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Abstract: - As a part of a more complex study about cooperative search and rescue wheeled mobile robots, the
current work focuses first on defining a complete mathematical model of a wheeled mobile robot that moves in
partially known environments. The implemented Matlab/Simulink model of the kinematic, sensorial and fuzzy
control parts assures the movement of the robot from an initial point to the destination avoiding possible
obstacles. The paper continues to present the development of a control strategy that defines the leader-follower
concept for cooperative wheeled mobile robots which have to keep a certain formation and to reach a target

considering possible obstacles along the path.
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1 Introduction

The wheeled mobile robots (WMR) are representing
a challenging research domain. The mobile robots
are mechatronic structures and therefore the
demanded improvements are from various domains.
Our investigation is focused on modeling and
controlling WMRs. The general purpose of the
research is to control groups of cooperative robots,
particularly search and rescue robots, which are
moving in unknown or partially known
environments.

There are several steps that have to be undertaken in
order to reach the foreseen objective, the first being
to develop a WMR model including the kinematic
part, the sensorial part and the control part. The
robot has to be able to sense objects, to avoid them
and to reach the final destination.

Then, it is necessary to divide the work into three
directions, depending on the required task, all of
them being essential for the final goal, to control
groups of robots:

- The first task that is required for groups of
cooperative robots is to move from an initial
point to a destination keeping a certain
formation. The main purpose is that all the robots
must be present in the mentioned formation at
the destination. This task is particularly required
when a group of robots is moving in certain
rooms (door to door movement). The structure of
the environment is generally known, but
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unknown objects may be present along the way.
Usually, this task is prior for those that will be
described in the followings. A control strategy
based on an artificial potential function in an
environment without obstacles, together with
individual wheel slippage controllers is presented
in [1]. Also, a control strategy that assures
navigation of cooperative robots in a certain
formation is presented in [2] and [3]. The
formation of robots is assured throughout the
movement in the environment by a spring-
damper structure. Also, there is a fuzzy approach
in controlling the formation in [4], and the results
are provided in an environment with no
obstacles. The study from [5] reveals an
approach where the robots are moving in
formation but the shape of the formation,
respectively the position of the robots towards
each other is not defined. The robots group in an
ad-hoc manner.

The second task is required when the group of
cooperative robots has to reach a target with a
known position. The main objective of this task
is to arrive at the mentioned target as soon as
possible by any of the robots. The control
strategy is relying on a set of general rules that
governs the movement. Each of the robots has to
have its own hierarchically smaller controller
that assures the obstacle avoidance. Usually,
until meeting the first obstacle, the robots are
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moving in a certain formation. In some situations
multiple targets are present and a group of robots
must accomplish tasks at each destination point
concomitantly. In [6], an algorithm is presented
for choosing which robot should be sent for the
current target. The issue that may occur when
multiple robots are trying to reach the same
target is the congestion. In [7], a control
algorithm is proposed in order to avoid traffic
congestions. In papers like [8] and [9], a visual
SLAM is used by a team of robots and a general
map is created using the individual maps of each
robots.

The third task supposes that the position of the
target is unknown and the group of cooperative
robots is used to find it. The target is identified
through certain particularities. The space
exploration is realized in a cooperative manner,
following a defined strategy. The search ends
when a robot finds the target and it provides the
necessary coordinates to the others. A rule based
neuro-fuzzy navigation is presented in [10], and
a sensor-robot search and rescue perspective is
presented in [11]. Papers like [12], [13] are
approaching unknown space  exploration
problems but without the specific objective of
search and rescue. Approaches like [14] are
focusing on improving the mechatonic structure
of the mobile robots operating in unknown
environments (field exploration).

Alternative approaches to the study of
collaborations between robotic agents could be
represented by the methodologies used by
researchers active in the agent based modeling
field as it has been done, for instance, in [15], for
modeling a financial domain where interacting
entities are individuals.

