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1. INTRODUCTION

A warehouse serves as a spacious structure for storing diverse products sourced from various
suppliers and arranged on shelves. When a customer makes a purchase, a human picker is required to
navigate the warehouse to locate and retrieve the specified product from its designated location, constituting
what is referred to as an order-picking operation. These operations incur substantial costs, making up 55% of
the overall operating expenses for the warehouse [1]. Managing materials within a warehouse is linked to
determining the most efficient route, facilitating optimal transportation for automated navigation vehicles.
This aspect is a crucial component in the development of intelligent warehouses.

An autonomous guided vehicle (AGV) is a self-navigating wheeled robot designed to transport shelves
autonomously, moving them from storage to a consolidation area [2]. In this consolidation zone, staff retrieve
the necessary products from the shelves. Subsequently, the shelves are returned to the storage area using a
warehouse mobile robot. The primary function of the warehouse maobile robot is to streamline order fulfilment
operations by handling material transport within the warehouse. AGVs typically come equipped with automatic
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navigation systems, such as electromagnetic, optical, or laser devices [3]. These technologies ensure that the
system can autonomously follow a pre-established route without the need for manual steering.

The warehouse moving robot relies on a path-planning algorithm to move materials in the
warehouse. Path planning involves constructing a starting point to a destination where the robot must travel.
The AGV must run along the built track; the track must be such that the way does not collide with the racks
in the warehouse [4]. AGV movement relies on a combination of sensor-based guidance and a software-
based guidance system. They have a predictable path for their movement, including obstacle avoidance and
detection [5]. This includes transporting goods and raw materials around industries or warehouses to avoid
obstacles and ensure safe delivery at their destination. Material handling with the help of AGV is also
essential in facilities such as warehouses, factories, terminals, and distribution centers. Autonomous navigation
uses a control structure architecture based on automated guided systems in terms of algorithm design.

Based on previous research, there are several categories of groups for mobile robot control systems.
One of the categories is the use of sensors in the control system. The use of sensors allows the control system
to move the robot in a dynamic environment [6]. Shamsuddin et al. [7], research was conducted on controls
that can estimate and predict a vehicle's direction based on data obtained by sensors. The use of sensors is also
combined with an intelligent control system [8]-[10]. The limited movement of the robot, which is only around
track detection, is an obstacle for this category [11]. The next category uses a path planning approach where the
control system moves the robot based on a predetermined starting point, path, and endpoint [12], [13].
In addition, mapping is carried out on the surrounding environment so that the robot is avoided from collisions.
This category utilizes control strategies that consider distance, time, and energy efficiency. The third category is
a strategy that relies on optimization techniques designed to generate proper trajectory control for the robot.
The mathematical model of mobile robots forms the basis of this category of controllers. Measurement of the
error between the reference and the actual path is also carried out in this category [14], [15]. One of the control
methods in this third category is pure pursuit [16], [17].

Based on several previous studies that have successfully implemented several categories of mobile
robot systems with sensors that are classified as high-cost, this paper proposes to simulate, design, and
implement an AGV using a combination of three categories combining pure pursuit control, waypoints, and
several low-cost sensors (GPS, range, and magnetometer) to reach the desired target. Using this scheme, the
AGV has better waypoint tracking capabilities and shorter path lengths. In this paper's case study, a binary
occupancy grid map is employed to represent the storage environment, optimize path planning, address obstacle
avoidance, and validate the algorithm's efficacy through simulations conducted in MATLAB/Simulink.
In contrast to previous research, which only reached the prototype and simulation stages, this research carried
out direct implementation and testing in the field. The map was made based on real situations on the shop floor
of K. Rattanakit Co., Ltd., Thailand. The company trades or manufactures building materials, chemical products
and operates road services. The AGV simulated approach has been successfully tested on the actual factory
floor using several inexpensive sensors, including the HMC58831 Magnetometer and the Ublox-6M GPS. Field
testing revealed that the AGV successfully adhered to several preset points. Several updates still need to be
made to refine AGV movements in tracing the waypoints that have been given. Details of the research results
are presented in the following sections.

