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Abstract— Accurate control of high-speed mobile robots mov-
ing off-road constitutes a challenging robotic issue: numerous
time-varying dynamic phenomena (and first of all, sliding
effects) are no longer negligible and must explicitly be taken
into account in control design, in order to ensure high accuracy
path tracking. Since these phenomena are hardly measurable
at a reasonable cost, they have to be estimated on-line. A multi-
model based observer is here proposed, in order to supply on-
line tire cornering stiffnesses (i.e. grip conditions) as well as mo-
bile robot sideslip angles. It takes part of the complementarity
between kinematic and dynamic mobile robot models, in order
to significantly decrease the number of required robot inertial
parameters (since their values are sometimes difficult to obtain).
Full scale experiments demonstrate that the proposed observer
can supply reactive and reliable sideslip angle estimates, so that
high accuracy path tracking can still be achieved, whatever grip
conditions and vehicle velocity.

I. INTRODUCTION

The increasing number of off-road robots in various fields
of application appears as interesting solutions to arising so-
cial needs. From transportation to agricultural operations [2]
(not to mention exploration, surveillance, military activi-
ties, etc.), many potential applications can take benefits
of innovations in this area, increasing work accuracy or
decreasing the level of risk (see [13]). Nevertheless, the
complexity of the phenomena encountered off-road (linked to
unpredictable interactions with the environment, [9]) requires
the design of advanced control algorithms, especially when
high-speed operations are desired. In particular, the accurate
motion control of fast mobile robots in this context needs
important development, since classical algorithms ([10]), de-
signed initially for urban vehicles, leads to an unsatisfactory
accuracy (as many interactions are neglected). As a result,
the nonnegligible mobile robot dynamics has to be taken
explicitly into account in the control process. If modeling
techniques (see for instance [5]) permit to describe these
complex interactions, they remain hardly tractable for con-
trol purpose, since numerous parameters have to be known
(and are subject to change in off-road conditions). As an
alternative, some approaches consider such phenomena as
perturbations (see [14] for instance) to be rejected by robust
techniques (as investigated in [4], [6], or [8]). However, these
approaches tend to be conservative, even at limited speed,
leading to an oscillating behavior.

A different approach has been proposed in previous work
(see [7]), relying on an extended kinematic representation.
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Similar to the celebrated Ackermann model, it takes grip
conditions into account thanks to the integration of sideslip
angles, estimated on-line via an observer designed from this
model. The model relevancy is then ensured and an adaptive
control technique, coupled with a predictive action, then
permits to control robot motion with a high accuracy (within
4+10cm) whatever ground conditions and the shape of the
path to be followed. Nevertheless, the use of a sole kinematic
representation does not allow to address satisfactorily high
speed (above 10 km/h), since neglected dynamics introduce
some delay in sideslip angle estimation. Therefore, in order
to enable a significant increase in vehicle velocity (40km/h
is expected in a near future), dynamic effects have to be
accounted in sideslip angle observer.

In this paper, a new sideslip angle observer is proposed,
mixing kinematic and dynamic models, in order to reduce
estimation delays by accounting dynamic effects without
considering numerous inertial parameters. It is composed
of several steps, and relies firstly on the previous extended
kinematic observer. Based on this preliminary estimation,
an on-line adaptation of cornering stiffnesses, representative
of grip conditions, can be proceeded, enabling the use of a
dynamic model. Then a second sideslip angle observer using
such a dynamic model is then implemented, allowing a more
reactive estimation. These new estimated angles can then
be introduced into the adaptive and predictive control laws,
enabling an improved behavior. The proposed algorithm is
detailed in a second part, after having recalled previous
work (modeling, preliminary observer, and the unchanged
control law formalism). Finally, experimental results are then
reported to validate the efficiency of the proposed algorithm.

II. MOBILE ROBOT CONTROL
A. Extended kinematic model

Classical models used in path tracking applications basi-
cally rely on the rolling without sliding assumption, which
is not applicable off-road. The direct use of such control
laws indeed leads to large tracking errors, due to neglected
dynamics (mainly low grip conditions, actuator delays and
vehicle inertia). In order to design an accurate path tracking
algorithm dedicated to off-road mobile robots acting at high
speed (several m/s), these specific phenomena must be taken
into account. Dynamic representations permit to accurately
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describe such interactions, but they demand for so many
parameters that they are hardly tractable for control purpose.