The current paper focuses on developing the model
for a WMR which moves in an environment with
obstacles, including the kinematic, the sensorial and
the control parts. Also, the paper provides a solution
for cooperative robot control that involves moving
from an initial point to the final point in a certain
formation, considering an environment with
obstacles. The cooperative behavior is relying on a
leader robot and follower robots. Fuzzy controllers
are designed for each robot in order to avoid
obstacles. Also, fuzzy controllers are implemented
for the follower robots in order to evolve in the
desired formation.

The paper describes first the mathematical model
used to simulate the movement of the robot in an
environment without obstacles and the methodology
to calculate the distance and the angle that has to be
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covered in order to meet the destination. In order to
obtain a complete Matlab/Simulink model of the
robot, the third chapter describes the model of the
sensorial part, which is responsible of detecting
obstacles along the path. The fourth part is
describing the fuzzy controllers used for the
individual navigation of the WMR and the principle
that guides the cooperative leader-follower
navigation in an environment with obstacles. The
fifth chapter is illustrating the results for the
individual movement and for the cooperative
navigation of the WMRs, and finally, conclusions
and development directions are presented.

2 Mathematical of the

WMR

The general block scheme used to represent the
dynamics of the robot, the sensorial part and the
control part for a WMR is presented in fig. 1.

Modeling

Obstacl
s .c e Distance to Wheel
coordinates —— obstacles speed
:[) Istance sensor| Fuzzy Controller—— WHR
block Dynamics
Distance
Angle Position
Destination :D Position and Direction ‘ Orientation

point block

Fig. 1 General block scheme of the robots model

The mathematical model (implemented in the
Matlab/Simulink environment) that describes the
dynamics of the mobile robot in fig. 1, is
represented by the WMR Dynamics (WMRD)
block. The subsystem that assures the calculus of
the distance and the angle that has to be covered in
order to reach the destination is the Position and
Direction block.

2.1 WMR Dynamics Block

The WMRD block is responsible for calculating the
new position of the robot and its orientation, by
using the left and right wheels speed. The inputs and
the outputs of the WMRD block are illustrated in
fig. 2.

dx/dtf[—>
—*Vvr dy/dt|—»
theta|—»
—{v| X [—»
Y[

WMRD block

Fig. 2 The WMRD block
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The two inputs of WMRD block are vr and vl
representing the speed of the right and left wheal
provided by the Fuzzy Controller.

Using the standard kinematic equations, the
dynamics of the WMR is described by the following
equations [16], [17]:

0= r 1

l (1)

i= 2 Ging 2)
. V/ +Vr

y= cos & (3)

where [ is the distance between the wheels, and 6 is
the angle theta (as it is shown in fig. 6).
The outputs of WMRD block are:

- dx/dt, the horizontal speed on the X-axis;

- dy/dt, the vertical speed on the Y-axis;

- theta, the orientation of the robot;

- (X, y), the position of the robot.

2.2 Position and Direction Block

The Position and Direction Block (P&D) determines
the distance and the angle that have to be covered
from the current position and orientation of the
robot in order to navigate towards the target. The
inputs and outputs of the P&D block are illustrated
in fig. 3.

t
Yi Athetal—»
x
Y

ad

L
I

theta
P&D block

Fig. 3 The Position and Direction block

The inputs and the outputs of the Position and
Direction block are:

- (X, y), theta, the current position and the angle of
the robot;

- (X4 ¥1), the targets coordinates;

- Atheta, the angle correction that has to be made
in order to go straight towards the target;

- Ad, the distance to the destination. Ad is
calculated using the simple equation that
describes the distance between two points.

Considering that thetar is the desired angle
associated to the straight distance from the current
position towards the target,

theta . :atan( ad _XJ
Ye =¥

(4)
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the angle correction Atheta is provided at the output
considering three possible situations:

- IF (thetap>0) THEN Atheta=theta- thetar;

- IF (thetar<0) AND (theta>0) THEN
Atheta=theta- thetar +m ;

- IF (thetar<0) AND (theta<0) THEN
Atheta=theta- thetay -,

The two outputs of the Position and Direction block
are sent to the Fuzzy Controller.

