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Abstract—Interventions in emergency situations require to be
fast, accurate and safe, in order to bring a quick assistanceAs
it may often be risky for people to bring a direct assistancethe
use of automatic devices, such as mobile robots, in a first gte
can offers a safe solution. Nevertheless, it implies the mon
control on low structured environment moreover at important
speed. This may generate important perturbations with respct
to classical motion control law, which cannot be consideredn
such applications. In this paper, a new control approach, tking
into account natural ground characteristics is proposed, i order
to preserve the accuracy and stability of the robot. An adapive
and predictive control algorithm is firstly designed, basedon both
an extended kinematic and a dynamic representation. It perrits
to address path tracking in harsh conditions and preserve a
high level of accuracy without considering the robot stabity
in a first step. In addition, an active velocity and trajectory
management algorithm is developped from control point of view
to avoid the rollover risk and obstacle collision thanks to he
notion of traversability. Since the adaptive control law e§imates
the dynamic parameters of the robot (grip conditions, cente of
gravity position), a 3D model is available and a stability mé&ic is
evaluated in real time. Beyond this evaluation, a predictie control
principle is deduced to compute the maximal admissible comol
variables to preserve the robot stability (i.e. robot maxinal
velmocity). Such maximal robot action is then merge to a 3D
digital map obtained via Lidar sensor, in order to evaluate
stability along its expected trajectories, and select the dst way
with the highest reachable speed. Capabilities of such appach
is investigated through full scale experiments.

Index Terms—Path tracking control, off-road mobile robots,
stability control, rollover prevention, adaptive and predictive
control

|. INTRODUCTION

solutions have then proposed in the robotics community:
steering and braking control ([28] and [1]) or Electronic
Stability Program (ESP) systems [3] are two examples of
stability devices. However, since car-like vehicles aggomsed

to move on high-grip ground, such devices and control laws
generally assume rolling without a sliding component, dyon
pseudo-sliding with constant tire cornering stiffnessés.a
result, their direct application in off-road conditionatts to
unsatisfactory results.

Indeed, in an off-road mobile robot context, the complexity
and the variability of the phenomena encountered have to be
tackled to ensure both accuracy and safety. From a simple
control point of view, some studies have addressed thistpoin
mainly by considering sliding as a perturbation of a nominal
model (kinematic or assuming constant grip conditionshSu
a perturbation is then rejected using robust control apgves,
such as those proposed in [6] or [14], while [15] acts differe
tially on each wheel speed to reduce the influence of sliding
on the global robot dynamics. Nevertheless, such apprsache
appear to be conservative, and since grip conditions are not
explicitly known, they cannot be re-used for stability posps,
which also depend on such conditions (as can be noticed when
considering stability metrics).

This paper proposes a path-tracking algorithm dedicated to
mobile robots moving at high speed in off-road conditions,
whilst ensuring their stability. As pointed out in [23], lmler
may occur quite easily in the rough terrains under considera
tion. Typically, path tracking control laws do not accouat f
such a risk, and the motion imposed to follow the desired
trajectory may lead to hazardous situations (when follgnan

Off-road mobile robots appear as an interesting solutigurve at high speed, for instance). In the proposed soluiien
to answer future needs in various fields of application [29perturbations linked to the variable grip conditions mend

such as farming [9], surveillance [27], or military acties.

above are tackled thanks to a multi-model observer, based on

However, if many potential devices can benefit from innov413], mixing kinematic and dynamic modeling. It enables a
tion in this area (increased work accuracy, decreased tdvelreal-time estimation of the ground contact properties,cihi

risk), such applications require highly accurate contasld,

are consequently taken into account through an adaptive and

able to preserve accuracy and stability even at high spegeedictive control scheme acting at two levels: one control
Numerous approaches have been proposed for both motitg the steering angle (for path tracking) and the second
control and vehicle stability in urban or on-road contextsontrolling the robot’s linear velocity (for robot stalbyl).
Based on kinematic [17] or dynamic [7] models, severdlhis control strategy is as follows: first a nonlinear cohtro
control techniques have indeed been developed to achié#, accounting for sliding thanks to a model-based adaptiv
accurate path tracking (see for instance [2], [16] or [30]ppproach, is designed. Predictive curvature servoing deed
Beyond motion servoing, the proposed work can be usedifporder to anticipate actuator settling time and robottiaer
improve vehicle stability, even when manually driven. Sale Such a control system is designed to obtain lateral behavior
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independent from robot velocity. Provided that the desired
path is dynamicly achievable, the robot's speed can then be
modified without impacting tracking performances. Usually

fixed to a constant set point, this variable is here modulated



in order to ensure robot stability thanks to the predictién doth motion and stability control. It is based on a multi-
rollover risk. model approach, taking advantage of both kinematic and
Such a prediction is made possible thanks to the real-tidgnamic levels, without requiring the knowledge of numesrou
evaluation of a stability metric. In this paper the Laterabd parameters. As depicted in Fig. 1, three modeling levels are
Transfer (LLT - [10]), already elaborated in previous workhen considered for different purposes:
[5], is considered. Its advantages, with respect to otladildy . First, an "extended kinematic model" is derived. It con-
metrics such as the Static Stability Factor (SSF) [19], tned- sists of adding sideslip angles to a pure kinematic ap-
angle measurement criterion [21] - [8] or the Zero Moment  proach to preserve its relevancy with respect to sliding
Point (ZMP - usually proposed to investigate humanoid and effects. The preservation of a kinematic structure enables
mobile robot stability, [26]) are that on the one hand it does a suitable control law to be derived easily, ensuring
not demand a huge and expensive perception system, and accurate motion control as soon as the sideslip angles
on the other hand it is not dependent on thresholds which are correctly estimated.
are particularly difficult to tune in an outdoor environment . The second representation is a partial dynamic yaw

Moreover, the computation of such a metric relies partityla model, allowing dynamic effects to be accounted for to
on grip conditions (adapted with the observer designeddtiip  preserve the reactivity of the global algorithm. This model
tracking purposes) and on robot velocity, which is consider  is considered for the estimation of cornering stiffnesses.

as a free parameter in steering control. As a result, this las  Their estimation permits to reconstruct in real time the
variable can be modulated to regulate the selected metric. sideslip angles used in the "extended kinematic model"
A control law relying on the Predictive Functional Control so as to compute the motion control law.

