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1. BACKGROUND 

Hair [1] presented this work which is a thesis that deals with the development and 

implementation of a control model for the movement of an omnidirectional robot with a 

rigid structure with three wheels. It was intended that the robot self-regulates its 

movement, and there is nothing to do but indicate the destination. At the beginning of 

the thesis, the topic is presented and the main concepts related to the modeling of 

algorithms for the movement of mobile robots are presented. Then the design sections 

explain the models that underlie the functions. These are two: the inverse kinematic 

model, which with the robot's geometry determines the speed of each wheel, to move to 

the target position; and the engine model, which controls their operation and regulates 

them as necessary. In development, the issues that arise throughout the entire project are 

analyzed. That is, the conception of the state machine to measure the speed of the 

wheels, determine the most appropriate frequency to compute the speed, how to 

calculate the transfer function and the adaptation of the paper. Finally, the tests carried 

out are described, together with the discussion of the results, and the conclusion, where 

the shortcomings of the model used are discussed. The results obtained have forced 

changes to be made for proper operation, these changes are clarified in the same section. 

Vasconez [2] details a titration work that focuses on the construction of a mobile robot 

with differential configuration, which is responsible for transporting medical supplies 

within the Espoch-Lizarzaburu Type C Health Center, in order to alleviate work and 

optimize staff time in activities of greater relevance. The implementation was based on 

artificial vision for the detection of static and dynamic obstacles; For this purpose, a 

Kinect sensor and an SBC Raspberry Pi 3 were used, which is responsible for the 

acquisition and processing of images of the robot environment. Together, an odometric 



system was developed based on the equations that govern the differential kinematics of 

the robot and encoders that establish the position and speed; together with the 

locomotion control system, they are responsible for autonomous navigation of the robot. 

To optimize the data processing, they used an Arduino Mega that handles the prototype 

navigation, with serial communication with the Raspberry Pi. The interactive design of 

the robot that facilitates the insertion of the robot to the Health Center staff was 

considered, providing it with a face that resembles a person. The tests they carried out 

are based on non-population sample observations, applying statistical inference methods 

that resulted in displacement of ± 2.38 cm with respect to the real distance, an accuracy 

of ± 0.26 cm, and a time delay of 0.04 seconds on your route 

Huang et al. [3] develops in his paper a robust adaptive changing control applied to 

omnidirectional mobile robots. At the beginning of the paper, the authors meticulously 

explain the state of the art of the types of controls that have been developed applied to 

omnidirectional robots. It mainly talks about PID controls, Sliding mode control and 

also methods to combine sensor data in order to minimize the accumulated error. Then 

perform dynamic modeling of the omnidirectional robot. The modeling is done 

matrixally and citing another paper. The highlight of the paper is that the proposed 

control is of the type, that is, the control law changes as the state of the robot requires. 

Simulations show that this type of control has good results compared to other types of 

controllers. 

 
2. PROBLEM DEFINITION 

 
2.1. Problem statement approach 

 

 
In the audiovisual industry there are, today, many advanced camera movement 

techniques with the use of stabilizers, rails, arms and more tools. In most cases these 

movements  are  performed  by  technical  personnel.  The  problem is  that  when  the 



desired movement requires high precision, that is, it requires that the movements be 

complicated but also that it does not have many vibrations, people turn out not to be 

the best option. At this point the option of using a mobile robot, specifically an 

omnidirectional mobile robot, is presented. 

 
Omnidirectional robots become more popular every day due to their greater mobility 

compared to typical models known as "car-like robots". Omnidirectional mobile robots 

have the ability to move in any direction in the plane of movement from the beginning 

of this. Within the omnidirectional models there are two more popular ones: the three 

and four wheels. The three-wheeled omnidirectional mobile robot model has an 

advantage over the other model, because it has the same number of actuators and 

three degrees of freedom. On the other hand, the other model is overactive which 

means that it has more actuators than degrees of freedom, this is reflected in an 

unnecessary consumption of energy to travel a similar trajectory. 

 
The problem lies in the control. Control techniques for tracking a trajectory in a three- 

wheel omnidirectional robot currently used have low efficiency or low precision. In 

cases where robust control is used, they consume a lot of energy and with 

conventional adaptive control techniques present low accuracy. In addition, control 

techniques have recently not been improved for the application of an omnidirectional 

mobile robot. Also, the works are currently based on odometry, which estimate the 

position of the robot through the use of encoders. This type of position estimation has 

an incremental error, that is, as the robot moves, the robot will accumulate the error in 

the position. 

 
2.2. Formulation of the problem 

 

 
a) Main Problem 

 

 
To what extent does the design, implementation of an omnidirectional mobile 

robot and the creation of a non-linear position control algorithm improve the 



movement of cameras for a better audiovisual result, in dolly and steady-cam 

movements? 

b) Secondary Problems 
 

 
● How to optimize position control techniques so that the mobile robot can 

travel curves defined by a motion planning algorithm? 

● Does the use of an IMU sensor with absolute measurements improve the 

performance of the odometry control applied to only the encoders? 

● How to design a computational vision algorithm capable of automatically 

following a target to be recorded, so that the performance of the 

omnidirectional robot movement is tested? 

 
3. OBJECTIVES 

 
3.1. General Objective 

 
Design and implement an omnidirectional mobile robot that is capable of 

carrying out complex trajectories in such a way that it can move a camera and 

obtain a more stable, precise and replicable filming than those that exist in the 

state art. 

 
3.2. Specific Objective 

 
● Design  and  implement  the  mechanical  structure  of  the  omnidirectional 

mobile robot. 

● Develop the mathematical model of the omnidirectional mobile robot. 
 

● Implement non-linear control algorithms for position control of the mobile 

robot. 

● Design  computational  vision  algorithms  that  locate  objects  in  images 

recorded in real time. 