2. METHOD

In general, as shown in Figure 1, this research methodology starts from designing the AGV
regarding the length, width, and height of the AGV, distance between wheels and wheel diameter. Based on
this design, a kinematics model is then prepared, which will be used as a basis for parameters in creating
simulations in the MATLAB application. At the simulation stage, several tests were carried out using several
scenarios to obtain the most optimal look-ahead value. After that, the system is then implemented in actual
conditions on the factory floor to distribute material from one point to another.

eyt Kinematics MATLAB Hardware L
Hardware Design — Model T Simulation - Assembly —* Field Testing

Figure 1. Research methodology

2.1. Warehouse AGV environment modeling
Manual measurements are taken between waypoints to create a representation of the warehouse
environment, as illustrated in Figure 2. The distances measured are then employed in an image editing
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application to generate a map saved in .png format, as illustrated in Figure 3. It is noteworthy that each pixel
in the resulting map represents one meter, resulting in a resolution of 37x22 pixels. Subsequently, using the
applications and libraries provided by MATLAB, images can be converted into a binary occupancy grid, and
they are saved in matrix (.mat) format. The warehouse comprises four primary locations: pick-up point,
warehouse one, warehouse two, and charging point. AGV movement is constrained to predefined main roads,
with the AGV navigating based on waypoints positioned in front of each room, sequentially from room
number 1 to 4. In the simulation, the waypoints are represented by x and y coordinates on the Cartesian axis.
However, in the actual implementation, these coordinates will be replaced with longitude and latitude values.
The obstacles avoided in the simulation are walls that divide the robot's movement.
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Figure 2. AGV environmental measurement Figure 3. Binary occupancy grid map

2.2. AGV hardware design and kinematics model

The model of the mobile robot, known as the two-wheel differential drive (TWD) [18], [19], refers
to both the mechanical structure of the robot and its method of movement. Figure 4 depicts the Cartesian
coordinate system of the AGV with the waypoint trajectory. The robot has two rear wheels powered by a
motor, while the third wheel is a caster that can rotate on its axis. This configuration allows the robot to move
exclusively along the x-axis and precludes movement along the y-axis. Moreover, the robot possesses the
capability to rotate on the z-axis. Modifying the angular speed differential between the left and right wheels
allows the robot to move in the x and y planes.

The robot's chosen pose is represented as Pose = (x,, y,, 6,), where y, represents the robot's y-axis
location, 6,. its direction, and x,. its position along the x-axis. The (1) illustrates the AGV's kinematic model,
which is further expressed in (2). v in units of m/s is a linear velocity, and win rad/s is angular velocity. Some
of the parameters used in this kinematic equation are illustrated in Figure 4. The forward kinematics of the
robot are provided in (3) and (4), while the inverse kinematics are presented in (5) and (6) [20], [21].
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Figure 4. The kinematic model of the AGV
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In the context of the given equations, where R represents the radius of the left/right wheel, L is the
wheelbase of the robot, @, and oy are the angular velocities of the left and right wheels, respectively; the
manipulation of the left and right wheel speeds becomes the means by which the robot is controlled. By using
the forward kinematics equation, the speed between the two AGV wheels can move in opposite directions so
that linearly along the x-axis, it can navigate forward or backwards. Notably, the wheel coordinate system
lacks uniformity, requiring distinct wheel rotation directions for linear motion. Suppose the robot rotates
positively about the z-axis. In that case, it is crucial to assign a positive orientation to the left wheel along its
axis and a negative orientation to the right wheel along its axis.

