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Abstract. This paper presents the development of a virtual environment for the training of autonomous 

omnidirectional drive vehicle control. The virtual system considers the virtualization of structured and unstructured 

environments. Therefore, the virtual environment considers mathematical models of the omnidirectional robot in 

order to simulate more realistically the behavior and motion constraints of the robot. The integration of the control 

schemes is considered in the MatLab software, for which a communication between the Unity3D graphic engine 

and MatLab is considered through the use of DLL libraries. For the validation of the control algorithms on the 

virtual training environment, the construction of an omnidirectional traction vehicle with Mecanum configuration. 

In addition, the constructed prototype will be used for the identification and validation of the mathematical models 

that represent its behavior. Finally, a usability analysis of the developed training system is presented. 
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1 Introducción 

Currently, technological development has allowed advances in the area of robotics to be focused not only 

on the industrial area [1,2]. The latest developments are oriented to non-industrial applications, for 

example, mining, agriculture, security, construction, health, among others. Among the most developed 

robots are land, aerial and aquatic mobile robots [3,4]. Different applications that are usually performed 

by humans are nowadays developed by robotic platforms, e.g., domestic cleaning, crop spraying, traffic 

surveillance, among others [5,6]. 

Considering the different mechanisms of terrestrial mobile robots, it can be described: i) unicycle robots, 

have a mechanical structure of two wheels independently controlled by DC motors [7,8]; ii) car-like robots, 

are based on the Ackerman system with its linear velocity and angle of rotation [9,10]; and iii) 

omnidirectional robots, consisting of wheels with rollers that allow frontal, lateral and angular 

displacement [11,12]. Due to their mobility, omnidirectional robots have different applications, e.g., 

inspection of hazardous environments, cargo transportation, among others. 

As described above, this work presents the implementation of a virtual training system for the control and 

autonomous navigation of an omnidirectional traction robot [13]. It considers the digitization of 

laboratory and industrial environments, with the purpose of executing load transfer tasks through mobile 

robots [11,14]. Mathematical modeling of an omnidirectional traction robot is determined, in order to be 



 
implemented in the virtual environment and in the development of control algorithms[11,15]. The 

proposed dynamic model considers as input signals two linear velocities and an angular velocity; in 

addition, it considers the displacement of the center of mass, which is caused by placing a displaced load 

on the robotic platform. In order to implement different control strategies, MatLab software is 

considered, which through the use of DLL libraries communicates in real time with Unity3D [16]. A cascade 

control scheme is proposed consisting of: kinematic controller and an adaptive dynamic compensation 

controller. To validate the mathematical models and evaluate the proposed control scheme, a Mecanum-

type four-wheeled omnidirectional robotic prototype was built. Finally, a usability test was implemented 

to different engineering users in order to evaluate the developed virtual training system. 

2 Training System Methodology 

Figure 1 shows the methodology developed for the digitalization of a virtual training system for the 

autonomous control of an omnidirectional traction robot. The implemented methodology considers four 

main stages: construction of the mobile robot; mathematical modeling; digitization in the graphics engine; 

and design of advanced control algorithms. 

 (i) Construction, this stage considers the design and mechanical and electrical construction of an 

omnidirectional traction robotic prototype. For the construction of the robotic system, a Mecanum 

configuration of four wheels controlled by four independent motors coupled with encoder each motor is 

considered, in order to know the velocity and position of the robotic system. In addition, each motor has 

a driver that will allow controlling the velocity of the wheels, as well as the direction of rotation, thus 

separating the control and power stages respectively. A PID controller is implemented for each motor. 

(ii) Mathematical Modeling, through the heuristic method, the mathematical models of the 

omnidirectional robot is determined, in order to represent the behavior and motion restriction of the 

mobile robot. Mathematical models will be incorporated in the virtual environment and in the control 

scheme. The dynamic parameters of the mobile robot are determined experimentally. 

(iii) 3D Digitalization, the mobile robot and the virtual environment are modeled with CAD tools. 

Furthermore, elements are considered to simulate disturbances and different types of surfaces that affect 

the displacement of the omnidirectional robot. Then, using 3DS Max software, it is exported to Unity 3D 

software. 



 

 

Fig. 1. Methodology for the virtual training system 

 

 (iv) Control Scheme Design, the main objective of the virtual environment is to be a theoretical-practical 

tool in the teaching-learning process, specifically in robotics for the design and evaluation of advanced 

control algorithms. In this work, a cascade adaptive control scheme. Finally, for the evaluation of the 

training system, simulation and experimental tests are considered: (a) Simulation, bilateral 

communication between MatLab and Unity3D software through the use of DLL libraries; and (b) 

Experimentation, experimental tests are considered for the identification and validation of the 

mathematical models and to evaluate the considering control algorithms in this paper. For both simulation 

and experimental tests, a sampling period 100 [ms]oT   is considered.  

