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Abstract: In this paper a 16 Dof vehicle model is decomposed and used for partial state
observation and some inputs estimation. The used sub-models are non linearly coupled and
shown to behave well in application. Robust partial state observers with estimation of unknown
inputs are developed using First Order Sliding Modes.
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1. INTRODUCTION

In literature, many studies deal with vehicle modeling, but
model properties are never detailed nor its passivity em-
phasized. Vehicle dynamics can be represented by approx-
imate models which are either too much simplified to be
realistic or complex and have a variable structure (M’sirdi
et al. [2007a]). This kind of systems are composed with
many passively coupled subsystems: wheels, motor and
braking control system, suspensions, steering, more and
more inboard and embedded electronics. There are several
non linear parts, which are coupled. These coupling may
be time varying and non stationary (M’sirdi et al. [2007c]).
Approximations have to be made carefully regarding to the
desired application.

In previous works a good nominal vehicle model with 16
DOF have been developed and validated for a French vehi-
cle type (P406) (ElHadri et al. [2000]). Several interesting
applications was successful and have been evaluated by use
of this model before actual results (M’sirdi et al. [2004],
Rabhi et al. [2004]). We have also considered this modeling
for estimation of unknown inputs (M’sirdi et al. [2006b]),
interaction parameters and exchanges with environment
(M’sirdi et al. [2004]). This approach has been used suc-
cessfully also for heavy vehicles (M’sirdi et al. [2006a]).

In this paper this model is revisited and structured for
estimation of inputs and diagnosis. We split the model
in five subsystems (M’sirdi et al. [2007b]), regrouped in
3 blocks and then show and justify the rationale behind
the successful splitting. The subsystems and the overall
system obey the passivity property. This feature, like in
Bond Graphs modeling emphasize the energy flow and
exchanges between the system parts and also with the
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environment. After the structure and model analysis, we
consider estimation of the partial states for diagnosis and
motion control in the vehicle. Robust estimations are
necessary to be able to obtain good evaluation of the
driving situation at each time instant.

2. NOMINAL VEHICLE MODELING

Let us consider the fixed reference frame R and represent
the vehicle by the scheme of figure (1) (M’sirdi et al.
[2007a], M’sirdi et al. [2007b], M’sirdi et al. [2007¢c] ). The
generalized coordinates vector ¢ € R is defined as :

0 = (2,9, 2,02, 0y, 02, oy Qs Gy s Gy 05 8y P15 P2 P 2]
where x, y, and z represent displacements. Angles of
roll, pitch and yaw are 0, 0, and 0, respectively. The
suspensions elongations are noted gs;: (i = 1..4). 0;: stands
for the steering angles (i = 3,4). @;: are angles of wheels
rotations (i = 1..4). ¢,§ € R' are respectively velocities
and corresponding accelerations.

Fig. 1. Vehicle dynamics and reference frames

10.3182/20090902-3-US-2007.0088
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2.1 Global Dynamics Model

The Nominal model of the vehicle with uncertainties is
developed in assuming the car body rigid and pneumatic
contact permanent and reduced to one point for each
wheel. The vehicle motion can be described by the passive
model: (M’sirdi et al. [2004])

T=M(q)q+ C(q,4)q + V(q,4d) + no(t, ¢,q)
r=Tl.+I=T.+J'F

(1)
(2)
The input torque 7 is composed by a part produced by
the actuators, which can be assumed to be given by some
feedback function and reaction of the road. In equation (2),
we remark that there are control inputs from driving and
external inputs coming from exchanges with environment
(road reactions).

The matrix M(qg), of dimension 16x16, is Symmetric
Positive Definite (SPD) inertia matrix and C(g,¢), of
dimension too 16x16, is matrix of coriolis and centrifugal
forces.(see details of the two matrix M(q) and C(q,q) in
the appendix A)(ElHadri et al. [2000] and Canudas-deWit
et al. [2003])

The vector V(q, ¢) = {(Ky¢+ K,q) +G(g) are suspensions
and gravitation forces (with K, and K, are respectively
damping and stiffness matrices, G(q) is the gravity term
and £ is equal to unity when the corresponding wheel is in
contact with the ground and zero if not). 7,(t, 1, z2) are
the uncertainties and neglected dynamics.

