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A new device dedicated to autonomous mobile robot dynamic stability:
Application to an off-road mobile robot

Nicolas Bouton®, Roland Lenain®, Benoit Thuilot* and Philippe Martinet*

Abstract— Automation in outdoor applications (farming,
surveillance, etc.) requires highly accurate control of mobile
robots, at high speed, accounting for natural ground specificities
(mainly sliding effects). In previous work, predictive control
algorithms dedicated to All-Terrain Vehicle lateral stability
was investigated. Satisfactory advanced simulation results have
been reported but no experimental ones were presented. In this
paper, the prevention of a real off-road mobile robot rollover is
addressed. First, both rollover dynamic modeling and previous
work on a Mixed observer designed to estimate on-line sliding
phenomena for path tracking control are recalled. Then, this
observer is here used to compute a rollover indicator accounting
for sliding phenomena, from a low-cost perception system. Next,
the maximum vehicle velocity, compatible with a safe motion
over some horizon of prediction, is computed via Predictive
Functional Control (PFC), and can then be applied, if needed,
to the vehicle actuator to prevent from rollover. The capabilities
of the proposed device are demonstrated and discussed thanks
to real experimentation.

I. INTRODUCTION

Off-road mobile robots appear as an interesting solution so
as to answer social needs in various fields of application ([17]
- farming, surveillance, military activities, etc). However, if
many potential devices can take benefits of innovation in
this area (increasing work accuracy, decreasing the level
of risk), such applications require highly accurate control
laws, able to preserve vehicle stability even at high speed.
Indeed, in off-road mobile robot context, the complexity and
the variability of the encountered phenomena have to be
tackled to ensure both accuracy and security. Nevertheless,
if numerous systems have been developed for road vehicles
(active suspensions, active steering [2], steering and braking
control [1] and [16]), they appear to be poorly relevant
for fast off-road motion context (since they do not adapt
to varying grip conditions). Consequently, specific safety
devices have to be designed for off-road mobile robots.
The first step in the development of such devices is the design
of a rollover indicator dedicated to off-road mobile robots.
Previous work [5] has shown that the Lateral Load Transfer
(LLT - [6]) is a very relevant criterion. Its advantages, with
respect to other stability metrics such as the Static Stability
Factor (SSF) [10], the force-angle measurement criterion
[12] or the Zero Moment Point (ZMP - proposed usually
to investigate humanoid and mobile robot stability, [15]) are
that, on the one hand it does not demand for a huge and
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expensive perception system, and on the other hand it is not
dependent on some thresholds particularly difficult to tune
in outdoor environment.

In order to use properly such a metric in an off-road context,
grip conditions have to be known. A new observer has been
proposed in [8]. It consists in the on-line adaptation of
tire cornering stiffnesses, representative of grip conditions,
based on a vehicle dynamic model. Then, using the adapted
parameters, it permits to access the sideslip angles to be
entered into the algorithms proposed in [7], so as to control
robot motion with a high accuracy whatever ground condi-
tions, vehicle velocity (up to 40km/h) and the shape of the
path to be followed. Thanks to the estimation of cornering
stiffnesses, this observer appears also to be relevant in the
on-line computation of the Lateral Load Transfer and finally
for the design of stabilizing algorithms.

In this paper, this indicator is used as a basis for designing
an active anti-rollover device dedicated to mobile robots.
More precisely, the maximum vehicle velocity ensuring that
the LLT remains within a safety range over the horizon of
prediction is estimated on-line, and can then be applied to
the vehicle actuator in order to avoid imminent rollover. The
algorithm relies on Predictive Functional Control principle
(PFC - [14], [19]), so that off-road mobile robot dynamic
features can be accounted.

The paper is organized as follows: vehicle modeling in
presence of slidings used to develop the control device is
presented. Then, previous work on path tracking is recalled
as well as the notion of Mixed observer used for the
estimation of grip conditions (cornering stiffnesses) and slid-
ing parameters (sideslip angles). Next, Predictive Functional
Control principle is applied to design vehicle velocity control
law in order to guarantee lateral dynamic stability of mobile
robots on slippery ground. Finally, experimental results are
reported to validate the relevancy of the proposed approach
in situations where lateral rollover is imminent.

