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Abstract

In this paper, the important formation control problem of nonholonomic
wheeled mobile robots is investigated via a leader-follower strategy. To this
end, the dynamics model of the considered wheeled mobile robot is derived
using Lagrange equations of motion. Then, using ADAMS multi-body
simulation software, the obtained dynamics of the wheeled system in
MATLAB software is verified. After that, in order to generate and keep the
desired formation, a Fuzzy Logic Controller is designed. In this regard, the
leader mobile robot is controlled to follow a reference path and the follower
robots use the Fuzzy Logic Controller to keep constant relative distance and
constant angle with respect to the leader. The efficiency of the suggested
dynamics-based formation controller has been proved using several computer
simulations under different situations and desired trajectories. Also, the
performance of the follower robot in path tracking is checked in the presence
of receiving noisy data from the leader robot.

1. Introduction

Formation control

denotes

Many studies on formation control of mobile
robots with virtual structure approach have been

control  and accomplished [1-7]. The virtual structure

coordination of multiple mobile robots to move
as a group with user-defined relative positions.
To address the control issues of mobile robots
moving in formation, several approaches exist.
Virtual structure (VS), Behavior-Based (BB) and
Leader-Follower (LF) approaches are the three
main schemes to cope the problem of formation
control where each one contains some
advantages and drawbacks.

*Corresponding author
email address: k.alipour@ut.ac.ir

approach treats the total formation as a virtual
single rigid body. This method is based on the
arrangement around a virtual point. In this
scheme, all robot members of the group act in
such a way that the virtual object can translate
and rotate without any deformations. Desired
motion is assigned to the virtual structure as a
whole based on which, all robots in formation
find their relevant trajectories to be traced. One
of the main advantages of the VS method is its
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simplicity in finding the desired position of each
member of the group. The main disadvantage of
the VS approach is the limitation of its
application. Note that the requirement of acting
the formation as a rigid object is not applicable
in all situations, e.g., passing through a narrow
corridor.

The main idea in BB approach is to define some
primary behaviors, e.g., obstacle avoidance, goal
approaching, formation holding, and collision
avoidance. The behavior of each robot in an
arbitrary instant is derived based on a weighted
combination of the aforementioned basic
behaviors denoting the relative importance of
each behavior. In BB approach, each robot may
apply a different rule as required by its local state
[8-11]. The main disadvantage of the BB
approach is that its performance and efficiency
of formation control cannot easily be determined
using mathematical analyses.

The most common approach is the LF method,
in which one of the robot members of the
group is considered as the leader and the other
members are expected to follow it [12-16].
Therefore, the formation control problem
converts into two simple problems, including
trajectory tracking by the robot leader and
controlling the rest of the components to keep
the desired formation.

Although the problem of formation control of
wheeled robots subjected
to nonholonomic constraints has
been previously investigated, in most cases, the
designed controller is model-based [12, 14, 17,
18]. However, during the last two decades, the
information-based control theories, as well as
methodologies have emerged and attracted more
and more attention in controlling the community
and have acted as alternatives to model-based
methods [19]. One of the information based
control methods is Fuzzy Logic Control (FLC).
It can be designed straightforwardly, and at the
same time free of model. These advantages offer
the FLC as a proper controller which has good
robustness properties against uncertainties and
external disturbances. An FLC method was
suggested to formation control of a group
of nonholonomic wheeled robots
[12]. However, in  the suggested so-called
kinematic controller, the control inputs were
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wheels angular velocities. it is generally
desirable to control the torque generated by the
motor (rather than the velocity) with electronic
motor driver circuitry [20]. These drive circuits
sense the current through the armature and
continuously adjust the voltage source so that the
desired current flows through the armature. As a
result, in several researches, the dynamic
controller are being designed in which the
control inputs are considered as forces/torques
rather than velocity.