Fig. 1.
Consequently, the path tracking control law considered
in this paper is designed from an alternative “extended
kinematic model”. This representation, detailed in [7], con-
sists in adding a limited number of variables representative
of low grip conditions into a pure kinematic model. As
depicted in Figure 1, the two sideslip angles Sr and (g
(denoting the difference between tire direction and actual
speed vector orientation) have been introduced into a bicycle
representation of the mobile robot as in [12]. Notations,
depicted on Figure 1, are listed below.

Path tracking parameters

e I and R are respectively the center of the front and
rear axle, where are located the virtual wheels of the
bicycle model. R is the point to be controlled.

o L is the vehicle wheelbase.

« 0 is the orientation of vehicle centerline with respect to
an absolute frame [0, X0, Y0).

o v is the vehicle linear velocity at point R, assumed to
be strictly positive and manually controlled.

o Op is the front steering angle. It constitutes the control
variable.

e [ and (g are the front and rear side slip angles.

e M is the point on the path I' to be followed, which is
the closest to R. M is assumed to be unique.

e s is the curvilinear abscissa of point M along I'.

e ¢(s) is the curvature of the path T" at point M.

e Or(s) is the orientation of the tangent to I" at point M
with respect to the absolute frame [0, X0, Y0o).

e O =0 —0r is the vehicle angular deviation with respect
to I'.

« y is the vehicle lateral deviation at point R with respect
toI'.

In the following of the paper, the position and the orientation
of the mobile robot is supposed to be measured, as well as the
yaw rate and the velocity, thanks to on-board exteroceptive
sensors (see section IV). Moreover, an angular sensor permits
to measure the steering angle 57" As a result, all the variables
described above except sideslip angles Oz and [Br can be
known (by measurement or preliminary calibration). Using
the above notations, the mobile robot motion, expressed with
respect to I', can be described by the set of equations (1),
established in the non-sliding case in [11] and extended in [7]
to account for the wheel skidding. The singularity when

Yy = ﬁ (i.e. when points R and A are superposed) is not
encountered in practice, since the lateral deviation remains
smaller than the radius of curvature of I'.

. cos(6+8r)
8§ = Vidoy
y = wvsin(d+ Br) (D
06 = v [cos(Br)A1 — A2]
with: \; = tan(5p+512)*tan(ﬁn), Ny = C(S)lc_tlz((f)t/ﬁn)

B. Preliminary sideslip angle observation

Model (1) can accurately describe mobile robot motion, as
soon as the two additional variables (3 and Og) are properly
known. The observation of these variables constitutes the
core of this paper. Nevertheless, the preliminary observer
defined in [7] is first recalled. It is based on the extended
kinematic model (1) and supplies satisfactory results when
mobile robots move at limited speed. The set of equations (1)
can be rewritten into the state space form:

f(Xobsa 5Fa u)

vsin(fops + u2)

Xobs =

cos(ug)[tan(dp+ui)—tan(uz)]

o(s) cos(Bops+us)

v L T T=c(8)Yobs
) 2
where Xops = [Yobs Oobs]? is the observed state and u =
[u1 up)T = [Br Bg)7T is the sideslip angles to be estimated,
viewed as a control vector to be designed in order to impose
the convergence of X,ps to the measured state X,,. =
[ymes emes]T-
As sideslip angles do not exceed few degrees in practice, this
state equation can be linearized with respect to the control
vector u in the vicinity of zero (i.e. no sliding). It leads to:

Xobs = f(XObS76FaO) + B(Xobsa(SF)u (3)

with B(.,.) denoting the derivative of f with respect to wu,
evaluated at v = (0,0):

0 v cos(éobs)
B(Xobs,tsp) = v c(s) sin(fops) v “)
Lcos? 6 1—c(s)yobs L

Provided that 6, # % [7] and v # 0, the matrix B is
invertible. Let ¢ = X 35 — X,nes be the observed error. Then
an exponential convergence ¢ = (G e can be obtained by

choosing:

B(Xob37 JF)il (G e+ Xmes — .f(XObSa or, O))

