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Abstract: This paper addresses the control of a team of nonholonomic mobile robots. Indeed, the most work, in this
domain, have studied extensively classical control for keeping a formation of mobile robots. In this work, the
leader mobile robot is controlled to follow an arbitrary reference path, and the follower mobile robot use the
sliding-mode controller to keep constant relative distance and constant angle to the leader robot. The efficiency
and simplicity of this control laws has been proved by simulation on different situations.

1 INTRODUCTION

The multi robots systems is an important robotics re-
search field. Such systems are of interest for many
reasons; tasks could be too complex for a simple robot
to accomplish; using several simple robots can be eas-
ier, cheaper and more flexible than a single power-
ful robot (Mazo et al., 2004), (Zavlanos and Pappas,
2008), (Murray, 2007), (Liu et al., 2007), (Klancar
et al., 2009).

Formation control has been one of the important Figure 1: A skid-steered four wheel mobile robot.
research topics in multiple robot systems as it is appli-
cable to many areas such as geographical exploration, ) o
rescue operations, surveillance, mine sweeping, and !N this paper, it will be developped a method based
transportation. Different approaches have been devel-On the leader-following approach to investigate for-
oped recently, for example, behavior-based control, Mation control problgm in a group of n_onholonom|c
LQ control, visual servoing control, Lyapunov-based Mobile robots. For this purpose, we design a new con-
control, input and output feedback linearization con- troller based on sliding-mode control to drive a fleet
trol, graph theory, and nonlinear control. of mqb[le robots in a leader-follower configuration.

In leader-follower formation control, the most  Sliding Mode Control (SMC) method has been
widely used control technique is feedback lineariza- Widely noticed because of its superior robust con-
tion based on the kinematics model of the system. In trol performance for systems with highly uncertainty
this study, we focus on the problem of leader-follower (Chwa, 2004), (Yang and Kim, 1999), (Floguet et al.,
robot formation control using a sliding-mode con- 2003), (Solea and Nunes, 2007), (Solea and Cernega,
troller. 20009).

The referenced robot is called a leader, and the ~ Therestofthis paperis organized as follows. First
robot following it called a follower. Thus, there are formulation of the nonholonomic mobile robot sys-
many pairs of leaders and followers and complex for- tem s revealed. Then, the Ieader-fo_llowmg formation
mations can be achieved by controlling relative posi- Model method used by the robots is exposed. After
tions of these pairs of robots respectively. This ap- that, t_he archlt_ecture of the S|I|ng-m9de control_ler is
proach is characterized by simplicity, reliability and described. This paper concludes with some simula-
no need for global knowledge and computation. tion and results.
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2 FORMATION CONTROL

2.1 Formulation of the Nonholonomic
Moaobile Robot System

As indicated in Figure 1, the mobile robots are skid-
steering mobile platforms. To develop the kinematic
model for a skid-steering mobile robot (SSMR) that
is assumed to move in a plane (for simplicity) with an
inertial coordinate system, denoted by, Yg), and

a local coordinate system, denoted(®y, Y;), where
the origin of (X, Y;) is fixed to the center of mass
(CG) of the SSMR as illustrated in Figure 2. The po-
sition and orientation of the CG, denoteddqy) € R®,

is defined ag| = [x yr 6¢]" (i.e., theCG position,x,
andy;, and the orientatioB, of the local coordinate
frame with respect to the inertial frame).

Xr cog6;) —sin(6;) O Vxr
Y | =| sin(6r) cog6) O Vyr
6r 0 0 1 oy

It is obvious that Eqn. (1) does not impose any

Figure 3: Wheel velocities.

In this description we consider only a simplified
case of the SSMR movement for which the longitudi-
nal slip between the wheels and the surface can be ne-
glected. For traditional mobile robots, the wheel rota-
tion is translated into a linear motion along the tangent

restrictions on the skid-steering mobile robot plane Of & curve without longitudinal slippage as described
movement, since it describes free-body kinematics by the following expressions:

only. Therefore it is necessary to analyze the relation-

ship between wheel velocities and local velocities.
Suppose that the— th wheel rotates with an an-

gular velocitywy (t), wherei = 1,2,...,4, which can

be seen as a control input. For simplicity, the thick-

ness of the wheel is neglected and is assumed to b

in contact with the plane at poifi; as illustrated in

Figure 3. In contrast to most wheeled vehicles, the lat-

eral velocity of the SMRRyiyr, is generally nonzero.
This property comes from the mechanical structure o

the SSMR that makes lateral skidding necessary if the
vehicle changes its orientation. Therefore the wheels

are tangent to the path onlyd = 0, i.e., when the
robot moves along a straight line.

Yoy

Og Xg

Figure 2: Free body diagram.
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Vixr = Ri - oy ()
whereviy, is the longitudinal component of the total
velocity vectorvi of thei —th wheel expressed in
the local frame an&; denotes the so-called effective
rolling radius of that wheel.

