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Résumé des contributions (in French)

Ce texte synthétise les résultats d'un travail de thése d’une durée de trois années (de Avril
2017 & Mai 2020) effectué dans I’équipe SLR (Systémes Linéaires et Robustesse) du Départe-
ment Controle des Systémes au GIPSA-Lab. Cette thése a été effectuée sous la direction
de M. Olivier SENAME (Professeur & Grenoble INP) et de M. Luc DUGARD (Directeur de
Recherche au CNRS). Ce travail a été soutenu par le projet 911 du Ministére de I’Education
et de la Formation du Vietnam.

Introduction

De nos jours, la dynamique des véhicules est d’une importance capitale dans I'industrie
automobile. En effet, au cours de la derniére décennie, 'ingénierie automobile a connu une
croissance rapide des systémes semi-actifs et actifs. Il y a eu beaucoup de recherche, de
développement et de mise en ceuvre de tels sous-systémes semi-actifs et actifs tels que les
actionneurs de freinage, de direction ou de suspension. En particulier, les systémes de sus-
pension automobile ont également regu beaucoup d’attention de la part de I'industrie et du
monde universitaire en raison de leur réle essentiel dans la réduction des effets des perturba-
tions routiéres sur les passagers & bord (confort) et dans le maintien du contact pneu-route
(sécurité).

Chassis link

Damper

Wheel link

Figure 1: Représentation schématique d’un véhicule commun Systéme de suspension [Savaresi
et al. 2010].

La configuration du systéme de suspension comprend trois composants principaux (voir
Figure 1): 1) un ressort hélicoidal; 2) un amortisseur; 3) les éléments mécaniques pour relier

xi
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la masse suspendue (chéassis) et la masse non suspendue (roue). Selon les caractéristiques de
l’amortisseur habituellement décrites par le diagramme Force / Vitesse du piston (voir Figure
2 pour les amortisseurs idéaux), 'amortisseur est largement classé en a) passif b) semi-actif
c) actif. Parmi ces catégories, 'amortisseur semi-actif est un candidat potentiel sur le marché
automobile en raison des avantages de 'amortisseur semi-actif par rapport aux amortisseurs
actifs et passifs tels que la demande de puissance négligeable, les caractéristiques de sécurité,
I’amélioration des performances du véhicule et le faible cotit. Et poids. A titre d’exemple qui
sera examiné en détail ultérieurement, la figure 3 présente le diagramme Force-Vitesse d’un
amortisseur ER du banc d’essai INOVE, dans les configurations passive (gauche) et semi-
active (droite). De nombreux travaux de recherche ont donc été consacrés a la modélisation,
I’estimation et les plans de controle du systéme de suspension semi-active

Damper force Damper force Damper force

A A ﬁ

.

Velocity Velociy Velocﬁy

Passive Semi-active Active

Figure 2: Force vs vitesse du piston: diagramme des amortisseurs passifs idéaux (a gauche),
semi-actifs (au milieu) et actifs (& droite).

Real passive damper 00 Real semi-active damper
10 107
=3 4 :
8 0f Ty 0 B o |
2
-10 10|
-20 -

‘ : 20
01 005 0 005 01 02 01 0 01 02
Velocity (m/s) Velocity (m/s)

Figure 3: Diagramme force / vitesse du piston de vrais amortisseurs passifs (& gauche), semi-
actifs (& droite).

Motivation et objectifs

L’industrie automobile exige continuellement des véhicules plus strs et plus confortables.
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Par conséquent, les véhicules automobiles sont équipés de nombreuses technologies mod-
ernes, de sous-systémes intelligents en différents domaines d’ingénierie tels que la mécanique,
I’électronique, les communications, la commande automatique. Avec ces technologies, la dy-
namique du véhicule est d’une importance capitale car elle a un trés fort impact sur la per-
formance globale du véhicule. Les progrés technologiques dans le controle de la dynamique
du véhicule sont considérés comme 1'une des solutions pour améliorer la performance des
véhicules. Cela concerne de nombreux actionneurs (ESC- controle électronique de la stabil-
ité, ABS- systéme de freinage antiblocage de roue, controle des suspensions), qui peuvent étre
utilisés pour améliorer le confort de conduite, la stabilité et la sécurité. Parmi ces actionneurs,
les systémes de suspension sont cruciaux pour la dynamique du véhicule. En effet, le role des
suspensions dans la dynamique du véhicule est trés important: elles établissent le lien entre la
route et la carrosserie du véhicule, gérant non seulement la dynamique verticale, mais aussi les
dynamiques de roulis et de tangage, causées par leurs mouvements non synchronisés. Le corps
principal de travail de cette thése se concentre sur le théme des systémes de suspension de
véhicule, en particulier sur ceux utilisant les amortisseurs semi-actifs. Les contributions sont
principalement orientées dans trois directions : Modélisation et identification de deux modéles
non linéaires orientés contrdle pour les amortisseurs ER qui équipent le banc d’essai INOVE
de GIPSA-lab. La connaissance en temps réel de ’amortisseur est d’une grande importance
pour le diagnostic dynamique et le controle du véhicule. Par conséquent, trois observateurs
robustes (dans le contexte Hinf pour les systémes non linéaires de type Lipschitz et les sys-
témes non linéaires & parameétres variant) sont proposés pour estimer la force d’amortissement
de "amortisseur ER. La commande tolérante aux fautes du systéme de suspension semi-active
est effectuée & 'aide de ’approche LPV avec un modéle de défaut de I’amortisseur.

Physical Connections
NIDAQ (4nalog, Digital, PWM)

10 | Ny D —
Interfaces -
pra .
Y » — - »
@ Process

_—
(xPC Target, NI PCI Cards) (Actuators and Sensors)

Ethernet

@ Target PC

Host PC
(Matlab/Simulink)

Figure 4: Schéma de la plateforme expérimentale INOVE [Tudén-Martinez et al. 2015]



xiv Résumé des contributions (in French)

SA Suspension System

»
deflection
sensor

Figure 5: Le banc d’essai expérimental INOVE au GIPSA-lab.

Contributions

Le chapitre 1 présente I’étude de modélisation et I'identification de deux modéles simplifiés
pour les amortisseurs électrorhéologiques utilisés dans les systémes de suspension de véhicules.
Les modeles exhibent les comportements principaux de 'amortisseur ER (non linéarité et dy-
namique). Les deux modeles sont validés par différents tests sur la plate-forme expérimentale
INOVE de GIPSA-lab.

e Un modéle Bingham étendu

Fd = kom‘p + Co:bp + Fer
7(u)Fop + Fop = ouPsign(,)

e Un modéle Guo étendu

Fd = k‘[):L‘p + Coi‘p + FeT
T(U)Fer + For = feutanh(kizy + c1dp)
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XV

Damper force
I

CUARRARARARARAARRAANARAARSA
RALEAARAR AR RAAAARAARAA LA
0 0.‘5 1‘ 1.‘5 é Tirs.e5(s) I; 3.‘5 A‘f 4.‘5 5

Figure 6: Résultats de la validation: basé sur un modéle et profil de route sinusoidal & force

réelle
Damper Def/For Damper Vel/For
20 T T T T T 20 T T T T T
* Real damper force * Real damper force
—* -~parametric model — * —parametric model
15r * non-parametric model | | 151 * non-parametric model ||
101 b 10 b
5r b 5r b
z
8 or b or b
S
-
5t ] 5F |
-10+ 1 -10r b
-15¢1 1 -15¢ b
20 . . . . . . . 20 | | | | | | |
-4 -3 -2 -1 0 1 2 3 4 -0.2 -0.15  -0.1 -0.05 0 0.05 0.1 0.15 0.2
Deflection (m) %1072 Velocity (m/s)

Figure 7: Résultats de la validation

: Diagrammes des amortisseurs - Profil routier sinusoidal
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Xvi
Damper force
20 I I
===:Real damper force
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Figure 8: Résultats de la validation: basés sur un modéle et force réelle - Profil routier ISO

Le chapitre 2 présente les modéles de quart de véhicule étendus, qui seront utilisés pour
la conception des observateurs et des contréleurs — les modéles de quart de véhicule étendu
d’un modéle d’amortisseur dynamique non linéaire du premier ordre. L’équation dynamique
du systéme de quart de véhicule est écrite dans le cadre des systémes LTI pour la conception
du controle et sous forme de deux systémes non linéaires (Lipschitz non linéaire et formulation
non linéaire & parameétres variant) pour la conception des observateurs.