&)
G has to be chosen as an Hurwitz matrix and constitutes the
observer gain imposing the settling times for the observed
state. Since convergence of the observed state to the mea-
sured one has been achieved, u can be regarded as a relevant
estimation of the sideslip angles.

u =
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C. Adaptive and predictive control law

The extended kinematic model (1), coupled with the
preliminary observer (6), allows an accurate description of
mobile robots behavior in off-road conditions. Furthermore,
since a kinematic structure has been preserved, it offers
interesting properties from a control design point of view,
namely it can be converted into chained form, see [11]. The
control law proposed in [7] consists in two steps: (i) an
adaptive control law ensuring the convergence of the tracking
error to zero and (ii) a predictive curvature servoing, which
compensates for steering actuator delays.

The adaptive layer is based on the exact conversion of
model (1) into chained form. Then a classical PID control is
proposed for the auxiliary inputs in order to ensure the con-
vergence of the actual lateral deviation to zero. The reverse
transformation provides finally the non-linear expression (6)
for the steering control law.

0 = arctan (tan(ﬁR) + COS(LﬁR) (C(S)ZOS 0 n ACZS; A ))
—Br
(6)
with:
O = 0+0r
a = 1= C(S)y ~ ) (7)
A = —K,y—Kqatanb; + c(s)atan’f,

In addition to this non-linear control expression, a Model
Predictive Control is applied to address specifically curvature
servoing in expression (6). The steering control law can
indeed be split into two additive terms:

op = ®)

where 0 peyiation 18 @ term mainly concerned with errors and
sliding compensation, while d7,,; deals with the reference
path shape: it imposes that path and robot curvatures are
equal. As the future curvature of the path to be followed
can be known, as well as steering actuator features, a model
predictive algorithm can be derived: the value of Orrq;
(called 677¢% 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 term d7.4, SO that the adaptive and predictive
control law is finally:

op =

6Traj + 6Deviat1lon

Pred
5TTaj

(©))

+ 6Dem’ation

D. Limitations

The above described path tracking algorithm is attractive
since the results obtained during full scale experiments
show very small tracking errors (see for instance [7]: the
guidance accuracy stays within a range of +10cm whatever
the shape of the path and terrain conditions (geometry and
grip conditions)). Nevertheless, these satisfactory results have
been obtained at limited speed (below 2m/s) and simulations
as well as experiments highlight that an increase in velocity
may reduce the efficiency of this approach. In particular,

oscillations at transient phases tend to appear at high speed
(above 4 m/s), depreciating the overall closed-loop behavior.

These drawbacks are mainly due to the preliminary
sideslip angle observer (5). As it is based only on an
extended kinematic representation, this estimation does not
take into account any equation describing sideslip angle
time-evolution (only available in dynamic representations),
and in particular the link with the measured steering angle.
As a result, the estimation of such variables is necessarily
delayed. A new observer is then designed, relying on both
dynamic equations (to increase reactivity) and kinematic
representation (to avoid the knowledge of numerous dynamic
parameters).

III. MIXED KINEMATIC/DYNAMIC OBSERVER DESIGN
A. General algorithm description

In order to rely on dynamic models, the knowledge of the
parameters describing grip conditions are mandatory. These
parameters are however varying with the soil nature and
cannot be measured directly. Nevertheless, the preliminary
observer, based on the extended kinematic model, is able
to supply delayed informations, which can be used for the
estimation of slow-varying terrain properties. The proposed
observer then takes part of the complementarity between
extended kinematic and dynamic models, as it is described
on Figure 2.

Control loop

Path to be
followed Measured

positions|

Vehicle
(actual process)

Dynamic sideslip
angles observ:
Adapted
cormering
stiffnesses

Estimated
sidelip
_i angles

Stiffness
observer

1 Preliminary ext.
1 kinematic observer

Backstepping observer

Fig. 2. Observer principle scheme

In a first step, the preliminary observer (depicted in
red/dashed box) permits to extract a first estimation of
sideslip angles, considered accurate enough to estimate slow-
varying parameters. Using this knowledge, grip conditions
are then estimated via the adaptation of cornering stiffnesses
(hereafter denoted by Cpr and Cg, see the definition in
equation (10)). This second step, depicted as the green/dotted
box in Figure 2, permits to feed a simplified dynamic model
(together with known and invariant parameters: mass, inertia
and center of gravity position). Finally, this known dynamic
model is used to derive a sideslip angle observer taking
explicitly into account dynamic effects (blue/dashed dotted
box). Each of these steps is detailed below, after introducing
the partial dynamic model acting together with the extended
kinematic one.

