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Abstract

This study addresses the design and implementation of an automated ro-
botic refueling system, aimed at enhancing efficiency, precision, and
safety in the vehicle refueling process. Modern vehicle refueling points
(VFPs) are evolving beyond traditional functions, incorporating digital
technologies to streamline operations and improve customer experiences.
The integration of robotic systems in this context has the potential to
revolutionize fuel dispensing by minimizing human involvement and re-
ducing the risk of operational errors. The proposed system utilizes ad-
vanced kinematic modeling, comparative actuator analysis, and the se-
lection of suitable stepper motors to achieve precise and reliable manipu-
lator performance. Electric drives, particularly stepper motors, were cho-
sen over hydraulic and pneumatic alternatives due to their superior mass-
size efficiency, precision, reliability, and adaptability to varying opera-
tional conditions. The inclusion of Internet of Things (IoT) technologies
and artificial intelligence (AI) algorithms enables dynamic adaptation to
different vehicle types and ensures seamless interaction between the re-
fueling robot and the vehicle. Key methods employed include system
analysis, kinematic diagram development, load and torque calculations,
actuator selection based on technical specifications, and validation
through simulation. The study demonstrates the feasibility of a fully au-
tomated robotic refueling system that minimizes the human factor and
optimizes fuel delivery operations. Future work will focus on hardware
prototyping, software development, and the integration of advanced sen-
sors and control algorithms to further enhance system autonomy, adapta-
bility, and safety.

Keywords: stepper motor, robot manipulator, kinematic scheme, kinemi-
ca, motor

Salauat A.B.

Information about authors:

A third-year student of the educational program "Transport, transport equipment and technolo-
gies", Kazakh Automobile and Road Institute named after L.B. Goncharov, Almaty, Kazakhstan,
ORCID ID: https://orcid.org/0009-0000-2750-0900 E-mail: salauat@mail.ru

Yelemes N.D.

A third-year student of the educational program "Transport, transport equipment and technolo-
gies", Kazakh Automobile and Road Institute named after L.B. Goncharov, Almaty, Kazakhstan,
ORCID ID: https://orcid.org/ 0009-0005-8066-9656, E-mail:n.yelemes@mail.ru

Yelemes D.E.

Candidate of Technical Sciences, associate professor of the Department "Transport technology
and organization of Transportation”, Kazakh Automobile and Road Institute named after L.B.
Goncharov, Almaty, Kazakhstan, ORCID ID: https://orcid.org/0009-0004-5645-1481. E-mail:
elemes-darkhan@yandex.ru

76


https://doi.org/10.63377/3005-4966.2-2024-08
https://orcid.org/0009-0000-2750-0900
https://orcid.org/%200009-0005-8066-9656,
https://orcid.org/0009-0004-5645-1481
mailto:elemes-darkhan@yandex.ru

Ka3AXU nnctutyThiHBIH Xabapibicel. Ne2(6) 2024 ISSN 3005-4974, E-ISBN: 3005-4966

Kenik xkp13meti. UHKeHEPITIK 1C XKoHE HHKCHEPHS

https://doi.org/10.63377/3005-4966.2-2024-08
907K: 629.113
FTAMP: 68.41.15

Keuik KypajaaapbiHa skaHapMaii KYI0 YIIiH AaBTOMATTAHAbIPbLUIFAH PO0OOT-MAHUIYJIATOPABIH
aTKapyubl )KeTeKTepPiH TaHaay
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Tyiiingeme
Byn 3eprrey Kenik KypanmapbslH TONTHIPY MPOLECIHIH THIMILIITIH, TOJIICH
JKOHE  KayilCi3[iriH  apTThIpyFa OarbITTaqfaH  aBTOMATTaHJbIPbUIFaH

g’éaKaﬂ_a Kze(J)]in: pOOOTTHI JKaHApMail KYIO JKYMECIH d3ipJieyre »oHE CHTI3yre OarbITTajFaH.

cay1p - o .

