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Sliding-Mode Formation Control for Cooperative
Autonomous Mobile Robots

Michael Defoort, Thierry Floquet, Annemarie Kökösy, and Wilfrid Perruquetti

Abstract—This paper considers the control of a group of auto-
nomous mobile robots. A coordinated control scheme based on a
leader–follower approach is developed to achieve formation ma-
neuvers. First and second order sliding-mode controllers are
proposed for asymptotically stabilizing the vehicles to a time-
varying desired formation. The latter controller, based on the
relative motion states, eliminates the need for measurement or
estimation of the leader velocity. It enables formation stabilization
using a vision system carried by the followers and ensures the
collision avoidance from the initial time instance. Experimental
investigation has been conducted using a test bench made of
three nonholonomic mobile robots in order to demonstrate the
effectiveness of the proposed strategy.

Index Terms—Formation control, nonholonomic mobile robots,
robust control, second-order sliding mode.

I. INTRODUCTION

THE COORDINATED control of multiple autonomous mo-
bile robots is becoming an important robotics research

field. Indeed, there are many potential advantages of such
systems over a single robot, including greater flexibility, adapt-
ability, and robustness. Among all the topics of study in this
field, this paper focuses on the formation control, which means
to control a group of robots to form up and to move in specified
geometrical shapes [1], [2]. Many cooperative tasks, such as
transportation of large awkward objects, surveillance mapping,
search, rescue, or area data acquisition, need the robots to
maintain some prescribed formation when moving.

Various control strategies for mobile robot formations
have been reported in the literature, including behavior-
based methods [3], [4], virtual structure techniques [2], [5],
and leader–follower schemes [1], [6]–[9]. Among them, the
leader–follower approaches have been well recognized and
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become the most popular approaches. The basic idea of this
scheme is that one robot is selected as leader and is responsible
for guiding the formation. The other robots, called followers,
are required to track the position and orientation of the leader
with some prescribed offsets. The advantage of using such a
strategy is that specifying a single quantity (the leader’s motion)
directs the group behavior. Therefore, this approach is simple
because a reference trajectory is clearly defined by the leader
and the internal formation stability is induced by the individual
vehicles’ control laws.

Using the leader–follower approach, the most common for-
mation control strategies are feedback linearization [1], [6],
dynamic feedback linearization [10], backstepping [11], and
first order sliding-mode control [12]. In [1] and [6], the absolute
velocity of the leader is treated as an exogenous input for the
controller. However, in practice, it cannot be directly measured
by local sensors carried by the follower. In [9], the authors pro-
posed a formation control approach using motion segmentation
and visual servoing techniques. Thus, the problem of distributed
formation control in the configuration space is translated into
separate visual servoing tasks in the image plane of a central-
panoramic camera. Then, the motion of the leader is estimated
by the follower through the comparison of the optical flows
of two pixels. In [12], the control law requires the absolute
velocity and acceleration of the leader.

In practice, it is desired to have the minimum number of com-
munication links between robots. Thus, the global motion states
may not be available in some environments because there are no
suitable global motion sensors. Lack of sufficient information
may cause several problems such as deterioration of the overall
control performance, inability to avoid collision, etc. Hence,
some methods based on nonlinear observers have been recently
investigated in order to estimate the global motion states: the
extended Kalman filter [13], the unscented Kalman filter [10],
and high gain observer [14]. Although the resulting controllers
behave closely to the original one (i.e., with available global
motion states) after elapsing the transient time, they suffer from
the following practical drawback: some undesirable incidents,
such as collision, may happen during the transient time due to
the overshoots.

In this paper, a new sliding-mode formation controller which
is only based on the relative motion states is derived. It elimi-
nates the need for measurement or estimation of the absolute
velocity of the leader and enables formation control using
vision systems carried by the followers. Motivated by the pos-
sibility of collision avoidance between robots during the whole
movement, an integral sliding-mode control strategy is pro-
posed. Indeed, in the conventional sliding-mode control, there
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Fig. 1. Nonholonomic differentially driven mobile robot.

is a reaching phase (the transient period until the controlled
system reaches the sliding surface from the initial state). During
this transient period, the controlled system may be sensitive to
parameter variations and disturbances because the sliding mode
is not achieved. To overcome the reaching phase problems, the
integral sliding-mode principle, introduced in [15], will be used.

The outline of this paper is as follows. Section II describes
the dynamic model of a single robot. The coordinated formation
control scheme is formulated in Section III. In Section IV, two
sliding-mode formation tracking controllers are designed. The
first one, based on first order sliding-mode control principle,
requires total knowledge of the state variables. The second one
is a robust second order sliding-mode controller. It eliminates
the need of intervehicle communication, increasing the relia-
bility of the overall system while avoiding collision between
robots. Finally, in Section V, experimental results illustrate the
effectiveness of the proposed strategy.