La deuxiéme partie de la thése est consacrée & 1'une des principales contributions avec la
proposition de trois observateurs pour estimer la force d’amortissement de ’amortisseur ER
dans le systéme de suspension, ce qui est d'une grande importance pour le diagnostic et le
contréle dynamique du véhicule. La structure de cette partie est la suivante:

Le chapitre 3 présente une extension de la synthése d’un observateur Hinf unifié pour les
Systémes non linéaires Lipschitz soumis & des bruits d’entrée et de mesure inconnus. Les ob-
jectifs sont de découpler les effets des perturbations d’entrée inconnues bornées et de minimiser
les effets des bruits de mesure sur les erreurs d’estimation des variables d’état en utilisant un
Critére Hinf, alors que la non linéarité satisfait a la condition de Lipschitz. Cette nouvelle
approche est développée pour estimer la force d’un amortisseur électrorhéologique (ER) dans
un systéme de suspension automobile et elle est mise en ceuvre sur le banc d’essai INOVE
de GIPSA-lab (véhicule réel 1/5 échelle) pour I'évaluation des performances en temps réel.
L’observateur unifié d’ordre complet considéré H., est donné par

Z=Nz+Jy+ H®(Z)u+ Mv
U= Pz+4+ Qy+ Gv
T=Rz+ Sy
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Figure 9: |le/wy,|- Diagrammes de Bode de 'observateur unifié Ho

Le chapitre 4 propose un observateur non linéaire & parameétre variant (NLPV) pour es-
timer, en temps réel, la force d'un amortisseur électrorhéologique (ER) dans un systéme de
suspension automobile. L'effet des perturbations du profil de la route et des bruits de mesure
sur les erreurs d’estimation est traité via le cadre Hinf. En outre, la non linéarité prise en
compte dans le modéle d’amortisseur (et utiliste dans la formulation de l'observateur) est
bornée par une condition de Lipschitz. Ce chapitre aborde le probléme de conception de
lobservateur NLPV via une de Lyapunov fonction constante (méthode polytopique) et une
Lyapunov fonction de a paramétre-dépendant (méthode de quadrillage). Pour 'évaluation
de leurs performances, les observateurs sont mis en ceuvre sur le banc d’essai INOVE de
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GIPSA-lab (véhicule réel a 'échelle 1/5). L’observateur NLPV est choisi comme suit

e/wn,

T0 ——r
80 - ]
o -90 [ \ -
-100 .

q{o b | Ll | Ll

oo b il il il il
-110 T T T T T

-115 *

Magnitude (dB)
e
3
)
o
T
Il

125 -

30 b | Ll | Ll
-60

-80

-120

-140
-40

-60

o0 \
N - —
80 N\~ =S

~

-100 I I I I I
107" 10° 10" 102 10°
Frequency (Hz)

Figure 10: |le/wy,||-Diagrammes de Bode de l'observateur NLPV w.r.t. bruits de mesure -
méthode polytopique.
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Figure 11: |le/wy,||-Diagrammes de Bode de l'observateur NLPV w.r.t. bruits de mesure -
méthode de quadrillage.

Le chapitre 5 présente quelques résultats de comparaison de trois méthodes d’estimation
de la force d’amortissement (Observateur Hinf et deux observateurs NLPV). Trois points de
comparaison différents sont étudiés : le comportement vis-a-vis du profil de route inconnu,
b) la minimisation de 'effet de bruit de capteur sur les erreurs d’estimation, c) le temps de
convergence des observateurs.
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2.;7" Fd
PWM signal Quarter-car model -
Noise
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. F,
Vat Unified H,, observer a1 -
N
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. Fas
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Figure 12: Schéma de principe pour la simulation des trois observateurs proposés dans le
scénario de comparaison.
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Figure 13: Simulation senario: (haut) Force de I'amortisseur, (bas) Erreur d’estimation
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Le chapitre 6 présente la méthode de la commande LPV tolérante aux défauts pour la
suspension semi-active systéme, en particulier, lorsque certaines défaillances se produisent
sur 'amortisseur. Synthétiquement, les contributions de ce chapitre sont doubles : i) la
premiére partie analyse les défauts possibles sur ces amortisseurs et incorpore leur effet sur le
modéle développé, qui joue un role important dans le diagnostic et la fiabilité des systémes de
suspension; ii) la seconde partie développe les techniques de commande tolérante aux défauts
basées sur la méthode LPV et sur les modéles de défaillance.

Perspectives

Au cours de la thése, plusieurs développements ont été initiés et certains résultats ont été
obtenus. Selon nous, les perspectives suivantes semblent également étre d’un grand intérét et
pourraient étre poursuivi et développées:

Perspectives a court terme

La mise en ceuvre en temps réel de I’approche de controle tolérant aux fautes doit étre effec-
tuée sur le banc d’essai INOVE pour valider expérimentalement la performance de la méthode
proposée. Dans la thése, la non-linéarité dans "amortisseur semi-actif modéle est bornée par
une condition de Lipschitz. Alternativement, cette fonction non linéaire peut étre également
maintenue & intérieur d’un bloc & paramétres variant en utilisant une transformation frac-
tionnelle linéaire (LFT). La comparaison entre les deux approches donnerait une analyse plus
approfondie et mettrait en avant l'intérét de chaque méthode. Comme vu au chapitre 3,
I'observateur Hinf unifié d’ordre complet entraine des cotits de mise en ceuvre importants. Par
conséquent, il faut concevoir des observateurs d’ordre réduit et étudier leur comportement, par
rapport a I’ observateur d’ordre complet. Comme nous ’avons vu au chapitre 6, de I'efficacité
la perte de 'amortisseur devrait étre étudiées pour continuer & garantes les performances du
véhicule. Par conséquent, I’observateur des défaillances utilisé pour estimer la perte du facteur
d’efficacité joue un role important dans le diagnostic et la commande tolérant aux défauts.
Concernant le probléme de conception de 'observateur, la dynamique du systéme peut étre
décrite sous forme d’un systéme descripteur non linéaire Lipschitz. Ce modéle sera utilisé
pour concevoir ’observateur des défaillances dans le cadre de travaux futurs.

Perspectives a long terme

Tous les travaux de cette thése ont porté sur le quart de véhicule modéle. Pour le futur,
les méthodes seront étendues au systéme de suspension de véhicule complet.

Au chapitre 4, la stabilité robuste de I'observateur NLPV est développée en utilisant les
valeurs maximales et minimales de. Par conséquent I’approche par scénario peut étre appliquée
pour assouplir les contrainte avec I’ensemble de valeurs.

