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Abstract: Given the growing need to enhance the accuracy of exploration robots, this study focuses
on designing a teleoperated navigation system for a robot equipped with a continuous track traction
system. The goal is to improve navigation performance by developing mathematical models that
describe the robot’s behavior, which are validated through experimental measurements. The system
incorporates a digital twin based on ROS (Robot Operating System) to configure the nodes responsible
for teleoperated navigation. A PID controller is implemented for each motor, with pole cancellation
to achieve first-order dynamics and anti-windup to prevent integral error accumulation when the
reference is not met. Finally, a physical implementation is carried out to validate the functionality of
the proposed navigation system. The results demonstrate that the system ensures precise and stable
navigation, highlighting the effectiveness of the proposed approach in dynamic environments. This
work contributes to advancing robotic navigation in controlled environments and offers potential for
improving teleoperation systems in more complex scenarios.

Keywords: Navigation system, ROS, remote control, kinematic model, dynamic model, mathematical
model.

1. Introduction
Robotics has managed to capture the attention of society with its scientific advancements, making

it a part of everyday life in many ways. Moreover, it is experiencing tremendous growth due to the
integration of sensors, electronics, and software, bringing groundbreaking changes in industries and
processes such as mining, transportation, agriculture, etc [1].

This study case is framed in the field of mobile robotics, which meets the need to limit human
intervention and facilitate production processes by implementing optimal navigation. This is achieved
through mechatronic devices that allow the robot to move in its environment using limbs, wheels or
tracks [2].

The morphology of the robot to be controlled is of differential type, a design in which most of the
propulsion systems use wheels. From this scheme, the kinematic models of the system are developed,
as described in [3–8]. For the study case in which the robot has caterpillar tracks, it is important to
take into account that the tangential velocity of the caterpillar track is uniform. Therefore, gear ratios
are generated in the driving elements of the system, so that the kinematic analysis of the robot can be
performed with any element that is part of the track [9–12].

For the operation of a navigation system, it is important to model all the loads (i.e., forces or
moments) acting on the robot to produce its motion. For this purpose, we can use the Lagrange–Euler
formulation [13], or the Newton-Euler method [14].

The proposed kinematic and dynamic models are essential to understand the operation of the
robot, providing the necessary calculations and equations to develop the navigation system. This
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process begins with the programming of nodes for teleoperated navigation using ROS, a flexible
framework for robotic software development. ROS offers a wide range of tools and libraries for
building complex robotic systems and supports multiple programming languages, such as Java,
C++ and Python. For teleoperated navigation, it is sufficient to use nodes and topics in ROS. The
transmission methods for communicating nodes and topics are described in [15]. A subscriber node
then receives these velocity values, which dictate the motion of the robot.

To evaluate programming nodes, ROS-compatible simulation software like Gazebo can be utilized.
Gazebo is an open-source platform comprising libraries designed to streamline the development of
high-performance robotic applications. It enables the simulation and evaluation of various navigation
systems, including teleoperated navigation showed in [16,17], and more advanced systems such as
autonomous navigation [18]. Autonomous systems often incorporate a broader range of sensors and
tools, such as artificial vision cameras and neural networks, which can be seamlessly implemented
within Gazebo.

The ROS topics and nodes must transmit reference values to the system’s actuators, making
a control system essential to ensure the robot achieves the commanded speeds. To achieve this,
the mathematical model of the controlled systems is required. In this case, the focus is on DC
motors with permanent magnets, whose equations and physical principles are detailed in [19–22].
Additionally, manufacturer data, combined with experimental tests, are used to determine specific
system parameters. This process results in the derivation of the motors’ transfer function, which
corresponds to a second-order underdamped system.

The mathematical model of the system to be controlled plays a crucial role in facilitating the
design of an appropriate controller, especially when analytical techniques are applied. Techniques such
as those detailed in [23] and [24] provide a foundation through classical control methods, including
PID and Lead-Lag compensators, as well as modern approaches using state-space representations.
For more complex systems, advanced methods like fuzzy logic [25] or neural networks [26] can be
employed. The selection of a specific control method depends on the system’s complexity and the
performance requirements of the desired response.

