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Resumen
El control de robots móviles en entornos dinámicos presenta desafíos únicos en comparación con los manipuladores 
tradicionales, particularmente debido a la influencia de la configuración de las ruedas en la dinámica del robot. 
A pesar de los numerosos estudios sobre algoritmos de seguimiento de trayectorias, a menudo se pasa por alto la 
inclusión de ruido en las simulaciones, lo cual es crítico para las aplicaciones del mundo real. Para abordar esta 
brecha, este documento proporciona una evaluación exhaustiva de cuatro algoritmos de control populares bajo 
diversas condiciones de ruido, i.e., control proporcional-integral, linealización por retroalimentación, control 
basado en Lyapunov (LBC) y control predictivo basado en el modelo (MPC). Los algoritmos fueron probados 
utilizando una trayectoria circular para asegurar condiciones consistentes y desafiantes, y sus desempeños fueron 
medidos utilizando las métricas de error absoluto integral (IAE) y error cuadrático medio (MSE). Los resultados 
muestran que el LBC y el MPC ofrecen una robustez superior al ruido, lo que los hace adecuados para aplicaciones 
prácticas. Este estudio contribuye a la literatura existente al destacar la importancia de considerar el ruido en la 
evaluación de algoritmos de control, y proporciona recomendaciones respecto a la selección de controladores 
apropiados para robots móviles en entornos ruidosos.
Palabras clave: robótica móvil; robots autónomos; teoría de control.
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Abstract
The control of mobile robots in dynamic environments poses unique challenges compared to traditional manipulators, 
particularly due to the influence of wheel configuration on robot dynamics. Despite extensive studies on path-
following algorithms, the inclusion of noise in simulations is often overlooked, which is critical for real-world 
applications. To address this gap, this paper provides a comprehensive evaluation of four popular control algorithms 
under various noise conditions, i.e., proportional-integral control, feedback linearization, Lyapunov-based control 
(LBC), and model predictive control (MPC). The algorithms were tested using a circular trajectory to ensure consistent 
and challenging conditions, and their performances were measured using the integral absolute error and mean 
squared error metrics. The results show that LBC and MPC offer superior robustness to noise, making them suitable for 
practical applications. This study contributes to the existing literature by highlighting the importance of considering 
noise in control algorithm evaluations and provides recommendations regarding the selection of appropriate 
controllers for mobile robots in noisy environments.
Keywords: autonomous robots; control theory; mobile robots.

Resumo
O controle de robôs móveis em ambientes dinâmicos apresenta desafios únicos em comparação com manipuladores 
tradicionais, particularmente devido à influência da configuração das rodas na dinâmica do robô. Apesar dos estudos 
extensivos sobre algoritmos de seguimento de trajetória, a inclusão de ruído nas simulações é frequentemente 
negligenciada, o que é fundamental para aplicações no mundo real. Para abordar essa lacuna, este artigo fornece 
uma avaliação abrangente de quatro algoritmos de controle populares sob várias condições de ruído, ou seja, 
controle proporcional-integral, linearização por realimentação, controle baseado em Lyapunov (LBC) e controle 
preditivo baseado em modelo (MPC). Os algoritmos foram testados utilizando uma trajetória circular para garantir 
condições consistentes e desafiadoras, e seus desempenhos foram medidos utilizando as métricas de erro absoluto 
integral e erro quadrático médio. Os resultados mostram que o LBC e o MPC oferecem robustez superior ao ruído, 
tornando-os adequados para aplicações práticas. Este estudo contribui para a literatura existente ao destacar a 
importância de considerar o ruído na avaliação de algoritmos de controle e fornece recomendações quanto à seleção 
de controladores apropriados para robôs móveis em ambientes ruidosos.
Palavras-chaves: robôs autônomos; robôs móveis; teoria de controle.

INTRODUCTION

Mobile robots differ substantially from traditional manipulators due to their ability to move autonomously 
in a dynamic environment. The dynamics of these robots, as described in Muir and Neuman (1987), are 
influenced by the configuration of their wheels, which affects their interaction with space and, consequently, 
their movement. This interaction is fundamental in the navigation of autonomous vehicles, as indicated 
by recent studies (Juárez-Lora & Rodríguez-Ángeles, 2023; Meng et al., 2018; Paden et al., 2016; Zhang 
et al., 2021).

