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ABSTRACT

This work focuses on the formation control for a team of mobile robots. Path following and cooperation
seems an easy task from a human point of view, however for a robot it requires complex control
algorithms. Therefore to mimic the human way of thinking, the proposed control algorithm is based
on fuzzy logic which closely matches the human thought process. Hierarchal control architecture is
used with two levels of controllers which are fuzzy and proportional integral and derivative (PID)
based controllers. Fuzzy controller is the high level controller and it perform two tasks, path following
and cooperation between robots, whereas the PID controller is responsible for the accurate tracking
of speed for the robot wheel motors. Every robot has its own path that is pre-determined by the
trajectory planner, as the robot move along their respective path the control algorithm adjust their
linear and angular velocities such that they move in formation and reach their destinations at same
time regardless of the length and curvature of path. The proposed control scheme is implemented on
simulation and the results are obtained.

Keywords: Fuzzy Cooperative Control, Mobile Robots.

1. INTRODUCTION

-3], autonomous ground vehicles [4-5], mine

) ) _ sweepers [6] etc.
Formation control of multi mobile robots has

been a topic of interest for past several years. A
lot of research is being done on how to effectively
control multiple mobile robots (MMR) to perform
a collective task. The idea of formation control
is universal and applies to almost all kinds of
robots. For example, a fleet of autonomous air
vehicles use the formation control algorithms to
test the aerodynamics of such vehicles. Control
of Multi mobile robots have a vast range of
applications such as unmanned air vehicles [1

The primary motivation of using multi mobile
robots is to improve the overall effectiveness of
the system. MMRs can easily perform difficult task
which a single robot or a team of independent
(Non - Cooperative) robots cannot perform such
as to carry a heavy object. Furthermore, MMRs
are cost effective in comparison of building one
powerful robot several; identical small robots
are much more cost effective and efficient.
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Cooperative control of mobile robot is a
challenging task, in this problem the robots are
subjected to both path following and formation
maintaining constraints. The idea of real time
path following and formation control seems easy
for humans, but for a robot it is a difficult task
specially to decide between the individual and
group goals.

The idea is to make such a model which can
perform individual robot path following
simultaneously maintaining an inter robot
formation. The objective is that the robots should
be able to follow their respective paths as well
as maintain an inter robot formation. The robots
may have different paths with different lengths
and curvatures still the robots should track their
path, maintain formation and reach the target at
the same time regardless of the path length and
their initial position.

The goal was to make use of the human thought
process for the cooperative behavior for this
purpose several things needs to be considered.
The robot should be able to track the path and
send its location to the controller; therefore
the robot must have localized feedback. Several
approaches are being used for localization of a
robot in its environment [7-9].

To achieve cooperation between robots three
different models were studied to test their
performance and applications.

. Behavior based model
. Leader follower method
. Virtual structure

In behavior based model the robot consist of
several behaviors, each of which is responsible
for a specific situation [10-12]. The problem
with this type of model is that it does not support
decomposition of task or the modeling of sub
task. Furthermore it difficult to achieve precise
cooperative control as it is mathematical analysis
is difficult.

In the leader follower method one of the robots
is the leader and the others are the followers
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[13]. In this scheme the leader is the one which
responsible for the formation, all other robots
are supposed to follow the leader and maintain
a certain distance (relative position) from the
leader. The disadvantage of this scheme is that
there is no feedback available from the follower
robots and hence if anyone of them encounters
an obstacle then it is difficult to keep up with the
formation.

In virtual structure approach the system consider
the team of mobile robots as a rigid structure
(virtual structure) [14-15]. This approach is
easier to implement as it all the robots are part of
virtual structure hence the cooperation is easier,
but it can be also a point of failure.

Due to its simplicity and ease of implementation
the virtual structure approach was selected.
However, to compensate for the weakness of this
method a more streamlined control architecture
was required.

Background research for the control algorithm
reveals that the control algorithm used for
cooperative control of mobile robots are based
on Nonlinear Control techniques which often
require complex mathematical equations to be
implemented, which are difficult to be realized
in a microcontroller environment, therefore
Fuzzy control was selected as it mimics human
logic and it is easier to implement and it has fast
decision making process which makes it an ideal
candidate for multiple mobile robots scenario.

