N
N

N

HAL

open science

Sliding Modes Observers for Vehicle Dynamics and
Variable Structure Automatic Systems (SMO-VSAS)
N K K Msirdi, Sirdi B Jaballah, H. Nasser, A. Naamane

» To cite this version:

N K K Msirdi, Sirdi B Jaballah, H. Nasser, A. Naamane. Sliding Modes Observers for Vehicle Dy-
namics and Variable Structure Automatic Systems (SMO-VSAS). 2010 11th International Workshop

on Variable Structure Systems (VSS), Jun 2010, Mexico city, Mexico. hal-02496394

HAL Id: hal-02496394
https://hal.science/hal-02496394
Submitted on 3 Mar 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-02496394
https://hal.archives-ouvertes.fr
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N.K. M’Sirdi B. Jaballah
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LSIS, CNRS UMR 6168. Domaine Universitaire Saint Jrme, Avenue Escadrille Normandie - Niemen 13397.
Marseille Cedex 20. France. nacer.msirdi@lsis.org and Polytech Marseille, 13013 Marseille, France.

Abstract—This paper will show how to handle modeling of
vehicles to get efficient and good Sliding Mode Observers. A car
model with 16 DoF is decomposed for partial state observation
with SMO. This decomposition method may lead, in VSAS, to
good estimates of different kind variables and inputs (subsystems
states, environment and ground variables, interfaces variables,
connections and constraint variables). Robust Sliding Mode
Observers and unknown input estimations are developed.

I. INTRODUCTION

' In literature, many studies deal with vehicle modeling
[11[2][3]. Vehicle dynamics can be represented by approximate
models which are either too much simplified to be realistic
or complex and too much wide involving big simulation
softwares. In nature they have a variable structure (VSAS)
but in literature, their properties are never detailed nor their
passivity property emphasized. This kind of systems, like in
general VSAS, are composed with many passively coupled
subsystems: wheels, motor and braking control system, sus-
pensions, steering, more and more inboard and embedded
electronics. There are several non linear parts in VSAS,
which are coupled. These coupling may be time varying and
non stationary. Approximations have to be made carefully
regarding to the desired application, see eg [4].

In our previous works a good nominal vehicle model with
16 DOF have been validated in a simulator, we developed for
a French car type (Peugeot 406), [2]. Several interesting appli-
cations was successful and have been evaluated by use of this
simulator before actual results [5]. We have also considered
this modeling for estimation of unknown inputs [6], interaction
parameters and exchanges of VSAS with environment [7]. This
approach has been used successfully also for heavy vehicles
[8].

In this paper the car model is revisited as VSAS and struc-
tured for estimation of inputs and diagnosis. We split the model
in five subsystems [9] and then show and justify the rationale
behind the successful splitting to get simple and efficient
partial (sub) models. The subsystems and the overall system
obey the passivity property. This feature, like in Bond Graphs
modeling emphasize the energy flow in VSAS and exchanges
between the system parts and also with the environment. After
the structure and model analysis, we consider estimation of the
partial states for diagnosis and motion control in the vehicle.

I'This work was supported by GTAA of GAR MACS (CNRS) and the French
Carnot Institute ”IC STAR”. Acknowledgement is addressed to GII department
of Polytech Marseille.

Robust estimations are necessary to be able to obtain good
evaluation of the VSAS driving situation at each time instant.

II. VEHICLE MODEL PARAMETRIZATION
A. The Nominal global model

The Nominal model of a car vehicle with uncertainties has
been developed assuming the car body rigid and pneumatic
contact permanent and reduced to one point for each wheel
(see eg [7] [9] [10]). It is composed by 4 non linear equations:
one for the mechanical dynamics of the vehicle (equation
(1)), one for interface torques and forces (vehicle inputs
equation (2)), one for the contact with environment (equation
(3)) and the last one for the environment normal reactions
(equation(4)). 7 is the input vector composed by torques and
forces applied to the vehicle.

7= M(q)g+ C(q,4)qd + V(g,q) + G(q) +n0(t,q,q) (1)

=Tt () F @
F = f(a, A q, F) +e(t) (3)
FN :h’(lfalT‘;hvg7bma®y7qaxroadaﬂa’y) (4)

The generalized coordinates vector ¢ € RS is defined as

qT: [x)y7z7027)9y70£v7q31)QS27QS37q347637647w17w27¢37¢4]

where x, y, and z represent displacements. Angles of roll,
pitch and yaw are 0,, 0, et 0, respectively. The suspensions
elongations are noted ¢3;: (1 = 1..4). J;: stands for the
steering angles. ¢;: are angles of wheels rotations (i = 1..4.).
4, € R are respectively velocities and corresponding
accelerations. The state vector is 27 = (2T, 21) = (¢7,¢7).
The random part in forces e(t) is due to neglected and
uncertain dynamics in wheels contact. the variable £ is equal
to unity when the corresponding wheel is in contact with the
ground and zero if not.