The contributions introduced throughout this
study can be described as follows:

e It specially improves the kinematic controller
proposed by Amoozgar et al. [12]. The current
work is a dynamic controller based on fuzzy
logic and LF scheme. Therefore, it can be
considered as an important next step. Also, the
response of controlled system based on
suggested controller is compared with that
exploiting a previously suggested kinematic
controller [12].

e The obtained dynamics of the system has
been verified using MSC.ADMAS software. It
should be noted such kind of validation has
rarely been addressed in the context of wheeled
mobile robots.

In the next section, dynamic equations of motion
of the differential-drive wheeled robot will be
derived. In section Ill, using ADAMS multi-
body simulation  software, the obtained
dynamics of the wheeled system is verified. In
section 1V, the suggested fuzzy logic controllers
are then illustrated. The simulation results
obtained are presented in section V, and finally,
section VI concludes the paper.

2. Dynamics equations of the differential-
drive wheeled robot

The governing equations of the system motion,
mobile robot, will be derived in this section. The
schematic of the system is shown in Fig. 1. As
shown in Fig. 1, this mobile robot has two
driving wheels, on an axis passing through the
vehicle geometrical center. The shown robot
wheels are powered by two D.C. motors and are
not allowed to slip sideways. It is worth
mentioning that point p, is the geometric center
of the platform, having coordinate (xo, yo). It also
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lies at the intersection of the longitudinal
symmetry axis and the driving wheels axis.
Additionally, p. is the center of mass of the
platform, having coordinates (x,y.); and b
denotes the distance between each driving wheel
and the longitudinal axis of symmetry. Besides,
r is the radius of driving wheels.

To describe the system configuration, the
position of a representative point on the
platform, e.g., (x¢,y.), the platform heading
angle, i.e. ¢, and angular displacement of right
and left wheels, i.e. 6,, 68, should be specified.
As a result, the vector of generalized coordinates
of the system can be considered as q =
[xc Yo ¢ 6, 6.]T It is assumed that the
wheels of the robot are subjected to pure rolling
condition. Consequently, the velocity of the
point pgwhich must be in the direction of the
longitudinal axis of the mobile platform [21-22],
that is

-X.sin®+ y,cos®- dd=0 (1)

where d is the distance between pg to p. along
with the positive x-axis. As the robot wheels do
not slip along the longitudinal axis of the
platform, the following constraints will be
imposed on the robot kinematics [21-22]:

X.cos® + Y, sin® +bd=r6, (2)
X.cos® + y,sin®d —bd=rb, (3)

and 6, and 6, are the angular velocities of the
left and right wheels, respectively.

Since Egs. (1-3) cannot be analytically
integrated and transformed into algebraic
constraints, theses equations are nonholonomic
which can be written in compact form using
matrix/vector notation as:

A(q)q=0 4)

To derive the equations of motion for the
wheeled mobile robot, the Lagrange technique
will be employed. To this end, the Lagrangian of
the system should first be derived which can be
obtained as:
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1 ' . 1 .

L=m, (x§ +yc2) +52my (K + )

ddsind)? + % 2 my, (Y. —

ddcosd)? +%IC¢52 +%Im¢52 +

~[2m,, (d2 + b?)]2 +

1. 1. 4

SLwbf + 1,67
where m., I arethe mass and the mass moment
of inertia of the platform, respectively. Also, m,

and [, are the mass and mass moment of inertia
of the wheels, respectively.

The constrained dynamics can be written as:

ia_L—a—L-FAT(q)A—E:O (6)

dtaq aq
Y
\ Left Wheel

Right Wheel

X

Fig. 1. The schematic view of the robot, containing
some of the key geometrical parameters.

where Ais the Lagrange multiplier vector which
corresponds to the constraint forces, and &
represents the generalized forces. Expressing Eq.
(5) in terms of the generalized coordinates and
substituting the result into Eq. (6), the system
equations of motion are obtained in the
following form:

M(q)d +V(q,d)= E(q) T-AT(q)2 (M

where M(q) is the 5x5 mass/inertia
matrix, V(q,q) is the vectorof nonlinear
velocity-dependent forces and T = [1; 7|7 is
the 2-dimensional torque vector, containing the
left and right wheels torque. In addition, E(q) is
a 5x2 input transformation matrix. Let
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vy =6 6,17 @)
q=5(q).v(®) ©)

where matrix S(q) contains the base vector of the
null space of A. For the system at hand S(q) was
chosen as

S(q) =
[ c* (b*Cos® —d*Sin®) c* (bxCos® +d*Sind)]

Ic*(b*Sin¢+d*Cos¢) c*(b*Sin¢—d*Cos¢)|

I 1 o I
1 0
| 0 1 |

where ¢ = é. The governing equations of the

system motion in the state space form can be
written as [21, 22]:

_[S.v 0 (10)
| ¢, ]+[(ST.M.S)‘IST.E T

where x = [xc Ye ¢ 0, 6, 91 gr] T:
f,=(STM S)"1(—STMSv—-STV).

3. Validation of the derived system
kinematics/dynamics

After dynamical modeling of the system in
MATLAB software, in order to verify the
developed dynamics equations of the wheeled
mobile robot, the ADAMS multi-body
simulation software is used, see Fig. 2. Toward
this goal, the same actuating wheel torques are
applied to both MATLAB and ADAMS models
and the obtained results of these models are
compared. Figure 3 shows one of these
verification results which demonstrates close
agreement as well as the soundness of the both
models. It is worth mentioning that these results
can be produced considering the values for
geometrical/dynamical parameters of the mobile
robot mentioned in Table 1.

It is pointed out that the obtained dynamics can
be verified using ADAMS software in two ways.
In the first approach (direct verification), the
nonholonomic constraints, i.e. Egs. (1-3), are
imposed to the model directly. Indeed, the model
in ADAMS is actuated using wheels torques
while its motion is subject to various kinematic
constraints.
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/ wvile
Fig. 2. The model of the robot in ADAMS multi-body
simulation software.

10

| m—
* Path generated in Adams
— Path generated by equations of motion

y (m)
o

“-10 s 0 5 10

X (m)
Fig. 3. Comparison of the response of the developed
dynamics equations in MATLAB software and the
model of the robot in ADAMS multi-body simulation
software.

In the second approach (indirect method), no
constraint is directly imposed on the robot
motion. But instead, the contact model is
considered and the friction between the wheel
and the ground is increased such that the wheel
skidding and slipping can be avoided. In this
study, both approaches are adopted. The
results shown in Fig. 3 are obtained based on the
indirect technique and arbitrary actuating wheel
torques. Notice that for this case, three kinematic
constraints are considered. These constraints
denote the nonholonomic Eqgs. (1-3).

In Figs. 4 and 5, the results of indirect
verification, at the kinematics level, are depicted.
In fact, in this case, the wheels angular velocities
are considered as inputs of the system. The
results of ADAMS and those of the derived
equations of motion are shown in Figs. 4 and 5
for w; =w,=5rad/s and w; =
2 rad/s,w, =5 rad/s, respectively. As seen,
the obtained results are sufficiently close. In Fig.
6 the results of indirect verification, at the level
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of dynamics, are demonstrated. For this
case,7; = 7, = 0.5 N.m. Again, the obtained
results reveal the soundness of the
obtained motion equations. For indirect
verification, where the friction is modeled, the
following specifications are considered in
ADAMS. The sample time is 0.001 sec. The type
of friction model is Columb, whose static and
dynamic coefficients are set as 0.9 and 0.8,
respectively based on the recommendations
given by J. Giesbers [23]. Also, the option for
Normal Force in ADAMS is considered as
Impact. Besides, Stiffness, Force Exponent,
Damping, and Penetration Depth are considered
as 1e8, 2.2, 1e4, and 1e — 4, respectively.

4. Formation control via leader-follower
approach

In order to formation control of a group of
wheeled robot, a real robot and a virtual follower
robot are considered which indicate the real and
desired positions of the follower, respectively.