The model used in this thesis is based on the
virtual structure with a fuzzy controller. There
has been a lot of work being done artificial
intelligence for path following of mobile robots.
The fore study of path following techniques tells
that Neural Network and Fuzzy Logic Controllers
are commonly used for path following of mobile
robots for both “Known” and “unknown”
environments [16-19]. There are researches
which exploited both these techniques also
known as neurofuzzy controllers [20-21].
However, most of these researches were carried
out on single mobile robots but with a little
modification these can be implemented in a
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cooperative control environment.

It was decided to implement a Hierarchal
Control structure in which there are two
different hierarchies namely High level Fuzzy
Controller and Low Level PID controller. The
Fuzzy Controller is the main controller which is
responsible for the cooperation, path following
and localization of robots. While Low level
controlleris a PID controller which is responsible
for the speed tracking for each of the robot’s
wheel motor.

The organization of this paper is as follows,
section 2 presents the modeling of a differential
drive robot along with the system constraints.
Section 3 presents the control architecture,
defines the cooperative control problem and
discuss in detail the fuzzy cooperative controller.
In section 4 simulation results are presented and
section 5 concludes the paper.

2. MODELING OF DIFFERENTIAL DRIVE
ROBOT

The kinematic model of a differential drive robot
is given in(1). Where v(t) is the linear velocity
and w(t)is the angular velocity of the robot while
@(t) is the orientation of the robot.v(t) and w(t)
are the control variables.

x(t) = v(t)cos @ (t)
y(t) = v(t) sin g (t)
@) = w(t)

(1)

Fig. 1 shows a differential drive robot with two
wheels mounted on a common axis. If the wheels
are rotating considering there is no lateral slip
then there exista point ICC (instantaneous center
of curvature) provided that (v, # v;). Where v,
and v, are the linear velocities of the right and
left wheels respectively. By varying v, and v; we
can change the ICC and hence we can control the
movement of the robot. R is the distance from
the ICC to the center of the two wheels which is
also considered as the center of the robot. L is
the distance between the two wheels. And 6 is
the orientation of the robot from x axis.

A

ICC

caster wheel
(Optional)

ICC = (x - Rsin®, Y + Rcos8)
>

X

Figure 1: Differential drive mobile robot

We can write the equation for v, and v, using the
relationship v = Rw.

v, = (R+Dw

L
v, = (R —E)(U

(2)

Solving (2) for R and w and using the relation
v = Rw we get the following relations.
— (vr=vp)

L (3)

v = (vr+vp)
2
To obtain v, and v; in terms of v and w we can
rewrite (3) as follows.
_ @vtwl)
T 2
_ @v-wl)
L=

(4)

Thus the mathematical model of the differential
drive robot can be implemented by using(1), (3)
and(4).

The differential drive robot is subject to
nonholonomic constraints such as it cannot move
lateral along is axel. This can be mathematically
written as.

(5)

Similarly the robot’s linear and angular velocities
are also bounded by the following constraints.

|v(t)| <v

max

xsinf —ycosf =0

|0®)] < @y

KO G . (6)

X
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3.COOPERATIVECONTROLSTRUCTURE

Fig. 2 shows the control structure. The proposed
scheme comprises of two level of control namely.

. High level fuzzy cooperative controller
. Low level PID controller

Low Level
Controller

- -
Robots

-
Robots

-
Robots

High Level Controller

Trajectory
Planner

Fuzzy
Cooperation

Fuzzy Path
Following

Localization

Figure 2: Control structure

The trajectory generator is responsible for
generating paths for the robots, which is the
reference for fuzzy controller. The output of
fuzzy controller is used as a reference for low
level PID controller. The low level controller is
responsible for accurate tracking of robot’s left
and right wheel motors whereas fuzzy controller
is responsible for path following of individual
robot as well as cooperation between robots.
Feedback is collected from robot's wheel motors
in the form of speed and then a localization
algorithm is used to locate each robot's position
and orientation which is then sent back to fuzzy
controller.