3 Mobile Robot with Omnidirectional Traction 

This item, describes the mathematical models of the platform with omnidirectional traction, considering 

a Mecanum configuration. The mathematical models representing the behavior of the mobile platform 

are considered in the control scheme and in the 3D virtual environment.   

3.1 Kinematic Modeling  

The mobile platform with omnidirectional traction considered in this work has a mecanum configuration, 

as shown in Fig., 2. Where  tη  defines the position and orientation of the control point with respect to 

 R . 



 
The kinematic model of the mobile platform with omnidirectional traction considered in this work is  

considering four velocities represented with respect to the moving reference system  , ,R l m n . The 

movement of the platform is defined by three linear velocities lu , mu  and nu  and an angular velocity   

rotating about the vertical axis of the moving reference system  , ,R l m n . 

 

Fig. 2. Mobile robot with omnidirectional traction 

 

Therefore, the motion of the mobile platform is defined as, 
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The (1) can be described as: 

                                                       t tη J u                                             (2) 

where,   nt Rη  represents the velocity vector of the control point on  R ;   xm nR J  with 4m n 

is the Jacobian matrix of the mobile platform; and   nt u  is the maneuverability vector of the platform 

. The matrix  J  is of full rankwith   1 J ; therefore, there exists the inverse matrix of  J . The 

maneuverability vector  tu  can be defined as, 

                                                     1t tu J η                                              (3) 

being  
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In addition,  1 2 3 4   
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   W  represents the angular velocity of each wheel, defined as,  
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Considering the mechanical characteristics of the Γ  platform it is defined as 
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3.2 Dynamic Modeling 

The dynamic of the mobile platform was developed based on the Euler-Lagrange formulation, for which 

it is considered that the power energy is equal to zero, since it has no displacement in the Z  axis with 

respect to  R . Therefore, the kinetic energy of the robot is defined as, 

                                                 L
1 1  T T

C RE  η M η W I W                                     (6) 

 

where 1
1 2

{ , , }R R R RM diag m m I  with Rm  and RI defined the mass and inertia of the robot, respectively. 

Also, 1
1 2

{ , , , }W W W WI diag I I I I  where WI is the inertia of the wheels. Thus, the dynamic of the platform is 

defined as 

T
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Now, considering that the moving platform is driven by DC motors, it is possible to define 
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where, iv  represents the input voltage to each motor; 
pak ,

paR , 
pbk  electrical constants of the motor. In 

addition, one PD controller per motor is considered,  

                                                                               v   
P ref D

v K u u uK    (10) 

where 0
P

K  and 0
D

K  weigh control errors. Through (8) - (10) the mathematical model with velocity 

reference signals is obtained. 
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where 
1 2    ...  

T
j

j R      
with 16j   represent the dynamic parameters of the mobile platform. 



 
4  Control Scheme 

The scheme for adaptive autonomous control for a robot with omnidirectional drive is presented in this 

item. The proposed control scheme for solving the motion control problem of an omnidirectional robot 

control is shown in Fig., 3. The control scheme is based on the mathematical models of the mobile 

platform: 

 

Fig. 3. Control scheme in the virtual training system 

 

4.1 Kinematic Controller, the controller is based on the kinematic of the omnidirectional platform. 

Therefore, considering (3) we have, 

                          1 tanh   
c d d

u J η Γ η η                                     (12) 

where,   3

lc mc cu u R 
c

u  is the calculated velocities; 1
J  is the inverse matrix; 3 30 xR Γ  weight 

control errors; and R   that defines the saturation slope of the control errors.  

 

4.2 Adaptive Dynamic Controller, the output of the dynamic controller in each sampling period 

considers the adaptation of dynamic parameters of the mobile platform. The dynamic parameters of the 

robot may vary as a function of the load carried by the robot or the surface on which it performs the 

task. Hence, the dynamic model (12) can be expressed as: 
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Based on dynamic model (13) we propose the following control law,   
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where, 3Rσ  defined as:    
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control errors; and the velocities control errors are defined as  
c
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with 16j  . Due to the uncertainties at the time of calculating the control actions caused by the 

parameter values used and the dynamic effects not considered in the modeling. In the case of any 

uncertainty in the unicycle robot parameters, the control law: 

                                   ˆ
ref

u Ως = Ως +Ως = Mσ + χ +Ως                                  (16) 

where, ς  y ς̂  are the actual dynamic parameters and estimated parameters of the robot; hence, the 

errors is defined as ˆ ς ς ς . 

 

4.3 Stability Analysis 

By considering (13) in a compact form it follows Mu + χ  Mσ + χ Ως  and is equivalent to 

   M σ u Ως . In which the following are   σ u u κu ; hence  M u κu = -Ως  same that represents 

the equation of the controller's errors. Then propose a Lyapunov candidate function 

   T T1

2
,V  u ς u Mu+ς ς  and its partial derivative   T T T,V     u ς u Mκu u Ως ς ς , where 16 16xR  is a 

positive definite diagonal matrix; the matrix 0M  must be greater than zero and the vector of the real 

dynamic constants is considered constant with the errors  ˆς ς . 