● Validate the results obtained from the position control using metrics 
 

● Validate the visual results of the recordings obtained. 



4. HYPOTHESIS 

 
4.1. General Hypothesis 

 

 
The mobile robot is capable of moving along complicated paths, in a versatile way. The 

robot is very useful for moving film cameras and obtaining better audiovisual results 

compared to what you have in the state of the art 

 
4.2. Specific Hypotheses 

 

 
● The best non-linear position control algorithm was found and performs 

tasks optimally according to the established metrics, which are based on 

the integral of the error and energy consumption. 

● The mechanical design of the omnidirectional robot allows the robot to 

perform well. 

● The electronic design of the omnidirectional robot allows all electronic 

components to be connected correctly. 

 
5. THEORETICAL FRAMEWORK 

 
5.1. GENERAL THEORETICAL FRAMEWORK 

 
 
5.1.1. Control theory 

 
 
According to S. Simrock, control theory is a branch of mathematics that is responsible 

for performing the control of dynamic systems, that is, it is responsible for carrying out 

a design of a controller so that the output of our system reaches a desired reference in 

the most optimal way possible. 

 
Control theory aims to develop control models to control continuous dynamic systems. 

In this branch of mathematics, there are more subdivisions such as the theory of 

classical control, theory of modern control, theory of non-linear control, etc. 



The theory of classical control is a branch of control theory that is responsible for the 

control of Dynamic continuous systems by using the Laplace transform. Study the 

stability and causality of the systems we want to control. In addition, this theory covers 

mostly one-input and one-output systems (SISO - Single Input Single Output). 

 
The modern control theory is a branch of the control theory that is responsible for the 

control of continuous dynamic systems and multiple inputs by using the representation 

of state spaces involving multiple inputs and multiple outputs. 

 
5.1.2. Mathematical modeling of systems 

 

 
It is a tool used to study the behavior of complex systems subjected to  certain 

situations difficult to observe in reality. 

A mathematical model theoretically describes an object or system that exists outside 

the field of mathematics and its success or failure depends on the precision with which 

this numerical representation is made. 

One of the most important reasons why mathematical models are widely used today is 

the spectacular advancement of computers and mathematical software. Thanks to this, 

it is relatively simple to make computer simulations, which are applied in many areas of 

science such as biology, economics and in our robotic case. 

5.1.2.1. Advantages and disadvantages 
 

 
The main advantages of using a mathematical model in a scientific investigation is the 

optimization of time and costs compared to the implementation in real life. This is less 

risky and is also easier to modify, in case the model used is not suitable. 

 
The disadvantages are that being a model an interpreted representation of reality, it is 

possible that it differs from this if the variables necessary for correct modeling are not 

considered. Also, depending on the system, the model can be very sensitive to 

measurement errors. 



5.1.2.2. Realization 
 

 
The first step in modeling a system is the analysis of its operation, using flowcharts or 

convenient tools to understand it in a general way. In this analysis one must know the 

limitations that the system has, in its inputs and outputs. 

 
Knowing the system the next step is to perform the equations that describe it, using the 

necessary theory concerning the system in question, for example, for robotics you have 

to use concepts of body dynamics, motors, microcontrollers and others. 

 
Then we proceed to solve the mathematical equations to be able to simplify them, 

using only the necessary variables and decrease their computational simulation load, 

to achieve this you first have to try analytically using advanced mathematics. If an 

optimal result is not reached, the second option is to do it using different numerical 

methods, until the most appropriate one is achieved. 

 
Finally, having the model solved by one of the two methods mentioned above, the next 

step is to study it, that is, to extract the main characteristics of the system such as its 

sensitivity, stability, robustness, etc., to be able to use it properly in the relevant 

simulations. . 

 
 
 
 
5.2. SPECIFIC THEORETICAL FRAMEWORK 

 
 
5.2.1. Path definition 

 
For the control of a mobile robot, it is essential to define the path to be followed. For 

this, an auxiliary variable is defined to separate two domains in the creation of the path. 

This variable is sy and has the following definition 
 
 

                                          ... ( one ) 
 

 
                             ... (2) 
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Figure 1. Path Definition 

 
 
This variable s is defined in space and defines the path from an initial point to the end 

point. Therefore, with this variable you can define for example a line. After defining the 

physical trajectory, it is required to define in time how the defined path will vary in time. 

Therefore, the following mathematical definitions are required. 

 

                                          ... ( one ) 
 

 
                                            ... (1) 

 

 
For the trajectory to be smooth and not to show abrupt jumps, it is necessary to define 

the boundary conditions of the equation of this variable. 

 

  (Condition of beginning and end of the trajectory) 

 (Condition that the trajectory will start with speed 0) 

 (Condition that makes the actuator torque) 

For all these equations to be satisfied, it must 
 
 

 be a polynomial of fifth order 



      ... (1) 
 
 

Solving the constants so that it meets the conditions above we have: 
 
 
 
 

... (1) 
 
 

To find the speeds and accelerations you can use the following formulas that are 

demonstrated with the chain rule in derivatives. 

 

                                                                ... ( one ) 

                                           ... (1) 

5.2.2. PID Control 

 
The controller is the most used control algorithm in the literature. Many PID controllers 

are used for many applications in daily work from industrial systems to robotic systems. 

 
The purpose of the PID control is to control a variable so that it reaches a desired 

predetermined value also called a reference point through the use of the system output 

error. This type of control is called the closed loop type, that is, the output is fed back 

into the input through the use of sensors that are measuring the value of the output. 

 

 
 
 

Figure 2. Closed Loop Control 
 
 
In this type of control, the control action consists of three components that are based 

on the error between the reference value and the sensor output. The three components 



of the control action are: proportional action, derivative action and integral action. The 

contribution of each error is essential for the control of the output of many real systems. 

