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Abstract

The paper addresses developing a team of aerial and ground robots to accomplish multi-robot system navigation task in an
accessible way. The motions of two different robotic structures, namely quadcopter, and differential drive mobile robots are
simulated and controlled. Two-level controller has been adopted for the multi-robot system. A low-level controller is utilized
for each robotic platform to insure its motion stability and robustness. Then, a formulation of high-level tracking controller is
presented to allow each robot to avoid obstacles in a dynamic environment and to organize its motion with other flying/ground
robots. The performance of the proposed system is demonstrated in a simulation environment. A modeling platform is adopted
to construct the simulation environment, which allows the user to easily adjust the models and controller parameters as well as
to implement different control algorithms. In addition, the simulation environment helps in analyzing the obtained results and
performing several tasks in different conditions. The real-time motion of multi-robot system is monitored in the created
environment that provides three-dimensional graphical displays of the robotic platforms. Simulation results show that the aerial
and ground robots produced trajectories individually to reach different targets. Meanwhile, each robot in the system was able

to navigate among obstacles without colliding with other agents in the network.
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1. Introduction

Due to rapid revolution in micro-electronics and
communication technologies, robots have been employed
for autonomous tasks such as security [1], inspection [2],
and monitoring [3, 4]. Therefore, authors in many
interesting research have developed ground and aerial
robots to work in uncertain environments [2], [5-9]. In such
scenarios, the ability to reach the goal point without a
collision with any obstacle is the task of the navigation
system [6], [10-12]. However, it is difficult or impossible
for an individual robot to fulfill its tasks in a mission. Thus,
a team of small and inexpensive robots with various
capabilities can cooperate with each other in one network to
accomplish a common goal easier and faster.

In multi-agent or multi-robot systems, the cooperation
takes place among the agents using the information
available from the network. Therefore, accurately
measuring the vehicle’s position with respect to other
vehicles and the local environment helps in two ways;
avoiding collisions between robots and obstacles and
locating targets effectively [13]. Many researchers work on
developing allocation and path planning strategies of
multiple robots (i.e. flying and ground) system for obstacle
avoidance [14-16]. More specifically, a group of people
developed a framework of multiple robots cooperating with
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each other for building indoor geometric maps [17]. Other
research studies have been conducted on locating accurately
or tracking a ground-moving target by aerial robot [18-20].

Several authors have looked at differences of the multi-
robot motion planning. Most of these algorithms are
classified into coupled or decoupled approaches to find
collision-free trajectories for many automatic ground
vehicles (AGVs) moving toward separate targets within a
common environment [21-23]. Other approaches of robotic
manipulator optimal motion planning have been proposed
in [24, 25]. In contrast with coupled approach, the
decoupled methods cannot achieve completeness and
optimality. However, by planning the motion of robots
successively, the decoupled planner has lower complexity
and greater scalability than a coupled planner.

In multi-robot systems, coordination is defined as the
mechanism used for achieving cooperation. Coordination
and cooperation can be viewed as " joint operation or action
amongst a group of robots" [26]. Coordination approaches
for multi-robot systems are classified based on various
parameters, where each parameter is considered as one
dimension for classification. One of the comprehensive
classifications of coordination approaches for multi-robot
system has been presented in [27]. The paper considered
three key parameters, namely decision-making strategy,
communication mode, and adaptivity as basis for the
classification. Coordination can be static or dynamic

* This work is supported by the Royal Academy of Engineering grant Transforming Systems through Partnership TSP1040


mailto:samerk@hu.edu.jo

338 © 2021 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 15, Number 4 (ISSN 1995-6665)

according to the environment and the associated task. In
dynamic coordination approaches, implicit and explicit
communication modes have been used to fulfill the task [28,
29]. The coordination approaches can be categorized into
three groups, namely centralized, decentralized, and hybrid,
based on decision-making strategy parameter. Task
planning and motion planning are key problems that need to
be addressed first for multi-robot system to accomplish any
task efficiently [30]. Therefore, a mechanism is needed to
coordinate robots in order to generate efficient path for each
robot while taking into account static and dynamic obstacles
in the environment as well as the movement of other robots
[31]. Motion planning coordination approaches adopt
mostly decoupling method which can be centralized or
decentralized coordination [32, 33].