One of the most commonly used controllers in mobile robot control is the PID controller and
its variants [27–29], due to its ability to meet the requirements for efficient and precise navigation
in such systems. The tuning methods applied to this controller are diverse, ranging from analytical
approaches of varying complexity levels [30–32], which often incorporate additional techniques such
as anti-windup to mitigate the accumulation of the error integral [33,34], to advanced methods that
utilize specialized algorithms to achieve optimal controller configuration or more advanced variants
of the same [35–37].

This work aims to develop a remote navigation system for a differential mobile robot with crawler-
type traction. To achieve this, a digital twin is implemented in ROS, enabling the evaluation and
optimization of the programmed nodes. The system control is performed using a PID controller,
analytically tuned using the pole-zero cancellation technique previously described. Additionally, the
control system is evaluated in MATLAB/Simulink to ensure a comprehensive analysis and thorough
validation of performance. Finally, the system is tested under real-world conditions, implementing
navigation through a Jetson Nano, where all necessary nodes are programmed and configured, and an
Arduino Mega 2560, which integrates the motor control system.

2. Materials and Methods
2.1. Establishment of Parameters

The parameters required for the design of the navigation system are obtained from mathematical
models, experimental data, data sheets, and data obtained from the mechanical design of the system.
The initial parameters, given by the mechanical design and the data sheets, are shown in Table 1.
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Table 1. Known robot variables.

Variable Valor
Distance between wheels (L) 0.650048 m

Track sprocket radius (r) 0.07286 m
Number of motor output teeth (N1) 18

Number of teeth of the track sprocket (N2) 27
Mass of the structure 6.949 kg

Track mass 5.435 kg
Wheel mass 3.589 kg

Front sprocket mass 2.898 kg
Rear sprocket mass 2.36 kg

Casing mass 6.464 kg
Other components 13.667 kg
Robot inertia (Izz) 15.3 kg· m2

Maximum angular velocity of motor (ωM) 321.6 rad/s
Maximum motor torque (τ) 1.1333 Nm

Gearbox motor transmission ratio (γ) 1/15
Motor supply voltage 24 V

2.1.1. Robot Kinematic Model

Using Figure 1, Equation (1) is obtained, which describes the velocity of the robot in the plane.

Figure 1. Location in the plane of a differential mobile robot.

ẋh

ẏh

θ̇

 =

cos(θ) −h · sen(θ)
sen(θ) h · cos(θ)

0 1

 ·
[

V
ω

]
(1)

Since the robot operates on a differential drive system, the control variables, V (linear velocity)
and ω (angular velocity), are defined by Equations (2) and (3). These are expressed as functions of
the track velocities, which in turn depend on the angular velocity of the driving elements, specifically,
the drive sprockets of each track. These sprockets are connected to their respective motors via a
transmission ratio i, as defined by Equation (4).

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 March 2025 doi:10.20944/preprints202503.1046.v1

https://doi.org/10.20944/preprints202503.1046.v1


4 of 19

V =
r · i · (ωMD + ωMI)

2
(2)

ω =
r · i · (ωMD − ωMI)

L
(3)

i = γ · N1

N2
(4)

By solving for the values of ωMD and ωMI from (2) and (3), the reference values for the control
algorithm are derived. These reference values are presented in Equations (5) and (6).

ωMD =
2 · V + L · ω

2 · i · r
(5)

ωMI =
2 · V − L · ω

2 · i · r
(6)

If the first derivative with respect to time is taken from Equations (5) and (6), expressions for the
angular accelerations of the motors are obtained in Equations (7) and (8).

αMD =
2 · a + L · α

2 · i · r
(7)

αMI =
2 · a − L · α

2 · i · r
(8)

2.1.2. Dynamic Model of the Robot

For the validation of the control system, it is essential to have the model of the forces and moments
acting on the robot, as these serve as disturbances to the control system, enabling the evaluation of the
system’s robustness. Newton’s equations are applied to the dynamic model, based on the equilibrium
diagrams presented in Figures 2.

