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Abstract— This paper is focused on the problem of accurate dynamics to make it tend to the theoretical behavior under th
and reliable path tracking control of a 4-wheels car-like mdile  rolling without sliding conditions. Some work based on the
robot moving off-road at high speed. Dynamic and extended e velocity repartition are then proposed, such as i [10

kinematic models that take into account the effects of wheel - . S
skidding are presented. Based on the extended kinematic mej ~ PETMItting to limit the effect of skidding. Neverthelessed

an adaptive and predictive controller for the path tracking  Solely, it does not permit to obtain a high accurate path
is derived. This control law is combined to a stabilization tracking, as sliding is not totally compensated.

algorithm of yaw motion, based on dynamic model and the  Then, solutions based on grip conditions estimation rise
modulation of driven wheel forces. The overall control arclitec- at promising approaches. In [8], the authors proposed an

ture is experimentally evaluated on a slipping terrain. Reslts . . . .
demonstrate enhanced performance as the robot succeed in ON-lin€ estimation procedure of the wheel-ground slipsage

following the path at high speed, accurately and without los based on Terra-mechanics models. The slippage conditions
of control. were included in a trajectory controller in order to improve

mobility over difficult terrains [9]. Nevertheless, this -ap
proach needs an accurate estimation of vehicle motion to

As the autonomous navigation in off-road conditions apfeed tire model, which is not always practicable. Simplified
pears as a promising solution [5] with respect to sociahodels, including sideslip angles as additive variablea of
needs in many areas (such as surveillance, rescue or agridihematic representation, has been proposed and classified
ture [12], etc.), the research in off-road mobile roboties h in [17]. Adaptive and predictive algorithms (see [2]), bdse
to propose devices fitting users expectations. In particia on such modeling and coupled with an on-line estimation of
order to be actually usable, the proposed robots have to bkding have then shown significant results from path tnagki
accurate, reliable and move at relatively important speedsccuracy point of view. They indeed permit to estimate
This still constitutes an open issue since natural grounels aand compensate for perturbations whatever the changing
irregular and offer low grip conditions, moreover variableconditions and the geometry of terrain at relatively lidite
(see [1]). When using basic mobile robots control law, suckpeed. If the last results shown in [6], demonstrate the
as proposed in [11] or in [3], these specificities indeed gertapability of an accurate control at high speed (compatible
erate at least important perturbations (decreasing acgurawith low level delay), such approaches assume sliding &ffec
up to a total loss of stability (spun around). Furthermoreare low enough to preserve the system controllability. As a
such phenomenon are emphasized at high speed becauseestllt, if sliding is very large (occurring quickly at imgant
the unavoidable settling time and delays of actuators. speed levels) robot can spin around.

With this aim, some approaches have been developedAs a result, it appears interesting to merge solutions
to address instability or lack of accuracy due to low grimallowing to first reduce sliding effects on robot behavior,
conditions. A first approach lies in the definition of aand then estimate and compensate remaining sliding into
stability domain (velocity/steering angle) considerinmgpivn  motion control. This paper then proposes to gather on one
grip conditions (such as proposed by [16] or in [13]).hand stabilization algorithm and, on the other hand, adapti
Mainly dedicated to path planning, such algorithms doeand predictive algorithm, in order to ensure a high accurate
not account for on-line grip condition variation in motionpath tracking control algorithm for off-road mobile robots
control. In order to compensate skidding effects in reaktim acting at high speed. Based on previous developments, the
an alternative consists in considering sliding as a peatish  algorithm presented in this paper first takes part of vejocit
to be rejected by robust control (see for instance [19] ox. [4]repartition on each wheel to stabilize the robot dynamics
If it permits to obtain a good accuracy at low speed ofavoiding swing around situation) and limit sliding influen
in a structured environment context, the settling time and@hen, an advanced path tracking control law for steering
delays of low level do not permit an efficient off-road comtroangle is derived to compensate for residual effects ofralidi
at high speed, where sliding variables can reach importaahd anticipate low level delays. It then results a stable and
values. Another way to address sliding is to control robaaccurate positioning of the mobile robot with respect to a