Caparrramayas orTi: Ka31pr1 _3aMaHfbl KaHapMal  KYIO  CTaHLUsIApBI (UPTS) JCTYpIIl

14 mambip 2024 MYMKIHAIKTEPICH AachIll TYCEIl >KOHE >KYMBICTHI OHTaWMIAHIBIPY IKOHE

5;‘6““2[31*22[‘354 TYTBHIHYIIBIAPFA KbI3MET KOPCETy CamachlH KakKcapTy YUIH IUPPIBIK
MaMbIp

TEXHOJIOTHSUTapAbl  KaMTuabl. OCBl  KOHTEKCTE POOOTTHIK IKyHenepi
OipIKTIpY aJaMHBIH KATHICYBIH a3aiiTy »KOHE OINEpalUsUIbIK KaTelep KaymiH
a3aliTy apKbUIbI OTBHIHIBI MOJIIICPIICY KXYHECIHIE TOHKEpIiC Kacall aabl.
YChIHBUIFAH JKyile MaHUITyJATOPABIH JIOJI KOHE CEHIMII JKYMBICHIHA KOJ
KETKIZY VIIH KETUIMIPUITCH KHHEMATHUKAIBIK MOJCIBACYMIl, KETeKTepIl
CaJIBICTBIpMAJIbl TANJAyJbl JKOHE COMKeC KaJaMIbIK KO3FaJITKbILITAP/IbI
TaHAayIbl KOJAAaHAABl. OJEKTP JKETeKTepi, aTam alTKaHga KaJaMIIbIK
KO3FANTKBIIITAP THAPABIMKAIBIK >KOHE ITHEBMATUKAJIBIK OanaManapblH
OpHBIHA OJIAPABIH MacCaJIbIK TUIMIUIIT, AJAIT, CEHIMAUIIT KoHE dpTYpl
KYMBIC JKaFaainapbiHa Oeflimaenyi yiiH Tanganasl. [oT TexHomorusapbH
(IoT) »xone xacannpl MHTEIUIEKT aiaroputMaepin (Al) maiinanany kemik
KYpaJJIapbIHbIH OPTYPIIi TYpJepiHe AUHAMUKANIBIK OefimMaenyl KaMTaMachl3
eTe/ll KoHE KaHapMail Kyro poOOTHI MEH KOJIIK KYpaJIbIHBIH Y3IIKCi3 e3apa
opekeTTecyiH KamTaMachl3 ereii. KongaHbuaThIH HETI3I1 9icTepre xKyiemnik
Tangay, KWHEMAaTUKaJBbIK CXEMaHBl d3ipiey, JKYKTeMe MEH MOMEHTTI
ecernTey, TeXHUKAIbIK CHIIaTTaMajapFa Heri3eireH JUCKIHI TaHJay *oHe
MOJICNIbJIEY apKbUIBI TEKCEpy Kipemi. 3epTTey amam (aKTOpPhIH a3alTaThiH
KOHE KaHapMmail Oepy omnepanusulapblH  OHTAMIAHABIPATBIH  TOJIBIK
aBTOMATTaHBIPBIIIFaH POOOTTHI JKaHApMail KYIO JKYHeCciH Kypy MYMKIHJITH
kepceteni. bosamak KymbIc anmapaTThIK TNPOTOTUNTEPAl Kacayra,
OafFapramMaliblK JKacaKTaMaHBI d3ipJeyre KoHE JKYHEeHIH aBTOHOMHUSCHIH,
OeliiMenyiH jKoHe KayllCi3iriH ofaH api jKakcapTy YIIiH 03bIK ceHcopiap
MeH Oackapy anropuTMmepi OipikTipyre OarbITTalFaH.
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AHHOTanus

DTO HWCCIEIOBAaHUE TOCBAIIEHO Pa3padOTKE W BHEIPEHUIO aBTOMATHU3UPOBAH-
HOW POOOTHM3MPOBAHHOW CHCTEMBI 3alpPaBKH, HAMPABICHHOW HA TMOBBIIICHHE
3 PEKTUBHOCTH, TOYHOCTH M OE30MACHOCTH IIpoliecca 3alpaBKH TPAHCIIOPT-

[ocrynuna: C (HTC)

02 anpess 2024 HBIX CpesicTB. COBPEMCHHBIC ITyHKTEI 3aNPAaBKH TPAHCTIOPTHBIX CPEICTB