3.1 High Level Fuzzy Control

The High Level Fuzzy Controller is a Takagi
sugeno type fuzzy controller which is responsible
for path following of individual mobile robots
as well as group cooperation between robots.
The defuzzification scheme used in the fuzzy
controller is weighted average. Fig. 3 shows the
Fuzzy Control structure.

Rule Base —> Mo
Dy < l S
9 o
Xerr(i) B 8
S =
yerr(i} “E E
> Inference Mechanism )
%) 2 |y Inf . — 8

(Takagi Sugeno)
— o

Figure 3: Fuzzy control structure
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Refer to Fig. 4:i =1,...,k is the robot number.
The position and orientation of the robot can
be described by the vector P; = [x;,y;, ®;]".The
path to be followed by robots is divided into n
discrete set of points, where ' = 0,..,f. Each
point on the path can be described by the vector
Qai(n) = [Xai(ny Yaitn)» €aiemyl”. Where Qai(o) being
starting point of the path and Qaicr) being the
final point. Whereas Qain) represent the nth
sample point on the path.

Y
A Robot(i+1) Path(i+1)

Quiw
Quin+2 ;
Quiin+1y " Path(i)
Vdin+1)
|
|
|
|
|
i |
|
|
|
Xi Xdi(n+1) >X

Figure 4: Robot path following parameter

The Inputs to the Fuzzy Controller are Drpiy,
Xerr(i)» Yerr(i) and @(;). Where

O Drp is the distance of the actual position of
the ith robot from its next desired point on
the path.

O Xerr(i) is the error of the ith robot's position
the X direction.

O Yerr(i)is the error of the ith robot's position in
the Y direction.

O a() is the error in orientation of ith robot
from the next desired point.

Dypiy is calculated using the distance formula as
shown in the following equation.

Dypiy = N (ai — %)% + Vai — ¥i)? (7)

Where x,;, V4 are the coordinates of the next
desired point on the path while x;,y; are the
coordinates of the actual position of the robot.

Xerr@i) Yerr() and &) are in the robot's reference
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frame and are calculated from the following
equation.

Xdi —

Yai — yl

(dl

xerr(l) cos (P(l)

yerr(t)] —sin (p(l)

A
Where ¢; is the robots orientation which is
adjusted to + m radians. {4; is the orientation of
the next desired point which can be calculated
via using the following equation.

(di = tan~ (Ydl J’L)

Xdi—Xi

sin §0(1)

coS (p(l) (8)

(9)

The Fuzzy controller generates the required
linear and angular velocities v;, w; of the robot.
The output of the fuzzy controller is used as a set
point the low level PID controller.

3.2 Low Level PID Control

The Low level control is a PID controller which
is responsible for the accurate tracking of the
Left and right wheel motors velocities @r@), @i(i)-
Fig. 5 shows the structure of the low level PID

controller.
Linear
L To \

Linear/Angular

To
Lefi/Righ

PID Controller for
Left and Right
Motors

Motor Models of
Left and Right
Motors

—

W, O]

Speed Feedback
Figure 5: Low level PID

Formation not

developed
Mov
towards

Virtual Formation
Poin developed

No Obstacle

Target

Obstacle
Encountered

Obstacle
Encountered

Done

Obstacle
Avoided

Figure 6: Finite state machine

The Output from the Fuzzy Controller is in the
form of Linear and Angular velocities v;, w;
of Robot therefore the velocities must first
be converted to Left and Right wheel motor
velocities Vr@i) Vi(i). This conversion is carried
out using (4)

The above conversion gives the linear velocities
of the left and right wheel but the PID controller
needsthe angular velocity as reference. Therefore
the angular velocities Wr(i), Wi(i) of the right and
left motors can be obtained using the relation
v = rw where r is radius of the wheel.

The velocities Wr@), W) are given to the PID
controller as reference signal. The PID controller
tracks these velocity references with desired
accuracy and within certain time limits. The
complete functionality of the High Level
Fuzzy Cooperative Control is dependent on
the assumption that the inner PID controller
accurately tracks these velocity references.