By means of the law for updating parameters 1 ς Ωu  to substitute in the derivative of the Lyapunov 

candidate function T 0V   u Mκu , The same that allows to verify the stability with the control errors 

as bounded signals. For integration,     T

0
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V t V dt   u Mκu  and without considering  V t  is obtained
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where    min max. ,  .   are the minimum and maximum eigenvalues of the matrix. Finally, there is (17) 

after the conditions analyzed in [17] considering the constants 1 ( )  Mκ and ( )r  Γ . 
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In the analysis of control errors, considering the position error is determined by proposing a candidate 

Lyapunov function of quadratic errors   1

2

TV η η η   and its respective derivative   TV η η η . By 



 
considering velocities errors  t  

d
η η η   and equalize with the control law (12) and the kinematic 

model results in a negative definite function     tanhT t V η η Γ η . Therefore, in order to guarantee 

the stability of the control law, the condition must be fulfilled that 0Γ , to ensure that   3 0t R η   

when t  .  

5 Experimental Results 

This item presents the most relevant results of the implemented system. This item considers the construction of a 

prototype; the digitalization environment; the implemented control scheme; and the results of the usability test.         

5.1 Robot Omnidireccional  

This work presents the construction of a robot with omnidirectional traction, developed in the Master's 

program in Electronics, mention Industrial Networks. Fig., 4 shows the robotic prototype built. 

          

Fig. 4. Omnidirectional robotic prototype 

 

From the electrical point of view, the omnidirectional robot is mainly composed of four main stages, see 

Fig., 5: i) Power system, it consists of a LIPO battery, a bank of current protections, and a DC/DC 

converter module that allows powering all the devices that are part of the robotic platform, i.e., 

actuators, sensors, control system and communication modules; ii) Motor driver, it is responsible for 

generating the voltage corresponding to the DC motors through H-Bridges, in addition, a PID controller 

is considered for each motor; iii) Actuators, consists of four DC motors with encoder, each motor 

supporting a current of 2A; iv)Control system, is composed of a control unit where the closed-loop 

control algorithms are implemented; and finally v)Communication, manages the wireless 

communication between the robot and an external computer. 

On the other hand, the identification of the dynamic parameters that represents the behavior of the 

omnidirectional robot was performed with the robotic prototype built. The method used for the 

identification is through general identification, or black box, where the objective is to establish the 

input-output relationship of the system, without making physical interpretations on the composition of 

the mathematical model, see Fig. 6 (a) 



 

 

Fig. 5. Omnidirectional robot electrical diagram 

 

 

 (a) Dynamic parameters identification                  (b) Dynamic parameters validation 

Fig. 6. Dynamic parameters identification and validation 

 

The identification of the dynamic parameters of the mobile platform, was developed based on the 

minimization of an objective function:   min f  where, 16   are the parameters of the system to be 

identified. The identification of the parameters is carried out through the optimization algorithm, when 

the value of  f   reaches a minimum the search delivers the vector of parameters   that satisfy the 

minimization of the function. Fig. 6(b) presents the validation results of the dynamic model of the 

mobile robot. 

The kinematic and dynamic models obtained from the constructed prototype are implemented in the 

digitalization environment. Furthermore, perturbations in the robot output are considered according to 

the type of surface.   

 



 

 

Fig. 7. Virtual training system – Unity3D graphics engine 

5.2 Control Scheme Implementation 

Relevant results are presented in this subsection. Each test was run both in the virtual environment and 

experimentally. Figure 8 presents the stroboscopic movement of the omnidirectional traction robot 

based on experimental data. Figure 9 presents the control errors  evolution 3Rη , which are 

  0,2 [m]t η . Finally, Fig., 10 presents the control actions for the omnidirectional robot. 

 

Fig. 8. Stroboscopic motion of the omnidirectional robot based on experimental data  

 

 



 
Fig. 9. Control errors evolution 

         

         

Fig. 10. Velocity commands of the mobile robot 

 

Finally, through the usability test (SUS [17], [18]) a weighting of 78.5% was obtained from a group of 

fifteen students, so it can be concluded that the training system developed is good. 

6 Analysis and Conclusions 

This work presented the development of a digitalization system for the autonomous control of 

omnidirectional traction robots. The system considers a digitized environment in Unity3D, in which the 

mathematical models of the omnidirectional robot are implemented. The mathematical models 

obtained were validated with a built robotic prototype, which consisted of four Mecanum type wheels. 

In order to evaluate the training system developed, a cascade control scheme was implemented. Finally, 

from the usability tests performed on students, a SUS percentage of 78.5% was obtained, which is within 

the acceptable margin. 
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