II. MATHEMATICAL MODEL

Consider a multirobot system composed of N wheeled
mobile robots. Each mobile robot, see Fig. 1, is of unicycle
type with two driving wheels mounted on the same axis and
independently controlled by two actuators (dc motors). The
ith robot is fully described by a 3-D vector of generalized
coordinates qi constituted by the coordinates (xi, yi) of the
midpoint between the two driving wheels and by the orientation
angle θi with respect to a fixed frame

qi = [xi, yi, θi]T. (1)

Under the hypothesis of pure rolling and nonslipping
condition, the vehicle satisfies the nonholonomic constraint

[− sin θi cos θi 0]q̇i = 0

and the ideal kinematic equations are as follows:

q̇i =

⎡⎣ cos θi 0
sin θi 0

0 1

⎤⎦[wl,i

wa,i

]
(2)

where wl,i and wa,i are the linear and angular velocities,
respectively.

However, in practical applications, the robots operate under
uncertainty conditions (parameter variations, unmodeled dy-

namics, etc.). Taking into account the independent actuators of
the wheels and the uncertainties yields the following uncertain
dynamical model describing the motion of the ith robot (see
[16] for further details):⎡⎣ ẍi

ÿi

θ̈i

⎤⎦ =

⎡⎣−ẏiθ̇i

ẋiθ̇i

0

⎤⎦+

⎡⎣ cos θi 0
sin θi 0

0 1

⎤⎦ui

+

⎡⎣ cos θi 0
sin θi 0

0 1

⎤⎦Δiui + πi(qi, q̇i). (3)

The control input is ui

ui =
[
u1,i

u2,i

]
=
[

Fi

miτi

Ji

]
where mi and Ji are the known nominal robot mass and
moment of inertia, respectively. Fi and τi denote the force and
the torque applied to the robot i, respectively. The disturbances
(for instance, the slipping or skidding effects) are πi(qi, q̇i),
and the parameter variations are as follows:

Δi =
[

εi 0
0 ε′i

]
where εi and ε′i represent the variations on the mass and the
inertia of the vehicle, respectively.

Assumption 1: It is assumed that ‖πi(qi, q̇i)‖ is bounded by
a known positive nonlinear function Πi(qi, q̇i), i.e.,

‖πi(qi, q̇i)‖ ≤ Πi(qi, q̇i) (4)

and that the parameter variations satisfy

|εi| < 1 |ε′i| < 1. (5)

Remark 1: The disturbances do not necessarily satisfy the
matching condition and are not assumed to be vanishing.

III. COORDINATED FORMATION CONTROL SCHEME

To achieve the coordinated formation control, it is necessary
to describe the relationship, as well as the organization between
the robots. Among the different ways of constructing a forma-
tion, the leader–follower approach is one of the most important
building blocks. A multilayer high level formation can be
realized by the combination of a first level called formation’s
leader and the cascades of several leader–follower pairs.

A. Leader–Follower Scheme

As shown in Fig. 2, the robot k follows its leader i. Let lik ∈
R>0 be the relative Euclidean distance between the robots i and
k defined as

lik =
√

(xi − xk − d cos θk)2 + (yi − yk − d sin θk)2 (6)

where d is the distance between the middle point of the rear axle
and the front of the robot. The coordinates (xk + d cos θk, yk +
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Fig. 2. Leader–follower pair.

Fig. 3. Control scheme based on a leader–follower approach.

d sin θk) denote the position of the camera of the robot k. The
relative bearing ψik ∈ (−π, π] is defined as

ψik = π + ζik − θi (7)

and ζik = arctan(yi − yk − d sin θk)/(xi − xk − d cos θk).
Remark 2: If the robot k is equipped with a pan-controlled

monochromatic camera, the relative coordinates lik and ψik can
be estimated from a single image (see, for instance, [14]).

The coordination scheme is based on the relative distance and
bearing between a robot k and its leader i (see Fig. 3). Let hik,
which is the relative configuration of the robot k with respect to
the robot i, be given by hik = [lik, ψik]T.

Differentiating twice the lik and ψik yields the following
input–output equations:

ḧik = G(I2 + Δk)uk + F + P (8)

where

G =
[

cos ϕik d sin ϕik
− sinϕik

lik

d cosϕik

lik

]

with ϕik = ψik + θik and θik = θi − θk, and

F =

[
ψ̇2

iklik − θ̇klikψ̇ik + θ̇i

(
θ̇iklik + 2ψ̇iklik

)
+ θ̇ik (cos(ψik + θi)ẏi − sin(ψik + θi)ẋi)

−2l̇ikψ̇ik + θ̇k l̇ik − 2l̇ikθ̇i − sin(ψik + θi)θ̇ikẏi

lik

− cos(ψik + θi)θ̇ikẋi

lik

]
.

I2 denotes the 2 × 2 identity matrix, and P reflects the
disturbances and the parameter variations.

The required geometry between the leader and its follower is
determined by:

• a planned trajectory qd
i = (xd

i , y
d
i , θd

i ) being tracked by
the formation’s leader. For a unicycle-type mobile robot,
a saturated robust controller has been recently proposed in
[17] to asymptotically stabilize the tracking errors xd

i −
xi, yd

i − yi and θd
i − θi in spite of the uncertainties.

• the desired, possibly time-varying, relative distance ldik and
angle ψd

ik between each leader–follower pair.