3.3 Problem Description

The two main tasks of the robot is to follow a
desired path as well as maintain a formation
with other robots along the journey. The main
idea behind the robot following a continuous
path is to analyze the path in a set of discrete
points. Each point serves as an intermediate
destination to the robot, tracking each point will
make the robot appear to be moving smoothly
in a continuous path. The paths are being
generated by the trajectory generator, the paths
are modeled using a fifth order polynomial to
generate reasonably difficult curved paths for
the robots to follow.

The task of the robot is to move smoothly in a
continuous path with best precision possible,
passing through every point is not necessary
but the robot should pass within the vicinity of
a sampling point. The path following is divided
into two categories.

1. When the robot is initially placed on the
predefined path it then follows the path.

2. When the robot is initially placed away from
the predefined path, it then moves forward
to reach the path and track it.

As mentioned previously P; being the Robot's
position and Qg4 being the next desired point
we have considered v; and w; as robot's linear
and angular velocities. The objective of the path
following controller is to generate an output
such that the robots velocity u; = [v;, w;]7 tracks
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the desired reference velocity Uai = [Vai wai]”
As the robot's velocity u; tracks the desired
reference velocity ug the error minimizes
ie. llu; —ugill = 0 which will eventually make
IP; = Qqll - 0

Now consider a team of mobile robots each of
which having its own path following controller
like the one described above, hence every
individual robot will follow its desired path.
For the cooperation problem every robot must
follow their respective path in such a way that
they maintain an inter robot formation along
their journey as well as they must reach their
final goal at the same time regardless of their
path lengths.

3.4 Fuzzy Cooperative Controller

The Fuzzy Controller of Fig. 3 is responsible for
the path following and cooperation of multiple
mobile robots have two outputs v; being the
linear velocity and w; being the angular velocity
for the robot to track. The fuzzy controller is
based on Takagi - Sugeno Fuzzy Model. The
control law equations are of the form.

Ui
a)i]

As mentioned previously, the task of the fuzzy
controller is to make the robot pass within the
vicinity of the desired sampling point if not
through it. The controller is designed such that
if the sampling points are placed close to each
other, then the robot will move at a slower
speed but with higher precision. However if the
sampling points are placed far from each other,
then the robot movement will be less precise but
with higher speed.

_ fl (Drp(i)» xerr(i): yerr(i): a(i))

B fz (Drp(i)rxerr(i): yerr(i)'a(i)) (10)

The membership function of the input Drp() is
shown in Fig. 7, it is the distance between robot’s
current position and the next desired point.

B Lt

st = e e e

"Fa

Figure 7: Membership function OfDrp(i)

Karachi Institute of Economics and Technology

The membership function of the input «; is
shown in Fig. 8. it is the error in orientation of
robot from the next desired point.

PRy faer e

ApramE e

A4

T

s (ATl
o \ Ly

Figure 8: Membership function of ;

The linear velocity obtained using Dypiyand a; is
shown in Fig. 9. As can be seen from figure that
linear velocity increases as the distance between
robot and next sampling point increases and vice
versa. However, @; input has minimal effect on
linear velocity.

The angular velocity profile obtained related to
the inputs Drp(iy and «; is shown in Fig. 10, it can
be seen that angular velocity is dominated by «;
as the error in orientation increases so does the
angular velocity to overcome the error and vice
versa.

One of the problems of cooperative path
following is that all robots should reach their
final goal at the same time. Let us consider a case
where the robot is at position P; = [x;, ¥;, ¢;]"has
to move from point Qaitm) = [Xaitn)y Yaitn) $aim]
to Qai(n+1) this means that robot’s next desired
sampling point is @aim+1). If robot passes the
point Qai(n+1) and Qain+2) then when moving to
next step Qai(n+1) is left behind from the actual
position of robot or mathematically (x; > x4; =
Xerr(i) < 0). This problem is explained in Fig.
4. To avoid the condition of robot moving
backwards we use the input Xerr(i). The fuzzy
rule base contains the following rule to avoid the
the above mentioned condition.