Penensuposanme: | BBIXOJAT 32 PAMKH TPaIMIMOHHBIX (DYHKIMH ¥ BKIIOYAIOT HU(PPOBBIE TEXHOJIO-

1114 Mas 2024 TMH JUIS ONTHMH3AIUK PAOOTHI M YIyYIIEHUS Ka4eCTBa 00CTy)KUBAHUS KIINCH-
PpUHATA B I1I€YATh:

20 aaz 2004 ToB. MlHTErparys poOOTH3UPOBAHHBIX CHCTEM B 3TOM KOHTEKCTE MOYET PEBO-

JTIOIMOHU3UPOBATh CHCTEMY JIO3UPOBAHMS TOIUIMBA 3a CYET MHUHUMHU3ALUU
y4acTus 4ellOBEKa U CHUKEHHSI pUCKa SKCILTyaTallMOHHBIX omunbok. [Ipennara-
eMasi CHCTeMa HCIIOJIb3YeT YCOBEPIIEHCTBOBAHHOE KWHEMATUYECKOE MOICIH-
pOBaHME, CPaBHUTENbHBIN aHAlIW3 MPUBOJOB M BHIOOP MOAXOMASIINX IIArOBBIX
JBUTATENCH I JOCTHXKCHHS TOYHOM W HAACKHOW pabOThl MaHUIYJIATOpA.
DNEKTPONPHUBO/IbI, B YACTHOCTU IIATOBBIE JBHUraTeNU, ObLIN BbIOpaHBI BMECTO
TUIPABIMYCCKUX W ITHEBMATUYCCKUX QIBTCPHATHB HM3-32 UX MPEBOCXOIHOU
MaccorabapuTHol 3(pPEeKTUBHOCTHU, TOUHOCTH, HAJIEKHOCTH U MPHUCTOCOOIsie-
MOCTH K Pa3JIMYHBIM YCJIOBHSM JSKCIUTyaTanuu. VICIOJIb30BaHUE TEXHOJOTHI
Untepuera Bemeit (IoT) u anroputmoB wuckyccTBeHHOro uHTemnekta (Al)
obecreunBacT TUHAMHUYCCKYIO aanTaIMi0 K Pa3IMYHBIM THTIAM TPAHCTIOPTHBIX
cpeAcTB U olecrnieunBaeT Oecriepe0oiiHOEe B3aMMOJAEHCTBHE MEXIy poOOTOM-
3aMpaBIIIKOM U TPAHCIIOPTHBIM cpeAcTBOM. OCHOBHBIC HCITOJIb3yEeMbIE METO-
IIbl BKJIFOUAIOT CUCTEMHBIN aHalu3, pa3paboTKy KMHEMAaTUYECKOW CXEeMBbl, pac-
YeT Harpy3Kd W KPYTSIIEro MOMEHTA, BBIOOP MPHUBOJa HA OCHOBE TEXHHUUYECKUX
XapaKTePUCTHK U MPOBEPKY C MOMOIIBIO MojenupoBaHus. Mccnenoanue ne-
MOHCTPUPYET BO3MOXKHOCTH CO3JAaHHSI TIOJHOCTHIO aBTOMAaTHU3WPOBAHHON PO-
OOTH3MPOBAHHON CHCTEMBI 3alpaBKH, KOTOpass MHHHUMH3UPYET 4YEIOBEUECKUI
(dakTop M ONTUMH3UPYET ONEpaIlMH 10 Toaue ToruBa. byaymas padora Oy-
JIET COCpPEeIOTOYEHA HA CO3JaHUH MPOTOTUIIOB allapaTHOro 00ecredeHus, pa3-
paboTKe MPOrpaMMHOr0 O00ECTICYCHUS M WHTETPAIlUU MEePEIOBBIX JATYMKOB U
QITOPUTMOB yTIPABICHHUS AJIs TaTbHEHUIIEro MOBBINIEHUS aBTOHOMHOCTH, aJlarl-
TUBHOCTH W O€30ITaCHOCTH CHCTEMBI.
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Introduction

Today, vehicle refueling points (VFPs) are no longer just a place to fill up gasoline. They
are service centers where a car can be serviced, spend a pleasant time with a cup of coffee, have a
snack and buy necessary goods. But the improvement of technologies does not stop there,
digitalization has not left traditional gas stations behind. Even now fueling of vehicles is realized at
autonomous gas stations, where manual labor is minimized. Most gas stations are equipped with
touch-screen devices and support mobile applications. In the conditions of modern reality, the
presence of technologies is the norm. Their introduction is mainly aimed at making the refueling
process fast, convenient and physically unburdensome for customers [1, 2, 3, 4].