Comme mentionné au chapitre 6, trois raisons (problémes électriques, fuite d’huile et
déformation physique) concernent la perte d’efficacité de 'amortisseur. Chaque raison a un
effet différent sur les performances du systéme. Par conséquent, les stratégies FTC doivent
s’adapter a la différence de chaque défaut.
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0.1 Thesis framework

This dissertation presents the results of the three years PhD work (from April 2017 to April
2020), performed in the SLR (Systémes Linéaires et Robustesse) team from the Control Sys-
tems department of GIPSA-Lab, on the LPV observer and Fault-tolerant control of
vehicle dynamics: application to an automotive semi-active suspension system
under the direction of Olivier SENAME (Professor Grenoble INP) and Luc DUGARD
(Reseacher Director CNRS). This work has been partially supported by the 911 scholarship
from the Vietnamese government and the ITEA3 European Project through EMPHYSIS (Em-
bedded Systems With Physical Models in the Production Code Software) under Grant 15016.

This thesis presents a continuation and further developments from the studies of former
PhD students in the same SLR team:

e Ricardo Ramirez-Mendoza (see |[Ramirez Mendoza 1997]), "Sur la modélisation et la
commande de véhicules automobiles", which was the first study in the automotive frame-
work. The work was focused on the description and modeling of vehicles, as well as first
attempts on control methodologies for active cruise control.

e Damien Sammier (see [Sammier 2001]), "Sur la modélisation et la commande de suspen-
sion de véhicules automobiles" presented the modeling and control design of an active
suspension (using Ho, control for LTI system). The semi-active suspension modeling
and control were also studied for a PSA Peugeot-Citroén semi-active damper.

e Alessandro Zin (see [Zin 2005]), "Sur la commande robuste de suspensions automobiles
en vue du contréle global de chéassis", which extended the previous works with a strong
attention on H.,/LPV control of an active suspension in order to improve robustness
properties. A sketch of global chassis control through the use of the four suspensions
was also derived using an anti-roll distribution.
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e Charles Poussot-Vassal (see [Poussot-Vassal 2008a|) "Commande robuste LPV multivari-
able de chassis automobile” provided tools and control design methodologies in order to
improve comfort and safety in automotive vehicles. The two main contributions were
the semi-active suspension control (using an LPV approach to handle the dissipativity
constraint of the damper and to improve the passenger comfort and road holding) and
the Global Chassis Control (involving the control of the braking and steering actuators
for vehicle active safety improvement).

e Sébastien Aubouet (see [Aubouet 2010])"Semi-active SOBEN suspensions modeling and
control" presented an observer design methodology allowing the suspension designer to
build and adjust an appropriate observer, estimating the non-measured variables. Then,
the previous results of Charles Poussot-Vassal, for semi-active suspension control, were
extended to the full vertical car, and completed with both a pole placement method, a
scheduling strategy based on a damper model and a local damper control for a semi-
active hydraulic suspension designed by SOBEN.

e Anh-Lam DO (see [Do 2011]) "Approche LPV pour la commande robuste de la dy-
namique des véhicules: amélioration conjointe du confort et de la sécurité", which con-
centrated on controller design for semi-active suspension system aiming at providing a
good compromise between comfort and road holding while taking into account the im-
portant physical characteristics and constraints. The main contributions were a LPV
modeling and control for nonlinear semi-active suspension systems, a constrained control
(passitivity constraint and mechanical limits), and the controller design was performed,
based on multi-objective optimization problems using genetic algorithm.

e Soheib Fergani (see [Fergani 2014]) "Robust Multivariable Control for vehicle dynamics"
presented Global Chassis MIMO controllers that enhance the overall dynamics of the
vehicle while preserving the vehicle stability in critical driving situations. The controllers
were developped based on the LPV/H ., approach and took into account simultaneously
the braking, steering and suspension actuators. Then, some stratetegies have been
developed to estimate the road profile characteristics and to adapt the vehicle control,
depending on the road roughness. Finally, fault tolerant control strategies have been
also considered to handle the actuators failures while keeping the vehicle stability and
safety.

e Manh Quan Nguyen (see [Nguyen 2016]) "LPV approaches for modeling and control of
vehicle dynamics: application to a small car pilot plant with ER dampers" presented
suspension control methods in the framework of Linear Parameter Varying (LPV) ap-
proach with input constrained and Model Predictive Control (MPC) approach. More-
over, several observers have been designed to estimate the fault in the damper. Then,
an LPV/FTC fault scheduling control is designed to prevent vehicle performance dete-
rioration by using the fault information from the estimation step.
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0.2 General introduction and problem statement of the thesis

The automotive industry continually demands safer and more comfortable vehicles. Therefore,
automotive vehicles are equipped with many modern technologies, intelligent subsystems in
different engineering fields such as mechanics, electronics, communications, automatic con-
trol. Along with these technologies, the vehicle dynamic is of paramount importance that
decides the overall vehicle performance. Technological advances in vehicle dynamics control
are considered one of the solutions to enhance the performance of the vehicles. It concerns
many actuators (ESC- electronic stability control, ABS- anti-lock braking system, controlled
suspensions), which can be used to enhance the driving comfort, stability, and safety. Among
these actuators, the suspension systems are crucial for vehicle dynamics. Indeed, the role of
suspensions in vehicle dynamics is intuitive: they establish the link between the road and the
vehicle body, managing not only the vertical dynamics, but also the rotational dynamics (roll,
pitch) caused by their unsynchronized motions.

The main body of the work of this thesis concentrates on the topic of the vehicle suspension
systems, especially with these using the semi-active dampers. The contributions are mainly
focussed in three directions:

e The modeling and identification of two nonlinear control-oriented models for ER dampers
equipped in the INOVE testbed of GIPSA-lab are studied.

e The real-time knowledge of the damper is of great importance for vehicle dynamic diag-
nosis and control. Therefore, three robust observers (in the Hy, context for Nonlinear
Lipschitz and Nonlinear Parameter Varying systems) are proposed to estimate the damp-
ing force of ER damper.

e The fault-tolerant control of the semi-active suspension system is addressed by using the
LPV approach and damper fault model.

0.3 Structure of the thesis

In this thesis, the main contributions will be presented following the organization:

0.3.1 Part I: System description identification and modelling

The first part gives the modeling and identification results of the quarter-car model equipped
with an Electro-Rheological damper. This part is composed of the following chapters:

e Chapter 1 presents the modeling study and identification of two control-oriented models
for Electro-Rheological dampers used in vehicle suspension systems,. The models capture
the main behaviors of the ER damper (nonlinearity and dynamic). Both models are
validated with various tests on the INOVE experimental plat-form of GIPSA-lab.
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e Chapter 2 provides the extended quarter car models, which will be used for the design
of observers and controllers—the quarter car models augmented with a first-order dy-
namical nonlinear damper model. The dynamical equation of the quarter car system is
written in an LTT system for control design and two nonlinear systems (Nonlinear Lip-
schitz and nonlinear Parameter Varying formulation) are considered later for observer
design.