The complexity of mathematical description for most
robotic systems such as in [34-37] needs more effort to
analyze their dynamic character. Therefore, those people
take the advantage of appropriate modeling and simulation
methods to analyze diverse movements of the mechanical
system, and to provide a convenient way for practical
engineering application in order to reduce time and cost as
well as to find error early [34, 35].

Visual based autonomy was mainly used for cooperative
multi robot systems. A vision-guided quadrotor was
presented in [38]. The quadrotor was equipped with a
monocular camera. It was able to achieve smooth take-off,
stable tracking and safe landing with respect to a moving
ground robot where a marker-based and optical-flow-based
pose/motion estimation methods were used. In [39] a vision
based localization and target detection algorithm was
proposed for a cooperative team of one UAV and a number
of UGVs to be used in crowd detection and GIS localization.
The UAVs localization algorithm converts the crowds’
image locations into their real-world positions, using
perspective transformation. The authors in [40] present an
implementation of a hybrid system consisting of a low-cost
quadrotor and a small pushcart, a RGB computer vision
algorithm was used for tracking and landing a quadrotor on
a moving carrier using a classical PID controller. In [41] a
Wii remote infrared (IR) camera fixed under a miniature
unmanned aerial vehicle (UAV) was used to allow for
robust tracking and landing over a small carrier vehicle
without communication between them and works with an
onboard 8-bit microcontroller.

Another approach is to use intelligent control
algorithms, in [46] a fuzzy logic controller and a neural
network were used for positioning and maneuvering of
aerial robots. A fuzzy logic controller with nine rules was
implemented by [47] for autonomous tracking of a multi
robot team. In [48] a robotic team is presented in hostile
environment. Algorithms for human detection and deep
learning architecture for terrorist is presented. In [49] a
surveillance system for early detection of escapers from a
restricted area is presented based on a new swarming
mobility model called Chaotic Rossler Mobility Model for
multi Swarms. A Genetic Algorithm was used to optimize
the vehicles’ parameters and escapers’ evasion ability using
a predator-prey approach. In [50] a path tracking control
system was designed using an adaptive preview model. A
camera is used to collect images that are fed to the
monitoring module, then operation instructions are sent to
the bottom control module to create a line to judge the UAV

path, then the adaptive preview time model is constructed to
complete the trajectory tracking of UAV.

The ambition of this work is not only to develop a high-
level framework where aerial and ground robots interact
with each other, but also to evaluate different control and
navigation algorithms for building geometric paths
cooperatively. The current work illustrates a high-level
approach that utilized Simulink to perform modeling,
simulation, and control for the robotic system. A quadcopter
and a mobile robot were designed in ProEngineer CAD
environment with all the mass and inertial properties
defined there, and then these models were exported as XML
files to be read by SimMechanics in MATLAB. At this
stage, joints, actuators, sensors, and inertial bodies were
defined properly. This work also introduces a design of a
decoupled method for multi-robot motion planning by
generating small variations of robot motions on a predefined
trajectory and scheduled velocity. In other words, this
method first finds obstacle-free paths, and then, regulates
velocities of individual robots to avoid collisions.

This paper is organized as follows: Section 2 describes
the overall architecture of the robotic platforms.
Mathematical models of ground robot and quadcopter are
provided in Section 3. Then control systems are designed
for robots stability in Section 4. In addition, Section 5
describes the design of an algorithm for robot’s path
planning and motion coordination. The simulation tests
used to demonstrate the robots performances exist in
Section 6. Finally, some conclusive remarks on the work are
given in Section 7.

2. Multi-robot System Structure

The purpose of the proposed dynamic simulator for the
robotic system is to develop collaborative active simulation
package that supports user’s interactive operation in the
loop. Furthermore, it supports the applied operations by the
simulation environment.

This section describes the overall construction of a
robotic system, which was created by means of Simulink
modeling and SimMechanic tool in MATLAB. The system
combines several aerial and ground robots as shown in
Figure 1. In this system, the robotic platforms were created
in CAD modeling environment (e.g. ProEngineer) and were
interfaced with MATLAB tools for motion control
developments. The proposed robotic system allows one to
insert as many aerial and ground robots as needed to
demonstrate a mission performed by a multi-agent system.

The geometric models of a quadcopter and ground robot
were built for simulation. The parameter values for each
robot adopted in the simulations are presented in Table 1.