The vector I', represent external inputs for perturbations.
The environment reactions are represented by J” F where
J is the Jacobian matrix (see detail in appendix A), of
dimensions 16x12, and F' is the input forces vector acting
on the wheels, it has 12 components (longitudinal F;,
lateral Fy; and normal F.;, i = 1..4): (Canudas-deWit
et al. [2003])

F :[FxlaFylathFmZaFvaFszFﬂSaFy3an37F$47Fy4an4]

2.2 Coupled sub models

We can split the previous model (1) while considering: the
inertia matrix as composed by five lines and five column

as follows and split positions in five parts by writing
" =laf a3, q3.qf .42 ]:

q1 = [2,y,7]
QQ - [9 >9y,ez]

= 451+ %s3» G+ G4 (3)
Q4 = [03, 04]

[

g5 = [¢1, 92,93, 4]
By considering too the vectors I, V (¢, ¢) and n,(t, 1, z2)
are splitting as follows :

Fe = [0 00 Fe4 Fe5]T (4)

(Vi Vo Vs Vi V)" (5)

V(g q) =

T
No(t, x1,22) = [1M1 N2 N3 M1 5] (6)

The 16 Degrees of Freedom model is then equivalent to:
(M’sirdi et al. [2008], M’sirdi et al. [2007¢])

408

0 rJL My Myp M50 0 g
0 Jr Myy Myy Mag Moy Mas | | Go
0 |+ |Jf | F=|Ms Ms M3z 0 0 3
Ley 0 0 M42 0 My, 07 ga
Fe5 L O 0 M52 0 0 M55 g5
[0 Q12 QIS 0_ 0_ 41 Wi m

0 Cay Ca3 C2q Cos | | Go Vo M2
+10C3 C330 0 @G|+ |Va|+|m

0 Q42 0 Q C45 Q4 Vi yz

_0 C52 0 C54 0 (15 ‘/5 U]

The model (1) is then split in 5 equations corresponding
respectively to chassis translations, Chassis rotations, Sus-
pensions elongations, wheel steering and wheel rotations,
with as positions ¢, g2, g3, ¢4 and ¢g5. This leads us to the
body’s translations dynamics described by equation (7):
Fp=J{F (7)
= Mi1G1 + Mi2Ga + Misgs + Crage + Cisgs + Vi +m
Rotations and orientation motions of the body are in (8):
Fr=J]F (8)
= M1 + Mazia + Masds + Mayds + Masis + Cazdo
+ C23q3 + CasGs + Casqs + Vo + 12
The suspension dynamics are in (9):
Fs=JIF (9)
= Ms1Gy + M3z + Masis + Caage + Casgs + Va 413
The rest in (10-11) is for wheels steering and rotations:
Loy = Myzda + Maada + Caago + Casgs + Vo +ma (10)
Les = Msaga + Mssgs + Csage + Csada + Vs + 15 (11)
It is worthwhile to note that until now there are no approx-
imations when considering the 5 equations. Approxima-
tions will be made when neglecting the coupling terms n!.
In the previous expressions, we remark that splitting the
model is helpful, when using reduced models, to identify
what is neglected regard to our proposed nominal model
with 16 DoF. n. are coupling terms du to connections with

the other sub systems. We can verify that these terms are
bounded such and as |772| < k; Vt, i = (1..5).

Y1104 f1(Q1 q1, Fr) +77¢
E12 - q G (qQanvFR) +nc
Yy Q3 = f3(q 3, Fs) + nc (12)
Y31 : Q4 = fa(qs,da, Tea) + 1)
E32 - q fo(QQaqo7F65) +77§

This can be presented as subsystems Y11, Y12, X2, 231
and X390 corresponding respectively to chassis translations,
rotations, suspensions elongations, wheels steering and
rotations. The scheme of figure (2) represents the various
blocks of the model that we develop them in the follow-
ing part. The two subsystems, ¥1; and X9, represents
together the dynamics of the chassis noted, X;. The two
subsystems, 37 and Y39, us give the wheels dynamics,
noted Xs.

