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Thailand's remarkable economic progress has earned it recognition as a
development success story, but terrorism remains a significant threat,
particularly in the southern provinces. To effectively combat terrorism,
intelligent systems like military robots are being increasingly utilized
worldwide, including the development of vision-based robots and unmanned
military equipment. The Thai government aligns with this trend by aiming to
manufacture military robots, including armored mobile robot (AMR)
equipped with cameras for peacekeeping and surveillance purposes. The
development of an automatic tank simulation robot control system integrates
global position system (GPS) technology, digital compasses, and lidar
sensors to enhance efficiency, directional control, and obstacle avoidance.
The study investigates the implementation of Kalman filters to enhance the
precision of navigation in AMRs used in military contexts. The suggested
system combines GPS, Lidar sensors, and digital compasses, utilizing
advanced sensor fusion algorithms to improve directional control and
obstacle avoidance. The system's usefulness is demonstrated through field
tests and simulations, especially in complicated contexts where conventional
approaches may face difficulties. The findings help to the progress of
military robotics by providing a strong answer for improving navigation
accuracy in real-world situations.
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1. INTRODUCTION

Over the past forty years, Thailand's economy has grown remarkably, moving the country from a
low-income to an upper-middle-income status and garnering praise for its development accomplishments [1].
However, the nation is still facing significant threats from terrorism, particularly in the southern provinces of
Yala, Narathiwat, and Pattani [2]. Utilizing cutting-edge equipment, such military robots, has become crucial
in addressing these security issues. Unmanned robot technology is developing quickly on a global scale, and
many nations are making significant investments in it [3]. By enabling remote or autonomous operations that
help to minimize deaths and reduce the need on human troops, these military robots play a critical role in

aiding armed forces [4].

In modern defense systems and security operations, the role of armored mobile robots (AMR) is
becoming increasingly significant [5]. These vehicles offer a variety of benefits, including reduced risk to
personnel, enhanced reconnaissance capabilities and increased operational efficiency [6]. The development
of unmanned systems, particularly armored vehicles, has become a focal point in modern defense strategies.
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As these systems are deployed in increasingly complex environments, the need for accurate and reliable
navigation systems becomes paramount. Previous research has explored various approaches to improve the
navigation accuracy of these vehicles, yet challenges remain, particularly in dynamic and obstacle-filled
environments. However, ensuring proper AMR navigation and control remains a critical challenge, especially
in complex and dynamic environments. Artificial intelligence (Al) has become increasingly important in the
defense sector, and organizations are realizing its potential [7]. In line with this trend, the Thai government
aims to utilize Industry 4.0 concepts in the defense sector by producing military robots [8]-[10]. Military
robots equipped with cameras are being developed to maintain peace and carry out surveillance in conflict
zones and along borders. In particular, research on military tank robotic systems has been carried out [11], [12].
One promising approach to overcome this challenge is the application of Kalman filters [13]. Kalman filters
are widely used in navigation systems to estimate the state of a dynamic system based on a series of noise
measurements [14]-[16]. By integrating data from multiple sensors and refining estimates over time, Kalman
filters can significantly improve the accuracy and reliability of navigation [17], [18].

This paper focuses on the simulation, development, and evaluation of a Kalman filter-based AMR
navigation system for unmanned armored vehicles. We investigate the effectiveness of the Kalman filter in
improving navigation accuracy in various scenarios, including straight-line trajectories, sharp turns, and
obstacle-filled environments. The control system design includes features such as controlling the movement
of the driverless car via a global position system (GPS) system, digital compass, and lidar sensors to improve
directional control and obstacle avoidance [19]-[21]. The significance of this research lies in addressing the
gap between existing navigation systems and the requirements for high precision in military applications.
While many studies have utilized sensor fusion techniques, the integration of Kalman Filters offers a
promising approach to refining navigation accuracy. For instance, studies by [22]-[24] have demonstrated the
potential of Kalman Filters in improving state estimation in mobile robots. However, these studies often
focused on controlled environments or lacked comprehensive field testing. This paper aims to fill this gap by
developing a robust navigation system for AMRs that can operate effectively in real-world scenarios. The
research builds on the work of previous contributors but distinguishes itself by its focus on integrating
Kalman filters with a combination of GPS, lidar sensors, and digital compasses for enhanced navigation
accuracy. The following sections will outline the problem, review relevant literature, and describe the
methodology used to address the identified gaps.

