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ABSTRACT

BACKGROUND: Currently, major global developers and manufacturers in the field of mobile agricultural machinery are
working on the development of agricultural robotic systems. Particular attention is paid to the development of universal
driverless mobile power units (MPU) capable of performing various technological operations autonomously, without human
intervention. In the future, this makes it possible to exclude the operator from the MPU control process and to reconsider
approaches to the issue of increasing the efficiency of technological operations. The existing trend of productivity improvement
by increasing the main parameters of the unit, such as operating width, operating velocities, load capacity, etc., may change
to an alternative path consisting in the use of numerous autonomous small-sized units comparable in performance (a swarm
of agricultural robots). Thus, the use of driverless control systems makes it possible to use conceptually new approaches
to the development of agricultural MPUs. In this regard, it becomes relevant to conduct the study aimed at identifying promising
conceptual directions for the development of driverless MPUs and evaluating the efficiency of their application.

AIM: dentification of conceptual directions for the development of driverless driverless MPUs and a theoretical assessment
of the efficiency of their application.

METHODS: The study object was the MPU transformation in the context of the development of driverless control systems.
The study was based on scientific publications on the development of robotic agricultural tools, informational data
of manufacturers of agricultural tractors and control systems for agricultural machinery. In the course of the study, such
methods as information analysis, synthesis, methods of performance analysis of agricultural units and analysis of present cost
of performing technological operations, adapted for driverless MPUs by the Federal Scientific Agroengineering Center VIM,
were used.

RESULTS: The prospects for the introduction of driverless MPUs, the existing digital and intelligent control systems of MPUs
and the main factors hindering their development are analyzed. A classification of agricultural MPUs according to automation
levels is proposed. The main directions of development are identified and conceptual models of driverless MPUs are proposed:
universal driverless MPUs (driverless tractors) with keeping the existing traction class and power classification, universal
(multifunctional) low-power driverless MPUs of the only traction class, separate power modules capable of being combined
into a single driverless unit based on the coupled agricultural machine. The method is proposed and the equivalent number
of driverless MPUs of each conceptual model for each traction class is calculated. An assessment of the impact of the use
of the proposed conceptual models of driverless MPUs on the arable unit performance and the present cost of arable operations
has been carried out.

CONCLUSIONS: Conceptual models for the advancing of driverless MPUs have been developed and comparative calculations
of the efficiency of their application as part of arable units, helping to assess the possible prospects for their use, have been
made.
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ODVII'VIHaJ'IbHOG nccneaposaHme

KoHuenTyanbHble HanpaBneHUsa pa3BUTUA
6ecnUAOTHBIX MOOUIbHBIX IHEpPreTUHEeCKUX CPeacTB
CeIbCKOX03AMCTBEHHOr0 Ha3Ha4yeHus