I. INTRODUCTION



desired trajectory at high speed, whatever the grip catiti the knowledge of numerous parameters (hardly measurable
and terrain irregularities. and variable off-road). As a consequence, the design of
The paper is organized as follows: in a first part theontrol laws for robot motion has to be based on lighter
modeling of a mobile robot (including the reconstruction oimodel. Nevertheless, the kinematic model classically used
unmeasured variables) for both part of algorithm is definedh path tracking applications basically relies on the ngli
Based on these models, a control part describing the patfithout sliding assumption, which is not applicable offch
tracking and stabilization algorithm acting in paralles, i The direct use of such control laws indeed leads to large
presented. Finally, the complementarity of developmendts a tracking errors, due to neglected dynamics (mainly low grip
the relevance of the global algorithm are investigatedugho conditions, actuator delays).
full scale experiments at high speed (up to 8m/s) on natural
and irregular ground.

II. OFF-ROAD MOBILE ROBOT MODELING

A. Four wheels mobile robot model

First of all a complete dynamical model of mobile robot
can be considered such as depicted on fig. 1. It allows to
access to relationship between forces and acceleration.

Fig. 2. Path tracking parameters

Consequently, an alternative model (so called "extended
kinematic model”) is considered in that paper, preserving a
kinematic representation. As detailed in [2], it consists i
adding a limited number of variables representative of low
grip conditions into a pure kinematic model. As depicted
> in Figure 2, the two sideslip angle®» and Gr (denoting

the difference between tire direction and actual speecdvect
. o ) orientation) have been introduced into a bicycle represent

In particular the four longitudinal and lateral tire forees i of the mobile robot as in [15]. Notations, depicted on
denoted respectively b¥,... and £, (with f and r for front Figure 2, are listed below.
and rear, and | and r for left and right) can be related to the

yaw acceleration) thanks to the yaw torque (denoted in | ) js the center of the rear axle and constitutes the point

Fig. 1. System dynamics

the following Tp). to be controlled.
. o 0 =0—0r is the vehicle angular deviation with respect
0 = f(Fx**,Fy**75155T) (1) toT.
whered; andé, denoting respectively left and right steering * v iS the vehicle linear velocity at poir®, assumed to
angle, related to the equivalent steering argldy the robot be strictly positive. .
wheelbasd, and the half widthil. « [r andfg are the front and rear side slip angles.

M is the point on the patl to be followed, which is
the closest t@). M is assumed to be unique.

¢(s) is the curvature of the pafh at point M, pending
on s the curvilinear abscissa.

y is the vehicle lateral deviation at poié with respect

The equation 1, detailed in [10], permits to analyze the °®
effect of each forces on yaw acceleration. If the longitadlin
forcesF,.. can be controlled directly by the wheel velocity
actuators, lateral forces, acting also on the yaw rate, rely
mainly on steering angle, robot velocity and grip condision ¢
As a result, this dynamical approach appears to be suitable I
for yaw rate modulation via wheel velocity to reduce effects
of sliding, while the steering angle actuation is invesiga Except the two sideslip anglgs and g, all the variables

thanks to another level of modeling. described are supposed to be measured or known by a prelim-
] ) ) inary calibration. Thanks to this representation framewor
B. Extended bicycle kinematic model the evolution of the vehicle state with respect to the gath

1) Model Description: A path tracking control based to be followed can be described by the set of equations (2)
on a complete model such as depicted on fig. 1 requirgsee [2] for more details).



