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Abstract. This paper investigates the estimation of o straightforward mathematical
model tatlored for oversering ond regulsting the motion of an AGY | Automaded
Guided Vehscle) equipped with diffierentinl drive systems. The mathematical model
delineates the correlstion between the mput voltage signal of the [3C motor and the
resuliznt distlance outpul, ompancally tesied within an open-loop system. This
methodology facilnates the development of precse mathematical models aimed ar
matigating errors i powertrains and mechanscal motion components. incliadimg
gears, choins, and yround-contacting tires, along with system friction. Moreover, a
P controller system = devised to oversee the AGY moboen. The stabalily and control
eflicacy are assessed through practical experimentation on the AGV's abality 1o
attain predefined dstances. Tests were conducted under twoe distinet conditions
case 1) AGY operation withool amy pavioad and cese 2) AGY opembion while
beaning o 14 kg payload The syslem's response o the input dstnce was
meticulowsly ohsorved. The avermpe distance ermor is calculaled st 1.74% of the
designated conirol distance (2m. 3m, and 4m) across all cases. In the absence of o
load {case 1], the average dislance emror remains consasiend @t 1.74%% of the control
distance. showcasing o motor spoed respomse of 23.76 RPM (with a nse time of 2.1
s} Conversely, when subjected o a 14 kg payload (case 2). the average distance
error marginally mersases 1o 1.76% of the control dstance, with 0 comesponding
motar speed response of 23.71 BEPM {and a nse time of 2.2 s). These results show
the effectivencss of the control system. facilited by the estimation of a smmphstc
maihematical model tasloned specifically for AGY opernbons.

Eeywords. Mathermatical model of AGY, differential drive, control sysbem design

1. Introduction

AGVs have emerged as ntegral assets in modemm indusines, revolutionizing the
transporiation of goods and enhancing production efficiency. Their applications extend
bevond industrial domams, finding utility in healthcare settmgs for tasks such as
delivening food, medication, and medical supplies to patients [1]. This widespread
adoption of AGYs not only streamlines operations reduces labor requirernents, and
eptimizes tme management but also fosters sutomation, thereby bolstering overall
operational efficiency. The past decade has winessed significant strides in AGV research

! Corresponding Author: himphon Snseripol, jrrapboaiisut.ac.th.
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and development, resulting in substantial enhancements i their performance and
capabilities. Among the mymad challenges confronting AGVs, trajectory tracking
stands out prominently, particularly in industrial environments where precise adherence
to planned paths is parmmount. Research endeavors in contmol methodologies have
explored various avenuwes, including the utilizaton of PID controllers in tandem with
oplimization lechniques, adaptive control stralegies, and mtegration of Al and machine
learming algonthms [2]. These endeavors aim to address diverse facets of AGV motion,
such as predictive maintenance scheduling. adaptation to dynamic environments, and
decision-making in complex operational landscapes. Specifically concerning AGVs
equipped with kinematic models of differential dnve svstems, studies have delved into
differential steering control strategies aimed at mitigating risks of sideslip and rollover
on sloped terrains, stemming from load asymmetry and ground concavity [3, 4, 5] The
realm of Localization and Mapping has also wilnessed notable advancements, with
techniques levernging sensors such as LIDAR, cameras, and odometry to accurately
ascertain AGY positions within their operational environments [6]. Furthermore.
research endeavors in Human-Robot Interaction and Safety and Regulations have sought
to enhance collaborative dvnamics between AGWVs, humans, and other robots. This
encompasses the development of user-friendly imterfaces, formulation of safety protocols,
and adherence 1o regulstory standards to facilitate seamless collsborabon and ensure
operational safety [7, 8]. Efforts 1o optimize energy consumption in AGY operations
have also gamered attention, encompassing route planning, speed control, and wtilization
of regenerative braking mechanisms [9, 10].