(a) (b)

Figure 2. Equilibrium diagrams for the dynamic model of the differential robot. (a) Equilibrium diagram in the
XZ plane. (b) Equilibrium diagram in the XY plane.
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Applying Newton’s second law with the forces from Figure 2, Equation (9) is obtained.

∑ Fx = m · a

FT − FF · sgn(VL) = m · a

FT − FN · µ · sgn(VL) = m · a

FT = m · a + FN · µ · sgn(VL)

FTD + FTI
2

= m · a + m · g · µ · sgn(VL)

FTD + FTI = 2 · (m · a + m · g · µ · sgn(VL))

τPD
r

+
τPI
r

= 2 · (m · a + m · g · µ · sgn(VL))

τPD + τPI = 2 · r · (m · a + m · g · µ · sgn(VL))

τMD
i

+
τMI

i
= 2 · r · (m · a + m · g · µ · sgn(VL))

τMD + τMI = 2 · r · i · m · a + 2 · r · i · m · g · µ · sgn(VL) (9)

If Newton’s second law for rotational mechanics is applied using the moments generated by the
forces from Figure 2, the Equation is obtained.

∑ MCM = Izz · α

FTD · d − FTI · d + FFI · d · sgn(−ω)− FFD · d · sgn(ω) = Izz · α

τPD
r

· d − τPI
r

· d +
1
2
· m · g · d · µ · sgn(−ω)− 1

2
· m · g · d · µ · sgn(ω) = Izz · α

d
r
· (τPD − τPI) +

1
2
· m · g · d · µ · (sgn(−ω)− sgn(ω)) =

r
d
· Izz · α

τPD − τPI =
r
d
· (Izz · α − 1

2
· m · g · d · µ · (sgn(−ω)− sgn(ω)))

τMD
i

− τMI
i

=
r
d
· (Izz · α − 1

2
· m · g · d · µ · (sgn(−ω)− sgn(ω)))

τMD − τMI =
r · i · Izz · α

d
− r · i · m · g · d · µ · sgn(−ω)

2 · d
+

r · i · m · g · d · µ · sgn(ω)

2 · d
(10)

By solving the system of equations (9) and (10) for the variables τMD and τMI , the Equations (11)
and (12) are obtained.

τMI = r · i · g · m · µ · sgn(V) +
r · i · g · m · µ · sgn(w)

2
+ r · i · a · m +

r · i · α · IZZ

2 · d
(11)

τMI = r · i · g · m · µ · sgn(V)− r · i · g · m · µ · sgn(w)

2
+ r · i · a · m − r · i · α · IZZ

2 · d
(12)

Using the initial parameters and the proposed models, the parameters shown in Table 2 are
obtained. It is important to emphasize that there is no definitive way to define the friction coefficient µ,
so the value of 0.08 defined using analytical and experimental methods in [38] is used.

Table 2. Established parameters.

Parameter Value
Maximum linear speed of the robot (V) 1.03396 m/s

Maximum angular velocity of the robot (ω) 3.18119 rad/s
Maximum angular acceleration of the motors (αM) 1000 rad/s2
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2.1.3. Parameters for the Control System

The kinematic and dynamic models describe the robot’s behavior, providing information on
key parameters for the navigation system. However, it must be considered that the response of
the actuators is not ideal, so obtaining their transfer function is essential to design a control system
and ensure that the system reaches the desired reference values. To this end, experimental tests are
conducted to approximate the transfer functions, which are given by Equation (13) for the right motor
and by Equation (14) for the left motor.

GMD(s) =
1326.9907

s2 + 14.8638 · s + 99.0085
(13)

GMI(s) =
1215.7615

s2 + 14.4579 · s + 90.9525
(14)

The models previously shown correspond to a second-order underdamped system, with each
model having an equivalent circuit like the one in Figure 3, and they are governed by Kirchhoff’s laws,
as shown in Equation (15), and by Newton’s second law in Equation (16).

Ea(s) = Ra · Ia(s) + s · La · Ia(s) + Vb(s) (15)

To(s) = s · Im · ω(s) + b · ω(s) (16)

Figure 3. Equivalent circuit of a permanent magnet DC motor. [20]

Equation (16) can be rewritten as a difference between the torque delivered by the motor, which is
given by Equation (17), and the disturbance torques modeled by Equations (11) and (12).