W.A. CrapocTun, A.B. Ewmn, T.3. logxxaes, C.A. [laBbigoBa

(MepepanbHblii Hay4HbIN arpouHKeHepHbIn LeHTp BUM, Mocksa, Poccuiickas ®eaepaums

AHHOTALMA

O6ocHoBaHMe. B HacTosLiee BpeMs KpynHble MUpOBbIE Pa3paboTuMky U NPOWU3BOAMTENM B 001aCTU MOBMIBbHBIX CENbX03-
MalUmH BedyT paboTbl Haf CO3[aHUEM CeNbCKOXO3AMCTBEHHBIX PoboTM3MpOBaHHbIX cucTeM. Ocoboe BHUMaHMe yoensetcs
pa3paboTKe yHMBEpPCabHbIX 6eCcnMNoTHBIX MObUNbHBIX 3HepreTuyeckux cpeacts (M3C), no3sonsOLWMX aBTOHOMHO BbINOSI-
HATb Pa3/iNyHbIE TEXHONOrMYeckue onepauum be3 yyactus yenoBeka. B nepcnekTvBe 3To MO3BOSMUT UCKIIOYUTL OMepaTopa
HenocpeACTBEHHO U3 npouecca ynpaeneHus M3IC u nepecMoTpeTb NOAX0AbI K BONPOCY NOBbLILIEHWS 3PHEKTUBHOCTY BbINON-
HEHWS! TEXHONOTUYECKUX onepauyin. CyLLecTBYHOLUMIA TPEHL, NOBbILIEHUS IPOU3BOAMTENBHOCTY 33 CYET YBEIMUEHUS OCHOBHBIX
napaMeTpoB arperara: LUMPWHbI 3axBaTa, paboumx CKOPOCTeN, rpy30noLbEMHOCTU U T. . — MOXET U3MEHUTLCA Ha anbTep-
HaTMBHbIIA NYTb, 3aK/IOYAIOLLMACA B NPUMEHEHWUW CONOCTABMMOTO M0 NPOU3BOAMTENIBHOCTY MHOXECTBA aBTOHOMHbIX Manora-
BapuTHBIX arperatoB (PO CeNbCKOX03AMCTBEHHBIX pob0TOB). TakMM 06pa3oM, NpUuMeHeHUe BeCNMMOTHBLIX CUCTEM YMPaBIeHNS
M03BOJISIET MCMOJIb30BaTh KOHLIENTYaNbHO HOBblE MoAX0Abl K co3aHnio M3C cenlbcKoX03AUCTBEHHOMO HasHaueHus. B ca3m
C 3TMM CTaHOBWTCA aKTyasnbHbIM NMPOBEAEHWE UCCef0BaHWIA, HanpaBeHHbIX Ha BbISBNIEHNE MEPCNEKTUBHBIX KOHLIENTYalb-
HbIX HanpaBneHuin passuTua becnunoTHbix M3C 1 oueHKy 3QHEKTUBHOCTU MX NPUMEHEHUS.

Llenb nccnepoBaHns — BbiSBIEHWE KOHLENTYanbHbIX HanpaBnieHuin passutus becnmnotHbiXx M3C cenbCKOX03AMCTBEHHOMO
Ha3HauYeHMs U TeOpeTUYEeCKas OLEeHKa 3QMEKTUBHOCTU UX NPUMEHEHMS.

MeToppbl. 06beKTOM uccnepoBakua sBnsanca npouecc TpaHcdopMaumm M3C B ycnoBusx pas3BuTMS BECUNOTHBIX CUCTEM
ynpasnieHusi. OCHOBOM UCCNEeA0BaHNUA MOCTYKUIW HayyHble MybAMKaLmmu No BOMpocaM pasBuTUS poboTU3MPOBaHHbIX CPeLCTB
CeIbCKOX03ANCTBEHHOMO Ha3HAYeHWs, UH(OPMALMOHHbIE MaTepuanbl MpeAnpUATUN-U3roTOBUTENEH CENbCKOX03ANCTBEHHBIX
TPaKTOPOB U CUCTEM YMPaBNEeHUs CENbCKOX03AMCTBEHHOM TEXHUKON. B npouecce uccnesoBaHus UCMONb30BaIUCh Takue Me-
TOAbI, KaK MHPOPMALIMOHHBIN aHanM3, CUHTE3, METOAMKM pacyéTa NpOU3BOAMTENBHOCTU CEbCKOXO3AWCTBEHHBIX arperaTtoB
W NpUBEAEHHON CeDECTOMMOCTU BbIMOIHEHWUS TEXHOMIOTMYECKUX onepauuid, afgantupoBaHHsle OFBEHY OHALL BUM npumenm-
TeNbHO K becnmnoTHbiM M3C.

