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Introduction

Road safety: an international stake

o Worldwide, 1.24 million people of road traffic deaths per year (+ 50 million of injuries) @. For
people aged 5-29 years, road traffic injuries is the leading cause of death.
e Various causes: speed, alcohol, drugs, non safe driving,...

* Recognized importance of smart and safe cars: passive safety (airbags, belt..) and active
(ABS, ESP....)

@World health organization 2013
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Introduction

Road safety: an international stake

o Worldwide, 1.24 million people of road traffic deaths per year (+ 50 million of injuries) @. For
people aged 5-29 years, road traffic injuries is the leading cause of death.
e Various causes: speed, alcohol, drugs, non safe driving,...

* Recognized importance of smart and safe cars: passive safety (airbags, belt..) and active
(ABS, ESP....)

@World health organization 2013

Among the 5 pillars towards road safety

Safer vehicles: Electronic Stability Control is part of the minimum standards for vehicle
construction (ex European and Latin New Car Assessment Programs - NCAP)
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Challenges in chassis control

Today'’s vehicles. . .

o Growth of controlled organs: suspensions, ABS, ESC, ABC, braking dlstnbutlon h|acl<e:\t/|e\r/t$al

steering, tire pressure, TCS motion
e Increasing number of sensors & actuators
e Heavy networking

Cra}
Aver

Vehicle lateral
motion

Vehicle longitudinal
motion

et o o
CELET T IO T R L]
CL1 ICEN

0O.Sename-S.Fergani (GIPSA-lab - LAAS) Intelligent Vehicles Summer School July 2-7, 2017 5



Challenges in chassis control

Complexity to synchronize all the controllers to improve
o Driving comfort (and pleasure)
o Active safety
Need for fault tolerance in case of actuator/sensor malfunctions

Ferrari VDC
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Introduction

This course has been mainly written thanks to:
o the Post-doctoral work of [Moustapha Doumiati (2010)]

o the PhD dissertations of [Damien Sammier (2002), Alessandro Zin (2005),

Poussot-Vassal(2008), Sébastien Aubouet (2010), Anh Lam DO (2011), Soheib Fergani
(2014)].

o the authors’ works since 1995
o interesting books cited below

rian Syl
S Sevane
Lug Dugard

Olivier Sename
Péter Gaspar
Jozsef Bokor (Eds)

Application to Vehicle Dynamics

Suspension Gontrol
Design for Vehicles

H
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Collaborations & associated studies

TECNOLOGICO
# DE MONTERREY.

PSA PEUGEOT CITROEN I

ANR INOVE 2010-2014

Modelling and control of a hydraulic semi-active damper-
PhD thesis of Sébastien Aubouet 2010

Global chassis control using LPV/H.. control - PhD the-
sis Soheib Fergani 2014, Alessandro Zin 2005, Charles
Poussot 2008

Magneto-rheological dampers - PhD thesis of Charles
Poussot 2008, Sébastien Aubouet 2010

Modelling and control of semi-active suspensions - Post
Doc Charles Poussot 09, PhD thesis of Ahn-Lam Do
2011

Skyhook and H.. control of semi-active suspensions -
PhD thesis of Damien Sammier 2002
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Suspension system

Models

Objective

e Link between unsprung and sprung masses
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Models

Suspension system

Objective
o Link between unsprung (m,,) and sprung (m,) masses

o Involves vertical (zy,z,s) dynamics

Passive suspension system J

Force A

Passive damper
(1 characteristic)

{m.hz.r}

>

>
Deflection
speed

{mu.ﬁ Zus }
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Models

Suspension system

Objective
o Link between unsprung (m,,) and sprung (m,) masses

« Involves vertical (zy,z,s) dynamics

Semi-active suspension system ——dissipates energy through an adjustable damping coefficient J

Force A

{m.;,z,v}

>

>

Deflection
speed

A {musv Zu.v}
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Suspension system

Models
Objective

o Link between unsprung (m,,) and sprung (m,) masses

« Involves vertical (zy,z,s) dynamics

Active suspension system ————dissipate and generate energy working as an active actuator J

{m.;,z,v}

{musv Zu.v}

lection
peed
kics.]
o F = = DA
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- Mo
Vehicle model - dynamical equations

Full vertical model

o Mainly influenced by the vehicle suspension systems.
o Describes the comfort and the roadholding performances.

Zs = ( szfp + F:w shr, +F5er)/m:
G = (R —Fagy) /mm,,

0 = ((Fuy = Fap)tr+ (Fepy = Fp )ip) /1y

0 = ((FYer + u,;)l (Fuf, +Fr1f1)l )/I
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Wheel & Braking system

Objective
o Link between wheel and road
o Influences safety performances
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- Mo
Wheel & Braking system

Objective
e Link between wheel and road (z,, 1)
o Influences safety performances

e Involves longitudinal (v) rotational () and slipping (A = —=£9_) dynamics

~ max(v.Ro)

Extended quarter vehicle model J

Normalized longitudinal tire force

Cobblestone

I (Dry, Wet, Cobblestone, Ice)
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- Mo
Vehicle model - dynamical equations

Full vertical model

e Mainly influenced by the vehicle suspension systems .
o Describes the comfort and the roadholding performances .

i = - (F:\'Zfl + F;'Zfr + Fsz,, + R'er)/mx

zu:;l: = (Evzij - Ez,-j)/mux,»j
0 = ((FA‘I.,[ _I:Ser)tr""(Fszf, _I:SZfr)tf)/lX WA
‘ﬁ = ((FSer + Ffz,, )lr - (Fsz,», + Euﬂ )lf) /Iy
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- Mo
Vehicle model - dynamical equations

Full vertical and longitudinal model

e Mainly influenced by the vehicle suspension systems and the braking system.
o Describes the comfort and the roadholding performances and the the stability and security

issues.
B = ((Fuy, +Fap) + (B + Fy)) fm
i = - (Fszﬂ + F.vzf, +F,, + Fser)/m.v
Ly = (F”ij - F"ij)/mufij
0 = ((szﬂ - FTer)lf + (F.uﬂ - FYZfr )tf) /Ix <A
¢ = ((Fay +Fioy e = (Fiey, + Fiegy My +mhiy) /1,
Np =
n]dx(\’j .R,/u)‘j)
d)i/ = (_RF/,\',»,»(“-,A-Fn)“'Tbi/)/[w
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Wheel & Steering system

Objective
e Wheel/ road contact
o Influences safety performances

O.Sename-S.Fergani (GIPSA-lab - LAAS) Intelligent Vehicles Summer School



Wheel & Steering system

Objective
e Wheel/ road contact
o Influences safety performances
o Involves lateral (y,), side slip angle () and yaw (y) dynamics

Bicycle model J

Lateral tire force on Dry road
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Vehicle model - dynamical equations

Full vertical and longitudinal model

B = ((Fuy, +Fap) + (B + Fiy)) /m
L = ( szﬂ :Zf, +Fz, +Fszrr)/ms
'z'm,.j' = ( szij EZ,] ) /musu
6 = ( Fy\p = Fizyr )tr + (Evzﬂ - EYZfr )tf)/Ix
¢ = (B +Fio)l = (Fip, + Fiopy )l +mhy) /1,
P Vij—Rij i
A’ll max(v;j.R; ;0 )
(bij = (_RExij(/vlvz‘aFn)J"Tb,-j)/Iw
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- Mo
Vehicle model - dynamical equations

Full model
o A very complex model with dynamical correlations.

o Subject to several external disturbances.