Remark 3: The following results can be extended to the two
leaders scheme (i.e., l − l scheme [1]) which is based on the
relative distances between a follower robot k and its leaders i
and j. In this case, the relative configuration of the robot k is
given by h̃ik = [lik, ljk]T. Differentiating twice h̃ik yields an
equation similar to (8). Nevertheless, the configuration h̃ik is
computationally more difficult to estimate than hik [14].

B. Control Objective

It is aimed to design a robust control law uk such that the
robot k tracks its leader i with a desired relative configuration
hd

ik = [ldik, ψd
ik]T, in spite of parameter uncertainties and dis-

turbances. Furthermore, in order to prevent collisions between
robots from the initial time instance, it is required that the
following constraint is fulfilled.

Constraint 1: The closed-loop trajectories in (8) remains, in
spite of the uncertainties, within a set of the form

Ωik =
{
hik ∈ R

2 :
∣∣ldik − lik

∣∣ < αik,
∣∣ψd

ik − ψik

∣∣ < βik

}
(9)

where αik and βik are suitable strictly positive parameters.
This requirement ensures that lik is bounded away from zero.
Because lik > 0 and d > 0, the matrix G is nonsingular.

Remark 4: Constraint 1 ensures the practical stabilization of
the tracking error between the actual and the planned trajecto-
ries within a given accuracy for each follower. The trajectories
of all the leaders of the formation are designed by the motion
planners in such a way that the formation achieves some group
objective, like, in particular, the navigation without collision be-
tween any robot in an environment with obstacles (the accuracy
of the tracking error between the leader and its follower is taken
into account when defining, in the motion planners, the safety
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distance to avoid collisions between robots). For further details,
one can refer to [18].

Define the tracking error vector eik ∈ R
4 as

eik =
[
eT

ik,1

eT
ik,2

]
(10)

where eik,1 and eik,2 ∈ R
2 are defined by{

eik,1 = hd
ik − hik

eik,2 = ḣd
ik − ḣik.

(11)

The tracking error dynamics is given by

ėik =
[

eik,2

ḧd
ik − G(I2 + Δk)uk − F − P

]
. (12)

Control objective: Given ldik, ψd
ik, and the set Ωik, find a

controller and the corresponding compact time invariant set
Λik ⊂ Ωik (i.e., such that all trajectories hik of the closed-
loop system in (8), which starts from hik(0) ∈ Λik, satisfy
hik ∈ Λik for all t ≥ 0), leading to the asymptotic stabilization
of the tracking errors eik.

IV. CONTROLLER DESIGN

The stabilization of the tracking errors will be achieved
by using sliding-mode control laws. The aim of sliding-mode
control is to constrain the system trajectories to reach and stay,
after a finite time, on a given sliding manifold Sr

k in the state
space [19]. The sliding manifold is defined by the vanishing
of a corresponding sliding variable sk and its successive time
derivatives up to a certain order, i.e., the rth-order sliding set

Sr
k =

{
eik : sk = ṡk = · · · = s(r−1)

k = 0
}

.

A control law leading to such behavior is called an rth order
ideal sliding-mode algorithm with respect to sk. Higher order
sliding modes are characterized by a discontinuous control act-
ing on the higher order time derivatives of the sliding constraint
(instead of the first time derivative in first order sliding mode).
Preserving the main advantages of the former approach (relative
simplicity of design and robustness properties), they can reduce
the well-known chattering phenomenon, which consists in large
oscillations in the neighborhood of the sliding manifold. In-
deed, if the sliding order is higher than the relative degree of
the system, the discontinuity induced by the variable structure
control law is embedded in the higher order time derivatives
of the sliding constraint instead of the first time derivative
in classical sliding mode. Furthermore, they guarantee better
convergence accuracy (see [20] for a survey).

In order to fulfill Constraint 1, it is necessary that the
state hik is constrained to asymptotically track hd

ik with some
prescribed dynamics in spite of the uncertainties. To achieve
this goal, the reaching phase must be removed because the
output behavior, during this phase, cannot be predetermined by
the sliding surface. Hence, the sliding variable is designed in
order to eliminate the reaching phase. The sliding-mode control
algorithm is designed in two steps: 1) the selection of a suitable

sliding variable sk such that, while sliding, the control objective
is fulfilled and 2) the design of the corresponding control input
uk constraining the system trajectories to evolve on the sliding
surface from the initial time instance.

This design can be made using two levels of information.
1) The first one, based on first-order sliding-mode control,

requires the knowledge of the velocity q̇i of the robot
i, which is quite complex from the point of view of
information flow. It also requires the velocity q̇k of the
robot k.

2) The second one, based on second-order sliding-mode
control, is simpler from the information flow point of
view and does not require information about the velocities
of the robots i and k.

A. First Order Sliding-Mode Controller (r = 1)

In this part, the control objective is to generate a first order
sliding mode on a sliding surface appropriately chosen for each
follower, that is to say to constrain the system trajectories to
evolve from the initial time instance on S1

k = {eik : sk = 0}.
Assumption 2: It is assumed that each robot k knows the

following: 1) its relative position [lik, ψik]; 2) its relative ori-
entation θik; 3) its velocity q̇k; 4) the angle θi of the leader i;
and 5) the velocity q̇i of the leader i.