AMR operation is facilitated by setting latitude and longitude coordinates on a map and utilizing the
Arduino Mega board as the main processor, which works together with the motor control unit, digital
compass and GPS module. The system is designed to determine the AMR's position coordinates, transmit the
coordinates to the controller, and incorporate obstacle avoidance capabilities for dynamic obstacle avoidance
during the mission. Additionally, a compass is integrated to help control the direction of movement of the
AMR, ensuring accurate navigation towards the desired destination. By conducting experimental studies and
analyzing the results, we aim to demonstrate the potential of Kalman filters to significantly improve the
performance of unmanned armored vehicle navigation systems. Through this research, we seek to contribute
to the advancement of Thailand's defense capabilities by developing robust and precise navigation solutions
for unmanned armored vehicles. The organization of this work is as follows: the subsequent section provides
an elaborate methodology section that delineates the design, development, and evaluation of the suggested
navigation system. The results section contains empirical observations, which are analyzed in relation to prior
research, and the paper finishes with a discussion of implications of this study and recommendations for
future research.

2. METHOD
2.1. Mechanical, electronics, and software design

As an initial stage of this research, the mechanical design of the AMR resembles a miniature tank.
This mobile robot concept adopts a caterpillar track with several combinations of gears, bearings, struts, coil
springs, chains, and two DC motors, as presented in Figure 1. The rear driving wheel is directly connected to
the DC motor shaft and serves as the main mover of this robot. The movement of this mobile robot adapts the
differential drive system. At this prototype stage, the body, top cover, and caterpillar track of the tank are
made of iron. There are two tracks on a caterpillar track vehicle one on each side. These vehicles are widely
used in mining, agriculture, defense, and other off-road industries.

2.2. Kinematic model of a tracked vehicle

Kinematic models were developed for the AMR based on the computer aided design (CAD)
mechanical design. Because of its superior handling of longitudinal slides, greater traction, and decreased
ground compaction, tracked vehicles are becoming more and more common in tough terrain. Their increasing

Indonesian J Elec Eng & Comp Sci, Vol. 37, No. 3, March 2025: 1569-1579



Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 g 1571

application in agriculture emphasizes the necessity of precise models for creating controllers that can track
paths. The kinematic model of a tracked vehicle is derived in this section and is also relevant to vehicles
driven differently. Steering is accomplished by driving the left and right tracks at different speeds, which
causes the tracked vehicle to skid. Tracked vehicles have continuous tracks, similar to those found on
military tanks. We see this kinematic model in Figure 2.

Figure 1. 3D CAD model design that contains of: 1) tank body; 2) tank top cover; 3) bearing wheel; 4) rear
driving wheel; 5) coil spring; 6) strut; 7) lower roll; 8) metal track; and 9) metal chain

yr

Figure 2. Kinematic model of AMR

The center of mass of the tracked vehicle is where the body-fixed coordinate system is situated [25].
The heading angle in the global coordinate system is denoted by 0t, while the origin coordinates are xt and yt.
The tread width of the vehicle is marked as b, while the half-track length is indicated as It [26]. The velocities
from the tracks act as control inputs for the vehicle's speed and steering rate in a kinematic model. The tracks
also produce driving forces. Similar to wheeled vehicles, tracked vehicles also undergo slippage, which can
be modelled by taking longitudinal slip and slip angle into account at each track [27]. There are no lateral
forces when the vehicle's motion direction is in line with the track motion direction. However, when the
travel direction changes as a result of obstructions or uneven [28]. Table 1 provides a comprehensive
summary of the kinematic model.

Table 1. Equation definition
Nomenclature

O; : tankOrigin | : half-track length S¢ :  right hand side slip values
X . xcoordinate of the tank b : vehicle tread Sy : left hand side slip values
yt : ycoordinate of the tank 6:  : heading angle ox . sideslip angle
Vi, linear velocity of left wheel V., : linear velocity of right wheel ~«; : netangular velocity
Vi i netlongitudinal velocity Vs @ latheral velocity
_ Vss
ag =tan—1(-= Q)
Ve
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S =1-7b =10 )
X = g[wl(l —Ss) + w,.(1 — S,)][cos 6, — sin 6, tan ag; ] 3)
Ve = g[wl(l — Sg) + w,.(1 — S5 )][sin 8 + cos 6, tan ] 4)
o, = r[wzu—ssz);wr(l—ssr)] 5)
w0 =L (@, — ) (6)
Ve =" (0, + ) 7)
%, =V, cos 0, + V,, (8)
ye =V, sin 6, + Vg, ©)
0 = w; + wy (10)
Ve = =V, sinf, tan ag, — g (w,Sg; + w;Ssy) cos 6, + g (wy-Sg; + w;Ssy) sin O, tan a; (11)
de = —V,cosf,tanay — g (wySg + WS, ) sin B, + g(a)rSS, + w,;S,) cos 0, tan ag; (12)
Wq = %(wrssl — w;Ss) (13)

