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RESUMEN

Este trabajo presenta un andlisis comparativo del rendimiento de control de diversas estrategias
de control para el seguimiento de trayectorias aplicadas al robot Festo llamado "Robotino" en
varios escenarios. Se evaluaron tres enfoques basados en modelos: Proporcional-Integral (PI),
Control de Modelo Genérico (GMC) y Control por Modos Deslizantes (SMC). Ademés, se
implementd un enfoque libre de modelos y se compar6 su rendimiento en diferentes trayectorias.
Los resultados destacan las fortalezas y debilidades de cada estrategia de control, ofreciendo

perspectivas sobre su aplicabilidad en el campo de la robdtica.

Palabras clave: Seguimiento de Trayectorias, robots moviles, estrategias de control, evaluacién

de rendimiento.



ABSTRACT

This work presents a comparative analysis of the control performance of various control strategies
for trajectory tracking applied to the Festo robot called a "Robotino" in multiple scenarios. We
evaluated three model-based approaches: Proportional-Integral (PI), Generic Model Control
(GMC), and Sliding Mode Control (SMC). In addition, we implement a model-free approach
and compare its performance across different trajectories. The findings highlight the strengths

and weaknesses of each control strategy, offering insights into their applicability to the robotics

field.

Keywords: Trajectory Tracking, mobile robots, Control strategies, performance evaluation.
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| 1
CHAPTER

INTRODUCTION

The trajectory tracking problem (TTP) represents a central control challenge, where the goal is to
match the output of a system to a dynamic reference over time(Medina et al., 2024, Morales et al.!
2021). This issue is especially significant for Autonomous Mobile Robots (AMRs). In industrial
settings, AMRs must maintain a fixed course, such as one delineated by rails or lines, and
enhance their movement by traveling at a designated speed. Consequently, the path-following

problem becomes a TTP, integrating positional and velocity control.

Several research efforts have examined the problem of trajectory tracking (TTP) in Nonlinear
Mobile Robots (NMR) through a variety of control strategies like the Linear Quadratic Regulator
(LQR) (Morales et al., 2018), nonlinear control (Yang et al., 2015), Model Predictive Control
(MPC) (Kinhe et al., 2005), and Sliding Mode Control (SMC) (Salinas et al., 2018). These
approaches based on models rely heavily on the precision of the system’s model and parameters.
Although analytical models can help to gain insight, incorporation of nonlinearities makes them
more complex and increases computational requirements (Medina et al., 2024). The construction
of a comprehensive model is difficult due to the complexity of the system and the need for
accurate parameters (Smith and Corripio, 2005). Consequently, phenomenological models can
result in complex controllers that are challenging to implement, limiting their applicability in

industrial contexts.

Instead of phenomenological models, empirical models such as First-Order Plus Dead Time
(FOPDT) models serve as a good substitute for control design (Capito et al., 2016, Guevara et al.!
2019). These models are particularly advantageous for analyzing and designing numerous indus-
trial process control applications by accurately depicting the fundamental dynamic behaviors of

processes (Smith and Corripio, 2005).



15

This work conducts a comparative evaluation of different control strategies employed for
a mobile robot known as the "Robotino" across several scenarios. Explore three model-based
techniques: proportional-integral (PI), generic model control (GMC), and sliding mode control
(SMCQ). Furthermore, it incorporates and contrasts a model-free approach developed by Flies

(Fliess and Join, 2013) on various trajectories.

This article is structured in the following manner. Section 2 offers a theoretical foundation
and initial knowledge concerning controllers. Section 3 gives a concise introduction to the
Robotino-Festo robot. In Section 4, the detailed design of various controllers is discussed.
Section 5 provides results from numerical simulations and real-world experiments, evaluating
the effectiveness, practical use, and constraints of the controllers studied. Lastly, Section 6

wraps up the work.
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| 2
CHAPTER

CONTROL STRATEGIES FUNDAMENTALS

This section introduces the fundamental aspects of the controllers employed in this study. It
begins with a presentation of three model-based options, followed by an approach that explores

a model-free proposal. The details are as follows.

