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 Rapid improvements in the area of multi-robot control algorithms pave the way to design and 

implement robotic swarms to deal with sophisticated tasks including intelligent object 

transportation systems. It is crucial to manage the structure of the numerous robots to behave like 

a whole body for task accomplishment. The leader-follower formation control approach offers a 

simple and reliable way of keeping the swarm formation in appropriate limits to cope with 

challenging tasks. Autonomous object transportation with multi-robot systems enjoy the benefits 

of the leader-follower formation control approach. However, most of the developed transportation 

systems achieve the task by locating the load onto the robots or by pushing the load in the means 

of a physical contact. These approaches may lead to a hardware or payload damage due to heavy 

loads or physical contacts respectively. In this study, a novel non-contact object delivery system 

is introduced for eliminating the drawbacks of physical contact between the robots and the 

payload. Permanent magnets are used for propulsion of the payload located on a cart with passive 

casters. The stability of the proposed multi-robot system is satisfied by a formation controller using 

potential functions method augmented with a cornering action sub-controller. The simulation 

results verify the effectiveness of the proposed system during a straight motion and cornering with 

the root mean square values of the distance between the robots as 1.46 × 10-4 [m] and 0.065 [m] 

respectively. 
This is an open access article under the CC BY-SA 4.0 license. 

(https://creativecommons.org/licenses/by-sa/4.0/) 
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1. Introduction 

Autonomous robots have become popular in the last 

decades since they improve the success rate of operations 

executed in the industry. Building up multi-robot 

autonomous systems can even upgrade the performance in 

the sense of cooperative task deployments including 

surveillance [1], search and delivery [2], agriculture [3], and 

space missions [4], [5]. When working with cooperative 

robotic systems, specifically in the object transportation area, 

three types of control strategy: 1) Formation Control, 2) 

Coordinated Impedance Control, and 3) Task Sequencing are 

observed [6]. In multi-robot systems, the formation control 

became one of the prominent research area that has been 

searched by several researchers. The formation control is 

defined as the movement of the multi-robot team while 

controlling the relative position and orientation of team 

members. In the literature, leader–follower based, behavior 

based, and virtual structure based movement strategies have 

been searched [7]. Moreover, the control structure of multi-

robot systems can be built-up by considering three general 

approaches including centralized, distributed, and layered 

approaches [8]. 

In the leader-follower formation control, the main 

trajectory is followed by the robot assigned as the leader, 

whereas the follower robots try to keep specified position 

distances with respect to the leader [9], [10]. Different 

formation patterns including lattice, line, circle, and V-shape 

can be formed by the team members. The lattice formation 

can be a good solution for specific object transportation tasks 

[11] and field search tasks [12], whereas the line formation 

offers the capability of passing from narrow corridors [9]. It 

is important for the follower robots to estimate the leader 

http://www.dergipark.org.tr/ijamec
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robot’s states to reach the convergence of formation errors to 

zero as introduced in [13]. A fault tolerant multi-vehicle 

leader-follower consensus is developed in [14], by proposing 

a novel fault model for a cooperative robotic uncertain 

system that is networked wireless. An autonomous docking 

capability of follower robots to increase the environmental 

adaptation is proposed in [15]. As the number of the agents 

increases in the system, the communication network 

becomes more important for the sake of a robust operation, 

where a novel event-triggered formation control strategy is 

proposed in [16]. In [17], a stable potential field between the 

leader and the follower robots during the operation is 

proposed, whereas an artificial potential fields method is 

introduced in [18]. The potential vectors are virtually 

constructed with respect to the center of geometry of the 

robots, the length of the vectors are kept constant during the 

operation [19], where a drone is responsible for identifying 

the global coordinates of each robot in the system. In [20], 

the localization problem is searched with panoramic cameras 

located on each unicycle robot providing the visual inputs to 

the autonomous swarm system. For complex systems dealing 

with NP-Hard problems [21], group-based distributed 

auction algorithms have been proposed to solve the swarm 

autonomous task assignment problem. Another visible light 

positioning technique with the help of odometer is employed 

for multi-robot cooperative navigation problem in [22]. 