Dynamics of the chassis ¥1: From the global system
equations we take the two first equations (7) and (8) for
chassis translations and rotations.

Frl _[My M| [ Cia ] . Vi e
[FR}_[Mm M22:| {ijz]+[c22 RN RS n2

Where the coupling terms, 7} and 72 are giving by:
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Fig. 2. Five sub models with Coupling terms

Ne = Miags + Cisds +m (13)
n2 = Masds + Moada + Masis + Casds + Coada + Casds + 12
By choosing z11 = (¢1,¢2) and z12 = (¢1, G2), the equiva-
lent state space representation can be written:
T11 = T12
jl‘12 = Ml_l(JlTQF — Clxlg — Vlg — 1/1)
vy = h($11,$12)

(14)

_ ]\an ]\qu _ C:'u r_ [J]
Where M; = {le MzJ’ C, = {022 , Jip = Jr |
i
Vis = {%] and 1 = 775 are respectively the reduced

(&
inertie matrix(SPD), the reduced matrix of Coriolis and
Centrifugal forces, the reduced Jacobian matrix and the
vector of suspensions and gravitation forces associated
to the two subsystems and the coupling term had by
dynamics of the other subsystems.

Suspensions Dynamics ¥o:  We interest now in the dy-
namics suspensions gives by the third equation (9) from
the global one.

Fg = Mgg(jg-l—ég:s(jgg + Vs 4+ 773 (15)
Where Mss is the inertia matrix associated to subsystem
3y, it is SPD. The coupling term 7?2 is giving by:

n2 = Mz1G) + M3aga + Caado + 13 (16)

Let 2o = (z21,%22) = (g3, ¢3), the state space representa-
tion of the subsystem ¥, is then:

L1 = T2 -
oy = Myz' (J F — Cs3a0 — V3 — p12) (17)
Y2 = h(z2)

Where pp = n2

Wheels dynamics ¥g:  The wheels dynamics are given
by the wheels steering of the two front wheels (X3;), and
the wheels rotations of the four wheels (¥32). Then we
can write the fourth equation (10) and the five (11) of the
model in the following form:
Loy = Mass + Cass + Va + 1, (18)
Tes = Mssis + Csaga + Vs + 1 (19)
The coupling terms n? and 12 of the two subsystem are
giving by the following equations:
Ne = MaaGa + Cazo + M (20)
ne = Msada + Csada + 15 (21)
Then we can write the equations (18 and 19) in the
following form:
Pea | _ My 0 Ga n 0 Cus
Les 0  Mss||Gs Cs4 0

qa n Vi+ns
. §
qs Vs + 1.

By choosing 31 = (q1,q5) and @35 = (d1,gs), the equiva-
lent state space representation can be written:

31 = T32
@30 = M3 '(Tess — Cazg — Vis — 3) (22)
ys = h(xs1,x32)
_ [ My 0 _ [0 Cus B
Where Mz = {O M55]’ Cy = [054 0 y Teas =
| 9 _ Vi o 77::1 .
[F%], Vs = [Vii] and pz = ? are respectively

the reduced inertie matrix (SPD), the reduced matrix
of Coriolis and Centrifugal forces, the reduced external
inputs vector and the vector of suspensions and gravitation
forces associated to the two subsystems and the coupling
term had by dynamics of the other subsystems.

2.8 Stmulation Results

In order to justify and validate the splitting of the model
vehicle applied in the precedent section, we give some
simulation results obtained while using a car simulator
(SimK106N). The validation of this simulator was made
for the laboratory LCPC of Nantes by an instrumented
car (peugeot 406). Then we use two steering angle. The
figure (3) and (4) represents the various coupling terms
by choosing respectively square and sinusoidal steering.
We notice that all the coupling terms (u1, po,u3) and its
squares (u?, p3, p3) are almost null.