 
5.2.2.1. Proportional 

 

 
action Proportional action depends solely on the difference between the reference 

value and the variable to be controlled. This difference is called the error. The 

proportional gain is a constant called Kp (proportional constant). Equation 1 shows the 

calculation of this control action. This control action is a first attempt so that the exit of 

the plant can reach the reference. The reference is not always reached and this 

generates a constant error called stationary error. 

 

                                             ... (1) 
 

 
5.2.2.2. Integral 

 

 
action Integral action is the error accumulated over time between the variable to be 

controlled and the desired value of this variable multiplied by a constant called Ki 

(integral constant). Equation 2 shows the calculation of this integral action. This control 

action ensures that the output of our system can reach the reference if there is a 

stationary error. 

 

                                           ... (2) 

5.2.2.3. Derivative 
 

 
action Derivative action is the rate of change over time of the error multiplied by a 

constant called Kd (derivative constant). Equation 3 shows the calculation of this 

action. This control action means that the system output does not have abrupt 

changes, that is, the system output will change smoothly. 

 

                                               ... (3) 



The PID control consists first of calculating each of these control actions and then 

adding them to obtain a global control action. This calculation can be seen in equation 

4 

 

                          ... (4) 
 
 

 
 

 
Figure 3. PID control scheme 

 
 
5.2.3. Control by linearization of input output This 

 
is a control technique applied to non-linear systems. This technique consists in 

linearizing the system by transforming it so that the states of the resulting system are 

those  derived from the output  derived from the output 

5.2.4. Kinematic modeling of the three-wheel omnidirectional mobile robot 

 
The position of a mobile robot is defined in three states, the position of the center of 

mass on the X axis, the position of the center of mass on the Y axis and the angle of 

rotation of the vehicle. 

 
An omnidirectional robot is a mobile robot model capable of moving over the three 

states directly, to achieve this, three actuators are required and omnidirectional wheels 

located symmetrically and tangentially to the vehicle are used as shown in the figure. 



 
 
 

Figure 4. Omnidirectional Robot 
 
 
For this model something different is considered in the speeds of the tires with respect 

to  the  differential  model  and  it  is  that  these  are  divided  into  two  components  a 

tangential to the tire and a perpendicular, these will be called tire speed (   ) and roller 

speeds       onwards. In addition, the vehicle has a center of mass velocity and angular 
 
velocity as seen in the following figure. 

 
 

 
 
 

Figure 5. Omnidirectional robot and speed convention 



In this way the speeds over which you have control are the velocities     because that is 

where the motors act. What happens with the speeds is that they are in axes of free 
 
movement, that is why their magnitude is due solely to the geometry and dynamics of 

the body. 

 
For modeling it will be evaluated vectorly, for this it is known that there is an 

instantaneous center of rotation with respect to which the whole body rotates. The 

vector that goes from the instantaneous center of rotation to the centers of mass of the 

body and the tires will be called   , as shown in the figure: 

 
 

 
Figure 6. Omnidirectional robot and instantaneous center of rotation 

 
 
 
 
 
Decomposing in the local axes  

 
 

                 ... (3) 

                 ... (4) 



 

... (5) 
 
 

We consider the distances to the CIR based on two variables and , where  is the 

radius of the vehicle in question. 

 

                                      ... (6) 

                                     ... (7) 

                                                                      ... (8) 

 
                                                      ... (9) 

 
                                                                      ... (10) 

 
This way it is known that: 

 
 

                                                                      ... (11) 

 
                                                                     ... (12) 

 
                                                                     . .. (13) 

 
Presented  vector  equations  we  have  a  system  of  6  equations  and  the  following 

unknowns: 

 

●   

 
Solving the system we find  and based on y : 

 

                                ... (14) 



 

 

... (15) 
 
 

Finally to work on measures in function of the main axes on land a rotation of 

coordinates with respect to the axis is considered  a magnitude   degrees. 

 

                                      ... (16) 

 
Thus, considering   how the angular speeds of the motors of each tire we have our 

matrix equation that represents the system: 

 

 
 

 

 
 
 
 
 
 
5.2.5. Dynamic modeling of a DC motor 

 
First we will find the relationship between the voltage entered to a motor versus the 

torque it grants, for this the mathematical model of a DC motor is used based on its 

constants.1 

              ... (17) 

The previous differential equation of second order, non-homogeneous, linear and 

constant coefficients describes the mathematical model for a direct current motor. 

 
 
 
 
 

1 
Alvarado, MS (2012). Modelo matemático de un motor de corriente continua separadamente 

excitado: Control de velocidad por corriente de armadura. Instituto de Ciencias Físicas, Escuela 
Superior Politécnica del Litoral. 



For its solution it is necessary to have a consideration of great importance, the value of 

the constant     for DC motors, is approximately zero and thus the differential equation 

is transformed into a first order, non-homogeneous, linear and coefficient equation 

constants 

 

            ... (18) 

 
This equation describes the behavior of both motors independently by relating voltage 

to angular velocity. 

 
5.2.6. Dynamic three-wheel omnidirectional robot 

 
For the modeling of dynamic systems, the Euler-Lagrange equation is usually used, 

described below: 

 
Given: 

 
 

                                              ... (19) 
 
 
Where  Kinetic and  Energy Potential     Energy.  Kinetic Energy 

and  Potential Energy. 

                                   ... (20) 

Thus, for  our  system,  considering  that  the  potential  energy  of  the  system  is  not 

changed with the change of position would tire ,, 

 

                             ... (21) 

Then, using equations of 
 
 
 
 

kinematics... 
 

(22) 



 
 

... (23) 
 
 

               ... (24) 
 
 

The equations described above describe, together with the engine equation, the 

complete system. 

 
5.2.7. Image processing Image 

 
processing has to do with the acquisition, transmission, processing and representation 

of images. Image processing techniques are used to improve the visual appearance of 

images for an observer and to conveniently prepare photographic content for machine 

perception. The digital image process can be divided into the following areas: 

 
● Acquisition or capture that deals with the different paths for obtaining images; 

for example, using digital cameras or digitizing analog images (photographs). 