3 Sensorial Part

In order to move autonomously in unknown or
partially known environments, a WMR has to
interact with the environment through a localization
module used to scan the surroundings and to
determine the robot’s position. As we can see in fig.
4a (representing the X80 robot) from [18], generally
for the localization module, the WMRs are basically
equipped with: distance sensors (sonar and/or
infrared sensors) to determine the distances to the
obstacles along the path, encoders (positioned at the
wheels) to calculate permanently the current
position and camera. In order to have a model of the
mobile robot that behaves as close as possible to the
reality, it is necessary to model the distance sensors
in order to simulate the obstacle avoidance.
Therefore, this chapter 1is presenting the
Matlab/Simulink model of the sensorial part.

Human motion sensar
Camera

Microphane
Speaker

Encoder

Infrared sensor Sonar sensor

Fig. 4a The X80 robot

3.1 General Structure

The purpose of the Distance Sensor (DS) block is to
calculate the distances from the robot to the
obstacles along the path, the distances being
provided to the controller. The DS block is
illustrated in fig. 5.
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The inputs of the DS block are:

- (x, ), representing the Cartesian coordinates of
the current position of the robot, calculated and
provided by the WMRD block;

- (theta), representing the orientation of the robot
(the angle with the vertical axis). The value of
theta is also provided by the WMRD block.

- (pxI, pyl, px2, py2), representing one
dimensional arrays, containing the coordinates
that are defining the segments considered to be
obstacles in the environment. The ensemble
(px1[i], pyi[i], px2[i], py2[i]) represents one
segment defined through two points, where
i=1;n, and n is the number of lines. As an
example, fig. 4b is presenting the arrays that
constitute the considered obstacles (4 segments).

(px1[4]. py1[4])
(Px2[4], py2[4])
(px2(1]. py2(1])
(px112] py1[2])
(Px2[3], py2[3])

(px1[1]. py1[1])

(px2[2], py2[2])
(px1[3], py113])

Fig. 4b Associating the (pxi, pyl, px2, py2) input
vectors to obstacles

Also, the obstacles from fig. 15 are stored in the
pxl, pyl, px2, py2 arrays as:
pxI1=[-50 -100 -150 -200 -250 -300 ];
pyI=[100200 100 -100 200 100 ];
px2=[-52 -101 -151 -202 -253 -301];
py2=[-160 -50 -200 100 -100 -200];

According to the current application, the outputs of
the DS block are e;, e, and e;, representing the
distances from the robot to the obstacles from the
environment, provided by three distance sensors.
The distance sensors are placed on the robot in order
to provide the frontal distance, and + 30 degrees left
and right from the direction of movement (see fig.
6). The distance sensors are considered to have a
range of 30cm.

e
—_— 1
" —
(X, Y, theta) —— R e2
——xt ge () e S
(px1, py1, px2,py2) —|- | €3
—]
Distance sensor
block

Fig. 5 The DS block
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It has to be mentioned that in order to follow the
design requirements some initial parameters of the
localization module can be easily modified: the
number of distance sensors, their placement (angles)
on the robot, respectively the range of the sensors.

X 4

Fig. 6 The three distance sensors

All three outputs of the DS block are provided to the
fuzzy controller.

3.2 Detailed Model of the DS Block

The internal structure of the distance sensor is
shown in fig. 7 and it contains the following
subsystems:

Distance
To
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Fig. 7 The internal structure of the DS block
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- Do-While Iterator block, which allows, through
iterations, to take over all the segments
considered being the obstacles. It assures a
complete cycle of determining the correct
distance from the robot to the obstacle by
resetting the MinMax Resettable blocks.

Four Selector blocks (Selector 0-3), used to
extract the coordinates of the segments from the
input arrays. The behavior of the Selector blocks
is guided by the Do-While Iterate block.