The path following problem has been widely studied in the literature, with various control algorithms 
proposed to address this task (Rubio et al., 2019). However, the inclusion of noise in the simulation of 
these algorithms is less frequent, despite being a critical factor in real-world applications. This work seeks 
to fill this gap by providing a comprehensive comparative evaluation of popular control algorithms in the 
presence of noise.
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Four control strategies were selected for this study due to their relevance and extensive use in 
the literature: proportional-integral control (PIC), feedback linearization (FL), Lyapunov-based control 
(LBC), and model predictive control (MPC). Proportional control is one of the simplest and most widely 
used controllers in industrial applications. Its inclusion serves as a basic reference for comparison 
(Maxim et al., 2019; Meng et al., 2018). FL transforms nonlinear systems into linear ones, facilitating 
their control, which is especially useful in mobile systems with a prevalence of nonlinearities (Bascetta 
et al., 2022). LBC offers stability guarantees for nonlinear systems, which is crucial in environments 
with disturbances (Uddin, 2017), and, finally, MPC is known for its flexibility and ability to handle 
explicit constraints. It has proven to be effective in various robotics applications (Guo et al., 2019; 
Chaib et al., 2004).

One of the main challenges in comparing controllers is ensuring a fair and equitable evaluation. The 
selected controllers operate under different principles and designs, which means that the inclusion of the 
same noise source for all does not always ensure a fair comparison. It is essential to identify the exact point 
where noise affects the system, be it at the input, the controller output, or the actuator. In this study, four 
types of noise are used: Gaussian, uniform, impulsive, and colored (Lu et al., 2021). Including the same 
noise source for all controllers does not guarantee that performance will be affected by the controller itself 
– it could be affected solely by the noise source.

Mobile robot control includes multiple approaches and techniques, from classical controllers to modern 
methods such as adaptive and robust control. Despite the wealth of available methods, the simulation of 
these controllers under noise conditions remains a little explored research area. Previous studies have 
addressed the use of proportional-integral, proportional-integral-derivative (PID), and model predictive 
controllers in mobile robots (Bakker et al., 2010; Özdemir & Öztürk, 2017), as well as techniques based 
on Lyapunov theory and sliding mode control (Zhai & Song, 2019; Wang et al., 2019). However, few 
studies have systematically evaluated the impact of noise on these algorithms. This work aims to fill this 
gap by including random noise in simulations and detailed numerical evaluations, providing a significant 
contribution to the existing literature.

The main objectives of this study are to evaluate and compare the performance of different control 
algorithms in mobile robots under noise conditions, identify the strengths and weaknesses of each 
algorithm in terms of robustness and stability, and provide recommendations on the selection of controllers 
for practical applications in mobile robotics.

This document is structured as follows. The next section describes the model of the differential mobile 
robot and the implemented control algorithms. Afterwards, the simulation results under both ideal and 
noise conditions are presented, and the final section discusses the results obtained and presents the 
conclusions of this study.

MOBILE ROBOT MODEL AND CONTROL ALGORITHMS

Differential mobile robot model

The kinematic model of a differential mobile robot is described by a set of equations representing its motion 
dynamics. As shown in Figure 1, the robot is equipped with two independently controlled driving wheels. 
The velocities of the left and right wheels are denoted as iv  and dv , respectively, with r representing the 
wheel radius and L the distance between the driving wheel axes.
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Figure 1. Differential base of the robot

The robot's movement is based on the rotation of the wheels around their own axes and an intersection 
point called the instantaneous center of rotation (ICR). The angular velocity ( )tω  around this point is 
described by Equation (1).

( ) ( )

( ) ( )
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The motion equations in the local reference frame are expressed in Equation (2).
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The global reference frame is provided by Equation (3).
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Implemented control algorithms

In this study, four widely used control strategies in the literature were implemented and compared:

(1)

(2)

(3)
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Proportional-integral control. PIC is a classic and robust technique widely used in industrial 
applications due to its simplicity and effectiveness. Its goal is to minimize the error between desired and 
actual trajectories through proportional and integral adjustments. The PIC equation is presented in (4).