2.0.1 Proportional Integral Control - PI

A PI controller calculates the control signal u(t) as a combination of two distinct terms:
proportional and integral. Each term addresses a different aspect of the system’s behavior,
enabling the controller to provide an effective and balanced response to the error signal e(t),
which is defined as the difference between the reference R and the system output y (e(t) = R—y)
(Camacho et al., 2020). This error signal represents the deviation between the desired setpoint

and the actual process variable. The controller law is expressed in equation (2.1).

1
u(t) = Kp(e(t) + - /e(t) dt) 2.1
where Kp = % (K 1is the gain of the system) and 7; = 27, (7, is an adjustment parame-

ter)(Camacho et al., 2020).

2.0.2 Generic Model Control - GMC

Model-based controllers (MBC) use a mathematical representation of the system they control.
These models capture system dynamics, often through differential equations or state-space
representations, allowing the controller to anticipate system responses to inputs and disturbances

(Ogunnaike and Ray, 1994).

GMC is a model-based controller designed to simplify the implementation of control,
especially in nonlinear systems(Lee and Sullivan, 1988, Ogunnaike and Ray, 1994). GMC uses

a dynamic model of the system and a target function that specifies the desired behavior. One
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of GMC’s distinguishing features is that it does not require model familiarization or long-term
prediction, which reduces computational complexity, making it suitable for a range of industrial

applications. The dynamic of a process is presented by equation (2.2))

dy_

y is the output of the process that is determined by an input (u), uncertainty (d) and a function

(f)

dyy
dt

= (Ki(R—vy) +K2/(R— y) dt (2.3)

Here g, represents the trajectory for the process output to gradually converge to its target
value. R, by following a pre-established path, referred to as the reference trajectory y,.. This
trajectory is defined by a particular mathematical equation that directs the process output toward
its desired state in a controlled manner. When we equate, equations (2.2)) in (2.3). The control

law expressed for an integrated system in equation (2.4):

u(t) = %(Kle(t) K / e(t) dt) 2.4)

Where K and K, are values proposed by the user.

2.0.3 Sliding Model Control - SMC

Sliding mode control is a technique that utilizes a discontinuous control law to drive the
system’s state towards a specific surface in the state space(Utkin et al., 2020). Once the
system reaches this surface, it slides along it toward the desired equilibrium point. This
strategy is renowned for its robustness against uncertainties and external disturbances due to the
discontinuous nature of the control action, which keeps the system on the sliding surface. This
ensures high accuracy and stability, particularly in nonlinear systems and those with incomplete

models (Herrera et al., 2023)).

The surface proposed in equation (2.5)) and the final control law for integrate model at (2.6)
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oty =e+ )\ /edt (2.5)

where \; = §(%%7)% ¢, is an adjustment parameter.

o
lo| +4d°

u(t) = %(R + Ae) + Kp (2.6)

2.0.4 Model Free Control- iPI

It refers to a more advanced approach that merges the principles of proportional and integral
control with intelligent techniques, such as adaptation and learning. These controllers are
designed to improve performance in systems that may be non-linear or exhibit uncertainties.
The first-order local process model for a Single Input and Single Output, proposed by Fliess is

expressed by equation (2.8):
y(t) = F(t) + aul(t) (2.7)

Where g(t) is the desire reference, F'(¢) is an online estimate of the uncertainties of the
process and « > 0 is the parameter proposed by the user. For a PI controller with the model free
model is expressed by:

1 . :

Here K p; and K»j; are the gain values of the PI controller from iPI, determined through

trial and error.

In Fig. is the schematic of model-free iPI proposed by Precup for estimate FZt) of the

process (Precup et al., 2017).

~

The derivative blocks used to obtain the reference estimates (R(s) and F'(t) are expressed by
equations (2.9) and (2.10), respectively. This is the derivative equation multiplied by a low-pass

filter (Precup et al., 2017).