B. Dynamic model

As achieved in [5], robot motion is described in the yaw
frame (as depicted in Figure 3), still considering the robot
as a bicycle.
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Fig. 3. Dynamic bicycle model with sliding parameters.

In this representation, only lateral forces are accounted,
assuming that the vehicle velocity is slow-varying. The
additional required notations introduced with respect to the
extended kinematic model are:

e ( is the vehicle center of gravity,

e g and b are respectively the front and rear half-
wheelbases,

u is the linear velocity at the center of gravity,

[ is the vehicle global sideslip angle,

Fy and F, are respectively the lateral forces generated
at the front and rear tires.

e m is the total mobile robot mass.

e [, is the moment of inertia along the vertical axis.

A dynamic model can then be derived from Euler-
Lagrange equations, linking acceleration to lateral forces F
and F,. Basically, these forces are non-linear functions of
sideslip angles (see for example [3]). In on-road applications,
a linear approximation can be assumed (the linear propor-
tionality coefficient is then called tire cornering stiffness).
In contrast, in an off-road context, such an approximation is
no longer valid. However, in order to reduce the number of
parameters, a linear relationship is here considered, but with
a slow-varying stiffness (as achieved in [1]):

{ Fy = Cr(.)Br
Fr = CR()ﬁR

The knowledge of Cr and Cg is assumed to be known via
the cornering stiffnesses adaptation detailed hereafter.

Since non-linear tire behavior has been described via
cornering stiffness adaptation, and since sideslip angles
(front, rear, and global ones) are quite small in practice,
mobile robot dynamic equations can be linearized around
null sideslip angles, leading to the dynamic model to be
considered in the sequel:

(10)

6 = i (—aCrBr cos(0F) + bCRrOR)

B = -1 (CpBrcos(ér)+ CrBr) — 0
Br = B-— %9 (In
Br = B+ %é —or

w o= v

C. Tire cornering stiffness adaptation

The objective of this observer is to estimate the two
cornering stiffnesses Cr and Cpr representative of grip

conditions. As C'r and Cr are expected to be slow-varying,
the preliminary sideslip angles observer (5) can be seen as a
reference for the observer to be designed. Let us denote 3p
and (g, the estimated variables supplied by observer (5). An
estimation of the global sideslip angle, denoted /3, can then
be immediately inferred from model (11):

B _ bBF+a[L§R+b5F (12)
Let X; = [él Bl]T be the observed state and u =
[Cr Cg]T the control vector. Equations (11) can then be
rewritten as the following state space form:

X1 = A X1+ B (13)
where:
Y 0 0 . __aPr cIcis(5F) bIﬂzR
1= -1 0 |’ 1= _Bp cos(6F) _BJ

Cornering stiffnesses are here viewed as control variables to
be designed to ensure the convergence of X to the measured
state X = [ [(]7, where 0 is the measured yaw rate and (3
is given by (12). Let ex = X; — X denote the observer error.
Then, the following expression for wu:

u = By'[Giex + X — AX)) (15)

leads to:

éX = G16X (16)

where (G; is a positive definite matrix, so that exponential
convergence of X to the measured yaw rate and preliminary
estimated global sideslip angle is ensured.

Expression (15) constitutes therefore a relevant adaptation
of cornering stiffnesses, ensuring that dynamic model (11)
is reliable as soon as Bj is invertible. The invertibility
condition of this matrix also constitutes the observability
condition of cornering stiffnesses estimation. As can be
observed in (14), B; is singular when sideslip angles are
null, and badly conditioned when sideslip angles are close
to 0. Such cases occur when mobile robots move according
to a straight line on an even ground, which is a quite standard
situation. Therefore, in the sequel, the conditioning of matrix
B is tested prior to activate cornering stiffness estimation
and freezes adaptation of Cr and C'g to previous values if
conditioning is unsatisfactory.