 
● Enhancement and improvement are the techniques used to improve the visual 

appearance of images or to recover or restore degraded images. 

 
● Segmentation that deals with the division of images into regions or significant 

areas. 

 
● Feature extraction that deals with the detection and location of simple and 

complex geometric entities. From simple entities such as lines and points to 

complex geometries such as curves and quadrics. 

 
An image is defined as a two-dimensional function f (x, y) where x and y are the 

coordinates of a plane that contains all the points of it, and f (x, y) is the amplitude at 

the point (x, y) which is called intensity or gray level of the image at that point. If both 

the x and y coordinates and the intensity values of the function f are discrete and finite, 

a digital image is spoken. A digital image is composed of a finite number of elements 



and each has a particular location and value. These elements are called elementary 

points of the image or pixels, the latter being the term commonly used to denote the 

minimum unit of measurement of a digital image. 

 
The Figure shows a representation of an image with 256 intensity levels. In it, each of 

the pixels is represented by an integer that is interpreted as the level of light intensity in 

the gray scale. Enlarging the image in any area, you can see these values, which are 

shown in the form of a matrix in the same figure, corresponding to each element of the 

matrix Nij with the coordinates in the plane x = i, y = j 

 
 
 
 

 
 

 
 
 

Figure 7. Image and pixels 
 
 
One of the most important parameters in a digital image is its resolution. Resolution is 

the amount of pixels that an image contains. It is also used to classify almost all 

devices related to digital images, whether computer or television screens, printers, 

scanners, digital cameras, etc. 



5.2.7.1. HSV Model 

The rationale for describing a digital color image is the same as the one described 

above, with the proviso that each element or pixel is described and coded differently, 

depending on the color space being used. 

 
The acronym H, S and V correspond to Hue (hue), Saturation (saturation) and value 

(value) respectively. It is also called HSB, with B being the brightness. The coordinate 

system is cylindrical, and the subset of this space where the color is defined is a 

hexagonal base pyramid. In the HSV model the brightest colors are contained in the 

hexagonal area corresponding to V = 1. To measure the tone, the angle around the S 

axis is used. Red is 0º, green at 120º and blue at 240º. Complementary colors are 180º 

from their primary color. The range of S extends from 0, located on the axis of the 

pyramid, where the darkest colors are located, up to 1, coinciding with the end of the 

hexagonal area of the pyramid. The vertex corresponds to black with coordinates S = 0 

and V = 0. The target corresponds to S = 0 and V = 1. The values found on the axis of 

the pyramid are gray. When S = 0 the value of H is not defined. However, as S grows, 

the value of H begins to matter. For example, pure red stands at H = 0, S = 1 and V = 

1. If white is added, S decreases, but the value of V does not change. Shadows are 

created by keeping S = 1 and decreasing V. 

 

 
 
 

Figure 8. HSV color 



5.2.7.2. Morphological Operations 

5.2.7.2.1. Erosion 

Erosion is one of the two fundamental operations (the other is dilation) in the morphological 

image processing on which all other morphological operations are based. It was originally 

defined for binary images, later it was extended to grayscale images and later to full 

reticles. 

 
In morphology, an image is seen as a subset of a Euclidean space or thegrid entire, for 

some dimension d. 

The basic idea in morphology is to test an image with a simple predefined shape by 

drawing conclusions about how this shape fits the shapes into the image or not. This simple 

"probe" is called a structuring element, and is itself a binary image (that is, a subset of the 

space or the grid). 

is E a Euclidean space or a whole and to a binary image Egrid. 
 

 
The erosion of the binary image A by the structuring element B is defined by: 

 

 

                  ... (25) 

 
where Bz is the translation of B by the vector z, that is, 

 

                      ... (26) 

When the structuring element B has a center (for example, B is a disk or a square) and this 

center is at the origin of E, so the erosion of A by B can be understood as the geometric 

place of the points reached by the center of B when B moves within A.For example, the 

erosion of a square of side 10, centered on the origin, by a disk of radius 2, also centered 

on the origin, is a square of side 6 centered on the origin. 

The erosion of A by B is also given by the expression: 
 

 

                               ... (27) 

https://es.wikipedia.org/w/index.php?title=Dilataci%C3%B3n_(morfolog%C3%ADa)&amp;action=edit&amp;redlink=1
https://es.wikipedia.org/wiki/Morfolog%C3%ADa_matem%C3%A1tica
https://es.wikipedia.org/wiki/Morfolog%C3%ADa_matem%C3%A1tica
https://es.wikipedia.org/wiki/Imagen_binaria
https://es.wikipedia.org/wiki/Escala_de_grises
https://es.wikipedia.org/wiki/Ret%C3%ADculo_completo
https://es.wikipedia.org/wiki/Ret%C3%ADculo_completo
https://es.wikipedia.org/wiki/Subconjunto
https://es.wikipedia.org/wiki/Espacio_eucl%C3%ADdeo
https://es.wikipedia.org/wiki/Entera
https://es.wikipedia.org/w/index.php?title=Elemento_estructurante&amp;action=edit&amp;redlink=1
https://es.wikipedia.org/wiki/Lugar_geom%C3%A9trico
https://es.wikipedia.org/wiki/Lugar_geom%C3%A9trico


5.2.7.2.2. Dilation 

Dilation is described as a growth of pixels, that is, the part of the background of the image 

is marked with 1 Touch a pixel that is part of the region. This allows a pixel to increase 

around the circumference of each region and thus increase dimensions, which helps fill 

holes within the region. 

dilating  A element by structuring B is defined by: 
 

 

                                          ... (28) 

Dilation can also be obtained by: 
 

 

           ... 