II. VEHICLE DYNAMIC MODELING
A. Vehicle dynamic model

In order to describe the rollover of a mobile robot, its
motion in yaw and roll representations has to be known.
Then, two representations are here introduced: one is a yaw
representation (Fig.1(a)) (also used to develop the Mixed
observer described in Section III-B) and the other one is
a roll representation (Fig.1(b)). The yaw model, also used
for path tracking and sliding estimation (see III-B) aims
at describing the overall vehicle motion on the ground and
consists of an extended bicycle model of the mobile robot.
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It is used to estimate some vehicle motion variables (as
the lateral acceleration of the vehicle center of gravity) and
sideslip angles. These variables are then injected into the
second part of the dynamic model, characterized by a roll 2D
projection (shown on Fig.1(b)), used to compute roll angle,
roll rate and the LLT.

The notations used in this paper, and reported in Fig.1(a) and
Fig.1(b), are listed below:

e Ry(x0,Y0,20) is the frame attached to the ground,

e Ry(x1,y1,21) is the yaw frame attached to the vehicle,

e Ry(x2,y2,22) is the roll frame attached to the suspended

mass,

v is the vehicle yaw angle,

¢, is the roll angle of the suspended mass,

0 is the steering angle,

B, o, o/ are the global, rear and front sideslip angles,

v is the linear velocity at the center of the rear axle,

u is the linear velocity at the roll center,

a and b are the front and rear vehicle half-wheelbases,

L =a+b is the vehicle wheelbase,

c is the vehicle track,

h is the distance between the roll center O’ and the

vehicle center of gravity G,

e I, I, I, are the roll, pitch and yaw moments of inertia,

e P =mg is the gravity force on the suspended mass m,
with g denoting the gravity acceleration,

e Fy and F, are the front and rear lateral forces,

e F,1 and F), are the normal component of the tire/ground
contact forces on the vehicle left and right sides,

e [, is a restoring-force parametrized by k, and b,, the
roll stiffness and damping coefficients:

— 1 L
F, = E (kr(Pv""br(Pv) 2 (])

The roll stiffness k, and the distance /& are assumed to
be preliminary calibrated ([3]). The roll damping b, is
experimentally evaluated (through a driving procedure) and
the other parameters (wheelbase, weight, etc) are directly
measured. The velocity v, the steering angle § and the yaw
rate s are measured using respectively a Doppler radar,
a steering angle sensor and a gyrometer as mentioned in
Section V. Finally, the velocity v is also considered as the
control variable of the anti-rollover device and the steering
angle § is the path tracking control variable.

)

Yo P
1. | S v’/ \agt 7
X0 :/

(a) Yaw projection. (b) Roll projection.

Fig. 1. Vehicle modeling.

B. Motion equations

Motion equations issued from the yaw projection shown
in Fig.1(a) require analytical expressions of lateral forces Fy
and F,. Therefore, as explained in [4], a simple linear tire
model has been considered. It can be expressed as:

Ff =
F =

This model requires only the knowledge of oy and o,
defined in (3), and the front and rear cornering stiffnesses
Cy(.) and C,(.) supposed to be slow varying. In order to
reflect the variable grip conditions, these two parameters are
on-line estimated thanks to the Mixed observer detailed in
Section III-B. Only one parameter is then needed, contrary
to classical tire models such as the celebrated Magic formula
[11].

Based on (2), the dynamic equations of the yaw model (see
[18]) can be expressed as:

e

Vo= Il (—aCfafcos(5) +bCrOCr)
B = —-L(Crapcos(B—8)+Cracos(B))—y

o, = arctan (tan(ﬁ) - MC(IZ%)
o = arctan (tan(ﬁ) + #:{ﬁ)) -0
- veos(oy)
cos(B)

3)
C. Lateral Load Transfer computation

1) LLT definition: The general expression of the Lateral
Load Transfer (LLT) (see [9], [1]) is:
Fu1 —Fp2

LLT = — 4)
Fo+Fp

Clearly, a rollover situation is detected when a unitary value
of |LLT| is reached, since it corresponds to the lift-off of the
wheels on the same side of the vehicle. Here, the vehicle
behavior will be considered as hazardous when LLT reaches
the critical threshold LLT};y; (|LLT| < LLTjipir)-

2) LLT dynamic equations: In order to extract normal
force expressions from the roll model (see Fig.1(b)), the
following assumptions have been made:

e The entire vehicle mass is suspended, which implies

insignificant non-suspended mass (essentially tires),

e The suspended mass is assumed to be symmetrical with

respect to the two planes (zz, y2) and (xz, z2). The
inertial matrix is then diagonal:

L 0 0
Ik, = 0 5 O &)
0 0 I

e Sideslip angles oy, o, and 3 are assumed to be small
(corroborated by experiments),

e As a consequence, the vehicle velocity u at roll center
can be considered to be equal to the rear axle one (i.e.
u=v), see (3).