Table 1. CAD-model robots

Robot Dimensions  Weight Inertia
platform () () ( 2x1 09)
Ground 0.45x0.65 8.4 =175
robot x 0.9
Quadcopter 0.2x0.4x 1.2

0.4 = 0.0 1 048 3 ®0;

048 3®;008.3 2]5

It is noteworthy here that during the simulation process,
users can apply and change the parameters of forces and
torques on the created components of each robot as well as
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change the constraint relationship between the robots in the
system.

3. Robots

Yo

7 Xo

Figure 1. The schematic of differentially steered robot
Modeling

This section shows the dynamics and kinematics of a
ground mobile robot and a quadcopter to derive their
mathematical models. The objective of deriving
mathematical models is to assist in developing controllers
for physical robots.

3.1. Ground robot model

The dynamics of a differential steering robot can be
defined with vector of translation speed  and its rotation
with angular velocity ~ which are produced by the changes
of speeds of the right and the left wheels as shown in Figure
1. The robot is driven by two independent wheels while the
third wheel is a castor wheel needed for static stability of
mobile robot. Particularly when the two wheels rotate at the
same speed, the robot will move forward. While turning
left/right is achieved by driving the right/left wheel at a
higher rate than the other wheel.

To develop the equation of motion of a differential
steering system, an arbitrary point B is chosen and treated
as a frame of reference as shown in Figure 1. By linear
motion, the force vector causing the movement acts in point
B and goes through center of gravity. Considering  and

as forces caused by the left and the right actuators in

addition to  as a resistance force, the balance of forces
influencing linear motion is given as follows:
+ + = ’
(1)
—_ = =

Wherem is robot mass. s resistance coefficient
against linear motion, are drive torques.  is
linear motion speed, and r is radius of the wheels.

By rotational motion, a moment caused by
Euler’s force and a resistance moment are

considered. The total moments generated on the point

B can be summed up in the following relation:
+ + + = ’

(2

2

-_— + — = = -

Where are moments by drive forces.
is resistance coefficient and  is moment of inertia
with respect to rotation axis in center of gravity.
is angular speed in point B.

, , aredistances from point B to left drive, right
drive, and center of gravity respectively.

Using the parallel axis theorem, the moment of
inertia  with respect to rotation around point B is
given by:

= + 2 (3)

Where is moment of inertia at point C.

It is important to study the mechanical
performance of the mobile robot in order to build
suitable control structure for a desired task. The
coordinate system of the robot is governed by
combined action of both the linear velocity and the
angular velocity . Therefore, the vehicle kinematic
model is given by:

{ = (4)

Where(x, y) are the positions of point B in inertial
frame coordinate. is the heading angle of the robot
with respect to x axis.

To minimize the error distance > 0 between the
desired location and the current one, the robot position
can be represented in polar coordinates as follows:

o +

(5)
{

Where =v( - )2+ ( - )2 is the
measured distance between the current position and
the desired position. = ( - ) is the angle
measured between the robot axes frame and the vector

. The system in (5) is valid when > 0 and it will
be engaged in creating feedback control law for robot
maneuvering as discussed in section 4.

The linear speed  of point B and the angular
velocity of rotation are directly produced by the
change of the speeds of the right and left drives,
and  respectively. Both drive wheels are linked to
motors over ideal gearbox with gear ratio that

reduces the output velocities ( , ) and
simultaneously increases the output torques.
+
—— 75 *+ )
(6)
¢ T Tt )
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Where and  are the angular speeds of the left
and the right motors respectively.

3.2. Quadrotor model

The quadrotor is considered as a rigid body in the space
SO(3) under external forces applied to the center of mass
and expressed on earth fixed frame .

(7)

Where is the rigid body  mass,

is 3x 3 inertia matrix around the center of mass expressed
in the body-fixed frame, is the linear velocity of the body
expressed in the inertial frame J, s the angular velocity of
the body expressed in the body-fixed frame , s the total
forces on the body and, is the total torques on the body.

The kinematics of the quadrotor motion is given by the
following relations

{.— - (8)

Where is the body position with respect to inertial
frame, s the skew-symmetric matrix of the body angular
speed vector , R is 3 x 3 rotation matrix that move the
body vector into inertial frame.