Q T
? 1 ~ 02 == i3
3 2
50 » 0.1 —
7 &) 19 :
23] 05 1 0 02 04 06 08
time (s) time (s)
o 10°
0.04 . ﬂ
£ \\ 20 unVnVAVAVA"AM
-0.04 : 5
0 0.2 0.4 06 0 05 1
time (s) time (s)
x10° x10°
15 :
2210 L2
" 0
0 02 04 06 08 0 05 1

time (s) time (s)

Fig. 3. The Coupling terms for square steering

=

o
g / \ \ o gf —h [1]
o 0 g — 2 1
B \ =
3_1 = i
27 05 1 0 o1 02 03 04 05
time (s) time (s)
x10°
0.05 \ 5
g 0 2 Ovunvnvvnvl\v/\v
-0.05 5
0 0.1 02 03 04 0 0.5 1
time (s) time (s)
x10°
0.3 N
202 s
704 X
L 0
0 0.2 0.4 0.6 0.8 0 0.5 1
time (s) time (s)

]Fig. 4. The Coupling terms for sinusoidal steering
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3. FIRST ORDER SLIDING MODE OBSERVERS
(FOSM)

The Sliding mode technique is an attractive approach for
robustness (Filippov [1988], Utkin et al. [1999]). In this
part we will use a a First Order Sliding Mode (FOSM)
to observer the coordinates vector g; for each subsystem
and to estimate the input forces vector F. To estimate
the various coordinates vector (g;), its derivative (g;)
and the forces vector F', we propose in this section to
develop an observer based on the First Order Sliding Mode
approach followed by an estimator. This approach is robust
versus the model and the parameters uncertainties for
state estimation and is able to reject perturbations and
uncertainties effects.

3.1 Observer for the chassis Dynamics X1 :
By using the state space representation (14) for the sub-

system X1, we propose the following sliding mode observer
giving the estimates %11, 12 in two steps:

>e

T12 — Aqrsign(dn — z11)
_ M JLF = Cidre — Vig — 1) — Aiasign(ing)
F = —P1Aygsign(T11 — 211)

11
12

>

(23)
Where P, € R'2%12 ig a positive definite matrix and A;,
A12, Aq3 are observer gains to be adjusted for convergence,
F is an a priori estimation of the forces and sign is the
vector of sign; fuction (i = 1..6). For convergence analysis,
we have to express the state estimation error (Z11 = Z11 —
211) dynamics equation. Then the equations (14), (23) give
the observation error dynamics:

5;‘11 = j12 — Allsl’gn(i‘ll)
{flg = Mfl(JlTQF - C’15%12) - AlZsz’gn(i‘H)
F = —PyAyssign(Z11)

Where i‘lg = 92‘12 — X192 and F = F — F.

These can be assumed bounded owing to fact that all
involved terms are either estimates or come from a passive
mechanical part of the system and |u1| < ko V t. The

Lyapunov function V; = %:iﬂicu, help to show that the

sliding surface Z11 = 0 is attractive surface if Vi, < 0:

(24)

‘71 = j?l (5612 - A118ign(i‘11)) (25)
If we choose A1; = diag()\};) such as |#%,| < Aj; (for
i = 1,..,3), the convergence in finite time (to) for the

subsystem state is obtained: 11 goes to 17 in finit time
to, so 11 = 0V t > tg Then we obtain a reduced dynamic
for the estimation error:

Tro = M7 YILF — Ao A o (26)
F = —PAj3A 7 (27)
For the second step of the convergence proof, consider

%(flg,F) = %5?2512 + %FTpl—lp then "/Q(Iilg,p) be-

comes if we let A1z = (Ml_l)legAll.