Using these assumptions, the LLT indicator can be evaluated
from the Newton Euler formalism applied to the overall
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system, subjected to four external forces (P, F,, F,,1 and Fy»).
More precisely, variations of ¢,, Fy,; and F,» can be derived
as:

¢ = W[h%z sin(@y) + Ay sin(@,) +uvrcos(B) +
isin(B) +up cos(B) — (W) cos(¢y)] (6)
Fu+F, = m [—hqb'v sin(@,) — he,? cos(,) + g
ky %0, .
- (W) sm(%)} )
2 .. .
Fn—Fy = - [Ix(Pv+ (I _Iy) [WZCOS(‘P\)) Sin((PV)]
— hsin(@,)(F + Fp)] 3

In order to infer the roll angle and the LLT from (6)-(8),
the global sideslip angle and the yaw rate are both required.
Since the former one cannot be measured, an observer has
been designed and is presented below.

III. PATH TRACKING CONTROL

A. Path tracking control principle

Previous work was dedicated to the development of off-

road mobile robot path tracking algorithms acting at high
speed. The path tracking control law considered makes use of
a mixed kinematic and dynamic observer, detailed in Section
III-B. Indeed, an extended kinematic model, detailed in [7],
consists in adding a limited number of variables (front and
rear sideslip angles, respectively denoted oy and o in the
modeling section II-A) representative of low grip conditions
into a pure kinematic model. The global scheme of the path
tracking control law is depicted in Fig. 2 where y and y are
respectively the lateral deviation and the angular deviation
relative to the path to be followed.
Briefly, it consists in using sliding parameters estimated from
the Mixed observer (denoted backstepping observer in Fig.
2) and the measurement of both the lateral deviation of
the vehicle with respect to the reference trajectory and the
orientation of the mobile robot, so as to compute on-line the
steering angle of the vehicle which ensures an accurate path
tracking. The computation of the control variable is based
on predictive and adaptive algorithms, as detailed in [8].

Control loop

Path to
be followed

>, Controller

Vehicle
{actual process)

Estimated
— sidelip

Dynamic sideslip
angles observer

,,,,,,,,,,,,,

: Preliminary ext. |
ngles
Stiffness
observer

1 kinematic observer
Scheme of the path tracking controller.

_______________

Mixed observer

Fig. 2.

B. Mixed observer for grip condition estimation

As explained in the previous paragraph, both the dynamic
modeling used to compute LLT and the path tracking algo-
rithm require an estimation of sliding parameters. Then, an
indirect estimation of dynamic model parameters is manda-
tory. Since appropriate sensors are missing, this is achieved
in several steps, using different level of modeling (kinematic
and dynamic). This multilevel estimation is gathered in the
so called Mixed observer detailed in [8]. Its general principle
is described in Fig. 2. The observation loop consists of
successive steps, each one relying on the variable supplied
by the preceding step. The three blocks shown in Fig. 2 are
described below:

e A preliminary extended kinematic observer (red dashed
box) is first used to supply relevant tire sideslip angle
estimation at low speed.

e Then, the parameters obtained by the kinematic observer
are used in the cornering stiffness observer (green dotted
box) where the cornering stiffnesses are on-line adapted
with the aim of reflecting grip condition variations.

e Finally, with the adapted parameters, a dynamic sideslip
angle observer (blue dashed dotted box), derived from
standard observer theory, is applied to the dynamic
model (3) in order to get relevant sideslip angles esti-
mation at high speed and whatever the grip conditions.

The sliding angle estimates supplied by such an observer
are relevant to compute LLT and to develop anti-rollover
predictive control laws as detailed below.