2r ©  Path generated in Adams
1.5 === Path generated by equations of motion
1+
0.5~
£
=
-0.5-
-1+
-1.5F
2r r r r r r
1 2 3 4 5

x(m)
Fig. 4. Verification at the level of kinematics
considering contact model for w; = w, =5 rad/s.

3.5F i
¢ Path generated in Adams
3+ === Path generated by equations of motion |{
2.5F
—_~ 2 [
g
~ 15
l |-
0.5F
0 L
-2 -1 0 1

x(m)
Fig. 5. Verification at the level of kinematics
considering contact model for w; = 2 rad/s,w, =
5 rad/s

Dynamical formation control of . . .

Vol. 6, No. 2

6 - + Path generated in Adams |
== Path generated by equations of motion

y(m)
—]

2

4L

-6F

0 5 10 15
X(m)
Fig. 6. Verification at the level of dynamics
considering contact model for t; = 7, = 0.5 N.m.

Table 1. The physical parameters of the considered
wheeled platform.

Parameter Value
b 0.75 m
d 0.30 m
me 30 kg
m,, 1 kg
I, 15.625 kg-m?
L, 0.005 kg-m2
I 0.0025 kg-m?

In Fig. 7, v, and 6, represent the linear velocity
of the leader and the angle between v, and
horizontal direction, respectively. Besides, [, is
the distance of the real follower from the virtual
one along the longitudinal axis of the real
follower robot. In this study, in order to describe
the position of each follower relative to the
leader, the distance-angle method is adopted.
When the leader and follower robots have an
arbitrary arrangement relative to each other, the
follower can measure its distance K from the
virtual follower and also the angle a. These
variables can be derived as below:

K=(a=20?+ a—y)? (11)
a =atan2((xq — x), Va — ¥)) (12)
le=(xq-x)cosg +(yq-y)sing (13)

83



JCARME

where atan2(y, x) denotes the two-argument arc
tangent function. In order to control the robots
formation, the above three variables (Eqs. (11-
13)) are required, as will be described in the next
section. It can easily be observed that the desired
robots configuration is formed when the
following conditions are satisfied.

{k=0
@ =0,

Fig. 7. Geometry of the relative configuration of the
leader-follower robots.

4. 1. Formation control via fuzzy logic

For the problem at hand, the main question is
how to compute the appropriate heading angle of
the real follower robot. Should this angle be equal
to a, Or, or something between a and 0r? The
answer is that the proper heading angle is
different in various situations and it depends on
the system overall configuration [12]. In this
section, a proper heading angle of motion for the
real follower, which is named ¢, , is
determined. This angle is found via a two-stage
of a fuzzy logic planner [12]. Two different cases
can be considered in the first stage.

1. The real follower is far from the virtual
follower. In this case, the Eq. (14) is used to
calculate the proper heading angle of motion.

Pmd1 = Copmg. 0 + 1- COmd)-a (14)

where Co,,4 is a varying coefficient between
zero and one which is obtained using the fuzzy
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logic rules under linguistic variables of Table 2,
and also using the fuzzy sets as shown in Figs. 8
and 9.

2. The real follower is close to the virtual
follower. In order to obtain the proper heading
angle of the motion, the Eq. (15) is used.

Pmdz = Or (15)

In the second stage, the proper angle of motion
for the real follower is developed as:

Yma = (1 = Cox). Pma1 + Cox. Prmaz~ (16)

where Coy, is a varying coefficient between zero
and one and obtained by the logical fuzzy
rules under linguistic variables of Table 3 and
using the associated fuzzy sets for these rules, as
shown in Fig. 10 and Fig. 11. It is noteworthy
that all fuzzy planners are Sugeno type inference
system.