€ The vectorsdi(t) = [dix(t),diy(t)]T anddca(t) =

[deex(t), deay(t)]" € R? are expressed ifX,Y;) and
are defined from the instantaneous center of rotation

f (ICR) of the vehicle toRP, Vi = 1,2,...,4 anddcg(t)

from thelCR to the vehicle t€CG, respectively, as il-
lustrated in Figure 3. Based on the geometry of Figure
3, the following expressions can be developed:

Vixr Vxr Viyr Vyr

dy  Yicr dix XICR ®)
where itis used the fact that the coordinates ol @R
expressed ifX,Y;), denoted bycr(t) andyicr(t) €
R, are defined aicr, Yicr]" = [~dcex deayl " -

From Figure 3 it is clear that the coordinates of

vectorsd;; satisfy the following relationships:

d1y = d4y = dc(_;y— L
doy = day = dcay+L
Oix = dox = dcox+ @
d3x = d4x = dCGx* b
After combining Eqgns. (3) and (4), the follow-
ing relationships between wheel velocities can be ob-
tained:

(4)

VR = Voxr = Vaxr
VB = V3yr = Vayr

VL = Vixr = Vaxr
VE = Viyr = Voyr

()
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wherev andvgr denote the longitudinal coordinates
of the left and right wheel velocitiesr andvg are
the lateral coordinates of the velocities of the front
and rear wheels, respectively.

Using (3) - (5) it is possible to obtain the fol-
lowing transformation describing the relationship be-
tween the wheel velocities and the velocity of the
robot:

\%N 1 —L

VR _ 1 L er

Ve | | 0 —Xxcr+a { oy } ()
VB 0 —Xcr-— b

Notice thatwy andwg which denote angular ve-
locities of left and right wheels, respectively, can be
regarded as control inputs at kinematic level and can

be used to control longitudinal and angular velocity Figure 4: Leader-follower approach for SSMR.
according to the following relationships:
R+ WL WR — WL Skid-steering
Vo =R = @ =R ") et o[} (SR

while Ris so called effective radius of wheels and.2
is a spacing wheel track depicted in Figure 2.

It is interesting to see that the analysed kinematic
model of the SSMR is quite similar to the kinematics [ SHanamods Convoter \ /s.dd_stee,i,.g T Ro.,o._\
of the two-wheel mobile robot. ; el

From the last equations it is clear that, theoreti-
cally, the pair of velocitieso. andwgr can be treated
as a control kinematic input signal as well as veloc-
i;ies Vyr andwy. However, the accuracy (_)f the_rela— v —
tions (7) mostly depends on the longitudinal slip and (12), (13) I; , ejj
can be valid only if this phenomenon is not dominant. -
In addition, the parameteRandL may be identified
experimentally to ensure a high validity of the deter-
mination of the angular robot velocity with respect to
the angular velocities of the wheels. Figure 5: Block diagram.

To complete the kinematic model of the SSMR,
the following velocity constraint can be considered:

YVt
W,

;
g
®
58
4
B
:

=

9. The followerr2 regulates the formation state er-
Vyr -+ Xicr- 6 = 0 (8) rors of the separate distance and the relative bearing

o p through its speed control signalg = [Vxr2, wx2] " :
The last equation is not integrable. In conse-

quence, it describes a nonholonomic constraint which [ d ] B { ad } B { d ] (10)
= | 4

can be rewritten like: ¢ 0
Xr The relative distance between the leader and the
[ —sin(6;) cog6) Xcr || ¥ | =0 (9) follower robot is denoted &g, the separation bearing
O, angle isy, and they are given by:

d= /(61— %2+ (i -ye)2 (1)

P =T1— [Br1 — arctar2(yr1 — Ye2, X1 — X2)]  (12)
Figure 4 is a leader-follower control model where the where:
formation pattern is specified by the separate distance _ _ .
d and the relative bearing for two robotsr1 andr2. X2 = X2+ 1-€06r2), Ye2 = Yr2+1-sin(Br2)
The desired formation pattern can be defined as the  The formation control can be investigated by mod-
desired separate distand® and the relative bearing eling the formation state error as follows (Das et al.,

2.2 Leader-follower Formation Models
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2002): Trajectory
_ 107
d~ . - - -leader
s | =G U2+F - U1, @=wr1 — w2 (13) ——follower
i ol
and
—cog@+y) —I-sin(o+y) o
G=| sin(e+y)  I-cofo+y) |, _
d d E 4
cofy) O
F=1] siny) 1 ]
d
where@= 6,1 — 6,2 andl is the distance between the oy
robot position(x2,yr2) and the robot hand position
(Xc2,Ye2) as shown in Figure 4. - ‘
=4 -2 0 2 4 6
X [m]

2.3 Sliding-mode Controller Design
Figure 6: Simulation | - Trajectory of the leader and the

In a leader-follower configuration, with the leader's Ollower.

position given and once the follower’s relative dis- -

tance and angle with respect to the leader are known, If s1 converges to zero, triviallgl converges to
the follower's position can be determined. To use the zero. If s, converges to zero, in steady-state it be-
leader-following approach, it is assumed that the an- comesp = —yy - @ —yo-sgn({) - |¢|. Sincelq| is al-
gular and linear velocities of the leader are known. Ways bounded, the following relationship betweln
In order to achieve and maintain the desired forma- and{ holds:{) <0=-$ > 0and} > 0= { <O0.

