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Path tracking of a four-wheel steering mobile robot:
A robust off-road parallel steering strategy

Mathieu Deremetz1, Roland Lenain1, Adrian Couvent1, Christophe Cariou1 and Benoit Thuilot2,3

Abstract— In this paper, the problem associated with accu-
rate control of a four-wheel steering mobile robot following a
path, while keeping different desired absolute orientations and
ensuring different desired lateral deviations, is addressed thanks
to a backstepping control strategy. In particular, the control
of each steering angle is investigated through a new parallel
steering approach based on an extended kinematic model of a
bicycle-model robot assuming that the two front steering angles
are equal and likewise for the two rear ones. Two control laws
are then proposed to ensure a suitable path following according
to orientation and position conditions. In order to balance the
lateral effects, notably the sideslip angles, an observer has been
used to estimate the sliding. This estimation permits to feed
the proposed control laws appropriately, enabling an accurate
path tracking and orientation keeping along the trajectory. This
new point of view permits to achieve difficult manoeuvres in
narrow environments such as a parallel parking or sharp turns.
Previous approaches have focused on the control of four-wheel
steering mobile robots with respect to the trajectory but do not
combine path following with independent heading angle control
and slippery conditions.

I. INTRODUCTION

Initiated by W. Grey Walter thanks to Elmer and Elsie
robots in [5], mobile robotics constitutes today a major
economic and scientific topic. One of the best examples is the
progress achieved on autonomous vehicles, notably cars [11]
which are now close to the market. The transport sector is
not the only field that benefits from mobile robotics. Indeed,
since the beginning of the twenty-first century, research has
focused its interest on the automation of high-speed vehicles
in off-road context. Thus, sectors such as agriculture [2] or
even defence and space [15] are considering autonomous
ground vehicles in order to achieve painful tasks, submitted
to very harsh and variable conditions.

Over the last few years, it can be noticed that mobile
robotics developments are not only linked to automated
manned vehicles but also to totally autonomous adaptable
robots [12] that have more and non-standard mobility to
be piloted. Concerning guidance, firstly based on the front-
steering model used for cars, these mobility levels have
indeed evolved through adding a rear steering axle, skid-
steering configuration or using holonomic wheels. Another
option, investigated in this paper, is the use of four inde-
pendent steering wheels. Because of its high mobility, this
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configuration, compared to the latest, is well appropriate for
performing tricky moves on road or in off-road contexts.
Such a robot, equipped with four steering wheels, is then
appropriate to achieved path tracking requiring suitable con-
trol of both heading and orientation.

Several approaches have been proposed in the framework
of path following. Firstly developed for front-steering [13] or
skid-steering [4], [8] mobile robots, classical approaches are
designed using pure rolling without sliding assumption, as
developed by [13] or [16]. Nevertheless, if the robot has to
follow a trajectory at medium speed (beyond 2 − 3m/s)
the accuracy of the tracking may be seriously damaged,
especially in off-road context. Then, sliding has to be taken
into account to preserve the accuracy of the path tracking.
This approach is well demonstrated for front-steering mobile
robots in [9]. However, this approach only ensures the control
of the lateral deviation of the robot w.r.t. the trajectory.
Indeed, a crab angle between the orientation of the robot
and the tangent to the path appears when the robot moves
on a slope. To avoid this phenomena another control strategy
has been proposed in [3] for four-wheel steering mobile
robots in order to take advantage of both front and rear
steering actuations to control both the lateral deviation and
the angular deviation of the robot w.r.t. the trajectory during
the path tracking. This latter approach is notably designed for
autonomous vehicles with limited steering angles because of
Ackermann steering geometry. Moreover, the orientation of
the robot is controlled w.r.t. the trajectory. Another method
in [17] proposed a parallel steering with equal front and rear
steering angles but did not suggest a robust method to avoid
the skid and the deviation from the desired path when grip
conditions are poor.