Collechively, these research endeavors underscore the mubtifaceted efforts aimed at
advancing AGY technologies, addressing diverse operational challenges, and enhancing
their efficacy across industnal and healthcare sectors while ensuring safety, regulatory
complisnce, and environmental sustamshility. To ensure that AGWY can operate in
various conditions or complex environments suitable for real-world use. ongoing
research and development are necessary. Therefore, this study investigates the
mathematical modeling, system validation, and motion control of AGY in the form of a
differential drive system. This system has the simplest control structure and requires
minimal energy for control. The mathematical model of the system is denved from
testing control signals (mput voltage) and output responses as distance of AGV of the
actual system, designed and tested in an open-loop confipuration. Addibonally, a
feedback control system is designed to regulate the motion of the AGV and to assess the
stability and performance of the contrel system under different payload conditions and
varying molion distances loward target posibions.

1. System modeling and validation

First pamngraph. This study evaluated the control signals and response results of an AGY
systern with differential drive to create a mathematical model. This model was created
by evaluating the connection between the nput voltage signal and the system's position
outpul response. Figure | depicts the open-loop setip used for designing and testing these
signals.

Table | presents the results of the signal tests, which show how the system responds

to control signals.
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An securate calculation of the settling time of a linear system using new expressions
and iterative algonthms [11]. In a crtically demped system at a 5% error of final response
value, the equation of settling time is related to natural frequency ( @ ) as given by
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Figure 1. System open loop block diagram of AGY sydem.
Tabbe 1. Expenmenial resulis of the apen-lbop control system of AGY.
Vuoltuge: Fi T Muoter spoeid; orase (pen lnop  Giain Distunces iy
i¥l 15} (RN L] {m}
& Gk 6l 102 I L]
10 L] 105 106 150
14 i 4.9 K 152
18 Bl 194 108 4.56
22 64 3% 108 545
Ay = L6

From the expenmental data, average of setiling time at 5% error of hnal response
value 1s | 58 s. Substitule &, = 1 58 s in Equation (1), then natural frequency (e ) = 3
rad's. Based on the system response obtamed from testing, it s possible to estimate the
system’s parameters using Equation (2), which s presented in the standard form of a
second-order system.

Ke?f  (L06)3.06
oot} £+ 306N+ 306° 2)

The system was then valideted (System Validation) by comparing the actual
system'’s response results with those predicted by the mathematical model. This
comparison showed consistent resulls, as illustrated in Figure 2.

System modeling =

" m % @ = =
- ()
() Rozal systom {b} Speed (RPAM T at tnput 10V

Figare L. Response of System modelimg and valsdaton
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3. Controller desipn and system performance

In designing the controller for the AGY (Automated Guided Wehicle) robot system, this
study mmplemented a feedback controfler conhigured ax a Proportional (P) Controller,
This setup 15 depicted in the control system's block diagram shown in Figure 3. The
ohjective was to manage the AGY's movement so that its actunl moving distance, or
Output Response {distance). matches a predetermined reference distance (Ref. distance).
This reference distance represents the specific distance the robot 15 required to travel.

ek, dhetancs e o | N I e ' L y—
+ L b i At g o
Irkiratr

AGY Sysiem

[ —

Figure 3. Block diagram of olose loop feedback contrel for AGY system.

The controller designed for this study can illustrate the system's response to & step
mput signal (Ref. distance = 3 m), showcasing the system's control performance through
simulation results as depicted in Figure 4. These results indicate the system's ability to
achieve the desired moving distance with a nise time of 45 s without any overshoot.
Additionally, the system exhibits a steady-state error of 0,045 m and maintains & steady-
state molor speed of 23.7 RPM.

] | s
/
) — af|
o d — iaind APV
14 g | (] -~ bl
T |- - E i
i / :
Fu Y, l'll
a8 rd |
Y
i I -
o ol i i i -
i i L] = ] L] L] ]
i 1] : ] = ) ] L] Timmin]

Fiewt i)

(n) Distance {m) ot seipoiot 3. m (b Speed (RPM) al setpoinl 3 m
Figure d_ Step response and system performance with P-Controller {Similation vs rea system).