A Xy

1
ﬂ Roll @
/

Figure 2. The quadrotor control inputs

Each rotor in the quadcopter generates a translational
force and torque as a function of the motor speed as
shown in Figure 2. The gravitational force and the
translational force (thrust)  are the only forces acting on
the body and can be represented in inertial frame as follow:

0 0

3 =-10]1+[0] (9)

Where g is the gravitational acceleration and the trust
is given as:
4 4
=y =3 ° (19
=1 =1
where isthe angular speed of ~ motor. As shown in
Figure 2, the torque produced by each ~ motor is denoted
by . Considering motor’s torque is related to an
aerodynamic drag = 2, then the total torques
generated at motor shaft are:
- = (11}
Where is the moment of inertia of the motor,
> 0 is a constant for quasi stationary maneuvers in free
flight. The control torques applied at the quadrotor center of
mass are thus

(1= 3)
(4= 2)

=[ 1= 4 (12
2

=1
Where is the distance between the motor shaft and the
center of gravity. s the pitching moment around
is the rolling moment around is the yawing moment
around
The rotation of each rotor with respect to a rotating body
leads to a gyroscopic torque  to the air frame and is given
by the following relationship
4 4

=y (x ) =(x )3 (13

=1 =1

Where ( x ) denotes the cross product between the
body angular speeds vector and the axis
This yield to the final quadcopter model:

0 0
- [0]+[0]= - (3

{- x + + =

4. Robots controllers

Several control approaches in the literature have been
proposed for controlling the mobile robot and the
quadcopter. Recently, many modern control methodologies
such as nonlinear control [20, 51], optimal control [52],
adaptive control [53], and fuzzy control [54, 55] have been
widely intended for robots control. However, these
approaches are difficult to implement in embedded systems.
Therefore, the choice of a PID control approach in many
world control problems refers to its simple structure and
efficiency with its three-term functionality covering both
transient and steady states. However, the difficulty in this
type of controller is to obtain the optimal solution through
tuning its gains.

Ground robot control

The control algorithm is designed to drive the robot from
its current configuration ( , , ) to the desired one
( , , ) with respect to the inertial frame. Using
kinematics motion models, the control inputs are the linear
and angular velocities of the robot (i.e. = ( )) which
are acting on its center of gravity. P1 controllers are adopted
here to control the robot as follows:

0 R
{:()+J

0

Where =+v( - )2+ ( - )2 is the error
distance, and = - is the difference between the
desired heading angle and the current angle from the x axis
in the inertial frame. The control vectors stated in (15)
makes the robot motion behavior to be smooth and stable.

The linear and angular velocities of the robot are
transformed to right and left wheel speeds. Considering that
the rotating point occurs at the middle between the right and
left drive (i.e. = = ), then the motors speeds can be
given as follows:
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(16

{ =~ 2

Quadcopter control

The controlled inputs of the quadcopter are three torques
and thrust. The attitude is controlled by the quadcopter
torques which are related to angular velocities by = R
when Coriolis and gyroscopic terms are neglected. The
attitude stability depends mainly on the accuracy in altitude,
which keeps the quadcopter aloft. Therefore, a PID
controller is adopted for the attitude stability and another
PID is used to stabilize the vehicle altitude. The controller
outputs are given in the following relationships:

1= ( O+ g O o+ Y

—)
0

=—-( —( )+ () + J))
{ 0

where , ,and are the proportional, integral, and
derivative gains respectively. The difference between the
desired state (i.e. , , inattitude and in altitude)
and the current state is represented by the error signals
which are computed in a sample period.

The quadcopter horizontal positions are coupled with
thrust vector and are controlled by orienting the vector
towards the desired direction. Referring to (14), the desired
linear horizontal accelerations are calculated from PD
feedback of the position and velocity errors by the following
relationships:

(18

(" +
where , ,and are the proportional, integral, and
derivative gains respectively. = - and = -
are the position error vectors. The terms ~ and
represent feedforward accelerations. The horizontal
positions are relative to the rolling and pitching angles
and . By assuming small rolling and pitching angles and a
thrust magnitude equal to  , the desired angles  and
can be given by the following relationships:

=2 - )

(19
1 . ;
= =( + )

Finally, the resultant thrust and torques that are
generated by the controllers in (17) can be computed as four
thrusts generated from quadrotor’s propellers. For this task,
proper allocation matrix is computed accordingly to
mechanical parameters such as "plus" mounted quadrotor
and is given as follows:

-1 -1 -1 -1

R S [ Y

4
where is the distance between the rotor and the center
of gravity. For each = 1,...4, is the generated thrust

from each rotor and it is a function of the angular speed of
the motor (ie. =  2).