Vo = 31, A 1A d1o (28)
Now as previously choose \i; and Ai, (the diagonal
elements of the gain matrices A1; et Aja) large enough
and A3 = (Mfl)TJlgAu. Then convergence of (£11, Z21)

410

toward (z11,221) is obtained and estimation errors on
forces are bounded.

8.2 Observer for Suspensions dynamics Xo:

We assume that the wheels are always in contact with the
ground and note 5721 = igl — X21, jgg = i‘gz — X922 the
state estimation error and F = F' — F force estimation
error. The proposed observer, for each wheel suspension,
is:

Zo1 = Zag — Ag15ign(Ta1)
By = Mg (JTF — Csgiian — Vi — pig) — Agasign (1)
F = —P2A238ign(i‘21)

The observation error dynamics is given by: 29
To1 = Fop — Noysign(ia;) (30)

Too = My' (JT F — C33@0) — Asosign(ia1)  (31)

F = —PyAgysign (1) (32)

Like the previous case we choose V; = %i‘glfﬁgl and show

that 12 converges to x12 in finite time o if we ensure
that Vi > tgo that ‘f22| < /\51? (Wlth Ao = dzag()\él),
i=1.4).
Then we deduce the reduced dynamics $ignpey(T21) =
A;lligg, if we replace this function by his expression in
the equations (31), (32) we obtain:
Tog = Myg' JTF — (Mgz'Cag + Aga Ay )Tan (33)
F = —PyAy3A5 ion (34)
Let Vo = 1%, Mss@yy + LETP;'F, its derivative Vh
becomes, if we take Aoz = J3Aqo,
Vo = —i55(Cs3 + Mz Aoz A5 )ion (35)
We can conclude as previously that if we choose Ao; and
Moo (the diagonal elements of the gain matrices Aoy et
Ags) large enough and Ass = JsAo; then convergence
of (&21,%92) toward (21, 222) is obtained and estimation
errors on forces F' remains only bounded.

3.8 Observer for Wheels Dynamics 3

By using the state space representation for the subsystem

Y3, the proposed observer, for each wheel, is as follows:
31 = d32 — Ag1sign(ds1 — 31

32 = M3 Y (Toss — Caibzg — Vis — p3) — Agasign(¥31)
F = —PgAggSigTL(CEgl — 1731)

>e

(36)
The vector I'eys is assumed known. This observer can
be easily extended to estimate the torque by adding an
equation defining the drive line producing the torque.
Observation error dynamics is then:

31 = Ty — Ag1sign(Za)

I3p = —M; " C3Z32 — Asosign(Za1) (37)
F = —P3A33$ign(£f31)
with f31 = .f?31 — I31, 5332 = £32 — %‘32 the errors on
estimations of states z3, and forces FF = F — F. We

can prove the convergence in finite time (tp3) of states
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estimates Z3; and bounded of forces estimation by using
the Lyapunov functions:

1.
Vi= 51’31$3Tl (38)
1. 1
Vo= f§x32M303 175 (39)
The derivatives of these functions are:
Vi = #31(Z32 — Az15ign(T31)) (40)

Vo = —&55C3 M3 (= My ' Csiizy — Aspsign(Fs1)) (41)

To guarantee that these derivatives are negative Vi < 0,
Vo < 0 and consequently the convergence errors I3,
T32 goes to zero in finite time (tg3), we chose A3, =
diag(As1), Ny = diag(Asz) such as \j; > |Z32| and
by > Cy M| E3s).

4. SIMULATION RESULTS

In this section, we give some simulation results got we the
simulator previously developed by our staff (SimK106N)
in order to test and validate the proposed observers and
our approach of model splitting and developing partial
state estimators. The system state evolution and forces
are computed by use of a car simulation in Matlab -
Simulink (fig.5). The model of the vehicle which allows

o >

{
Animation 1

1T

\ Mechanical Model
Model K=
/ e

Fig. 5. Modular concept of the simulator

the resolution of the dynamics equation given by (1) is
rewritten in following form:

d = Mﬁl(Q) (T - C(q7 q)q - V(Q? q) - no(tv q7q))
This has been computed with a symbolic toolbox (Maple)
and embedded in the following programming structure to
give our simulator called SimK106N. The used parameters
and environment characteristics have been validated in a
previous work in collaboration with the LCPC (ElHadri
et al. [2000], M’sirdi et al. [2004], Rabhi et al. [2004]). The