Tm(s) = KT · Ia(s) (17)

To(s) = Tm(s)− Td(s) (18)

With these equations and the block diagram corresponding to the motor in Figure 4, a simulation
of the entire system can be performed, allowing the evaluation of the controller’s behavior when
subjected to different disturbances modeled by the load torque Td.
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Figure 4. Mathematical model of a permanent magnet motor with block diagram.

With Equations (15), (16), (17), and (18), along with the block diagram from Figure 4 and experi-
mental tests, the motor parameters were obtained, which are indicated in Tables 3 and 4.

Table 3. Approximate parameters of the right motor.

Parameter Unit

KT 0.1039 Nm/A
Kb 0.0694 V· s/rad
Im 0.000512 kg· m2

b 0.000251 Nm · s /rad
La 0.153063 H
Ra 2.2 Ω

Table 4. Approximate parameters of the left motor.

Parameter Unit

KT 0.1086 Nm/A
Kb 0.0694 V· s/rad
Im 0.000542 kg· m2

b 0.000272 Nm · s /rad
La 0.164792 H
Ra 2.3 Ω

2.2. Design Proposal

For the navigation of the robot, a remote control is used that is connected to a computer designated
as “Master”. This computer publishes the velocities at which the robot must move in the topical
cmd_vel. This topic, in turn, sends these values to the node controlling the motors in the robot’s
CPU. Using Equations (5) and (6), the angular velocities of the robot’s motors are calculated and these
reference values are sent to the control system at each time instant. The detailed scheme of this process
is shown in Figure 5.

Figure 5. Schematic of the remote navigation system.
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2.2.1. Programming the Robot in ROS

For the robot programming, the teleop_twist_joy package was used to configure the controller
shown in Figure 6.

Figure 6. Physical controller used for the teleoperated navigation of the robot.

The installed node allows configuring the buttons and axes from Figure 6 and scaling them to the
robot’s velocity values obtained in Table 2, so that the node publishes the robot’s linear velocity V and
angular velocity ω on the cmd_vel topic.

On the other hand, for the implementation of the digital twin in Gazebo, the URDF file of a
simplified version of the robot is used, where the robot’s masses shown in Table 1 are configured.
Additionally, the differential_drive_controller plugin is added, in which the angular velocities,
angular accelerations, and torques of the driving wheels are configured using the data from Tables 1
and 2. In this way, the connection of the nodes with the velocity topic is as shown in Figure 7.

Figure 7. Schematic of the connection between nodes.

2.2.2. Design of the Control System

To ensure that the motors’ acceleration does not produce torques greater than previously stated, a
response time is proposed that depends on this parameter and the maximum angular velocity.

Ts =
ωmax

αmax
(19)

Using Equation (19), a response time of 0.322 s is obtained, so the pole dominating the dynamics
of both systems must be located at 12.4224. To achieve this, a PID controller is proposed, with a transfer
function for each motor, as shown in Equation (20).

The PID controller is designed in such a way that the dynamics of the plant to be controlled are
nullified, so that, in a closed loop, the system has a first-order transfer function used te pole-zero
cancelation. In this way, the desired response time can be controlled almost freely. However, controllers
that employ an integrative part to correct the steady-state error have a drawback: when the control
signal saturates, which is inevitable in physical systems, the integral of the error begins to accumulate
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over time, leading to the windup effect. Therefore, it is necessary to counteract this effect with some
anti-windup technique, such as those discussed before.

C(s) =
kp · τd · (s2 + 1

τd
· s + 1

τd ·τi
)

s
(20)

On the other hand, the mathematical models of the plants are second-order underdamped, as
shown in Equation (21).

G(s) =
K · ω2

n
s2 + 2 · ζ · ωn · s + ω2

n
(21)

Pole cancellation nullifies the plant’s dynamics, ensuring that Equation (22) is satisfied.

s2 + 2 · ζ · ωn · s + ω2
n = s2 +

1
τd

· s +
1

τd · τi
(22)

In this way, the direct chain of the system is given by Equation (23).