PesynbTartbl. [poaHanuavpoBaHbl nepcrnekTuBbl BHeapeHus becnunoTHbix M3C, cywlecTByowme umMdpoBble U UHTENNEK-
TyanbHble cucTeMbl ynpaeneHusi M3C v ocHoBHbIE (haKTOpbI, CAEpPXKMUBAOLLME UX pa3BuTHe. [peanokeHa KnaccupuKaums
M3C cenbcKOX03AMCTBEHHOMO HA3HAYeHWst MO YPOBHAM aBTOMAaTW3auMW. BbisBNeHbI OCHOBHble HanpaBfeHWA pasBUTMS
W NpeLJsioXeHbl KOHUenTyasbHble Mofenn becrnnotHelx M3C: yHuBepcanbHble 6ecnnnotHble M3C (becnunoTHble TpakTo-
pbl) C COXpaHeHWeM CyLLeCTBYHOLLEN rpajaumMm no TAFOBOMY KIaccy M MOLLHOCTH, YHUBEpCanbHble (MHOroGYHKLMOHANbHbIE)
becnunoTtHble M3C Manoi MOLLHOCTM OJHOMO TArOBOrO Kilacca, pa3fesibHble 3HepreTMyeckue Momynu, obbeanHsowmecs
B €AMHbIV BecnunoTHbIN arperat Ha 6a3e arperaTpyemoii CeNlbCKOX03AMCTBEHHOW MalLWHbI. [TpeanoxeHa MeTOAMKA, U OCy-
LLLECTB/EH PACYET IKBUBANEHTHOTO KonMdecTBa becnnnoTHbix M3C Kaxaon KOHLENTyanbHOM MOLENN 418 KAXL0r0 TArOBOro
Knacca. OcyLiecTneHa oLeHKa BAMAHWA NpuMeHeHus becnunoTHbix M3C npeanoeHHbIX KOHLENTyanbHbIX MOLeNeit Ha npo-
M3BOAUTENBHOCTL NaXOTHOrO arperara W NpUBEAEHHYI0 CeBeCcTOMMOCTb BbIMOSIHEHUS NaXOTHbIX paboT.

3akuioyeHmne. PaspabotaHbl KoOHLENTyanbHble Mogenu paseuTusa 6ecninnoTHbix M3C 1 nponsBeaeHbl CpaBHUTENBHBIE Pacyé-
Tbl 3O (EKTUBHOCTM UX MPUMEHEHWS B COCTaBe arperaToB Afs BCMALLKKM, NO3BOMSILLME [aTb OLEHKY BO3MOXHBIM NepCreK-
TUBaM WX MCMOJIb30BaHuS.

KnioueBble cnoea: MobunbHoe JHepreTuyeckoe CpencTBO; KoHUenuus, DecnunoTHbIN TPAKTOp; CUCTeMa ynpaBJieHUd;
YpOB€Hb aBTOMaTU3aLlnn.
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BACKGROUND

A key priority field of scientific and technological
development of agriculture is the transition to highly
productive, environmentally friendly agriculture.
This transition involves adopting digital, intelligent, and
robotic systems to enhance productivity and sustainability
[1]1, [2]. This approach requires a fundamentally
new approach to managing agricultural production
processes [3].

Leading global major developers and manufacturers
are increasingly focusing on agricultural robots and
robotic systems [4]. A key area of focus is developing
universal unmanned mobile power units (MPUs) that
perform autonomously various technological operations
without human participation [5].

Automation and robotization bring several advantages
to the agricultural industry, including the following:

« enhancing labor productivity and eliminating manual
labor;

 reducing or eliminating the influence of the human
factor on production results;

« optimizing costs and reducing production costs;

« implementing the production potential of agricultural
plants and animals and reducing product losses owing
to strict adherence to agricultural technologies;

« increasing energy efficiency and environmental safety
of agricultural machinery;

 increasing the safety of technological operations
and reducing the impact of harmful production
factors on humans;

 increasing the efficiency of using the agricultural
machinery fleet.

Integrating digital technologies into MPUs
transforms tractors and self-propelled combines into
intelligent machines. These machines connect not only
mechanically with mounted and trailed equipment
(mounted system, trailer hitch, hydraulic system,
power take-off shaft) but also integrate information
(electronic) systems) [6]. Automation controls the
depth of cultivation of tillage units, and ensures high
accuracy of seed sowing and fertilizer application
by using satellite navigation systems. It also allows
remote configuration of machine settings via Internet
connection,tailored to agroclimatic conditions and field
geometric parameters [7], [8].