The success of the autonomous systems is related with the 

see-think-act cycle [23]. The sensing units of each agent in 

the system should work in coherence to provide precise 

inputs to the main controller. Since the vision-based sensing 

units offer low cost and rich information of the surrounding 

environment [24], [25], they are often preferred in multi-

robot autonomous systems compared to the LIDAR sensing 

[26]. On the other hand, signal-based tracking systems are 

also useful for autonomous systems, where they are 

preferably deployed by unmanned aerial vehicles [27]. The 

use of visual inputs containing only images can be deficient 

when depth information is desired for maintaining the 

specified distance between the agents. The Kinect sensor, 

providing both colored image and depth information were 

commonly used in the literature [28]. The formation control 

is converted to a trajectory tracking problem in which each 

agent maintains the relative distance between each other 

using the information from the Kinect sensors. It is 

underlined in the literature that the switching leader 

mechanism prevents the failure of the system in case of a 

malfunction of the leader agent [28]. In [29], a localization 

method for the follower robots was introduced. If there is an 

autonomous multi-robot system with decentralized 

controllers, then the Kinect sensors are located on each agent 

in the decentralized systems. The Kinect’s maximum 

viewing angle should be considered during the system 

dynamics. Blind spots, if any, needed to be determined in the 

design stage. On the other hand, in centralized controller 

architectures, a single Kinect sensor, or any other type of 

visual sensor, may be enough to monitor the instantaneous 

relative positions of the agents. This monitoring can also be 

provided by the GPS systems or by an aerial vehicle 

equipped with a camera as in [19]. Transient dynamics of the 

formation controller is studied in [30], where an optical 

capturing system is managed from a central unit rather than 

employing inter-vehicle communication devices for each 

robot. Due to the dynamic conditions of complex 

environments, the authors have developed a reconfigurable 

shape formation of multi-robot systems based on a virtual 

linkage approach [31]. 

Since object delivery systems are frequently used in 

intelligent logistics, a non-contact prehensile payload 

carrying design using permanent magnets based on a leader-

follower formation control is introduced in this study for a 

multi robot team. Although the multi-robot formation 

problem has been intensely studied, there is little research in 

the literature that performs magnetic object transportation 

where they commonly focus on transporting the objects 

within the robot, or on the carrier robot. In [32], a 

combination of global and local path planning algorithms for 

object search and delivery in unstructured environments was 

proposed. A speed-switching controller is employed in the 

controller strategy to cope with inclined roads in the 

environment. Those systems need more energy compared to 

the systems pushing the payload and are deficient when they 

are exposed to heavier loads. Hence, the main concern of this 

study is to develop a novel object transportation mechanism 

using magnetically actuated non-contact units. The payload 

is located on a wheeled cart that has magnets on each wall. 

The permanent magnets are mounted on the autonomous 

robots that interact with these walls to satisfy the 

transportation. The leader agent is responsible for stabilizing 

the locomotion, whereas the follower agents are responsible 

for thrusting the payload carrier cart. Based on the study 

published in [19], we assigned the payload carrier cart as a 

virtual leader of the system. A line shape formation is 

designed by using two robots. The mathematical model of 

the system is derived considering the non-holonomic robots, 

and a leader-follower controller strategy is developed by 

modifying the controller presented in [19]. Since the aim is 

an improved energy consumption and load capacity, 

MATLAB simulations using the Turtlebot2 differential drive 

robots were carried out. The contributions of the proposed 

study apart from the previous literature are highlighted as 

below: 

1. A new mechanism for a prehensile payload 

transportation using permanent magnets is proposed. 