2.3. AGV control algorithm

The underlying principle of pure pursuit's control laws involves iteratively fitting distinct circular
arcs to various waypoints as the robot progresses forward, ultimately reaching the final destination point [14].
The destination is defined as a constant look-ahead distance along the path, measured from the closest point
between the AGV's current location and the reference path. The output of the controller establishes the wheel
speed, ensuring a consistent and steady linear velocity for the AGV. Figure 5 presents an illustrative
depiction and explanatory breakdown of the Pure Pursuit Algorithm (PPA), a widely used method in robotics
and autonomous vehicle navigation. Figure 5(a) shows that the symbol "r" signifies the curvature radius,
indicating the distance from the closest robot position and reference path to the subsequent reference point.
The variables x and y denote the longitudinal and lateral errors between the robot's current and intended
positions. In this scenario, the specification of the viewing distance, denoted as "L" significantly influences
the controller's performance. Utilizing information from Figure 5(a), (7), (8), (9), (10), and (11) are derived
to address the turning radius challenge (r), ultimately leading to the formulation of the curvature equation in
(12) [22], [23].

r=Ax+d @)
r=d? + (Ay)? (8)
r2 = d? + (Ay)? 9)
r? = (r — Ax)? + (Ay)? (10)
r= Q@) (11)
y=;="% (12)

The implementation of pure pursuit algorithm (PPA) in the MATLAB/Simulink application
computes the linear velocity and angular velocity of the robot based on its current pose and a set of
waypoints [24]. The PPA involves two inputs and two outputs, as depicted in Figure 5(b). The pose
encompasses the robot's position in the xy plane, with its x and y coordinates relative to the | coordinate
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frame and their angles relative to the x-axis. The forward visibility influences the algorithm's performance.
Opting for a smaller visibility value can enhance the robot's path tracking, although an incorrect setting of
foresight may lead to system instability. Therefore, it is crucial to determine this value with precision.
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Figure 5. Pure pursuit algorithm (PPA) (a) PPA overview and (b) PPA ways of working

3. RESULTS AND DISCUSSION

Based on the research methodology explained previously, in this section, the results and discussions of
the experiments that have been carried out will begin to be discussed. This section starts from preparing maps for
simulation to creating block diagrams with parameters adapted to the AGV design, which have been discussed in
the kinematics model and control algorithm sections. After obtaining the best parameter results in the simulation,
system implementation and field testing are then carried out. The results of this research are presented in the
following subsections.

3.1. Probabilistic roadmap

The probabilistic roadmap function is used to test the binary occupancy map [25], [26].
By employing a probabilistic roadmap, it becomes possible to observe various potential network graphs on
the map, considering unoccupied areas. The algorithm for probabilistic roadmaps uses a network of
interconnected nodes to detect paths without obstacles, ranging from the initial point to the destination.
It efficiently devises routes through the environment by randomly generating the locations of these nodes.
Figure 6 is the result of PRM, obtained four-node coordinates with x and y values separated by the following
semicolon [5 10; 5.39 9.72; 30.58 9.43; 30 8]. Thus, this map is ready to be used for simulation.

0 S 10 15 20 25 30

Figure 6. Probabilistic roadmap testing result

3.2. MATLAB/Simulink block diagram

By combining range sensors with pure pursuit, the AGV achieves obstacle avoidance while
navigating its path, as illustrated in Figure 7. Utilizing a series of waypoints, the AGV advances from one
target coordinate to the next. The inputs for determining linear velocity involve pose and range information.
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Subsequently, angular momentum for both the right and left wheels is selected to derive the pose and
visualize the trajectory. The input and output specifics of the pure pursuit block, integrated with sensor-
derived values that determine the AGV's driving logic, are elucidated in Figure 8.
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Figure 7. Simulation block diagram
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Figure 8. Block diagram of waypoint navigation system and obstacle avoidance

Additionally, Figure 9 provides insights into the inverse kinematics block of the AGV. The angular
velocity generated from the previous block is used as input for the AGV simulation block, consisting of AGV
forward kinematics and generic robot simulation blocks as shown in Figure 10. Figure 11 shows the details of
the forward kinematics block, while Figure 12 is an AGV kinematics block model. To guarantee the precision
of the developed kinematic model, pure pursuit control, binary occupancy map, and obstacle detection, it is
essential to conduct testing activities that encompass a variety of parameters, as specified in Table 1.