0.3.2 Part II: Some approaches for damper force estimation

The second part is devoted to one of the main contributions of the thesis. Three observers are
proposed to estimate the damping force of ER damper in the suspension system, which is of
great importance for vehicle dynamic diagnosis and control. The structure of this part is as
the followings:

e Chapter 3 presents an extension of the synthesis of a unified H, for the nonlinear
Lipschitz systems subject to unknown input and measurement noises. The objectives
are to decouple the effects of bounded unknown input disturbances and to minimize the
effects of measurement noises on the estimation errors of the state variables by using an
H oo criterion, while the nonlinearity satisfies the Lipschitz condition. This new approach
is developed to estimate the damping force of an Electro-Rheological (ER) damper in
an automotive suspension system and is implemented on the INOVE testbench from
GIPSA-lab (1/5-scaled real vehicle) for real-time performance assessment.

e Chapter 4 proposes a nonlinear parameter varying (NLPV) observer to estimate, in
real-time, the damper force of an electrorheological (ER) damper in the road vehicle
suspension system. The effect of road profile disturbances and measurement noises on the
estimation errors is handled via the Ho, framework. Moreover, the nonlinearity coming
from the damper model (and considered in the observer formulation) is bouned by a
Lipschitz condition. This chapter addresses the design problem of NLPV observer via a
constant Lyapunov function (polytopic method) and a parameter-dependent Lyapunov
function (gridding method). For performance assessment, the observers are implemented
on the INOVE testbench of GIPSA-lab (1/5-scaled real vehicle).

e Chapter 5 presents some comparison results of three damper force estimation methods
(Hoo observer and two NLPV observers). Three different comparison points are studied:
behavior against unknown road profile, b) minimization of the sensor noise effect on the
estimation errors, ¢) convergence time improvement.

0.3.3 Part III: Application to fault-tolerant control

The final part presents the results on Fault-Tolerant Control, to be applied on the semi-active
suspension system:
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Chapter 6 presents the LPV Fault-Tolerant Control method for the semi-active suspen-
sion system, in particular, when some faults occur upon the damper. Synthetically, the
contributions of this chapter are two-fold: i) the first part analyses the possible faults
on these dampers and incorporates their effect on the developed model, which plays
an important role in the diagnosis and reliability of suspension systems; ii) the second
develops the Fault-Tolerant Control techniques based on the LPV method and the fault
model.
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This chapter presents the modeling study and identification of two control-oriented models
for Electro-Rheological dampers used in vehicle suspension systems. The primary purpose is
to consider the overall behaviors of these ER dampers, which basically, present a resistance
against shearing that varies according to a controlled electric field. Two different model struc-
tures are used to represent the behaviors of these dampers. The first one uses a parametric
approach to model the damper (section 1.4.1). The other makes use of a hysteresis based
method to characterize the damper (section 1.4.2 ). In these models, the damper is character-
ized by the combination of linear and nonlinear terms. Therefore, an identification procedure
using square and nonlinear least square methods is proposed to identify the model parameters
(section 1.5 ). Finally, the models are validated with various tests on the INOVE experimental
plat-form (section 1.6). The part of this work has been done with 2 Master students (Manuel
A Molina Villa and Marcelo Menezes Morato).

11
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1.1 Introduction

Nowadays, vehicle dynamics are of paramount importance in the automotive industry. Indeed,
over the last decade, automotive engineering has witnessed rapid growth in semi-active and ac-
tive systems. There has been a lot of research, development, and implementation of such semi-
active and active subsystems such as braking, steering or suspension actuators (see [Savaresi
et al. 2010]), [Tanelli, Corno, and Saveresi 2014], [Do, Sename, and Dugard 2012|, [Yamamoto
2017|, [Priyandoko, Mailah, and Jamaluddin 2009], [Yoshimura et al. 2001]), [Bremner 2005]).
In particular, the automotive suspension systems have also received a lot of consideration from
industry and academia due to their vital role in reducing the effects of the road disturbances on
the on-board passengers (comfort) and in maintaining tire-road contact (safety) (see [Gillespie
1992], [Savaresi et al. 2010]).

Chassis link

Damper

Wheel link

Figure 1.1: Schematic Representation of a Common Vehicle Suspension System [Savaresi et al.
2010].

The configuration of the suspension system includes three main components (see Figure
1.1): 1) a coil spring; 2) a damper; 3) the mechanical elements to link the sprung mass (chassis)
and unsprung mass (wheel). According to the damper characteristics usually described by the
Force vs. Piston Velocity diagram (see Figure 1.2 for the ideal dampers), the damper is
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broadly classified into a) passive b) semi-active ¢) active. Amongst these categories, the semi-
active damper is a potential candidate in the automotive market due to the advantages of the
semi-active damper compared to active and passive ones such as negligible power demand,
safety characteristics, improvement of the vehicle performance and low cost and weight (see
in [Savaresi et al. 2010]). As an example that will be considered in details later, Figure 1.3
presents the Force-Velocity diagram of an ER damper of the INOVE testbed, in the passive
(left) and semi-active (right) configurations. Many research works have therefore been devoted
to the modeling, estimation, and control designs of the semi-active suspension system (see
[Choi, Lee, and Park 2001], [Poussot-Vassal et al. 2012], [Dugard et al. 2012] and references
therein).

Damper force Damper force Damper force
A A A
Velocity Velocﬁy Velo&y
Passive Semi-active Active

Figure 1.2: Force vs. Piston Velocity: diagram of ideal Passive (left), Semi-active (middle)
and Active (right) dampers.

Real passive damper 20 Real semi-active damper
_ 1o 10
< A
S 0 0 T Trowms oo |
5 ey
10 10 5
A

20 -20
01 -005 0 005 01 -02 -01 0 01 02
Velocity (m/s) Velocity (m/s)

Figure 1.3: Force vs. Piston Velocity diagram of real Passive (left), Semi-active (right)
dampers.

The semi-active dampers concern those with controlled fluids since they have a fast time
response and are less costly. There are, nowadays, three main semi-active damper technolo-
gies: 1) Electro-Hydraulic (EH) dampers, i.e. hydraulic devices usually equipped with solenoid
valves [Aubouet 2010]; 2) Magneto-Rheological (MR) [Metered, Bonello, and Oyadiji 2010;
J Lozoya-Santos et al. 2012; Witters and Swevers 2010; Ashfak, Rasheed, and Jaleel 2013]
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and 3) Electro-Rheological (ER) shock absorbers, both damper types being filled with a Rhe-
ological fluid that varies its apparent viscosity under the action of a magnetic (see [Carlson,
Catanzarite, and St. Clair 1996]) or an electric field (see [Acerbi and Mingione 2002|), respec-
tively. Since the INOVE platform is equipped with ER dampers, this chapter mostly deals
with such systems. For more information concerning the other types of dampers, the reader
is referred to the works give above and references therein.

As explained in [Choi, Lee, and Chang 2001; Kamelreiter, Kemmetmiiller, and Kugi 2012],
ER dampers used in semi-active suspension systems, are able to achieve very good results in
terms of enhancing a car’s drive. Nevertheless for control design purpose, reduced-order models
(that describe the behavior of the force delivered by Electro-Rheological dampers) must be
available in order to run in real-time in the embedded Electronic Control Unit (ECU) of these
modern automotive applications (that usually run within 1 to 10 ms).

1.2 Related works on ER damper modelling

In order to capture the main characteristics of the ER, damper, many models have been derived
using several methodologies with different complexity and accuracy. In terms of ER damper
modelling studies, these either use parametric or non-parametric approaches:

e Non-parametric models characterize the delivered force by special, well-suited functions
(polynomial, trigonometric, delayed functions, etc [Choi, Lee, and Park 2001]) or by
artificial intelligence methods (fuzzy logics, neural networks, etc |[Kim, Langari, and
Hurlebaus 2009]|, [Savaresi, Bittanti, and Montiglio 2005], [Witters and Swevers 2010]).
As the non-parametric models usually stand for quite complex functions, they are out
of the scope of this chapter.

e Parametric models characterize the delivered force by the combination of the behaviors
of the spring, dashpots and other mechanical parts (considering each of their mecha-
nisms and operating area) [Dyke et al. 1996|. Some interesting works are: [Gamota and
Filisko 1991], that describes the ER fluid behaviour in moderate frequency excitations;
[Kamath and Wereley 1997] and [Makris, Burton, and Taylor 1996] present models de-
rived from simple, basic mechanical laws. More recently, [Hernandez-Alcantara et al.
2016] presented very interesting experimental results, even including faulty situations
of the damper, and proposed a parametric model adapted from the MR damper model
given in [Guo, Yang, and Pan 2006].