( ) ( ) ( )p iu t K e t K e t dt= + ∫
where pk

 
and ik  are the proportional and integral gains, respectively.

Feedback linearization. This technique transforms nonlinear systems into linear ones, facilitating their 
control. It is especially useful in mobile systems where nonlinearities are prevalent. The transformation is 
achieved through a series of derivatives and the use of the system's Jacobian matrix. The general equation 
is presented in (5).

−= 1u F v

where F  is the transformation matrix, and v  is the linearized input vector.
Lyapunov-based control. This method ensures system stability by defining a Lyapunov candidate 

function. The candidate function is selected such that its derivative is negative, ensuring the system's 
convergence to the equilibrium point. The control law is derived as follows:

1( )
2

TV e e Pe=

where ( )V e
 
is the Lyapunov function, e  is the error vector, and P  is a positive-definite matrix.

Model predictive control. MPC is an advanced technique that optimizes system performance by 
predicting its future behavior and adjusting the control inputs accordingly. This type of controller explicitly 
handles system constraints and is defined through an objective function that minimizes the tracking error. 
This objective function is expressed in Equation (7).

ref ref
1

( ( ) ( )) ( ( ) ( ))

( ) ( )

N
T

i
T

J k i k i Q k i k i

k i R k i
=

= + − + + − +

+ + +

∑ x x x x

u u

where Q  and R  are weighting matrices, x  is the state vector, and u  is the control vector.

Noise evaluation in the system

To evaluate the robustness of the control algorithms under noise conditions, four types of noise were 
considered:

•	 Gaussian noise is characterized by a normal distribution, and it is used to simulate common random 
disturbances.

•	 Uniform noise is equally distributed within a specified range and is used to evaluate the system's 
response to constant perturbations.

(4)

(5)

(6)

(7)
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•	 Impulsive noise consists of randomly distributed high-amplitude peaks simulating abrupt failures in 
the system.

•	 Colored noise has a specific spectral distribution, and it is commonly used to simulate more complex 
environmental and process noises.

These noises were applied at different points in the system, including the input, the controller output, 
and the actuator, in order to accurately identify their impact on system performance.

Implementation and simulation

Simulations were carried out using the MATLAB simulation environment. Each controller was implemented 
and evaluated under both ideal conditions and each type of noise. The results were analyzed in terms of 
stability, accuracy, and robustness, using standard metrics such as the integral absolute error (IAE) and the 
mean squared error (MSE).

Integral absolute error

The performance of each control algorithm was measured using the IAE metric, which is defined in 
Equation (8).

0
( )  d

T
IAE e t t= ∫

where ( )e t  is the tracking error at time t , and T  is the total simulation time. This metric was chosen 
for several reasons:

•	 Simplicity and intuitiveness. The IAE is straightforward to compute and understand, making it an 
accessible metric for evaluating control performance.

•	 Sensitivity to error size. By integrating the absolute value of the error over time, the IAE provides a 
comprehensive measure of the control system's accuracy, highlighting both small and large errors.

•	 Relevance to industrial applications. The IAE is widely used in industrial control applications, providing 
a standard benchmark for comparing different control strategies.

Mean squared error

The MSE metric, as defined in Equation , was also used to evaluate the performance of the control algorithms. 

2

0

1 ( )  d
T

MSE e t t
T

= ∫

where ( )e t  is the tracking error at time t , and T  is the total simulation time. The MSE metric was 
chosen for the following reasons:

•	 Error sensitivity. The MSE penalizes larger errors more than smaller ones, providing a clear measure of 
performance in contexts where large deviations are critical.

(8)

(9)
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•	 Common usage. The MSE is a widely used metric in control system performance evaluation, which 
facilitates comparisons with existing literature.

•	 Variability insight. By squaring the error, the MSE provides insight into the variability of the error over 
time, complementing the IAE metric.