IV. PREDICTIVE FUNCTIONAL CONTROL ALGORITHM

A. Strategy of LLT limitation

In order to avoid the rollover risk, the limitation of the

LLT (i.e. |LLT| < LLTj;;;) through the control of the vehicle
speed is here investigated. The idea is to compute at each
time the velocity leading to LLTj;,; one moment in the
future. This value can then be considered as the maximum
admissible velocity (denoted v, in the sequel) to avoid
lateral rollover situation.
The overall scheme is depicted in Fig.3. The path tracking
controller permits to ensure the robot navigation (6 is used
as the steering angle control variable), when the computation
of the maximum velocity, detailed in Section IV-C, and
represented by the block “Predictive control” supplies Vyqy-
Relying on this variable, the speed limitation process consists
then in the following steps:

e The “Min” block supplies the rear axle linear velocity
control input Vi, to be applied to the vehicle. This
variable is deduced from the comparison between the
velocity desired v; (a constant velocity is specified at
the beginning of the test) and the maximum velocity
Vimax: Vinput = min(vdavmax)

e The measurements shown in Fig.3 are then used to es-
timate on-line the sliding parameters and the cornering
stiffnesses thanks to the Mixed observer described in
Section III-B,
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e Then, stiffnesses (from the Mixed observer detailed in
Section III-B), the measured rear axle linear velocity
and the measured steering angle are reported into the
vehicle roll model in order to compute the roll angle ¢,
and the LLT (see Section II-C),

e Finally, the roll angle ¢,, the sliding parameters and the
steering angle are processed in the “Predictive Control”
block in order to supply the maximum velocity v,.

In order to anticipate (and then avoid) hazardous situations,
the computation of v, is based on the Predictive Functional
Control (PFC) formalism, detailed in [13] and [19]. With this
approach, the vehicle velocity is viewed as a control variable
and vy, is designed in order to ensure the convergence of
the LLT to the value LLTjj,;.

Measure d position

I 5 Mohile robot
Palh o be followed and Path fracking win .
desired velocity controller ]

Mayimal velocity &/, )

Fig. 3. Velocity control of an autonomous mobile robot.

B. Roll angle model

As it can be seen in equations (7) and (8), the LLT does not
rely explicitly on vehicle velocity, but on roll angle: vehicle
velocity should then be designed to control ¢,.

The roll angle equation (6) is non-linear when PFC formal-
ism requires linear equations, see [14]. Therefore, as a first
step, it is necessary to approximate equation (6) to a linear
model. In the sequel, ¢,y and ¢@,; denote the roll angle
supplied respectively by non-linear model (6) and by the
linear model to be derived.

In order to achieve the linearization, the following assump-
tions are considered:

e Sideslip angles are quite small and consequently, based
on (3), the vehicle yaw rate can be approximated by:

. o+ Of — 0

y=u ( 7 ©))

e Since 3 and u are slow-varying with respect to y, terms
upf cos(B), usin(B) are widely negligible with respect
to uyrcos(f) (corroborated by advanced simulations and
experiments).

Linearization of (6) around (¢,,®,) = (0,0) then leads to:

L L[, 5+W*%47MW*%W
e (P25 (o)
(10)

Since u ~ v (as previously mentioned), the linear state-space
model to be used in PFC algorithm is then:

X = AX+Bw
Y = CX

(11)

with the state-space vector X = (@,z,¢,.)”, the control
variable w = v? and matrices:

A 0 ! B 0
- [ AT } U] eos(B) (M) |
c=[1 0]

Based on Kalman criterion, the controllability of model (11)
can be established provided that ys # 0. In other words, the
linear roll angle ¢,; cannot be controlled when the vehicle
is moving in straight line, which is quite natural. Then,
close to neutral steering (|0| below some steering limit), the
PFC control algorithm is not activated and viupu = vg.

C. Predictive maximum velocity computation

PFC algorithm is now applied to linear system (11) in
order to derive the maximum velocity v,,,,. The principle
of the predictive approach is summarized in Fig.4. Roughly,
it consists in finding the control sequence which permits to
reach “at best” the future set point after a specified horizon
of prediction H.

Control variables (w)

—

Past Present n+1 n+h Future

Fig. 4. Prediction principle.

More precisely, the algorithm consists in the following

steps:

e The first step consists in computing the roll angle value,
hereafter denoted @,4r¢er, leading to a LLT steady state
value equal to the critical threshold LLTj;,;; chosen.
Relying on the following assumptions: ¢, = ¢, =0 and
& = (I, — I,)[y*cos(¢,) sin(¢,)] is widely negligible
with respect to & = hsin(@,)(F,1 + F2) (in view of
the mobile robot properties and actual conditions, the
magnitude of &; stays beyond 100sin(¢,) while the
magnitude of &, is at least equal to 3000sin(¢,)) it can
be derived from equations (7) and (8) that:

Fa—F 2.
ILLT| = ig?ljfi z‘chsum¢ﬂ (12)
n n
As a result:
. CLLTimi
Ovtarger = Farcsin <2ér> (13)

e Next, a desired reference trajectory @,ges, joining the
current state Qynz tO Qyarge; during the horizon of
prediction is defined. Typically a first order discrete
system is considered:

(PvRef[,Hr,-] = (pvtarget - 71 ((Pvtarget - (PVNL[n]) (14)

The subscripts [1] and [n+i] (with 0 <i < h) denote
respectively the current time ¢ and successive future time
instants up to 7+ H (since [n+ h] corresponds to time
instant ¢ + H) and 7y is a parameter tuning the settling
time for the reference trajectory to reach the set point.
e Then, at each sample time, an optimal control sequence

(W[ﬂ]""’w[n+h]) bringing (pVL to (Pvtarget iS Computed
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through the minimization of a quadratic criterion her-
after noted D[n]. Moreover, since the linearization of
equation (6) introduces some approximations that neces-
sarily impair the accuracy of the predicted values of the
roll angle and then of the LLT, the extended criterion
Dy, incorporates the current and expected discrepancies
between the roll angle values supplied by the nonlinear
model (6) and the linear model (11):

h —~ - 2
D["] = 21 {(pVL[n+i] +epnti] — (PvRef[nH]}

i=

15)

where (EV\L[n +i] denotes the predicted output process ob-
tained from linear model (11) and the control sequence
and, where the future output error ?[,,H] is defined as:

/é\[thi] = e[n] - (PVNL[,,] - (va[n]v 1 S i S h (16)

The minimization can be achieved thanks to the de-
composition of each element of the control sequence
Wipyis 1 € [0,h]) as a linear combination of base
functions:

np

Wi = D Mg Wiy, 0<i<h — (17)

k=1
where My, are the coefficients supplied by the mini-
mization of D[n], ng is the number of base functions
and wp; are the base functions, generally chosen as
polynomials:

Whk = 1 vk (18)

If the optimal control sequence obtained from the minimiza-
tion of Dy, was applied over the horizon of prediction, then
¢, and LLT would reach respectively @yarger and LLTjipis
at time ¢+ H. Therefore, the first element of the control
sequence, i.e. Win)» has to be considered as the maximum
control input value, and then the maximum vehicle velocity
\/ (Wpy). Finally, the PFC
algorithm comprises two parameters to be tuned: the gain
Y (specifying the shape of the reference trajectory) and the
horizon of prediction H.

at sample time [n] iS Vg =

V. EXPERIMENTAL RESULTS

Since advanced simulation results, obtained with the pre-
dictive functional control law and a virtual quad bike, have
already been presented in [5], this paper presents real experi-
ment performed with the robot described in Fig. 5. It consists
of an electric off-road vehicle, whose weight and maximum
speed are respectively 350kg and currently 8m.s~'. The
main exteroceptive sensor on board is a Dassault-Sercel dual
frequency “Aquarius 5002 RTK-GPS receiver, which can
supply an absolute position accurate to within 2cm, at a 10Hz
sampling frequency. In addition, a gyrometer supplying a
yaw rate measurement accurate to within 0.1°.s~! is fixed on
the chassis as well as a steering angle sensor and a Doppler
radar. Finally, preliminary measurements and calibrations
have supplied the following dynamic parameter set for this
robot, to be reported in the algorithms:

Total mass m =350kg

Yaw inertia I, =270 kg.m?

Wheelbase L=12m
Rear half-wheelbase b=0.58m

TABLE I
EXPERIMENTAL ROBOT DYNAMIC PARAMETERS

Fig. 5.

Experimental platform.

Then, with the experimental platform described above, a
reference trajectory was manually recorded (in black dotted
line in Fig.6): it is composed of a straight line connected
smoothly to a curve with a constant 4.5m radius of curvature.
The red line represents the real trajectory of the mobile
robot, during a path following achieved with vy = 6m.s~!.
As it can be seen, the integration of grip conditions in path
tracking control law permits a high accurate result, since the
error does not exceed 50cm (during transient phases). On
the opposite, classical path tracking control algorithm (based
on pure kinematic modeling) leads to largest errors in this
context (more than 3m), as reported in blue dotted line.

Y coordinates (m)

-20 —10 0 10 20 30 40
X coordinates (m)

Fig. 6. Trajectory used to validate stability control.