On the other hand, the damper models may be classified in terms of static and dynamic
characteristics:

e Static models include Bingham model with Coulomb friction (see [Stanway, Sproston,
and Stevens 1987]), hysteresis based model (see [Guo, Yang, and Pan 2006|, [J Lozoya-
Santos et al. 2012]).
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e Dynamic models considers the Bouc-Wen model in ([Wen 1976], [Ahmadian, Song, and
Southward 2004] and [Spencer Jr et al. 1997]).

e Based on several approximators such as neural network ([Chang and Roschke 1998|,
[Chang and Zhou 2002]), fuzzy ([Schurter and Roschke 2000]), polynomial (|[Du, Sze,
and Lam 2005]) and among others ([Savaresi, Bittanti, and Montiglio 2005]), proposed
black box model can be also divided into static or dynamic groups, depending on the
typical model.

It must be remarked that the parametric modelling approach is of interest as it can lead to
reasonably simplified (reduced-order) functions that describe the delivered ER damper force
quite well. The Bingham and Guo models are representative, however, they only characterize
the static nonlinear behavior of semi-active suspensions. Therefore, how to extend the models
by taking into account both nonlinear and dynamic behaviors of the ER damper while facil-
itating control-design goals including Fault Detection and Diagnosis/Fault Tolerant Control
(FDD/FTC) schemes is one of our objectives.

1.3 INOVE testbench

For validation and identification purposes, as well as for many experimental tests to assess
the proposed algorithms, a real %-sized vehicle test-rig is used in this work. This testbed is
the INOVE Soben-Car experimental platform available in GIPSA-lab ! and it allows dealing
with several configurations and use cases.

This platform, which involves a scaled car, is controlled in real-time using Matlab Real-
Time Workshop and a host computer. The target PC is connected to the host computer via
the Ethernet communication standard (see Figure 1.4). The control policies and estimation
approaches are implemented with a sampling frequency of 200Hz (i.e. sampling time 5ms)

Physical Connections
NIDAQ (4nalog, Digital, PWM)

lllt:l/‘?a(‘:s s

Y » — - »
@ Process

—-
(xPC Target, NI PCI Cards) (Actuators and Sensors)

Ethernet

@ Target PC

Host PC
(Matlab/Simulink)

Figure 1.4: Schematic of INOVE experimental platform [Tudén-Martinez et al. 2015]

The scaled car is equipped with a semi-active suspension system involving four ER dampers

"http://www.gipsa-lab.fr/projet /inove /index.html
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which have a force range of + 50 N and have been designed by Fludicon (C) . These ER dampers
are adjusted using a controlled voltage inside the range of [0, 5000] V, generated by amplifier
modules. The control input for each module is a PWM signal at 25 kHz. In terms of capturing
the vehicle’s behavior, this testbed is equipped with a wide variety of sensors as follows:

e 8 accelerometers to measure the sprung and unsprung mass accelerations.

e An Attitude and Heading Reference System (AHRS) to measure the movement of sprung
mass in three axels such as the longitudinal, lateral and vertical accelerations and pitch,
roll, and yaw rates.

¢ 12 displacement sensors to measure the deflection of each ER damper.

e 4 force sensors to measure the dampers’ forces

In order to generate road profiles, four linear servomotors placed under the four wheels of the
vehicle mimic the desired road profiles. A photo of the scaled car INOVE and of the front-left
ER damper of the experimental platform is given in Figure 1.5.

SA Suspension System

Figure 1.5: The experimental testbed INOVE at GIPSA-lab.

For safety, the working region of the ER dampers in INOVE testbed is limited to the
range of [0,0.3] applied PWM signal (that corresponds to voltages from 0V to 1500V) and
constrained in [—0.15, 0.15] % for velocities. The reasons for these limitations are:

e In our application, the corresponding damper forces with low applied voltages are enough
to control the real 1/5-scaled car (in terms of improvements for passenger comfort and
road holding);
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e In the INOVE test bench, we do not control the velocity of damper. This value directly
depends on the type of road profile acting on the car. These profiles, on the other hand,
are limited, to be realistic but also due to the excitation bounds of the servomotors that
generate them.

Finally, this unique 1/5 scale automotive system has been developed to study the vertical
behavior of the ground car, therefore, neither the steering nor breaking systems are mounted
in the car.

1.4 ER damper modelling and identification

In this section, we aim at presenting two models sufficiently simple for design and imple-
mentation (reduced-order) while maintaining an overall good representation of the dynamical
damper behaviour, so that they can be used for control design and run in real-time with
embedded semi-active suspension controllers (usually with sampling periods within 1ms to 10
ms). Therefore, a parametrical approach and a hysteresis based methodology for the control-
oriented modelling are proposed here; the identification procedure and the results on the model
accuracy results are also herein discussed.

1.4.1 An extended Bingham model with dynamic characteristics

A schematic diagram of ER shock absorbers is given in Figure 1.6: basically, it has two
chambers (upper and lower), divided by a piston that provides the force, and electrodes that
induce an electric field over an ER fluid. These chambers are fully filled with the Rheological
fluid. As the piston moves, the ER fluid flows from one chamber to the other through the
annular duct between inner and outer cylinders. Starting from this schematic configuration
and knowing its operating principle, a quasi-static model can be derived on the basis of the
Bingham Rheological laws of ER fluid [Bird, Dai, and Yarusso 1983]. From this point, a
complete control-oriented dynamic model for the ER damper is then proposed.

The fluid used in the ER shock absorbers is a colloidal suspension whose apparent viscosity
varies according to an applied external electric field. Reader must notice that these dampers
usually have a gas chamber located outside the lower chamber (see Fig. 1.6), that acts as an
accumulator of the ER fluid induced by the motion of the piston. In the absence of electric
field, the ER damper produces a damping force caused solely by the viscous fluid resistance.
However, if some electric field is applied to the ER damper, it produces an additional damping
force owing to the yield stress of the ER fluid. Note that control strategies are mainly con-
cerned with these variable damping rate: by varying the applied electric field, one controls the
delivered damping force. The force generated by ER dampers, namely Fj, directly depends
on the difference of pressures between the chambers, once the base and lateral surfaces are
constant. The pressure inside the two chambers of the damper can be expressed in terms of
the gas chamber pression (F,), of a pressure drop AP, between chambers (which are rather
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Figure 1.6: Schematic Representation of an ER Damper, adapted from [Choi and Han 2003]

small and can be neglected for control purposes). Yet, the pressure in the higher chamber
(Py) is given by the gas chamber pressure minus a pressure drop AP, term, due to the ER
fluid that flows through the annular duct.

Considering these relationships, it is possible to obtain a (first) analytical force model that
takes into account the physical parameters of the damper, given in terms of P,, the contact
areas and the pressure drop due to the ER fluid flow:

F,=P,A; + APd(Ap — As) (1.1)

where A, and Ay are the piston and piston rod areas, respectively. Also, the term P, A and
AP;(A,—As) represent for gas compliance and the force due to apparent viscosity, respectively.
The first term P, A, related to the piston displacement x,, will be discussed later.

