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MOTIVATION

Sensors
= 90% of the road accidents are due to the human Perception
errors.
*  Road safety should be improved. feferonce

Generation Generation

*  Autonomous vehicles are considered as promising
way for the Intelligent transportation systems.

*  Lateral dynamic control should be improved.

Longitudinal dynamic Lateral dynamic N
control control d

Chassis Stabilisation

Control
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PROBLEM STATEMENT

* Path tracking

Desired path
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PROBLEM STATEMENT

Path tracking

Center of Gravity Center of Percussion
(Classic) (Recent)

DI RIS Normal situation Limit of the handling

= Main objective
A comparison of two lateral guidance strategies based
on the CoG and on the CoP is proposed.

Desired path
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Dynamic Vehicle Modeling

DYNAMIC VEHICLE MODELING

Linear bicycle model is used for the controller synthesis.

E Lateral tire force

Fy = Cyay
Uy
Ct'f = o — (Sf

= Lateral vehicle dynamics

. N M =L;Fy - L,F,

Y F=F;+F,
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Dynamic Vehicle Modeling

DYNAMIC VEHICLE MODELING

= Bicycle model

- = B 20420 _ 205 Ly—2Cr L7 £ - - 2C ¢ 7
v, T mu. —Ugp — — v, =
Yy MU ., : U, Y poen
= s o g2 + 1
) _ 2CyLy—2C, L, _QCI-Lf—kEC,,.LT 0 2C¢ L ¢
B - - I vz I.vs - - - - IZ -

* Input control
5f Front steering wheel-angle.

= Output vector =  Remark
Uy Lateral velocity. v, Longitudinal velocity is constant.

1 Yaw rate.
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Dynamic Vehicle Modeling

CENTER OF PERCUSSION

CoP position

= Its position depends on the vehicle parameters
I’Y

s

Leop =

L Fm
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The rear tire lateral force has two effects on the
system dynamics

* a, lateral acceleration along the body of the
vehicle.

: l/) angular acceleration around the vehicle’s CoG.
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CENTER OF PERCUSSION

CoP position

= Its position depends on the vehicle parameters
I’Y

s

L Fm

Leop =

The rear tire lateral force has two effects on the
system dynamics

* a, lateral acceleration along the body of the
vehicle.

: l/) angular acceleration around the vehicle’s CoG.

At the CoP, these two effects

- cancel each other out.

T . AT
(J’.-y — LTeopW = 0
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Dynamic Vehicle Modeling

CENTER OF PERCUSSION

CoP position

= Its position depends on the vehicle parameters
I’Y

s

L Fm

Leop =

The rear tire lateral force has two effects on the
system dynamics

* a, lateral acceleration along the body of the
vehicle.

: l/) angular acceleration around the vehicle’s CoG.

At the CoP, these two effects

‘ cancel each other out.

Ay — Teop® = 0

Benefits

= Using the CoP allows to preview the lateral error
(look ahead).

= Using the CoP does not require the knowledge of
the rear tire lateral force.
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Errors Model

ERRORS MODEL

References

Yref desired yaw angle.

1:bref desired yaw rate.

Orientation error

€y = (li'-(} — ’z/f"rf:f

CoG lateral error dynamic

Desired path

CoP lateral error dynamic

» X

Ecop — Ey T jjr.topé-w
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Errors Model

ERRORS MODEL

* CoG model
€y
d é‘y —
dt e’g}
8,1*,
= CoP model
ecop
i écop —
dt €q)
€y

o o o o

o o o o

1 0 0 e
_ C4C, Ci+C, _ CsL;=C, L, Y
vy T TV e’y
0 0 1 Eq)y
CyL;—C.L, CjL;—C,L, CyL3+CrL2 e
— — ~1P
I, v, I. I, v, i
1 0 0
Cy C RiCs(Ls—xcn)
_ f f _ il (Ly—Zcop
R"' MY RI TrL T
0 0 1
. Cfo—C-r-Lr Cfo—CrLr _Cfo(Lf—!f.fcop)—FCrLz
Iz'i}m = zUx