2. The formation control problem is tackled by 

considering special cases such as turning from the sharp 

edges. Sub-controller rules are applied to maintain the caging 

of the payload during the cornering action. 

3. An error analysis of the selected formation controller 

algorithm is carried out so that the payload deviation from 

the predefined trajectory satisfies an acceptable region of 
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operation. 

The non-contact behavior of the object transportation 

method proposed in this work provides sensitive 

manipulation of the payload compared with the method 

published in [6], where continuous impulse exerts to the 

payload during the operation. Since the payload is not 

located on the robots as in [32], our method suggests longer 

service life of the robots due to the lack of vertical stress 

applied by the payload.  

The rest of the paper is organized as follows: a system 

overview is given in Section 2, followed by the basic 

dynamic equations and mathematical model of the system in 

Section 3. Basic points of the formation controller are 

presented in Section 4. Section 5 gives the simulation setup 

and case scenarios of the system containing the relevant 

outputs of the study. In Section 6, concluding research 

remarks are provided. 

2. System Overview 

The multi-robot system in this study is responsible for 

transporting the payload in a robust way. It is a non-contact 

transportation by using permanent magnets attached to the 

robots and the wheeled cart carrying the payload. The 

magnets are located peripherally on the robots and the cart. 

The minimum distance idea between the magnets is 

considered to prevent rotation on pitch axis. The unlike poles 

of the magnets on the cart and the docking robot is selected 

to provide a non-contact locomotion. The cornering to 

prevent collision on the trajectory needs to be handled 

carefully since the rotation of the robots concurrently can 

cause instabilities. Hence, the linear velocity of the robots set 

to be zero when the robots adjust their angular orientation 

due to the obstacle. The formation configuration is conserved 

regardless of going straight or cornering. The system does 

not permit translational and rotational motion at the same 

time. 

One of the key design selections of multi-robot 

autonomous systems is to locate the visual sensors in the 

whole architecture. Local sensing units like in [24] are used 

in the multi-robot system, where the tracking control of the 

followers is achieved by bypassing the communication 

between the robots. The followers are equipped with sensing 

units to identify the position of the leader. On the other hand, 

a global sensing unit is also used in the multi-robot systems 

[19], where the visual sensing is performed by a drone that 

can view all of the robots from a general perspective. Visual 

identifiers such as coloured tags were used to make the drone 

recognize each robot easily. 

In this study, a visual tag is intended to be placed on the 

payload carrier cart in the center point with a reasonable 

height with respect to the Kinect sensors mounted on the 

Turtlebot2 robots. The docking action of the robots to the 

cart is based on the visual information gathered by the Kinect 

sensors. The orientation of the leader robot is always in the 

same direction with the motion. Thus, when the leader robot 

approaches to the cart, it should make a 180° full turn before 

the cooperative motion. The follower robot does not need 

any extra turning as the docking and motion directions are 

the same for the follower robot. In Figure 1 the system 

overview is given. 

 

Figure 1. System Overview 

A magnet supported transportation system with wheeled 

cart can cause vibrations in the system. Therefore, the 

vibration suppression problem with the disturbances are 

considered. The force balance in the system is maintained by 

the controller. The main concern of this study is to maintain 

a robust cooperative locomotion. To ensure this, three 

different action scenarios were studied. The first scenario is 

the search of the payload mounted on the wheeled cart 

executed by the robots. When the cart is detected, the robots 

are ready to go to the correct positions for the docking action. 

The second scenario is the docking action of the robots to the 

cart. The visual information helps the robots in this stage. 

The final action is the cooperative locomotion of the robots 

to transport the payload to the target delivery point. 