Bear in mind that the behavior of such ER fluids is quite peculiar, thanks to the possibility
of change of its apparent viscosity factor due to an applied electric field. But, how does the
above force model vary according to the changes upon the controllable electric field? To answer
this issue precisely, one must imperiously visit the Bingham flow laws [Bingham 1929], which
contemplate the description of two behaviours: a nominal behaviour of the fluid (without any
external electric flied) and a controlled behaviour (with an external electric field). The total
shear resistance is, therefore, expressed as the addition of these two cases.

The nominal situation of the fluid flow (no electric field) can be given as a regular fluid
friction between pipes (see [Yakoh and Aoyama 2000]), depending on the flow rate (i), the
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nominal viscosity of the fluid () and the geometry of the pipe (length Ly, radius Ry and gap
d).

As state in [Choi et al. 1998], the Rheological properties of ER fluids are reversibly changed
with the application of an external electric field . Roughly, from Newtonian flow behaviour,
the ER fluid particles change to a Bingham plastic behaviour, in which particles become
aligned in chain forms, according to the applied F; as discusses |[Jordan and Shaw 1989, this
behaviour can be sufficiently represented by an exponentiation of the applied electric field
(with @ and 8 being intrinsic parameters of the ER fluid) and ¢, a coefficient that stands for
the fluid’s flow velocity profile.

Thereby, with the above considerations, the second term in Eq. (1.1) can be re-written,
answering the above question and incorporating the effect of the applied electric field, which
leads to a final parametric static model. This model is given by Equation (1.2), where the
first term represents the elastic force from the gas compliance, the second term represents the
damping force due to the ER fluid apparent viscosity (when no electric field is applied) and
the third one stands for the force due to the yield stress of the rheological fluid, which can be
continuously controlled by the intensity of the electric field applied to the damper. Statical
validation of a similar model has been seen in [Reineh and Pelosi 2013].

6uLd

: cLqg o
Fy=P,As + m:ﬁp +(Ap — AS)TaEﬁslgn(mp) (1.2)

where Ly is the electrode length, d is the electrode gap and FE is the applied electric field.

Notice that the term "sign(z,)" appears in the yield stress term of the damper force Fy,
given that the force’s direction depends on the direction of the piston’s velocity, depending on
whether the damper is in compression or in release (thus if it is postive or negative).

The goal of this chapter is to propose a reduced-order control-oriented model, which can
be run in real-time in embedded ECUs of semi-active suspension systems. Hence, the simpli-
fications of the equation (1.2) are mentioned as follows:

e The first factor involved in the proposed model (1.2) is the elastic characteristic of the
ER damper, generated by the presence of the gas chamber inside the system. This factor
is related to the force generated by the compression of the gas, and its behavior can be
accurately approximated by the behaviour of a spring, as described in Equation (1.3).
This assumption is quite reasonable and coherent with the existent damper models: as
stated in [Choi and Han 2003], ko represents the effective stiffness of the damper due to
the gas pressure.

P A, ~ koxp (1.3)

e On the other hand, the second term in Equation (1.2) represents the damping force
due to the natural fluid viscosity of the ER damper, in the absence of electric field.

6Ly
Therefore, cg encompasses the constants (W e Rd)
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e Considering that the applied electric field is uniform, one has:

U Un

where U (t) is the applied voltage; Uy, is maximum voltage; u is the duty cycle of PWM
channel. In the considered vehicle test-bed, v may only vary from 0 to 0.3. From this
point onwards, the magnitude of the electrical field is saturated, i.e. the biggest field
is achieved with v = 0.3. Substituting (??) into the last term in Equation (1.2), one

obtains:
cL . . cL Um . .
(Ap — AS)TdaEB&gn(xp) = (A, — As)Tda(—j)Buﬁ&gn(xp)
= ouPsign(,) (1.5)

where o = (A, — Ag)Eda(—Yn )P

Substituting (1.3)-(1.5) into (1.2), the following model is obtained
Fy = koxp + codp + oulsign(i,) (1.6)

It is worth noting that the above model (1.6) ignores the dynamic characteristic of the ER
damper. To incorporate the dynamical behaviour of the delivered force by such ER dampers,
Eq. (1.6) must be extended. The dynamic behaviour of a system can be studied in time and
frequency domains. Herein, a time-wise procedure is followed: after several empirical tests,
it was noted that the dynamics of the ER fluid can be approximated accurately enough by a
first order system, with a varying time constant 7(-) depending on the control input u, which
is coherent with existing studies on Magneto-Rehological dampers (see [Koo, Goncalves, and
Ahmadian 2006]),then one has 7(u). Therefore, equation (1.6), related to the force due to the
yield stress of the Rheological fluid, will be no longer considered as static, but dynamic, as
represented below:

7(u)Fyp + For = ouPsign(i,) (1.7)

As a result, coupling the static equation (1.6) with the dynamic law (1.7) leads to the
following model of the FR damper force:

{ Fy = koxp + coitp + For 1)

T(U)Fer + F,, = auﬁsign(j:p)

1.4.2 An extended Guo model with dynamic characteristics

In order to improve the Bingham model accounting for the hysteresis phenomenon, authors
in [Guo, Yang, and Pan 2006] proposed the following model

1% Vi
Fy = ag(ip + —x,) 4+ artanh(as(ip + ——1p)) (1.9)
X() XO
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where Fy is the damper force, x, and %, are displacement and velocity of the piston respec-
tively, a1 is the dynamic yield force of the ER fluid, as and as are regarded as the post-yield
and pre-yield viscous damping coefficients, respectively. Vy = |g| and Xo = |xg| where &g
and g represent the piston velocity and displacement respectively, when Fj is zero. Note
that using the original Guo model (1.9), it is not control-oriented due to the absence of the
input signal in the model. Therefore, [J Lozoya-Santos et al. 2012] presented the following
control-oriented model based on Guo model as follows:

Fy = koxp + codp + fo - u-tanh(kizy + c1dp) (1.10)
where cg, c1, ko, k1, fo are constant parameters and w is control input.

As mentioned in section 1.4.1, in order to take into account the dynamical behavior of
the ER fluid, it is important to complete the above model (1.10) by including a first-order
dynamical equation in the controlled term f. - u - tanh(kizp + c12p)

T(u)Fep + Fop = fo-u-tanh(kiz, + c1,) (1.11)

Therefore, the complete nonlinear damper dynamical model is given as

{ Fd = k‘[).%'p + C()i'p + Fer (1 12)

T(U)Fer + For = feutanh(kizy, + c1dp)

A unified identification procedure is presented in the next section to get the parameter values
of both proposed models.

1.5 Identification procedure of the model parameters

In the models presented in sections 1.4.1 and 1.4.2, the ER damper is characterized by the
combination of linear and nonlinear terms. Therefore, an identification procedure using linear
least square and nonlinear least square methods is proposed to identify the model parameters.
Then validation results are shown to assess the fidelity and accuracy of the proposed model.
This has been carried out considering the front-left ER damper of the INOVE Soben-Car
vehicle platform, as explained in Section 1.3.

To cope with the hysteresis effect, one may consider different approaches, such as Bouc-Wen
models [Ismail, Ikhouane, and Rodellar 2009]| or nonlinear auto-regressive terms [Martins and
Aguirre 2016]. But, both strategies would add unwanted complexity to the proposed model,
which is not this thesis’s aim. Therefore, each parameter of the proposed models will be
identified separately for the release and the compression movements. This leads to a model
whose parameter values depend on the piston behavior. Doing so, the effect of the incipient
friction is naturally incorporated.