principle (PFC - [25]) is then designed to calculate, in real . Finally, a partial dynamic roll model is computed in order
time, the velocity leading to a critical value of the stalili to describe rollover behavior. It takes into account the
metric in the near future. Such a value can be considered cornering stiffnesses (estimated thanks to the previous
as the maximum admissible velocity for the robot to ensure representation levels) and suspension properties in order
stable behavior. As a result, the lower of the two values for to compute the Lateral Load Transfer variation and to
the desired and the maximum admissible velocity is imposed preserve the robot’s dynamic stability.

on the robot, so that the mobile robot can accurately follow a

desired trajectory as fast as possible from a stability fpoin
view, whatever the grip conditions.
The paper is organized as follows. First, different levdls o
modeling, representative of the robot dynamics and acaugint : : )
"4 -

for low and variable grip conditions, are presented. Thes

models enable a multi-scale observer, detailed in the skcoy , ,
. . . . . Extended - Dynamic model 1 - Dynamic model 2
part, to be designed. It supplies a real-time estimatiorhef t | kinematic model (yaw frame) (roll frame)

variables and parameters representative of off-road digzam
sideslip angles and tire cornering stiffnesses. Once the$g 1. Interaction scheme of considered models
variables are provided by the observer, the models used for

control design are entirely known. The control strategyhent
derlveql_ in two steps: path tracking and veI00|ty_ contr_ol_eThA_ Vehicle kinematic model
capabilities of the proposed control strategy are invagig in

actual experiments on an off-road mobile robot, able tolreac AS is typaically the case in mobile robot control, the motion

a speed of s 1. These show the efficiency of the approaci$ here described thanks to a bicycle representation, vihere
for accurate and safe path tracking in off-road conditions. Wheels are considered (one for the front axle and the otfer fo

the rear axle). Contrary to [17], in which the directions loé t
speed vectors are directly superposed with the tire otienta
two sideslip angles are considered here. These variafles,
Usually, vehicle dynamics are derived from a represemtati@nd ar (respectively for the front and rear axle), allow for
based on the assumption of rolling without sliding at theliding effects to be accounted for in the robot’s motion.
tire/ground contact point (see for instance [17]). If such Moreover, as path tracking control in off-road conditioss i
hypothesis is relevant in the urban vehicle context, iteatir addressed here, vehicle modeling is derived with respect to
transposition to all-terrain vehicle leads to inaccuratsuits. the path to be followed (denotéq. The notations used in the
In order to be representative of vehicle motion in an offerodollowing (see also Fig. 2) are:
context, low grip conditions have to be properly modeled. « Ry(Xo,Y0,2) is the frame attached to the ground,
Although complete models can be derived from mechanicale A andB are respectively the centers of the front and rear
equations (such as Newton-Euler principles), they appear axles, where the virtual wheels of the bicycle model are
to be insufficiently flexible for control purposes. Numerous located.B is the point to be controlled.
parameters are indeed required, but they appear to be hard v is the vehicle linear velocity at poir8, assumed to be
to measure and potentially variable in a natural envirortmen  strictly positive, and/e denotes the linear velocity at the
In this paper, an alternative representation is proposed fo centerA of the front wheel.

II. MOBILE ROBOT MODELING



« O is the front steering angle. It constitutes the secorgl Vehicle dynamic model
control variable.

o af anda, are the front and rear tire sideslip angles.

« M is the point on the reference palth which is closest
to B. M is assumed to be unique.

« sis the curvilinear abscissa of poim alongl.

« I(s) denotes the curvature center of pdthat pointM,
so thatc(s) is the curvature of at that point.

Since model (1) is based on a kinematic representation, it
does not account for dynamic effects (such as inertia). As a
result, the possible estimation of sideslip angles relginghis
model (as in [11]) is not reactive enough at high speed. To go
further and improve observer reactivity, a dynamic framewo
is required. Moreover, the description of rollover motieties
) - - | ; mainly on dynamic effects and two representations are then
« y is the vehicle lateral deviation at poiBtwith respect iyiroduced: one is a yaw representation (Fig. 3(a)) and the

to .I'. ) , , ) , other is a roll representation (Fig. 3(b)). The yaw modelsaim
«  is the orientation of the vehicle centerline with respec; describing the overall vehicle motion on the ground and

to an absolute fram& (%o, Yo, 2)- _ consists of a bicycle model of the mobile robot. It is used to
* Ur(s) is the orientation of the tangent f0 at pointM  ggtimate some vehicle motion variables (such as the lateral

with respect toRo(x0,Y0,20). o _acceleration of the vehicle center of gravity) and sideslip
o =1y —yr(s) is the vehicle angular deviation with

respect ta .
« L is the vehicle wheelbase.

angles. As already depicted in Fig. 1, these variables are
then injected into the second part of the dynamic model,
characterized by a roll 2D projection (shown on Fig. 3(b)),
used to compute roll angle, roll rate and finally theT. The
notations used in this paper, and used in Fig. 3(a) and R, 3(
are listed below:

e Ri(x1,Y1,21) is the yaw frame attached to the vehicle,

e Ry(Xo,Y¥2,20) is the roll frame attached to the suspended
mass,

e ¢y is the roll angle of the suspended mass,

e [ is the global sideslip angle, i.e. the sideslip angle at
the vehicle center of gravity,

e U is the linear velocity at the roll center,

e aandb are the front and rear vehicle half-wheelbases so
thatL =a+bh,

e d is the vehicle track,

¢ histhe distance between the roll cen@rand the vehicle
center of gravityG,

o Iy, ly, I are the roll, pitch and yaw moments of inertia,

e P=mgis the gravity force on the suspended mags

) o with g denoting gravity acceleration,
It can be established (see [17] for model derivation in the-no F; andF, are the front and rear lateral forces

sliding case and [11] for the integration of sideslip anples Fr andFrp are the normal component of the tire/ground
that: contact forces on the vehicle left and right sides, repec-
S = v —Cﬁlg(z)o;) tively,
. . e F, is a restoring force parametrized kyandby, the roll
y = vsin({+ar) @) stiffness and damping coefficients:
¢ = vcogar)A;—A7] - 1
Fa= = (kdy+brdv) V2 (2)

with: Aq — tan(o+oa¢)—tan(ar) Ao — c(s)cog J+ay) . . h L.
ME T 27 T gy Roll stiffnessk; and distancd are assumed to be initially cal-
It can be observed that this model becomes singular whgpated (see [4]). Roll dampinig is experimentally evaluated

y= Kls) i.e. whenB is superposed with(s). This problem (yig a driving procedure) and the other parameters (wheelba

is not encountered in practice, since on the one hand actijglight, etc) are directly measured.