The development of automation and robotization leads to a noticeable reduction of human
resources in the service industry. Gas stations of the future are no exception: they will interact with
applications at a deeper level, be equipped with smart dispensing guns, and even deliver fuel to the
place and time specified by the customer.

In China, the USA and a number of European countries, pilot projects with “humanless” gas
stations are already being implemented, where a car can be refueled in an automatic, robotic mode
[3, 4, 5]. The driver only needs to park near the fuel dispenser, turn off the car, select the desired
type of fuel and its quantity in the application. After that, the robot itself will open the hatch, pour
the fuel and complete the process. Money is deducted from the account after the completion of
refueling without additional actions on the part of the user, who receives a receipt by e-mail. Thus,
the motorist does not even need to get out of the car, which is especially important in bad weather
or when there is a threat of epidemics.

The authors of this article are working on the project of an automated, robotic gas station. It
includes a set of mechanical and digital systems, when a robot with the help of a set of sensors
tracks the position of the car, connects to it through cloud services of the “Internet of Things”, and
with the help of a robot-manipulator refuels the car in the shortest possible time. Unlike foreign
analogues, the authors of the project propose to minimize the presence of complex mechanical
systems inherent in mechatronic systems. In spite of this in the designed filling station all working
processes are absolutely automated, the human factor is minimized. There will be no drunken gas
station attendant, who will “bang” the refueling gun on the fender of the car, nor a torn hose from
the column, as the interface between the station and the car simply will not allow it to move while
the refueling process is going on. There is also a “flexible” system of adjusting the dispenser to
different makes and models of cars. The human factor is also taken into account - every driver will
park near the column differently. Artificial intelligence algorithms allow to cope with this task.
They help to accurately determine the position of the gas tank hatch, to refuel, to disconnect and
close, controlling all parameters and recording deviations. Reliability in the refueling task is also
important. The designed refueling robot can determine and calculate the required amount of fuel for
each vehicle, preventing errors and fuel spillage.

Methods

In this study, a systematic approach was used to design and select the most suitable actuators
for the manipulator links of the robotic refueling system. The following methods were applied:

System Analysis. The design process began with a comprehensive analysis of the
requirements for the robotic refueling system. This included evaluating the operational conditions
of the manipulator and determining the degrees of freedom necessary to cover the working area
around the vehicle’s fuel tank. The system analysis defined the constraints and requirements for the
mechanical and control systems.

Kinematic Modeling. A kinematic diagram was developed to visualize the manipulator's
movement. The kinematic scheme considered both angular and translational movements, essential
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for accurately positioning the fuel nozzle. The model also accounted for the varying positions and
angles at which different vehicles approach the refueling station.

Comparative Evaluation of Drive Types. Different actuator types (electric, pneumatic,
hydraulic) were evaluated based on criteria such as energy consumption, specific power, mass-size
efficiency, ease of maintenance, and safety. This comparative analysis (Table 1) informed the
decision to select electric drives, particularly stepper motors, due to their superior performance in
terms of precision, reliability, and cost-effectiveness.

Geometric and Load Calculations. Geometric parameters of the manipulator links were
determined based on the GOST 30245-2003 standard. Load calculations were performed to estimate
the mass and weight of each link, leading to precise torque requirements for the stepper motors.

Selection of Stepper Motors. Based on calculated load and torque values, suitable stepper
motor models were selected from a standard range (Nema 16, 17, 23, 24) provided by Laser
Components. The selection was made with a safety margin, ensuring reliable operation under
varying conditions.

