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e ABSTRACT

By

Edgard Harya Wiratara

Dr. Rusman Rusyadi, Advisor

SWISS GERMAN UNIVERSITY

This thesis presents the design, integration, and evaluation of an autonomous
docking system for a AMR using AprilTag visual fiducial markers within the ROS2
framework. The primary objective is to enable accurate and repeatable docking to a
charging station without human intervention. The system combines visual
perception, SLAM-based localization, and a custom mechanical dock design to
ensure reliable alignment and contact between the AMR and the charger.
Methodologically, the project utilizes SLAM Toolbox for mapping, Nav2 for
navigation, and a custom docking server integrated with AprilTag detection to guide
the robot to the charging dock. Docking performance is evaluated both with and
without a predefined staging pose, analyzing the precision and accuracy of the final
pose using standard deviation and Root Mean Square Error (RMSE).
The results show that the proposed docking system is capable of correcting
misalignment up to 6.93°, and achieves positional accuracy with an average RMSE
below 0.3 meters.
keywords.: Autonomous Mobile Robot, ROS2, Simultaneous Localization and
navigation, Navigation 2

© Copyright 2025

by Edgard Harya Wiratara
All rights reserved

Edgard Harya Wiratara



CHARGING AND DOCKING MECHANISM Page 4 of 64
FOR AMR USING APRILTAG

DEDICATION

I dedicate this work for the future of the automation industry in Indonesia.

Edgard Harya Wiratara



CHARGING AND DOCKING MECHANISM Page 5 of 64
FOR AMR USING APRILTAG

e ACKNOWLEDGEMENTS

I would like to express my gratitude to all those who have supported me throughout
the course of this thesis work. My heartfelt thanks go to my family and friends, with
whom [ spent most of my time during this journey, sharing ideas, discussing
challenges, and offering mutual encouragement. [ am especially thankful to my thesis
advisor, Dr. Rusman Rusyadi, for his guidance, insightful feedback, and support
during my research. I am also deeply grateful to my fellow comrades—Nathanael
Wijaya Saputra, Richky, Nicolas Kenneth, Vassetha, and Juan Roderick—for their
companionship and moral support, which made the entire process more bearable.
Lastly, I would appreciate my parents for providing me with the opportunity to pursue

my that enabled me to complete this thesis..

Edgard Harya Wiratara



CHARGING AND DOCKING MECHANISM Page 6 of 64
FOR AMR USING APRILTAG

e TABLE OF CONTENTS

o STATEMENT BY THE AUTHOR.........co e 2
LY = 5 I O 3
[ 1 07N 0 ] 4
o ACKNOWLEDGEMENTS ... s s s s snr s s s s s s s s s s e s mmmnnnnns 5
® LIST OF FIGURES. ........cooooiieecierrieerrrrsrmsssss s s s e s e rns s sss s s s s e e nn s mnan s nnssssesnnsnnnnns 8
O LIST OF TABLES.........coeeeerie ittt rr s r s s s s s s 9
o CHAPTER 1 - INTRODUCTION........cooiiiiiiiiirssssnemr s s 10
1.1 BACKGROUND........ererrrrrr s s 10
1.2. PROBLEM STATEMENT ..o rrrrsr s s s s s e e eee e 1
1.3. THESIS OBJECTIVE.......cco it e s sr s s ses s s s e s e s snnnnns 11
1.4. SIGNIFICANCE OF STUDY ...cotueiriiininsirisnsssssssesssssssssssssssssssssnnsnns 11
1.5 SCOPE AND LIMITATIONS.........cooiiiiiiiiemeneeer e 11
e CHAPTER 2- LITERATURE REVIEW...........cccooiirereereeesee e e 14
70 T {0 1 14
2.6 FIDUCIAL MARKERS ..........oo i s s s s 17
2.9 EXISTING STATE OF RESEARCH........ccccccciiiiiiirirrrrrrrrr e 19
e CHAPTER 3 -RESEARCH METHODS.........ccccoiiiiiiiriireecesssse e e e e sesmmsssnnss e e erenenes 20
3.1 MOBILE ROBOT SYSTEM OVERVIEW ........cccoooiiiiiiiiinnssnnnnnneees 20
3.1.1 HARDWARE SELECTION......ctttiiiiiiiiiiiieie e 21
3.1.1.1 MaiN COMPULET ... i e e e 21
3.1.1.2 ESP32 mMicroCoNtroller...........ccooeiiiiieiieiiiiici e 21
3.1 1.3 RPLIAAr @2ms.......ooeeeeiie e 21
3.1.1.4 Quadrature ENCOAEr ...........uuuuiiiiiiiiiiiiiiiie e 21
3.1.2 MOBILE ROBOT CONFIGURATION ....covviiiiiiieiiiiieeeeee 22
Figure 3.2 Differential drive AMR ... 23
3.1.3 POWER CONSUMPTION .....utiiiiiiiiiiiiiiiiieeiee e 23
3.2. SYSTEM SOFTWARE. ... ssmmnmmn e 24
3.2.1 ROBOTIC FRAMEWORK ......cciiiiiiiiiiiieieeeeeeeee e 24
3.2.1.1 Drive SYSBM ..o 24
3.2.1.2 localization and navigation system ...........ccccceeeiiiiiiiii e, 26
3.2.2 APRILTAG DETECTION SYSTEM.....ccovvviiiiieiiieieeiceee 28
3.3 CHARGING DOCK SYSTEM ... s 31
3.3.1 CHARGING CIRCUIT MECHANISM...........cccoiiirirrirrrrrrrerrsssse s 32
3.3.2 MECHANICAL DOCK DESIGN ......ccooiiiiiiiiiiie i 32