path curvatures are quite small, and on the other hand they) Motion equations:in order to derive motion equations
vehicle remains close t& when properly initialized. The from the yaw projection shown in Fig. 3(a), analytical expre
lateral deviation is thus always smaller than the radius gfons of lateral forceB andF, must be supplied. An accurate
curvature ofl". tire model, such as the celebrated Magic formula [20], could
As described in [13], as soon as and ar are correctly pe considered, but it would require the knowledge of numerou
known, such a model allows robot motion to be accuratepsrameters, hardly accessible in real-time. Thereforanple

decribed, when still preserving a kinematic structure sTiBi |inear tire model has here been chosen. It can be expressed
interesting from a control point of view, since this kind ofg:

model can be turned into an exact linear form, making it easie { Fs Ce()as

Fig. 2. Path tracking parameters

to computate a control law (as detailed in Section IV-A) F = GQar ®)



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 planeg(y,) and &, z2). The inertial
matrix is then diagonal:

Ik 0 O
lgjr, = | 0 Iy O (6)
0O 0 I,

e Sideslip anglesns, a; and  are assumed to be small
(corroborated by experiments),

e The vehicle velocityu at the roll center is assumed to be
equal to that at the rear axle (i.e~ V), see (4).

Using these assumptions, theT indicator can be evaluated
(@) Yaw projection. (b) Roll projection. from the Fundamental Principle of the Dynamic (FPD) applied
in the [y», 2] plane to the overall system, subjected to four
external forcesR, F,, Fn1 andFy,). More precisely, variations
of ¢y, Fn1 andF,, can be derived as:

Fig. 3. Vehicle modeling.

This model requires only the knowledge of the cornering 1 - . .
stiffnessesCs(.) andC;(.). In order to reflect both the non- ¢v = W[hfﬁv sin(¢v) +hg=sin(¢y) +ucogB) +
linear behavior of the tire and grip condition variatio@$/.) Y _ K @y + by

and C,(.) are considered as slowly varying (compared to usin(B) +uBcogB) — <Vm7hrv) codd,)] (7)

sideslip angles) and estimated in real time thanks to theanix
observer detailed in Section Ill. Only one parameter by Whee

axle is then needed, contrary to classic tire models. As soon Fni+F = m[—hdysin(¢,) —hd?cosdy) +g
as cornering stiffnesses are known, the dynamic equatibns o kedy+broy . 8
the yaw model (see [31]) can be expressed as: - mh sin(¢v) (8)
¢ = &(-aCiarcogd)+bCar) )
B = —g(CrarcogB—8)+CrarcoB)) — ¢ Fu—Fe = 5 [k + (12— ly) [ cos(¢y) sin(¢y)]
by .
o = arctan(tan(B) - gz ) ~ hsin(y) (Fut + Fro)] (©)
ai = arctan(tan(ﬁ)+ %‘gm) -0 In order to infer the roll angle and the LLT from (7)-(9), the
y — veosar) global sideslip angle and the yaw rate are both required:eSin
— cogp) ) the former cannot be measured, an observer was designed and
2) Rollover equations:Iin order to describe the roIIoverIS presented below.
risk, several metrics can be computed, depending on the
application, the available measurements, or the phenomteno  !!l. ESTIMATION OF GRIP CONDITIONS AND INDIRECT
be described [22]. As detailed in [5], in the framework oftpat MEASUREMENT OF VARIABLES

tracking control, robot stability can be dynamically désed  As was pointed out in Section Il, models may describe
by the Lateral Load Transfer metric. The general expressigdcurately both the robot motion and the stability metric as
of this metric (expressed for instance in [18] or in [1]) is@ soon as certain variables representative of sliding effean

by: be known: front, rear and global sideslip angles. Unfortelya
LLT = M (5) such variables are not easily accessible to direct measurtem
Fn1+Fn2 It has been shown, for instance in [12], that they can be
where F,; and Fy, represent the normal component of thestimated using only the extended model (1). Nevertheless,
tire/ground contact forces as shown in Fig. 3(b). a mere kinematic approach for observation purposes does

The LLT then describes the distribution of contact forcesot encompass the entire robot dynamic and leads to a low-
along the lateral side of the robot. It can be deduced from (Bactivity estimation, suitable at low speeds (up to/$,
that a unitary value ofLLT| corresponds to the lift-off of the but inefficient at higher velocities because of the delaysthu
wheels on the same side of the robot. As a result, rollovkr ri;itroduced in the control laws.
is quite high. In the following, the robot behavior is coresield This paper is focused on off-road mobile robots moving at
as safe when the absolute value of LLT is below a thresholelatively high speed, and a more reactive approach is thus
ILLT| < LLTjimit- In order to enable the estimation and theequired, accounting for dynamic effects. A mixed observer
control of such a metric, an expression of the normal forcesing kinematic and dynamic modeling, was developed in [13]
must first be derived from the roll model (see Fig. 3(b)). Withhnd applied to the context of this paper. Its general priacip
this aim several initial assumptions have been preliminary is described in Fig. 4.