3. Overall Structure 

A Turtlebot2 equipped with a Kinect sensor providing an 

image information of the surrounding space in a specific 

angular range is used in this study. Since the Kinect sensor 

provides depth information of the recognized objects, it is 

preferred to maintain the distance between the leader and the 

follower. The Turtlebot has two differential wheels for 

locomotion and two caster wheels for stabilization. The 

distance between the active wheels is denoted by ‘d’ as 

shown in Figure 2. 
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Figure 2. Coordinate System of the Leader and Follower Robots 

When developing the mathematical model of the system, one 

robot is selected as the leader, whereas the other robots are 

selected as followers. Based on the selected configuration, 

the number of the followers can change. For a two robot 

system, a line formation is preferred with a single follower. 

Different formation styles are shown in Figure 3. The 

number of robots can be adjusted based on the size and 

weight of the payload. In this study, a line configuration with 

two robots is considered. 

 

Figure 3. Selected Formation Styles 

3.1. System Dynamics 

The dynamics of the robot is presented by adopting the 

model presented in [9]. The motions of the robots were 

obtained from the linear and the angular velocities assuming 

no-slip condition. 

The velocities of the active wheels determine the linear 

and angular velocities of the robot. The difference between 

the velocities of the active wheels creates rotational motion. 

The velocities of the left and right wheels are defined as in 

(1) and (2). 

𝑣𝑙 = 𝑟∅̇𝑙 (1) 

𝑣𝑟 = 𝑟∅̇𝑟  (2) 

In (1) and (2), r denotes the radius of the wheels and ∅̇𝑟 

and ∅̇𝑙  denote the angular velocities of the left and right 

wheels respectively. 

By using (1) and (2), linear and angular velocities of the 

robot are calculated as in (3) and (4): 

𝑣 =
𝑣𝑙 + 𝑣𝑟

2
=
𝑟(∅̇𝑙 + ∅̇𝑟)

2
 

(3) 

𝜔 =
𝑣𝑙−𝑣𝑟

𝑑
=

𝑟(∅̇𝑙−∅̇𝑟)

𝑑
  (4) 

The direction of the angular velocity of the robot is 

determined by the comparison of the velocities of the left and 

right wheels. If the left active wheel’s speed is higher than 

the right one, the robot will turn to right and vice versa. If the 

active wheel speeds are equal, then the robot will move 

forward. 

The final state equation is obtained in (8) by using (5), (6), 

and (7): 

�̇�𝑖 = 𝑣 cos 𝜃𝑖 (5) 

�̇�𝑖 = 𝑣 sin 𝜃𝑖   (6) 

�̇�𝑖 = 𝜔 (7) 

[

�̇�𝐿
�̇�𝐿
�̇�𝐿

] = [
cos 𝜃𝐿 0
sin 𝜃𝐿 0
0 1

] [
𝑣𝐿
𝜔𝐿

] (8) 

The control variables of the system are found to be the 

linear and angular velocities [𝑣𝐿 , 𝜔𝐿] of the leader robot. 

Now we have to define the state equations of the follower 

robot with respect to the leader based on the model presented 

in [24]. 

The position of the follower robot with respect to the 

leader can be expressed in the following form: 

𝒓𝐹 = 𝑅(−𝜃𝐹)(𝒓𝐹 − 𝒓𝐿) (9) 

The time derivative of the position vector is taken to obtain 

the velocity vector as below: 

�̇�𝐹 = �̇�(−𝜃𝐿)(𝒓𝐹 − 𝒓𝐿) + 𝑅(−𝜃𝐿)(�̇�𝐹 − �̇�𝐿) (10) 

In (10), the rotation matrix of the leader with respect to the 

world frame is defined as below: 

𝑹(−𝜃𝐿) = [
cos 𝜃𝐿 sin 𝜃𝐿
−sin 𝜃𝐿 cos 𝜃𝐿

] 
(11) 

The time derivative of the rotation matrix is given below: 
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�̇�(𝜃𝐿) = [
0 𝜔𝐿

−𝜔𝐿 0
]𝑹(−𝜃𝐿) 

(12) 

The previous equations are replaced with their equivalents 

in the velocity expression of the follower as below: 

[
�̇�𝐹
�̇�𝐹
] = [

−1 𝑦𝐹
0 −𝑥𝐹

] [
𝑣𝐿
𝜔𝐿

] + [
cos⁡(𝜃𝐹 − 𝜃𝐿)
sin⁡(𝜃𝐹 − 𝜃𝐿)

] 𝑣𝐹 
(13) 

At this point, a new variable as the angular difference 

between the follower and the leader is defined. Based on the 

system architecture developed in this study, angular 

difference between the robots plays a key role to maintain 

the stability of the cooperative locomotion. The controller 

adjusts this difference based on the formation configuration. 