o= ( F’)/r+FDﬂ COQ(&)-&-(F,)” +Ex,) (F tyfy +E»f,)9in(5)+mv'/ﬁ\)/m
Joo = ((Fyy, +Fyp) c0s(8) + (Fiyyy + Fiy,y ) + (Fixj, + Fixy ) sin(8) — mpris) /m
L= —(Fuy +Fay, +Foy +Foy ) /ms
Gy = (F F,ZU) mm,j _
0 = ((F}z Fipy )t + (ETZf[ - Slfr)tf_’"hyé + (1 —l:)l/'/(i))/lx
¢ = ((Fay +Fg b= (Fap, + Feply +mhi+ (L — L) y6) /1,
Vo= ((Ft\f +Ft\ﬂ Iy cos(0) — (Fy,, + FI)’,.[ )+ (FtXf, JFFtXﬂ )lysin(8)
+(Fu,, Fray Jtr+ (Frap, — Frepy )ty 08(8) = (Fixy, — Fixy )ty sin(8)
+(I,—1,)69) /I
P Vij T Ru“’t/
i (v oo )
Oy = (“RFu (1A, F) + Ty ) [
Bij = arctan ( T )
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- Mo
Vehicle model - dynamical equations

Full model
o A very complex model with dynamical correlations.

o Subject to several external disturbances.

(Ft)‘/r + thﬂ )COS(&) + (Exr,- + F;x,[ )_(F/Vf,. + F/Vf, ) Sin(s) + mW}’\ 7F<Ix)/m
(E,\'f, +E,\’f[ ) 005(6) + (F"Vrr + E,\,-[ ) + (Ffo,. “FFfo[ ) Sil’l((s) - meVde\')/m
~(Fyzpy + Fizyy + Fyy + Foyy i) /g
Evz,-j My /mu-f,-j
F}z,, - I"szrr)tr + (F:zf, - I"szlfr )tf_mhys + (1\ - l:)‘/”‘i’"’M(lx)/Ix
Fizyy + Faoy My = (Fzg, + Fog )+ mhis H (1 — L) WO +May) /1,
FI,\’f, +F1,\’f1 M cos(8) — (Fy,, + Fiy,, )+ (FtXf, JFFtXﬂ )lysin(8)
H(Fixpy = Fx o + (Fg, = Fox )1 €08(8) — (B, — Fix ) )ty 5in(8)
+(L—1,)06+M:) /1.

vij—RijijcosBij
max(v Ry 03¢5 i)

J
(_REX,'j(“vkaFn) +Tbi/)/lw

arctan ( :% )
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- Mo
Vehicle model - synopsis

|

l

Zsy2s |
Zuss Zus

Suspensions

SZij

"XZS’).;S
]I’7 V7
Fizozus

Wheels

Fixyz

lij
e Bij

;

|

Chassis

(vehicle dynamics)

0
¢
v

(tire, wheel dynamics)
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- Mo
Vehicle model - synopsis

Fixyz & My (external disturbances
25,2 . FYZij Xs
[ S ] ——{ Suspensions — Vs
Zus s Zus z
S
—
Chassis (vehicle dynamics)

l -
X5, Vs ke 0
v, — | Wheels lij — [)
Fyz, zus Bij v

1

(tire, wheel dynamics)

(road characteristics)  [1ij: 2]
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Vehicle model - synopsis

Fixyz & My (external disturbances
\(suspensions control)  ij %
25,2 Foz s
[ o ] —— Suspensions — Vs
Zus s Zus
s
§ —
(braking & steering control) (7, 6] Chassis (vehicle dynamics)
l -
Xs, Vs e 6
v, — Wheels lij > [)
Fyz,Zus 1 Bij v
T e
(tire, wheel dynamics)

(road characteristics)  [1ij: 2]
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Towards global chassis control approaches (GCC)

Some facts

¢ In most vehicle control design approaches, the vehicle-dynamics control sub-systems
(suspension control, steering control, stability control, traction control and, more recently,
kinetic-energy management) are traditionally designed and implemented as independent (or
weakly interleaved) systems.

e The global communication and collaboration between these systems are done with empirical
rules and may lead to unappropriate or conflicting control objectives.

e So, it is important to develop new methodologies (centralized control strategies) that force the
sub-systems to cooperate in some appropriate "optimal" way.

Global chassis control

e This approach combines several (at least 2) vehicle sub-systems in order to improve the
general behavior of the vehicle ; in particular, the GCC methodology is developed to improve
comfort and safety properties, according to the vehicle situation, taking into account the
actuators constraints and the knowledge (if any) of the environment of the vehicle.

e The objective is then to make the sub-systems collaborate towards the same goals, according
to the vehicle situation (constraints, environment, ...) in order to fully exploit the potential
benefits coming from their interconnection.
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Intro to Towards global chassis control

Towards global chassis control approaches (GCC)

The GCC strategies are de-
veloped in 2 steps:
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Intro to Towards global chassis control

Towards global chassis control approaches (GCC)

The GCC strategies are de-
veloped in 2 steps:

e The monitoring
approach —
collaborative based
strategy.

Ry,

0O.Sename-S.Fergani (GIPSA-lab - LAAS)
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Coordination strategy
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Mégane Coupé

Monitoring system
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Intro to Towards global chassis control

Towards global chassis control approaches (GCC)

The GCC strategies are de-
veloped in 2 steps:

e The monitoring
approach —
collaborative based
strategy.

e Developping
coordinated control
strategies — achieve
close loop performance
and actuators
coordination.

Main objective:

o |Improve the overall dynamics of the car
and the vehicle safety in critical driving

situations.

0O.Sename-S.Fergani (GIPSA-lab - LAAS)

Steering controller
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Braking controller

v
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Towards Global chassis control approaches

Two main approaches, one considering the vehicle as a MIMO system, the other developing a
"super controller" for the local actuators. Some references : Lu and DePoyster (2002), Shibahata
(2005), Chou and d’Andréa Novel (2005), Andreasson and Bunte (2006), Falcone et al. (2007a),
Falcone et al. (2007b), Gaspar et al. (2008), Fergani and Sename (2016)...

Vehicle considered as a MIMO system

e This approach consists in considering the vehicle as a global MIMO system and in designing
a controller that solves all the dynamical problems by directly controlling the various actuators
with the available measurements. No local controller is considered (no inner loop). See, for
instance Lu and DePoyster (2002), Chou and d’Andréa Novel (2005), Andreasson and Bunte
(2006), Gaspar et al. (2008), Fergani et al (2016).

High level reference super controller

e The second approach consists in designing a controller which aims at providing somehow,
the reference signals to local controllers, which have been previously designed to solve a
local subsystem problem (e.g. ABS). Thus, this controller, more than a controller, "monitors"
the local controllers. Therefore, such a controller solves the global vehicle dynamical
problems, playing the role of "super controller'. See also Falcone et al. (2007a).
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A MIMO case: Suspension and braking

Characteristic of the solution

Build a multivariable global chassis controller Shibahata (2004), (Poussot et al. 2011) :

Improve comfort in normal cruise situations
Improve safety in emergency situations (safety prevent comfort)
Supervise actuators and resources

The proposed design relies in the introduction of two parameters to handle the performance

compromise, actuator efficiency and well-coordinated action.

The suspension performance moves from comfort to road holding characteristics when the

braking monitor identifies a normal or critical longitudinal slip ratio.