5. Path Planning and Motion Coordination

In this work a centralized decoupled planner is adopted
for path planning and motion coordination of multi- robot
system. In this approach an individual path is generated
independently for each robot in order to reach its desired
target where all of the state information is available to a
single processor. Then another plan is involved to generate
velocity profile for each robot to avoid collisions with other
moving agent in the network.

Each robot in the proposed system is required to track a
desired trajectory to reach a target. Specifically, the control
structure proposed in section 4 for each robot is sufficient to
control the tracking error to converge to zero, where the
tracking error of the  -robot is defined as:

= - (21}

Where( = 123,..., ) denotes the robot in the

network and is the total number of the individual robots.

In addition, is a vector of robot’s positions in the inertial
coordinate system and is a vector of robot’s desired
trajectory.

Each robot in the proposed robotic system shares its
position information with other robots. Moreover, the
positions of unknown non-moving obstacles are assumed to
be learned by robots using their own sensors. The robot is
required to navigate to its target avoiding fixed and moving
obstacles.

Based on the equation given in (21), the robot will move
to the desired target by following the given trajectory,
unless an obstacle is presented in the path of the robot or
another robot is coming towards it. In this case, it is essential
to look for alternative solution paths by feeding small
variations of robot motions by affecting both its predefined
path and its scheduled velocity. Hence, we define a new
control law for the ground robot to provide feed forward
signals on the robot motion as follows:

_ ()
R
# (22
1

{

Where (1< < ) denotesthe  robot in the network
and is the total number of the individual robots. In
addition denotes the vector of displacements of the
robot coordinates from the  robot coordinates in inertial
frame. is the angle between the  vector and the vector
of displacement of  robot from the target coordinates in
inertial frame as shown in 3. and are the feed-
forward angular and linear speed control inputs which are
tuned by the gain constants  and respectively. It is
obvious from (22) that the value of increases when
and decrease. For example, the effect on the value
from robot 4 is greater than the effects coming from robot 2
and robot 3 because of the shortest distance between robot
1 and robot 4 as well as the smallest angle value ( ; J as
shown in Figure 3.
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Robot3

Target
X

Figure 3. Robot coordinates with other robots in the network

In the case of the aerial robot, it is possible to avoid
collision with other aerial vehicles by finding a path in three
dimensions, but we assume that a number of quadcopters
are required to stay at the same height. Therefore, the
quadcopter should find a path in the horizontal plane to
avoid collision with other quadcopters by the following
control inputs:

B ()

_{ ( 1-n°
() @3

( zé ( I-n

Where and are the feed-forward linear
velocities to the quadcopter in and directions
respectively. We assume that the feed-forward velocities are
equal to zero when there is enough height distance between
the  quadcopter and other quadcopters. As we discussed
in the ground robot case, the velocity values in (23) are
approaching to zero when the horizontal distances between

quadcopter and the others are very long. The velocities
in (23) are represented in inertial frame. Therefore, the
values required in body frame are calculated by considering
the heading angle.

Figure 4. Motion of aerial and ground robots on assigned
trajectories

6. Simulation Results

This section serves to illustrate the effectiveness of the
proposed control algorithms for robot’s trajectory tracking
and path coordination. The simulation results are executed
first to show the performance of each robot independently,
and to study its stability and ability to track a pre-defined
trajectory. Then the second part of the simulation shows the
performance of each aerial and ground robot in generating
new paths to avoid collision with other robots.

6.1. Trajectory tracking

Position and orientation stability of each robot were
achieved by using PID controllers. The gains of the

controllers were tuned properly to guarantee best
performance. More precisely, attitude and position
controller gains were chosen in order to minimize
oscillations and settling time. The adjusted gains of the PIDs
in the quadcopter and ground robot are given in Table. To
ensure the validity of the used PID controllers in the
proposed robots, external disturbances as random form
signals were carried out on each robot. These signals are
applied on all axes in body frame of each robot with a value
range of (-04 04)

.