Table 2. The rules set for generating Co,,q4.

|74 Zero | Small | Large

Copmg | Small | Medium | Large

Table 3. The rules set for generating Coy,.
K | ZE | PS | PM | PL | PVL

Coy | one | one | PM | PS | PVS

- Lero
== Small
== Large

0 ! ! i L L L
0 05 1 1.5 2 2.5 3 35 4 4.5
Vi (mis)

Fig. 8. Fuzzy sets used to calculate v,..

— Small
== Medium
= Large

0 L L
01 0 01 02 03 04 05 06 07 08 09 1

('nmd

Fig. 9. Fuzzy sets used to calculate Co,g4.
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In order to control the real follower, the actuating
torques applied to the right and left wheels, i.e.
T; and T, should be determined. To this end, the
torque magnitude, Tmagnitude,» and the torque

difference, Tgifference » Should be obtained.
Hence, firstly Tmagnitude Should be calculated
based on the distance between the real follower
and the virtual one along the longitudinal axis of
the real follower robot and its time derivative,
i.e. I, and I,, respectively. The considered fuzzy
logic rules under linguistic variables of Table 4,
and associated fuzzy sets of these rules are
shown in Figs. 12-14. After that, Tgifference IS
computed using eg Which can be calculated from
Eqg. (17).

€9 = Pma — @ (17)
1t
= 7E
I Cl=ns
Rl | - PM
' ' / PL
= PVL

‘ ¥ L 1 i 1 | 1 1

1 1 1 1
00.10203040506070809 1 11121314
K (m)
Fig. 10. Fuzzy sets used to calculate K.

1

= PVS§
= PS
= PM

= ONE

0 L 1
0 0.2 0.4 0.6 0.8
Coy

Fig. 11. Fuzzy sets used to calculate Coy.

1 \ | I == NL
AL =NM
i / =NS |
N n “. "’ ZE
B FAA YA =Ps
R AV | —=PM |
f AUV = PL
0 I I i 4 N ¥ x f
-0.25 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25
. (m)

Fig. 12. Fuzzy sets used to calculate ..
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Table 4. The rules set for generating torque magnitude.
le

le
NL|Ps| P [P | P | P |P|PL
M| M| M| M
N [ps| P |PL|PL|P|PL|PL
M M
NS [ N [Ns|zE|Ps| P | P [P
M M | M
ZE | P | pPs | zE|ZE| ZE|NS| N
M M
PS| P | Ps|zE|NS| N | N |NL
M M | M
P | NS | NL|[NL|NL|NL|NL]|NL
M
PL[NS| N | N | N[ N[N [N
M| M| M| M

Table 5. The rules set for generating torque difference.

€q

NL NL NL NL | NM | NM | NS ZE

NM NL NL NL | NM NS ZE PS

NS NL NL | NM NS ZE PS | PM

ZE NL | NM NS ZE PS PM PL

PS NM NS ZE PS PM PL PL

PM NS ZE PS PM PL PL PL

PL ZE PS PM PL PL PL PL

1 \ A /| =NL

: oAl ‘ —NM
VAR ALY / = NS
" AN S ) _,Z,E
\ v/ —PM
W - PL

D%2 015 01 008 0 005 01 015
d/dr(Le) (mis)

Fig. 13. Fuzzy sets used to calculate [
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Fuzzy rules with linguistic variables of Table 5
are used to derive Tgjfference- The associated
fuzzy sets, are shown in Figs. 15-17. After
obtaining the torque magnitude and the torque
difference, t; and T, can be found based on the
following equations:

Ty + Tr = Tmagnitude (18)

T) — Tr = Tdifference (19)

It should be noted that in Tables 3, 4, 5 and 6, ZE,
V, P, N, S, M, and L stand for Zero, Very,
Positive, Negative, Small, Medium, and Large
guantities, respectively.