The time derivatives l̇ik and ψ̇ik of the relative position can
be computed because lik, ψik, θik, θi, q̇i, and q̇k are known.
Therefore, the values of G and F can be computed.

Assumption 3: It is supposed that, within the set Ωik, the
following parameter uncertainties are bounded as follows:

‖GΔkG−1‖ ≤ 1 − ck (13)

with 0 < ck < 1.
Consider the following feedback applied to system (12):

uk = −G−1
(
−ḧd

ik + F + vk

)
(14)

where vk ∈ R
2 is the new control input. Thus, the control

objective becomes, to asymptotically stabilize, the uncertain
“double integrator” system

ėik =
[

02 I2

02 02

]
eik +

[
02

I2

] [
(I2 + GΔkG−1)vk

]
+
[
02

I2

] [
−P + GΔkG−1

(
F − ḧd

ik

)]
(15)

where 02 denotes the 2 × 2 zero matrix.
Let us define the sliding variable as

sk(t) = eik,2(t) + Kkeik,1(t) + Lkdk(t) (16)

with

Kk =
[

K1,k 0
0 K2,k

]
Lk =

[
L1,k 0
0 L2,k

]
.

K1,k, K2,k, L1,k, and L2,k are strictly positive constants that
will be defined later. The term dk ∈ R

2 induces the integral

Authorized licensed use limited to: USTL. Downloaded on June 16, 2009 at 12:12 from IEEE Xplore.  Restrictions apply.



3948 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 55, NO. 11, NOVEMBER 2008

term and provides one more degree of freedom in the sliding
variable design. Its dynamics fulfill the differential equation{

ḋk(t) = eik,1(t)
dk(0) = L−1

k (−eik,2(0) − Kkeik,1(0)) .
(17)

The control law vk is designed as follows:

vk = −Kkeik,2 − Lkeik,1 + Δvk (18)

where Δvk represents the sliding-mode control part that is
designed to reject the perturbations and is given by

Δvk = −λkSign(sk). (19)

The signum function is defined as Sign([s1,k, s2,k]T) =
[sign(s1,k), sign(s2,k)]T. The gain λk is expressed as

λk =
ρk + η

ck
(20)

with the constant η > 0 and the known function
ρk ≥ max|εk|,|ε′

k
| ‖GΔkG−1(F − ḧd

ik + Kkeik,2 +
Lkeik,1)‖+ max‖πk‖≤Πk

‖P‖.
Theorem 1: Under Assumptions 1–3, the controller defined

by (14), (18), and (19) with the sliding variable (16) and (17)
ensures that the tracking errors given by (12) are asymptoti-
cally stable. Moreover, if hik(0) ∈ Λik, the collision avoidance
between the leader and its corresponding follower is guaranteed
from the initial time instance.

Proof: Let us choose the candidate Lyapunov function

Vk =
1
2
sT
k sk.

Using (15)–(20), the time derivative of Vk along the trajectory
of system (12) is expressed as

V̇k = sT
k

((
I2 + GΔkG−1

)
vk + GΔkG−1

(
F − ḧd

ik

))
+ sT

k (Kkeik,2 + Lkeik,1 − P )

= −sT
k (I2 + GΔkG−1)λkSign(sk) − sT

k P

+ sT
k GΔkG−1

(
F − ḧd

ik + Kkeik,2 + Lkeik,1

)
≤ − λk‖sk‖ + (1 − ck)λk‖sk‖ + ‖P‖‖sk‖

+
∥∥∥GΔkG−1

(
F − ḧd

ik + Kkeik,2 + Lkeik,1

)∥∥∥ ‖sk‖

≤ −ckλk‖sk‖ + ρk‖sk‖
≤ −η‖sk‖.

Thus, it is guaranteed that the output trajectories reach the
surface in spite of uncertainties and disturbances. Moreover, the
initial condition dk(0) is determined such that the sliding vari-
able always satisfies sk(0) = 0. Hence, the trajectory evolves
on the sliding surface {sk = 0} from the initial time instance
without any reaching phase and remains there.

The time derivative in (16) yields the sliding dynamics

ṡk = ėik,2 + Kkeik,2 + Lkeik,1. (21)

In sliding mode, the equivalent control veq
k , obtained by writing

ṡk = 0 (see [22] for further details), is given by

veq
k = (I2 + GΔkG−1)−1

(
−GΔkG−1

(
F − ḧd

ik

)
+ P

)
+ (I2 + GΔkG−1)−1(−Kkeik,2 − Lkeik,1).

Substituting the previous equation veq
k into (15), one obtains the

equivalent closed-loop dynamics, in sliding mode

ėik =
[

02 I2

−Lk −Kk

]
eik. (22)

Therefore, in sliding mode, the tracking errors are constrained
to fulfill the following differential equations:⎧⎨⎩
(
l̈dik − l̈ik

)
+ K1,k

(
l̇dik − l̇ik

)
+ L1,k

(
ldik − lik

)
=0(

ψ̈d
ik − ψ̈ik

)
+ K2,k

(
ψ̇d

ik − ψ̇ik

)
+ L2,k

(
ψd

ik − ψik

)
=0.