tion between the leader and follower, itis onlyneedto ~ From the time derivative of (15) and (16) and us-
control the follower’s angular and linear velocities to INg the reaching law defined in (14) yields:

achieve the relative distance and angle between them EN— J'erd d=_ p1-|s1|-sgns)  (17)

as specified. Therefore, the leader-following based ' = ; ~

mobile robot formation control can be considered as 2= P+ Yy ¥ +vo-sgnl) - sgr(e) - o= (18)

an extension of the tracking control problem of the =—P2-|2[*sgns)
nonholonomic mobile robot. After some mathematical manipulation, one can
A practical form of reaching the control law (pro- achieve: .
posed by Gao and Hung (Gao and Hung, 1993)) is . pi-|s1|*-sgns1) +yq-d—Ds 19
defined as 2 = cog @+ ) (19
§=—pi-[s|"-sgns), 0O<a<li=12 (14) tog — (P2 12" S9MS) +¥psi-B)-d =Dz
|- cog @+ )

This reaching law increases the reaching speed
when the state is far away from the switching man- . . o
ifold, but reduces the rate when the state is near the 21~ - oz sin(@-+ ) — d- (@-+ ) - (b+ oora)

where

manifold. The result is a fast reaching and low chat- V1~ COSW) — Vr1: §: sm(Lp) .
tering reaching mode. D2 = Yo-sgn(- @) - @-d — V2 - sin(@+ W) +
A new design of sliding surface is proposed, such Vi - SIN(W) — Vxr1 - @- cOSW) — (@+ ) -d—
that the separation bearing angleand the orienta- —d-ox1—d- (b +wr)
tion errorg, are internally coupled with each other in The signumfunctions in the sliding surface were

a sliding surface leading to convergence of both vari- replaced bysaturationfunctions, to reduce the chat-
ables. For that purpose the following sliding surfaces tering phenomenon (Slotine and Li, 1991).
is proposed:

si=d+ya-d (15)
2 =0+yy O+yo-sgnd) - |¢ (16)

hereyo, Ya, Yy are positive constant parameters and In this section, simulation results for the proposed
O, @ are defined by (10), (13). SMC are presented. The simulation are performed

3 SIMULATION RESULTS
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in Matlab/Simulink environmentto verify behavior of
the controlled system. The parameters of the SSMR
model were chosen to correspond as closely as possi-
ble to the real experimental robot presented in section
1 in the following mannera = 0.10[m|, b = 0.20[m|,

L =0.12[m|, R= 0.04]m]. Wheel velocity commands,

Sliding surfaces S, and s,
0.4

0.2r
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Figure 7: Simulation | - Sliding surfaces ands,, separate
distance(d), relative bearing() and relative orientation

(®).

_ V2 +L - 02, L = Vxe2 — L - W2 .

R ' R '

are sent to the power modules of the follower mobile
robot, and encoder measuiéRandNL are received

(21)

10

Trajectory

- - ~leader
——follower,|

yim]
S

-2 0 2 4 6 8 10

Figure 8: Simulation Il - Trajectory of the leader and the
follower.

in the robots pose estimator for odometric computa-
tions.

Figure 5 shows a block diagram of the proposed
sliding-mode controller.

In order to compute the actuating control input,
equation (6) needs to be integrated and some initial
valuesvyxz(0), te2(0) to be fixed.

Two simulation experiments were carried out to
evaluate the performance of the sliding mode con-
troller presented in Section 2.3. The first simula-
tion refers to the case of circular trajectony{ =
0.4[m/s] and wy1 = 0.1[rad/s]). The initial condi-
tions of the leader and the follower arg;;(0) =
0.5, yrl(O) =0, erl(O) =0, sz(O) =0, yrz(O) =0,
0,1(0) =0,d% = 1.0[m], Y¥ = 135ded.

Inthe second simulation the leader robot execute a
linear trajectory but with a non-zero initial orietation
(6r1 = 45[ded). The initial conditions of the leader
and the follower in this second case atg(0) = 0.5,
¥r1(0) = 0, 6r1(0) = pi/4, x2(0) = 0, yr2(0) = O,
6r1(0) =0,d = 1.0[m], Y = —120/deg.

Figure 6 shows the trajectory of the leader and the
follower for the first simulation case. In order to have
a temporal reference in the figure the robots are drawn
each second: the blue car represent the leader and the
red car represent the follower.

In Figure 7.a the sliding surfacesands, asymp-
totically converge to zero. Finally, Figures 7.b and ¢
show the time histories af, {j ande.

The results of the second case called Simulation
Il are given in Figures 8 - 9. Figure 8 shows the tra-
jectory of the leader and the follower, Figures 9 the
sliding surfaces and the time historiesthfy and.

The good performance for controlling the forma-
tion with the developed control law can be observed
from Figures 6 - 9. The outputs of the formation sys-
tem d, O andg) asymptotically converge to zero, as
shown in Figures 7 and 9.
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Sling surfaces s, and <, vestigations will cover the more general case of multi-
---% leader, multi-follower formations.
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