With the raise of unmanned adaptable robots equipped
with four independent steering wheels having a huge range
of movement (beyond π

2 or even π radians) such as the
Thorvald platform [6] or the agricultural robot proposed
in [7], new kinds of movement during path tracking can
be achieved. Indeed, if there is no passenger, the angular
error of the robot w.r.t. the trajectory does not have to reach
zero anymore. From this point of view, one can then imagine
controlling a robot with a desired absolute orientation during
the path tracking, which permits to substantially reduce the
manoeuverability space.

In this paper, the autonomous following of a path with a
desired absolute angle by a four-wheel steering mobile robot
is investigated. More precisely, a backstepping approach has
been developed in order to compute the front steering angles
and the rear steering angles based on an extended kinematic
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model. To compensate for the effects of the grip conditions,
an absolute observer, based on prior work [10], estimates the
sideslip angles and feeds the proposed control laws in terms
of sliding.

This paper is decomposed as follows. First, the extended
kinematic model is recalled. The second part details the
observer used to estimate the grip conditions of the robot
wheels, while the third section describes the proposed control
laws based on a backstepping strategy. Finally, simulations
are conducted to demonstrate the results and the efficiency
of the proposed approach and are illustrated through a few
agricultural contexts.

II. MODELING

A. Mobile robot modeling

The objective of the proposed application is to allow for
a four-wheel steering mobile robot to follow a previously
defined trajectory (i.e., computed, previously learned or com-
ing from a structure to follow). This trajectory may include
turns and ground variations which may lead to sliding and
then create grip condition modifications. To ensure accurate
tracking by using an observer and a control algorithm, it
is appropriate to use models that take into account the
kinematics of the robot.

Fig. 1: Extended kinematic model of the robot with respect
to the reference trajectory Γ and in the absolute frame defined
by the X and Y coordinates.

In this paper, a four-wheel steered and drive robot is
considered. As is commonly assumed, the robot is viewed
as a bicycle, with an equivalent front steering angle δF , an
equivalent rear steering angle δR and a wheelbase L (Fig. 1).
The robot’s speed is defined thanks to the speed of the front
axle vF and the speed of the rear axle vR. The bicycle
model is commonly used in the field of mobile robotics,
but it is generally supposed that the rolling without sliding
condition is satisfied. In an off-road context or at high speed,
however, this assumption cannot be satisfied and leads to
a lateral deviation of the robot during the tracking when

control based on such a model is implemented, as pointed out
in [1]. To overcome this phenomenon and take into account
the non-ideal grip conditions, two additional variables, βF
and βR, are added. These variables, called sideslip angles,
denote the front and rear angles, respectively, between the
tire orientation and the current speed vector orientation at
the contact points F and R.

Thus, to follow the previously defined trajectory Γ and
estimate the grip conditions βF and βR, state variables of
the robot are defined as follows:

� s, the robot curvilinear abscissa. It is the curvilinear
distance along Γ of point M , the point on Γ that is the
closest to R. The curvature of Γ at point M is denoted
c(s),

� y, the robot tracking error or lateral deviation. It is the
algebraic distance between R and M ,

� X , the abscissa value of the center of the robot rear
axle R in the absolute frame,

� Y , the ordinate value of the center of the robot rear
axle R in the absolute frame,

� θ̃, the robot angular error or angular deviation. It is the
angle between the absolute robot heading, denoted θ
and the orientation of the tangent to the trajectory at
point M , denoted θtan.

In this paper, additional notations will be added in the next
sections to define the desired offsets applied to the robot
moves when tracking. Thus, in the following, yd denotes
the desired lateral deviation of the robot w.r.t. the trajectory
while θd denotes the desired absolute orientation of the robot
in the absolute frame.