(23)

The positive constants K1,k, K2,k, L1,k, L2,k, and the cor-
responding nonempty set of initial conditions Λik ⊂ Ωik are
selected straightforwardly using pole assignment technique
such that, in sliding mode, the tracking errors are exponentially
stable and the set Λik is positively invariant for the equivalent
closed-loop system (23), i.e., ∀t ≥ 0, hik(t) ∈ Λik.

Using the control input with the proposed sliding variable,
the system (15) can be controlled in sliding mode from the
initial time instance. Thus, the discontinuous control term main-
tains the system on the sliding surface by rejecting the effect of
the uncertainties for t ≥ 0. The outputs are insensitive to the
system uncertainties, and the closed-loop behavior in (12) is
given by (22), which is asymptotically stable. As the transient
process is removed, collision avoidance is ensured in spite of
the uncertainties from the initial time instance. �

B. Second Order Sliding-Mode Controller (r = 2)

Because the proposed first order sliding-mode controller
depends on q̇i and q̇k, it is necessary that the robot k has
knowledge of its velocity and the velocity of the robot i. In
order to minimize the information flow, a controller that only
needs the formation error eik,1 is proposed hereafter. Its design
is still based on sliding-mode control. However, as the state
eik,2 is not available, the sliding variable (16) and (17) cannot
be considered in the controller design. A second order sliding-
mode controller is proposed to circumvent this difficulty.

Assumption 4: It is assumed that each robot knows the
following: 1) its relative position [lik, ψik] 2) its relative ori-
entation θik.

Therefore, G can be computed. Because F in the model (8)
is unknown, it is treated as model uncertainty of the system.

Assumption 5: It is assumed that eik,2(0) is known, that is to
say ḣik(0) is known.

Remark 5: The condition of the knowledge of ḣik(0) is
not conservative. Indeed, the initial configuration of the robot
formation can be divided into two cases.

1) All the initial robot velocities are equal to zero. Then, one
has eik,2(0) = ḣd

ik(0).
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2) The initial robot velocities are not equal to zero. In this
case, before applying the proposed controller, one can
design a robust finite time exact differentiator [21] in
order to obtain the initial conditions ḣik(0).

Let us define the sliding variable as follows:

sk =
[
s1,k

s2,k

]
= eik,1 + Kkdk + Lkck (24)

where

Kk =
[

K1,k 0
0 K2,k

]
Lk =

[
L1,k 0
0 L2,k

]
are strictly positive definite diagonal matrices. The functions
dk and ck still induce integral terms. Their dynamics fulfill the
following differential equations:⎧⎪⎪⎨⎪⎪⎩

ḋk = eik,1

ċk = dk

dk(0) = L−1
k (−eik,2(0) − Kkeik,1(0))

ck(0) = L−1
k

(
−eik,1(0) − Kkdk(0)

)
.

(25)

Differentiating twice the variable (24) gives

s̈k = Kkeik,2 + Lkeik,1 + ḧd
ik − G(I2 + Δk)uk − F − P.

(26)

Let us define the following state feedback control:

uk = −G−1

([
v1,k

v2,k

]
− Lkeik,1 − ḧd

ik

)
(27)

such that one gets

s̈k = (I2 + GΔkG−1)
[
v1,k

v2,k

]
− P (28)

where

P = F + P − Kkeik,2 + GΔkG−1
(
Lkeik,1 + ḧd

ik

)
.

Assumption 6: It is supposed that, within the set Ωik, the
following parameter variations are bounded as follows:

0 < δk ≤ ‖I2 + GΔkG−1‖ ≤ δ′k. (29)

Furthermore, one can get an upper bound of the uncertainties
‖P‖ within the set Ωik, i.e., there are a positive constant ρk

such that

‖P‖ ≤ ρk. (30)

According to (28), the relative degree (see [23] for details)
of system (12) with respect to the sliding variable sk is two.
Thus, one must design a second order sliding-mode algorithm
that only requires the knowledge of sk (that is to say, only
the relative configuration). One can use the sampled twisting
algorithm, described in [20], i.e., ∀j = {1, 2}

vj,k =
{
−μksign(sj,k), if sj,kΔsj,k

> 0
−νksign(sj,k), if sj,kΔsj,k

≤ 0 (31)

Fig. 4. Miabot robots.

TABLE I
SPECIFICATIONS OF THE ROBOT

with

Δsj,k
=
{

0, if γ = 0
sj,k(γτ) − sj,k ((γ − 1)τ) , if γ ≥ 1

where τ is the sampling period, and νk and μk are positive
constants satisfying the following conditions:

νk >
ρk

δk
μk >

δ′kνk

δk
+ 2

ρk

δk
.

This algorithm provides good robustness properties. It does
not require the knowledge of the time derivative of the sliding
variable sk and takes into account some practical constraints
such as the sampling of the measurement and the control.