C(s) · G(s) =
K · ω2

n · kp · τd

s
(23)

Therefore, considering unit feedback as shown in the diagram of Figure 8, the closed-loop transfer
function is given by Equation (24).

T(s) =
K · ω2

n · kp · τd

s + K · ω2
n · kp · τd

(24)

Figure 8. Schematic of the control system with unity feedback.

With the response time equation for a first-order system, Equation 25 is obtained.

Ts =
4

K · ω2
n · kp · τd

(25)

Equations (22) and (25) allow finding the values of the PID controllers that adjust the response to
the desired time and eliminate the steady-state error. These values are shown in Table 5.

Table 5. PID controller parameters for the robot’s motors.

Parameter Right motor Left motor
kp 0.149347 0.158561
τd 0.067278 0.069166
τi 0.150127 0.158682

With the controller designed and functional in continuous time, a control algorithm can be
obtained, making use of numerical methods to go from the complex domain s to the complex domain z.
The complexity of the methods varies according to the precision and accuracy desired in the estimation;
some of the best-known methods can be seen in [39]. For the discretization of the controllers, the
Backward Euler method is used, with a sampling time of 25 ms. This time was determined analytically,

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 March 2025 doi:10.20944/preprints202503.1046.v1

https://doi.org/10.20944/preprints202503.1046.v1


10 of 19

considering the smallest sampling interval allowed by the encoders of the motors used. In this way,
the necessary equations for the control algorithms are obtained, as shown below.

uMD(k) = 0.5513 · eMD(k)− 0.4019 · eMD(k − 1) + iMD(k) (26)

iMD(k) = 0.02487 · eMD(k) + iMD(k − 1) (27)

uMI(k) = 0.5847 · eMI(k)− 0.4386 · eMI(k − 1) + iMI(k) (28)

iMI(k) = 0.0249 · eMI(k) + iMI(k − 1) (29)

Equations (26) and (28) correspond to the control laws for the right and left motors, respectively,
while Equations (27) and (29) correspond to the equations for the error integrals of both motors, in
which the anti-windup technique shown in Figure 9 is applied.

Figure 9. Schematic of the control system with unity feedback and anti-windup.

Discretizing the system from Figure 9, the algorithm shown in Figure 10 is obtained.

Figure 10. Schematic of the control system with unity feedback and anti-windup.
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For the physical implementation, the joy_node and teleop_node, shown in Figure 7, are pro-
grammed in ROS, installed on a Linux-based operating system (Ubuntu 20.04) on a computer desig-
nated as the master. On the other hand, the computer responsible for receiving commands from the
master computer, known as the slave, does not require node programming, as it will only connect to
the master via a network. This computer, also equipped with ROS and the same operating system, is a
Jetson Nano. Its primary function is to transmit the received velocities to the control system via serial
communication, maintaining the structure outlined in Figure 5.

Finally, the control system is implemented on a microcontroller, specifically on an Arduino Mega
2560, using ROS libraries to manage communication with the topics sent by the master computer’s
nodes. Based on the robot’s linear and angular velocity values received through the cmd_vel topic,
individual references for each motor are calculated using the robot’s kinematic model. These references
are subsequently sent to the discretized PID controller, equipped with an anti-windup system to ensure
a quick response under saturation conditions.

3. Results
3.1. Implementation of ROS Nodes in Gazebo

The nodes programmed in ROS are evaluated through the implementation of the digital twin in
Gazebo, using two network-connected computers: the master, with the nodes to read the controller
values and publish them as velocity values, and the slave, with the Gazebo node running to simulate
the physical movement of the robot based on the received velocity commands. In this way, the cmd_vel
topic is published by the master computer, while the same topic is read and processed by the slave
computer.

3.2. Simulation of the Control System

Before implementing the control system with the mathematical models of the robot, it was
verified that the performance of the controllers tuned using the pole-zero cancellation method met the
established design conditions. To achieve this, the control system’s response for both the right motor
and the left motor was evaluated in continuous time, obtaining an output curve in response to a step
input, as shown in Figure 11.