D. Dynamic sideslip angle estimation

Since relevant estimations of C'r and C'r are supplied on-
line by observer (15), all parameters in dynamic model (11)
are now known. Standard observer theory can then be
applied to this model. Since dynamic effects are described
in model (11), it is expected that this second sideslip angle
observer presents an higher reactivity than observer (5),
previously built from extended kinematic model (1).

Let us first inject the third and fourth equations in (11)
into the first two ones. Dynamic model (11) can then be
presented as a linear state space form, with Xy = [é BT as
state vector and 0 as control variable:
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Xo = AyXo+ Babp a7
where:
—a’Cr—b2Cp —aCp+bCr aCr
_ ul, I _ T
A= werlven | _crren |0 B2 {C}}
u2m um

(18)
(it has also been assumed that cosdr = 1)
The standard observer equation associated with model (17)
is:

XQ = AQXQ —|—B25F —|—G2X2 (19)
where X, = [ 3]7 is the observed state, X = [9_ BT
is the measured state (measured yaw rate and preliminary
global sideslip angle estimation (12)) and Xo = X5 — X is
the observer error. From (17) and (19), it can be deduced
that:

)22 = (AQ—I-GQ)XQ (20)

Convergence of the observer error X 5 to zero is then ensured,
provided that G5 is chosen such that Ay + G4 is negative
definite. 5 has been chosen as the measurement associated
with the observed state Bg, since its steady state value is
always correct. Nevertheless, since B values are no longer
accurate during transient phases, preference should be given

to the convergence of 6, (since yaw rate measurement is
reliable) with respect to the convergence of (5. This can
easily be imposed by tuning G5 such that the settling time

associated with éz is shorter than the one associated with [32.
Finally, the front and rear sideslip angles to be used in
control law (9) can be obtained by injecting (32 into the third
and fourth equations in (11):
By — 0

{ br =
Br = p2+ %0 —dF
Equations (21) constitute the mixed kinematic and dy-
namic sideslip angle observer. As demonstrated below, when
off-road mobile robots move at high speed, observer (21) per-
mits, with respect to observer (5), to improve the robustness
and the reactivity of sideslip angle estimation, and therefore
the performances of path tracking.
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IV. EXPERIMENTAL RESULTS
A. Experimental set-up

The experimental platform used to validate the proposed
approach is shown in Figure 4(a). It consists in a fully electric
off-road mobile robot with four steering wheels. Its weight
and maximum speed are respectively 600kg and 2.5m/s. The
main exteroceptive sensor on-board is an RTK-GPS receiver,
that can supply an absolute position accurate to within 2cm,
at a 10Hz sampling frequency. The GPS antenna has been
located straight up the center of the rear axle, so that the
absolute position of point R (i.e. the point to be controlled,
see Figures 1 and 3) is straightfowardly obtained from
the sensor. In addition, a gyrometer supplying a yaw rate
measurement accurate to within 0.1°/s has been settled on

the chassis, to provide cornering stiffness observer (15) and
dynamic sideslip angle observer (21) with this information.
The dynamic properties of the mobile robot are reported on
table IV-A

(a) Experimental platform (b) Reference trajectory

Fig. 4. Experimental robot and desired path

The proposed observer has been validated via actual
automated path tracking. The reference path is shown on
Figure 4(b). Capabilities have been investigated by achieving
the three following tests:

e Test 1: Classical path tracking. In this test, wheel
slippage is neglected (i.e. (8r,Br) = (0,0) is entered
into control (9)). Results of this test are depicted in
black plain line in the following figures.

e Test 2: Path tracking using preliminary sideslip angle
observer. This test has been carried out when using 3p
and 3z supplied by (5) into control law (9). Results of
this test are depicted in red dotted line in the following
figures.

e Test 3: Path tracking using mixed kinematic and dy-
namic sideslip angle observer. This test has been carried
out when using B r and BR supplied by (21) into control
law (9). Results of this test are depicted in magenta
dashed line in the following figures.

These three tests have been performed on a terrain composed
of wet grass (low grip conditions) at a 2.5m/s velocity
(maximum velocity available with the robot actuators).