The simulated movement task for the AGV is illustrated in Figure 13, showcasing four waypoint
coordinates labelled from 1 to 4. Each coordinate is defined by x and y values, presented as pairs separated by
semicolons [13 10; 25 13; 30 8; 5 10]. The AGV will traverse from the initial waypoint to subsequent points,
progressing through the sequence until reaching the fourth point.
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Figure 9. Differential drive inverse kinematics Figure 10. AGV simulation
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Figure 13. The task for AGV simulation

Table 1. Experiment setup

Parameters Task 1 Task2 Task3 Task4 Task5 Task6 Task7
Look ahead (m) 0.01 0.1 0.2 0.4 0.6 0.8 1
Wheel radius (m) 0.1 0.1 0.1 0.1 0.1 0.1 0.1
AGV radius (m) 0.71 0.71 0.71 0.71 0.71 0.71 0.71

Safety distance (m) 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Turning radius (m) 0.25 0.25 0.25 0.25 0.25 0.25 0.25

v (m/s) 0.75 0.75 0.75 0.75 0.75 0.75 0.75
o (rad/s) 15 15 15 15 15 15 15
Time (s) 62.5 62.5 62.5 62.5 62.5 62.5 62.5

3.3. Experimental results
Figure 14 illustrates the analysis of the look-ahead effect across various values. A smoother path

tracking is achievable with an increased look-ahead value, albeit with a directional change occurring before
reaching the waypoint. When forward visibility diminishes, the robot alters its course upon reaching the
waypoint, resulting in undesirable oscillations, as depicted in Figures 14(a) and 14(b). This study exclusively
employs kinematic equations, neglecting dynamic conditions. Consequently, the path taken by the robot
exhibits heightened oscillations and covers a greater distance, evident in the blue line when the foresight
value is set t0 0.01 m or 0.1 m.
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Figures 14(c) to 14(g) portray results with relatively stable oscillations, but only Figure 14c
successfully reaches all specified waypoint coordinates with a look-ahead value of 0.2 m. The simulation
determines that the optimal condition for the AGV to reach all designated waypoints is a look-ahead value of
0.2 m. Figure 15 displays the left and right wheels' simulated speeds, while Figure 16 shows the AGV's
movement in relation to its x and y coordinates.

@

Figure 14. Experimental results: (a) Task 1; (b) Task 2; (c) Task 3; (d) Task 4; (e) Task 5; (f) Task 6; and
(g) Task 7
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Figure 15. Right and left wheel speeds Figure 16. x and y coordinates of AGV

3.4. AGV hardware assembly and test drive

After the simulation, the design and implementation of the AGV from a mechanical and electrical
perspective are then carried out. AGV radius and wheel radius are made the same as the parameters used in
the simulation. Figure 17 showcases the design and implementation process of an Automated Guided Vehicle
(AGV), providing a comprehensive overview through a 3D CAD model, top view, bottom view, and the final
assembly configuration. Figures 17(a) to 17(d) show the results of the mechanical design and
implementation, while Figure 18 shows the electronic configuration of the AGV robot. Table 2 shows the
specifications of the AGV robot obtained through testing in Figure 19.

@ R B

Figure 17. AGV design and implementation: (a) 3D CAD model, (b) top view, (c) bottom view, and
(d) AGV final assembly
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Figure 18. AGV electrical configuration Figure 19. AGV driving test
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Table 2. AGV specification

Specification Value Specification Value
AGV width 71cm  Back wheel radius 10 cm
AGV height 87cm  Weight of the AGV 7.5kg
AGV depth 58cm  AGV load capacity 60-120 kg
Distance between rear wheels 50cm  DC motor speed 150-300 RPM
Distance between front wheels 70cm  DC motor torque 5-15 Nm.
Distance between the front and rear wheel 60 cm  DC motor voltage 24V
Front-wheel Radius 5cm  Maximum speed 10-15 Km/Hr.