B. Motion model in the absolute frame

According to classical kinematic analyses, such as those
presented in [14], derivatives of the robot kinematic state
variables (1) in the absolute frame can be written as follows:



Ẋ = vR cos (θ + δR + βR)

Ẏ = vR sin (θ + δR + βR)

θ̇ =
vF sin (δF + βF )− vR sin (δR + βR)

L

. (1)

The derivative of the state variable θ̇ is highly recom-
mended in its given form which has no singularity and allows
the continuity of the algorithms. This formula is used both in
Secs. III and IV to define the evolution model of the proposed
observer and the second part of the control algorithm.
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C. Motion equations with respect to a reference trajectory

According to classical kinematic analyses, such as those
presented in [9], derivatives of the robot kinematic state
variables (2) w.r.t. the reference trajectory can be written as
follows:



ṡ = vR
cos (θ̃ + δR + βR)

1− c(s) y

ẏ = vR sin (θ̃ + δR + βR)

˙̃
θ =

vF sin (δF + βF )− vR sin (δR + βR)

L

−vR
c(s) cos (θ̃ + δR + βR)

1− c(s) y

. (2)

This model is defined if the 1 − c(s) y 6= 0 condition is
true. This means that the center of curvature A should not be
superimposed with the center of the rear axle R. However, if
the robot is properly initialized, such a case is never reached
in practice.

III. ESTIMATION OF SIDESLIP ANGLES

To ensure a suitable convergence of the tracking and
angular errors along the trajectory when facing poor grip
conditions, it is compulsory to know accurately the values
of the sideslip angles. Because there is no direct perception
system allowing to measure such variables, it has been shown
in [10] that an observer may be built to estimate the two
sideslip angles with a satisfying accuracy. To achieve this
estimation, the robot must be equipped with on-board sensors
that permit to measure the position, the orientation and the
velocity of the robot at a given point, here R. Moreover,
according to the model (1), defined above, the velocity of
the robot at F , has to be measured.

A. Observer state

In this paper, the proposed observer in [10] built for a
two-wheel steering mobile robot is extended to a four-wheel
steering one, according to the equations of the model (1).
Because this approach is a version close to [10], only a short
presentation is proposed in this section.

Hereafter, ξ should be consider as an effectively measured
variable, while ξ̂ should be considered as an observed or
estimated variable. ξ̃ is defined as the observation error
ξ̃ = ξ − ξ̂.

To achieve the indirect estimation of the sideslip angles,
let us consider the state space ξ defined as follows:

ξ =

[
ξpos
ξβi

]
, (3)

where ξ is split into two sub-states:
� ξpos = [X Y θ]T , which constitutes the pose (position

and orientation) of the robot in the absolute frame,
� ξβi = [βF βR]T , which is composed of the sideslip

angles, to be estimated.

Its evolution model is based on (1), and may be written
as follows:

ξ̇ =

[
ξ̇pos
ξ̇βi

]
=

[
f(ξpos, ξβi , vF , vR, δF , δR)

02×1

]
,

(4)

where f(ξpos, ξβi , vF , vR, δF , δR) is directly deduced from
the three equations of model (1).

B. Observer equations

Equations for the observer are as follows:

˙̂
ξ =

 ˙̂
ξpos

˙̂
ξβi

 =

 f(ξpos, ξ̂βi , vF , vR, δF , δR) + . . .

. . . αpos(ξ̃pos)

αβi (ξ̃pos)

 ,
(5)

where αpos(ξ̃pos) and αβi(ξ̃pos) are functions of the observa-
tion error attached to the pose part of the state ξ, and defined
as follows:


αpos(ξ̃pos) = Kpos ξ̃pos

αβi (ξ̃pos) = Kβ

[
∂f
∂ξβi

(ξpos, ξ̂βi , vF , vR, δF , δR)

]T
ξ̃pos

,

(6)

where:

� Kpos is 3× 3 positive diagonal matrice,
� Kβ is a positive scalar.

As shown in [10] and extended to a four-wheel steering
mobile robot, the observer defined by (5) and (6) allows the
convergence of the whole observed state ξ̂ to the actual one
ξ. As a consequence, the values for the sideslip angles, β̂F
and β̂R are obtained and can feed a control law appropriately
in order to follow a path while keeping the same absolute
orientation.