Modern tractors are equipped with intelligent engine
control systems and drivetrain operating modes. Jointly,
they develop an optimal operating mode depending
on the load, which enables to use engine power most
efficiently, cut down on fuel consumption, and reduce
harmful emissions. The widespread use of automated
control systems for controlling mounted systems,
power take-off shafts, and hydraulic drives is becoming
increasingly widespread. Automatic driving systems
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also facilitate the operation of wide-coverage vehicles,
minimizing product and time losses and enhancing
the quality of technological operations [9].

The advancement of unmanned control systems
allows the use of conceptually new approaches for
developing MPUs for agricultural purposes. InOngoing
research aims to identify promising directions for
the development of these systems and assess their
theoretical effectiveness.

The study sought to identify conceptual directions
for the development of unmanned MPUs for agricultural
purposes and assess theoretically their effectiveness
in agricultural applications.

METHODS

The study focused on transforming MPU systems
in the context of the development of unmanned
control systems. The research was based on scientific
publications about robotic agricultural equipment and
information material from manufacturers of agricultural
tractors and control systems. Methods included
information analysis, synthesis, and productivity
calculations for agricultural units. These methods
were adapted by the Federal Scientific Agroengineering
Center All-Russian Research Institute of Agricultural
Mechanization specifically for unmanned MPUs.

RESULTS

The transition to digital agriculture involves
the use of MPUs with electronic control systems.
Implementing these systems is an initial step toward
fully unmanned MPUs, which will soon be capable
of performing technological operations independently
under the supervision of an operator in the cabin.
In the long term, these MPUs are expected to operate
autonomously in the field remote supervision from
a control room, monitoringmultiple technical systems
simultaneously [6].

Currently, significant progress has been made in
developing MPUs with automatic control (autopilot) while
keeping the operator in the cabin.

The initial stages of creating automatically controlled
MPUs involves using parallel driving systems based on
GPS/GLONASS navigation systems guided by a preloaded
task map of a specific field. At their core, these systems
function as electronic assistants, aiding the operator
in controlling a tractor or self-propelled agricultural
machine. There are several levels of parallel driving
systems, namely course indicators (agronavigators),
thrusters, and autopilot systems [9], [10].

Course indicators represent navigation systems
for agricultural use. With these systems, the operator
navigates the tractor or self-propelled agricultural
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machine based on course indicator signals. These
systems are easy to install, relatively inexpensive,
and can achieve accuracy up to 2 cm with a base
RTK station, allowing minimal deviations from the
set trajectory and ensuring a minimum overlap width
of. However, the accuracy of movement of a unit with
an agronavigator highly depends on the operator’'s
qualifications and reaction speed. The operator must
manage both the technological process flow and
the tractor’'s directional compliance with the given
course. Course indicators are most commonly used for
operations that do not require high-precision, such as
applying liquid and solid organic and mineral fertilizers
and harrowing.

Thrusters function as advanced agricultural
navigators equipped with mechanical steering devise that
automatically adjust the movement direction of a tractor
or self-propelled agricultural implement according
to a given course. Typically, a thruster is either an
additional steering wheel drive attached to the side or a
replacement for the existing steering wheel. At its core,
a thruster features an electronically controlled electric
motor that transmits torque to the steering wheel or the
steering shaft of the tractor mechanism. This system
ensures driving accuracy in a stint without depending
on the operator’s skills or concentration level. However,
it does rely on the technical condition and general
technical capabilities of the steering system installed
on the tractor. Thrusters are ideal for high-precision
operations, including basic and presowing tillage, sowing
and planting crops, spraying, and harvesting.

Autopilot systems take agricultural navigation
further by incorporating a hydraulic unit installed into
the hydraulic steering system, controlled electronically.