0 0
(j'f. _Cfo—CTLT —
- MUz T i
76’ 6f + 0 l/)“:,f
CyLy CyL3+Cr L7
1. N _ Tzv, i
€cop 0 0
. lof Cely _
[Py R'i 1~ T,.],:
“cop + | (Sf + -m:tE]I T
€y 0
W
y CyLy CyL3+C, L
20 ——=t
z L Tzv,

'Z/:’?"ef
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Errors Model

ERRORS MODEL

= CoG model_ )
e 0 1 0 0 .
Y 0 Cr+C. C;+C,. CyLy—C.L, Y
i B'y — o Tr Tz‘ﬁ T o MU Gy
Eqp 0 CyLy—CrL, CyLy—C,L, CyL3+CrL? o
¢ L a I.vg I. - I, v, b
= CoP model
ﬁ('op _0 l 0 0
Cy C RiCy(Ly—= )
_ f f I Sl i Sl cop
i ef—'fip — O R"f LU RI T Muz
dt €4l 0 0 0 1
é'LIJ 0 Cfo—C-r-Lr Cfo—CrLr Cfo(Lf—mcop)—FCrLz
' a o I vg 2 o 2V

0 0
Cf' _Cfo—CTLT —w
: muz ‘T ;
TSJ 5f —I_ 0 'l/).r-ef
CyLy CyL3+C, L2
I | Tzv, _
ecc}p 0 0
. Cf Cf Lf .
Ecor R[ l Tf']f:
J(.E)?) —I— m (sf _I_ .?TJ'B-T: £
€y 0
(i
€y Crly CyL3+C-L7
) —
z L Tzv,

’Z/”ref
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Errors Model

ERRORS MODEL

d
dt

CoG model

CoP model

ecop

écop
€y
€

0 0 11 e 0 0
Ci+C, CyL;—C,L, Y C; CiLi=CrLr _
m B MUz €y o ) - mug Rl
0 1 ew ‘|‘ U f ‘|‘ 0 l/).-,.e f
_ CyLy~C,L, CyLy~C.L,  CsL}+CrL} e CyLy CyL3+C, L}
Iz Iz Vg - " IZ L _ IZ'!.J_E .
0 0 ] 0 i 0 ]
ecop
R Cf _R;F}(Lj—l,,-op) . Cf —R Cfo —
17 Y Ecop Rl‘ : 2 muv r H
() THA & y! _l_ T (sf _l_ ].r 'l/’ f
0 1 € ( e
~
_ Cy4Ly—CyL, CyLy—CyLr  CyLy(Ly—Tcop)+CrL? €y p))"Lf CyL3+C, L2
2 2V _ z o Tzv, _

Remark
The contribution of the control input will be more important in
the CoP case than in the CoG case due to the R; > 1 term.
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Errors Model

ERRORS MODEL

* CoG model_
€y
d €y _
dt 81;}
8,1*,
= CoP model
ecop
E écop —
dt €4)
€y

o o o o

o o o o

1 0 0 11 e 0 I 0 ]
_ C4C, Ci+C, _ CfLy—C,L, (;y Cy _CsLy=Crlyr -
muvy m mus Y m 5 mMur Tl )
CyL;—C,L, C;L;—C,L, CyL3+CrL? e CyLy CyL3+C, L2
o o ; Y 1 - -
I.v, I, I.v, _ 2 | Tzv, _
1 0 0 1 i 0
c c RiCy(Ly—Tcop) Ceop C CyLg
- f ~ [ f r—Teo f s - '
_R"f m-’.'j]IL RI -'rr{ o ! rra-i' - efiflp R'T f RI muv — Vg h
a @ _I_ m (Sf _I_ U 'z/»j'r“{-‘f
0 0 1 ey 0 0 »
2 . . 2 2
_Cf'Lj'—CrLr Cfo—CrLr _Cfo(Lf—mcop)—FCg~L1. erq:} Cj Lj' C Lf-i-CT.L?_
Iz Vg = zUx . IZ L IZT)m
Remark

Yrer acts on the error model as a disturbance.
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Errors Model