Remark 6: One can note that the suboptimal algorithm de-
scribed in [24] could also be applied. After an initialization
time, this algorithm needs, in real time, the exact knowledge
of the singular value of the sliding variable, that is to say, the
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Fig. 5. Overview of the platform.

corresponding value when sk = 0. Thus, its implementation is
less easy than the sample twisting algorithm.

Theorem 2: Under Assumptions 1 and 4–6, using only the
relative configuration, the controller defined in (27) and (31),
with the sliding variable (24) and (25), ensures that the tracking
errors given by (12) are asymptotically stable. Moreover, if
hik(0) ∈ Λik, the collision avoidance between the leader and
its corresponding follower is guaranteed from the initial time
instance.

Proof: The proof is quite similar to the proof of
Theorem 1 and is omitted. �

V. EXPERIMENTS

A. Experimental Setup

To demonstrate the effectiveness of the proposed second or-
der sliding-mode controller, experiments have been conducted
on a test bench which consists of three nonholonomic mobile
robots, called MIABOT (see Fig. 4). The detailed specifications
of a mobile robot are given in Table I.

The perspective view of the platform with the vision system,
host computer, communication system, and pitch is shown in
Fig. 5. The vision system consists of a TMC-7 charge-coupled
device camera with a resolution of 320 × 240 pixels and an
image grabber with a processing rate of 30 frames/s. The vision
system recognizes each vehicle by the color marker adhibited
on the top of each one. A virtual vision sensor is fixed on
the front of each follower (d = 5 cm). It translates the relative
positions obtained by the actual vision system into the relative
motion states from the view of the follower. These data are
transmitted to the host computer. Because the localization of
the robots is made only by the vision system, its processing
rate limits the sampling time for the controller. It is set to
τ = 60 ms. In the experiments, the robots are controlled with
a host computer, which is a Pentium processor with 2.4 GHz.
However, it is easy to control the robots as a decentralized
system because the proposed strategy is decentralized. A private
IP is assigned to each robot beforehand, and mobile robots

Fig. 6. Trajectories of the leader R1 and the followers R2 and R3.

(clients) are connected with a server through the communica-
tion system, which is a radio frequency module.

B. Experimental Results

A scenario with one leader and two followers is considered.
The objective is that the formation moves in a time-varying
geometric shape characterizing by the desired parameters

ld12 = 0.175 − 0.025 tanh (10(t − 5.5)) ψd
12 = −π

4

ld13 = 0.25 + 0.05 tanh (10(t − 5.5)) ψd
13 =

π

4
.

These parameters have been planned such that the desired tra-
jectories are sufficiently smooth. They characterize a triangular
formation with modification of its size at t = 5.5 s (i.e., ld12 :
0.2 m →t=5.5 s 0.15 m and ld13 : 0.2 m →t=5.5 s 0.3 m). The
formation’s leader is R1. Its desired trajectory is planned using
the algorithm given in [18]. It consists of two straight lines
traveled with a linear velocity of 0.5 m/s and an arc of a circle. It
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Fig. 7. Tracking errors.

Fig. 8. Linear velocities of robots R2 and R3.

has been designed such that the followers have sufficient control
authority to track the desired configuration and stay inside the
game area. Note that the tracking of the planned trajectory by
the formation’s leader is achieved via first order sliding-mode
control because it knows its own velocity.

The initial configurations of the robots, which characterize
a linear formation, are q1(0) = [0 m, 0 m, 0 rad]T, q2(0) =

[−0.4 m, 0 m, 0 rad]T, and q3(0) = [−0.3 m, 0 m, 0 rad]T.
Hence, the geometrical shape of the group will be reconfigured
from a “linear” to a “triangular” shape. Their initial velocities
are zero. The velocity of the leader R1 is not known by
the followers. Thus, the first order sliding-mode controller
cannot be used. That is why, in order to design the control
inputs u2 and u3, the second-order sliding-mode controller
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Fig. 9. Angular velocities of robots R2 and R3.

is applied. The parameters of the sliding variable (24) are as
follows:

K2 = K3 =
[

2 0
0 2

]
L2 = L3 =

[
1 0
0 1

]
.

The controller gains are ν2 = ν3 = 4 and μ2 = μ3 = 20.
Under the proposed formation controller, the trajectories of

the two robots, recorded by the vision system, are shown in
Fig. 6. The corresponding tracking errors for the two followers
are shown in Fig. 7. One can see that they are asymptotically
stable in spite of the uncertainties. The geometric shape of the
formation is reconfigured in a “triangular” shape in 5 s. Then,
this triangular formation is tracked even after the modification
of its size at t = 5.5 s. Figs. 8 and 9 show the linear and angular
velocities of the two followers, respectively. One can note that,
when the leader turns back, robot R3 accelerates (i.e., the linear
velocity increases until 1 m/s), whereas robot R2 slows down
in order to keep the triangular shape.

VI. CONCLUSION

In this paper, the formation control problem for wheeled mo-
bile robots has been addressed. A robust second order sliding-
mode controller is proposed to control the leader–follower
formation using only the measurement of relative configura-
tions between robots. The controller does not need measure-
ment or estimation of the leader velocity. It achieves the
asymptotical stabilization of the vehicles toward a time-varying
desired formation, in spite of the unavoidable presence of pa-
rametric uncertainties and disturbances, using the on board
vision system. Furthermore, it ensures the collision avoid-
ance from the initial time instance. Experimental results have
demonstrated the effectiveness of the proposed strategy.