5. Modifier segment

Since Tyag is generated based on the real
distance of the robot from the virtual follower;
therefore, it is required to modify this command
to achieve better performance of the controller.
Consider the case in which the robot and the
virtual follower distance is significant and at the
same time, the difference between the actual
heading angle and, the desired one is
considerable as well. In such a case, increasing
the Tyag Causes increasing the robot distance
from the virtual follower. Therefore, initially
when the robot starts its motion, it is more
suitable that the controller provides the
appropriate heading angle for the robot. Toward
this aim, some sort of modifier is required to
adjust the output of the t,,,gUsing an appropriate
coefficient, i.e. Co,, . This coefficient lies
between zero and one and is multiplied by the
output of the ty,,. The inputs of the modifier
include the distance K of the robot from the
virtual follower and the absolute value of the
difference of the robot actual heading angle and
the appropriate one, i.e. |eg|. The considered
rules for the modifier segment are as given in
Table 6 and the associated fuzzy sets shown in
Figs. 18-20.
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= NL
=NM
= NS

ZE
=PS
== PM
= PL

1 L 1 1
0.8 -0.6 -0.4 -0.2 0 02 04 0.6 08
Tmagnituae (N.m)

Fig. 14. Fuzzy sets used to obtain Ty,

0 -1

L ‘ . —NL
1 ==NM

\ - NS

S
Al - PS
Vil = PM
F = PL

-20  -15 -10 -5 0 5 10 15
iheta (deg)

Fig. 15. Fuzzy sets used to calculate eg.

== NL
=NM
\ = NS
| ZE
’ = PS

| \ —PM
al = PL

-50 0 %ﬂ 100 150
d/dt(eqen) (deg/s)

Fig. 16. Fuzzy sets used to calculate éq.

I
-2 -1.5 -1 -0.5 0 0.5 1 1.5
Taigterence (N.m)

Fig. 17. Fuzzy sets used to obtain tg;g.

Table 6. The rules set for generating Co,,.

K
Zero small Large
Zero one one one
Small PVS PM PL
PVS PVS PS
Large
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/ ’ = Zero
p v == Small
/ = Large

0‘ A ' L L
0 0.05 0.1 0.15 0.2 025 03 035 04 045
emera (deg)

Fig. 18. Fuzzy sets used for obtain eg of modifier
segment.

\ = 7210
= Small

| ==Large

‘\
0 005 01 015 02 025 03 035 0.4 0.45 0.5 0.55
I8
Fig. 19. Fuzzy sets used to obtain [, of the modifier
segment.

= PVS
- PS

== ONE

0 0.2 0.4 0.6 0.8 1
Coy

Fig. 20. Fuzzy sets used to obtainCo,,.

6. Simulation results

The effectiveness of the proposed methodology
is examined for various scenarios. Some of the
achieved results are reported and discussed here.
For instance, the desired reference trajectory of
the leader robot is considered as a circular path.
In this case study, the groups are in column
configuration as shown in Fig. 21. The responses
of three follower robots in a column formation
for a circular path are shown in Fig. 22. In
addition, Fig. 23, demonstrates the distance of
each robot from its desired position. As it can be
observed, the error reduces and the robots are
finally settled down to their desired positions. It
is noteworthy that all robots are randomly
positioned at the start time, and therefore at this
moment the real distances of the robots from
their desired positions are obviously significant.

Dynamical formation control of . . .
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In Figs. 24 and 25, the performance of the
suggested methodology is examined for a more
intricate motion. The response of the system
against disturbance can be seen in Fig. 26. One
of the important issues in the formation control
is the formation switching which means
changing the current formation to another one.
Fig. 27 shows that the robots change their line
formation to a column one after 20 seconds from
the beginning of the maneuver.

&

£
o

Follower #3

Follower #2

Follower #1

Leader

Fig. 21. Desired column formation of the robot group.

Fig. 28 shows the path negotiated by the follower
robot with noisy data received from the leader
robot. The ramp path negotiated by the follower
robot when noisy data is received from the leader
robot is also demonstrated in Fig. 29. Finally,
the response of the kinematical controller
proposed in [12] and the suggested controller of
this study are compared. As seen in Fig. 30,
during a backward motion of the system, the
previously proposed kinematical controller by
Amoozgar et al. [12] is unable to follow.