)
(b)

Figure 5. Mission Scenario 2: (a) Robots trajectories, (b) The
final positions of the system robots

Table 2:PIDs gains in the quadcopter and ground robot

Quadcopter Ground
PIDs robot PIDs

P | D P |
Alt 30 20 15 Positionx 15

Positionsx,y 5 0 3
Roll/Pitch 3 0 2
Yaw 05 01 01

o o o| g

5
Positiony 15 5
Rotation 5 3

Figure 4shows how the robots (i.e. two quadcopters and
two ground robots) track the assigned paths correctly. In this
scenario the robotic platforms were initialized on the ground
from different positions. One of the ground robots and one
of the quadcopters were demanded to follow rectangular-
shape paths. Meanwhile, the other quadcopter and ground
robot were needed to track a circular-shape trajectory. The
vehicles maintain the performance of the motion in terms of
stability and proves quite perfect characteristics in terms of
ability to track the predefined trajectories.

6.2. Path planning for collision avoidance
The following two figures illustrate the performance of

the robotic platforms which are demonstrated by two
different scenarios in order to validate the ability of each
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robot for collision avoidance with other aerial or ground
robots in a multi-robots network.

Figure 5 shows the performance of the proposed system
in a mission scenario where each robot moves towards a
specific target point and then it waits there for a while. More
specifically, ground robot 1, 2, and 3 are requested to move
toward points (4,4), (7,7), and (10,10) respectively which
are aligned on a straight line. Also, quadcopter 1, 2, and 3
are needed to move from their initial positions on the ground
to the points (4,4,3), (7,7,3), and (10,10,3) respectively
which are also falling on a straight line. It is clear from the
figure that robot 3 (ground or aerial) is creating a curved-
line instead of straight line during motion to its target, in
order to avoid collision with robot 1, and 2. The same
methodology is applied also on robot 2 to move away from
robot 1.

When a robot reaches its desired fixed-point location, it
stops over that point for a period of time. The stopped robot
can react quickly to other robots approaching it, accordingly
it moves enough distance from the coming robot to avoid an
accident and at the same time to allow the robot to return to
its desired position as soon as possible. This situation is
characterized through the figure by the irregular path, which
is formed at the end of the robot track around the fixed point.

Finally, Figure 6 shows the performance of the robotic
platforms in a different scenario where two of the ground
robots were required to follow a circular path. The ground
robot 1 was moving in an opposite direction of robot 2. The
third ground robot was required to travel to a home location
at (0, 0). This scenario also included three quadcopters; one
of the quadcopters (quadcopter 1) was trying to track a
circular path, and two of them were targeting the points (2,
0, 2) and (0, 2, 2) which were located on the same path of
quadcopter 1. The figure shows also how the ground robot
and the quadcopter on the circular paths were reconstructing
the desired trajectory when it was needed to avoid collisions
between robots.

7. Conclusions

This work presented the modeling, simulation, and
control of a multi-robot system, which contains models of
aerial and mobile robots. Each of the robotic platforms was
built by means of Simulink modeling and SimMechanics
and was controlled by applicable control methods for
motion stability and maneuverability. This work also
proposed a new strategy for path planning of robot motion
in a network of several aerial and ground robots. Providing
this method, the robot can change its predefined path to
avoid collisions with other robots on the path by
manipulating feed-forward speeds via PID controller. The
results demonstrated the validation of this strategy on a
multi-robot system, and illustrated how the track path of a
robot can be reshaped smoothly. The robotic system was
built in a simulation environment that provides many
advantages for multi-agent robotic systems; one can insert
and remove several robots easily as well as modifying the
parameters of the robot model in CAD platform, which can
be reconsidered in the simulation, needs less time and effort.
The performance of the robotic system was demonstrated
and validated in different motion scenarios. The results
showed high stability in robots' motions and good
performance in trajectory tracking, even when disturbances

exist. The performance of the proposed system when
evaluated on different scenarios suggests that the robotics
system has very good maneuverability for collision
avoidance when multi-agent robots are engaged in common
tasks. The present work will be extended to include real
implementation of the proposed system in real application
such as security in university campus.

(b)

Figure 6. Mission Scenario 2: (a) Robots trajectories, (b) The
final positions of the system robots
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