REFERENCES

[1] J. P. Desai, J. P. Ostrowski, and V. Kumar, “Modeling and control of
formations of nonholonomic mobile robots,” IEEE Trans. Robot. Autom.,
vol. 17, no. 6, pp. 905–908, Dec. 2001.

[2] P. Ogren, M. Egerstedt, and X. Hu, “A control Lyapunov function ap-
proach to multiagent coordination,” IEEE Trans. Robot. Autom., vol. 18,
no. 5, pp. 847–851, Oct. 2002.

[3] T. Balch and R. Arkin, “Behavior-based formation control for multi-
robot teams,” IEEE Trans. Robot. Autom., vol. 14, no. 6, pp. 926–939,
Dec. 1998.

[4] J. Lawton, R. Beard, and B. Young, “A decentralized approach to forma-
tion maneuvers,” IEEE Trans. Robot. Autom., vol. 19, no. 6, pp. 933–941,
Dec. 2003.

[5] R. Beard, J. Lawton, and F. Hadaegh, “A coordination architecture for
spacecraft formation control,” IEEE Trans. Control Syst. Technol., vol. 9,
no. 6, pp. 777–790, Nov. 2001.

[6] A. Das, R. Fierro, V. Kumar, J. P. Ostrowski, J. Spletzer, and C. Taylor, “A
vision-based formation control framework,” IEEE Trans. Robot. Autom.,
vol. 18, no. 5, pp. 813–825, Oct. 2002.

[7] S. Mastellone, D. M. Stipanovic, C. R. Graunke, K. A. Intlekofer, and
M. W. Spong, “Formation control and collision avoidance for multi-agent
non-holonomic systems: Theory and experiments,” Int. J. Robot. Res.,
vol. 27, no. 1, pp. 107–126, Jan. 2008.

[8] H. Takahashi, H. Nishi, and K. Ohnishi, “Autonomous decentralized con-
trol for formation of multiple mobile robots considering ability of robot,”
IEEE Trans. Ind. Electron., vol. 51, no. 6, pp. 1272–1279, Dec. 2004.

[9] R. Vidal, O. Shakernia, and S. Sastry, “Following the flock,” IEEE Robot.
Autom. Mag., vol. 11, no. 4, pp. 14–20, Dec. 2004.

[10] G. Mariottini, F. Morbidi, D. Prattichizzo, G. Pappas, and K. Daniilidis,
“Leader–follower formations: Uncalibrated vision-based localization and
control,” in Proc. IEEE Conf. Robot. Autom., 2007, pp. 2403–2408.

[11] X. Li, J. Xiao, and Z. Cai, “Backstepping based multiple mobile robots
formation control,” in Proc. Conf. Intell. Robots Syst., 2005, pp. 887–892.

[12] J. Sanchez and R. Fierro, “Sliding mode control for robot formations,” in
Proc. IEEE Symp. Intell. Control, 2003, pp. 438–443.

[13] G. Mariottini, G. Pappas, D. Prattichizzo, and K. Daniilidis, “Vision based
localization of leader–follower formations,” in Proc. IEEE Conf. Decision
Control, 2005, pp. 635–640.

[14] O. Orqueda and R. Fierro, “Robust vision-based nonlinear formation
control,” in Proc. Amer. Control Conf., 2006, pp. 1422–1427.

[15] V. I. Utkin and J. Shi, “Integral sliding mode in systems operating under
uncertainty conditions,” in Proc. IEEE Conf. Decision Control, 1996,
pp. 4591–4596.

[16] M. Corradini and G. Orlando, “Control of mobile robots with uncertainties
in the dynamical model: A discrete time sliding mode approach with
experimental results,” Control Eng. Pract., vol. 10, no. 1, pp. 23–34,
Jan. 2002.

[17] M. Defoort, T. Floquet, A. Kökösy, and W. Perruquetti, “Integral sliding
mode control for trajectory tracking of a unicycle type mobile robot,”
Integr. Comput.-Aided Eng., vol. 13, no. 3, pp. 277–288, Jul. 2006.

[18] M. Defoort, T. Floquet, A. Kökösy, and W. Perruquetti, “Decentralized
robust control for multi-vehicle navigation,” in Proc. Eur. Control Conf.,
2007, pp. 2150–2157.

[19] S. V. Emel’yanov, S. V. Korovin, and L. V. Levantovskii, “Higher order
sliding modes in the binary control systems,” Sov. Phys. Dokl., vol. 31,
no. 4, pp. 291–293, 1986.

[20] L. Fridman and A. Levant, “Higher order sliding mode modes,” in Control
in Engineering, E. W. Perruquetti and J. P. Barbot, Eds. New York:
Marcel Dekker, 2002, pp. 53–102.

[21] A. Levant, “Robust exact differentiation via sliding mode technique,”
Automatica, vol. 34, no. 3, pp. 379–384, Mar. 1998.