Different experimental configurations were carried out to estimate the parameters charac-
terizing the final global models (1.8) and (1.12) . These tests consist in changing the magnitude
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and the frequency of the external inputs of the ER shock absorber (Velocity, Electric Field)
in order to identify the response of the system. To identify the values, it is necessary to check
the damper output (Force) with respect to the inputs (Velocity, Electric Field, etc).

All the conducted identification procedures are explained in the sequel.

1.5.1 Linear terms

To identify the parameters (ko, o) in both models, the experimental tests consist in submitting
the damper to a null control signal (u = 0), in this case, the damper force is generated from
a passive uncontrolled damper. Therefore, kg and ¢y are equal for the 2 proposed models.
The following block-scheme (see Figure 1.7) illustrates the experimental scenario of the data
collection to identify the parameters in the linear term

Road profile z,

Damper force Fy

»
>

Vehicle

Damper deflection z,

>

PWM signal (u = 0)

Figure 1.7: Block diagram for the data collection in the linear term identification.

In order to collect the experimental data for this identification step, the experimental
scenarios are designed as follows:

e The control input u =0

e The road profile is the sine waves with different frequency, shown in the top of Figures
1.8, 1.9 and 1.10.

Notice that we only show the experimental data of three tests in this part.

The displacements and damper force of the damper are shown in the middle and bottom
of Figures 1.8, 1.9 and 1.10.
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Figure 1.8: Linear identification (Test 1): (top) Road profile, (middle) displacement, (bottom)

damper force.
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Figure 1.9: Linear identification (Test 2): (top) Road profile, (middle) displacement, (bottom)
damper force.
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Figure 1.10: Linear identification (Test 3): (top) Road profile, (middle) displacement, (bot-
tom) damper force.

During these tests, the damper force , displacement and velocity are measured for iden-
tification as shown in Figure 1.11. In this case, the damper force, when no electric field is
applied to the damper, results from the gas compliance and ER fluid viscosity. Thereforce,
the damper force is obtained as follows:

Fd(t) = kol‘p(t) + Coi}p(t)

~ oyl 7| (1.13)

€0

The parameters ko and cp in (1.13) are identified by the Least Squares Method, see [Ljung
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1999, which resides in solving the following optimization problem:

N

1
min  — ; — 1i01)? 1.14
i D — i) (114

. k :
where N is the number of samples, 6; = [ 0}, y; is the measured damper force, x; are the
co

sensors measurements (x,(t), &p(t)).

Force vs Displacement (u=0)

Force vs Velocity (u=0)
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Figure 1.11: Damper Force vs Displacement and Damper force vs. Velocity diagrams of the
real data for identifying kg and co.

1.5.2 Nonlinear term

The second part to be identified contains the parameters related to the force due to the yield
stress of the ER fluid, which can be continuously controlled by the intensity of the electric
field applied to the damper. During this experiment, the damper undergoes a sinusoidal
deflection with different electric fields values. Indeed the force provided by the damper at a
given deflection velocity can be controlled by changing the input voltage (U(t), controlled by
a PWM signal) of the ER damper. Therefore, once the parameters ko and ¢y are determined,
the last parameters to be identified of the achieved damper force laws are o and 3 in the
extended Bingham model (1.8) and f., k1 and ¢; in the extended Guo model (1.12). They are
related with the effect of the control signal (electric field, E(t)) upon the damper’s behavior.
Considering the used testbed, the relationship between a controlled PWM signal and the
voltage applied to the damper is shown in the Table 1.1; see Equation (1.4) for the relationship
between applied tension and electric field. Then, the parameters in nonlinear terms can be
identified by analyzing the damper force, at the same piston velocity profile, with different
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Table 1.1: Relationship: PWM and Applied Tension

PWM Signal v(t) | U(t)
0% 0kV

20% 1kV

40 % 2kV

60 % 3kV

80 % 4kV

100 % 5kV

applied Electric fields. The block-scheme (see Figure 1.12) presents the experimental scenario
of the data collection to identify the parameters in the nonlinear term.

Road profile z,

—.
Damper force Fy

»
>

Vehicle ,
Damper deflection z,

>

PWM signal (u = 0.1+0.
_—

Figure 1.12: Block diagram for the data collection in the nonlinear term identification.

The experimental tests are used to collect the data as follows:

e The PWM signals vary inside the set [10, 30] %.

e The road profile is the sine waves with different frequency, shown at top of Figures 1.13,
1.14 and 1.15.

The data of the experimental tests are shown in Figures 1.13, 1.14 and 1.15. Notice that we
do many experimental test with different value of duty cycle of PWM signal varying in the
set [10, 30] %. Here we show the data of three tests with v = 0.1, v = 0.2 and v = 0.3,
respectively.
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Figure 1.13: Test 2 (Nonlinear identification) v = 0.1: (top) Road profile, (middle) displace-
ment, (bottom) damper force.
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Figure 1.14: Test 2 (Nonlinear identification) v = 0.2: (top) Road profile, (middle) displace-
ment, (bottom) damper force.
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Figure 1.15: Test 3 (Nonlinear identification) v = 0.3: (top) Road profile, (middle) displace-

ment, (bottom) damper force.

The collected data of damper force, displacement and velocity are shown in Figure 1.16



1.5. Identification procedure of the model parameters 31

00 Force vs Displacement 00 - Force vs Velocity
15+ ry 15+
10+ 10
. 5t 5 =
<
g 0 Or
o o
L 5l 51
* pwm=30% * pwm=30%
-101 - pwm=25% -10° - pwm=25%
pwm=20% 3 pwm=20%
-157¢ « pwm=15%| -15| « pwm=15%
* pwm=10% * pwm=10%
-20 ‘ ‘ ‘ 20 ‘ ‘ ‘
-4 2 0 2 4 02 -0.1 0 0.1 0.2
Displacement (m) <103 Velocity (m/s)

Figure 1.16: Damper Force vs. Displacement and Damper force vs Velocity diagrams of the
real data for identifying the parameters in nonlinear terms.

The parameters o, 8 f., k1 and c; are estimated using a Nonlinear Least Squares Method
[Marquardt 1963], considering the force values for different PWM signals (v = 0.1 = 0.3).
Based on the identified parameters kg and cg from the previous procedure, the force due to
yield stress is calculated as follows:

Fys(t) = Fy(t) — koxp(t) — cotp(t) (1.15)

where Fyg(t) represents only the portion of the damper force due to yield stress of the ER
fluid.

Case 1: Identify o and 3 in the extended Bingham model (1.8)
Based on the extended Bingham model (1.8), Fys(t) can be straightforward rewritten as:

Fys = ouPsign(iy)
oub Tp >0
=40 Tp =0 (1.16)
—ouf i, <0

The parameters § and S are estimated using a Nonlinear Least Squares Method with the

cost function given by:
N

Jy = n;zn > (Y2 — fai(wai, 62)) (1.17)
2 =1

where the vector 6, contains the parameters (o, (), y2; is the measurement data of Fyg(t),
considering Equation (1.15), fo;(z2i,02) represents the force from yield stress in Equation
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(1.16), x2; contains the duty cycle of PWM channel (u) and piston’s velocity (&), the available
measurements from the testbed.