4. System modeling and validation

After designing the controller to interface with the AGV System, this study employed
MATLAB & Simulink software, alongside sn Arduino Board {Mega 2560). to manage
the operation of a 24 Vde Permanent Magnet DC Motor actuator. This motor,
charactenzed by a gear mtio of 1:336 and paured with an Absolite Encoder of |7 PPR
resolution. along with o mechanical power transmission system, facilitaies the movement
of the AGY robot over a specified distance. The interfacimg setup between the controller
and the AGY System 15 depicted in the block dingram m Figure 5.

To evaluate the performance of the control system and examine the system's
response, this study conducted tests under two scenarios: Case | mvolved operating the
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AGV robot without any load (Mo Load) and Case 2 mvolved operating it with a payload
{equipped with & |4 kg mass). The tests measured the system’s response to imput
distances {reference control distances) set ot three different lengths: 2m, 3m and 4m.
These tests were designed 1o assess both the Motor Speed and the moving distance of
the AGY robot, vielding the following results.

The results of the system's response when the AGY operates without any load (No
Load) are presented in Table 2 and visually illustrated im Figure 6.

24 (g Hde8ra

Dl

!:J y
Tleami{ad (g 8o

L-ER
[

Figuare 5 Intkerfacing block diagram with AGY syston mizgration {differontmd drve).

Tahle L Experimental resulis of closed -loop control with P-controller of AGY (Mo Load)

Input distamoe: oy Chutpart distances d,, gk
(m} {m} e
100 1.962 190
ERL] 2951 L&3
A0 3932 L.70
= [ |—3=
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Figure & Top: Motor speed (Mo Load), Bottom: Dhstance of AGY (Mo Load).

The response results of the system. when the AGY robot carnes a payload (with a
mass of 14 kg, are displayed in Table 3, and further illustrated in Figure 7.

Table 3. Expenmental results of closed-loop control with P-controller of AGY payload with o mass of 14 kg

Inpot distamces; de Uhutpunt dfistnnees; ileg "E
(m} {m}
200 1.964 1.50
100 2945 150

4.0 3.932 1.70
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Figure 7. Top: Modor speed with paylosd. Bottom: Distance of AGY with payloed. #

5. Conclusions

This research explores the development of mathematical models by examinmg the
motion control signals of actual systems through open-loop testing. This approach
cnables the estimation of a mathematical model that mimmizes prediction errors i the
power transmission unit and mechanical system stiffness. Additionally, the accuracy of
the mathematical model is validated by comparing its response results with those of the
aciual system [System Vabdaton). This validation process imcludes designing controller
for the AGY robot's movement distance, utilizing a differential drive and a Proportional
(P} controller for system regulation. The study assesses the system's stability and control
performance by conducting tests on the AGY movement over specified distances. These
tests are categomzed mito two scenarios: case 1) the AGY robot operating without any
load (Wo Load) ond case 2) the AGV robot operating with a payload (having a mass of
14 kg). The nvestigation includes analyzing the system’s response to three predefined
contro] distances (2m, 3m and 4m) to evaluate the Motor Speed and the actual moving
distance of the AGY robot.

The test results indicated that the designed controller is capable of directing the AGY
to move to a controlled distance with stabality and high performance. When the AGY
operates without any load (Mo Load), the average distance error was found to be 1.74%
of the target distance that the robot was set to cover. Additionally, the motor speed
response was recorded at 23.76 RPM, with a rise time of 2.1 5.

In scenanos where the AGY robot was loaded with a 14 kg pavload, the average
distance ermmor shightly increased to 1.76% of the intended distance, and the motor speed
response slightly decreased 1w 23.71 RPM, with a rise time of 22 s These findings
underscore the load's impact on the control system's performance. Therefore, to enhance
cfficiency and mimimixe control position errors, particularly considering the load's effect,
future work may invelve developing a more suitable controller or designing o robust
contro] system for the AGY.
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