finally, after the determination of the first column of the matrix [W]
the ICA uses the deflation approach to extract the estimated sources. So,
each source will be chosen once with multiplying factor. The following
figure summarizes the concept of the ICA method (see Figs. 1 and 2).

K(ka) =

©)

3. Studied cases
3.1. Full car vehicle model

The studied model of the full vehicle is presented in Fig. 3.

The parameters of this seven-degree freedom model are the fol-
lowing: mg is the body mass of the vehicle, I, is a longitudinal mass
moment of inertia, and I, is a lateral mass moment of inertia. The mass
of the wheels are expressed respectively by: m;, my, ms, and my.

kfand k, are the front and rear suspension stiffness. k,sand k- are the
tire stiffness in the front and rear respectively.

Cr and C, are the front and rear damping.

The values of these parameters are presented in Appendix A.1.1
This model motion equations are summarized in a matrix form (see
Appendix A.1.2)

3.2. Quarter vehicle model

The studied quarter model is presented in Fig. 4. This model can
describe the vehicle body bounce vibration mode [14]. However this
model does not consider the pitch and roll motions.

Therefore, these two modes will be taken into account by studying
the half car model (pitch model and roll model [14]).

This system has two degrees of freedom: x; is the displacement of
the sprung mass m, while x, is the displacement of unsprung mass m;:
The suspension system is modeled as a linear damper in parallel with a
linear spring. The parameters of the studied system are presented in
Appendix A.2.1 and the motion equations of the studied system are
presented in Appendix A.2.2.
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Fig. 2. ICA concept.

Source Observed Independence criterion  Estimated source
i - signal Y
signal S signal X=A.S v g
> Mixture A »  Separation W ——>»
Fig. 3. Full car vehicle model [14].
< .A_bz
— (S
- b
i *oom, I, I,
kr ¢ /
- 0
= L[‘ e — ke ©r
— — =
=V & .'1; —
kpe | = X4
X2 et R X =
= e G 1
hy == AW . T =y,
————l - —

3.3. Half vehicle model (pitch-bounce model)

In order to introduce the pitch motion of the vehicle, the half ve-
hicle model, which includes pitch and other vibration modes, was
studied in this section. The pitch bounce model [14] is given in Fig. 5.

This model includes the body bounce x, body pitch 6; wheels hop
Xp1 and X, and the road disturbances ry and r.

The parameters of the studied system are presented in Appendix
A.3.1.

The motion equations can be expressed in a matrix form as shown in
Appendix A.3.2

3.4. Half vehicle model (roll model)

This model investigated the roll vibration of the vehicle. It included
the body bounce xp, body roll ¢; wheels hop x,; and x,» and the road
disturbances h; and h,. It is presented in Fig. 6.

The motion equations and the parameters of this model are pre-
sented respectively in Appendices A.4.1 and A.4.2.

X1 t mg
Ksq % l Csq
X2 t My

S

Fig. 4. Quarter car model.
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4. Road disturbance

As far as the road disturbances are concerned, a random road pro-
file, which is closest to reality according to ISO 8608 standard, was
adopted. The ISO assumes that the roads are classified in five main
classes (from A to E) according to their roughness. The random profile
was constructed using this equation [2]:

(1) + woy,(t) = \/Sg(Qo)-v-w(t)

where y, (t): is the road profile, v: is the car velocity, it is equal to 15m/
s; w (t): is the noise signal and wo = 0.2 mv; Sg () is the road
roughness.

The International Organization for Standardization (ISO) proposed
a classification of different road roughness classes (Class A to E) as
shown in Table 1. Class A represents a very good road surface which
becomes poorer as it goes down to Class E.

For our study it is assumed that generic roads are the real ones.
From the influence of these roads on the vehicle, the sensors can
measure the dynamic responses of our system, so that the chassis ac-
celeration and the suspension deflection are collected from the full
model. These measurements represent the vector of the observed sig-
nals for the ICA algorithm. This vector contains the mixing matrix and
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Fig. 5. Half vehicle model (pitch-bounce model).
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Fig. 6. Half car (roll Model).