IV. CONTROL ALGORITHMS

A. Proposed strategy

Previous approaches about parallel steering assume that
the front and the rear steering are equal (δF = δR) such as
in [17]. However, if the grip conditions are not sufficient the
vehicle will skid and deviate from the desired path.

Such a control strategy for each steering angle is not
sufficient to ensure a suitable parallel steering. Indeed, even
if the grip conditions are taken into account the robot will
skid because its number of mobility degree is lower than the
number of mobility required to ensure the tracking and the
absolute orientation. In this paper, the strategy proposes to
add a degree of mobility by independently controlling the
rear and the front angles. The rear steering will ensure the
convergence of the robot to the desired trajectory while the
front steering will ensure in addition the convergence of the
robot orientation to the desired one. This additional mobility
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will allow to correct the absolute orientation preventing
the skid while following the path. Following subsections
detail the backstepping strategy for each axle to reach this
objective.

B. Control algorithm for the rear steering angles

The objective of this first step is to find a mathematical
expression for δR that ensures the convergence of the rear
lateral deviation y to a desired lateral deviation yd.

It has been chosen to set a convergence distance instead
of a settling time to design a control strategy independent
from time and the speed of the robot for the convergence
of the lateral deviation. To obtain this kind of convergence
it is compulsory to use derivatives of the state vector w.r.t.
the curvilinear abscissa. Hereafter, x′ should be consider as
the derivative of x w.r.t. the curvilinear abscissa s, such that
x′ = d x

d s .
Then from the product of the first equation of the

model (2) with the inverse of the second one, the derivative
of y w.r.t. the curvilinear abscissa, denoted y′, can be written
as follows:

y′ = tan (θ̃ + δR + β̂R) (1− c(s) y) . (7)

By denoting the error on the lateral deviation such that
ey = y − yd, a way to ensure the convergence of this
error to zero is to use a differential equation such that:

e′y = y′ − y′d = ky ey , (8)

with ky a negative scalar defining the convergence distance
for the exponential convergence of y to yd imposed by (8).

By injecting in this condition the expression of y′ in-
troduced in (7), one can then reformulate the previous
conditions and obtain the following equation for each rear
steering angle δR:

δR = arctan
(
ky(y−yd)+y′d

1−c(s) y

)
− θ̃ − β̂R . (9)

This expression allows to ensure the differential Eq. (8) on
lateral deviation y, implying its convergence to yd. Limits for
this expression are similar as those defined for expression (2).

C. Control algorithm for the front steering angles

The objective of this second step is to find a mathematical
expression for δF that ensures both the convergence of the
lateral deviation of the robot y towards its desired value yd
and the convergence of the absolute orientation of the robot
θ towards its desired value θd.

By denoting the error on the absolute angular deviation
such that eθ = θ − θd, a way to ensure the convergence of
this error to zero is to use a differential equation such that:

ėθ = θ̇ − θ̇d = kθ eθ , (10)

with kθ a negative scalar defining the settling time for the
exponential convergence of θ to θd imposed by (10).

By injecting in this condition the expression of θ̇ in-
troduced in (1), one can then reformulate the previous
conditions and obtain the following equation for each front
steering angle δF :

δF = arcsin
(
L (kθ(θ−θd)+θ̇d)+vR sin (δR+β̂R)

vF

)
− β̂F .

(11)

After injecting in (11) the expression for δR (9) previously
introduced, one can finally obtain the following equation for
each front steering angle δF :

δF = arcsin

(
L (kθ(θ−θd)+θ̇d)

vF

+
vR sin

(
arctan

(
ky(y−yd)+y

′
d

1−c(s) y

)
−θ̃

)
vF

)
− β̂F ,

(12)

provided that vF 6= 0 and limits similar as those defined
for expression (9). In practice, the velocity is always
positive when path tracking and consequently non null. This
expression allows then to ensure the differential Eq. (8)
on lateral deviation y, implying its convergence to yd. In
addition, this expression also ensures the convergence of
the absolute orientation θ to its desired value θd.