19

+
Hypy(s) a Hypy(s)
AT
R(s) | + C(s) 1 Process
+ a
Figure 2.1: iPI Model Free Schematic.
KL 1S
H St (i 2.9
Lpl(S) TLpls -+ 1 ( )
K
Hipo(s) L2 (2.10)

T Tpps+ 1



20

| 3
CHAPTER

ROBOTINO - FESTO DIDACTIC

This section offers a concise summary of the Robotino mobile robotics platform, which is
employed for both research and educational purposes(Weinert and Pensky, 201 1, [Fuentes et al.]
2021)). Robotino features an omnidirectional drive, sensors, interfaces, and modular extensions,
allowing for versatile use; see Fig. 3.1} Custom application programming is feasible through

multiple programming environments that utilize its core components and dynamic behavior.

Figure 3.1: Robotino-Festo.

3.0.1 Kinematic of omnidirectional wheels

Omnidirectional wheels are a type of wheel design that allows a vehicle to move in any
direction without changing its orientation. These wheels achieve this capability through the
arrangement of rollers mounted at a 120-degree angle relative to the wheel’s axis, which enables
independent motion along both the forward-backward and sideways axes. The kinematics
of omnidirectional wheels is characterized by the ability to simultaneously generate motion
in multiple directions, offering significant advantages in maneuverability and precision in
robotics and mobile platforms. Understanding the kinematics of these wheels is crucial for

designing systems that can exploit their full range of motion in various applications, including
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automated vehicles, robotic arms, and other systems requiring high maneuverability in confined

spaces(Gutierrez Ramon, 2016).

The omnidirectional wheel kinetic for one wheel velocity is represented by equation (3.1)).

ro(t) = —v.(t)sin(o) + vy(t)cos(o) + Ro. 3.1)

The three velocity are given by equation (3.2))

rxref(t) . _CL(ﬁO) b(ﬁﬂ) R U1 (t)
Tyref(t) | = r —a(f1) b(B1) R| |va(t) (3.2)
Toref(t) —a(B2) b(B2) R| |vs(t)

where a = sin and b = cos.

Let r be the radius of each wheel, [ the angle of each wheel relative to a reference axis
(usually in the forward direction), and R the radius from the center of the robot’s chassis to the

center of each wheel.

To determine the robot’s position relative to the setpoint, one must calculate the inverse

kinematic matrix from equation (3.2)) to derive the robot’s position, as shown in equation (3.3).

re(t)|  [b(B() a(6(t)) O —a(Bo) b(Bo) R| [vi(t)
ry() | = [a(8)  bO®) O] v |—a(B1) b(B1) R| |va(t)| G
T (t) 0 0 1 —a(B2) b(B2) R| |v3(t)

where 6(t) is the robotino’s rotation angle (Gutiérrez Ramon, 2016).

3.0.2 Trajectory Tracking Control for Robotino
In this section, we describe the procedure for implementing trajectory tracking control. Fig.
[3.2] shows a schematic of how each part of the system works in terms of control. Before starting,

several factors must be considered when controlling the trajectory of a robot. In this case, we
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Figure 3.2: Schematic of Control for trajectory tracking of Robotino

focus on the issue of controlling the RPM of each motor, as well as the control of the robot’s

position.

A cascaded control scheme has been implemented for Robotino’s RPM control. The inner

loop of this system includes dynamic controllers, each of which is based on a PID controller.

On the other hand, a setpoint for these controllers is provided by the outer loop, which uses a

kinematic controller. This kinematic controller receives feedback on the trajectory reference and

the current position of Robotino. The robot’s position is obtained through the odometer, which

calculates the position based on velocity, using the equation For the control of the outer

loop, different types of controllers will be applied, each offering distinct advantages, including

robustness and speed.




23

| 4
CHAPTER

RESULTS AND DISCUSSIONS

4.0.1 Empirical models

In this section, we present the empirical models that approximate the robotino’s behavior at
different positions. To obtain the transfer functions, we used MATLAB’s ident toolbox, which
applies system identification techniques to estimate the transfer functions from experimental
input-output data. These models help characterize the robot’s dynamics and are essential for

simplifying control design and analysis across various operating conditions.

Transfer function approximation for simulation
The integrated approximation models for z, y, and ¢ are presented in Table based on the
simulation system identification results.

Table 4.1: Approximation of integral transfer functions for simulation.