𝛽𝐹 = 𝜃𝐹 − 𝜃𝐿 (14) 

The time derivative of the angular difference variable is 

given below. 

�̇�𝐹 = 𝜔𝐹 − 𝜔𝐿 (15) 

We reorganized the system dynamics equation by 

embedding the angular difference variable into the relevant 

equations. 

[

�̇�𝐹
�̇�𝐹
�̇�𝐹

] = [
cos 𝛽𝐹 0
sin 𝛽𝐹 0
0 1

]𝒖𝐹 + [
−1 𝑦𝐹
0 −𝑥𝐹
0 −1

]𝒖𝐿 

(16) 

 

The control variables of the follower and the leader are 

given as 𝑢𝐹 = [𝑣𝐹 𝜔𝐹] and 𝑢𝐿 = [𝑣𝐿 𝜔𝐿] in (16). 

Now that we have reached a general systems dynamics 

equation for a multi robot system consists of one leader and 

one follower robots. This system of equations can be further 

expanded for high number of leaders and followers by 

defining the state equations of each robot in the system. 

The linear and angular velocities of the robots are limited 

by the properties of the Turtlebot2 robotic platform. 

3.2. Formation Model 

During the locomotion of the robots with the payload, the 

controller tries to minimize the error between the actual and 

desired positions of the states. The displacements between 

the leader and the follower robots are defined as below: 

[

𝑥𝐹
𝑑

𝑦𝐹
𝑑

𝛽𝐹
𝑑

] = [
𝐿𝑥𝐹
𝐿𝑦𝐹
0

] 

(17) 

For any configuration, the formation geometry is 

conserved by the controller at each time step of the motion. 

The error rates are given below. 

[
𝜖𝑥𝐹
𝜖𝑦𝐹

] = [
𝑥𝐹 − 𝐿𝑥𝐹
𝑦𝐹 − 𝐿𝑦𝐹

] 
(18) 

The leader robot is always within the follower’s field of 

vision. The angle of view of the Kinect gives greater values 

than the angular difference oscillating around zero. 

4. Formation Controller 

The formation control algorithm in [19] is used in this 

study where the potential functions between the leader and 

the follower robots are introduced. This control algorithm is 

proven to have a light computation burden and an ease of 

implementing to the actual robots. Concerning these 

advantages, this algorithm is preferred in this study. The 

location of the payload carrier cart is selected as the center 

of the multi robot system where the controller tries to keep 

the desired distances between the agents and the center in an 

acceptable error. The virtual leader is the payload carrier cart 

where each robot should adjust its position with respect to 

the virtual leader. In this method, there is a single reference 

point, which simplifies the controller algorithm. The 

potential functions are calculated both between the center 

and the robots and within the robots. In Figure 4, potential 

functions are shown in a line formation. The linear and 

angular velocities of the virtual leader are bounded. 

The sole mission of the controller is to decide on the 

position of the virtual leader. During the cooperative motion 

of the robots transporting the payload, each robot should 

maintain the desired potential functions. 