(29),dondand B
s 

denotes symmetry B,that is, 

 

                              ... (30) 

Thus, for the figure 
 
 

 
 
 

Figure 9. Dilation 
 
 

If B has a center at the origin, as before, then the expansion of A by B can be understood 

as the geometric place of the points covered by B when the center of B moves within A. 

 
In the example on the right, the dilation of the square of side 10 by the radius disc 2 is a 

square of side 14, with rounded corners, centered on the origin. The radius of the rounded 

corners is 2. 

https://es.wikipedia.org/w/index.php?title=Dilataci%C3%B3n_(morfolog%C3%ADa)&amp;action=edit&amp;redlink=1
https://es.wikipedia.org/wiki/Simetr%C3%ADa_rotacional


Application example: Dilation is the opposite of erosion. Figures that are very thinly drawn 

thicken when they are "dilated." The easiest way to describe it is to imagine that the same 

fax / text is written with a thicker pen. 

5.2.7.2.3. Aperture 

The opening of A by B is obtained by the erosion of A by B, followed by the dilation of the 

resulting image by B: 

                           ... ( 31 ) 

 
Which means that it is the geometric place of the translations of the structuring element B 

within the image A. 

So, for the figure 
 

 

 
 

 
Figure 10. Aperture 

 

 
Where there is a square of side 10 and a disk of radius 2 as a structuring element, the 

opening is a square of side 10 with rounded corners, where the radius of the corners is 2 



6. SOLUTION 

The solution proposed to solve the problem is to use an omnidirectional mobile robot 

so that it can perform complex and precise movements. We compare it with three other 

possible solutions, as shown in the following table 

 
Table 1. Alternatives 

 
 

 TÉCNICA SOCIAL ECONOMÍA AMBIENTAL POLÍTICA TOTAL 

Camera controller 3 4 3 4 2 16 

KIRA am 2 3 2 3 2 12 

Differential robot with a 
servomotor mechanism 

 
1 

 
3 

 
4 

 
3 

 
2 

 
13 

Ominidirectional robot 5 3 4 3 2 17 

 
 
 

Where the scale from 1 to five represents: 
 
 

Very good - Good - Fair - Bad - Very bad 
 
 

To solve the secondary problem of finding the best non-linear position control so that 

the robot's movement is precise and consumes little energy, it is proposed to simulate 

and implement 3 control algorithms and compare them using a defined metric so that 

the best one is selected. 

 
In this project, the best performance control algorithm will finally be implemented and a 

color segmentation tracking algorithm will be made. In this way, we can validate and 

demonstrate the result that the robot is able to obtain. 



7. DESIGN 

This section will present the work plan made at the beginning of the project as well as 

the main designs made for the creation of the omnidirectional mobile robot. 

 
7.1. Task schedule 

 
 

This section presents the work plan followed by the two members that make up the 

project. 

 
7.1.1. Roger Huauya’s schedule 

 
 
 

 
Table 2. Schedule 

 
 

Nombre de tarea Duración Comienzo Fin 

Investigación estado del arte 8 días mié 04-09-19 vie 13-09-19 

Selección, cotización y compra de 

materiales a utilizar 

1 día lun 16-09-19 lun 16-09-19 

Búsqueda de posibles modelos 

mecánicos 

6 días mar 17-09-19 mar 24-09-19 

Diseño mecánico del robot 4 días mié 25-09-19 lun 30-09-19 

Ensamblaje del robot (mecánico, 

posible mecanizado) 

6 días mar 01-10-19 mar 08-10-19 

Implementación parte electrónica 5 días mié 09-10-19 mar 15-10-19 

Prueba de sensores adquiridos 5 días mié 16-10-19 mar 22-10-19 

Definición del método de control 4 días mié 23-10-19 lun 28-10-19 

Simulación de algoritmo de 

control 

5 días mar 29-10-19 lun 04-11-19 



 

Pruebas de algoritmo de control 6 días mar 05-11-19 mar 12-11-19 

Comprobar la hipótesis 

desarrollar conclusiones 

7 días mié 13-11-19 jue 21-11-19 

Desarrollo de algoritmo de 

planificación de movimiento 

11 días vie 22-11-19 v ie 06-12-19 

 
 
 
 

7.1.2. Guillermo Inglis’ schedule 
 

Table 3. Schedule 
 
 

Nombre de tarea Duración Comienzo Fin 

Investigación estado del arte 8 días mié 04-09-19 vie 13-09-19 

Diseño electrónico del robot 7 días lun 16-09-19 mar 24-09-19 

Programación de librería 

sensores 

9 días mié 25-09-19 lun 07-10-19 

Modelado matemático del robot 

(MATLAB y software de 

simulación) 

6 días mar 08-10-19 mar 15-10-19 

Programación del algoritmo de 

control 

14 días mié 16-10-19 lun 04-11-19 

Aprender usar Jetson Nano 6 días mar 05-11-19 mar 12-11-19 

Revisar estado de arte de 

algoritmos de computer vision 

10 días mié 13-11-19 mar 26-11-19 

Detección de objetos usando 

visión artificial 

8 días mié 27-11-19 vie 06-12-19 



 

 

7.2. Mechanical design 

 
The mechanical design of the omnidirectional mobile robot was done in the 

SOLIDWORKS software. It was taken into account that the material to be used for the 

construction of the carcass is acrylic and also the design of the omnidirectional motor 

wheel couplings was made. 

 
7.3. DC motor 

 
Because the omnidirectional tires were purchased without coupling for our engine, it 

was decided to make the respective coupling to the engine using a CNC lathe in the 

manufacturing process laboratory of the National Engineering University. 

 
The figure shows the coupling designed in SOLIDWORKS. The full map of the coupling 

is found in the annexes of the report. 