Three MinMax Resettable blocks, memorizing
the minimum distance to the obstacles from all
the computed distances at a given time for each
of the three sensors. Therefore the inputs of these
blocks are (ej;, €y, €3), where i = 1;n, and the

outputs are ey, €, and e;.

DistanceToSegment block (DTS block), which
computes the actual distances to the obstacles
from the environment, provided through the
distance sensors.

3.3 Detailed Model of the DTS Block

The DTS block assimilates in the current situation
the three distance sensors, represented in fig. 8
through the Frontal sensor, Left side sensor and
Right side sensor.

The inputs of these three blocks are: x, y, theta
(previously defined) and (px1[i], pyl[i], px2[i],
py2[i]), the coordinates of only one segment. The
outputs of these blocks represent the distances from
the robot to the specified segment (ey;, €y, €3;). Also,
nonlinear saturation blocks are considered in order
to set a superior limit of 30 cm.

3.4 Detailed Model of the Distance Sensor
The internal structure of a distance sensor block
(particularly the Frontal sensor) is shown in fig. 9.
The subsystems of a distance sensor block are:

- PointOfIntersection block, which computes the
coordinates of the point of intersection between
the line that symbolize the sensorial range and
the line that represents the input segment. It
outputs the coordinate of the intersection point
(i, yi)-

Conditionallnclusion block, which determines
through logical operations that the point of
intersection (x;, y;) is actually placed in the
correct position related to the orientation of the
robot. The inputs of this block besides the
coordinates of the intersection point are: the
coordinates of the segment (x;, X,), the actual
position of the robot (x, y) and the angle theta.
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Therefore, if the Conditionallnclusion block
validates the intersection point, then the distance
from the robot to this point is provided as output,
otherwise the output will be 30.

(L s
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Frontal ‘sensor
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Fig. 8 The internal structure of the DTS block
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Fig. 9 The internal structure of a distance sensor
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4 Control Strategy

Different control strategies for single WMRs are
available in the literature [19], [20], depending on
the required task, the ability to sense the
environment, the type of environment, the structure
of the robot, etc. An interesting assignment of
control strategies for multi-robot navigation
regarding the varying environment, required task
and constraints is presented in [21].

This chapter presents first the fuzzy controller used
to control the WMR in order to reach a destination
and to avoid obstacles detected by the sensorial part.
Then, the study focuses on cooperative robots that
have to keep a certain formation. A leader-follower
cooperative multi-robot control strategy is defined
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that assures the movement of cooperative robots in
partially known environments. For the cooperative
control strategy, a WMR has to be equipped with a
wireless communication module.

4.1 The Fuzzy Controller
The fuzzy controller is designed to assure the
movement of the WMR in a partially known
environment. Particularly, the robot has to cover the
distance from an initial point to the final destination,
and to avoid obstacles. As it can be seen in fig. 10,
the inputs of the fuzzy controller are: the distances
to the obstacles (e;, e, and e3) provided by the left,
front and right distance sensors, the distance that has
to be covered to the final destination (Ad), and the
angle correction (Atheta) in order to obtain a correct
orientation. The controller assures the correct speed
at the left and right wheels (v, and v;). The actuators
are considered ideal, non-inertial amplifiers with the
gain value 1.
bt

€2 ——

®3 ——|  Fuzzy controller

Ad —+

Atheta

vi
L
Vr

Fig. 10 The fuzzy controller

4.2 Rules and Membership Functions

The membership functions considered for the
sensorial inputs, the distance Ad and the angle
Atheta are presented in figure 11a, 11b and 11c.

The controller outputs are considered to be the
followings: zero, slow, medium and fast,
represented  through  triangular  membership
functions.