of mobile robots in the considered conditions, with a kine-
matic structure. As a result a control law based on chained
- system form linearization can be derived such as proposed
vsin(0 + fr) @ in [6]. It consists in two steps: (i) an adaptive control law
ensuring the convergence of the tracking error to zero and
= vlcos(Br)A1 — Aol (ii) a predictive curvature servoing, which compensates fo
with: A = tan(tSFJrﬁzz)ftan([}R)’ Ay = c(s)lco§(§+gR) steering actua_tor delays. The adaptive layer is b_ase(_j on _the
. . . ey exact conversion of model (2) (on line updated with sideslip
. The eX|st-ence.of this model is guaranteed sipce <(s) ngles estimation) into a chained form. Then a classical
(i.e. the pointO is supposed to be never at the center o ID control is proposed for the auxiliary inputs in order to
the reference path curvature). It can also be checked tI~l@rﬁsure the convergence of the actual lateral deviationrtm ze

clas_S|caI_ klne_mat|c model defined in [14] can be foun_d b>f’he reverse transformation provides finally the non-linear
setting sideslip angles to zero. The proposed structuteis t expression (3) for the steering control law
consistent with classical point of view. As a consequense, a '

soon as sideslip angles are correctly estimated, the gieper

cos(é+BR)
1—c(s)y

.

of such kinematic structures as well as results can be applie r = arctan (tan(ﬂR) + cos(LﬁR) (<) cosfz | ACZS;' 8 ))
2) Real-time sideslip angle estimatioin order to build —Br

a path tracking control algorithm accounting for sliding by 3)

using model (2), the knowledge of the variablgs and with:

Br IS mandatory. As it does not exist any simple sensors 0o = 0+ fr

to proceed a direct measurement of sideslip angles, their a = 1-c(s)y (4)

indirect estimation must be achieved. If observers relying
solely on the proposed model can be designed (as achieved
in [7]), they appear to be not reactive enough at consideréd addition to this non-linear control expression, a Model
speed. As a result, a new observer scheme is proposed baBsgdictive Control is applied to address specifically ctune

on [6], mixing the extended kinematic model and a dynamigervoing in expression (3). The steering control law can

= —K,y— Kqoatanfs + c(s)a tan®0;

representation (summarized on Figure 3). indeed be split into two additive terms:
Control loop 6F = 6T7'11j + 6Deviation (5)
Path to be whered peviation 1S @ term mainly concerned with errors and
— —= sliding compensation, whilér,,; deals with the reference
: path shape: it imposes that path and robot curvatures are
S equal. As the future curvature of the path to be followed

can be known, as well as steering actuator features, a model
g predictive algorithm can be derived: the value &f,q;
(calledskred in the sequel) to be applied at the current time,
to reach "at best” the future curvature on a fixed horizon
of prediction, is then computed. This optimal term is then
substituted to termir,,;, So that the adaptive and predictive
In a first step, a preliminary observer (depicted ircontrol law is finally:

red/dashed box) permits to extract a first estimation of 5n = §Pred Lso ©6)
sideslip angles. These angles are computed as a control law, F Traj T ODeviation

imposing the convergence of observed lateral and angulBr Modulation of wheel velocity for yaw rate regulation
deviations to thelmeasures thanks to the model (2). As theyp e to the presence of slippage in the wheel-ground
appear to be quite accurate but low reactive, a second stgghact, especially at high speed, estimated sideslipeang
consists in using these variables, coupled with the medsurg; reach high values. Such sliding levels may not be
yaw rate, to estimate slow varying parameters (the corgerin,mnensated properly by path tracking algorithm and lead to
stifinesses) of a dynamical model. Knowing this cornering,ying around. In such case, the actual yaw rate of the robot

stifinesses, a classical observer fed with these comerifgs then widely different from the theoretical yaw rate under
stiffnesses can be designed, allowing a relevant and Veac“rolling without sliding conditiond* defined as:

estimation of sideslip angles. As a result the model (2) is i
entirely known and updated in real time. gt = vlemie 7

I1l. RELIABLE PATH TRACKING CONTROL ALGORITHM Pending on the ground slippage conditions and the dynam-
ics configuration of the vehicle, over-steér$ 0%) or under-

steer § < 6') appear during turning maneuvers. In order
The extended kinematic model (2), coupled with the obto reduce such differences, consequently decreasinglipides
server described on Figure 3, allows an accurate desariptiangles and finally improve efficiency of the control law (6),