Case 2: Identify f., k1, ¢1 in the extended Guo model (1.12)
Similarly, for the extended Guo model (1.12), Fyg(t) is derived as
Fys(t) = fe-u-tanh(kizy + c1dp) (1.18)

Similarly, the parameters f., k1 and ¢; are estimated through a Nonlinear Least Squares
Method with the following cost function:

N
Jo = ’ffém > (y2i — failwsi, 03)) (1.19)
3 =1

where the vector 03 includes the parameters (f., k1, ¢1), y2; is the measurement data of
Fyg(t) in eq. (1.15), fai(xsi,03) is the nonlinear function (1.18), z3; contains the control input
(u(t)), the displacement (z,(t)) and piston’s velocity (&,(t)). All identified parameters of the
two models are given in Tables 1.2 and 1.3

Table 1.2: Identified ER damper parameters of the extended Bingham model

Value .
Parameters Compression | Release Unit
ko 263.1168 |170.4045| N/m
o 64.6433 68.8289 | N.s/m
o 12.8157 17.0442 N
B 0.2373 0.3948 —

Table 1.3: Identified ER damper parameters of the extended Guo model

Value .
Parameters Compression | Release Unit
ko 263.1168 |170.4045| N/m
co 64.6433 68.8289 | N.s/m
fe 29.2780 28.0699 N
k1 204.0283 [218.1615| 1/m
c1 492.6448 |512.6200| s/m

1.5.3 The varying time constant

In order to identify 7(u), the same experimental data in subsection 1.5.2 is used to identify
7(u) , considered 5 fixed PWM (i.e. ueq) signals {0.1,0.15,0.2,0.25,0.3}. The identification
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process is then divided into the two following steps:

Step 1: During each experimental test with a constant value ueq, the corresponding force Fe,
is obtained from the test bed force sensor (see section 1.3) while F,,; is calculated, based on
the static model of the ER damper as follows:

Fu = oul, (1.20)

Then, the fixed time constant 7(ue,) can be identified by estimating the transfer fucntion
between Fe, and Fy,;. Finally, the set of time constants 7 for all u.q is shown in Table 1.4.

Table 1.4: Values of time constant 7 with different PWM signals

PWM| 1 |Unit
0.1 10.0137| s
0.15 |0.0221| s
0.2 10.0365| s
0.25 | 0.055| s
0.3 10.0631| s

Step 2: Based on the values given in Table 1.4, the relationship between 7 and u can be
approximated by the following polynomial function (Figure 1.17)

7(u) = 0.3643u* + 0.1124u + 0.002 (1.21)

—‘Approx‘imated Function 7(u)
0.1 *Real data |

*

0O 5 10 15 20 25 30 35
PWM (%)

Figure 1.17: Relation between 7 and

1.6 Validation results

Now, the final validation results of the proposed Electro-Rheological damper models are pre-
sented, considering the adjusted identified parameters for the INOVE Soben-Car mechatronic
test-rig.
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1.6.1 Casel

In case 1, two models are validated with the data collected for the identification in subsection
1.5.2. The new adjusted Force vs. Deflection and Force vs. Deflection Velocity diagrams are
given, respectively, in Figures 1.18 and 1.19, which compare the proposed damper models and
the real data measured from available sensors on the platform. In these Figures, it is clear
that there exists an overall good agreement between model and data.
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Figure 1.18: Final Model Validation Results: Force vs. Displacement (Case 1)
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Figure 1.19: Final Model Validation Results: Force vs. Velocity
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1.6.2 Case 2

It was discussed that the static models, as in equations (1.8) and (1.10) are not able to graps
the whole delivered force by an ER damper (over time), this would only be achieved with the
dynamical models, as in equations (6.1) and (1.12). Hence, considering the same data in Case
1, results comparing the real (measured) force and model-based results (from both statical
and dynamical models) are given in Figures 1.20 and 1.21. According to these Figures, the
dynamic model represents a better modeling result than using the static one when velocity is

Zero.
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Figure 1.20: Validation Results: Static vs. Dynamical Bingham model

0.2
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Figure 1.21: Validation Results: Static vs. Dynamical Guo model

1.6.3 Case 3

One considers the road profile of a vehicle running at 120 km/h in a straight line on a dry road
with a sequence of 10 mm sinusoidal bumps (shown in top of Figure 1.22) and PWM signal
u = 0.2. The results comparing the model-based computed force and the real (measured)
force are given by Figures 1.24 and 1.22. The modelling error is shown in Figure 1.23. Clearly,
the model is well adjusted.
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Figure 1.22: Validation Results: (top) Road profile, (bottom) Model-based and Real Force -
Sinusoidal Road Profile (Case 3)
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Figure 1.23: Validation Results: Error-Sinusoidal Road Profile (Case 3)
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Figure 1.24: Validation Results: Damper Diagrams - Sinusoidal Road Profile (Case 3)

1.6.4 Case 4

In this validation case, an ISO 8608 road profile signal (shown in Figure 1.25) is used and the
PWM signal is w = 0.225. The damper forces computed from the two models are compared
with the real damper force, as shown in the Figure 1.26.
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Figure 1.25: Validation Results: ISO Road Profile (Case 4)
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Figure 1.26: Validation Results: Model-based and Real Force - ISO Road Profile (Case 4)
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Figure 1.27: Validation Results: Error -ISO Road Profile (Case 4)

The proposed models are now accurate and describe very well the dynamics of an Electro-
Rheological damper, which is one of the main goals of this chapter. To further illustrate this
accuracy, Table 1.5 presents the normalized root-mean-square errors, considering the difference
between the adjusted model force and the real measured force for cases 3 and 4.
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Table 1.5: Final Validation: Normalized Root-Mean-Square Errors

Road profile | Extended Bingham model NRMSE | Extended Guo model NRMSE
sine wave 0.1036 0.0851
ISO road 0.0780 0.0734

1.7 Conclusions

This chapter presented two control-oriented models for an Electro-Rheological damper, in the
case of (semi-active) automotive applications. The first model is derived from Bingham law,
while the other is extended from Guo model. Then, an identification procedure using linear
least square and nonlinear least square methods proposed to identify the model parameters.
The proposed models were validated with various tests on the INOVE experimental platform
(small scaled car). The overall results assess the ability and the accuracy of the proposed
models to represent the real damping force of the ER semi-active damper.

Moreover, in terms of implementation cost, let it be stressed that:

e The proposed models , fairly simple and reduced-order, can be to run in real-time in
embedded vehicle suspension control applications.

e One can easily design estimation approach and control policies based on these models

In the rest of this thesis, the extended Guo and static Bingham models are used to synthesize
the controllers and observers for the automotive suspension system. To simplify the design
observer and controller procedure, the parameters of the damper model in the compression
and the varying time constant 7(u) is chosen as a constant (7 = 0.0365), considered as a
nominal value of 7(u). Now the extended Guo model is as the follows

Fy = k0$p+coip+Fer (1 22)
TEy 4 Fup = feutanh(kyz, + c1ip)

and the static Bingham model is the following ones
Fy = koxp + coip + ouPsign (i) (1.23)

and the prameters are shown in the following table
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Table 1.6: Identified ER damper parameters of the extended Guo and static Bingham model

Parameters| Value | Unit
ko 263.1168 | N/m
co 64.6433 | N.s/m
fe 29.2780 N
k1 204.0283| 1/m
c1 492.6448| s/m

T 0.0365 | s
o 12.8157 | N
3 0.2373 | —

The extended Guo model (1.22) captures the nonlinear and dynamic behaviors of the ER
damper; therefore, it is used to design the observer and controller. The static Bingham model
(1.23) developed using the physical laws, extends to analyze the fault conditions in the ER
damper. It must be noticed that small model-life mismatches (as the ones we have with our
model) are overlapped by robustness qualities of the usual state-of-the-art control approaches
used in embedded semi-active control systems.
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