 

 
 
 

Figure 11. Motor coupling 
 
 
7.4. Main structure 

 
In addition, the other parts were made in solidworks so that our omnidirectional mobile 

robot has a hexagon shape. The material used for the metal structure is 3 mm acrylic. 

thick and the radius of the inscribed circumference is 30 cm. The plan of the pieces that 



were made in acrylic is in the annexes. The rendering of the complete model of the 

mobile robot is in the Figure. 

 

 
 
 

Figure 12. Rendered model of the omnidirectional mobile robot 
 
 
 
 
 
7.5. Electronic Design 

 
In the project, the following electronic components were used for the operation of the 

control architecture: 

 
● IMU 

 
● teensy 4.0 

 
● 3 motors (Pololu) 

 
● 2 H drivers (Pololu) 

 
 
When making the connection on a protoboard many jumpers will be used, which make 

it difficult for us to place or remove one of the aforementioned components, for a better 

organization, we chose to use an electronic board, which was designed In the software 



shown in Figure. The plate was double-sided and the respective screen printing was 

also performed. 

 

 
 
 

Figure 13. PCB Design 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14. Three-Wheel Omni-Directional Robot. 



7.6. Time-Dependent Trajectory 

 
For the generation of the trajectories, the ―s‖ parameter explained in the theoretical 

section was used. For the project, 4 different trajectories were implemented: Straight 

line, semi-circumference, complete circumference and the famous Germom lemniscata 

(graph in the form of 8). It should be noted that only the trajectories of the robot are 

defined on the 'x' e 'y' axis. The angle of rotation of the differential robot is defined in 

the course of the trajectory. 

 
7.6.1. Line-Shaped Trajectory 

 
It is the simplest path of all. For this trajectory, the end point of the line is defined so 

that the robot performs the task of crossing the straight line from its initial position to 

the final position as shown in the Figure. 

 

X2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

X1 
 
 
 

Figure 14. Line-shaped trajectory 

The following equations define the trajectory: 

                                     ... ( 32 ) 
 

 
                                       ... ( 33 ) 



7.6.2. Semi-Ellipsoidal Trajectory 

 
For this trajectory, the major and minor radius of the semi-ellipse is defined so that the 

robot performs the task, said trajectory as shown in the Figure. 
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Figure 15. Semi-ellipse trajectory 

The following equations define the trajectory: 

                                      ... ( 34 ) 
 

 
                                           ... ( 35 ) 

 
 

7.6.3. Ellipsoidal trajectory 

 
For this trajectory, the major and minor radius of the ellipse is defined so that the robot 

performs the task said trajectory as shown in the Figure. 
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Figure 16. Trayectoria en elipse 

The following equations define the trajectory: 

                                    ... ( 36 ) 
 

 
                                       ... ( 37 ) 

 
 
 
 

 

7.6.4. Eight-Shaped Trajectory 

 
For this trajectory, the major and minor radius of said trajectory is defined so that the 

robot performs the task said trajectory as shown in the Figure. 

 
 
 
 
 
 

 

a 
 
 
 
 
 
 
 
 

Figure 17. Eight-shaped trajectory 



The following equations define the trajectory: 
 
 

                                      ... ( 38 ) 
 

 
                          ... ( 39 ) 

 
 
 

8. Engineering Norms and Standards 

 
8.1. Mechanical Design 

 
For the mechanical design, the regulations provided by the ASME (American Society of 

Mechanical Engineers) were used. The standards and indices recommended by the 

ASME were followed as well as the deformation limits for the acrylic used. 

 
8.2. Electronic Design 

 
The IPC (Association Connecting Electronics Industries) regulations were followed for 

the design of the electronic board. This regulation indicates the thickness of the tracks, 

the arrangements of the roads and the welding that must be done in order to have a 

robust plate. 

 
8.3. Control algorithms 

 
To design the control algorithms, the designs presented in the reference papers [1] [4] 

were used as a reference. Since here we define the best way to implement them and 

what considerations to have. 

 
8.4. Computational Vision 

 
The steps for object detection were followed using color segmentation set forth in the 

reference paper [8]. 

 
8.5. Project Restrictions (limitations) 

 
There are both economic and technical restrictions in our project. As it was conceived 

from the beginning of the project, this is a preliminary study that concludes with an 

omnidirectional  robot  prototype.  While  we  have  taken  into  account  engineering 



normative for the design and implementation, further analysis implying both a profound 

technical expertise and more investment on the project is necessary to elevate the 

prototype to a beta version product. 

 
 
9. Implementation 

 
9.1. Implementation of algorithm for sending functions by serial port 

 
For the reference trajectory to be variable, this equation is generated in the Jetson 

Nano and is sent to the Teensy 4.0 through the serial port. This equation is sent in the 

form of a graph. This graph is of the tree type whose nodes have numbers that 

represent mathematical operations or numerical values that constitute a mathematical 

function. As an example we have to equation 1 that represents a function with 

parameter a variable called s 

 

                                  ... ( 40 ) 
 

 
The basic mathematical operations to represent any equation are associated with a 

number from 1 to 7, so that it can be quickly understood in the microcontroller. The 

associated numbers and operations are as follows: 

 
Add : 1 - Mul : 2 - Cos: 3 - Sin: 4 - Pow: 5 - Symbol: 6 - Value: 7 

 
 
Below is an example of a graph that represents the equation shown above: 



+ 
 

 
 
 
 

x sin() val 
 

val x 
 
 

s 

s 
 
 
 

 
Figure 18. Graph representing the equation 

 
 
 
 
 
9.2. Implementation of Control Algorithms 

 
Three types of position control have been implemented to track a trajectory. These 

algorithms were programmed in Teensy 4.0 through the use of the Arduino 

programming language. 

 
9.2.1. PID Control 

 
For the PID control, the speeds calculated from  the equations obtained from  the 

trajectory are taken as reference. 

 
It is understood that the equations that were calculated in the path generation are the 

references that our robot must follow. This reference is transformed at speeds derived 

with respect to time as shown in the equation. 