Robust control theory approach (LPV/Z.)
= MIMO internal stability & no switching

0O.Sename-S.Fergani (GIPSA-lab - LAAS)
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Towards Global chassis control approaches

Some examples
e braking/suspension : non linear approach (Chou & d’Andréa Novel), LPV for heavy vehicles
(Gaspar, Szabo & Bokor), for cars (Poussot et al.)

e braking / steering : optimal control [Yang et al.], predictive [Di Cairano & Tseng, control
allocation [Tjonnas & Johansen], or LPV [Doumiati et al, 2013]

e braking /suspension/ steering : [Fergani, Sename, Dugard]

LPV interest: on-line Adaption of the vehicle performances
e to various road conditions/types (measured, estimated)
e to the driver actions Oiver Senae

Péter Gaspér
e to the dangers identified thanks to some measurements of —
the vehicle dynamical behavior

o to actuators/sensors malfunctions or failures

O.Sename-S.Fergani (GIPSA-lab - LAAS) Intelligent Vehicles Summer School July 2-7, 2017
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Towards Global chassis control approaches

In this presentation, 3 examples are provided for the topic:

* Active safety using coordinated steering/braking control.

» Road profile estimation and road adaptive vehicle dynamics
control.

x LPV FTC for Vehicle Dynamics Control.
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Active safety using coordinated steering/braking control
Outline

4. Active safety using coordinated steering/braking control
Active safety

Obijective

Basics on vehicle dynamics

Partial non linear Vehicle model

Lateral stability control

Simulations
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Active safety using coordinated steering/braking control

Vehicle safety systems:
e Prevent unintended behavior
e Help drivers maintaining the vehicle control

Active safety systems:
Act on Actuators

measures .
Sensors »|  (suspensions, brakes, steer)
Alert the driver

ame-S.Fergani (GIPSA-lab - LAAS) Intelligent Vehicles Summer School



Active safety using coordinated steering/braking control Active safety

Vehicle safety systems:
e Prevent unintended behavior
e Help drivers maintaining the vehicle control

e Current production systems include:
o Anti-lock Braking Systems (ABS): Prevent wheel lock during braking
o Electronic Stability Control (ESC): Enhances lateral vehicle stability
e Braking based technique
e 4 Wheel steering (4WS): Enhances steerability
e Adding additional steering angle

Vehicle Active safety systems:
Act on Actuators
measures .
Sensors »|  (suspensions, brakes, steer)
Alert the driver
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Active safety using coordinated steering/braking control Active safety

Vehicle safety systems:
e Prevent unintended behavior
e Help drivers maintaining the vehicle control

e Current production systems include:

o Anti-lock Braking Systems (ABS): Prevent wheel lock during braking
o Electronic Stability Control (ESC): Enhances lateral vehicle stability

e Braking based technique
e 4 Wheel steering (4WS): Enhances steerability
e Adding additional steering angle

General structure:

Vehicle Active safety systems:
Act on Actuators
measures .
Sensors »|  (suspensions, brakes, steer)
Alert the driver

Any vehicle control system needs accurate information about the vehicle dynamics, and the more
accurate information it gets, the more it can perform
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Active safety using coordinated steering/braking control

The presentation of today focuses on:

o Yaw stability by active control
o Prevents vehicle from skidding and spinning
out
o Improves of the turning (yaw) rate response
o Improves lateral vehicle dynamics
e Involves Braking and Steering actuators

Undesired
motion

Desired trajectory

\

Figure: The objective is to restore the yaw rate as
much as possible to the nominal motion expected by
the driver
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Problematic

Problem tackled: vehicle critical situations
o Lateral and yaw stability of ground vehicles & braking actuator limitations

o Widely treated in literature [Ackermann, Falcone, Villagra, Bunte, Chou, Canale] (mainly
steering or braking, but a few use both)
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Active safety using coordinated steering/braking control Objective

Problematic

Problem tackled: vehicle critical situations
o Lateral and yaw stability of ground vehicles & braking actuator limitations

o Widely treated in literature [Ackermann, Falcone, Villagra, Bunte, Chou, Canale] (mainly
steering or braking, but a few use both)

Contributions
e Use Rear braking & Steering actuators to enhance vehicle stability properties
o Extension of [Poussot-Vassal et al.,, CDC2008 & ECC2009] results
e Propose a simple . tuning using [Blinte et al., IEEE TCST, 2004] results
e LPV Controller structure exploiting system properties to handle braking constraints
o Nonlinear frequency validations
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Active safety using coordinated steering/braking control

Lateral motion of a vehicle

e Motion of a vehicle is governed by
tire forces
o Tire forces result from deformation
in contact patch
o Lateral tire force, Fy, is function of:
@ Tire slip (a) Ground

@ Vertical load applied on the tire (F;)
@ Friction coefficient (u)

Side view

Contact patch

Bottom view

| (tire side:

V(i

Fy (lateral tire force)
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Active safety using coordinated steering/braking control

=

Lateral force (N)

Fergani (GIPSA-lab

| Maximum tire grip

|
Fz |- — — - — _ ¥
5000| 35
| ~
Z 3
4000 > (=2
Linear /|Saturation | Loss of control § 2.5
S
3000 | | s o2
! ‘ 5 15
2000 Coy | 3
¢ I | ! Measure
ool /! . o Linear model
! ‘ ’ Pacejka model
: L N S Dugoff model
o 5 10 15 20 10 15 20

Sideslip angle (°)
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Active safety using coordinated steering/braking control Basics on vehicle dynamics

| Maximum tire grip

| 4
Fz |- — — — — _ X
5000| 2
_ ~
H ! zZ s
8 4000/~ - AP SIS <
5 Linear /|Saturation | Loss of control § 25
2 S
g 3000 I ¢
<
2 | | 5
5 gs
2000 Cq 'l I =
| ‘ 1 Measure
; odid e Linear model
1000 | | - Pacejka model
| I N £ SRS PR PP Dugoff model
0 5 10 15 20 0 5 10 15 20
Sideslip angle () Sideslip angle (°)

Vehicle response

o Normally, we operate in LINEAR region
* Predictable vehicle response
o During slick road conditions, emergency maneuvers, or aggressive driving

o Enter NONLINEAR tire region
o Response unanticipated by driver
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Why we lose the vehicle control?

Imagine making an aggressive turn. ..
o If front tires lose grip first, plow out of turn
(limit understeer)
e May go into oscillatory response
o Driver loses ability to influence vehicle
motion
o If rear tires saturate, rear end kicks out
(limit oversteer)
e May go into a unstable spin
o Driver loses control

e Both can result in loss of control

Unstable motion due to nonlinear tire characteristics
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Partial non linear Vehicle model
Planar bicycle model (Dugoff et al.(1970))

Main dynamics under interest, toward control scheme ...
e Equation of lateral motion:
mv(B—v) = Fy;+Fy, (1)

e Equation of yaw motion:
LYy =1gFys—1Fyr, (2)
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Partial non linear Veticle model
Linear Synthesis model

The 2-DOF linear bicycle model described in Section 2 is used for the control synthesis. Although
the bicycle model is relatively simple, it captures the important features of the lateral vehicle
dynamics. Taking into account the controller structure and objectives, this model is extended to
include:
e the direct yaw moment input M,
e alateral disturbance force F;, and a disturbance moment M,,. F;, affects directly the sideslip
motion, while M, influences directly the yaw motion.

