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1. INTRODUCTION

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 �leet 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 

–3], autonomous ground vehicles [4-5], mine 
sweepers [6] etc.

The primary motivation of using multi mobile 
robots is to improve the overall effectiveness of 
the system. MMRs can easily perform dif�icult 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 ef�icient.
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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.
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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 dif�icult 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 speci�ic 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 dif�icult to achieve precise 
cooperative control as it is mathematical analysis 
is dif�icult.

In the leader follower method one of the robots 
is the leader and the others are the followers 

[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 dif�icult 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 dif�icult 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 arti�icial 
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 
modi�ication 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 
controller is 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, 
de�ines 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  is the linear velocity 
and ω  is the angular velocity of the robot while 
φ  is the orientation of the robot.  and ω  
are the control variables.

   

(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 exist a point ICC (instantaneous center 
of curvature) provided that . Where  
and  are the linear velocities of the right and 
left wheels respectively. By varying  and  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 θ is 
the orientation of the robot from x axis.

Figure 1: Differential drive mobile robot

We can write the equation for  and  using the 
relationship .

     

(2)

Solving (2) for  and  and using the relation 
 we get the following relations.

     

(3)

To obtain  and  in terms of  and  we can 
rewrite (3) as follows.

     

(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.

  
(6)
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3. COOPERATIVE CONTROL STRUCTURE
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

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 defuzzi�ication scheme used in the fuzzy 
controller is weighted average. Fig. 3 shows the 
Fuzzy Control structure.

Figure 3: Fuzzy control structure

Refer to Fig. 4:  is the robot number. 
The position and orientation of the robot can 
be described by the vector .The 
path to be followed by robots is divided into  
discrete set of points, where . Each 
point on the path can be described by the vector 

 . Where  being 
starting point of the path and  being the 
�inal point. Whereas  represent the nth 
sample point on the path.

Figure 4: Robot path following parameter

The Inputs to the Fuzzy Controller are , 
  and  . Where

o  is the distance of the actual position of 
the  robot from its next desired point on 
the path.

o  is the error of the ith robot's position 
the X direction.

o  is the error of the ith robot's position in 
the Y direction.

o  is the error in orientation of ith robot 
from the next desired point.

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

   (7)

Where  are the coordinates of the next 
desired point on the path while  are the 
coordinates of the actual position of the robot.

 and  are in the robot's reference 



Technology Forces | Volume 4 | Issue 120

Karachi Ins�tute of Economics and Technology

frame and are calculated from the following 
equation. 

 
(8)

Where  is the robots orientation which is 
adjusted to  radians.  is the orientation of 
the next desired point which can be calculated 
via using the following equation.

    
(9)

The Fuzzy controller generates the required 
linear and angular velocities  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   
Fig. 5 shows the structure of the low level PID 
controller.

Figure 5: Low level PID

Figure 6: Finite state machine

The Output from the Fuzzy Controller is in the 
form of Linear and Angular velocities  
of Robot therefore the velocities must �irst 
be converted to Left and Right wheel motor 
velocities . This conversion is carried 
out using (4)

The above conversion gives the linear velocities 
of the left and right wheel but the PID controller 
needs the angular velocity as reference. Therefore 
the angular velocities  of the right and 
left motors can be obtained using the relation 

 where r is radius of the wheel. 

The velocities  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 �ifth order polynomial to 
generate reasonably dif�icult 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 
prede�ined path it then follows the path.

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

As mentioned previously  being the Robot's 
position and  being the next desired point 
we have considered  and  as robot's linear 
and angular velocities. The objective of the path 
following controller is to generate an output 
such that the robots velocity  tracks 
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the desired reference velocity  
As the robot's velocity  tracks the desired 
reference velocity  the error minimizes 
i.e.  which will eventually make 

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 
�inal 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  being the 
linear velocity and  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.

 
(10)

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.

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

Figure 7: Membership function of   

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

Figure 8: Membership function of   

The linear velocity obtained using  and  is 
shown in Fig. 9. As can be seen from �igure 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 pro�ile obtained related to 
the inputs  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 
�inal goal at the same time. Let us consider a case 
where the robot is at position has 

to move from point  
to  this means that robot’s next desired 
sampling point is . If robot passes the 
point  and  then when moving to 
next step  is left behind from the actual 
position of robot or mathematically  

 This problem is explained in Fig. 
4. To avoid the condition of robot moving 
backwards we use the input . The fuzzy 
rule base contains the following rule to avoid the 
the above mentioned condition.
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Figure 9: Linear velocity obtained by fuzzy controller 

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 . If there is an error in the vertical 

position of robot  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  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  which is angle 

measured in degrees.  is added to  if there 

is an error in y coordinate,it will help the robot 

to turn towards target point even if the  

it will tell the robot to turn towards the target 

point and will decrease as  decreases and 

will be zero when robot catch the desired path.

 (11)

The membership function of  is shown in 

Fig. 11. The relationship between  and  is 

shown in Fig. 12, it can be seen that  increases 

as   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.

Figure 11: Membership fuction of  

Figure 12: Relationship between   and 

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 

 for all . 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 �inal 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   then robot will stop. The effect of 
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 and  on linear velocity  is shown in 
Fig. 13 and the obtained angular velocity  from 
the input  and  is shown in Fig. 14.

Figure 13: Linear velocity obtained from  and 

Figure 14: Angular velocity obtained from  and 

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  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.

4. SIMULATION RESULTS

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

The simulation is carried in Simulink with a 
�ixed step size of 1e-2. 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
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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.

 

(12)

The robots are required to follow their respective 
paths as well as maintain a formation along 
the journey also they must reach their �inal 
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 
�irst markers on each path will indicate the 
initial position of the robots at , the second 
marker will indicate the position of each robot 
at  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 �inal destination at 
the same time.

Fig. 16 shows  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. 

Figure 15: Cooperative path following (Experiment 1)

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 pro�iles shows the 
robots turning with respect to their path curves.

Figure 17: Linear velocity
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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.

 

(13)

The robots are required to follow their respective 
as well as maintain an inter robot formation. 
Since the robots are not placed on their respective 
paths, therefore �irst 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 �inal destination at the same 

time.

Fig. 20 shows the tracking error  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 
very quickly. Once the robots achieve formation 
they follow their respective paths with minimal 
tracking error.

Figure 19: Cooperative path following (Experiment 2)

Figure 20: Tracking error

Fig. 21 shows the linear velocities of robots. From 
�igure 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 



Technology Forces | Volume 4 | Issue 106

Karachi Ins�tute of Economics and Technology

Technology Forces | Volume 4 | Issue 126

Karachi Ins�tute of Economics and Technology

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.

Figure 21: Linear velocities

Figure 22: Angular 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 
robots were subjected to different initial 
conditions and they wer supposed to follow 
their respective paths and maintain a formation 
amongst them. The results shows that the Fuzzy 
Cooperative Controller effectively achieves its 
goals of individual path following and group 
cooperation, it has been shown that the robots 
tracks their respective paths with minimal error 
and maintain the formation while travelling.

This work is a small effort towards the Formation 
control of mobile robots. Recommended future 
work will be to improve the fuzzy controller 
by incorporating obstacle avoidance and the 
ability to move in known as well as unknown 
environments.  
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