Control Ioop v andd can be measured, a preliminary estimate of the front
. and rear sideslip angles, denoted and a; in the following,
G W o e ] was obtained in step 1, and a preliminary estimate of theaglob

1 sideslip angle, denotefl, can then be inferred from the third
et and fourth equations in model (4):
Measured positions, steering angle_and yaw rate EHARE AT :i"d;l;,; _ _
_"' - ;r_eﬁn;ir;a_r;e_xt_. = ‘:_ _glohal sideslip angle _ _ angles observer B_ _ b as-+aar +bd (10)
:_ ez i Zsideslip angles Sunina -
- cornering . . . ) . .
’V—_S;]_\ff—'_ s Since 2 variables have to be estimated, again a 2-dimersiona
Backstepping observer observation model is considered, consisting of the first and

second equations of model (4) associated with robot yaw mo-

tion. For this second observation model, the state and @ontr
Fig. 4. Scheme of the mixed kinematic and dynamic observer vectors are respectivelit; = [@1 ﬁl]T and U; = [Cy Cr]T.

v and & are still treated as measured variables, so that the

. . . observation model equations (deduced from (4)) are:
The observation loop consists of three successive stegs, ea g ( ()

one relying on the variable supplied by the previous step. X; = AiXi+BiU; (11)
Such an observation scheme enables the advantages of each

modeling type to be exploited: the accuracy and reactivii’i’/ ere: B

of dynamic models and the simplicity (in terms of required 0 o _m %
parameters) of the kinematic representation. The calonlat AL = { 1 0 ] ; Bi= [ @ cog) = ] (12)
step are detailed in [13] and are summarized below. -

um T um
Matrix B, is properly defined provided that robot velocity is
A. Step 1: Preliminary sideslip angle estimation non-null, which is always assumed in path tracking applica-

, . . . . tions.
The _f|rst ste_p n the observa'uon algonthm consists 0]‘DThen, following the same approach as in step 1, a control
estimating preliminary values for sideslip angles from th

! . . Bw is designed folU; so that the observation model state
extﬁnded kmt_ematlc model (1), in order to feed the dynam\'/%ctorxl exponentially converges on a vec_barrgpresentative
motion equations. of the robot's actual behavior, name¥y= [ B]" where

For path tracking to be performed, mobile robots havlg the measured yaw rate supplied by robot sensorsfnd

to be equipped with a localization device. Measurements igf the global sideslip angle estimated in step 1 (see (10)).

variabless, y and §f are therefore available and only the‘This control law ensures that observation model (11) is rep-

two sideslip anglesr; anday are unknown in the exter.]dedresentative of the robot’s actual behavior, so thatcan be

(?egarded as an estimation of the actual cornering stifesess

a 2-dimensional ob_servatlon_model Is introduced, CO"_@S“ The control law is properly defined provided that the robot is
the second and third equations of model (1) associated wi ning (since obviously cornering stiffnesses, représtare

.rOthOt Iaiegt(lomcflon. L; he stt:;\]te vec_toglof thlsgtgservattmuitm d of robot yaw motion, cannot be evaluated when the robot is
is denotedXops= (, f)obs the variabless and 5 are treate moving in a straight line). Thus, when the robot is not tugpin

as measured variables abllps= (a1, ar) is regarded as the this second observer has to be frozen, and cornering sffése

controll_vector of ';hel (I)bservatll())n r(‘jnoo_lel. I'Ejhas beerlr?htolﬁ‘n ﬂ}zlre then kept equal to their previous values (this is notiaser
a non-linear control law can be designed s so that the concern, since sliding is very limited in these situations)

observation model state vect¥g,s exponentially converges B has been used as a set point for this observer, although

on the actual valueXmes= (y, )mes supplied by the robot it may present delayed values (as explained in step 1)., First
sensors. Such a control law therefore ensures that the—obﬁ% impact of these delays may be reduced by imposing a
vation model is representative of the robot's agtual_ beravi sharper convergence aﬁl(a reliable measurement) rather than
and con;equ_enthobS can be regarded as an estimation of thgn B when tuning observer gain. Secondly, the quite relevant
actual sideslip angles. ornering stiffness estimate obtained in this step mayyiin,t

Nevertheless, th'.s f"St. sideslip aqgle estimation cankeot Ee used in the last step to refine sideslip angle estimation.
as accurate as desired since dynamic effects are neglécted.

instance, mobile robot inertia, which is not accounted for i

the extended kinematic model (1), introduces some delapwHe: Step 3: Sideslip angle estimation

the robot is turning. Such an effect is falsely interpreted a Since cornering stiffness estimates were provided in step 2

sliding by this observer, generating transient irrelewaities the first two equations in model (4) can now be regarded more

for sideslip angles. This preliminary estimation is howevelassically as a state space model whose state and control

satisfactory at low speed or during steady state motion.  vectors areX; = [¢ B]T and &. Moreover, since sideslip
angles, as well as the steering angle, never exceed quite sma

B. Step 2: Cornering stiffness observation values, trigonometric functions can be linearized, so tbhbt

del (4 b ted as:
When considering the dynamic model (4), the unknO\AX'laW model ( )can- © presented as
variables are solely the cornering stiffnes&gsandC;: ¢, Xo = AXo+Byd (23)



where: real-time if robot stability is jeopardized: robot velgcis then

_a2C—b2G, —aC+bG aG controlled in order to keep the LLT under a given threshold;
_ ut Iz —_| Iz this constitutes the second part of the approach (loweripart
A2 - aCi—bG 1 Ci+Cr ) BZ - [ & ‘| (14) F| 5) p pp ( p
- UZm - - um um g '

A standard observer can then be designed to estimat:'*"‘
global sideslip angle. Once more, the measurementvecmdr
to drive this estimation iX = [¢ B]T. The global SldeS|I[g>| RS £ —
anglef obtained in step 1 (see (10)) is still used as a VII’ foloy
measurement, since its value during steady state motii ,’DESiFEd s >
always relevant. However, in order to track sideslip arOI ey ]
variations accurately at transient phases, a sharper C—Col
gence on the reliable measurem@nts again imposed whe~| }._‘
tuning observer gain. Since dynamic effects are descrlb@'
model (4), this second sideslip angle observer can dlu,, -
higher reactivity than the preliminary observer defined IEg 5 Global control scheme of autonomous robot
step 1, built from the extended kinematic model (1).