Mass  m =675kg
Vertical inertia [, = 310kg.m2
Front half wheelbase  a=0.72m
Rear half wheelbase  =0.5m

TABLE 1
EXPERIMENTAL ROBOT DYNAMIC PARAMETERS

B. Path tracking results

Path tracking errors (i.e. lateral deviations with respect to
the reference path) are compared in Figure 5. First of all,
the result related to Test 1 shows clearly the importance to
account for sliding: the lateral deviation is quite small during
the straight line part of the reference path (from t=0 to t=10s),
but a constant and significant error is recorded when the robot
enters into the curve (up to 50cm). On the contrary, both
tracking errors obtained with a control law accounting for
sliding (Tests 2 and 3) present a null lateral deviation during
curves. Nevertheless, the impact of the delay in sideslip angle
estimation on guidance accuracy can be observed. In Test
2, when sliding variables are estimated from an extended
kinematic model, a non-negligible overshoot (around 40cm)
is recorded at the beginning of the curve (at t=14s). The
reactivity of the proposed observer, relying on a dynamic
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model, permits to decrease this overshoot: in Test 3, the
maximum deviation at t=14s is only 20cm and path tracking
is accurate within £=10cm almost all the path long.

Curve

Lateral deviation (m)

02 - Test 3

Fig. 5.
The faster sideslip estimation is highlighted in Figure 6(a).
The front sideslip angle estimation recorded during Test 2
and Test 3 are well superposed before the curve (before 10s)
and during steady state phases (between 19s and 25s - end
of the curve). In contrast, at transient phases (between 10
and 19s and after 25s), the estimation obtained with the
dynamic observer reacts prior to the estimation supplied
by the extended kinematic observer. Moreover, an higher
absolute value is provided just before steady state phases.
This higher reactivity explains the improvement in the mobile
robot behavior pointed out in Figure 5, and shows the
efficiency of the proposed observer.

15 2
Time (s)

Comparison of obtained path tracking errors

Curle

Estimated via Curve

Kinematic observer

Be ()

A S

Estimated via Estimated C

proposed observer

Cornering stiffnesses (N/rad)

3 5 0 = ] 5 i 2

g 7 15 Ei
Time (s) Time (s)

(a) Front sideslip angles (b) cornering stiffnesses

Fig. 6. Results on observed variables

The proposed dynamic observer relies on cornering stiff-
ness adaptation (15), devoted to grip condition estimation,
ensuring that dynamic model (11) is always relevant. The
front and rear stiffness estimation during Test 3 is reported
in Figure 6(b). It can be noticed that during the straight line
part of the reference path (i.e. before t=10s) the adaptation
is disabled (since cornering stiffnesses are not observable).
During the curve, the adaptation is activated and permits to
account for grip condition variation and non-linearity.

V. CONCLUSION AND FUTURE WORK

This paper proposes a sideslip angle observer based on
both dynamic and kinematic models to enable automated
path tracking for fast off-road mobile robots. The use of a
multi-model approach permits to reduce the estimation delay
(as it accounts for robot high dynamics) while avoiding the
knowledge of numerous parameters (as extended kinematic
representation permits to adapt on-line dynamic parameters,
mainly cornering stiffnesses). This approach is particularly
suitable for off-road mobile robots, since the knowledge
of variable grip conditions is mandatory for the design of
an accurate control law (within several centimeters). The

reactivity obtained with this approach allows to investigate
high speed control. Capabilities of such an innovative ob-
server have been compared to those of a purely extended
kinematic approach through experimental tests. They show
the improved reactivity and the relevance of the estimated
signals, since the tracking error recorded during transient
phases is drastically reduced, leading to a path tracking
accuracy within £10cm almost all time long, whatever the
velocity level, the grip conditions and the shape of the desired
trajectory.

The good results obtained in experiments have been tested
at higher speed (up to 8 m/s) through advanced simulations
(using Adams and Simulink softwares). They show the
relevance of the approach at these velocity levels. Additional
experimental tests using a faster mobile robot are expected
to corroborate simulation results. In addition, the new data
supplied by the proposed observer on the grip conditions
(mainly cornering stiffnesses), also permit to feed a control
law dedicated to the robot integrity (mainly stability control
in a sense of rollover and overturn).
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