Equation (1) describes the dynamics of the vehicle excited
by the external forces of equation (2) which stands as inter-
face with environment. £.J(z1)T F represents the environment
reactions and control inputs are in U = M (x1) 'TI'.. The
N0(t, q,G) represent external perturbations, uncertainties and
neglected dynamics.

The gravity term is G(q). V(q,q) = &(K,¢ + Kpq) are
Suspensions forces (with respectively damping and stiffness
matrices K,, K,); We can have also in V(g¢,¢) Coulomb
friction which contain relay terms depending on velocities and
positions (non linear frictions).



Equation (4) gives the environment reaction forces to vehi-
cle posture. The latter forces produce the wheel-ground contact
forces (3).

B. Mechanical Model Properties

Then we have the state space representation of our VSAS
(see [9])

fbl = T2
.’tQ = f(l’l,l'g) + MﬁngTF +U — 77(%1,%2)
y = h(x)

r=T,+&J@)TF, U=M"T, )
F:f(a7)‘7anN)+e(t)

Fy = h(lfa L, h7ga’[]w7i)y7q7x’r‘oada 677)

flar,w2) = =M (21) 1 (Cla1, 22)22 + Va1, 22) + G(q))
is the nominal dynamics assuming normal driving situation.
n(wy,m9) = M(x1) 1n,(t, 71, 72) are the model uncertain-
ties, input perturbations and neglected dynamics in VSAS.

The mechanical model part (1) is passive and has several
interesting properties, which are well known and extensively
used in robotics. We note that the system (1-4) can be cast
in the Equivalent Passive Feedback Scheme (EPFS) shown in
figure (1)
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Figure 1. Vehicle dynamics in a Passive Feedback Equivalent Scheme.
Properties: Matrices M and C are such as (see
[11][2][12]):
1) The inertia matrix M(q), of dimensions 16 x 16, is
Symmetric Positive Definite(SPD).
2) N = M(q) —2C(q,§) is skew symmetric, i.e Yv € R",
vINv=0or N=—-NT,
3) C(g,9)e = C(gq,v)v — (g, v)e, with ¢ = v — ¢ and
(g, v) = 32 {C(q,9)q} 4,

4) The input torque w = T — n9 — G(q) is composed by
two parts one from actuators (driver) and a second from
environment reaction and perturbations.

5) All the perturbation terms 1n; (coupling, neglected dy-
namics), are bounded: 3k; > 0,1 = 1,..5, such and as
|’I’]l| <k;Vte R

C. Coupled sub models

The VSAS model (1) is then split in 5 equations corre-
sponding respectively to chassis translations, chassis rotations,
Suspensions elongations, wheel steering and wheel rotations,
with as positions ¢1,¢2,¢s3,q4 and gs. The fastest motions

are wheel rotations and the slowest ones are the chassis
translations and rotations with wheels steering.

Owing to the structure of his matrices M (z1) and
C(x1,x2), we can split the model (1) in five parts as follows
(see for details [13], [4]) with ¢" = [¢] . ¢, a3, qf .42 | .

qg = [02,03,,1%] qz = [53354]
a = [p1, 2, @3, pa] (6)

4 = [2,y,7]
45 = (051 Gz Gy o]
The 16 Degrees of Freedom model (eq(1)) is rewritten:

Fr Myy Mz Mz 0 0 G1
Fr Myy Mo My Moy My Go
Fs | =| Msn Mss Mszs 0O 0 gs | +
Us 0 Myo 0O Myqa 0O Ga
Us 0 Mso 0 0 Ms 5 qs A
0 C2 Ci3 0 0 G1 m Vi
0 Co (o3 Cy Oy Go 72 Va
+1 0 Cs Cs3 0 0 gs |+ ms |+| Vs
0 Ci2 0 0 O qa M4 Vi
0 Cs2 O Cs4 0 qs 5 Vs

Fr, Fr and Fg are forces or torques corresponding to trans-
lation, rotations of the chassis and excitation of suspensions
respectively. They come from J(z1)TF. Uy is the steering
control and Us stands for brake and motor torques. The terms
V; contain the remaining part of equation (1) accounting for
frictions, suspensions stiffness, damping and gravity.