More precisely, letX, = [([12 [52] and X, = X, — X denote
respectively the observer state and the observer erron fiee
standard observer equation associated with model (13) is: A. Path tracking control

AoRo + By S+ Gy Ko (15) Since af:curatg sideslip angl_e estimates are provided By (17
all the variables in extended kinematic model (1) are tlogeef

and combining (13) and (15) leads to the following errogvailable. This can then be used to design a control law for th
dynamics: front steering angl® so that the mobile robot converges on
the desired patli. More precisely, the objective is to ensure
Ehe convergence of the lateral errgron zero. As detailed

n [13], this objective can be accurately achieved with ocoint
I aw (18), designed according to the following steps:

Since the structure of model (1) is still identical to the
structure of mobile robot models derived under a non-

Measured position

Mobile robot

Sensors

Mixed
observer

Maximal
velocity l

Vehlcle
roll model

Predictive
control

|

%

X, =

(Az+Gp) %o

Observer errotX, clearly converges on zero, provided th
observer gainG, is chosen such thaf, + G, is negative
definite. Of course, the settling time of the cornering s&fs
observer defined at step 2 has to be set shorter than thagettli ®
time of this observer, so that relevant values @&rand Cs

(16)

may be available in thé, and B, matrices. In addition(;
has also to be tuned such that convergencejonas higher
priority than convergence off, as discussed above.

This 3-step algorithm constitutes the mixed kinematic and
dynamic sideslip angle observer. In the foIIownﬁig, is the
reactive global sideslip angle estimation to be used with@
control law for robot stability, designed from roll model) (7
(see Section IV-B). The front and rear sideslip angles to
be used within the path tracking control law, designed from
extended kinematic model (1) (see Section IV-A), can finally ®
be obtained from the third and fourth equations in (4):

arctar(tan(ﬁz — S{ M)
arctar‘(tan(Bz

a7 s

-0

ucos(ﬁ )

sliding assumption, it can be converted into chained form
(see [17]) via non-linear state and control transformagtion
Next, the equations describing robot lateral behavior can
be converted exactly into a linear model when replacing
the time derivation by a derivation with respect to curvi-
linear abscissa.

Consequently, a classical linear control approach (namely
PD control) can be proposed to drive the linear system
thus obtained.

Finally, inverse state and control transformations previd
the non-linear steering control expression (18).

with:

IV. MOBILE ROBOT CONTROL

In the proposed approach, robot control is split into two
control laws, as depicted in Fig. 5. The first (upper part in
the figure) is dedicated to path tracking and acts only on the

= arctan(tar(ar) + coel(_a,) (c(s) chSlle 4 Fccés: lﬁz)) — @y
(18)
J’Z = ‘l"f‘ ar
E = 1-c(9y (19)
F = —Kpy—KqEtanf, +c(s)Etart{y,

front steering angle. The longitudinal velocity is viewed Injecting steering law (18) into model (1) ensures that:

as a measured parameter, and the steering control expressio
is tuned with respect to the curvilinear abscissa of the trobo
along the reference path, so that the robot’s lateral beh&vi

d2
d2

dy

+|<d—+|<py 0 (20)

actually independent from its longitudinal velocity (asidp In view of equation (20), the exponential convergence of the
as it is non-null). Such a property enables robot velocityobile robot on the desired path is clearly attained, and
to be acted upon without impacting tracking performancetsining control gaingKp, Kq) enables a settling distance to be
Usually set to a constant value, this variable is modified specified (since derivations within (20) are derivationshwi



respect to the curvilinear distansg so that the robot’s lateral B. Lateral Load Transfer limitation

behavior is actually independent from its velocity. Path tracking was addressed in Section IV-A solely as a
From a theoretical point of view, control law (18) carsteering control design problem. However, velocity cointro
ensure highly accurate path tracking, whatever the shapea@f has to be considered: a reference path can be tracked
the desired path (since curvatures) is explicitly taken into 4 |imited speed by an actual robot, but not at higher speeds,
account within (18)), and whatever the grip conditionsein gjnce the robot wheels may then take off in the curved parts
sideslip angles, reflecting current grip conditions, hagerb ¢ ihe path and the robot may roll over, i.e. the path may
incorporated within (18)). However, in practice, the imper,g |onger be achievable safely at high speed. The maximum
fections introduced by the steering actuator lead to testsi velocity ensuring that the path may be safely followed canno

overshoots at curvature transitions: for instance, when the computech priori from geometrical considerations, since
robot enters into a curve, because of actuator delay arlthgettj; clearly depends on grip conditions that are unknown and

time, the steering value proposed by (18) is not instantaslgo oreover varying. Consequently, in addition to the stegrin
applied and the robot transiently moves away from the désirgono| law designed in the previous section, velocity colnt
path. In order to preserve high accuracy path tracking @Ltjaranteeing robot stability is now investigated.

curvature transitions, actuator characteristics arerparated 1) Strategy of LLT limitation:in order to avoid the risk of
into (18), relying on a predictive control approach. Fiistan rollover, the limitation of theLLT (i.e. |LLT| < LLTjm) is

be shown (see [12]), that control law (18) can be divided infQ,nsidered through the control of vehicle speed. The idea is

two additive terms: to compute at current instahthe velocity leading td_LTjimj

at an instant + H. This value can then be considered as the
maximum admissible velocity at current instatdenoted/max

in the following) to avoid lateral rollover situations ovtre
time horizon|t,t + H]. Relying on this variable, the speed

® Orraj: NON-null term when deviations and sliding are €quhitation process consists then in the following stepsvah
to zero. This term mainly depends on reference path Fig. 5:

curvature.

e OJpeviation: Null term when deviations and sliding are equal
to zero. This term mainly depends on sliding parameters
and deviationsy, {J) and ensures their convergence to 0.

0= 5Traj + Opeviation (21)

These terms perform two different tasks:

e The "Min" block supplies the velocity control inpu pyt
to be applied to the vehicle. This variable is deduced
from the comparison between the desired veloujtya

o - i o constant velocity is specified at the beginning of the test)
As sliding conditions are unpredictable, the prediction al 514 the maximum VeloCitymax Vinput = MiN(Vg, Vinax)

gorithm can only be applied tdrraj. At current timet, the ¢ The measurements shown in Fig. 5 are then used to
path curvature at time+H is inferred from the knowledge of estimate in real-time the sliding parameters and cornering
the reference path and is used to compute the objective  gtiffnesses using the mixed observer described in Sec-
5% to be attained by the actual steering angle at time tion I

t+H. Then, relying on Predictive Functional Control (PFC, § Next, these stiffnesses, the measured robot velocity and
see [24]), a control sequence f6fra; is computed with the the measured steering angle are integrated into the vehicle

aim of minimizing, in time window[t, t + H], the quadratic roll model in order to compute the roll ange and the
difference between a desired variation for the actual stger LLT (see Section IV-B2)

angle attainingd®®} att +H and the steering angle variat.ion e Finally, the roll anglegy, the sliding parameters and the
computed overt, t+H] from the actuator model. The first  gieering angle are processed in the "Predictive Control”
term of this optimum control sequence, call8fs?, is then block in order to supply the maximum admissible velocity
substituteq for the previous trajectory tgr&ﬁraj, leading to Vinax €nsuring the conditiodLLT| < LLTjim¢. The com-
the following overall control law expression: putation ofvmax is detailed in Section IV-B3. It is based
on the Predictive Functional Control (PFC) formalism,
detailed in [24] and applied in [32] for manipulation
robotics.