Agronavigator Thrusters
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Steering wheel rotation sensors improve driving
accuracy. These systems enable autonomous driving not
only in straight lines but also during U-turns, allowing
the operator to concentrate on monitoring the progress
of the technological process and the technical condition
of the machine-tractor unit. Autopilot systems are
versatile and can be used for almost all operations, from
tillage to harvesting, excelling in high-precision crop
care operations, in particular during interrow cultivation
of row crops.

All parallel driving systems based on GPS/GLONASS
navigation achieve increased positioning accuracy
up to 2-3 cm using an RTK base station, although
this coverage is usually limited to a few kilometers.
Alternatively, paid paid adjustments can be connected to
enhance accuracy [9].

Advancements in autopilot systems for agricultural
tractors are focused on increasing automation and safety
of operation of agricultural implements and units (Fig. 1).
This is achieved through technical vision and artificial
intelligence components.

Cognitive Pilot has developed the Agro Pilot unmanned
driving system, leveraging artificial intelligence and
deep learning technology of neural networks. The
Cognitive Agro Pilot system includes a control unit with
a neuroprocessor for autonomous driving, color video
cameras, a control tablet, a digital hydraulic unit for
steering control, and wheel turning angle sensors. This
system allows a tractor or self-propelled agricultural
machine to move autonomously on the field, guided
by edges, windrows, or crop rows, while maintaining
a specified speed. Driving accuracy is 1-2 c¢cm using
GPS/GLONASS navigation with an RTK base station
and corrections, and speed control is within 1 km/h.

Intelligent control systems

S 0
4
N

Machine vision,
GPS/GLONASS, RTK

Conditionally automated
control

v’ Steering control

Machine vision, radars, lidars,
ultrasonic sensors, GPS/GLONASS, RTK
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Fig. 1. Advancing of autonomous control systems of agricultural MPUs.
Puc. 1. Pa3sutve aBTOHOMHbIX cucTeM ynpasneHns M3C cenbCKOX03AMCTBEHHOMD Ha3HaYeHus.
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The neural network, informed by the cameras, enables
the combine to turn around automatically, change lanes
to unharvested areas, stop before obstacles, or navigate
around them [11].

The autopilot system under consideration can
automate some functions, partially relieving the operator
from directly controlling the tractor or self-propelled
agricultural machine. This allows the operator to focus
more on monitoring and managing the technological
process. However, this system does not yet possess
the full capability to make independent decisions in all
nonstandard situations, requiring operator intervention in
such cases. Consequently, the current autopilot systems
cannot fully eliminate the need for an operator, making
the creation of unmanned or autonomous robotic MPUs
for agricultural purposes unattainable at this stage.

Several challenges hinder the further development
and implementation of automated control systems. While
these systems have high operational efficiency under
operator supervision, they are not yet fully autonomous
and struggle to generate optimal solutions in unexpected
situations [12]. This limitation fosters distrust in these
systems owing to the potential for material harm caused
by system failures. Additionally, cybersecurity issues
require elaboration, since attackers could potentially
disable equipment, destroy crops, or cause other material
damage. Comprehensive requirements for these systems
must be elaborated and enshrined in the relevant
regulations.

The use of unmanned MPUs requires seamless
interaction among units. However, there is currently no
specially allocated frequency for agricultural machinery
that facilitates both remote control of MPUs and their
contactless interaction. Compatibility issues also arise
with existing software and hardware from different
MPU and agricultural machine manufacturers, using a
uniform data transfer protocol and standardized CAN
buses. Although the international ISOBUS protocol
exists, not all agricultural machine manufacturers,
especially those producing in Russia, integrate
elements of this system into their equipment. For the
successful creation of unmanned MPUs, it is essential
to establish legal requirements for the frequencies
used, data transfer protocols, CAN buses, control units,
and controllers.

Another significant hurdle hindering the development
of Russian-made robotic agricultural machinery and,
in particular, unmanned control systems, is the lack
of a Russian-made component base, including
microelectronics, neural computers, radars, lidars,
cameras for machine vision technologies, RTK base
stations, satellite communication systems, data reception
and transmission units, and actuators for controlling
electrical, mechanical, hydraulic and pneumatic
components of agricultural machinery.