In order to cover the distance from the initial point
to the final destination the following rules are
considered (the weight of the rules is 1):

IF (left is far) and (front is far) and (right is far)
and (Atheta is negative) and (Ad is not zero)
THEN (vr is fast) and (vl is slow)
IF (left is far) and (front is far) and (right is far)
and (Atheta is positive) and (Ad is not zero)
THEN (vr is slow) and (vl is fas?)
IF (left is far) and (front is far) and (right is far)
and (Atheta is zero) and (Ad is not zero)
THEN (vr is medium) and (vl is medium)
IF (Ad is zero)
THEN (vr is zero) and (vl is zero)

In order to avoid obstacles the following principle is
considered:
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- if at some point the distance determined from
one side (front and side sensor) is getting smaller
(entering into the medium zone) then the robot
will turn towards the other direction;

if at some point the indication of one side sensor
becomes close but the other two sensors are
indicating far then the robot will slowly continue
the forward movement;

if at some point both side sensors are indicating
close then the robot will turn guided by the value
of Atheta;

if at some point one sensor indicates a value that
enters into the medium zone and the side sensors
are indicating far then the robot will slowly
approach the object.

closeclose med far

0 5 10 [cm] 15 20 25 30

Fig. 11a The membership functions corresponding
to the sensorial inputs

Negative Iero Positive

1 1 Ll R 1 1
2 1 0 1 2

do
w

[em]

Fig. 11b The membership functions for the Ad
distance

neg zero poz
1 |

It

[deg]

1
230 -20 A0 20 30

Fig. 11c The membership functions for the Atheta
angle correction
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The inference is realized through the Max-Min
inference procedure (Mamdani/Assilian), which is
based on the Ty t-norm and Sy t-conorm. For
defuzzyfication, the COG (center of gravity) method
is applied.

4.3 Cooperative Multi-Robot Navigation
As mentioned in the introductory part, this research
focuses on the cooperative robots that have to reach
a target with a known position, moving in partially
known environments. The cooperative robots must
also keep a certain formation as long as possible.
This approach is often used for door to door
movements, when the goal is to move the robots in
formation.
The cooperative multi-robot navigation relies on the
following principles:
- a leader-follower robot behavior when there are
no obstacles;
- the robots are moving in formation when it is
possible;
- individual obstacle avoidance procedures;
- regrouping in the desired formation after
individual avoidance of the obstacles.
The mentioned principles can be resumed into two
scenarios, defined by the presence of obstacles. The
first scenario is represented by the obstacle
avoidance procedure and the second scenario occurs
when the group of robots is going straight towards
the target, no obstacle being present.
The first scenario is characterized by the followings:
- an obstacle is detected by the robots and the
avoidance procedure began;
- each robot avoids the obstacle individually;
- the obstacle avoidance is realized using the fuzzy
controller;
- obviously, the robots are not evolving in the
desired formation.
The second scenario has the following attributes:
-no obstacle is detected, the robots are going
straight toward the target;
- navigation in a formation is required,
- a leader is placed in front and it is guiding the
movement of all the robots;
- the robots are following the leader using a
second fuzzy controller;
In consequence, the follower robots are equipped
with two fuzzy controllers, the first one (C,) being
used to follow the leader robot in a specific manner
in order to maintain the formation, and the second
one (C,) for the individual obstacle avoidance.
The formation, in which the robots must evolve, was
initially conceived for two robots (a leader and a
follower) as illustrated in fig. 12. The follower, in
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the current application, is supposed to be situated at
50cm, and 30 degrees angle related to the leader
robot.

3° 50 cm

N

\

Fig. 12 The formation of two robots

The controllers are conceived in the same manner as
described in the previous subchapter, and they are
acting conditioned by the presence of obstacles.
Considering that (x, y, 0)) are the position and the
orientation of the leader robot, the reference (X,
Vref) for C; (used when no obstacles are present) will
be permanently set as:

. 5-
X, =50 sm[@, + Tﬂj +x

S-m )
Vyer =50 cos(&, + T) +y

Therefore, considering that Af; and A6, are the
orientation corrections for the follower, respectively
the leader robot (provided by the P&D block), the
basic logic that describes the switching procedure
between C, and C, for the follower robot is:

- 1f AG; #0 then C;;

- 1f A6;==0 then C;;

5 Results

A Graphical User Interface (GUI) was conceived
and implemented for a better usage of the model.
The GUI is shown in fig. 13, respectively its state
transition diagram is illustrated in fig. 14.