SIMULATION RESULTS AND ANALYSIS

This section presents the results of the simulations conducted to evaluate the performance of the four selected 
control algorithms (PIC, FL, LBC, and MPC) under various noise conditions. As previously mentioned, the 
impact of Gaussian, uniform, impulsive, and colored noise on the system's tracking performance was 
analyzed using the IAE and the MSE metrics.

To provide a consistent and challenging test for the control algorithms, a circular trajectory was selected 
for the simulations. Circular trajectories are commonly used in control system testing because they require 
continuous and smooth changes in both direction and velocity, thus providing a comprehensive assessment 
of the controller's ability to handle dynamic motion and maintain stability. This choice ensures that the 
controllers are tested under conditions that closely mimic real-world applications, where precise path 
following is critical.

Results for PIC

The PIC’s performance under different noise conditions is shown in Figure 2. The reference trajectory is 
depicted in red dashed lines, while the controlled trajectory is shown in blue solid lines.

Figure 2. PIC trajectories

According to the results, the following can be stated:

•	 Gaussian noise: The PI controller exhibits significant deviation from the reference trajectory, indicating 
sensitivity to random disturbances.
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•	 Uniform noise: The system shows moderate deviation but maintains a closer alignment to the reference 
compared to Gaussian noise.

•	 Impulsive noise: Large deviations occur, demonstrating PIC's vulnerability to sudden, high-amplitude 
disturbances.

•	 Colored noise: The performance is slightly better than that under Gaussian and impulsive noise but still 
shows considerable deviation from the reference.

Results for FL

The performance of the FL controller is illustrated in Figure 3.

Figure 3. FL trajectories

The results show the following:

•	 Gaussian noise: This controller exhibits improved performance with respect to the PIC, with less 
deviation from the reference trajectory.

•	 Uniform noise: The controller maintains a trajectory closer to the reference, indicating better handling 
of constant perturbations.

•	 Impulsive noise: Despite the improvements, significant deviations are still observed, as the controller 
is susceptible to abrupt disturbances.

•	 Colored noise: The controller performs well, closely following the reference trajectory in comparison 
with other noise types.

Results for LBC

Figure 4 presents the results for the LBC.
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Figure 4. Lyapunov controller trajectories

In the above-presented graphs, the following can be observed:

•	 Gaussian noise: The controller exhibits minimal deviation, demonstrating robustness against random 
disturbances.

•	 Uniform noise: The controller shows an excellent performance, closely following the reference 
trajectory.

•	 Impulsive noise: The controller maintains a better control, with smaller deviations when compared to 
PIC and FL control.

•	 Colored noise: The controller performs well, indicating strong robustness to various noise conditions.

Results for MPC

The performance of the MPC is shown in Figure 5.

Figure 5. MPC trajectories

•	 Gaussian noise: The controller exhibits good performance, with small deviations from the reference 
trajectory.
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•	 Uniform noise: The controller maintains a close trajectory to the reference, demonstrating effective 
handling of constant noise.

•	 Impulsive noise: The controller can handle abrupt disturbances better than PIC and FL control.
•	 Colored noise: The controller exhibits a good performance, maintaining a close trajectory to the 

reference.

Comparative analysis using the IAE and the MSE

The IAE and MSE metrics were used to quantify the performance of each controller under the different 
noise conditions. The IAE values for each controller and noise type are summarized in Table 1, while the 
MSE values are presented in Table 2.

Table 1. IAE values for each controller and noise type

Controller Gaussian noise Uniform noise Impulsive noise Colored noise

PIC 2.258 1.926 1.922 1.567

FL 2.306 1.937 2.080 1.780

LBC 3.259 2.796 2.436 1.381

MPC 3.174 2.148 2.310 1.422

Table 2. MSE values for each controller and noise type

Controller Gaussian noise Uniform noise Impulsive noise Colored noise

PIC 0.023 0.025 0.027 0.023

FL 0.024 0.027 0.027 0.026

LBC 0.023 0.006 0.014 0.004

MPC 0.022 0.022 0.027 0.022

The bar charts in Figures 6 and 7 provide a visual comparison of the IAE and MSE values for each 
controller under the different noise conditions.