Rule: If x; > xg4; then robot will stop, until the
condition x; < X 4; is met
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Figure 10: Angular velocity obtained by fuzzy
controller

Another problem related to path following that
need to be addressed, caused the addition of the
input Yerr(i). If there is an error in the vertical
position of robot Yerri) but not in the orientation
then robot will travel parallel to the desired path
and will never reach it. This can be seen from
Fig. 15. The input Dyp(iy has minimal effect on the
angular velocity therefore it cannot turn robot
towards the target point there should be an error
in orientation @; to turn the robot towards the
target point.

In order to address above mentioned problem
we introduced a new variable A; which is angle
measured in degrees. 4; is added to «; if there
is an error in y coordinate,it will help the robot
to turn towards target point even if the a; = 0,
it will tell the robot to turn towards the target
point and will decrease as Yerr(i) decreases and
will be zero when robot catch the desired path.

ifl.Verr(i)' >0= a'l-(new) = Ai + a; (11)

The membership function of Yerr(i) is shown in
Fig. 11. The relationship between Yerr@i) and 4; is

shown in Fig. 12, it can be seen that 4; increases
as Yerr(i)increases and vice versa, hence it makes
sure that robot turn towards the target point if
there exist an error in y-coordinate even when
the error in orientation is zero.

A ™,
/ fin

Y e
sy o wmse  wyleem Enen
:E.

Figure 11: Membership fuction of Yerr (i)

Figure 12: Relationship between Yerr(i) and i

The path of each robot is divided into equal
number of small segment and the parameter ¢;
will keep track of the current segment the robot
is executing. The robots are required to maintain
¢i = Gjfor all i,j. For cooperation it is necessary
that all paths are divided into equal number of
segments regardless of their shape and length. If
a path is longer than the sampling points will
be far from each other or the distance between
sampling point will increase and vice versa.
Hence the robot will move faster or slower if
the sampling points are close or far from each
other respectively. Therefore if each robot tracks
their respective sampling points then they will
be moving in a cooperative behavior and will
reach the final point at the same time. If a robot
is ahead of its path then it will wait for other
robots to catch up and then start following its
path. This is achieved by x coordinate error input
i.e if Xerr¢iy < Othen robot will stop. The effect of
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Xerr(iy and Drp(i) on linear velocity v; is shown in
Fig. 13 and the obtained angular velocity w; from
the input Xerr(i) and «; is shown in Fig. 14.

Drpsy

Figure 14: Angular velocity obtained from Xerr(i) and
a;

The Rule Base of the fuzzy controller is shown
in Table 1. On the basis of these rules the fuzzy
controller evaluates the inputs and generates
the output. All the rules are very much self-
explanatory like if the distance between the next
sampling point and robot Drp(i)increase the fuzzy
controller increases the linear velocity output so
that the robot can catch its target. Similarly if
the orientation error @; increases then the fuzzy
controller increases the angular velocity output
to overcome the orientation error and correct
the robot heading direction. Also if the robot is
ahead of its path the Fuzzy controller will make
both linear and angular velocity outputs zero to
stop the robot.
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Table 1: Fuzzy rule base

Rule ] If Dypyy is Very Close and X oy () is Positive then
v; is Very Very Slow, w; is Zero

Rule? If Dy is Close and X oy (;y is Positive then v; is
Very Slow,w; is Zero

Rule3 If Dyp iy is Medium and X o, ;y is Positive then v;
is Slow,w; is Zero

Rule4 | If Dypiy is Far and Xy is Positive then v; is
Fast,w; is Zero

Rule5 | if Dryy is Very Far and X, ;) is Positive then v;
is Very Fast, w; is Zero

Rule6 | if Xoprr(y) is Positive and a; is Big Negative then
v; is Very Very Slow,w; is Big Negative

Rule7 | if Xopr(y) is Positive and a; is Medium Negative
then v; is Very Very Slow, w; is Negative

Rule8 | if Xepr (i) is Positive and a; is Small then v; is
Very Very Slow, w; is Zero

Rule9 | if Xerri) is Positive and a; is Medium Positive
then v; is Very Very Slow,w; is Positive

Rule 10 | if Xep ;) is Positive and a; is Big Positive then v;
is Very Very Slow, w; is Big Positive

Rule 11 | if X,,..;y is Negative then v; is Zero,w; is Zero

4. SIMULATION RESULTS

Table 2 shows the parameters of the robot and
DC motor model.