(| o |- O

qand qp)

Fig. 6. Simulink block for the resolution of the equations
of motion

simulation results presented by the figure (7), is obtained
for a driving with sinusoidal steering command of 20
degrees amplitude. The results are good for the First Order
Sliding Mode Observers. The model formulation has been
done sauch the passivity property is preserved.
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Fig. 7. Results of the First Order Sliding Mode observers
5. CONCLUSION

In this paper, we have proposed efficient and robust
observers allowing to estimate states and unknown inputs
(torques or forces). These observers obey to the first kind
assuming that input forces and torques are constant or
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slowly time varying (F ~ 0). The robustness of the sliding
mode observer versus uncertainties on model parameters is
an important feature. First Order Sliding Mode Observers
have been developed and their performance evaluated.
These observer are illustrated by simulation results to
show effectiveness of their performance. These results
validate the proposed observers and our approach of model
splitting and developing partial state estimators.
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Appendix A. PARAMETERS OF THE MODELS

Definition of the matrices involved in the model.

My Myp Miz 0 0
Moy Moo Moz May Mos
The inertia matrix: M = | M3y M3y Mss 0 0
0 Mg 0 My
0 M0 0 Mss
M{ 0O 0 M M7 MY
Miy=1]0 MZO My = M$y = | My Mg M3
0 0 Mss 0 My MS
M MR
Mg = My, = | My M3 My M;° | Myy = {0 1 Mlz}
| v b 0 0o | i
L g M; My M,°
My = My = | M M M M;°
1] a1 21} 21 |
[
Moy = My = | MY M2 | Mss = 0 0 8 MO 0
0 0 9
L 0 0 0 MY
(M MM M ML
Mys = M = | M3 M3* M2° M°
10 0 Mg® M
13
) MP My MS 3413 ?\414 8 8
May = | Mg M MY | Mss5 = 0 0 1 M5 o
ME AP M 15
6 776 776 0 0 0 M
The coriolis and centrifugal matrix C":
0Ci, Ci30 0
0 Cap Ca3 C2q Co5 | Crs C15 Cie
C=10C350 0 0 [;C12=|Ca Co5 Cs |;
0 6_142 0 0 045 0 C35 C(36
- Ci7 C1g Cr9 Ci110] Cya Cy5 Cup
C13 = | Ca7 Cag Ca9 Co1p [;022 = | Cs4 Cs5 Csp |5
Cs7 C3s Cs9 Ca10 Ce4 Cos Coo
[ Ca11 Car2
Cos = Cly = | Cs11 Cs12 |;Cu5 = [8 8 (?1115 OC }
1216
L C611 Cp12
B B [ Ca7 Cug Cyg Cyig
Coz = CL, = | Cs7 Css Cs9 Cs10 |5
L Ce7 Ces Coo Co10
~ ~ [ Ca13 Ca14 Ca15 Cuse
Cos = CL, = | C513 Cs14 Cs15 Cs16
L Ce13 Co14 Co15 Co16
The Jacobian matrix: J = [J;[JQTJP,TOO]lTQXw
[Jf0 0 JjO 0 JJO0 0 Jy0 0 ]
JI=10 J20 0 J20 0 JZ20 0 J3O
[0 0 JS0 0 J30 0 J50 0 JY)
[JtJ30 JHJro JrJio Jiy Jh 0 ]
JE =Yy Iy Jp Je e R T Ty Ty iy Ji
LY T IS IR IS I 7 IS IS iy i Ji |
[JrJlJio 00 0000 0 0
s |00 0 JJEJE0 000 0 0
Jy = 9 79 79
000O0O0O0JJiJ;50 0 0
(00000000 0 Ji§JYJy
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