Table 1
Classification of road roughness by ISO.

Road class Degree of roughness Sg (©,) (10~ ° m?/cycle/m)
Range Geometric mean

A (very good) <8 4

B (good) 8-32 16

C (Average) 32-128 64

D (poor) 128-512 256

E (very poor) 512-2048 1024

the estimated source signals. The ICA uses the permutation of the es-
timated sources and random profiles that are constructed close to the
generic roads in order to extract the exact road profile with a multi-
plying factor. The estimated profile is then compared with the generic
road.

5. Description of the method of the application of the ICA for the
identification of the road profile

The ICA is applied in this study on different dynamic models of cars:
the quarter car, the half car (pitch-bounce model and roll model). The
implementation of this method was based only on the knowledge of the
dynamic responses of the system.

In our case, we did not have any experimental measurements so the
dynamic responses of the different studied models were computed nu-
merically from the vibratory responses of the full model, considered as
a reference model (the closest to real model). These responses were
determined using Newmark algorithm under the following excitations:

— Excitationl: Front Right wheel: Random profile from A to E.
— Excitation 2: Front left wheel: Excitation2 using another road profile

Table 2
Natural frequencies (in Hz).
Model
Full Model | Quarter car | Pitch model | Roll model
Frequency
Fl 0.7 0.82
F2 0.95 0.96 1.01 1.01
F3 1.2 1.4
F4 8.25
F5 8.3 8.16
F6 9.86 9.84
F7 9.92 9.8 9.83 9.88
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from A to E.
— Excitation3: Rear left wheel: Excitation2 plus delay
— Excitation 4: Rear right wheel: Excitation] plus delay.
e For the quarter car model, two measurements were required:
— Suspension deflection (Aq): equal to the mean of the four sus-
pension deflections of the full model.
— Chassis acceleration (a.): equal to the chassis acceleration of the
full model.
e For the pitch model the dynamic responses were computed as fol-
lows:
— Suspension deflection of the front wheels (A1p): equal to the mean
of the suspension deflection of the front wheels of the full car.
— Suspension deflection of the rear wheels (A2p): equal to the mean
of the suspension deflection of the rear wheels of the full car.
— Chassis acceleration (a.): equal to the chassis acceleration of the
full model.
e For the roll model, the dynamic responses were computed as fol-
lows:
- Suspension deflection of the right wheels (A1r): equal to the mean
of the suspension deflection of the right wheels of the full car.
— Suspension deflection of the left wheels (A2r): equal to the mean
of the suspension deflection of the left wheels of the full car.
— Chassis acceleration (a.): equal to the chassis acceleration of the
full model.

These responses were used as input signals for the ICA program:
From these responses only, the ICA would identify the road profile for
the three studied models.

The following diagram explains further the method.

6. Simulation results

This section was split into two parts: the first presented the fre-
quency response of all the studied models in order to compare their
behavior with the real model and confirmed that they were close to
each other. The second part detailed the application of the ICA and the
obtained results in order to check the best model that could represent a
full vehicle.

6.1. Frequency response of the studied systems

The diagram of bode of the vehicle models shows that they were
close to the real model in terms of frequencies. The obtained natural
frequencies are summarized in Table 2.

Since the frequency responses of the three studied system were close
to the real model (full model) frequencies, we presented the time re-
sponse of the road estimation of the three studied systems in the fol-
lowing section in order to decide about the best one which described
the real road profile (see Tables 3 and 4).

6.2. Road profile estimation using the ICA

In this part of the paper, the three studied models were subjected to
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Table 3
Simulation time for road A and E estimation.