The lateral force, acting perpendicular to the vehicle's orientation, uniformly affects the vehicle. The
side slip angle as: measures the difference between the vehicle's heading and its actual direction (1), defined
using lateral velocity Vs and net longitudinal velocity V: at the center of gravity. Longitudinal slip values, S
for the left track and S for the right track, are defined separately and may not always correlate. Longitudinal
slip (2) [29] can sometimes increase speed, such as when climbing a slope, but usually hinders forward
motion. For the right track, longitudinal slip is defined using the linear speed roy, driven by the sprocket
rotating at angular speed o, with a radius r, and net forward speed V.. The left track's slip ssl is determined
similarly [17]. The kinematic model includes as, Ss, And Sg. To simplify controller design, in (3)-(5) are
reformulated using the vehicle's linear and angular velocities, Vi and oy, instead of the tracks' angular
velocities o and wr. The final kinematic equations, incorporating track slips, are presented with relationships
between vehicle and track velocities. Vehicle sliding introduces terms Vay, Vay, and g [30].

Figure 3 illustrates the electronics and software design, providing a detailed overview of the
system's architecture and functionality. Figure 3(a) wiring diagram illustrates how different electrical
components that are essential to a system perhaps an autonomous car or military robot be integrated (1)
Raspberry Pi; 2) Arduino Mega; 3) DC motor drivers; 4) Stepdown; 5) Ublox M8N GPS; 6) Compass; 7)
MPUG6050; 8) Bluetooth; 9) MicroSD card module; 10) YDLidar X4; 11) DC motors; and 12) power supply).
These parts include the Arduino Mega and Raspberry Pi microcontroller boards, which handle low-level
control and high-level processing, respectively. DC motor drivers control the direction and speed of the DC
motors, and a stepdown converter maintains appropriate voltage levels across the system. While the
MPUG050 accelerometer and gyroscope provide motion sensing capabilities, modules like the Ublox M8N
GPS and compass offer precise positioning and orientation data. Wireless communication is enabled via
Bluetooth, and data storage is made possible by a MicroSD card module. The YDLidar X4 Lidar sensor helps
in mapping and obstacle detection. A power supply unit provides power to the system, guaranteeing that
every part operates as it should. These elements work together to create a unified system that is intended to
function well in a variety of navigation, control, and operation settings.

The system flowchart in Figure 3(b) shows the steps involved in operating a mobile robot that can
navigate waypoints and avoid obstacles. First, the system sets up necessary parts such the GPS, compass,
Lidar, and inertial measurement unit (IMU). The first navigational waypoint is then retrieved. The system
then determines whether there are any waypoints left to route to. In the event that waypoints are still present,
the robot's current position and orientation are ascertained by the system using GPS data and the compass
direction filtered by Kalman Filter. Lidar data is gathered in tandem to identify any obstructions in the robot's
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path. The system starts obstacle avoidance navigation when it detects an obstruction, changing the direction
of navigation according to the compass heading. The system checks to see if the current waypoint has been
reached if no obstacles are found. After reaching the waypoint, the algorithm looks for other ones. The
procedure repeats, retrieving the next waypoint, if there are any more waypoints. After navigating all
waypoints, the system shuts off the motors and ends the process. The system continuously calculates the
navigation vector during the procedure, directing the robot's movement in accordance with the intended path
determined by the waypoints and obstacle avoidance factors.

Initialize GPS, Initialize GPS,
Compass, IMU, Lidar,

Waypoints etc.

|

Get Waypoint — Get Next Waypoint

e >
Obstacle
Yes Perf |
Detected erform Obstacle
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(b)

Figure 3. Electronics and software design (a) wiring diagram and (b) flowchart system
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Reached?

Check More
Waypoints?