Finally, by using expressions (9) and (12) for the rear
and the front angles coming from the proposed backstepping
strategy and by settling the desired lateral deviation and
orientation, yd and θd, the objective introduced by this paper
(i.e. control the absolute orientation of the robot and its
lateral position w.r.t. the trajectory) is achieved.

D. Predictive curvature servoing

To anticipate trajectory overshoots due to the actuator
settling time, a predictive curvature servoing has been im-
plemented. Only a few details about these control algorithms
are given in this section. Nevertheless, it follows the same
methodology as the one detailed in [3].

Knowing the evolution of the reference path (i.e. computed
or previously learned), the reference path curvature can be
anticipated. To achieve this, the future curvature of the
reference path is computed w.r.t. a prediction time denoted
tpred. This future curvature is then injected in the steering
laws to ensure the equality between the trajectory and vehicle
curvature.

V. SIMULATION RESULTS

Making use of the proposed strategy based on the observer,
detailed in Sec. III, and the control laws, detailed above,
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algorithms have been tested on a MATLAB/ADAMS co-
simulator with the simulated vehicle depicted in Fig. 2. This
vehicle is four-wheel drive and has four independent steering
wheels without steering range. Its features are described in
Table I. These simulations are realistic w.r.t. technologies met
in current industries. Indeed, the vehicle is equipped with a
simulated IMU and a simulated RTK-GPS. The sampling
rate for these trials has been set at 10Hz as in common
real-time mobile robotic applications.

Fig. 2: 4WS mobile robot simulator.

TABLE I: Vehicle features.

Weight 900 kg
Wheelbase (L) 2m

Trackbase 1.2m
Steering angle response time 0.24s

For the following simulations, the values of the gains
have been chosen as follows: ky = −0.55 and kθ = −0.8.
The robot speed has been set at 2m/s according to the
work speeds usually used in many agricultural contexts.

Successive robot positions (seen from above: ) have
been added in the following tracking figures to illustrate the
motion of the robot when tracking.

A. Straight line tracking

The objective of this trial is the verification of the
proposed control strategy for parallel steering during
straight line tracking when the robot is given different
desired lateral deviations and absolute orientations. For this
we have imposed to the vehicle the reference path depicted
in black in Fig. 3 and Fig. 4.

As illustrated in Fig. 3, the vehicle is first located at an
initial distance to the trajectory yinit equal to 0.5m (À). At
the beginning (t = 0 s), the robot is given a desired lateral
deviation equal to zero (yd = 0m) and a desired absolute
orientation equal to zero (θd = 0 degrees) (Á). Then, at
t = 10 s, the lateral deviation is set at 0.3m (Â) and then
set, at t = 15s, at zero again (yd = 0m) (Ã). At t = 20 s,

the robot is given a desired absolute orientation equal to
25 degrees ≈ 0.436 radians (Ä). Then, the desired lateral
deviation is set at several values while keeping this absolute
orientation. Then, at t = 30 s, the desired lateral deviation
is set at 0.4m (Å), then, at t = 40 s, the desired lateral
deviation is set at −0.2m (Æ) and finally, at t = 45 s, the
desired lateral deviation is set to zero (yd = 0m) (Ç).

Fig. 3: Reference path (black), expected path (red) and
successive robot positions ( ).

Fig. 4: Reference path (black) and tracking (blue and red).

The results for the lateral deviation y and the absolute
orientation θ of the robot are depicted in Figs. 5 and 6.

Fig. 5: Lateral deviation results.

Fig. 6: Absolute orientation results.