Edgard Harya Wiratara



CHARGING AND DOCKING MECHANISM Page 7 of 64
FOR AMR USING APRILTAG

e CHAPTER 4-RESULTS AND DISCUSSIONS ........ccoooimmminernn e 34
4.1 APRILTAG RELIABILITY AND ACCURACY .....ccocirriiiiinnneninnnssanen 34

4.1.1 APRILTAG MEASUREMENT OVERVIEW.......ccccviiiieee 34

4.1.2 APRILTAG LINEAR MEASUREMENT EVALUATION................... 35

4.1.3 APRILTAG ANGULAR MEASUREMENT EVALUATION .............. 35
4.5 MAPPING ...t s s e as e s e e 40
4.6 DOCKING TEST .....ccoi it sss s s s ansnes 41

4.4.1 DOCKING PRECISION ....ocoiiiiiiiiiee e 41

4.4.2 DOCKING ACCURARCY ..ottt 43
4.5 SYSTEM SUMMARY ....ccorritiririirr s ssssss s s ssss s sssane s 45
e CHAPTER 5-CONCLUSIONS AND RECOMMENDATIONS................... 46
5.1 CONCLUSIONS.........triiinrrr s s s s 46
5.2 RECOMMENDATION .......ooiiimterimin s nss s sssn s s sssss s s 47
® GLOSSARY ..ottt s 48
© REFERENCES .........ooiiiiiiniin i ne s 49
N o = 1 ) 51
A.MECHANICAL DESIGN......cccccermiimrrnrinnssssssns s ssssse s sss s ssns s 51
B.SYSTEM SOFTWARE .......ccooiirrnitiiin e ss s ssan s s sas e 51
C.BRINGUP OR LAUNCH PROCESS.........ccccenrmmrrinnnnr s ssssessssase s 53
D.DATA TAKING.......ccccitmririisinnrnr s sssss s s ar s s sasass s s snnns 57
E. BILL OF MATERIALS..........iiiiiriisni s ssas e 60

Edgard Harya Wiratara



CHARGING AND DOCKING MECHANISM Page 8 of 64
FOR AMR USING APRILTAG

e LIST OF FIGURES

Figures Page
2.1 Docking Performance result 19
2.2 Initial dock design 19
3.1 Mobile robot system design 20
3.2 Diffdrive AMR 23
3.3 System Software diagram 24
3.4 RQT graph for cmd_vel processing 26
3.5 Robot description 27
3.6 TF tree of robot description 27
3.7 Nodes within nav2 stack 29
3.8 Camera node graph 30
3.8 Apriltag Detection TF tree 31
3.10 Detected dock pose 32
3.11 Docking diagram 33
3.12 Docking panel plugin from rivzz2 33
3.13 Charging circuit 34
3.14 Charging dock mechanical design 35
4.1 Apriltag linear setup 36
4.2 Apriltag Angular setup 36
4.3  Errors in linear detection of Apriltag 37
4.4 Errors in angular detection of Apriltag 38
4.5 Maximum detection Angle for Apriltag 38
4.6 Minimum docking voltage 41
4.8 Mapping result for different environment 42
4.9 Baselink to map transform docking plot 44
4.10 Position and angular deviation graph 44

Edgard Harya Wiratara



CHARGING AND DOCKING MECHANISM
FOR AMR USING APRILTAG

4.11 Position and angle error graph

e LIST OF TABLES

Tables

2.1 Battery Characteristics

3.1 Mobile robot power consumption

4.1 Linear odometry testing

4.2 Angular odometry testing

4.3 mechanical dock correcting capability
4.4 standard deviation of docking action

4.5 Root mean square error of docking action
46  System functionality

Page 9 of 64

46

Page
16
24
39
39
41
45
46
47

Edgard Harya Wiratara