Variable | Simulation Model
3.8 ,—0.13s
X e
2.5 ,—0.12s
Y E
QS ﬂef[).ls
S

Fig. [f.1illustrates the actual response of the robotino model along with the approximation

model. It can be seen that the results closely match the operating point.

Transfer function approximation for experimental model
The integrated approximation models for x, y, and ¢ are presented in Table based on the
system identification results from experimental data.

Fig. shows the real response of the robotino model alongside the approximation model.

It is evident that the results closely align with the operating point.
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Figure 4.1: Empirical model based on the simulation of X, Y and ¢, respectively.

Table 4.2: Approximation of integral transfer functions for experimental

Variable | Experimental Model
X 0.331 o—025s
Y 0.32 6—0.35
S
(b 0.31 6—0.38
S

4.0.2 Controllers tunings

In this section, Tables 4.3 and 4.4] are shown, detailing the adjustment parameters obtained
for each control strategy, implemented both in simulation and through experimental valida-
tion, respectively. The adjustment process involved trial and error adjustments until obtaining
acceptable performance indices, such as response time, stability, and ISE.
4.0.3 Simulations

This section presents the results obtained from the comparison of the controllers in the

simulation of the trajectories.
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Figure 4.2: Empirical model is based on the experimental data of X, Y, and ¢.
Table 4.3: Controller tuning parameters for trajectory tracking Simulation
Parameters PI GMC SMC iPI
X | Y| o | X |y | | x|y || X y ¢
K, 252025 - | - | - | - [ - |- - _ 5
K 0605]06]| - - - - - - - - -
Ky - | -] -1]60]30]40] - | - | - - - :
Ky - - - 1205015 - - - - - -
A1 - -] -] -1-1-140]36|40] - - -
le - - - - - - 106]031]03 - - -
Kp - - - - - - 103]1.2]0.7 - - -
) - - - -T-T1920[19] - - -
a - - - -7 -1T-17T-1T-71-713007 300 | 300
Kp, -l -1l -1 -1 -1-1-1-1-7125 2.0 2.5
K, - -1 -1 -T-1T-T-T7T-17T-706 105 ] 06
Ky, - - - - - - - - - [ 1.0e7® | 1.0e® | 1.0e*
KLp2 - - - - - - - - - ].O ].O ]_O
Tip, - -T-1T-1T-1T-1T-1T-1T-17T10 [ 10 ] 10
Tp, -l -1 -1-1-1-1-1-1-1] 10 1.0 1.0
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Circular trajectory
In Fig. 4.3] all controllers show a fairly uniform response to the reference. However, small
differences are observed at the moment they reach the reference. This is due to the initial point

set for the robot to perform the circular trajectory.

1 200 T T T T T T T T T T T

1000

800

600

400

200 - |

Y [mm]

O_

-200

-400 +

-600

-800 -

-1000 : —
-1000 -800 -600 -400 -200 O 200 400 600 800 1000
X [mm]

Figure 4.3: Comparative responses of Simulation Circular Trajectory

The main difference is that, when using a conventional controller such as the PI, there is an
overshoot before reaching the reference, which is also seen in the iPI and GMC controllers. It is
worth mentioning that, when using a Model-Free controller, it approximates the reference to the
output. This causes the controller to react more quickly when large changes occur, leading to
behavior similar to GMC but with a smoother response than that of the iPI. It can be highlighted
that the iPI controller follows the reference more accurately after the overshoot. On the other
hand, when using a robust controller like the SMC, a smoother response is observed compared
to the other controllers.

In the error graph for the circle in the simulation, shown in Fig. #.4] the weaknesses of the
controller are highlighted in more detail. The overshoot occurs in the y error, specifically when

the system starts from a point other than zero, causing an increase in the error. In contrast, in the
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¢ result, there is no significant difference between the controllers. However, by analyzing how
the controllers attempt to reach the reference after the change, it becomes clear that the SMC

responds much more smoothly.
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Figure 4.4: Comparative Error of Simulation Responses for Circular Trajectory

Lemniscate Trajectory

The results shown in Fig. f.5]represent the responses of the controllers. It can be seen that all the
controllers provide a satisfactory response when generating the trajectory. The main difference
lies in the precision, where the iPI demonstrates the best accuracy, followed by the GMC and
the SMC, with the PI controller showing the least precision. This is particularly evident in the

curvature, where the PI controller deviates more significantly from the reference.