The simulation is carried in Simulink with a
fixed step size of 1e? To test the cooperation
problem we use a team of three identical mobile
robot models, two different experiments were
designed to test the cooperative algorithm. First
the robots are tested with paths of different
lengths but placed on the path initially, then the
robots are given same path but are placed away
from the paths, result are collected and discussed
below.

Table 2: Parameters of the robot and DC motor

model
Parameter | Value | Unit
Robot Model Parameters
L; 0.2 m
r 0.045 m
DC Motor Model Parameters
R | 3.07 | ohms
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L 0.04 mh

Ji 0.0294 Kg.m?

B 0.0141 N.m.s/rad
K, 0.65 N.m/Amp
K, 0.65 V.s/rad

4.1 Experiment No. 1

In this experiment, three mobile robots are used
each with a different path (different lengths).
Robot 1 has the smallest path and Robot 3 has
the longest path. The robots are initially placed
on the path the initial positions of the robots and
path lengths are given below.

Py=[* Y1 @7 =[0.01 11.4303 —g]T
1T

P,=[x2 ¥ 92" =[0.01 67207 _Z] (12)
T

Py=[x3 ¥3 @3]" =[0.01 2.0489 —7]

The robots are required to follow their respective
paths as well as maintain a formation along
the journey also they must reach their final
destination at the same time regardless of the
path lengths.

Fig. 15 shows the cooperation of the mobile
robots, as can be seen that robot 1 has the
shortest path whereas Robot 3 has the longest
path. The round markers are used to highlight
the position of each robot at a given time. The
first markers on each path will indicate the
initial position of the robots at ¢, the second
marker will indicate the position of each robot
at t; and so on. These markers are distributed
equally with respect to time. As can be seen that
the robot are placed vertically above each other
initially, the successive markers shows that the
robots are moving along their path but are also
maintaining an inter robot formation throughout
the journey, and reach their final destination at
the same time.

Fig. 16 shows Y., or the tracking error, it can
be seen that the robots quickly covers the initial
tracking error due to the difference in initial
orientation and then follows the path with
minimal error.

12¢

Robot 1
10} - - — -Robot 1(Ref)
Robot 2
8+ - - — - Robot 2(Ref)
_ Robot 3
E 6 - - — - Robot 3(Ref)
>
4t
2]
. N o
Y
0 1 1 1 1 1 1
0 5 10 15 20 25 30
X(m)

Figure 15: Cooperative path following (Experiment 1)

Path Following Errors Yerr

0.03
Yerr 1
0.02} Yerr 2
Yerr 3
0.01
&
>
-0.01
-0.02 ! ! ! )
0 50 100 150 200 250

Time(Secs)
Figure 16: Tracking error

Fig. 17 and 18 shows the linear and angular
velocities respectively. It can be seen that robot
1 has the lowest while robot 3 has the highest
linear velocity. This is due to the fact that robot
1 has the smallest while robot 3 has the longest
path. The angular velocity profiles shows the
robots turning with respect to their path curves.

Fuzzy Controller Outputs V(m/sec) Linear Velocities

0.15
— W
— V2
0.1 p‘m_m ——— V3
o
(9]
£ 005
E
>
0 L
-0.05 L L L L |
0 50 100 150 200 250
Time(Secs)

Figure 17: Linear velocity
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Fuzzy Controller Outputs W (rad/sec) Angular Velocities
0.3
— W1
0.2 W2
0.1 w3
2 ol
@
g & o %ﬁ‘
< -01
=
0.2
0.3f
-0.4 1 1 1 1 ]
0 50 100 150 200 250
Time(Secs)

Figure 18: Angular velocity
4.2 Experiment No.2

In this experiment three robots are used, each
of which is provided with the same path, but
they are placed away from their respective path
initially. Robot 1 and robot 3 are placed ahead of
their trajectory while Robot 1 is placed behind
its trajectory. The robots initial positions are
given below.