Figure 11. Performance of the control system for the left motor in response to a step input in continuous time.

The response shape shown in Figure 11 corresponds to the curve of the left motor. However, since
the tuning method used for both motors is exactly the same, the right motor’s response exhibits an
identical shape. When the control system is discretized and its behavior is analyzed in response to a
step input, the resulting curve is shown in Figure 12.
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Figure 12. Performance of the control system for the left motor in response to a step input in discrete time.

Similarly to the previous case, the curve shown in Figure 12 corresponds to the left motor, while
the curve for the right motor is practically identical. Additionally, as observed in both figures, the
behavior of the two systems is similar, with a slight discrepancy around 0.4 seconds. At that point, the
discrete system deviates from behaving like a first-order system, exhibiting a small overshoot that is
negligible. This difference is more clearly seen in Figure 13.

Figure 13. Comparison between the behavior of the continuous and discrete controllers in response to a step
input.

The discrepancy between the responses in continuous and discrete time arises because, when
discretizing the continuous system, pure integrations and differentiations disappear. Additionally, the
numerical method used for discretization plays a crucial role in determining how well the discrete-time
system approximates the continuous-time system.

Another fundamental factor in the discretization of the control system is the sampling time.
Regardless of the numerical method used, a shorter sampling interval ensures a better approximation
to the continuous-time system. In the case of Figure 13, the discrete-time system demonstrates good
performance using the Backward Euler method with a sampling period of 25 ms.

When a saturator is implemented in the previously evaluated control system, the behavior of
the response changes dramatically. When the system operates without the anti-windup controller
and a saturator, its behavior is shown in Figure 14. During saturation, when the actuators reach their
maximum speed limit, they are unable to precisely track the reference velocity, causing a delay in the
system’s response. This delay arises because the controller’s integrative part continues to accumulate

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 March 2025 doi:10.20944/preprints202503.1046.v1

https://doi.org/10.20944/preprints202503.1046.v1


13 of 19

error as the reference is not reached. Once the system returns to its operational limits, the output signal
remains unchanged until the integral is fully discharged. It is crucial to note that even when the control
signal is saturated, if the integral continues to grow, the control signal will stay at its saturation limit
until the integral is entirely cleared.

Figure 14. Windup effect on the left motor.

To solve this problem, an anti-windup controller is implemented. This controller limits the
accumulation of error over time, preventing the error from increasing indefinitely while the system is
saturated. Thanks to this controller, when the system exits saturation and returns to its operational
limits, the actual velocity quickly adjusts to follow the reference velocity instantaneously, eliminating
the delay and improving the system’s response accuracy, as shown in Figure 15. The same controller
has been applied to the right motor, ensuring the system operates correctly.

Figure 15. Anti-windup effect on the left motor.

As observed in Figure 15, when the system is saturated, it does not reach the desired value
because the control signal can no longer grow to adequately follow the reference. Additionally, this
saturation alters the system’s behavior whenever the controller calculates a control signal greater than
the saturation limit.

The desired behavior, as shown in Figure 12, will only be achieved if the control signal sent to the
actuator always corresponds to the signal calculated by the controller. Otherwise, if saturation persists,
even for a short period of time, the desired behavior of a first-order system can be lost. As shown
between 6 and 7 seconds in Figure 15, the system exhibits under damped second-order behavior.

Finally, the system was validated using all the mathematical models, aiming to achieve responses
as close as possible to those of a physical system. The simulated system is shown in Figure 16.
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Figure 16. Mathematical model of the robot implemented in Matlab/Simulink.

The system shown in Figure 16 consists of three fundamental blocks. The first is the controller,
which implements the algorithms described in Figure 10 for both motors. Using step inputs for linear
and angular velocities, connected to sliders, reference velocities are sent to the robot. Equations (5) and
(6) are used to calculate the reference velocities for the motors.

The second block is the actuator, which contains the block diagram shown in Figure 4, where the
inputs are the control signal and the disturbance torque. Lastly, the robot block includes kinematic
and dynamic models, which allow the generation of graphs showing the linear and angular velocities
achieved by the robot. Additionally, the dynamic model provides feedback to the actuators with the
load torque generated by the robot.