The position of the virtual leader is defined as: 

𝑥𝑉𝐿 =
𝑥𝐿 + 𝑥𝐹

2
 

(19) 

𝑦𝑉𝐿 =
𝑦𝐿+𝑦𝐹

2
  (20) 

 

Figure 4. Potential Function of the Formation Controller 

where, 𝑥𝑉𝐿 ⁡and 𝑦𝑉𝐿 ⁡ denote the coordinates of the virtual 

leader, whereas 𝑥𝐿, 𝑦𝐿 , 𝑥𝐹 , 𝑦𝐹 ⁡denote the coordinates of the 

leader and the follower robots respectively. 
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The potential functions between the virtual leader and the 

robots are defined as: 

𝑃𝑥𝐿
𝑉𝐿 = 𝐾∆𝑑𝑋𝐿

𝑉𝐿 (21) 

𝑃𝑥𝐹
𝑉𝐿 = 𝐾∆𝑑𝑋𝐹

𝑉𝐿  (22) 

𝑃𝑦𝐿
𝑉𝐿 = 𝐾∆𝑑𝑦𝐿

𝑉𝐿  (23) 

𝑃𝑦𝐹
𝑉𝐿 = 𝐾∆𝑑𝑦𝐹

𝑉𝐿  (24) 

Here, 𝑃𝑥𝐿
𝑉𝐿

, 𝑃𝑥𝐹
𝑉𝐿

, 𝑃𝑦𝐿
𝑉𝐿

, and 𝑃𝑦𝐹
𝑉𝐿

 denote the potential 

functions of the robots with respect to the virtual leader. K is 

the gain of the function that is adjusted by the controller. 

∆𝑑𝑋𝐿
𝑉𝐿

, ∆𝑑𝑋𝐹
𝑉𝐿

, ∆𝑑𝑦𝐿
𝑉𝐿

, ∆𝑑𝑦𝐹
𝑉𝐿  denote the distance difference 

between the current position and the initial position. 

𝑑𝑋𝐿
𝑉𝐿 = (𝑥𝑉𝐿 − 𝑥𝐿) − (𝑥𝑉𝐿0 − 𝑥𝐿0) (25) 

𝑑𝑋𝐹
𝑉𝐿 = (𝑥𝑉𝐿 − 𝑥𝐹) − (𝑥𝑉𝐿0 − 𝑥𝐹0) (26) 

𝑑𝑦𝐿
𝑉𝐿 = (𝑦𝑉𝐿 − 𝑦𝐿) − (𝑦𝑉𝐿0 − 𝑦𝐿0) (27) 

𝑑𝑦𝐹
𝑉𝐿 = (𝑦𝑉𝐿 − 𝑦𝐹) − (𝑦𝑉𝐿0 − 𝑦𝐹0) (28) 

The potential functions between the leader and the 

follower robots are defined as: 

𝑃𝑋
𝐿𝐹 = 𝐾𝐿𝐹∆𝑑𝑋

𝐿𝐹 (29) 

𝑃𝑦
𝐿𝐹 = 𝐾𝐿𝐹∆𝑑𝑦

𝐿𝐹 (30) 

The potential function between the agents is reversible. 

𝐾𝐿𝐹 is the gain of the function. Random disturbances are 

added to the system to represent the oscillations of the robots 

arising during magnetic docking. The position differences 

are defined as: 

∆𝑑𝑋
𝐿𝐹 = (𝑥𝐿𝐹 − 𝑥𝐿) − (𝑥𝐿𝐹0 − 𝑥𝐿0) (31) 

∆𝑑𝑦
𝐿𝐹 = (𝑦𝐿𝐹 − 𝑦𝐿) − (𝑦𝐿𝐹0 − 𝑦𝐿0) (32) 

The controller is responsible for keeping the distances and 

the angular difference between the leader and the follower 

robots in an acceptable error. The potential functions 

complement each other in the sense of selected formation. 

5. Simulations 

Three different scenarios are investigated in this section. 

The first scenario searches for the robot’s docking 

capabilities through the payload. Secondly, turning from 

sharp corners is simulated. The third scenario is about the 

transportation of the payload through a predefined trajectory. 