P=[ » @7 =[L0 110 -7
P,=[%X2 Y2 ¢2]"=[-05 8.0 0] (13)
Py=[xs y3 @3]"=[15 -1.0 0]"

The robots are required to follow their respective
as well as maintain an inter robot formation.
Since therobotsare not placed on their respective
paths, therefore first they need to catch the
trajectory, and they must reach their respective
end points at the same time. Fig. 19 shows the
cooperation of robots in this experiment, it can be
seen that Robot 1 and Robot 3 are placed ahead
of their respective paths, while Robot 2 is placed
behind the trajectory. Note that Robot 2 starts
immediately as soon as the simulation starts
while Robot 1 and 3 remains idle waiting for the
trajectory to move forward. This is because of
the assumption that if a robot is ahead of its path
then it will wait for other robots to catch up.

The markers on the paths shows that around 3
meter mark, the robots achieve synchronization
(formation), then maintains the formation as
they move forward along their respective paths
and reach their final destination at the same

Karachi Institute of Economics and Technology

time.

Fig. 20 shows the tracking error Y., of the
robots. Initially tracking error of Robot 1 and
3 is a function of the trajectory as the robots
are standing still. However Robot 2 quickly
overcomes its error. It can be seen that as soon
as robots starts moving they overcomes Ve,
very quickly. Once the robots achieve formation
they follow their respective paths with minimal
tracking error.

Robot 1
167 Robot 1(Ref)
Robot 2
Robot 2(Ref)
Robot 3
Robot 3(Ref)

Y(m)

e

X(m)
Figure 19: Cooperative path following (Experiment 2)

Path Following Errors Yerr

Yerr 1
Yerr 2
Yerr 3

Yerr)
n

100 150 200 250
Time(Secs)

0 50

Figure 20: Tracking error

Fig. 21 shows the linear velocities of robots. From
figure it can be seen that initially only Robot 2
(RED) is moving (has non zero linear velocity).
This is because, Robot 2 is placed behind its
trajectory so it has to move fast to catch the
trajectory. After about 60 secs Robot 2 starts
moving as its trajectory passes its initial position,
similarly Robot 3 starts moving at about 90 secs.
All three robots have to cover some distance as
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soon as they start moving to catch the trajectory
therefore an initial peak can be seen for all three
linear velocities. After catching the trajectory all
the robots linear velocities becomes same, this
is due to the fact that all the robots have same
path similarly all the robots stop (Linear velocity
zero) at the same time.

Fig. 22 shows the angular velocities of the
robots. As discussed above initially only Robot
2 is moving (non zero angular velocity). The
initial peaks in angular velocities represent the
controller effort to correct the heading of the
robot with respect to the trajectory. Once the
robots achieve formation their angular velocities
become similar because of same paths.

Fuzzy Controller Outputs V(m/sec) Linear Velocities

5. CONCLUSION

This work covers the formation control of
mobile robots. The proposed design consists
of a hierarchal control architecture a low level
PID controller and high level fuzzy cooperative
controller. The PID controller tracks the reference
speed of the robot’s wheel motors; it was tuned
for the motor parameters to effectively track the
reference speed with minimum tracking time
and steady state error.

The fuzzy controller is where the path following
and cooperation is done. The cooperative
behavior was testedusing a team of three
identical robots were used. Different simulation
experiments were conducted in which the

0.6/
V1 robots were subjected to different initial
oo xi conditions and they wer supposed to follow
047 their respective paths and maintain a formation
g 03 amongst them. The results shows that the Fuzzy
§ 0.2 Cooperative Controller effectively achieves its
A goals of individual path following and group
' }V f L cooperation, it has been shown that the robots
|
0 tracks their respective paths with minimal error
01 0 100 150 200 250 and maintain the formation while travelling.
Time(Secs) . . .
) lmP: . o This work is a small effort towards the Formation
Figure 21: Linear velocities control of mobile robots. Recommended future
Fuzzy Controller Outputs W (rad/sec) Angular Velocities work will be to improve the fUZZY controller
1r
Wi by incorporating obstacle avoidance and the
osl xg ability to move in known as well as unknown
' environments.
s
3 0
©
sy |
-0.5f
" 50 100 150 200 250
Time(Secs)
Figure 22: Angular velocities
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