{  Preliminaryext. === =TS =TSTEo :
1 kinematic observer
Stiffness
observer

Fig. 3. Observer principle scheme

Backstepping observer

A. Adaptive and predictive control



an additive regulation of yaw rate is designed. Based on thke path tracking, preventing the robot from swing over
partial dynamic model given in equation (1), the modulatiosituations (due to too large sideslip angles). As the inuide

of longitudinal forces produced by the wheels is consideredf WVC on sideslip angles can be accounted on-line thanks
First, the resulting yaw momefii, acting on the system for to the observer defined on the figure 3, both of control laws
a given steering configuration £) and a given distribution can be applied in parallel such as on the scheme depicted on
of propulsion forced’,... is analyzed. The influence of thesethe figure 4.

propulsion forces variation on yaw motion is given by the

variation of B%TS . Let us define the propulsion forces as a %
function of the force resulting from the extended kinematic e e et
controller F*_, and a force added to stabilize the yaw motion e nges
Foui N | somenr e T
P = Fpuu + 13 8 wios [V ] ;
yaw rate

Now, let us consider the error between theoretical yaw rate . @_Hr§%mz;@;:_év__A!,_A_V;A_V;__E i
(without sliding) and measured one, definedsas 6! — 0. 1 ;

__________________________________________________

The goal of the stabilization algorithm is then to determane R : B
set of propulsion forces that produce equivalent yaw moment ~ TTTTTTTTC '
Ty that compensates this errorsee [10] for details). Fig. 4. Control bloc diagram of the overall controller
F2.,.=®(9, ¢)
{ c gt g 9) IV. EXPERIMENTAL RESULTS

In the case where the system control inputs are the whe’%i Experimental mobile platform

velocities instead of the wheel torques, one can use wheelThe experimental platform is shown in Figure 5. It consists
angular acceleration which is homogeneous to wheel torq@é an electric off-road vehicle, whose maximum reachable
(and consequently to longitudinal force), as it is clainfed, speed is 8.s~'. Designed for all-terrain mobility, it can
example, in [18]. Thus, the stabilization control law beesm climb slopes up to 45and has the following properties:

d;? - Ku{(I)((SFa £) (10) Total mass m =350kg
c—0t — 6 Yaw inertia I, =270 kg.m?
Wheelbase L=1.2m
and, then, the wheel velocity to be applied on one of the Rear half-wheelbase  5=0.58n
wheel &) at instantk can be computed as follow: TABLE |
d EXPERIMENTAL ROBOT DYNAMIC PARAMETERS
Eo_ k=1 Ws

w** - w** + T€ (11)

dt’
where K, is the conversion constant between propulsion The main exteroceptive sensor on board is a Magellan
force and wheel acceleratiorl;, is the sampling period ProFlex 500 RTK-GPS receiver, which can supply an ab-
and w;, is the wheel velocity computed from the extendedolute position accurate to withirc@, at a 2z sampling

kinematic controller. The functio® is detailed in [10] and frequency. The GPS antenna is located vertically above the
can be summarized as follows: center of the rear axle, so that the absolute position of

point O (i.e. the point to be controlled, see Figures 2) is

F*=—-Ke . . o
s s straightforwardly obtained from the sensor. In addition, a
:: E§< S;EE‘K 75)1)”:2?:}13”’;7}5 12 gyrometer supplying a yaw rate measurement accurate to
i 5< 0 &5 = h Ibilsfi 7o (12)  within 0.1°.5~" is fixed on the chassis, to feed both the
(6>0)& (e< —e1) then afr = - observer algorithm, and the separated wheel velocity obntr
If (6>0)&(e>¢) thenF: , = F*® (WVC ).