More precisely, two tests have been performed: the first
one consists in using path tracking control without predictive
control and a constant v; = 6m.s~! velocity. The second test
consists in using the predictive functional control algorithm
dedicated to LLT limitation with v; = 6m.s™!, H = Is
(chosen according to the vehicle dynamic features), with 10
coincidence points (i.e. h = 10), y=0.2 and LLT};,,;; = 0.35.
Fig.7 shows the time evolution of the measured velocity
vim1 When path tracking is done without velocity control
(Vm1 ~ vy ~ 6m.s! after settling time) in black dash-dotted
line, the maximum velocity v,,,, (computed with the PFC
algorithm, in red solid line) and the rear axle velocity
vmo measured on the vehicle (in green dashed line) when
velocity control is used. As described in Section IV-A, v,
is supposed to be equal to the minimum of v; and vy.
From ¢ = 0s to t = 5.8s, v, is equal to v;. Then, between
t =5.8s to t =9.2s, during the curved part of the reference
path, the velocity control variable applied to the vehicle is the
maximum velocity given by the predictive functional control
algorithm. However, due to the delay introduced by the
velocity actuator, the measured velocity v, is satisfactorily
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superposed with v,,,, only beyond r = 7.8s. Finally, after
t = 9.8, Viugx 18 superior to the desired velocity, so that vy
can again be actually applied and after settling time (r = 13s),
the measured velocity v, converges to v,.

°

v T T T T
. w I /
‘ /°
~ Maximum velocity / Velocity measured without
o TF compiited by predictive control (v, )
£ s predictive control law (v__ ) ~
+ ma b O e
.g . Lot AR e N Al
] P “ P
s 4 Rl
iy Wi
s 3 s
B 7 Velocity measured with
oL f predictive control (v )
/
= -
1 #
i i | i
% 2 4 58 78 92 10 12 14 16

Time ()

Fig. 7. Velocities comparison during real experiment.

Figure 8 shows the time evolution of the Lateral Load
Transfer of the vehicle. LLT without prediction (LLT ob-
tained when v,,; = v, is measured on the vehicle) is depicted
in black dash-dotted line and the LLT measured with the
predictive control is depicted in red solid line (LLT obtained
with v, i.e. when the minimum of v; and v, is applied
to the vehicle). In this figure, the LLT obtained with v,
is largely superior to LLT};,; fixed here at 0.35. On the
contrary, after the settling time (after # = 8s), the LLT
measured with v, satisfactorily converges to the LLTj;;;.
Indeed, between t = 65 and ¢t = 8s, the LLT measured is
superior to the LLTy;;;, since the velocity actuator introduces
a delay between the velocity control variable, here equal to
the maximum velocity v,,,, computed via PFC algorithm
and the real velocity of the vehicle v,., as explained in the
previous paragraph and which can be seen on Fig.7. Finally,
when v,» ~ Viyax, the LLT measured is equal to 0.35.

07 T T

. Lateral load transfer.
Al without predictive control
N1 e

:Z .

Lateral load trans
ilth predictive cornt

L
=
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@
T

=

»
A
\v\},\\‘\ i
\ V/’J\

Lateral load transfer
o

2 Ay
0 > N A\ A
04 3 i ‘V/.‘u' 1
0% 2 4 6 8 10 12 14 16
Time (s)
Fig. 8. Lateral Load Transfer measured.

VI. CONCLUSION

This paper proposes a new safety device, based on Pre-
dictive Functional Control formalism, dedicated to off-road
mobile robots operating on a natural and slippery ground.
First, previous work on path tracking control, built from
both adaptive and predictive control laws, has been recalled.
Sliding effects have been taken into account according to a
mixed kinematic and dynamic observer adapting on-line the
tire cornering stiffnesses of the front and rear tires. It enables
to take into account the non-linear behavior of the tire and
the variations in grip conditions when computing the sideslip
angles. Then, these sliding parameters are introduced into a
predictive functional control law, based on a vehicle dynamic
model, so as to compute the maximum velocity admissible by
the robot, ensuring that the LLT indicator never exceeds the

rollover threshold (i.e. |LLT| < LLT};,;;). Real experiments,
carried out with a high speed mobile robot, demonstrate
the applicability and the relevancy of the proposed control
strategy to avoid rollover situations and ensure path tracking
trajectory.

Future work will be dedicated to reduce the delay introduced
by the velocity actuator. Indeed, it has been highlighted that
the velocity measured on the vehicle differs from the ve-
locity control variable. Therefore, another predictive control
law based on the velocity actuator characteristics is under
development so as to eliminate the delay.
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