Integration of IoT and AI Algorithms. The system design incorporated cloud services and
Internet of Things (IoT) connectivity, enabling the robotic system to interact dynamically with the
vehicle. Al algorithms were used to adjust the manipulator to different vehicle models, ensuring
precise positioning of the nozzle and optimal refueling operations.

Validation and Simulation. The proposed manipulator design and actuator selection were
validated using simulation models, which allowed verification of mechanical and control system
parameters before moving to hardware development.

This comprehensive methodology ensured the development of a robust and reliable robotic
refueling system capable of precise, automated operation with minimal human intervention.

Results

This paper deals with the selection of suitable motors for the links of the designed manipula-
tor.

In order to provide coverage of the required working area, rotational motions in three planes
are required. This requirement is due to the fact that for the designed robot-filler in the process of
operation, to set the working panel is controlling the final position, depending on the design models
of different vehicles, as well as a variety of types of operations: grabbing and opening the hatch
cover; opening the fuel tank lid; feeding the gun into the neck, etc.

Next, to calculate the parameters of the robot manipulator in order to select the drive motors,
let us represent the mechanism in the form of a spatial kinematic scheme.

The mechanical system of the refueling robot is a kinematic chain (Fig. 1, a) consisting of
movable links with angular and translational displacements, allowing to move and set in a specifi-
cally defined spatial position of the drive of the working panel. The position of the working panel
each time will be different depending on the make of the car, as well as at what angle and at what
distance the car stood. The mechanisms of the working panel (Fig.1, b) allow using a special suc-
tion cup or hook to open the hatch, unscrew the plug, aim the filling gun with the tank, and perform
the operation of fuel supply. At the end of refueling, the mechanism performs manipulations on re-
moving the gun, screwing the plug, closing the hatch, and assembling the unit in its original posi-
tion.

In order to realize the necessary movements, the mechanism must be equipped with a drive
device that will allow the movement of links under the control of the program. The choice of the
drive of the robot manipulator is an important task in the design, because it largely determines the
structure, parameters and technological capabilities of the refueling robot as a whole [6, 7].

The main parameters of the drive are: power, speed, speed performance, accuracy of com-
mand signal processing. It is known that pneumatic, hydraulic, electric, and combined drives are
distinguished by the type of energy carrier. For the final choice of the drive type, the authors carried
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out a comparative evaluation taking into account the drive weight, specific output power, efficiency,
adequacy of energy sources of mechanical and control systems, the possibility of aggregate-

modular construction, ease

T

a)

A

A-A

a) robot manipulator; b) drive of the working panel

Figure 1. Kinematic diagram of the designed refueling robot
[author's material]

of maintenance and operational safety. Comparative analysis of drives is presented in Table 1.

Table 1. Comparison of actuators by type of energy used

Criteria Electric actuators | Hydraulic actuators | Pneumatic actuators
Energy supply costs Low 1 High 3...5 High 7...10
Energy transfer To an unlimited dis- At distances up to For distances up to 1000
tance up to 300 km/s 100 meters m
Energy storage Obstructed Limited Easily achievable
Linear movement Difficult, expensive, | Simple, high effort, | Simple, low effort, speed
low effort good speed control depends on the load

Rotational mofion Simple, high power Simple, high torque, | Simple, low torque, high
low frequency frequency
Operating speed of Depends on jd}e Spe- Up to 0.5 m/s 1.5 m/s and above
the actuator cific conditions
High forces, no over- Forees up to 3000 Forces up to 30 kN,
Efforts kN, overload protect-
loads allowed ed overload protected
Positioning
+ +
accuracy I um and above Up to +1 pm Upto 0.1 pum
High (mechanical High (hydraulic oils
Rigidity intermediate ele- are virtually incom- Low (air compressed)
ments are used) pressible)
Leaks No Create contaminants No harm but loss of en-

crgy
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. . Sensitive to tempera- | Practically insensitive to
Environmental Insensitive to .
) ture changes, fire temperature fluctuations,
influences temperature changes .
hazardous explosive
J /7 —— =
)P —
/ 7
e — [ - hidraulic drive |