 

                                           ... ( 41 ) 



 
... ( 42 ) 

 
 

Then, these speeds are  transformed  to  the  local coordinates and  also  the 

transformation that are arranged in the robot through the equation: 

 

           ... ( 43 ) 

                                      ... ( 44 ) 

With the equation we obtain the reference speeds that each motor must follow in order 

to follow the desired path. It should be noted that for the final application the angle has 

to be sent continuously through the serial port. 

 
The PID control was implemented using as feedback the encoder speeds and as a 

reference the speeds obtained in the equation. Therefore, in the arduino code we 

implement the error and the control law expressed in the equations. 

 

                                  ... ( 45 ) 

 
 

... ( 46 ) 
 
 

9.2.1.1. Simulink Diagram 
 

 
After carrying out the control algorithm approach, the Simulink diagram was carried out 

in order to perform the relevant simulations. This diagram is shown in Figure. 



 
 

Figure 19. PID Control in Simulink 
 
 
 
 
 
9.2.2. Control by Feedback Linearization 

 
For this type of control, we have calculated the degree of each output of our robot 

model. You have a generic equation of the state space equation of the model as shown 

in the equations. 

 

 
... ( 47 ) 

 
 

                                    ... ( 48 

) 
 
 
Then we must derive the output ―and‖ as many times until one of the equations has an 

entry 'u'. The number of derivatives made corresponds to the degree of the system. 

 

                                   ... ( 49 ) 
 

 
Then we choose u in such a way that $$ y ^ {r} = v $$ is met, where v is the synthetic 

output. Therefore, the control law expressed in the equation is obtained. 

 

                            ... ( 50 ) 

https://www.codecogs.com/eqnedit.php?latex=%5Cdot%7Bx%7D%20%3D%20f(x)%20%2B%20g(x)u%250
https://www.codecogs.com/eqnedit.php?latex=y%20%3D%20h(x)%250
https://www.codecogs.com/eqnedit.php?latex=y%20%3D%20h(x)%250


9.2.2.1. Simulink 
 

 
After carrying out the approach of the input-output linearization control algorithm, the 

Simulink diagram was carried out in order to perform the relevant simulations. This 

diagram is shown in Figure. 

 

 
 
 

Figure 20. Simulink Diagram of the linearization 
 
 
 
 
 
9.2.3 e Sliding Mode Surface Control 

 
For this type of control, the design of the surface is first performed on which it is 

desired that a state always converges to a minimum. This design can be seen in the 

equations. 

 

                                     ... ( 51 ) 
 

 

                                          ... ( 52 ) 

Then the control law is made by putting the equation as the control law. 
 
 

                             ... ( 53 ) 



9.2.3.1. Simulink 
 

 
After carrying out the approach of the surface control algorithm in sliding mode, the 

Simulink diagram was carried out in order to perform the relevant simulations. This 

diagram is shown in Figure. 

 

 
 
 

Figure 21. Simulink diagram of surface control in sliding mode 
 
 
 
 
 
9.3. Implementation of Computational Vision Algorithms 

 
To demonstrate the versatility of the solution shown against the problem, a computer 

vision system was implemented. Thus the omnidirectional robot always points its 

camera towards a target, in this case it is a green object. 

 
9.3.1. Segmentation 

 
For object segmentation, we have used the colored bands to find objects of a certain 

color so that we can know their position with respect to the center of the camera. The 

first thing we do is characterize the object we want to segment. As shown, we use a 

green pickup to do it as shown in the figure. 



 
 
 

Figure 22. Color segmentation 
 
 
For this, we characterize the green color in RGB dimensions. After manually performed 

tests, we conclude that the ranges in which the pixels are determined by the equations. 

 

                                              ... ( 54 ) 
 

 
                                         ... ( 55 ) 

 

 
                                             ... ( 56 ) 

 

 
After applying a series of thresholds of the pixels in that range, we get the result of the 

figure. 

 

 
 
 

Figure 23. Picker Segmentation Results 



9.3.2. Point Tracking Algorithm 

 
After we have segmented the object in the image, we calculate the geometric center of 

the mask in order to be able to control the rotation angle of the robot. 

 
To calculate the geometric center of the image we use the moments of the image. We 

will only calculate the geometric center of the horizontal axis since on that axis we will 

do the angle control. 

 

                                              ... ( 57 ) 

After obtaining the geometric center position, we will use it to calculate the error in the 

angle. This error is seen in the equation. 

 

                                   ... ( 58 ) 

Where width is the resolution in width of the image. With this error we calculate the 

control law on the angle with the equation and then send it by serial port continuously. 

 

                                    ... ( 59 ) 
 

 
 
10. BUDGET 

The following table shows the budget required throughout the implementation of this 

project. 



Table 4. Budget Summary 

 

 



11. RESULTS 

For the comparison of the performance of the control models, the metric described by 

the equation was used. 

 

                     ... ( 60 ) 

Where: 
 
 
P: Consumed power 

e: Trajectory error 

The task analyzed for comparison was to make a straight line from the point (0, 0, 0) to 
(1,1, 𝞹). The figure shows the result of the simulations of the PID control, Linearization 
input-output and surface in sliding mode. 

 

 

 
 
 

Figure 24. Positioning error result and power in PID control. 



 
 
 

Figure 25. Positioning error and power in feedback linearization control. 
 
 

 
 
 

Figure 26. Positioning error and power in sliding mode control. 



 
 

Table 5. Performance comparison of control algorithms. 
 
 

 
 

Model type 

Control technique 

PID IO Linearization SM control 

Score 81.18 82.25 73.705 

Error 0.804 1.815 1.468 

Power 0.051 0.042 0.069 



CONCLUSIONS 
 
 
Many conclusions can be reached regarding the entire project due to its extension and 

the different areas involved. Consequently, they are separated into 4 categories: 

Mechanical design, electronic design, control algorithms and computational vision 

Mechanical Design 
 
 

● The mechanical design performed was successful. All the pieces fit correctly 

and there were no problems with the position of the screw holes. 