2.3. Evaluation

Figure 4 presents the experimental coordinates and their corresponding details, providing a
comprehensive overview of the setup. Field testing is done to assess this mobile robot's readiness at the
coordinates 14.0345936,100.7333836, as shown in Figure 4(a). The waypoint paths in the testing scenario are
categorized into three shapes: triangle, square, and rectangle. The target pathways in Figures 4(b) to 4(d)
show several waypoints, each of which represents a different trajectory that the robot must follow. These
field tests evaluate the robot's capabilities and performance in various path configurations, offering important
information about its operational efficacy and possible areas for development. The data from the compass
sensor, GPS, and Kalman filter results are then recorded. These results are then evaluated using formula root
mean square percentage error (RMSPE) (14) to test the accuracy level of the sensors and Kalman Filter
compared to the given target waypoints [31].

LN o-m2
RMSPE = ¥ —— % 100 (14)

Mean(y)
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Figure 4. The experimental coordinates and scenario for: (a) location (b) rectangle, (c) square, and
(d) triangle waypoints

3. RESULTS AND DISCUSSION
3.1. Mechanical and electronics assembly

This section discusses the mechanical design assembly of the Armoured mobile robot. The creation
of this robot is based on pre-made CAD designs. Figure 5 presents the outline of the hardware/mechanics that
have been made. Figures 5(a) and 5(b) show the side and top views of the robot. It can be seen that the tank
body, tank top cover, bearing wheel, rear driving wheel, coil spring, strut, lower roll, metal track, and metal
chains are already installed on the two right and left sides of the robot. Figures 5(c) and 5(d) present a series
of electronics connected to each other to create the navigation control for the Armoured mobile robot. The
DC motor is located at the back of the robot as the prime mover.

“'f i:,4‘ .l

-

oo o SR S S AR

Figure 5. AMR implementation in the: (a) side view, (b) top view, (c) electronics component, and
(d) DC motors installation

3.2. Software deployment and field test

The kinematic model of the AMR with tracked wheels was then validated by applying the formula
to the simulation. The simulation was carried out by following three scenarios, namely waypoints in the form
of triangles, squares, and rectangles. These scenarios consist of geometric shapes defined by sets of
waypoints and corresponding completion times. The results of the simulation are presented in Figure 6,
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where Figure 6(a) represents a simulation with triangular waypoints, Figure 6(b) with square waypoints, and
Figure 6(c) with rectangular waypoints. In addition to tracking and following the given points, the simulation
also included an obstacle in the form of a square-shaped pixel. By incorporating a lidar sensor, the robot
managed to navigate evasively and maintain effective tracking in all three scenarios. The triangular scenario
is defined by the waypoints [10 5; 30 5; 20 17.5; 10 5] and takes 70 seconds to complete. In the square
scenario, the waypoints [13 5; 23 5; 23 15; 13 15; 13 5] outline the shape, with a completion time set at 52
seconds. The rectangle scenario, defined by waypoints [10 5; 25 5; 25 15; 10 15; 10 5], requires 66 seconds
to complete. These scenarios likely serve as navigation or movement challenges where participants or
systems traverse the specified waypoints within the allocated time frames.
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Figure 6. Waypoint simulation: (a) triangle, (b) square, and (c) rectangle

After the simulation is complete, the waypoint algorithm is embedded in the AMR. The Figure 7
shows experimental results showcasing obstacle avoidance techniques utilizing Lidar readings. It presents
visualizations from three distinct scenarios: in Figure 7(a) wired obstacle detection, likely utilizing sensors
connected via wires; Figure 7(b) indoor Lidar reading visualization, demonstrating obstacle perception within
indoor environments; and Figure 7(c) outdoor Lidar reading visualization, illustrating obstacle interpretation
in outdoor settings.

As a result of field testing, compass and GPS data were recorded and compared between target
waypoint values, sensor values, and sensor values to which the Kalman filter had been applied. The
experimental results comparing various scenarios using GPS sensor readings and Kalman-filtered GPS data,
presented through visualizations as shown in Figure 8. It outlines comparisons between raw GPS sensor
readings and Kalman-filtered GPS data for square, rectangular, and triangular paths. Specifically, it shows
the Figure 8(a) squared GPS sensor reading, Figure 8(b) squared GPS Kalman filtered, Figure 8(c)
rectangular GPS sensor reading, Figure 8(d) rectangular GPS Kalman filtered, Figure 8(e) triangular GPS
sensor reading, and Figure 8(f) triangular GPS Kalman filtered. In each scenario, two obstacles are provided,
and the robot is able to navigate, avoiding and following the given waypoints. Meanwhile, experimental
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results are shown in Figure 9, which compares compass sensor readings in the square in Figure 9(a),
rectangle in Figure 9(b), and triangle in Figure 9(c) scenarios before and after applying a Kalman filter. The
comparison provides information about how well the filter works to increase accuracy and dependability.
These situations, which are likely to vary in complexity, enable evaluation of the filter's capacity to reduce
noise and mistakes in sensor data, improving the robot's navigation accuracy.