It is apparent in Fig. 5 that the proposed parallel steering
strategy ensures the convergence of the robot towards dif-
ferent desired lateral deviations during straight line tracking
whatever the absolute orientation of the robot. Moreover,
as depicted in Fig. 6 the proposed strategy ensures the
convergence of the absolute orientation of the robot to
different desired orientations while ensuring the convergence
of the lateral deviation.
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B. Curve tracking

The objective of this trial is the verification of the
proposed control strategy for parallel steering during curve
tracking when the robot is given different desired lateral
deviations and absolute orientations. For this we have
imposed to the vehicle the trajectory depicted in black in
Fig. 7.

Fig. 7: Reference path (black), tracking (blue and red) and
successive robot positions ( ).

Fig. 8: Lateral deviation results.

Fig. 9: Absolute orientation results.

As illustrated in Fig. 7, the vehicle is first located at an
initial distance to the trajectory yinit equal to 0.5m (À).
At the beginning (t = 0 s), the robot is given a desired
lateral deviation equal to zero (yd = 0m) and a desired
absolute orientation equal to zero (θd = 0 degrees) (Á). After
a short straight line, the robot is asked to follow a curved
trajectory (Â). Then, while tracking this curve, the desired

lateral deviation is firstly set to 0.5m at t = 15 s (Ã), then
to 0m at t = 20 s (Ä). At t = 22.5 s the desired absolute
orientation is set to 15 degrees ≈ 0.262 radians (Å). Then,
the desired lateral deviation is set to−0.5m at t = 27.5 s (Æ)
and finally to zero at t = 32.5 s (Ç). When the curve stops,
the trajectory becomes again a straight line (È).

The results for the lateral deviation y and the absolute
orientation θ of the robot are depicted in Figs. 8 and 9.

It is apparent in Fig. 8 that the proposed parallel steering
strategy ensures the convergence of the robot towards differ-
ent desired lateral deviations during curve tracking whatever
the absolute orientation of the robot. Moreover, as depicted
in Fig. 9 the proposed strategy ensures the convergence of
the absolute orientation of the robot to different desired
orientations while ensuring the convergence of the lateral
deviation.

C. Manoeuvres applied to agricultural robotics

From previous simulations, one can see that the proposed
parallel steering strategy is suitable for achieving accurate
path tracking in off-road conditions. It is then possible
to imagine several scenarios with this kind of control in
different agricultural contexts where manoeuvres are tricky
because of the lack of space. It is the case for instance when
facing narrow parking places or doing U-turns between vine
rows. We have chosen to illustrate these situations with the
relevant simulations depicted in Figs. 10 and 11 that show
the achievements and the accuracy of using the proposed
parallel steering strategy in such situations.

Fig. 10: Reference path (black), tracking (blue and red) and
successive robot positions ( ) when parking.

Fig. 11: Reference path (black), tracking (blue and red) and
successive robot positions ( ) between vine rows (green).
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VI. CONCLUSION

This paper proposes a parallel steering strategy dedicated
to a four-wheel steering mobile robot in off-road contexts.
Because of poor grip conditions and imposing an equal angle
to the front and the rear axles, previous parallel steering
approaches cannot ensure an accurate tracking because of
the skid and the deviation from the desired path. Here, the
grip conditions are considered by using an observer based
on the extended kinematic model of the robot. This observer,
derived from previous work, allows suitable estimations for
the sideslip angles of a four-wheel steering mobile robot.
These estimations then feed the proposed control laws based
on a backstepping strategy ensuring both the convergence of
the robot towards a desired lateral deviation and a desired
absolute orientation. This new point of view allows to avoid
possible skids while guaranteeing the accuracy of the track-
ing. As shown in the simulation section, the combination
of the observer with the proposed control laws leads to high
accurate path tracking and can be used for tricky manoeuvres
in agricultural contexts for instance. Future work will be
focused on the design and the implementation of an observer
dedicated to each wheel of the robot to estimate more
precisely sideslip angles to further increase the accuracy of
the path tracking.
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