The limit £; defines the threshold of activation of this wheelB Stabilization results

velocity control (WVC ) andK is a strictly positive constant.
The first contribution of the proposed approach lies in the

C. Global algorithm trajectory tracking stabilization of mobile robots actiag
Both of the proposed control approaches act on differetiigh speed on natural ground. In order to point out the effect

steering part of a car like mobile robot. While the adaptivef the distributed wheel velocity control, an half turn has

and predictive law (6) is devoted to steering angle for patheen first manually recorded on a wet grass ground at a speed

tracking, the regulation of yaw rate defined by (12) is agplieof 1m.s™!. This trajectory (depicted in black plain line on

on one wheel velocity. This latter regulation then pernits tthe Figure 6) constitutes the reference path.

make the robot behavior closer than theoretical motion unde This path has then firstly been followed automatically

rolling without sliding, consequently reducing the levédl o using only the front steering angle control law (6), with-

sliding to be accounted by the steering control law. Thisut the differential wheel velocity control at a velocity of

reduction in sliding level then improves the efficiency of8m.s!. The trajectory resulting from this control is reported



around situation can then be identified in the case without
WVC , around curvilinear abscissa 35m, since estimated
sideslip angle saturates to “6@omputed limit). On the con-
trary, when WVC is active, the sideslip angle is significantl
reduced with a minimum transitional value of 45 allowing to
preserve the controllability for the path tracking algiomit
Such a result is then obtained thanks to the differential
braking. The result of the speed limitation for each wheel
obtained during the tests without swing around is reported
in percentage on the figure 8.

At the beginning of the path following just before the
Fig. 5. Experimental platform curve, one can see on the figure 8 that one wheel velocity
decreases of about 30 percent (the rear right wheel) to
prevent oversteering for a negative yaw rate error. Then,
when the vehicle is turning to the left in the positide
direction, it understeers, so the yaw rate error becomes
positive € > 0) and a velocity decrease of almost 60 percent
is applied to the rear left wheel. At the end of the curve, a
velocity decrease of more than 20 percent and then about
35 percent are successively applied to the front right aad th
rear right wheels to prevent an oversteering in the curve exi

7 b~ PRy TR e

| {
|

FrontRight ||
\
|

0 5 10 15 20 25 30
X coordinates (m)

Fig. 6. Comparison of trajectories with and without staiaition
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in red dashed line on figure 6, showing the instability, since
the mobile robot swings around during the curve. On the
contrary, the same control law extended with the wheel
velocity control WVC has then be used at the same speed. As
it can be seen (trajectory resulting from this test is regubrt

in blue dashed-dotted line on the same figure), the mobile
robot is then able to follow entirely the reference path with
a limited tracking error (below 1.5m at 8.9,

As the stabilization algorithm attempts to make the robo(r: Path tracki |
yaw rate converging to the ideal one (computed in non” ath tracking accuracy resuits
sliding case), it mechanically makes the vehicle sideslip If the stabilizing algorithm permits to reduce the influence
angles decrease. The robot behavior under WVC is inde&fisliding, the remaining skidding effects have nevertsete
closer from the behavior of a robot moving under good€ addressed in order to preserve the path tracking accuracy
grip condition and the variations of steering control ardhe use of WVC without integrating sliding effects by
consequently less important, preventing the robot from sppdaptive control (4) and (6) indeed leads to large error,
around situations. especially at 8m:s! on the previous trajectory. The lateral
error then reaches more than 5m during the curve (mobile
: : : : robot then stops for security reasons). In order to point out
e benefits of adaptive control gathered with WVC , results
] of tracking errors obtained at lower speed (6m)s with

! ] different configurations of the control algorithm for thetipa
depicted on Figure 6, are proposed on the Figure 9 .

entage)

8

RearRight

A
&

RearLeft

g

Wheel velocity decrease (p

Curve

10 20 30 40 50 60 70 80
Cunvilinear abscissa

Fig. 8. Percentage of wheel braking

Front steering angle (A°)
8

6o Curve e | Classical control. With WVC alorie
° * ® (::{Srvlllnear“aubsclssa (Smu) 0 ° & E 2r
Fig. 7. Comparison of steering angles observed Earo
To show the influence of the stabilization on the estimated e k
sideslip angles, the Figure 7 compares the front estimated Wi g lone——",__.-*
sideslip angles during both of the experiments (using the R N N IR B R
same conventions than on the previous figure). The swing Fig. 9. Comparison of tracking errors at 6m/s
1Comparison of behaviors can be visually checked thanks eovitleo On this figure, the first tracking error reported (in black