The error plots show in Fig. .6 a similar behavior across all controllers, but there is a
noticeable difference with the SMC due to its robustness, leading to this particular response.
However, its actions are much smoother. It is also evident that the 1PI controller exhibits a much

more abrupt response when reaching the reference, followed by the GMC.
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Figure 4.5: Comparative responses of Simulation Lemniscate Trajectory

Square Trajectory

Fig. .7 shows the square trajectory generated in the simulation. Unlike the experimental results,
the simulation reveals that the controllers initially oscillate before settling on the reference,
although these oscillations are smaller compared to those observed in the experiment. Further-
more, the 90-degree corners are traced with significant precision, which is not the case in the
experimental setup. Nevertheless, the behavior of all the controllers remains quite similar, with

the system following the reference nearly perfectly.

When analyzing the error behavior at each position in Fig. [4.8] it can be observed that the
controllers aim to maintain the error close to zero in the X direction, except for the SMC, which
exhibits significant oscillations and does not stabilize. In the Y direction, all controllers keep the
error at zero, although there are minor oscillations at the start as the controllers work to reach
the reference. Finally, in the ¢ direction, the error behavior is similar to the other simulation

errors, with noticeable kicks occurring due to the changes in the trajectory angle.
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Figure 4.6: Comparative Error of Simulation Responses for Lemniscate Trajectory

4.0.4 Experimental

Table 4.4: Controller tuning parameters for trajectory tracking Experimental
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2*Parameters PI GMC SMC iPI

x [ ylo|x|yl|lo| x| y]| o X y ¢
K, 1.0112]25]| - - - - - - - - .
K; 061006 | - - - - - - - - .
K; - - - 13030110 - - - - - -
K, - - - 2 40115 - - - - - -
M _ - - - - - 2.4 |35 2.63 - - -
t. - - - - - - 0.6 {04 0.5 - - -
Kp _ - - - - - 5.0 | 47| 5.8 - - -
5 B - - - - - 11313 1.2 - - -
o - - - - - - - - - 30 30 30
Kp, - - - - - - - - - 1.0 1.2 2.5
K, - - - - - - - - - 0.6 1.0 0.6
K, - - - - - - - - - 1.0e7® | 1.0e7° | 1.0e*
Ki,, - - - - - - - - - 1.0 1.0 1.0
1L, - - - - - - - - - 1.0 1.0 1.0
Tr,, - - - - - - - - - 1.0 1.0 1.0
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Figure 4.7: Comparative responses of Simulation Square Trajectory

Circular trajectory
The Fig. 4.9 shows the experimental response of trajectory tracking for a circular path using
different controllers. The graph compares the performance of GMC, iPI, PI, and SMC regarding

the reference trajectory.

GMC reaches the reference quickly but shows noticeable oscillations around the upper
section of the circle. iPI follows the reference closely with minimal oscillations, indicating
stable performance. PI also follows the reference well, with slightly more oscillations compared
to iPI. SMC shows the best performance, closely following the reference trajectory with the

least number of oscillations.

The error in variables X, Y, and ¢ for each controller acting on the circular path is shown in
Fig. .10 Initially, all controllers experience overshoot as the path does not start at zero. The iPI

mitigates the error faster and with less oscillation compared to the other controllers, stabilizing
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Figure 4.8: Comparative Error of Simulation Responses for Square Trajectory

closer to zero. In contrast, the PI controller exhibits the highest error. In the Y direction, all
controllers reach zero error, but the SMC has the best performance. For ¢, the iPI maintains the
lowest error, even though all controllers aim for zero. Additionally, around the 30-second mark,

a disturbance occurs due to the robot’s motors and the surface it operates on.

Lemniscate Trajectory

Fig. B.T1]shows the response of the controllers for the lemniscate path. At this point, the SMC
controller quickly reaches the reference with the least possible oscillation, while the PI controller
has trouble staying on the reference. Although it manages to follow it, it does not fully reach it.

However, the 1PI and GMC controllers exhibit intermediate behavior.