Quarter car model Pitch model Roll model
Road profile A
Simulation time (s) 0.52 0.7014 0.8019
Road profile E
0.52 0.55 0.67
Table 4
Performance criteria.
Road profile Studied models MAC E, Er (%)
Road A Quarter car 0.65 0.01 20.1
Pitch model (Excitation1) 0.62 0.0116 23
Pitch model (Excitation2) 0.64 0.0109 15.11
Roll model (Excitation1) 0.64 0.2 4.5
Roll model (Excitation2) 0.51 0.15 34.19
Road E Quarter car 0.61 0.016 7.1
Pitch model (Excitation1) 0.67 0.010 7.8
Pitch model (Excitation2) 0.62 0.017 2.71
Roll model (Excitation1) 0.48 0.010 23.5
Roll model (Excitation2) 0.49 0.132 29.9

random excitations as described in Section 3.4. The application of the
ICA was based on the measured responses to guarantee a good esti-
mation of the road profile variability. The following figures show the
comparison between the generic road profile (type A and E as ex-
amples) which presented the real road profile signal and the estimated
signal of the constructed prototype for the different models. In fact: for
the quarter car model the estimated profile is compared with the mean
of the four excitations applied on the wheels of the full model. For the
pitch model, two excitations are obtained: the Front excitation which is
compared with the mean of the two front excitations of the full model
and the rear excitation compared with the mean of the two rear ex-
citations applied on the full model. Finally, for the roll model, two
excitations are obtained: the right excitation which is compared with
the mean of the two right excitations of the full model and the left

Applied Acoustics 147 (2019) 87-99
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Fig. 8. Bode diagram of the studied systems.

excitation compared with the mean of the two left excitations applied
on the full model. Besides, the simulation time for the two types of road
profile was displayed (see Figs. 7-10).

It can be noticed that, using the three different models, the ICA can
reconstruct the original road profiles (A and E). Also the simulation
time was very small and this proved that the ICA is a fast technique that
can be used in real time. For the quarter model one excitation was
identified and for the two other models, two excitations were identified.
To study the efficiency of this method, three performance criteria were
investigated [15]:

o The Modal Assurance Criterion is defined as follows: MAC
_ (sfSy?
(STSH(S/S)

‘ an
where S; and S; are respectively the real and the estimated road profiles.

If the MAC value is near zero, then the two signals are not conform.
But if MAC has a value of about the unit, this is an indication that the
two signals are close to each other.

o The Euclidean distance between the two signals in order to calculate
the approximation error is calculated as follows:

Excitation]l=Prototype of ~———»] —» a~=Chassis’s acceleration
road profile
— A 1=Suspension deflection 1
Excitation2= another prototype Full vehicle
of the road profile model L » A2=Suspension deflection 2
Excitation3=Excitation1+delay A3=S on deflection 3
—> =Suspension deflection
Excitation4=Excitation 2+ delay Ad=S ion deflection 4
—> =Suspension deflection
ICA —>

Quarter car model | %

—Aq=(A1+A2+A3+A4)/4

— a,
S Alp=(Al+A2)/2

Pitch model

S A2p=(A3+A4)/2

—a,
= Alr=(Al+A4)/2

Roll model

Estimated profile
ICA I > compared to generic
road profile using
performance
ICA

S A2r=(A2+A3)/2

Fig. 7. The method diagram.
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Fig. 9. Road A and E estimation using the different vehicle models.
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Fig. 10. Comparison of the original profile and the
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o The relative error Ey; between the exact and estimated signal present
good performance criteria is defined as follows:
En(%) = 100551
S (13)
The following table summarizes the values of the performance criteria
of the studied models using the random road A and E.
It can be noticed that the ICA shows satisfactory results for the

93

10

estimation of the different road profiles (Mac value is close to one and
the relative errors are minimum compared to those obtained by W.
Fauriat in Ref. [3]). So this estimation method provides a good de-
scription of the generic road variability. To confirm the efficiency of the
method and validate the obtained results, the original signals PSDs and
the estimated ones were presented.

The comparison of the PSDs allows us to notice that the estimator
performs very well for the three studied models.

So, the estimation results using the ICA are sufficient to recover the
real profile based on simplified models and there is no need to use
complex models to estimate the road profile.
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Fig. 11. The noise effect on the estimation process for road profile type A and E.
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Fig. 12. Effect of the sprung mass variation on the estimation of road profile A and E.
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7. Robustness of the method
7.1. Effect of random noise

To check the ability of the ICA method to reconstruct the real road
profiles, a random noise with a Gaussian distribution was added to the
measured responses. This mixture allows obtaining the disturbed esti-
mated sources for the two roads type A and E presented in Fig. 11. The
simulations were run for signal-to-noise ratio (SNR) between 0.9 dB and
9.5 dB for the two types of road profiles. The three runs displayed are as
shown in the figure below.