. Ber+ze, 1,Cr—14C . ¢,
g bCr—lpCr 1Cr 1 1 M
{73/]: L, i {g]Jr & 5*+[6]Mj+{li}{F:Z} ©)
1+ mv2 T T my mv )
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Active safety using coordinated steering/braking control Lateral stability control
Steering vs. Braking

Steering control: (Rajamani(2006), Guven et al.(2007))
o Adds steering angle to improve the lateral vehicle dynamics
o Regulates tire slip angles and thus, the lateral tire force
e Drawback:
e Becomes less effective near saturation
DYC (Direct Yaw Control) - Braking control: (Park(2001), Boada et al.(2005))
o Regulates the tire longitudinal forces
e Maintains the vehicle stability in all driving situations

e Drawbacks:

o Wears out the tires
e Causes the vehicle speed to slow down against the driver demand

O.Sename-S.Fergani (GIPSA-lab - LAAS) Intelligent Vehicles Summer School July 2-7, 2017
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Active safety using coordinated steering/braking control Lateral stability control

The idea is to design a controller that:
o Improves vehicle steerability and stability

* Makes the yaw rate tacking the desired value (response of a bicycle model with linear tires)
o Makes the slip angle small

o Coordinates Steering/braking control
o Minimizes the influence of brake intervention on the longitudinal vehicle dynamics

* Rejects yaw moment disturbances
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Active safety using coordinated steering/braking control Lateral stability control

The idea is to design a controller that:
o Improves vehicle steerability and stability

* Makes the yaw rate tacking the desired value (response of a bicycle model with linear tires)
o Makes the slip angle small

o Coordinates Steering/braking control
o Minimizes the influence of brake intervention on the longitudinal vehicle dynamics

* Rejects yaw moment disturbances

Methodology:
H.. synthesis extended to LPV system:

* H., synthesis: frequency based performance criteria

e LPV: One type of a gain scheduled controller
See paper Doumiati et al (2013)

0O.Sename-S.Fergani (GIPSA-lab - LAAS) Intelligent Vehicles Summer School July 2-7, 2017
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Overall control scheme diagram

Vehicle velocity

Steering angle (64)

Driver

Reference model
(bicycle model) +
Bounding limits

Yaw rate target

Sideslip

command

dynamics

VDSC controller

Yaw rate (measure)

Vehicle simulation
model

AS: Steer-by-wire system

EMB: Brake-by-wire Electro Mechanical system

0O.Sename-S.Fergani (GIPSA-lab - LAAS)

Intelligent Vehicles Summer School

T External yaw
disturbances
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Active safety using coordinated steering/braking control

Overall control scheme diagram

Vehicle velocity Steering angle (&4)

Sideslip

Driver
command

dynamics

Yaw rate target
VDSC controller

Monitor ‘J *

Yaw rate (measure)

Vehicle simulation

model

AS: Steer-by-wire system
EMB: Brake-by-wire Electro Mechanical system

0O.Sename-S.Fergani (GIPSA-lab - LAAS) Intelligent Vehicles Summer School
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Reference model

The basic idea is to assist the vehicle handling to be close to a linear vehicle handling
characteristic that is familiar to the driver
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Reference model

The basic idea is to assist the vehicle handling to be close to a linear vehicle handling
characteristic that is familiar to the driver

e Bicycle linear model, F, = Cy o (low sideslip angle)
o y<uxg/V

o Ensures small slip dynamics (8, )
o Attenuates the lateral acceleration
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Active safety using coordinated steering, ing control

Overall control scheme diagram

Vehicle velocity Steering angle (64) Driver
command
Sideslip
Reference model dynamics
(bicycle model) +
Bounding limits
Tor
Yaw rate target — | EMB >
——1 VDSC controller Vehicle simulation
3 model
— AS +
\ +]
Monitor
84
“ External yaw
Yaw rate (measure) disturbances

0O.Sename-S.Fergani (GIPSA-lab - LAAS) I ‘ehicles Summer School



Active safety using coordinated steel

VDSC Controller architecture

aking control

Objective: Lateral stability
Measurements/estimation

Commanded

and/or
steering angle

Level 1

Desired yaw

moment

Level 2

Applying brake torque to the
appropriate wheel




et iy G
VDSC-upper controller: LPV /H.. control

Vehicle model is LTI:

e Linear bicycle model

e Synthesized considering a dry road
p scheduling parameter:

e p(r) is time dependent and known
function

e p bounded: p € [B,ﬁ]

¥l LPV/Heo

wit) = Wd,FJ‘-] exogenous input
u(t) = 5%, M¥] control input
y( = f.;,] measurement

n

= W21, Wazp, Waz3. Wyze] controlled output
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Lateral stabilty control
VDSC design (cont'd)

e z; : sideslip angle signal, B: W) = 2. ~~ to reduce the body sideslip angle

* 2, yaw rate error signal: W, = 5&;;;“ . where M =2 for a good robustness margin, A = 0.1 so

that the tracking error is less than 10%, and the required bandwidth wo = 70 rad/s.
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Lateral stabilty control
VDSC design (cont'd)

e z; : sideslip angle signal, B: W) = 2. ~~ to reduce the body sideslip angle

e 2, yaw rate error signal: W, = Sffvj;)‘j;o , Where M = 2 for a good robustness margin, A = 0.1 so
that the tracking error is less than 10%, and the required bandwidth wo = 70 rad/s.

o z3 braking control signal, M} ,according to a scheduling parameter p:

s/2rfr)+1

" s/(aanf)+ 1

where f, = 10 Hz is the braking actuator cut-off frequency and o = 100.
pe{p<p<p)withp=10"*andp=10").
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Lateral stabilty control
VDSC design (cont'd)

e z; : sideslip angle signal, B: W) = 2. ~~ to reduce the body sideslip angle

e 7, yaw rate error signal: W, = Sfﬁjo‘:;“ , where M = 2 for a good robustness margin, A = 0.1 so

that the tracking error is less than 10%, and the required bandwidth wo = 70 rad/s.
o z3 braking control signal, M} ,according to a scheduling parameter p:

s/2nfr)+1
W — 4
: x4 1 @
where f, = 10 Hz is the braking actuator cut-off frequency and o = 100.
pe {B <p gﬁ} (with p = 104 and p = 102).
o 74, the steering control signal attenuation (f; = 1Hz, f4 = 10Hz):
Ws = Gs0 (s/2mf3+1)(s/2mfs+1)
A (S/gzmﬁ‘ilz)z (5)
Gs0 = (Ar/o2mfs+1) andAf:Zn:(f4+f3)/2

(Ap/2mf3+1)(Ap/2mfs+1)

This filter is designed is order to allow the steering system to act only in [f3, f4]Hz. At A;/2,
the filter gain is unitary [Bunte et al. 2004, TCST].
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VDSC-upper controller: LPV /H.. control

Controller solution: LPV /H.,
o Mixed-Sensitivity problem Steering control

e Minimizes the H.. norm from w to z 3 i
5°

® %, = 0.89 (Yalmip/Sedumi solver) N R
§ ~ "r

100 10'
Frequency (rad/sec)

Brake control

Magnitude (dB)

100 10"
Frequency (rad/sec)
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VDSC-upper controller: LPV /H.. control

Controller solution: LPV /H.,
e Mixed-Sensitivity problem Steering control

e Minimizes the H.. norm from w to z 3 i
=
o %.=0.89 (Yalmip/Sedumi solver) $ .
g 0 s‘\ "’
W3 (p ): o moFrequency (rad/sec‘)o‘ o

Brake control

e p=0.1 - braking is ON
e p =10 — braking is OFF

°

Magnitude (dB)

b

3

100 10"
Frequency (rad/sec)

Figure: Bode diagrams of the controller outputs §* and
M
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VDSC-upper controller: LPV /H.. control

Sensitivity functions:

LA

| B/Fdy | | B/Mdz|
0 0
v
-20; W1
W1
: 40| =9
—_ N, —_ —_
) s ) @
T 40 4 N o 69 °
o K o o
3 \'\ B g 3 ~
£ LPV 3 = = S,
A} - "~
5 A S 00 === ~ 5 LTI
g A g o £ 0 i .
d ¥ \
-80) v 420 < LPV N,
) ‘,‘ \
. ~140) LPV ~ N,
\ S 20 g
-100 <,
460 hE
- —2 0 2 -8 2 0 2 5 2 0 2