Analyzing the error comparison of each controller in Fig. [6.1] it is clear that both directions
and the angle ¢ aim to approach zero. However, in the case of ¢, certain oscillations occur at dif-
ferent sample times because of the robot’s motor, which responds with small jolts. Additionally,

the GMC controller exhibits the error closest to zero, while the PI controller remains the farthest



32

1 200 T T T T T T T T T T T

1000

800

600

400

200

Y [mm]

0

-200

-400

-600

-800

_1 OOO Il Il Il Il Il Il Il Il
-1000 -800 -600 -400 -200 0 200 400 600 800 1000
X [mm]

Figure 4.9: Comparative responses of Experimental Circular Trajectory

from it.

Square Trajectory

Fig. 4.13]illustrates the controller responses to a square trajectory, where problems are observed
when reaching the reference point, as the trajectory does not start at zero. Furthermore, the
GMC experiences significant oscillations at the beginning. Concerning the corners, the SMC
can navigate the curves smoothly, while the other controllers exhibit pronounced curvature at
the 90-degree angles. As in previous cases, the PI controller proved to be the least effective for

this application.

Fig. [.14] shows that all controllers strive for zero error, despite initially exhibiting a
significant overshoot. In this case, all controllers eventually stabilize around zero, although the
GMC shows considerable oscillations in the ¢ variable, and the PI controller takes longer to

reach zero in the X direction.
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Figure 4.10: Comparative Error of Experimental Responses for Circular Trajectory

4.0.5 Performance Indices
The Table 4.5 compares the performance of four controllers for the circular trajectory, using
Integral Squared Error (ISE) for the x, y, and ¢ coordinates in both simulation and experimental

conditions.

In the simulation results (/S Ej;,,), the PI controller shows the lowest errors in z and ¢,
but the highest error in y. GMC has higher errors across all coordinates compared to PI, with
significant errors in y. SMC exhibits the largest errors in both = and y, due to its robust nature,
but performs better in terms of angular precision (¢). iPI shows similar performance to PI in x
and ¢, but has a higher error in y. For the experimental results (S E,,,), PI shows the highest
errors, especially in x and y, indicating lower performance in real-world conditions. GMC,
while performing better than PI, still has high y-coordinate errors. SMC performs well in ¢, but
still has significant errors in = and y. iPI shows the best angular precision with a low 1.5 Ej, but

still has considerable errors in the x and y coordinates.
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Figure 4.11: Comparative responses of Experimental Lemniscate Trajectory

Table 4.5: Comparison of Performance Parameters for Simulation and Experimental Circular Trajectory

Controllers ISEgm ISEexp

X y ¢ X y ¢
PI 282.2 5743.0 7.9 | 3.2 x10% | 3.6 x 10* | 302.5
GMC 687.1 9455.0 | 14.3 [ 1.3 x 10* | 3.6 x 10* | 339.4
SMC 4986.0 | 9166.0 | 32.1 | 1.6 x 10* | 2.3 x 10* | 124.0
iPI 325.7 | 1.0 x 10* | 9.3 7874.0 9080.0 37.5

The Table 4.6 compares the performance of four controllers for the Lemniscate trajectory in

both simulation and experimental conditions, using the ISE for the x, y, and ¢ coordinates.

In the simulation results, the PI controller shows the lowest errors in « and ¢, but higher
errors in y. GMC offers a balanced performance, while SMC exhibits higher errors, especially
in the x-coordinate, due to its robust nature. iPI performs similarly to PI in « and y, but with
higher error in ¢. For the experimental results, PI shows significantly higher errors, particularly
in z and y, indicating poorer real-world performance. GMC performs better experimentally,

though still with higher y-errors. SMC exhibits the lowest x coordinate error, but struggles with
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Figure 4.12: Comparative Error of Experimental Responses for Lemniscate Trajectory

a higher angular (¢) error. iPI has competitive performance in = and y, but a notable increase in
¢ error.