When comparing the road profile without noise and those with
additional noise, it is clearly noticeable that the ICA can well estimate
the profiles even with a high level of noise for the two studied types of
road profiles.

7.2. Effect of sprung mass variation

Since any vehicle has a major activity which is the transport of
people or items, we proposed to study the efficiency of the ICA via the
sprung mass variation in this sub section. So we assumed that the ad-
ditional payload was applied on the sprung mass by a range of 20% and
40% as shown in Fig. 12.
Appendix A
A.1. Full car model

A.1.1. Full car model parameters
See Table Al.

Table Al
the parameters of the full car model [14].
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Even with increasing the value of the sprung mass by a range of
40%, the ICA remains able to estimate the two types of road profiles
through the three studied models.

8. Conclusion

In this paper, the ICA was implemented to three different models of
a vehicle: Half car (pitch-bounce and roll) and quarter car. This tech-
nique was used to estimate the road disturbance knowing only the
dynamic responses of the full vehicle model. Compared to all the other
estimation techniques, the ICA is simpler, faster and requires available
sensors, which are the chassis acceleration and the suspension deflec-
tion. By the computation of the different performance criteria between
the original signals and the estimated ones, it can noticed that the three
studied models give a good estimation of the road profile. Also, the ICA
is robust to the sprung mass variation and the addition of noise has a
small effect on the estimation process.

Thus, there is no need to use a more complex full car model in order
to estimate the road profile. This will be very interesting when de-
signing control law for active suspension in a future work. Therefore, as
a perspective we are planning to validate the ICA technique experi-
mentally.

Parameters Value Variable unit
Mass of the chassis mg = 840 kgl
Mass of the front tire m¢ = 53 [kgl
Mass of the rear tire m, =76 [kgl
Roll moment of inertia I, = 820 [kg/m?]
Pitch moment of inertia I, = 1100 [kg/mz]
Distance of gravity centre from front axle a; =14 [m]
Distance of gravity centre from rear axle a; = 1.47 [m]
Distance of gravity centre from right axle b; =0.7 [m]
Distance of gravity centre from left axle by = 0.75 [m]
Stiffness of the front suspension k¢ = 10,000 [N/m]
Stiffness of the rear suspension k. = 13,000 [N/m]
Stiffness of the tire ket = ke = 20-10% [N/m]
Damping coefficient ¢ = ¢, = 1000 [N/ms]

A.1.2. Full car model equations of motion

mg O O O 0 O O
0 Ix 0 0 0 0 O
0 0L 0 O O O
M=|0 0 0 m O O O
0 00 0 m O O
0 00 0 O m O
0O 00 0 O 0 m
ki kpp ks -k —kf  —ke -k
ka1 ks> ka3 ko ks bik; — bk,
ks ks, ks aky aky —ak,  —ak
K= |- kf k42 alkf k44 0 0 0
bl kf k52 alkf 0 k55 0 0
-k bk, —ak, 0 0 ki+ ky 0
|-k —bk, —ak, 0 0 0 k; + ky |
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i C12 C13 —C —C —C —Cr

€21 C22 €3 —Dbicr bacy by —baer

€31 C32 C33 4qCf  HCf — Bl — Ay
C=|—cf —bics  acr ct 0 0 0

—cf bycr  acr 0 cf 0 0

—c; bic, —as 0 0 Cr 0

—C; —bye, —axc, 0 0 0 Cr
where

C11 = 2¢f + 2¢;

Cip =
C31 =

€y = bicg—b,ce—bic, + byc,
C13 = 28,C,—2a,C¢

Cy = bict + bicr + bic, + bic,

C32 =

C33 =

Coz = a1bycr—aybicr—azbic, + azbsc,
2cra? + 2ca3

ki = 2ks + 2k,

kiz = ko1 = bike—byke—bik; + bok;

k31 = ki3 = 2ak,—2aky

ky = biks + b3kt + bik, + bk,

ks = k3 = aybyke—arbikp—arbiK; + bk,
K4z = Kyq = —biks

ksy = kys = boks

ki3 = 2ksa? + 2k a’

kKas = ki + kit

kss = ki + kit

A.2. Quarter car model

A.2.1. Quarter car model parameters
See Table A2.