0 = Prraejd + Opeviation (22)

This approach enables curvature variations to be antexjpat
for instance, if the robot is supposed to enter a bend, a seg) Roll angle evolution equation As can be seen in equa-
point corresponding to the future curvature is sent (via th@ns (8) and (9), th&LT does not rely explicitly on vehicle
term 5F1ed) to the steering actuator some instants before thglocity, buton the roll angle; vehicle velocity is then tgeed
robot actually enters into the bend. The actual steeringeanéP control¢, and indirectly the LLT. As detailed in [25], the
can then reach its expected value at the right moment, coRf=C formalism requires the use of linear equations. A first
pensating for the actuator settling time and delay. Of agurs$tep then consists in linearizing the non-linear equation (
the perturbations and other phenomena are still accouryteddgscribing the variations ofy. In the following, ¢y and
the reactive termPpeviation, allowing sliding and unexpected@v. denote the roll angle supplied respectively by the non-
errors to be compensated for. The overall control law (22) cinear model (7) and by the linear model to be derived.
then achieve high accuracy path tracking whatever the ghp order to achieve linearization, the following assumpsio
conditions and whatever the reference path shape, as sh@k considered:
in the results section. e Sideslip angles are quite small and consequently, based



on third and fourth equations in (4), the vehicle yaw rate
can be approximated by:

L]J:u(é-f—alj—ar)

e Since B and u are slow-varying with respect tap,
termsuf cogfB) andusin(B) in equation (7) are largely
negligible with respect taucogf) (corroborated by
advanced simulations and experiments).

Linearization of (7) aroundéy, ¢,) = (0,0) then leads to:

o+ai—a >_ <kr¢vLI:]-hbr¢vL>J24)

(23)

o= [WPoosp) (EL

Sinceu~ v (see the fifth equation in (4)), the linear state-space
model to be used in PFC algorithm is then:

X = AX+Bw
Y:

CX
with the state-space vectdt = (dy, du)',
ablew = V2 and matrices:

T et

mrP mpk
c=[1 0]

Relying on the Kalman criterion, the controllability of mald

(25) can be established provided thjat4 0. In other words,

the linear roll anglep,, cannot be controlled when the vehicle

is moving in straight line, which is quite natural. Then,sdo

to neutral steering|d| below some steering limit), the PFC

control algorithm is not activated amvghput = vy (this is not at

all a limitation, since rollover never occurs in such siio@as).

3) Predictive maximum velocity computationThe PFC
algorithm can now be applied to linear system (25) in order
to derive the maximum velocitymax. The general principle
of the predictive approach is summarized in Fig. 6. Roughly,
it consists in finding the control sequence which leads to the
"best" future set point after a specified prediction horittn

(25)

the control vari-

e Then, at current time samplg],

Qo'zltarget
/

%Ref_,.

—

Past Present  n+1 n+h

Control variables (w)

Future

Fig. 6. Prediction principle.

More precisely, the algorithm consists of the followingpste

e The first step consists in computing the roll angle value,
denotedptarget in the following, leading to d LT steady
state value equal to a chosen critical threshadldim.
Relying on the following assumptiongi, = ¢, = 0 and

is at least equal to 3000%ip)); it can be derived from

equations (8) and (9) that:

LT = E2  Znsing)| 20
As a result:
¢vtarget =+ arcsin( >h LLTI|m|t> (27)

e Next, a desired variatiogpyret, joining the current state

PunL 1O Putarget Within the prediction horizon, is defined.
Typically a first order discrete system is considered:

¢vRefn+i] = ¢vtarget_ VI (¢warget_ ¢VNL[n])

The subscriptgn] and [n+i] (with 0 <i < h) denote
respectively the current time instarand successive time
instants up tot+H (since [n+h| corresponds to time
instantt + H) and y is a parameter tuning the settling
time for the desired variatiofi,ret to reach the set point
Putarget (With y €]0, 1).

(28)

an optimal control
sequencewWy Win iy ) bringing ¢y to Ptarget is com-
puted through the minimization of a quadratic criterion
hereafter notedq:

D n = i—il (ﬁ[nﬂ] - ¢VReTH+i])2

where ¢yi ;) denotes the predicted roll angle obtained
from linear model (25) and a control sequence chosen as
a linear combination of some base functions:

(29)

Wini] Z“mW%w 0<i<h (30)
where Mk, are the coefficients to be supplied by the
m|n|m|zat|on ofD[n], ng is the number of base functions

and wgk are the base functions, generally chosen as
polynomials:

ik—1

Wak, =1 vk (32)

Finally, since the linearization of equation (7) introdsice
some approximations that necessarily impair the accuracy
of the predicted values of the roll angle and thus of the
LLT, the criterion eventually minimized is the extended
criterion Dy, incorporating the current and expected
discrepancies between the roll angle values supplied by
the nonlinear model (7) and the linear model (25):

h

2
Doy = i; (¢7L[n+q +€nyij— ¢vRef[n+i]) (32)

where the future model err@, ;) is defined as:
/e\[n+| - e ¢VN Hn] ¢VL[n]a 1 S I S ﬁ (33)

If the optimal control sequence obtained from the minimiza-

&1 = (12— 1y)[P?coq ¢y) sin(¢y)] is largely negligible with tion of Doy was applied over the prediction horizon, then
respect toé, = hsin(¢y)(Fn + Fn2) (in view of mobile ¢y andLLT would reach respectivelgytarget and LLTjimit at
robot properties and actual conditions; the magnitude time samplen+ h|. Therefore, the first element of the control

&1 stays below 100siipy), while the magnitude o€,

sequence, i.ew),

has to be considered as the maximum



control input value, and the maximum vehicle velocity at e
current time samplén| is defined as:

Vmax = W[n] (34)

The PFC algorithm comprises two parameters to be tuned: th&
gain y (specifying the shape of the desired variation) and the
prediction horizorH.