// l /1 - preumatic actuator
i | F= e/E[I/r/'[ arve

0 500 1000 1500 2000 2500 2000
Power, W

Specific power, W/N
~N

Figure 2. Specific power (related to weight) of different drive systems depending on absolute pow-
er [author's material]

Further the comparative characteristics of different types of drives by specific power are
given [10]. When calculating the specific power of pneumatic actuators, the mass of air preparation
equipment was taken into account, and that of hydraulic actuators - the hydraulic stations, which are
included in the design of robots. The curves characterizing the mass-size efficiency of various drive
systems used in mechatronic modules are shown in Fig. 2. Analyzing these dependencies, it is rea-
sonable to note that at a power of more than 2 kW (after the intersection of characteristics in point
1), the mass-size efficiency of the electric drive becomes predominant. Point 2 indicates the inter-
section of characteristics of pneumatic and hydraulic drive. It can be tentatively concluded that for
power values above 5 kW, the mass-size indices of the pneumatic actuator become preferable. In
spite of the fact that the evaluation of such type is not complete for decision making on the choice
of this or that drive system, as a basic preference is given to the electric drive [11].

Taking into account such factors as availability of energy carrier, ease of maintenance dur-
ing operation, as well as based on the adopted layout solution, for this device is proposed to use
electric stepper motors, which are a fairly accurate and inexpensive type of electric drive.

When choosing an electric drive, the authors give preference to stepper motors, due primari-
ly to the reduction of design elements, and hence the reduction of the size of the structure. The fol-
lowing properties of stepper motors are the basis: the angle of rotation of the rotor is determined by
the number of pulses that are applied to the motor; the motor provides full torque in stop mode; pre-
cision positioning and repeatability. Stepper motors allow rotor positioning with a precision of frac-
tions of a degree, in addition, due to the peculiarity of their design, they have a huge lifetime and
high reliability [8, 12].

Based on the configuration of the refueling robot, for each working link of the manipulator,
it is necessary to select stepper motor models according to their characteristics and dimensions. Ac-
cording to the developed kinematic scheme, the manipulator has four main links, five articulations
of the robot manipulator (Fig. 3). The drive of the working panel is not considered in this paper.

Kinematic dimensions of the links:

l,=035m;1l, =0,20m; 3 =0,20m; [, = 0,10 m; [ = 0,25 m

According to the preliminary sketch layout of the mechanism, the geometric parameters of
the refueling robot are determined. The bearing part of the lever has a profile of rectangular section,
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according to GOST 30245-2003 we choose the profile 100x50x3,0, then according to the assort-
ment (Table 2):

Table 2. Assortment of rectangular profile according to GOST 30245-2003

h ‘ b \ t Cross- Reference values for axes Weight
mm sectional area | x - x y-y of Im,
A, cm? Iy, Wy, | ix, cm Iy, Wy, 1y, kg
cm* | cm? cm* | em® | oM
100 50 | 3,0 8,41 106 | 21,3 | 3,56 36 14 | 2,07 ] 6,60

o4 \ %‘

~~

Figure 3. Geometric parameters of the robot manipulator [author's material]

Then the weight of each link:
Gi = Gyor * Lixr (1)

Gy =Gy |y = 6,60-0,35 = 2,31 ke
Gy = Gyor - I, = 6,60 0,20 = 1,32 kg;
Gs = Gy - 13 = 6,60 0,20 = 1,32 kg;
Gy = Gpop Ly = 6,60 0,10 = 0,66 kg

The load capacity of the engine can be determined by the formula:

G,[lBi = 1:3(2 Gi—4 + GPH)kg (2)

where Y. G;_, - is the weight of the lever mechanism of the robot manipulator, according to
the kinematic scheme, kg;

Y Gy 0=0Gy+G,+Gs+G,=231+132+1,32 + 0,66 = 5,61kg;
Y Gyy =Gy +Gs+ G, =132 +1,32 + 0,66 = 3,3k
Y Gs_y = Gs + G, = 1,32 + 0,66 = 1,98kg;
G, = 0,66kg

Gpn = 16- weight of the working panel drive, kg
1,3 - correction factor.
Then:
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Gps1 = 1,3(X Gi—4 + Gpp) = 1,3(5,61 + 16) = 28,1 kg;