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

41 a1 Vi
Fy =M . C .
A R R R
Fr nt T Jia Jipe
F = ; = 4 ; J = ’ ’
' [ Fr } " [ e } ! Jo1 Ja2
ng = Migis+ Cisgs +m ¥
ns = Ms3sds + MaaGs + Masds + Cazgs +
+C%4G4 + Cosgs + 12 )
. ]\211,1 J\:41,2 . 10 C:'lz
° M1 = |: M2,1 M272 is SPD . Cl = 0 022

(composed by the first elements of C(q, ¢)) is such that
Ny = M1 — 2(C is a skew symmetric matrix (traducing
the passivity property of the subsystem).

o JI = JT(x11) € R*12) is the Jacobian matrix reduced
to the system >; and F} the corresponding forces vector.

o 11 represents the coupling terms du to dynamics of the
other subsystems. These coupling terms affect a passive
(sub) system. This is the key property of the proposed
parametrization and the system decomposition in simpler
subsystems. It highlights the interest of coupling terms
coming from passive subsystems.

By using x11 = (¢1,¢2) and z12 = (g1, ¢2), an equivalent

state space representation can be written:

T11 = T12
i19 = M7 Y (JTFy — Cra1 — Vig(z11, 12) — v1)
y1 = h(z11, 212)

(10)



2) Suspensions Dynamics >o: From the global equations
we take the third one (equ 11).

Fs = Mssis+Cssgs + Va(q, ) +n?
ns = Mz1G1 + Msago + C32g2 + 13

Y
12)

Let x5 = (x21,x22) = (g3, g3), the state space representation
of (39) is then:

T21 = T22
Top = M;;_P}(ng“E — C33220 — Va(T21,792) — 1)
Y2 = h(z2)
with vp = [n3 — JI'Fy)] and Fg = JI Fy
This subsystem can also be shown to be passive (No =
Mg — 2C5 is a skew symmetric matrix.

13)
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Figure 2. Five Passive sub Models for Robust Sliding Mode Observers

3) Wheels dynamics ¥3: The fastest dynamic in the vehicle
model is the one of equation (7) is for wheels steering and
rotations. The fourth equation of the model (1) stands for the
steering front wheels with as inputs Uy. The motor / brake
torque Us; is applied to the two rear wheels.

o=l S B el o g ]
Us 0 Ms 5 Gs Cs4 O qs
Vi(qa, Ga) ] [ ne ]
f4:44) 1 4 | e 14
[ Vs(ds, ds) 2 14
a1 = [03,04]; and gz = [p1, 92, 3. Pa]
ne = My + Caado + 14 (15)
n2 = Msada + Cs2da + 15 (16)

By choosing x3; = (¢, ¢2)T and w35 = x3;, the equivalent

state space representation can be written:

31 = 32
30 = My " (Uss — Cswze — Vis (w31, 232) — 1/3)
ys = h(ws1, x32)

a7

Uy
c U5

Then in conclusion, the vehicle can be presented as sub-
systems X, Y9 and X3 corresponding respectively to chassis
translations and rotations, Suspensions elongations, wheel
steering and rotations (see figure 2). It is worthwhile to note
that until now there are no approximations when considering
the 5 equations. All the subsystems can be shown to fulfill
the previously presented Passive Feedback Equivalent Scheme
(PEFS). Approximations will be made when neglecting the
coupling terms 7¢. In the previous expressions, we remark

774
with v3 = 5 and Uys =

that splitting the model is helpful, when using reduced models,
to identify what is neglected regard to our proposed nominal
model with 16 DoF. This is emphasized by the PEFS which
show us that the main system properties are preserved and
what is neglected do not change stability properties. 7’ are
coupling terms du to connections with the other PEFS sub
systems. We can verify that these terms are bounded such and
as |17§| < k; Vt.

4) Evaluation of the coupling terms in simulation: To
evaluate the level of the coupling terms some simulation have
been realized. We use in simulations, sinusoidal steering (with
a period near to 5s) and a velocity near to 5m/s during 6
seconds and then decreasing (see figure 3).
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Figure 3. Vehicle behavior for a sinusoidal steering

Figure (4) show the 3 components of the coupling terms 7}
left column and 72 on the right column. We can remark that
they are very small and negligible compared to the inputs F;

and F)., drawn bellow in figure (5).
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Figure 4. The components of the coupling terms 7. left and n2 right
The inputs F} and F;. (figure 5) are located at the same place

as the coupling terms, which are then matched perturbations.