With the system in operation, the linear velocity graphs, shown in Figure 17, and the angular
velocity graphs, shown in Figure 18, are obtained, where the reference velocities are compared with
the actual velocities.

Figure 17. Reference linear velocity and linear velocity achieved by the control system.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 March 2025 doi:10.20944/preprints202503.1046.v1

https://doi.org/10.20944/preprints202503.1046.v1


15 of 19

Figure 18. Reference angular velocity and angular velocity achieved by the control system.

The behavior of the curves in Figures 17 and 18 is due to the saturation or physical limitation of
the actuators, which have a maximum angular velocity of 321.6 rad/s. When a combination of linear
and angular velocity is presented simultaneously, according to Equations (5) and (6), one of the two
motors, depending on the direction of the robot’s movement, will need to exceed its maximum speed
to reach the reference values. Since the system cannot achieve this, a steady-state error is generated.
Additionally, the load that the motors must overcome reduces their maximum angular velocity, causing
the saturation to occur sooner. When the linear velocity is saturated and the reference angular velocity
changes, the linear velocity deviates from its reference to try to compensate for the angular velocity,
similarly, when the angular velocity is saturated and the linear velocity changes. This effect is evident
between 12 and 25 seconds of the simulation. Likewise, when the system exits saturation and returns
to its operational limits, the anti-windup controller allows the output signal to quickly follow the
reference, as observed around 35 seconds.

3.3. Implementation of the Navigation System

Once the systems were validated through simulation, they were physically implemented using the
Jetson Nano and the Arduino Mega 2560. At this stage, the control system’s performance was initially
evaluated by applying a constant reference value for linear velocity, followed by a constant reference
value for angular velocity. The results obtained demonstrated that the system’s responses meet the
established requirements. Figure 19 shows the graphs of the reference signal and the measured signal
for linear velocity, while Figure 20 presents the corresponding graphs for angular velocity.

Real_Linear_Velocity

Reference_Linear_Velocity
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Figure 19. Reference linear velocity and linear velocity achieved by the control system.
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Figure 20. Reference angular velocity and angular velocity achieved by the control system.

The horizontal axis of both graphs indicates the number of samples taken at regular intervals of 25
milliseconds, corresponding to the sampling time. This means that every 100 samples represent a 2.5-
second interval. It can be observed that the process signal reaches the reference value around sample
15, which is approximately 0.375 seconds. Furthermore, as shown in the figures, the steady-state error
is zero, demonstrating the correct performance of the system.

With the control system operating correctly, the master computer nodes were activated, and
the serial connection between the Arduino and the Jetson Nano was established. From the Arduino
code, the most relevant data was published on a new topic named w_m, which maintains the same
structure as the cmd_vel topic. In this topic, the components x, y y z correspond to the control signal,
the reference motor velocity, and the measured motor velocity, respectively. It is important to highlight
that the linear velocity components are associated with the left motor, while the angular velocity
components correspond to the right motor, as shown in Figure 21.

Figure 21. Topic w_m with the most relevant data from the control system.

4. Conclusions
The acquisition of the robot’s parameters from mathematical models, datasheets, and mechanical

design specifications is a crucial aspect, as these serve as input variables for designing the navigation
system. In this work, three main stages were addressed: programming in ROS, controller design, and
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physical implementation. Programming the robot using ROS enabled the networking of a digital twin
of the robot simulated on a computer with another computer used to control the system’s navigation
via a remote control with joysticks.

On the other hand, the selected PID controller met all the established requirements, demonstrating
optimal performance in the system simulated in MATLAB/SIMULINK. In this simulation, the most
relevant parameters were considered to make the system resemble a real system as closely as possible,
taking into account physical limitations such as the operational range of the actuators. To address
these constraints, solutions such as the anti-windup compensator were proposed, designed to prevent
excessive error accumulation.

Finally, the physical implementation of the navigation system allowed for the validation of both
the performance of the programmed nodes and the designed control system. These components were
seamlessly integrated with the physical equipment that will operate the robot, demonstrating the
proper functioning of its remote navigation.
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