3.5. Ultrasonic distance scanner (UDS) using the internet of things (1oT)

In addition to the hardware assembly system, a prototype ultrasonic distance sensor is also designed
and manufactured using internet of things (IoT) technology. 10T is used with the consideration that this
technology allows real-time monitoring of ultrasonic distance scanner (UDS) [27]. This prototype uses a
7.4 V 2,200 mAh Li-Po battery as a power source plugged into a three-legged on/off switch. The switch
output is connected to the DC pin input of the L289N motor driver. The only part of the L298N that will be
used is the 5 V regulator to reduce the voltage from the battery. Then, the ground and 5 V from L298N are
connected to ultrasonic sensors ESP8266, Servo SG90, and HC-SR04. The connection involves linking the
servo data pin to the D3 pin of the NodeMcu. Subsequently, the echo pin is connected to D6, and the trigger
pin is linked to D5, as depicted in Figure 20. Message queuing telemetry transport (MQTT) is used as an loT
communication protocol through the anto.io platform. In order to facilitate better comprehension and
application, Figure 21 presents the hardware and software setup of an Ultrasonic Distance Sensor (UDS).
Figure 21(a) shows the logic of the ultrasonic scanner moving from right to left and vice versa repeatedly
with a maximum servo movement angle of 90°. Figure 21(b) shows the installation configuration between
the servo motor and ultrasonic sensor, while Figure 22 shows the results of interfacing data from UDS.

§ HC-SR04
.@ w4 Ultrasonic sensor
Motor driver
L298N
ESP8266 .
NodeMcu On/Off switch
7.4V 2200mAh

o il

Figure 20. Wiring diagram of UDS

Li-Po Battery

Maximum Maximum
Range Left Range Right

HC-SR04

= | J|trasonic Sensor

@

Figure 21. UDS configuration (a) software logic configuration and (b) hardware configuration
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Figure 22. UDS system interface

3.6. Field testing

We carried out one field test with one track consisting of four destination points that were adjusted
to each material delivery post in the factory. The waypoint path is planned to move counterclockwise.
The waypoint coordinates are obtained based on the longitude and latitude readings on Google Maps. Figure 23
shows the results of AGV experiments in the field, showing the system's performance in following the path.
WP1 is the starting point for the AGV, which then goes to WP2, WP3, and ends at WP4. The red line shows
the planned waypoint, while the green dot and yellow line represent the actual response obtained from the
AGV. It can be seen that the actual response and waypoint at several points have pretty significant differences.
This is due to the resolution of GPS (Ublox Neo6M), where the error rate ranges from 4 meters to 7,756 meters
(calculated based on longitude and latitude using the great circle distance formula). The GPS reading error is also
affected by the test location being squeezed/obstructed by two buildings so that the signal reading is less than
optimal. This discrepancy is also brought on by the compass sensor's (HMC5883L) readings varying, which is
brought on by the AGV's vibration and irregular road conditions.

Waypoint Results

Wayoort ard Actusl GPS Trackng

Figure 23. AGV testing on the factory

4. CONCLUSION

Pure pursuit control algorithm with obstacle avoidance for AGV simulation has been implemented.
The simplified kinematic model of the AGV robot shows the effect of forwarding visibility values for PPA.
The results show that a small look-ahead value has unwanted oscillations in the robot path. A range sensor
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was added to give the AGV the ability to avoid obstacles. Simulations are carried out using MATLAB/
Simulink with realistic environmental parameters. The combination of path following, and obstacle
avoidance shows that the AGV robot can maneuver well. The latest research results show that the look-ahead
value changes the robot's range to the reference point. In addition, no oscillations were observed in the
motion of the robot. It can be said that the highest forward visibility has a positive effect on the robot's travel
time. In this case, the robot changes its direction without approaching the reference point. In conclusion, the
AGYV field test exposed significant differences between planned and actual waypoints, with the GPS (Ublox
Neo6M) showing an error rate from 4 to 7,756 meters. Signal obstruction and sensor fluctuations contributed
to these discrepancies. To enhance precision, future efforts should focus on improving GPS accuracy,
mitigating signal obstructions, and minimizing sensor fluctuations using sensors with better accuracy, such as
real time kinematics global navigation satellite systems (RTK GNSS).
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