Frequency (Hz)

Frequency (Hz)

10
Frequency (Hz)

Figure: Closed loop transfer functions between  and exogenous inputs

o Attenuation of the side slip angle
o Rejection of the yaw disturbance

0O.Sename-S.Fergani (GIPSA-lab - LAAS)

Intelligent Vehicles Summer School

July 2-7, 2017
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VDSC-upper controller: LPV /H.. control

Sensitivity functions:

Magnitude (dB)

o Attenuation of the yaw rate error

] e. /F | .
|e / ‘|{| | dy e, /Mg,
10 5
- w2 1wz -
-
. 0 PR
w2 o, Y-
L R it 20 = === -
of AT o @
:' ! T 50 °
1 ! w Q 40
-5/ ! ° °
N 2 2
N = 00 £ -9
-0 i g S s
1 = . S -8
’; 150 :
5 . LPV N
, - g ~
i LPV S 100 “
_____ ‘g 20! N, "\
=20 G . -120 N,
- ’ S
2 o5 140
102 10° 102 102 10° 102 102 10° 102

Frequency (Hz)

Frequency (Hz)

Frequency (Hz)

Figure: Closed loop transfer functions between ey, and exogenous inputs

o Rejection of the yaw disturbance

0O.Sename-S.Fergani (GIPSA-lab - LAAS)

Intelligent Vehicles Summer School

July 2-7, 2017
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Lateral stability control
VDSC-upper controller: LPV /H., control design

Sensitivity functions:

| M Moz
100, 100,
WS (@) S ~-od
50 -
50 BTl
o 7 ° = wsp
9 aQ o P
T T T o
P . " o 5% P RN
g - 2 2 ‘. p=p
-~ N N =
‘é’ RN N ‘é’ ~400f ‘é’ -50; N =
S o SoooPER Y © S |T---- </
o] K ] ] « N
= = 50 = . N
-20t 400 . “
N N
40 N 20 o 3
N 450, p=p ~
- N 25 N .
N N
N
1072 10° 102 102 10° 102 102 10° 102
Frequency (Hz) Frequency (Hz) Frequency (Hz)

Figure: Closed loop transfer functions between M* and exogenous inputs

p = 0.1 — braking is activated, p = 10 — braking is penalized
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Lateral stability control
VDSC-upper controller: LPV /H., control design

Sensitivity functions:

[5744] | 87F] | 5’
5 5 5
. /;,- -.~\~ ;,_---~~
40; . ~ - ~ e ~
S AN or” W4 T - 1wa Ses
30 . A 0]
”w
_ S U4 . =
% 0, N % -50 o
= ’ . Py T 5
Q 1of ¢ N ° o
-] ’ N =] °
3 _ £ 00t 3
= 77N S |=EE =. £
= / \ < ~ D00 " TIEE T .
[ =3 / \ s RN < N
= 0 J p=e \ -450 ~ s o
. :
i/ \ LPV . LPV \
N T \ \ -4150) *
\ -20 \ ©
a0 P=P “
L3 .
102 10° 102 102 100 102 102 100 102
Frequency (Hz) Frequency (Hz) Frequency (Hz)

Figure: Closed loop transfer functions between 6* and exogenous inputs

o Steering is activated on a specified range of frequency
o W;: Activates steering in a frequency domain where the driver cannot act (Guven et al.(2007))

0O.Sename-S.Fergani (GIPSA-lab - LAAS) Intelligent Vehicles Summer School July 2-7, 2017 44



Active safety using coordinated steering/braking control

Overall control scheme diagram

Vehicle velocity

Steering angle (84)

Driver

Reference model
(bicycle model) +
Bounding limits

Yaw rate target I

Sideslip

command

dynamics

VDSC controller

Monitor

Yaw rate (measure)

Vehicle simulation
model

IExternaI yaw
disturbances

‘ehicles Summer School
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Coordination between Steering and braking

o B —f phase plane is used as measure of the vehicle operating points

o Stability boundaries for controller design: y = ‘7‘4[3 + 2“76‘ <1
(Yang et al.(2009), He et al.(2006))

0O.Sename-S.Fergani (GIPSA-lab - LAAS)
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et iy G
Coordination between Steering and braking

¢ B — B phase plane is used as measure of the vehicle operating points

o Stability boundaries for controller design: y = ‘7‘4[3 + 2“76‘ <1
(Yang et al.(2009), He et al.(2006))

This criterion, x, allows accurate diagnosis of the vehicle stability.

0O.Sename-S.Fergani (GIPSA-lab - LAAS)

Sideslip angular velocity (°/s)
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Active safety using coordinated steering/braking control Lateral stability control

Monitor
e
g _ | steering ! I Steering +
S p ‘ I full Braking
g I
)] | |
£ [ [
>
3 P | {
£ LN
i A A A (Stability index)
Intermediate
behavior
P if x < x (steering control - Steerability control task)
XX~ X=X . o . .
=1 = +——= if x < x <X (steering+brakin 6
p(x) 2 al Ta ol Trex z( g 9) (6)
P if x > ¥ (steering+full braking - Stability control task)

where x = 0.8 and ¥ = 1 (y is user defined)
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Active safety using coordinated steering/braking control

Sideslip angle estimation

Available measurements (from ESC or reasonable cost sensors):
o Yaw rate, yr
o Steering wheel angle, 6
o Wheel speeds, w;;
o Lateral acceleration, a,

0O.Sename-S.Fergani (GIPSA-lab - LAAS) Intelligent Vehicles Summer School



Lateral stability control
Sideslip angle estimation

Available measurements (from ESC or reasonable cost sensors):
e Yaw rate, y
o Steering wheel angle, 6
o Wheel speeds, w;;
o Lateral acceleration, a,

o [ can be evaluated through available sensors:

B=" v ™
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Lateral stability control
Sideslip angle estimation

Available measurements (from ESC or reasonable cost sensors):
e Yaw rate, y
o Steering wheel angle, 6
o Wheel speeds, w;;
o Lateral acceleration, a,

o [ can be evaluated through available sensors:
. ay )
=2 _ 7
p b @)

p?? — Existing Methods:
o Integration of
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Lateral stability control
Sideslip angle estimation

Available measurements (from ESC or reasonable cost sensors):
e Yaw rate, y
o Steering wheel angle, 6
o Wheel speeds, w;;
o Lateral acceleration, a,

o [ can be evaluated through available sensors:
. ay )
=2 _ 7
p b @)

p?? — Existing Methods:
e Integration of
e Kinematic equations (eq. ay,ay)
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Lateral stability control
Sideslip angle estimation

Available measurements (from ESC or reasonable cost sensors):
e Yaw rate, y
o Steering wheel angle, 6
o Wheel speeds, w;;
o Lateral acceleration, a,

o [ can be evaluated through available sensors:
. ay )
=2 _ 7
p b @)

p?? — Existing Methods:
e Integration of
¢ Kinematic equations (eq. ay,ay)
e Model-based observer (Vehicle model + Estimation technique)
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Active safety using coordinated steering/braking control Lateral stability control

Sideslip angle estimation

This study:

e Planar bicycle model (with constant velocity):

e Dugoff’s tire model:

F, = —Cq X tan(a) x f(e, F.,Cq), where f(.) is nonlinear

{

B = (Fyg+Fy)/(m)+W¥
74 [lgFys —L.Fy, +M;] /L

o Nonlinear filtering: Extended Kalman Filter

0O.Sename-S.Fergani (GIPSA-lab - LAAS)
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Lateral stability control
Sideslip angle estimation

This study:
e Planar bicycle model (with constant velocity):
{ B = (Fyy+Fy)/(mv)+y
Vo= [fFys—LFy,+M]/L,

e Dugoff’s tire model:
F, = —Cq X tan(a) x f(e, F.,Cq), where f(.) is nonlinear

o Nonlinear filtering: Extended Kalman Filter

State-space representation: M _
_ T 5*+54 Vehicle L4
° X= [ﬁv IV] E system
T
e U=[M; 5, F] .
e 5=06"+0,.
_ il Bicycle nonlinear A
oY= [l[/} model -
EKF
Observer
O.Sename-S.Fergani (GIPSA-lab - LAAS) Intelligent Vehicles Summer School July 2-7, 2017
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VDSC Controller architecture
Yaw rate
Steering angle

Sideslip angle

Objective: Yaw stability
control

Measurements/estimation

Upper controller

Level 1
and/or
Commanded

steering angle

Desired yaw

moment

Level 2

Applying brake torque to the
appropriate wheel

=}
School

DA



VDSC-lower controller algorithm

The stabilizing moment M provided by the controller is converted into braking torque and applied
to the appropriate wheels

Driving situations

Oversteer Understeer

Brake outer rear wheel Brake inner rear wheel

0O.Sename-S.Fergani (GIPSA-lab - LAAS) Intelligent Vehicles Summer School
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VDSC-lower controller algorithm

The stabilizing moment M provided by the controller is converted into braking torque and applied
to the appropriate wheels

Rules

e Braking 1 wheel: from an optimal point of view, it is recommended to use only one wheel to
generate the control moment (Park(2001))

o Only rear wheels are involved to avoid overlapping with the steering control

Driving situations

Oversteer Understeer

Brake outer rear wheel Brake inner rear wheel
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et iy G
VDSC-lower controller algorithm

The stabilizing moment M provided by the controller is converted into braking torque and applied
to the appropriate wheels
Rules

e Braking 1 wheel: from an optimal point of view, it is recommended to use only one wheel to
generate the control moment (Park(2001))

o Only rear wheels are involved to avoid overlapping with the steering control

Decision rule:

Driving situations

Oversteer Understeer

Brake outer rear wheel Brake inner rear wheel

0O.Sename-S.Fergani (GIPSA-lab - LAAS) Intelligent Vehicles Summer School July 2-7, 2017 51



Simulation results and results

o Matlab/Simulink software
e Vehicle Automotive toolbox

o Full nonlinear vehicle model
o Validated in a real car "Renault Mégane Coupé"

0O.Sename-S.Fergani (GIPSA-lab - LAAS) Intelligent Vehicles Summer School



Simulations
Simulation results and results

o Matlab/Simulink software
o Vehicle Automotive toolbox
e Full nonlinear vehicle model

o Validated in a real car "Renault Mégane Coupé"
Two tests:

@ Double-lane-change maneuver at 100 km/h on a dry road (i = 0.9)
@ Steering maneuver at 80 km/h on a slippery wet road (1 = 0.5)

0O.Sename-S.Fergani (GIPSA-lab - LAAS) Intelligent Vehicles Summer School July 2-7, 2017
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Test 1: Results [dry road u = 0.9, V = 100 km/h]

Yaw rate [deg/s]

B deg
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. : :
3 : ‘:\Unconlmlled
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3
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@
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Simulations
Test 1: Results [dry road pu = 0.9, V = 100 km/h]

Top view of the vehicle

25| H'\ Uncotrolled vehicle
2 ﬂ H
151 .

N I‘I H H Hﬂ

\p [degis)
y—Distance [m]

=
=

o o 0 P 8
3 (deg] x—Distance [m]

Figure: Response of the yaw rates versus steering Figure: Trajectories of the controlled and

wheel angle uncontrolled vehicles
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Active safety using coordinated steering/braking col Simulations

Test 1: Results [dry road pu = 0.9, V = 100 km/h]

Additive steer angle

Stability index
n :
2
08— —Ac——f Nr— - i o o =
< 06F g o
04f o -2
02f
i | i H n -4
0 05 1 15 2 25 [} 05 15 2 25 3
p-parameter variations Brake torque
E 60
10 B
Z 40
a £
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2 2
o
=y i - i j
05 1 15 2 25 3 0 05 15 25 3
Brake torque
Corrective yaw moment
400} T 80
£ 200- Z 60
EN \\ & a0
= 200 V =20 "
H I i o
0 05 1 15 2 25 0 05 15 2 25 3
. Time [s]
Time [s]

Figure: M} and p variations according to x for the

double lane-change maneuver
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Figure: Control signals generated by the controller
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Active safety using coordinated steering, ing control

Test 2: Results [wet road u = 0.5, V =80 km/h]

Yaw rate Sideslip angle
25 | s LA
[ 3 ,' \
20 \) :
,' \ Uncontrolled ! h
" PENR N 1,04 Uncontrolled
A
10 / Y
L i b
5 ! 1 )
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-1 Yy 1y
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R 3 r
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—20 ] \
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[ 0.5 1 15 2 2.5 3 o 0.5 1 15 2 25 3
Time (s]

Time [s]

Vehicle dynamic responses with and without controller
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Active safety using coordinated steering/ ng col Simulations

Test 2: Results [wet road u = 0.5, V = 80 km/h]

Top view of the vehicle

T ke

Uncotrolled vehicle

@ E
= s
= H
[=}
Lo /
0.5 B Controlled vehicle :
-HHH
o o 2w e 0w
x—Distance [m]
Figure: Response of the yaw rates versus steering Figure: Trajectories of the controlled and
wheel angle uncontrolled vehicles
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Test 2: Results [wet road u = 0.5, V =80 km/h]

Stability index
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Figure: M} and p variations according to x for the steering maneuver
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Road profile estimation and road adaptive vehicle dynamics control
Outline

5. Road profile estimation and road adaptive vehicle dynamics control
@ Road profile vehicle control adaptation
@ Road Adaptive controller synthesis
@ Implementation & test validation on the INOVE test bench
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Road profile vehicle control adaptation

Road Profile estimation strategies

e The . observer for road profile estimation.

e The Algebraic flat observer for road profile estimation.

o The Parametric Adaptive Observation for road profile estimation.
e Guaranteed estimation based on interval analysis techniques.

e Vehicle-cloud-vehicle, data clustering and and identification.

LPV/5, Road profile Adaptation control

o Road Adaptive Semi-Active Suspension for 1/4 vehicle using an LPV/.7, Controller.

e A new LPV/7, semi-active suspension control strategy for the full car with performance
adaptation to roll behavior based on a non linear algebraic road profile estimation

O.Sename-S.Fergani (GIPSA-lab - LAAS) Intelligent Vehicles Summer School July 2-7, 2017
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Road profile vehicle control adaptation

Road Adaptive Semi-Active Suspension for 1/4 vehicle using an
LPV/s#, Controller

0O.Sename-S.Fergani (GIPSA-lab - LAAS) Intelligent Vehicles Summer School



Road profile vehicle control adaptation
Road Adaptive control

One of the important investigation towards road safety
o On-line performance objectives adaptation (comfort vs roadholding).
e Less expensive and very efficient.

Suspension control and adaptation: Camera based road monitoring selective control, very recently

(2013) by Mercedes Benz.