The desired path while the current proposed
dynamical controller can successfully track the
desired path. In Fig. 31, the total energy
consumed by the both aforesaid controllers are
compared in a circular path. As it can be
observed, the control effort of the proposed
dynamical controller is less than that of the
kinematical one.
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=] eader

= ollower#1l
= Follower#2
== Follower#3

5 4 3 2 a1 0 1 2 3 4 5
X (m)

Fig. 22. Circular path of the leader robot and the
path negotiated by the followers.

3.5 . ! ! !
=——K--Follower#1
30 e K --Follower#2
25 ~ =K --Follower#3
SRS \
SN
Sis L\
g 157 \
5 \\
Z 1) W\ 8
= \
0.5¢ ]

0 Ly ‘
0 5 10 15 20 25 30 35 40
Time (sec)

Fig. 23. Distance between the real position of each
robot and its desired one

2.5
Leader
s ‘ Followerl i
Follower2
Follower3
1.5 q
1k i
0.5 A
ok i
-0.5F i
-1
-10 o 10 20 30 40 50 60 70 80

Fig. 24. path of the leader robot and path negotiated
by the followers.
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7 : : : : .
6o | ==Leader
% = ollower#1
: = ollower#2
_ 407 | ==TFollower#3
~§ 30+ |
/
20¢ \) |
10 WA
ol — [
-10 | L L L | L
5 0 5 10 15 20 25 30
X (m)

Fig. 25. Path of the leader robot and path negotiated by the

followers.

-1

T | | ==Leader
/iy \ /| ==Follower#1 ||
g7 \ j./f /| ==—=Follower#2
:f N ==TFollower#3 |
-10 0 10 20 30 40 50 60 70 80

x (m)
Fig. 26. Paths of the leader and followers while the system
is subject to a disturbance.

y(m)

Lbblisrww

] cader

== Follower#1
==L ollower#2
==TFollower#3

-

10 15 20 2§

X (m)

Fig.27. A maneuver in which the line formation converts
into a column one.
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|
E 08l /”—_—.—‘M
-

L ‘06 — Leader position
. s Path negotiated by the Follower

0.4

0.2-

° . | . . . .
-5 0 5 0 15 20 25 30 35 40
x (m)

Fig. 28. Path negotiated by the follower robot

with noisy data received from the leader robot .
25 , . . , . . , . .

- —_— Leader position
% | me——Path negotiated by the Follower

—

S208 16 14 12 10 8 6 4 2 0
x (m)

Fig. 29. Ramp path negotiated by the follower robot
with noisy data received from the leader robot.

4 Cy = Kinematic Path \
‘ = ==Dynamic Path )
Desired Path

¥(m)

10 ¢ TR

X (m)
Fig. 30. Comparing the response of the kinematical
controller proposed by Amoozgar et al. [12] and the
suggested controller of this study for a circular path.
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Fig. 31. The control effort comparison for the
kinematical controller proposed by Amoozgar et al.

[12] and the suggested controller of this study.
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6. Conclusions

In this paper, a leader-follower based formation
control  of nonholonomic wheeled  mobile
robots has been studied via fuzzy logic and
system dynamics. To this end, the dynamics of
the  system  obtained and  simulated
in MATLAB software and then verified via
ADAMS multi-body simulation software. Some
fuzzy logic based controllers were then
developed to adjust the wheels actuating torques.
It was shown that the suggested dynamical
controller is able to generate and keep the desired
formation. Additionally, itwas proved that
it can handle formation change and
also copes with the noisy data received from the
leader robot. Finally, the performance of the
suggested dynamical controller of this paper was
compared against that of the kinematical
controller previously presented by Amoozgar et
al. [12]. The obtained computer
simulations revealed the  success of the
suggested controller in terms of tracking and
controlling effort as compared with those
proposed by Amoozgar et al. [12].
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