Figure 6. IAE comparison
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Figure 7. MSE comparison

To facilitate the interpretation and comparison of the control algorithms’ performance under different 
noise conditions, Figure 8 presents a radar chart. This chart displays the integrated performance metrics 
for each algorithm across the evaluated noise types. Each vertex of the diagram represents a noise type, 
and the radar areas indicate the aggregate performance of each controller. A smaller spread in the 
diagram represents a better algorithm performance under the assessed noise conditions. This visualization 
synthesizes the results, clearly identifying the most robust algorithms based on their ability to minimize 
IAE and MSE metrics, and it provides an intuitive perspective on the controllers best suited for practical 
applications in noisy environments.

Figure 8. Performance comparison of control algorithms under different noise conditions
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DISCUSSION

The results indicate that LBC and MPC generally outperform PIC and FL control in maintaining trajectory 
accuracy under noise conditions. Both LBC and MPC exhibit strong robustness, particularly under impulsive 
and colored noise, with minimal deviations from the desired trajectory. This behavior aligns well with their 
theoretical underpinnings: LBC ensures stability in nonlinear systems, while MPC effectively manages 
explicit constraints, making it ideal for handling disturbances.

The performance metrics reflect each algorithm's robustness and stability, showing their capacity to 
minimize trajectory deviations. Specifically, a lower IAE indicates superior accuracy in tracking the desired 
trajectory despite noise, while MSE provides additional insights into error variability over time. Controllers 
with lower IAE and MSE values show a better fit under high-noise conditions, highlighting the suitability 
of LBC and MPC for practical applications in mobile robotics, where robust and reliable control is crucial.

For a more detailed interpretation, the stability, precision, and robustness of each controller under 
various noise types were analyzed:

1.	 Stability. The stability of each controller was evaluated based on its consistent performance under 
different noise types. Specifically, the LBC, MPC, PIC, and FL display varied performance. LBC and 
MPC stand out with lower variability in both the IAE and MSE metrics, which is essential for predictable 
control in dynamic environments.

2.	 Precision. Precision, represented by a low IAE value in each controller, reflects these algorithms' ability 
to adhere to the desired trajectory. This is crucial in applications where precise movement control is 
required. MPC and LBC excel in minimizing trajectory-following errors under noisy conditions, while 
PIC and FL exhibit more notable deviations.

3.	 Robustness. The robustness of the LBC and MPC controllers is evident in their ability to maintain minimal 
deviations under strong perturbations, such as impulsive and colored noise. In contrast, PIC and FL 
showed vulnerability to high-magnitude disturbances. LBC and MPC's capacity to operate in high-
uncertainty conditions positions them as the most suitable choices for dynamic and noisy environments.

In summary, this analysis confirms that LBC and MPC, along with PIC and FL, play specific roles in the 
operation of autonomous mobile systems under non-ideal conditions. However, the results demonstrate 
that controllers achieving lower deviations in the face of disturbances –particularly LBC and MPC– are the 
most effective for applications in autonomous mobile robotics, where noise resilience is a critical factor.

CONCLUSIONS AND FUTURE WORK

In conclusion, this study highlights the importance of robust control strategies for mobile robots operating 
in noisy environments. The results indicate that Lyapunov-based and model predictive controllers offer 
superior performance, making them suitable candidates for deployment in real-world applications. Future 
research should focus on further optimizing these controllers, testing them in diverse scenarios, and 
exploring new hybrid and adaptive approaches to enhance their capabilities.

This study provides valuable insights into the performance of various control algorithms, identifying 
several areas for future research. These include extended real-world testing to validate the simulation results 
and assess the controllers' performance in practical scenarios, enhanced control strategies combining 
different algorithms for improved robustness and accuracy, the optimization of control parameters using 
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advanced techniques, a comparative analysis with additional metrics such as settling and rise times, and 
the evaluation of the algorithms' robustness to system uncertainties. Additionally, adaptive and learning-
based control methods should be explored to dynamically adjust to changing noise conditions and system 
dynamics while maintaining performance despite changes in the robot's dynamics or environmental 
conditions.
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