Table A2

Suspension system parameters [14].

N ktf
yokie
ViKir

| Y4ktr ]

Parameters Unit
Sprung mass ms [kgl
Unsprung mass m,g [kgl
Suspension stiffness ksq [N/m]
Tire stiffness ktq [N/m]
Suspension damping csq [N/ms]

A.2.2. Quarter car model motion equation

The equations of motion may be written as follows for the system at hand:

MX 4+ CX+KX=F

The matrices of this system are given by:

mg O
=[5 o |

X1
x=[3]

[ Csq —Cyq
=8, co ]
K] = [ kgq —ky

B | —ksq kg + kg

[ 0
Fl =
{F} _ktqy]
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A.3. Half car model (Pitch model)

A.3.1. Pitch model parameters

See Table A3.

Table A3
Pitch model parameters [14].

Applied Acoustics 147 (2019) 87-99

Parameters Value Unit
Mass of the chassis m, 500 [kgl
Mass of the tire mg, 53 [kgl
Mass of the tire m,, 76 [kgl
Suspension stiffness kqg, 13-10° [N/m]
Suspension stiffness kg, 10* [N/m]
Tire stiffness Kp/Kerp 20-10* [N/m]
Suspension damping Csf,,/Corp 1000 [N/ms]
Pitch moment of inertia Iy 550 [kg/mz]
Distance of gravity centre from front axle a; 1.5 [m]
Distance of gravity centre from rear axle a, 1.57 [m]
A.3.2. Motion equations
MX +CX+KX=F
with
rx m, 0 O 0
w8 ooy o0 oo
| Xp1 [0 0 my O
[ Xp2 0 0 0 m
ksfp + ksrp astrp_alksfp _ksfp _ksrp
2 2
K akgp—ariKsp atksp + aykep ke —aKgp
_ksfp alksfp ksfp + ktfp 0
| _ksrp _azksrp 0 ksrp + ktrp
[ Csfp + Csrp DCsrp— Wi Csfp  —Csfp  —Carp
2 2
C= BCsrp—M Csfp A1 Csfp +a; Corp Csfp —A2Csrp
—Csfp A Csfp Csfp 0
| _Csrp - Csrp 0 csrp
[ 0
0
F= Kifply
| ktrprz
A.4. Half car model (Roll model)
A.4.1. Roll model parameters
See Table A4.
Table A4
Roll model parameters [14].
Parameters Value Unit
Mass of the chassis my, 500 [kgl
Mass of the tires my,; 53 [kgl
Suspension stiffness ksrl 11.5-10° [N/m]
Tire stiffness kyr1 20-10* [N/m]
Suspension damping Cg1/Csro 1000 [N/ms]
Roll moment of inertia I, 410 [kg/m?]
Distance of gravity centre from right axle bl 0.7 [m]
Distance of gravity centre from left axle b2 0.75 [m]
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A.4.2. Motion equations
MX +CX +KX=F

with
Xp
¢
X=
Xu1
Xu2

m, 0 O 0
0 Ik O 0

M=
0 0 myyg; O
0 0 0 my,
ksrl + ksrz _bzksrz + blksrl _ksrl _ksrz
K= _bzksrz + alksrl b%ksrl + b22k5r2 _blksrl bstrZ
_ksrl _blksrl ksrl + kurl 0
_ksrz _b2ksr2 0 ksr2 + kurz
Csr1 + Csr2 _bzcsrz + blcsrl —Csr1 —Csr2
C= _bzcsrz + blcsrl b%csrl + b22C5r2 _blcsrl bzcsrz
—Csr1 _blcsrl Csr1 0
| —Csr2 _bZCer 0 Csr2
[ o
e ©
| kunly
_kur2h2
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