Figures (6) show the 4 components of the coupling terms 7>
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appearing in the suspension block as perturbations. We remark The observation error dynamics is (see eql0 and 18):
also that they are very small and negligible compared to the .
inputs Fy, , = JI Fy, drawn in the bottom of figure (5). T11 = T12 — A1isign(@11) (20)
0.1 Cpupling terms on the 4 suspensiohs ni\ 000; nji £12 = Cl — M1 (xll)iljir(xll)Fl — Algsign(‘%ll) (21)
[ e e S et I R A A 1 .
0 y F1 = —PAlgsign(i"ll) (22)
005 ~ 1 S 1A N ~ A
4 o My =M — My CL=C1 = Ci;Vig = Vig — Vig
Time (s): Time (s) ) .
1 2 1 § g 10"% ) 4 6 g o with (3 as  matched perturbation (3 =
0.06 T 01 T _ A A A A g A A
- n2 | s | Mi(21) 1(01(9611332)%2 — C1(%1,82)32 + Vi2(21,22) +
i ' vi) + My (211)(C1(21, 22)@2 + Via (21, 22) — JE(x11)Fy);
0 Estimation errors on forces are: [} = Fy;— F; with (3 all
e » neglected terms and remaining modeling and coupling errors.
z: Time (s) a Time (s) These can be assumed bounded owing to fact that all involved
Cror b s st s 8t 80 terms are either estimates or come from a passive mechanical
Figure 6. The VSAS suspension Coupling terms for sinusoidal steering part of the system and ‘I/1| <KkoVteR L.

The Lyapunov function V; = %:Efliu, help to show that
the sliding surface 71, = 0 is attractive if we choose A}, such
as ]53’12’ <Ay fori=1,..,3.

III. OBSERVERS DESIGN After a finite time ¢4, we will get in average 17 = 0 and
L . . Z11 = 0. We obtain a reduced dynamic for the estimation
The Sliding Mode Observers (SMO) technique is an at- erlrlor' Y
tractive approach for its robustness and second for its finite ’
time convergence feature. The latter is interesting to avoid T2 =0 — M (xn)_l J{f (211) Fy— A Ailgzm (23)
use of costy sensors in complex systems. As we show in this
work, to be able to estimate the unknown input forces and then F=—-PA 3A1_11£12 24)

adherence and road characteristics, we can use several steps .
of observations and estimations. Using partial state observers ot the Nsecondl f}elj of tlh‘i Loonversence proof, consider
to get good and robust estimation of the vehicle state, using V2($12{F1) = 3Z12712 + 517 P_1 };1 then V3(Z12, F1) be-
the previously presented blocks and splitting, we can consider ~ “O™eS if we let Az = (M () (2 11)) A

esqmgtlon of the remaining varlable§ n t.he process dynamics. Vo = — Sz'irz Ays Aﬁl F1g — 3}{2 G

This is done by filtering and estimating what have been

considered as perturbations in the previous steps. This allowed Now as previously choose A%, and \i, (the diagonal elements
us to avoid observability problems by using robust and cheap of the gain matrices Ajj, Aj2) large enough and Az =
SMOs instead of sensors in a procedural estimation approach. (M (x11)J{ (z11)) A11.Then convergence of (&f;,#%;) to-
In what follows, for the proposed observers, we consider the ward («%;,x%;) is obtained and estimation errors on forces
input forces unknown but slowly time varying. The assumption  are bounded.

F ~ 0 means that the changes in the forces are small in 2) Observer for Suspensions dynamics Yo:: We assume
the mean as for example only one change with significant that the wheels are always in contact with the ground (£ = 1)
amplitude but during an intervall which is not too short. and note Z§, = & — xh; and Thy = ihy — by the
Adding a linearized model arround some operating point can  estimation errors and Iy = Fjo— Fjo force estimation error.
enhance the estimations quality. The proposed observer, for each wheel suspension, is:

A. First Order Sliding Mode Observers 21 = d22 — Az15ign(T21) (25)

1) Observer for the chassis Dynamics ¥,:: Estimations 222 = Mz (J5 Fa — C3(i21, F22) 22 — V3(i21, E22)) — Nypsign (%
of the nominal functions M (q), C(q,q), V(g,q), G(q) are (26)
assumed known. If not, some intermediate values can be - i -
considered to develop the following proposed observers. Let Fiz = —PXy3sign(Zz1) 27)

us note the states estimation errors Z;; = &i; — 4 The observation error dynamics is (25-13):
The proposed observer for the chassis dynamics is:

To1 = Tag — Ao15ign(To1) (28)
i.ll = Lﬁu o A118i9n<i11) (18) 522 = —Cg + Mg_gtl(t]g(xm)ﬁg — Kv.fgg) — /\Qgsign.le
Ml—l(le“Fl - 61@117@12)@12 - Vm) - A12$i9n(511) (29)

>
Lo
N
I

—P>\23Sig’n(.’i21) (30)

Fl —PA13sign(9211) (19) Fi2



with Go = My,' (Cas(wa1, m22)ws — Cas(Ba1,d22)d2 + G +
va) + Myg' (K85 + Cs3(221, $22)d2 + G)

Like the previous case we choose Vi = 1 (23, Z21) and show
that 215 converges to x12 in finite time ¢, if we ensure that
Yt > 0 that |Z22] < A21,. Then we deduce the reduced average
dynamics 5}22 = )\glsign(flg)

Tog = —(2 — Mg_gl(Kv + Ao Ayy )Tz + M3_31JT(1'21)F2
3D
Fo = —Ply3)y'io (32)
Let V2 = %"fgzMgg(l'Ql)fi'Qz + %ngilﬁb, its derivative
Vs, becomes, if we take Aoz = JT (221)\ 12,

Vo = &5 (K 4 AasAy,t)Zhy — £d My oCo

We can conclude as previously that if we choose A2; and Moo
(the diagonal elements of the gain matrices Agq et Agy) large
enough and A3 = JT Ay then convergence of (a1, 92)
toward (z21,x22) is obtained and estimation errors on forces
F’, remains only bounded.

3) Observer for Wheels Dynamics ¥3: For each wheel 1,
the proposed observer is as follows:

i

Zgy = :232 - )\glsign(i“gl - xlzn) (33)
Tgg = Jﬁl(T - Tﬁgi) - )\égsign(iél - xél) (34)
Fs; = —PAbysign(ih, — x8)) (35)

The torque 7 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 dynam-
ics is then:
i ' _ _
Ig) = Ty — Agysign(Ty;)

L2

(36)

Ty = —1J 1 F3; — Nyysign(@h,) + 02 37

Fs; = —P)\53sign(Ts,) (38)
with 75 = &%, — x4y, T4 = 1%y — x4, the errors on
estimations of states x5 and forces Fy3; = Fi;— Fj;.

We can prove the convergence in finite time (Zg3) of states
estimates 25, and bounded of forces estimation by using the
Lyapunov functions Vi = 1(z%,)%, and Vo = 1(2%,)% +
o
plFa) o

Let us note £7 = [#%,, v}] then V5, become upper bounded

. . Ay 1 )

Vo = —€TQ6+ (v)” = =€ | Ay 2oty
T2

Vo < —Aue{Q}IEN + [0

Vo < =A@ |E5 " + (1= Aue{@Q}) [[02]|”

then 7%, converges to 0 if A%, is such as Aine{Q} is
large enough. A7, and Aj;large enough give convergence of
(271, 2%;) toward (x9,,z%;) and errors Fj;remain bounded.

B. High Order Sliding Mode Observers

In this part we will use a High Order Sliding Mode
observers (HOSM See [14]) to deduce our estimations. The
HOSM dynamics converge in finite time.

1) Observer for the chassis Dynamics 3;: The proposed
observer is the following (with 17 = Z11 — 211):

N N ~ 2 . N
11 = V11 = 12 — >\11|$11 - x11|3$zgn(ac11 - $11) (39)

Z12 = —C12 — Ai2|T12 — Un\%Sign(i?m —v11) (40)
with C1o = M (Cy (21, &) a0 + G — JTF)
IV. SIMULATION RESULTS

The simulator previously developed by our staff

(SimK106N, available on demand to first author) is

used in order to test and validate the proposed observers
and our approach of model splitting and developing partial
state estimators. The used parameters and environment
characteristics have been validated in a previous work in
collaboration with the LCPC [2][7][5].

The simulation results presented are obtained for a driving
with sinusoidal steering command of 20 deg amplitude. The
results are good for the First Order Sliding Mode Observers
(see figure 7) and also for HOSM based observers (see figure
8); The two kind of observers may give very good results by
adjusting the gain parameters.

V. CONCLUSION

In this paper, we have proposed efficient and robust
observers allowing to estimate states and unknown inputs
(torques or forces). The model formulation has been done such
that the passivity property is preserved. This copes well for
SMO approach and avoid chattering problems.

These observers obey to the first kind assuming that in-
put forces and torques are constant or slowly time varying
(F ~ (). The robustness of the sliding mode observer versus
uncertainties on model parameters is an important feature.
First and Second 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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