Authorized licensed use limited to: USTL. Downloaded on June 16, 2009 at 12:12 from IEEE Xplore.  Restrictions apply.



DEFOORT et al.: SLIDING-MODE FORMATION CONTROL FOR COOPERATIVE AUTONOMOUS MOBILE ROBOTS 3953

[22] V. I. Utkin, “Sliding mode control design principles and applications to
electric drives,” IEEE Trans. Ind. Electron., vol. 40, no. 1, pp. 23–36,
Feb. 1993.

[23] A. Isidori, Nonlinear Control Systems, 3rd ed. ser. Communication and
Control Engineering Series. New York: Springer-Verlag, 1995.

[24] G. Bartolini, A. Ferrara, and E. Usai, “Applications of a sub-optimal
discontinuous control algorithm for uncertain second order systems,” Int.
J. Robust Nonlinear Control, vol. 7, no. 4, pp. 299–319, Apr. 1998.

Michael Defoort was born in France in 1981. He re-
ceived the M.S. degree in automatic control from the
Institut Supérieur d’Electronique et du Numérique,
Lille, France, in 2004, and the Ph.D. degree from the
Ecole Centrale de Lille, Lille, in 2007.

Since 2007, he has been with the Department
of System Design Engineering, Keio University,
Yokohama, Japan, where he is a Visiting Researcher.
His research interests include nonholonomic sys-
tems, nonlinear control, motion planning, and forma-
tion control.

Thierry Floquet received the M.S. and Ph.D. de-
grees in automatic control from the University of
Lille, Lille, France, in 1997 and 2000, respectively.

Since 2001, he has been with the Laboratoire
d’Automatique, Génie Informatique et Signal, Unité
Mixte de Recherche 8146, Centre National de la
Recherche Scientifique, Ecole Centrale de Lille,
Villeneuve-d’Ascq, France, where he is Chargé de
Recherche of the Centre National de la Recherche
Scientifique. His research interests include observer
theory and nonlinear control with applications to

electrical engineering and robotics.

Annemarie Kökösy was born in Romania in 1970.
She received the Diploma in automatic control engi-
neering from the University “Politehnica” Timisoara,
Timisoara, Romania, in 1994, the M.S. degree from
the Ecole Nationale d’Ingénieurs de Belfort, Belfort,
France, in 1995, and the Ph.D. degree from the Uni-
versity Franche-Comté, Besançon, France, in 1999.

From 1998 to 1999, she was an Assistant Pro-
fessor with the Department of Automatic Control,
University Franche-Comté. From 1999 to 2000, she
was an Assistant Professor with the Department of

Automatic Control, University of Lille, Lille, France. Since May 2000, she
has been with the Department of Signals and Systems, Institut Supérieur
d’Electronique et du Numérique, Lille, France, where she is currently an
Assistant Professor. Since 2003, she has been the Head of the Department of
Signals and Systems. She is also with the Laboratoire d’Automatique, Génie
Informatique et Signal, Unité Mixte de Recherche 8146, Centre National de la
Recherche Scientifique, Ecole Centrale de Lille. Her research interests include
robotics and analysis and control for nonlinear systems.

Wilfrid Perruquetti was born in Saint Gilles,
France, in 1968. He received the M.Sc. degree in au-
tomatic control from the “Institut Industriel du Nord”
(French “Grande Ecole”), Lille, France, in 1991.
He obtained the Ph.D. degree in automatic control
in 1994.

He was with the “Ecole Centrale de Lille” (French
“Grande Ecole”), Lille, as an Assistant Professor in
1995, where he has been a Full Professor since 2003
and is working in the Laboratoire d’Automatique,
Génie Informatique et Signal, Unité Mixte de

Recherche 8146, Centre National de la Recherche Scientifique and within
the project ALIEN of INRIA—Lille Nord Europe. He has published about
128 book chapters, journal, and conference papers and is the Coeditor of
two books with Jean-Pierre Barbot: Sliding Mode Control in Engineering
(Marcel Dekker) and Chaos in Automatic Control (CRC–Taylor and Francis).
His research interests include stability analysis, (finite-time) stabilization (in
particular, stabilization), sliding-mode control of nonlinear and time-delay
systems, and observation and identification of system parameters. His main
fields of applications are in robotics (mobile robots and robotic manipulators)
and electrical actuators (dc, induction, and stepper motors).

Prof. Perruquetti has been a member of two International Federation of
Automatic Control Technical Committees (2.3 “Nonlinear Control Systems”
and 2.5 “Robust Control”) since 2002, and he is a Senior Member of the
Société de l’Electricité, de l’Electronique et des Technologies de l’Information
et de la Communication. In 2007, he was appointed as a representative of the
Direction Générale de la Recherche et de l’Innovation by the French Ministry
of Education and Research. He was the Program Director of several programs
and was involved in several International Program Committees. He is currently
the Editor-in-Chief of e-revue Sciences et Technologie de l’Automatique.

Authorized licensed use limited to: USTL. Downloaded on June 16, 2009 at 12:12 from IEEE Xplore.  Restrictions apply.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