 
● The design developed was done in a compact way to be able to have a robot 

without oversizing. 

 
● In future work, it is planned to improve the mechanical design by using lighter 

materials and further compacting the internal components.. 

 

Electronic Design 
 
 

● Because our project contained many electronic devices to be connected, it was 

necessary to make an electronic board in order to reduce the number of cables 

and order all the components. 

 
● The plate designed with the hexagonal shape resulted in a smaller size than the 

overall structure. 

 
● Only one plate was printed because the first plate had no design errors 

 
 
Control Algorithms 

 
 

● The easiest algorithm to implement is the PID control since it only needs the 

reference of engine speeds and the actual speeds obtained by the engines 



● According to the data obtained in the comparison of the control algorithms, the 

Linearization input-output control is the best since it has an integral error and a 

lower power consumption. 

 
● The surface control algorithm in sliding mode has a high power consumption 

since its control law has many abrupt changes during the trajectory path. 

 

Computational Vision 
 
 

● The algorithm fulfills its function of demonstrating the potential of the project 

since it allows the robot to follow an object of a certain color. 

 
● Later on, an objective can be tracked using more complex computational vision 

algorithms. 

 
● The omnidirectional robot has a high potential and would allow you to have a 

better audiovisual result. 
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APPENDIX A 
 

Engineering Standards Applied in the Project 
 

 

The following engineering standards have been used in the design of the mechanical and 

electrical components of the omni-directional mobile robot. 

 

Standards for Mobile Robots 

 

 ISO 18646-1:2016 

Robotics — Performance criteria and related test methods for service robots — 

Part 1: Locomotion for wheeled robots 

The standard describes methods for specifying and evaluating the locomotion 

performance of wheeled robots in indoor environments. 

 

 ISO 18646-2:2019 

Robotics — Performance criteria and related test methods for service robots — 

Part 2: Navigation 

The standard describes methods of specifying and evaluating the navigation 

performance of mobile service robots, measured by pose accuracy and 

repeatability, as well as the ability to detect and avoid obstacles. 

 

Standards for Image Processing 

 

 ISO/IEC JTC 1/SC 24 

Computer graphics, image processing and environmental data representation. 

 

 ISO/IEC 9636-1:1991 

Information technology - Computer graphics - Interfacing techniques for dialogues 

with graphical devices (CGI) - Functional specification - Part 1: Overview, profiles, 

and conformance. 

 

Standards for Circuit Design and Implementation 

 

 IPC-7351B 

General requirement for board surface assembling and grounding patterns. 

Appropriate size, shape and tolerance of surface mount patterns to insure 

sufficient area for the appropriate solder fillet to meet the requirements, and also 

to allow for inspection, testing, and rework of those solder joints. 

 

 IPC-FA-251: Guidelines for Assembly of Single- & Double-Sided Flex Circuits 

Guidelines for the assembly of components and mounting hardware to single and 

double sided flexible printed wiring. These guidelines describe the type of 

materials and processes that may be used to accomplish proper electronic 

assembly.  

 

https://www.iso.org/standard/17450.html?browse=tc
https://www.iso.org/standard/17450.html?browse=tc


 
APPENDIX B 

 

Realistic Multiple Constraints Considered in the Project 
 

 

For the development of the project, the following constraints and restrictions were 

considered: 

 

Geometric and Weight Restrictions 

In order to ensure transportability, the mobile robot must fit into a cubic box of 0.6m side, 

and weight less than 15Kg. The cubic box and the weight do not include the video-

camera. 

The cubic size significantly constraints the mechanical, electrical and electronic design, 

and it is important to select the electrical motor-gear set of the proper power-size relation, 

as well as the electronic boards and components must be arranged for minimizing the 

required space while avoiding electromagnetic interference. 

 

Power Supply 

Not all the electrical and electronic components have the same voltage input 

requirements and therefore it is required. Power amplifiers and driver circuits have to be 

designed to provide the electrical power with the required voltage, current and frequency 

characteristics. 

     

Maintainability 

Easy disassembly and reassembly of the robot. The layout of electrical and electronic 

boards (component and devices) has been determined for allowing a sequential, ordered 

and straightforward disassembly and reassembly of the robot. The mechanical 

components have also been designed and integrated for and easy and intuitive 

disassembly and reassembly. This allows the easy replacement of parts and components. 

It is specially required for main and auxiliary batteries, fuses, switches, tires and 

connectors. 

 

Components Availability  

When designing and selecting the mechanical, electrical and electronic components, 

many of them are too expensive or they are not easily available in market. It is required to 

look for equivalent components that have to be adapted or modified to be used in the 

project. Also, some recycled components may be used in case there is not other option.  

 

Budget 

For developing the senior design project, students get small funding from the College 

which covers no more than 20% of the total costs. The most of the budget is covered by 

the same students. Although the College provides the laboratory space, equipment and 

machines to be used by students, most of mechanical, electrical and electronic 

components are covered by students themselves. On average, the total budget covered 

by students, on average, is between US$ 800 and US$ 1,200.    



 

Schedule 

The project must be completed in one academic semester. It is estimated the project 

requires an average of 150 hours of teamwork with 4-5 students per team. Considering 

that, besides the senior design project course, students are enrolled in 3-4 additional 

courses in the academic semester, students have to plan ahead in order for identify all 

required activities, distribute the tasks among all team members and, finally, integrate all 

partial tasks to configure the final robot for testing in real working conditions. 

 

Environment and Safety 

Selection of mechanical and electronic components, as well as electronic board 

construction are carried out using environment-friendly materials and processes. 

3 Amp fuses are used for protection, and the system automatically turns-off when it is not 

in use for more than 4 minutes.  
 
 