available at ftp://ftp.clermont.cemagref.fr/pub/T&efhain/Videolros2010/  plain line) is the result of a classical path tracking cohtro



law (sliding is neglected), and without differential wheelfigure 11.
control velocity. It can be noticed that during the curve,
a large deviation (close to 4m) is recorded. As has been
pointed out, the differential control of wheels allows to
reduce the effect of sliding. Consequently, the deviation
reported in blue dashed line, when only WVC is active
(sliding is neglected in steering control), is slightly veed,

but still important (up to 2.5m) during the curve. The
same remark can be achieved when using only the steering ‘ ‘ ‘ ‘
control (with sliding accounted, but WVC inactive), the - P -

error of which is reported in green dotted line. The error is _ Fig- 11.  Comparison of tracking errors in double S at 4m.s
considerably reduced during the curve, but large deviation AS it can be noticed, a control law based on classical
are recorded at the end of the curve, because of the hug@qel (sliding neglected) appears to be quite inaccurate
variation of sliding during the transition curve/straigime.  during the curve. As the influence of grip conditions are
Finally, when combining both of the algorithms (WVC not accounte_d, important deviations (more__than 2m)_are
active and sliding accounted), it can be noticed that tragki recorded during the curves (between curvilinear ab_sm_ssas
error (reported in magenta dashed dotted line) is signifigan 22-38M and 55-65m). As expected the WVC activation
reduced all path long. The largest error is indeed limited tgracking error is reported in blue dashed line) permits to

1m (punctual overshoot at abscissa 40m), while the behavilint the effects of slip sin(_:g it attempts to make the robo.t
is much more stable (in terms of oscillations). behavior close to a non sliding one. As a result the error is

slightly reduced during both of the S curves with a maximal

Benefits of the complete algorithm can be tested fu/déviation limited to 1.2m. Finally, the benefit of merging
ther on more complex trajectories, even non admissible ¥YVC and adaptive and predictive algorithm (integrating an
high speed. For instance, a "double S’ trajectory has bedpdirect estimation of slldln_g), ther_1 clearly appears. 'éh@r.
recorded manually at a quite limited speed of 1m,sstill r_elated to the result obtame_d with the complete algqnthm
on a wet grass ground. This reference path, depicted ffii magenta dashed-dotted line) stays very close during all
black line on the Figure 10, is quite difficult to follow the path tracking. Despite the harsh transition (linked to
properly at high speed because of low level delays and high€ reference path geometry), the bad grip conditions (wet
speed transition of sideslip angles. It finally becomes no@@ss soil and low tire width) and the relatively high speed,

admissible (it is physically not achievable) at the maximaie tracking error does not exceed 0.45m. It finally show
speed of 8msl. the complementarity of advanced path tracking algorithm

and WVC for an accurate and stable path tracking in the
considered conditions.

Classical control With WVC alone 1

Complete algorithm
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A robust complete controller of generic 4-wheel-steering
mobile robots has been presented. This controller is daitab
for high speed path tracking on uneven winding terrains It i
able to handle sliding soils to preserve accuracy and gtabil
‘ of path tracking control. Results obtained with the imple-
X coordinates (m) mentation of complementary algorithms have shown their

Fig. 10.  Comparison of path in double S at different speed  efficiency in such conditions. Further, the extension o thi

Nevertheless, the proposed algorithm permits to ensufg, .y 14 ‘5 stabilization algorithm acting simultaneously on
the stability of the path tracking, even during the harshy,g o wheels of the robot is currently being investigated
condmon§ V\_"th a I|m|teq de\(latlon, a_s it ca_n be nOt'C?das well as the integration of stability with respect to redo
by considering the trajectories obtained with the entirgg,
algorithm at 4, 6 and 8 m.s. If the first curve is
similarly followed at each of the considered speed, the fast REFERENCES
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