ERRORS MODEL

* CoG model

CoP model

€cop
i €cop
dt €

€y

— %é(t)=ﬂé(t)+35f(t)+ 0

o o o o

o o o o

1 0 0 e
_ C4C, Ci+C, _ CsL;=C, L, Y
vy T TV ey
0 0 1 Eq)y
C;L;—C.L, C;L;—C,L, CyL3+CrL? e
— — ~1P
I, v, I. I, v, i
1 0 0
Cy C RiCe(Ly—Feny)
_ f f _ il (Ly—Zcop
RI MY RI TrL T
0 0 1
. Cfo—C-r-Lr Cfo—CrLr _Cfo(Lf—!chop)—FCrLz
Iz'i}g: = zUx
0

wa"e: f

0
CpLy—C, L, y
o MUz Y i
0 'z/)-ref
CyL3+Cr L7
_ Tzv, _
_ 0 —
Cily
MU €T
(Sf + 0
C L?-i—(?,_LE
L Tzv, i

’Z/”ref
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Errors Model

SIMULATION TEST ON OPEN LOOP

Objective

Compare the behavior of CoGM and CoPM
in a lane departure situation.

Simulation Conditions

Lane departure situation.
Reference trajectory is straight line.
Constant speed 15 m/s.

Constant steering wheel angle 5 deg.

Lateral error(m)

e (deg)

I
----- Reference trajectory

= V/chilce trajectory
0.5 =
0 | agey— - [ |
0 1 2 3 5 6
X(m)
l T T
m | ateral error at CoG
vmiomi T ateral error at CoP L
0.5 '
0 _
0
10 . — T T
= (rientation error at CoG
v=vmi Orientation errvor at CoP
Sk _
0 - i
0 1 2 5 6
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Errors Model

SIMULATION TEST ON OPEN LOQP

. . 1 I
Ob | ective  rTZ Reference trajectory
. = V/chilce trajectory
* Compare the behavior of CoGM and CoPM

Eos| |

in a lane departure situation. ~ _//

. L] L) 0 . . I L |’ )

Simulation Conditions 0 1 2 \,(3111) 4 5 6
* Lane departure situation. 1 |

I
== | ateral error at CoG
vmiomi T ateral error at CoP L

* Reference trajectory is straight line.

= Constant speed 15 m/s.

Lateral error(m)
o
N

= Constant steering wheel angle 5 deg. 0 "
1

Results 10 ‘ . ‘

= Orientation error at CoG

= The lateral error at the CoP is bigger than 5 L= Orientation error at CoP
) -
the lateral error at the CoG. 20T i
5
= The orientation errors are the same in both o

models.
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C

d
dt

Control Design

ONTROL DESIGN

07
_ do|
(t) = AE(t) + Bos(1) + | G | ey | ReFErEnCes
d, = Yrer desired yaw angle.
o . lpref desired yaw rate.

Proposed control law

Of

(t) =upp(t) +urp(t)

Feed-Forward aims to eliminate the effect of the
disturbance on a part of the state vector.

Robust State-Feedback aims to stabilize the system
in closed loop and to attenuate the effect of the
disturbance.

v

Sensors

Reference
Location

(

lI)re f

Y

'pref)
']’ref

v v

Perception

()

Y
Reference
Generation

Errors model
CoG/CoP

A 4

Control

Feed-forward
CoG/CoP

Robust state
Feedback
CoG/CoP

.
5fi

Vehicle
Dynamic
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Control Design

| CONTROL DESIGN: FEED-FORWARD

= CoG Model

m

C’fo —C.L,

upp(t) = z,

(

MUy

+ ‘U;-E> %T‘Ef(t)

= CoP Model

?Lpp(ﬁ) = —

T

Cy

g

CtLy
muv,

+ ﬂ:r:) Tj}?"ef (t)
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Control Design

| CONTROL DESIGN: FEED-FORWARD

= CoG Model =  CoP Model

Cfo — CILT . prf .
t 2 Te t : t)= | R Uy re t
upp(t) = c, ( e ) ref(t) upp(t) = c, ( e 0 ) Yrer(t)

By applying the control law

07(t) = upr(t) + urp(t)

1
= O O O
I

d , _
Ef(l‘) = Af(t) R B“U,FB(t) -+ B?Lpp(t) + 0 T,IJT--E;f - %f(f) = Af(t) + B?LFB(t) +

o
N
|
S~
Il-l‘é-
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Control Design