Figure 7. Obstacle avoidance using lidar: (a) wired obstacle, (b) indoor, and (c) outdoor visualization

O nundNouuALANLIANBIAUNATLITABTINAT IS

A

(d)

Figure 8. Experimental results visualisation of all scenarios comparing: (a) squared GPS sensor reading,
(b) squared GPS kalman fitered, (c) rectangle GPS sensor reading, (d) rectangle GPS kalman fitered,
(e) triangle GPS sensor reading, and (f) triangle GPS kalman fitered

Table 2 presents RMSPE values for GPS sensor readings and Kalman filtered GPS data, as well as
Kalman filtered compass data, across different geometric scenarios. For the square scenario, the GPS sensor
RMSPE is 1.02559, while the GPS Kalman RMSPE is slightly higher at 1.35922, indicating a slight increase
in error after Kalman filtering. However, the compass Kalman RMSPE is considerably higher at 8.26708,
suggesting significant error in compass data after Kalman filtering. In the rectangle scenario, both GPS
sensor and Kalman RMSPE values are higher compared to the square scenario, with GPS sensor RMSPE at
2.91329 and GPS Kalman RMSPE at 2.66248. The compass Kalman RMSPE decreases notably to 1.82381
in this scenario. Finally, in the triangle scenario, the GPS sensor RMSPE is highest at 8.54065, but it
decreases significantly to 1.03170 after Kalman filtering, indicating substantial error reduction. The compass
Kalman RMSPE for the triangle scenario is 4.94345, indicating moderate error reduction compared to the
GPS Kalman RMSPE. Overall, these results suggest varying levels of error reduction achieved through
Kalman filtering across different geometric scenarios, with notable improvements observed particularly in
GPS data accuracy. The results emphasise the advantages of the suggested system, including its capacity to
ensure precise navigation even when impediments are present. Nevertheless, the presence of elevated
RMSPE values in specific cases indicates the need for enhancements, such as the optimisation of sensor
fusion techniques and the fine-tuning of the Kalman filter parameters. The study's results align with prior
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research but provide notable improvements in practical usefulness, especially in intricate settings where
conventional approaches may be inadequate.
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Figure 9. Experimental results comparing compass sensor Kalman filtered reading using: (a) square,
(b) rectangle, and (c) triangle scenarios

Table 2. Kalman filter performance
Scenario  GPS sensor RMSPE  GPS Kalman RMSPE  Compass Kalman RMSPE

Square 1.02559 1.35922 8.26708
Rectangle 2.91329 2.66248 1.82381
Triangle 8.54065 1.03170 4.94345

4. CONCLUSION

The complex details of developing, putting into practice, and testing the Armoured mobile robot
have all been covered in this paper, with special attention paid to the robot's mechanical layout, navigational
algorithms, and sensor integration. The effectiveness and functionality of the robot's navigation system have
been closely examined and assessed via stringent field testing and simulations. The outcomes of the
simulations and field testing have given important new information on the capabilities and constraints of the
armoured mobile robot. The robot has proven to be proficient at navigating a variety of situations and
successfully avoiding obstacles, as evidenced by the successful validation of its navigation algorithms,
especially the integration of GPS, Lidar, and Kalman filtering. The experimental data has demonstrated the
importance of sophisticated signal processing methods in improving the navigation accuracy and reliability.
The Armoured mobile robot has also demonstrated its versatility and adaptability by successfully completing
predetermined pathways and obstacle avoidance maneuvers, as well as by navigating a variety of terrains and
complicated settings. These accomplishments demonstrate the robot's potential for use in real-world
applications, such as industrial automation and search and rescue operations. In order to further advance the
capabilities and applicability of the Armoured mobile robot in a variety of environments and tasks, future
work could concentrate on improving sensor fusion techniques to improve perception accuracy,
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implementing autonomous decision-making algorithms for dynamic path planning, integrating machine
learning and Al for adaptive navigation strategies, enhancing energy efficiency and durability for long-term
autonomy, and investigating ways to improve human-robot interaction.
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