MAGIC BODY CONTROL @ MAGIC BODY CONTROL

c Body movement - MAGIC BODY CONTROL  — — today's suspension St Gomers

Messirement rnge

Therelore MAGIC BODY CONTROL afows o
and agity even on b2 roacs

08 Cotr g™
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Road profile vehicle control adaptation
Road Adaptive control

o Road profile roughness estimation to identify the type of the road.
* LPV/H., semi-active suspension control adaptation to the type of the road profile.

0O.Sename-S.Fergani (GIPSA-lab - LAAS) Intelligent Vehicles Summer School July 2-7, 2017 62



Road profile estimation and road adaptive vehicle dynamics control

Road Adaptive control

o Road profile roughness estimation to identify the type of the road.
* LPV/H., semi-active suspension control adaptation to the type of the road profile.

A shock absorber with magneto-rheological fluid that
Measurement - changes damping characteristics in the suspension sys-
tem depending on electric current.

Fyr = Ifctanh (alzdef + azzdef) +b1Zdef +bazaer

pr= f(tanh(zsef,Zaer),1)
P2 = f(sar(tanh(zgef,2ger),1))

(dissipativity, saturation)

Ipv
p2 € [0,1] — Saturation.

{ X, =4, (pl,pg)xlpv + Biuc + Bow p1 € [—1,1] — Nonlinearities.
ylpv = Clxl

pv
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Road profile estimation and road adaptive vehicle dynamics control

Road Adaptive control

* Road profile roughness estimation to identify the type of the road.
* LPV/H., semi-active suspension control adaptation to the type of the road profile.

(Hs Observer)

Measurement

(dissipativity, saturation)

2r = [musZux - ks (fs - fus) + ktfus - FMR] . krl
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Road profile estimation and road adaptive vehicle dynamics control

Road Adaptive control

* Road profile roughness estimation to identify the type of the road.
* LPV/H., semi-active suspension control adaptation to the type of the road profile.

(Hs Observer)

er = Zrgus/ (27’: : ZrRMs) [H7]

Frequency|estimation
Amplitude|estimation and xtraction
Using ISO 8608

(dissipativity, saturation)

S, (er) = (Azr)2/(2Af)

A, =\/o?+ B}
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Road profile estimation and road adaptive vehicle dynamics control

Road Adaptive control

Road profile vehicle control adaptation

o Road profile roughness estimation to identify the type of the road.
* LPV/H., semi-active suspension control adaptation to the type of the road profile.

- T
ﬂhmde estimation

(dissipativity, saturation)

0O.Sename-S.Fergani (GIPSA-lab - LAAS)

(H.. Observer) Type of Road Class
- Smooth runway A
Road profile Smooth highway B
estimation Highway with gravel C
reconstruction Rough runway D
Frequency|estimation Pasture E
and fextraction Plowed field F
Using ISO 8608
Road roughness PSD
Estimation 5
P3 —llso 8608
Road
Classification
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Road profile estimation and road adaptive vehicle dynamics control Road profile vehicle control adaptation

Road Adaptive control

* Road profile roughness estimation to identify the type of the road.

o LPV/H., semi-active suspension control adaptation to the type of the road profile.

(Hw Observer)

Measurement

Road profile
estimation
reconstruction

(dissipativity, saturation)

Road adaptive controller

Amplitude|estimation

Using ISO 8608

Frequency]|estimation

and fextraction

Road roughness

K(p1, p2, p3)

0O.Sename-S.Fergani (GIPSA-lab - LAAS)
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LPV/, control synthesis

Two scheduling parameters in the model:
pr= f(tanh(zsef,Zaer),1)
p2= f(sat(tanh(zdef7z.def)51))

e p; € [—1,1] — Nonlinearities.
e p; €[0,1] — Saturation.
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LPV/, control synthesis

One scheduling parameter p; for online
suspension adaptation to the road profile:

P =Kpy S, (f) € [0.1] (10)

where K, is used to bound ps,
such that

23_.-—> 7: ::
I = Lyax ur Z(P,p,0)
Zas

ifps >p3
Lin < I < Ipax

1(p3) := (11) ) ’
3 ifps <ps <ps3 W—l

1 = Lin

Rovghn
oughness
Ps Estirgnation

ifps < ps
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Road Adaptive controller synthesis
LPV/7Z, control synthesis

The general LPV/J, is obtained thanks to
the polytopic appraoch, by solving the con-
sidered set of LMIs on each one of the 23 =
8 vertices. The general LPV/.Z, is a convex
combination of the 8 local controllers.

23
A.. B,
st0)= L aulo)| £ o |
k:1 Cl C

where,
o(p) = l_[_%;, p(j) —E° (),
P —p()
23
Z (Xk(p) =1, ak(P) S0
k=1
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Implementation & test validation on the INOVE test bench
Road adaptive control validation & implementation

The test bench is composed of:

e The process: 1/5 scaled real vehicle equipped with 4 Electro-Rheological semi-active
dampers and 4 DC motors to generate the desired road profiles.
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Road profile estimation and road adaptive vehicle dynamics control Implementation & test validation on the INOVE test bench

Road adaptive control validation & implementation

The test bench is composed of:

e The process: 1/5 scaled real vehicle equipped with 4 Electro-Rheological semi-active
dampers and 4 DC motors to generate the desired road profiles.

o Matlab/Simulink environment + Xpc target environment for real time data acquisition and
control.

Host computer Target computer

Hardaware (process)

>

Ethernet|

——

Matlab/simulink

XPC Target, DAQ cards ‘

Sensors. actuators and their drivers
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Road profile estimation and road adaptive vehicle dynamics control Implementation & test validation on the INOVE test bench

Road adaptive control validation & implementation

The test bench is composed of:

e The process: 1/5 scaled real vehicle equipped with 4 Electro-Rheological semi-active
dampers and 4 DC motors to generate the desired road profiles.

o Matlab/Simulink environment + Xpc target environment for real time data acquisition and
control.

Host computer Target computer

Hardaware (process)

>

Ethernet|

——

Matlab/simulink

XPC Target, DAQ cards ‘

Sensors. actuators and their drivers

0O.Sename-S.Fergani (GIPSA-lab - LAAS)
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Road profile estimation and road adaptive vehicle dynamics control

Road classification implementation results

(A) Road profile
(H,, Observer) 0% — Experimental data
002 -- Estimation
001
Vesens|  Road profile £,
estimation
. -001
Teconstruction 002
Amplitude]estimation and bxtraction : (B) PSD of the roughness
B R o e MW A P v P
Using 150 8608
(dissipativfty, saturation)
Road roughness D
—  Estimation
n” 150 8608 (C) Road identification
F T
E H
Road o Impl e;r}:ted
. . I i
Road adaptive controller Classification ¢ i
K(pl’ P2 03) Road classification

Timels
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Road profile estimation and road adaptive vehicle dynamics control

Road classification implementation results

Table: Road profiles Classification (ISO 8608).

(A) Road profile
0.03,

— Experimental data
.02 -~ Estimation

Type of Road

Class

: (B) PSD of the roughness

Smooth runway
Smooth highway
Highway with gravel
Rough runway
Pasture
Plowed field

A

TMOO @

-4l

oY VPNV N U TN DR VPR TSP A PY VS SY SRT BVY IS P

(C) Road identification

0O.Sename-S.Fergani (GIPSA-lab - LAAS)

] TMJ%Y

Intelligent Vehicles Summer School

50 100

Implemented
road —_}

Road classification

15
Time([s]

o)
I

ul
it




Road profile estimation and road adaptive vehicle dynamics control Implementation & test validation on the INOVE test bench

Road adaptive control implementation results

Sprung mass
acceleration [m/s ]

o[ Passive Suspension (PS)

ent [m]
oo
AR

o ¢
°

Unsprung mass
disg)lacem
1
=

1
o €
N

(a) plowed field (hard road F) at low velocity
(comfort objective)

7 3
£

.2 O

w8

2 B I T B I

S8 { \ e ;
8 -3l LPY. 0l
= 0.0l LPV controller 2

g £.9:908

£z

=

e B
54

g &

2

= 50!