V. RESULTS
A. Experimental setup

The electric off-road vehicle depicted in Fig. 7 is used as
an experimental platform. Designed for all-terrain mdipilit
can climb slopes of up to 45its maximum speed is h.s 1,
and it has the following properties:

The short path between the two circles is penalizing from
the curvature variation point of view, thus testing the
capabilities of the predictive part of the path tracking
control law.

The modification in grip conditions over the course of
the path (from asphalt to grass) allows the efficiency of
the sideslip angle observer and of the adaptive part of the
path tracking control law to be invesstigated.

The radius of the two circles isng close toRm, (see
Table 1). Consequently, within the admissible velocity
range (i.e.v <7 ms 1), hazardous situations from the
stability point of view may be encountered (theT can
reach a significant value when performing the desired
circles, depending on the grip conditions). Nevertheless,
the maximum steering angli®,ax may also be attained at

high speed, so this path may then no longer be achievable.

Totalmass ................... m=2350 kg
Yaw inertia .................. I, =270 kg.n? G w
Wheelbase ................... L=12m
Rear half-wheelbase .......... b=0.58 m -
Maximum steering angle ...... Onax= +20° 2
L ) L
— minimum radius of curvature = Er =3.3m Lo

TABLE |
EXPERIMENTAL ROBOT DYNAMIC PARAMETERS

X eoordiriates (m)

The main exteroceptive sensor on-board is a "Magellan
ProFlex 500" RTK-GPS receiver, which supplies absolute
position measurements accurate to withircrd at a 10Hz
sampling frequency. The GPS antenna is located verticaﬁ&g' 8.
above the center of the rear axle, so that the absolute quositi
of the point to be controlled is straightforwardly provided
by the sensor. In addition, a gyrometer supplying a yaw rae Results with a medium desired speeg v 4ms™!
measurement accurate to within 0/% is fixed to the chassis. (14.4kmh™Y)

The performances of the proposed algorithms were first
investigated with a medium target spego=4m.s 1. At such
a velocity, perturbations are not very significant and theseim
reference path can be completed with respect to the steering
actuator limitations.

1) Motion control results: First, the velocity control for
robot stability was turned off. The performance of the path
tracking control law (22) is indicated in Fig. 9 by a solid red
line. It can be noticed that despite the modification in grip
conditions (from asphalt (up to curvilinear abscissa 90m) t
grass (beyond 90m)) and the quick variations in referentie pa
curvature, the maximum recorded error is equal. B0 track-
ing error satisfactorily remains around zero (robot positis
superposed with the reference path) within a limited areen e
during fast curvature variations.

For the sake of comparison, the result obtained with a
classic predictive controller neglecting sliding (whicancbe
obtained by settingéy,d¢) = (0,0) in control law (22)) is

In order to highlight the performances of the proposed coshown by a black dotted line in Fig. 9. Larger deviations
trol strategy, both in terms of tracking accuracy and sitgbil (exceeding i) can be noticed, and moreover the tracking
the reference path depicted in Fig. 8 was recorded manaallygrror is not centered around zero during curves. This glearl
a velocity of 1m.s™1. It is composed of two successive circlesdemonstrates the contribution of the grip condition andslig
one to the right, performed on asphalt, and the other to thagle estimation.
left, performed on wet grass. Such a reference path wasihoseThe only significant errors recorded when using control
since it enables several critical points to be investigated law (22) are overshoots encountered at the beginning/end of

Reference trajectory manually recorded

Fig. 7.

Experimental platform
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LLT limitation) are shown at the top of Fig. 11 (respectively
by a black plain line and a red dotted line).

Classical control/f \

Adaptive and
predictive Control
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Fig. 9. Tracking error atd.s™ 6
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the two circles (i.e at curvilinear abscissasn3&5m, 95m
and 13%n). These can be explained by a slight error in the
identification of the steering actuator settling time (usethe
predictive part of the path tracking control law). Howevbey
are mainly due to the settling time of the sideslip angle ob
server, as can be verified from the real-time corneringnsté
estimation shown in Fig. 10. It can first be seen that duririgy. 11. Speed limitation and corresponding LLT recordethvei target
both circles, cornering stiffness adaptation is satisfactC;  velocity of 4ns*
andC; converge on 14 000.rad—1 when the robot moves on . . . .

It can first be noticed that, during both circles, the LLT

asphalt and beyond 1608Gad ! when it moves on grass. ; e
is satisfactorily limited to the chosen value0.3 when LLT

In contrast, adaptation is quite limited during straighteli > 79>~ ) hi q ded duri
sections, since the observer is not sufficiently excitect (ngltatlon Is active, while—0.5 and+0.4 are recorded during

Section IIl). This is particularly true before the first car(i.e. t_he f_|rst_ and_ the second circle _r(_espectwely i LLT_ limita-
before curvilinear abscissa B during this part, estimated tion is inactive. The robot velocities recor_ded du_nng bqth
cornering stiffnesses stay around initial values, magugdt ©XPeriments are shown at the bottom of Fig. 11: in the first
to 5000N.rad " to initialize the algorithm. This arbitrary value €XPeriment (W'th(l)Ut LLT limitation), robot velocity is kep
corresponds to low grip conditions and is not represergatig©uUndva =4m.s™* as expected (blue dotted line). In contrast,
of the actual ground contact. As soon as the robot enté?sthe third expenm(_ant,_the comput%ax value (red SOI_'d
the curve, the observer is excited and cornering stiffmeség'e) is actually applied in order_ o _I|m|t LLT to the deS|lred
converge to relevant values (from curvilinear abscissas 38"reshold=0.3: the robot velocity is decreased ton3

to 62m). The convergence time then explains the oversho®ffng the ﬁrft circle (on asphalt), and to a slightly higher
recorded in Fig. 9 at the beginning of the first circle. value 3.5ns during the second one (on grass). Since the
circle radii are the same, the difference in the computed

10 maximum velocities, leading to the same LLT value, is only
j ok ] ‘ Sy due to variations in grip conditions. One can also note the
noise difference in the recorded signals between the twadskin
of terrain.
Finally, it can be verified that the velocity control law
imposing a limitation on LLT values, and therefore ensuring

Velocity control input
Measured velocity with LLT limitation

Longitudinal velocity (m/s)
N o

N
T

o

=]
‘

=
s

=
)
T

I
&

Rear Cornering~
Stiffness

I
N

-
T

Front Cornering Stiffness

o
)

Cornering stiffnesses (N/rad)

robot stability, does not impair path tracking accuracycking

08 l — error recorded when LLT limitation is inactive (plain reddi)
04 2 20 ‘ 100 120 and active (black dotted line) are compared in Fig. 12.