All of the simulations were conducted via MATLAB with a 

group of two non-holonomic differential drive robots 

transporting a payload carrier cart with passive wheels in a 

line formation. 

5.1. Docking to the Payload 

    In this scenario, the main concern is to transport the 

payload to the target area in a robust way. A* searching 

algorithm was used to transport payload carrier wheeled cart 

[33]. The algorithm is updated based on the environment and 

conditions of this study. Generic simulations for the leader 

and the follower robots in a line formation configuration are 

conducted. Optimal trajectories are shown for different 

starting points of the robots in Figure 5. 

 

Figure 5. Optimal Trajectories Reached in Object Search 

Simulation Results 

5.2. Cornering Action 

    The payload is carried by a circular cart with passive 

wheels. There are permanent magnets installed on this cart 

interacting with other permanent magnets installed on the 

robots in such a way that the controller supplies stable 

motion with slight oscillations. However, a failure can be 

observed during cornering on the predefined trajectory. The 

non-contact mechanism might deviate from its desired 

operation point due to the torque effects of magnetic forces 

while cornering. Therefore, a special sub-controller for 

controller is developed. The leader and follower robots 

adjust their orientation before the cornering action to resume 

stable propulsion of the payload. Figures 6, 7, and 8 show the 

basic points of the cornering step by step. The leader robot 

adjusts its orientation by turning around itself, while the 

follower robot changes both its orientation and position to 

sustain magnetic docking of the payload carrier cart without 

failures. 
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Figure 6. Robots approaching to the cornering point 

 

Figure 7. Robots adjust their orientation before passing through 

the corridor 

Figure 8. Robots continue on their trajectory 

The controller tries to avoid continuous motion while passing 

through sharp corners for a stable operation. A generic simulation 

for cornering using the developed controller is conducted via 

MATLAB Robotic Toolbox. The resulting motion is shown in 

Figure 9. 

5.3. Transportation of the Payload 

For payload transportation, an ellipsoid trajectory without 

obstacles and an obstacle-based trajectory like a labyrinth are 

taken into consideration. In the first case, the payload is 

transported in a predefined generic ellipsoid trajectory 

without obstacles. The mean errors for varying controller 

gain values are evaluated to show the reliability of the 

controller. Figure 10 shows the simulation results. It is seen 

that the trajectory is successfully followed. 

It is found out that the minimum error rates are obtained 

in k = [0.75 1.00] range, whereas the stability cannot be 

preserved for the gain values higher than 2. A detailed view 

of robot’s motion is shown in Figure 11. 

 

 

Figure 9. Simulation Result of the Cornering 
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An environment model with obstacles is introduced in 

the second scenario. We have built up an environment with 

box shaped walls like obstacles which can be also realized 

with actual Turtlebot2 experiments. Both the 2D and 3D 

views of the environment are shown in Figure 12. 

 

Figure 10. Ellipsoid Trajectory Simulations 

 

Figure 11. Path of the follower robot 

 

 

Figure 12. Simulation Environment 

Two Turtlebot2 robot models are loaded into our 

environment. The start and the target points are specified. 

The starting point is specified with respect to the position 

of the payload. The starting positions of the leader and 

follower robot are q1 = [3 −1.5 0] and q2 = [3 −2.25 0] 

respectively. The simulation is conducted based on an 

optimum trajectory between the start and end points 

determined by the developed controller algorithm. The 

simulation results are shown in Figure 13. The controller 

updates potential functions introduced in Section IV at 

each time step to keep the virtual leader at the desired 

location. The linear and angular velocity commands for 

both the leader and follower robots are computed with 

respect to the desired potential functions. 

Based on the simulation results, the position of the 

virtual leader is shown in Figure 14.  