CONTROL DESIGN: ROBUST STATE FEEDBACK

0]
d ol - Robust state feedback action
%g(t) = AL(t) + Bupp(t) + | o | Yref upp(t) = —KE&(t)
2,
Obijective - Lyapunov candidate
= Guarantee a decay rate exponential convergence a of the state vector £(t). V(f) _ ET(T)PE(T) and
Ja>0: V(t)+2aV(t) <0 PzPT>O--

* Guarantee an attenuation level y of the disturbance 1,..¢ on the state &y,

: 2
Uref|| ;

. 2 ‘
HE%'T'«‘HQ < 72
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Control Design

CONTROL DESIGN: ROBUST STATE FEEDBACK

0
d 0l . Robust state feedback action
Ef(f) = A&(1) + Burp(t) + 0| Vref 'UJFB(T») — —Kf(t)

2]

Objective
= Guarantee a decay rate exponential convergence a of the state vector £(t).

da>0: V(t)+2aV(t) <0
= Guarantee an attenuation level Y of the disturbance lﬁref on the state €y,

. 12 ‘ : 2
lewlly <77 |[Yrer] ‘2

Problem formulation

Lyapunov candidate

V(t) = T (t)PE(t) o

P=PT>9.

(A— BK)T"P + P(A—- BK)+2aP+RTR PD'

Trade-off between
0 a Large decay rate and y < 1.

(PD)T 1| S
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Simulation Tests

SIMULATION TESTS

Double lane change maneuver

" The test consists in performing a double lane change maneuver at different speeds.

Simulation Conditions
* The track supposed to be flat.

= No vertical nor load transfer are considered.

= A 2D model is used for simulation purpose (with saturation on the lateral tire forces ).
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Simulation Tests

SIMULATION TESTS

Double lane change maneuver

The test consists in performing a double lane change maneuver at different speeds.

Simulation Conditions

The track supposed to be flat.

No vertical nor load transfer are considered.

= A 2D model is used for simulation purpose (with saturation on the lateral tire forces ).

Robust state feedback design
Controllers are designed at the constant speed v, = 25m/s (nominal speed).

The LMI problem is programmed thanks to the Yalmip interface (Lofberg, 2004) coupled with the
SeDuMi solver (Sturm, 1999).

Decay rate a = 0.2.

= Attenuation level y = 0.3.
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Simulation Tests

SIMULATION TESTS

Lateral error e Orientation error e
b v

Simulation test at the nominal speed v, = 25m/s.

Trajectory

- ; i ; i ; ‘ 1 ; 1 1
0'40 20 40 60 80 100 120 30 20 40 60 80 100 120

Steering angle Ef

= The CoP strategy offers an effective trajectory
tracking in terms of the lateral error.

==-Desired path

— Using CoG strategy

== Using CoP strategy
I

0 20 40 60 80 100 120

: oM ‘ : —Using CoG strategy
& 5
- :

0 20 40 60 80 100 120

i X (m)

Result

i
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SIMULATION TESTS

Simulation test at a different speed v, = 10m/s.

Lateral error e,

0.2
0.1
_ . -\ ”‘.—r— ............
7,
g //
¥ -0.1 \ /
-0.2 N/
_0'30 20 40 60 80 100 120
Steering angle 8
100
6 0 i / \
W™ /
-50 "
-100 ‘
0 20 40 60 80 100 120

X (m)

Orientation error <,

Simulation Tests

\

f 1
N

7\

— = Using CoP strategy

T 7 N SN
\_/; L e
N v
20 40 60 80
— Using CoG strategy

100 120

Results

= Both strategies are
longitudinal speed variation.

= The CoP strategy still offers an effective trajectory
tracking in terms of the lateral error.

robust with respect to the
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Conclusion & Outlooks

CONCLUSION & QUTLOOKS

Conclusion

* The CoP strategy ensures a better trajectory tracking and anticipates the lateral position error.

" Both strategies are robust with respect to the longitudinal speed variation.

Future works

= Enhance the lateral stability in critical situation by using the CoP strategy.
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