Fig. 10.

Estimated cornering stiffnesses

60 80
Curvilinear abscissa (m)

2) Stability control resultsWhenvg = 4m.s 1, the rollover
risk is not high. Consequently, in order to investigate the
capabilities of the LLT limitation algorithm introduced in
Section IV-B, the threshold LTyt was tuned very low :
LLTimt = 0.3. The velocity applied during the third path
tracking experiment was then the minimum chosen betwee

Tracking Error (m)
.

‘ ‘

Error when LLT
limitation is inactive

‘ ‘

Error when LLT
limitation is inactive

Asphalt

|

Grass

20

40

100

120

60 80
Cunvilinear abscissa (m)

Vg = 4m.s ! andvimax, computed according to (34). The results

comparing the LLT recorded during the first path tracking eX4g 12,  comparison of tracking errors when LLT is activastive
periment (with sliding estimation but without LLT limitan)

and during this third experiment (with sliding estimatiamda It can be seen that both errors are quite similar: the trackin



11

accuracy is even slightly higher and the error signal caeii at curvilinear abscissas 18and 128n: at these instants, two
less when LLT limitation is active, since the velocity is lery wheels of one side of the robot lift off, so that the robot is
and consequently the perturbations due to shocks andrejeexiery close to rollover; its stability is critical.

actuator settling time are less significant.

C. Results at maximum admissible velocity

1) Motion control without LLT limitation:The satisfactory
results reported in Section V-B1 were confirmed in severa
other experiments, with different trajectories and onettight
kinds of ground (see for instance [13]): tracking accuraay ¢
actually be preserved, even at higher speed, providedhbat t 20 @
steering actuator limitations are not reached. For theeafs
path shown in Fig. 8, actuator limitations are met when the
robot’s target velocity isg = 6m.s™1: at that speed, the sliding
effects are quite significant and impose large values for th
steering angle, exceedingjhay SO that this trajectory is no
longer performable. This is illustrated in Fig. 13, where th
tracking error is shown at the top of the figure, while target

and measured steering angles are compared at the bottom.
Fig. 14. Speed limitation and corresponding LLT recordethva target
velocity of am.s™?!

LLT with stab. control

Lateral Load Transfer
|

, ,
60 80 100 120
Curvilinear abscissa (m)

-

)
S

T T T T T
. Measured velocity wheen LLT limitation is inactive
\

Velocity control input - Measured velocity

e e

Longitudinal velocity (m/s)
R

o »
T

In order to investigate the performances and the benefits of

£

g the proposed stability control law, the same path trackig e

) periment was finally carried out with LLT limitation turned o

g the threshold LTt set to 0.4, and the prediction horizéh

" [ ot | Circle 2 | setto 0.8(i.e. equal to the steering actuator settling time). The

20 o abscisss‘oa - 120 ITLT _recqrded during this Ias_t test is |nd|cated_by a _red dbt_te

40 Stechng ane : : line in Fig. 14. It can be noticed that the LLT is satisfadtori
sof sent to actuator 1 stabilized around the target valug€.4 during each circular
N - part of the reference trajectory, rather than increasinigigt

10|

and dangerous values when the stability control law is nedus
(stabilized around-0.9 during the first circle and oscillating
between 6 and 1 during the second). Some overshoots can

Measured Steering angle
J0Y) R < W

Steering Angle (degree)
o

-3 Ao ” Grass T nevertheless be recorded when the reference path curvature
‘ ‘ ‘ ‘ ‘ ‘ varies quickly (beginning/end of circles at curvilineaseissas
Fig. 13. Tracking error and steering angle during trackingras! 38m, 65m and 95n). These are mainly due to the settling

time of the motors, as can be observed at the bottom of

It can be noticed that the steering angle values sent R@. 14: the actual robot velocity (black dotted line) does
the actuator exceed-dnax (i.e. +20°) around curvilinear not instantaneously reach the target velocity (solid rad)li
abscissas 38 and 95n, i.e. when the robot enters the circlesand such a delay in the actual velocity directly impacts LLT
Of course, tracking accuracy is then diminished: the firbehavior. The LLT reaches-0.6 and 06 when the robot
steering saturation occurring at the entrance to the firsteci enters the first and the second circles respectively (¢neat
generates an overshoot, but the tracking error then coesergbscissas 38and 9%n), before converging on the target values
on zero. In contrast, at the entrance to the second circle0.4.
some oscillations are recorded, since the target steenigiga The general principle of the stability control law is clearl
values are larger. With respect to robot steering capasilit illustrated in Fig. 14. During the straight sections of the
this path with its associated grip conditions is not atthiea reference path (before 88 between curvilinear abscissasn®5s
at em.s 1, and therefore discussions on tracking performancasd 9%n, and after 13#), the robot goes almost straight, so
would have here no meaning. Such an experiment is howeitsrvelocity can safely be increased up = 6m.s=. The
quite interesting in order to investigate further the calgas velocity control input is however not constantly equalvtp
of the stability control law. since in order to reject sliding effects the steering anglee

2) Stability control: The computed LLT recorded duringis not always close to zero, such that the computed vajidg
this experiment is shown by a plain black line at the tomay then be inferior tey. In contrast, during the circular parts
of Fig. 14 and the corresponding measured velocity (roughby the reference path, the robot’s velocity is reduced (tos5*
maintained aroundy = 6m.s™1) is shown by a blue dotted and 4n.s™! in the first and second circles, respectively) so that
line at the bottom of the same figure. It can be noticed thtte LLT is limited to LLTy;. It can be noticed that limiting
the critical valueLLT =1 is reached during the second circlethe speed toh.s 1 in the second circle corresponds exactly to
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