(c) highway (smooth road ISO A) at low veloc-

ity (road haolding objective) (d) Raod type A, vy = 100 Km/h
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Outline

6. LPV FTC for Vehicle Dynamics Control
@ Towards global chassis control
@ The LPV FTC VDC... approach
@ Simulations on a full NL vehicle model
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Towards global chassis control
Towards global chassis control approaches (GCC)

Some facts

o Vehicle-dynamics sub-systems control (suspension, steering, stability, traction ....) are
traditionally designed and implemented as independent (or weakly interleaved) systems.

o Global collaboration between these systems is done through empirical rules and may lead to
inappropriate or conflicting control objectives.

What is GCC ?

e combine several (at least 2) subsystems in order to improve the vehicle global behavior
Shibahata (2004)

* tends to make collaborate the different subsystems in view of the same objectives, according
to the situation (constraints, environment, ...)

o is develop to improve comfort and safety, according to the driving situation, accounting for
actuator constraints and to the eventual knowledge of the vehicle environment
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Towards global chassis control
Active safety using LPV FTC VDC coordinated control

Key points

Yaw is one of the most complex dynamics to handle on a

ground vehicle. FTC LPV control:

e Prevents vehicle from skidding and spinning out
o |Improves lateral vehicle dynamics face to critical

situations

e Handle Braking and suspension actuator

b "‘QA %\, Undesired

mot|on

g \
Desired traJectory\.\ ?t

malfunctions and Steering activation | e 1

The LPV FTC strategy

Monitoring Parameters
e Braking efficiency : torque
transmission
e Steering activation during
emergency situation (low slip)

e LTR: roll induced load transfer
by damper malfunctions

0O.Sename-S.Fergani (GIPSA-lab - LAAS)

Control Issues

o Lateral coordinated steering/braking control:
parameter dependent weighting functions for braking
torque limitation and activation of the steering action

o Full car vertical suspension control: fixed control
structure for suspension force distribution, parameter
dependent weighting functions for roll attenuation in
critical situations and comfort improvement in normal
ones.
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LPV FTC for Vehicle Dynamics Control

Global chassis control implementation scheme

0O.Sename-S.Fergani

Supervision strategy

LPV/Hys

Controllers

Steer input ;
i ! 5+ Uij T,,
: 5

Road profil
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T3 UPY (T WD S Iz
Coordinated steering/braking control

Wn e | 7
Wy | 21 Vehicle model : Single track model
(dry road).
) Inputs/Ouputs:
res(v) Wi,
Bieycle w(t) = [!//ief(v)(t M (1)]
E ut) = (801, 0.7, ()]
yo) = ey(r)
) = [a(r)2(t),2()]
Weighting functions for performance requirements
We,, and W;, are 1st order systems.
v

Weighting functions for actuator coordination

o Ws(ps) = (1—ps)x 4th order — braking (and steering) penalized if p = p

* W, (py) = (1—ps)x 1st order — braking (and steering) allowed if p = p
When a high slip ratio is detected (critical situation) , the tire may lock, so p, — 0 and the
gain of the weighting function is set to be high.
This allows to release the braking action leading to a natural stabilisation of the slip
dynamic.

v
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T3 UPY (T WD S Iz
The suspension control configuration

W..(ps) 21

5,

K(p1) ™

]

A new partly fixed control structure: manage the suspension control distribution in case of
damper malfunction

2de fij

e (t) = Ac(ps, pr)xe(t) + Be(ps, p1)y(t)

0 l-p, 0 0 0

K (ps: 1) = % !

s(ps,pr) W (1) 0o 0 0 ot
on 0 0 1-p o0fCPx
Uy ()
(1) o 00

p; allows to generate the adequate suspension forces in the 4 corners of the vehicle
depending on the load transfer (left = right) caused by the performed driving scenario.
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Simulations on a full NL vehicle model
Simulations on a full NL vehicle model

Simulation results

r//’o_\
e Vehicle Automotive 'GIPSA-lab’ toolbox ;/ VE

e Full nonlinear vehicle model
e Validated in a real car "Renault Mégane Coupé" coll. MIAM lab [Basset, Pouly and Lamy]
see C. Poussot-Vassal PhD. thesis

The stabilizing torques 7;; provided by the controller is then handled by a local ABS strategy
Tanelli et al. (2008)

Simulation scenario

DoubleTane-cl ange maneuver at 100 km/h

on a WET road (from ¢ — 2s to ¢ — 6s) o Faulty left rear braking actuator:

saturation = 75N
Driver Steering Angle e 5¢cm Road bump from ¢ = 0.5s to
1 t=1.5s and from t = 4s to t = 5s)
o Faulty front left damper: force limitation
of 70%

o Lateral wind occurs at vehicle’s front
generating an undesirable yaw moment
(from ¢ =2.5s to r = 3s).

3, [Deg)

3
tis]
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SRS @ 2 e e
Monitoring parameters

Braking scheduling parameter

Suspension scheduling parameter

I

0.

Py

0.4

0.2

J

Po

2 B 4

Performance scheduling parameter

0O.Sename-S.Fergani (GIPSA-lab - LAAS)

Ps

tis]

¢ p, handles the braking efficiency
e p,: activation of the steering actuator

e p; (LTR): Coordination of suspension
control and on-line modification of the
suspension performances
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LPV FTC for Vehicle Dynamics Control Simulations on a full NL vehicle model

Braking/Steering actuators - stability analysis

Rear Left Braking Torque

Rear right Braking Torque

1 2

Stability Region

3
t[s]

4 5 6

800 —_ 800
% 6001 § 6001
& 400 T 400t

2 =2
o 2000 = 200t

Ke]

Fooammmom e aw | F
0 1 2 3 4 5 6 0

t[s]
Additive Steering Angle

40t
gl w 20
g 2

S, S,
le} . > 201
—a0l

Stability boundries Uncontrolled

o
----

Fault Tolerant Yaw conispl through an efficient coordination of braking/steefiag actuators.
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Simulations on a full NL vehicle model
Braking/Steering actuators - stability analysis

Rear Left

Fault Tolerant Yaw conispl through an efficient coordination of braking/steefiag actuators.
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Simulations on a full NL vehicle model
Suspension control distribution

T

Fs

Suspension Forces

Fsq

Fs,

l

Fs

Roll displacement

3
t[s]

8000

7000 [—

6000 (—

IWithout Damper Faultl

nt Vehicles Summer School
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Conclusions

About today’s presentation:

An approach to the vehicle yaw stabilizing problem. ..
o Objective: Enhance vehicle steerability and stability

e Steerability is enhanced in normal driving condition.
e Braking is involved only when the vehicle tends to instability.

o Flexible design: Integration of different scheduled sub-controllers
e Scheduling parameters: Estimation of the sideslip angle
o Real-time implementation: General structure does not involve online optimization

O.Sename-S.Fergani (GIPSA-lab - LAAS) Intelligent Vehicles Summer School July 2-7, 2017
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Future work

o Implementation of the controller in a real car

o Integration of the suspension system in the control scheme
e Design of an LPV vehicle system
o Variation of the cornering stiffness with respect to road conditions (dry, wet, icy,...)
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Conclusions and future work

Thank you for your attention
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