Gusz = 1,3(X Gy_y + Gppp) = 1,3(3,3 + 16) = 25,1 kg;

Gz = 1,3(X G3_4 + Gpp) = 1,3(1,98 + 16) = 23,4 kg;
Gus s = 1,3(G4 + Gppp) = 1,3(0,66 + 16) = 21,6 kg;

Gss =16 kg
Required engine torque:
MKpABi =L 5" GAB i» N'm

Myppe1 = L1-5* Gpeq = 110-28,1-1073 = 3,09 N'm;
Mypps2 = Lo—s " Gpyp = 75+ 25,1-107% = 1,88 N'm;
Myppe3 = La—s " Gpp3 = 55-23,4-107% = 1,29 N'm;
Myppes = La—s* Ggpq = 35-21,6-1072 = 0,75 N'm;

Myppes = Ls* Gpeq = 25-16,0-1072 = 0,4 N'm

where L;_s — is the length of the corresponding links of the manipulator, cm

From the standard range of hybrid stepper motors presented by Laser Components [9], tak-
ing into account the safety margin,we choose the Nema 16,17,23,24 motor (Fig.4,Table 3).

25405

47,14
5T

L5
|
|
|
|

I
. m 1
t ik 4
[L5H] Il'l‘.lnn?

Figure 4. Stepper motor MS24HS5P4300-E Nema 24 [author's material]

Table 3. Technical parameters of stepper motor Nema 24, Nema 23, Nema 17, Nema 16

Model Phas | Shaft | Length, Rated cur- Torque, Coil type
e mm rent, A Nm
MS24HS5P4300-E 2 2 87 3 3.3 Bipolar
ML23HSAP4100 2 1 77 1 2,3 Bipolar
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ML23HS8B4100 2 1 55 1 1,5 Bipolar

MS17HDBP4100 2 1 62,8 1 0,82 Bipolar

MS14HS5P4200-M 2 2 55 2 0,4 Bipolar
Discussion

The development and selection of actuators for the robotic refueling system demonstrated
the critical role of system analysis, kinematic modeling, and comparative evaluation in designing a
high-performance manipulator. The use of stepper motors as actuators was justified by their
precision, reliability, and adaptability to varying operational conditions.

The analysis of different energy carriers (electric, hydraulic, pneumatic) revealed that
electric drives, especially stepper motors, provide superior mass-size efficiency, positioning
accuracy, and safety for robotic systems operating in environments with fluctuating temperatures
and potential hazards.

The integration of IoT technologies and Al algorithms into the system architecture offers
additional benefits, including enhanced adaptability to different vehicle models and real-time
system monitoring. These technologies enable the robotic system to interact with vehicles
seamlessly, ensuring safe and precise fuel delivery. The comparative analysis and simulation studies
highlight that the stepper motor-driven manipulator can achieve accurate nozzle positioning,
efficient fuel delivery, and minimal human intervention.

The study also addressed potential limitations such as the necessity for detailed calibration,
the impact of vehicle placement variability, and the need for robust error-detection mechanisms to
prevent operational failures. Future work should focus on integrating advanced sensors and
improving the decision-making algorithms to enhance system autonomy and reliability further.

Conclusion

This research successfully developed a comprehensive approach for designing and
selecting actuators for a robotic refueling system. Through systematic analysis, kinematic modeling,
and comparative evaluation, electric stepper motors were identified as the optimal choice for
ensuring precise, reliable, and cost-effective operation. The proposed system architecture integrates
IoT technologies and Al algorithms to adapt dynamically to varying vehicle types and refueling
scenarios, providing enhanced operational safety and efficiency.

The work lays a solid foundation for the next phases of development, which will include
hardware prototyping, software development, and field testing. By addressing key challenges such
as actuator selection, geometric modeling, and system integration, the study demonstrates the
feasibility of creating a fully automated robotic refueling system that minimizes human involvement
while ensuring safe and accurate fuel delivery. Future research will expand on these results by
exploring more advanced control algorithms, sensor integration, and adaptive learning techniques to
further improve system performance.
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