Table 4.6: Comparison of Performance Parameters for Simulation and Experimental Lemniscate Trajectory

Controllers ISEgim ISEyp

X y ¢ X y ¢
PI 616.5 1476.0 | 16.7 | 2.9 x 10* | 1.2 x 10* | 89.8
GMC 730.0 711.8 | 24.5 | 1637.0 2417.0 94.2
SMC 2.5 x 10* | 3819.0 | 38.7 | 6497.0 2912.0 44.1
iPI 596.5 653.3 | 17.6 | 8282.0 5974.0 | 140.1

The table compares the performance of four controllers for the square trajectory, using ISE

for the x, y, and ¢ coordinates under both simulation and experimental conditions.

In the simulation results, the PI controller shows the lowest errors in x and ¢, but the highest
error in y. GMC has higher errors than PI, particularly in y, with relatively higher errors in all
coordinates. SMC performs poorly in the coordinates = and y, but still manages to maintain

reasonable angular precision (¢). iPI has a performance similar to that of PI in z and ¢, but
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Figure 4.13: Comparative responses of Experimental Square Trajectory

with significantly higher errors in . For the experimental results, PI shows the highest errors in
all coordinates, especially in x and y, reflecting poor real-world performance. GMC performs
better than PI, but its y-coordinate errors are considerably high. SMC shows better performance
than GMC in the x and y coordinates, while still maintaining a relatively low error in ¢. iPI,
although showing good angular precision, has significantly higher errors in = and y, affecting its

overall performance.

Table 4.7: Comparison of Performance parameters for Simulation and Experimental Square Trajectory

Controllers ISEgm ISEexp

X y ¢ X y ¢
PI 202.7 | 5162.0 49 | 3.0 x 10* | 4.3 x 10* | 475.1
GMC 429.7 | 6949.0 85 | 1.1 x 10* | 7.4 x 10* | 1575.0
SMC 1861 8278.0 |[23.3 | 5429.0 | 2.6 x 10* | 189.6
iPI 319.9 | 1.3 x 10* | 6.9 | 2.5 x 10* | 8.1 x 10* | 587.3
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CONCLUSIONS

This study compared control strategies for trajectory tracking on the Festo Robotino robot.
Each approach has specific benefits and drawbacks depending on the trajectory and context.
The PI controller is simple to implement, but struggles with precision on complex paths. The
GMC improves tracking accuracy, but requires more computation. SMC is robust against
disturbances, but can cause chattering. The model-free method is flexible and suitable for high

model uncertainty or scenarios that need adaptability.

The main difficulties encountered during the study included issues with connecting the
Robotino to MATLAB, a problem exacerbated by the fact that the MATLAB version used was
from 2008. This older version led to compatibility issues, impacting the overall performance
and calibration of the system. Moreover, discrepancies between the results obtained from
simulations and actual hardware tests were observed. These differences can be attributed
to several factors, including errors in the robot’s calibration, the inherent limitations of the
software and hardware, and the challenges posed by real-world conditions that could not be fully

replicated in simulations.

This comparative analysis offers useful insights for developing trajectory-tracking systems
for mobile robots, especially in changing environments, with the Robotino Festo serving as a
suitable option for academic applications. Despite the challenges faced, the study contributes
valuable knowledge that can guide future improvements and optimization of robotic control

systems, ensuring better accuracy and reliability in practical applications.
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M2

Figure 6.1: Robotino Direction

For the results, the controllers were compared using different types of trajectories, which are

detailed below:
Circular:
= 1000 sin i (6.1)
Lref = S 10 .
= 1000 cos t (6.2)
Yref = 10 ’

d)ref = tan_l (xrefa yref) (63)



Lemniscate:

t
rer = 1000sin [ —
Tref sin (10)
t t
Yref 000 cos (10) sin (10)

(bref = tanil (Q:refa yref)

Square:

10,

1000
z(t) =

0

(

1000
y(t) =

Where T is the simulation time.

ifo<t<T

if7T <t<2T

1000 — 290(t — 27) if 2T <t < 3T

if 37 <t < 4T

fo<t<T

1000 — 0(t —T) ifT <t <2T

si2T7 <t < 3T

if 37 <t < 4T

si0<t<T
siT <t <2T
si27 <t < 3T

si3T] <t < 4T
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(6.4)

(6.5)

(6.6)

(6.7)

(6.8)

(6.9)
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