 

 

 

Figure 13. Simulation Result in the Environment 
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Figure 14. Position of the Virtual Leader 

The formation controller’s goal is to maintain a fixed 

distance value in the desired range. When the leader robot 

decides to change its direction with respect to a cornering 

point, the follower reacts by changing its orientation to 

keep the virtual leader, i.e. the payload carrier cart, at the 

center of geometry point. The deviations of the follower 

path from the optimum trajectory are due to this reaction. 

Three cornering points and the resulting three deviations 

are shown in Figure 13. While the follower robot is 

adjusting its orientation to keep the payload in the center 

of geometry, the leader robot waits for the formation to be 

ready to keep going on the trajectory.  

 

Figure 15. Distance Between the Robots 

 

Figure 15 and Figure 16 show the distance between the 

robots and angular differences between the robots 

respectively. Since the follower robot adjusts its 

orientation before cornering, deviations from the desired 

value of distance and angular difference are observed. 

When errors in distance values are evaluated, it is seen 

that the system is in the acceptable range of error. The 

angular difference values have exceeded 30◦, because the 

orientation of the follower robot will take some time to 

recover the leader’s trajectory. 

 

Figure 16. Angular Difference Between the Robots 

 

To evaluate the performance of the controller, a time 

window including the straight line motion from the 

simulation is selected as t(straight) = [50 65]. The reason 

for splitting the simulation is that the robots have a 

combined motion of straight line navigation and cornering. 

The distance errors between the robots for the straight line 

motion are illustrated in Figure 17. The desired distance is 

0.75 m. The root mean square errors for distance and angle 

are calculated as 1.46 × 10-4 [m] and 0.99 [◦]. 

 

Figure 17. Distance and Angular Errors in Straight Line Motion 

Another time window including a cornering from the 

simulation is selected as t(cornering) = [10 40]. The error 

values between the robots for the specified cornering are 

illustrated in Figure 18. The root mean square errors for 

distance and angle are calculated as 0.0605 [m] and 17.18 

[◦] respectively. 
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Figure 18. Distance and Angular Errors in Cornering 

Moreover, a robustness metric including the distance 

and angular difference between the robots is introduced. 

Based on the physical design selections of the non-contact 

prehensile object transportation system, the penalty 

function is defined as below: 

(𝑑1 ≥ 0.45[𝑚]⁡||⁡𝑑2 ≥ 0.45[𝑚])⁡&&⁡|𝛽| ≥ 45[°] (33) 

Here, 𝑑1 and 𝑑2 denote the distance between the leader 

robot and the payload and the follower robot and the 

payload respectively, whereas β denotes the angular 

difference between the leader and the follower robots. If 

the failure conditions occur as defined in (33), the payload 

carrier cart escapes from the caging of the leader and 

follower robots. This undesirable action aborts the 

operation and it starts from scratch with the first process of 

docking. The deviations of the distance values 𝑑1 and 𝑑2 

of the simulation are shown in Figure 19. 

 

Figure 19. Distance Deviations 

As it is seen from Figure 16 and Figure 19, the 

deviations and angular errors do not exceed the failure 

regions defined in (33), performing a stable ride. The 

results of the simulation verify our system for further 

stages of the research. The results obtained in this work are 

consistent with the study published in [19], in the sense of 

implementing an effective formation control method of 

multiple robots for a specific task. The error values are 

supported by the study published in [24] based on the 

visibility constraints. The path following capability 

reached in this work is compatible with the study 

published in [20].     

6. Conclusions 

    In this study, a formation controller based on potential 

functions is developed for a novel object delivery system. 

The proposed system is based on propelling the payload 

with permanent magnets. Therefore, a non-contact 

transportation that offers an efficient way of object 

delivery is sustained. Our controller is verified for various 

simulation scenarios. The formation controller is a proven 

lightweight method for the multi-robot navigation and it is 

a proper way of controlling the robots in this study. The 

results of this paper are promising for actual experiments 

that are planned as a future study. Finally, it is envisioned 

that vision-based robotic solutions offer opportunities to 

design and implement intelligent object delivery systems. 
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