Three scenarios were imagined in order to illustrate
the behavior of the modeled robot controlled by the
fuzzy controller. The initial position of the robot is
represented by the coordinates (0, 0) and the 0
degrees angle (meaning that it sees the positive side
of the vertical axe). In the first scenario, presented
in fig. 15, six obstacles were considered and the
robot had to reach the final destination with the
coordinates (-350, 100). The second and the third
scenarios, presented in fig. 16 and fig. 17, are
considering two, respectively three obstacles, and
the destination is expressed by the coordinates (300,
200), respectively (300, -200).
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Fig. 13 The GUI

Destinatign selected
Select destination point N

PreRunl Stat simaion Running

M

Exit

PreRun2

New simulation
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Run
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Destinatjorf reached

Stopped
/
gﬁ

Fig. 14 The state transition diagram of the GUI

Stop Simulation

250

200 r
150 1
100 ¢
501

\ ﬁ

150+ i

-501

-100 1

-200 I I I I
-350 -300 -250 -200 -150 -100 -50 0

Fig. 15 The first experimental scenario for a single
robot
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250

200 |

100 |

50

O Il Il Il Il Il
0 50 100 150 200 250 300

Fig. 16 The second experimental scenario for a
single robot

50

-5071

-100

-150 ¢

-200 ¢

-250 1

-300 I I I I
0 50 100 150 200 250 300

Fig. 17 The third experimental scenario for a single
robot

As it can be observed in figures 15, 16, and 17, the
modelled WMR (its evolution shown by the blue
line) is able to move in a partially known
environment and to avoid obstacles.

Other three scenarios were imagined in order to
show the behaviour of two collaborative robots in an
environment as described above. The initial position
of the leader robot is represented by the coordinates
(0, 0) and the 0 degrees angle.

The evolution of the leader robot is shown by the
blue line and the movement of the follower robot is
described by the dashed red line. In the first
scenario, presented in fig. 18, no obstacles were
considered and the leader robot had to reach the
final destination with coordinates (-300, 400). The
second and the third scenarios, presented in fig. 19
and fig. 20, are considering two obstacles, and the
destination is expressed by the coordinates (400,
200), respectively (400, -200).

From figures 18, 19, and 20, it can be concluded
that the cooperative robots are able to reach the
destination using the mentioned control strategy.
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400
350 |
300 ¢
250 |
200
150 f
100 ¢
50
ot

-50
-300

250 -200 -150 -100 -50 0 50
Fig. 18 The first experimental scenario for
cooperative robots

250

200 ¢

150

100

501

-50 I I I
0 100 200 300 400

Fig. 19 The second experimental scenario for
cooperative robots

50

0,

-50

-100 1

-150 1

-200 1

-250 1

-300
0 50

100 15 200 250 300 350 400
Fig. 20 The third experimental scenario for

cooperative robots

6 Conclusions and

Directions

A mathematical model of a WMR was developed
and implemented in Matlab/Simulink environment.
The WMR model consisted in the kinematic part

Development
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and also the sensorial part used to avoid obstacles in
partially known environments. A fuzzy controller
was conceived to command the robots speed.

A first step in controlling the behaviour of a group
of WMRs was realized in this study. A leader-
follower strategy was implemented in order to keep
the robots in a certain formation while moving
towards a destination point in a partially known
environment. Two fuzzy controllers were
implemented for the follower robot, one being used
for the obstacle avoidance and the other for the
leader following procedure.

The current work will be followed by several
development directions. The purpose is to
investigate and implement search and rescue robots
behaviour. A general control strategy considering
the transmission problems that may occur in the
case of a cooperative behaviour with robots
evolving in a certain formation will be developed.
Also, the final steps for the search and rescue robots
are the cooperative target search procedures. These
will be conceived for known as well as for unknown
target position.
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