Tom 91, N2 1, 2024
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Given that MPUs operate in field conditions and
traverse surfaces without hard coatings, it is crucial
to ensure their passability in addition to geometric
and technological cross-country ability. This requires
the development of sensors and systems capable of
determining the soil's bearing capacity and assessing the
feasibility of MPU movement on such soil [13].

Technologies for unmanned control of various types
of technical equipment are intensively developing
across all industries. The trend is particularly evident
in the fields ofh commercial and personal transportation,
where many global automakers are developing
unmanned vehicles. This rapid progress has prompted
the creation of regulations that reflect levels of control
automation. In 2018, the SAE J 3016-2018 standard, titled
“Classification and systematization, as well as definitions
of terms related to driving automation systems for
road motor vehicles” was established by specialists
from the international Society of Automotive Engineers
(SAE) [14].

The standard provides a framework for classifying and
defining terms related to driving automation systems.
It emphasizes automation as part of vehicle systems
rather than the vehicle itself. Specifically, SAE J 3016-
2018 describes automated vehicle control systems that
perform some or all of the dynamic driving tasks and
involve three primary driving participants: a human driver,
a driving automation system, and other vehicle systems
and components.

According to SAE J3016, vehicles are classified into 6
levels of vehicle driving automation:

« Level 0: no driving automation

» Level 1: driver assistance

» Level 2: partial driving automation

« Level 3: conditional driving automation
« Level 4: high driving automation

« Level 5: full driving automation.

Level 0 vehicles lack any automation systems.
However, levels 1 and 2 include systems that have been
in use for some time, such as ABS, cruise control, and
dynamic stability traction control.

By drawing an analogy to this classification,
agricultural MPUs can also be classified based on their
level of automation (Table 1).

Where M is manual control; MA is manual control
with the ability to automate certain actions; AM defines
automatic operations with the ability of manual control;
AD refers to automatic control under remote supervision
by a dispatch center operator; and A denotes automatic
control under remote control of a central intelligent
control system.

At level 0, there are no electronic control systems
for any MPU functions; the operator exercises full
control over all aspects of the MPU and the technological
processes it implements.

2]
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Table 1. Automation levels of agricultural MPUs
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Tabnuua 1. YposHu aBToMaTM3aumm M3C cenbCKOX03ANCTBEHHOMO HAa3HAYeHUs
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Engine control M M MA AM AD A
Transmission control M M MA AM AD A
Steering control M MA MA AM AD A
Brake system control M M MA AM AD A
Hydraulic system control M MA MA AM AD A
Control PTO shaft M MA MA AM AD A
Control with electric actuators M MA MA AM AD A

Note. M — manual control; MA — manual control with the ability to automate certain actions; AM — automatic control
with the ability to manual control; AD — automatic control under remote control of the dispatch center operator; A — automatic

control under remote control of a central intelligent control system.

pumeqarue. P — pydHoe ynpaBnenue; PA — pydHoe ynpaBneHue ¢ BO3MOXHOCTbIO aBTOMaTU3aLMK OnpeaenéHHbIX SeNCTBUM;
AP — aBTOMaTMueCKOe C BO3MOXHOCTBIO Py4YHOro yrpaeneHus; AJl — aBToMaTUyecKoe ynpaBneHne nof AUCTaHLMOHHBIM
KOHTpO/IEM OnepaTopa AMCMeTYEPCKOro LieHTpa; A — aBTOMaTUyecKoe ynpaB/ieHne MO, AMUCTaHLMOHHBIM KOHTPONIEM LieHTpasbHOM

WHTENNEKTYasNbHOM CUCTEMBI YNPaBNeHus.

Level 1 involves the use of separate auxiliary
systems, such as course indicators, agricultural
navigators, steering correction systems, systems for
turning the PTO shaft on and off. Other features include
systems for lowering and lifting mounted equipment
during turns, maintaining a set depth of cultivation,
and adjusting the angle of inclination of the lift hitch.
In this case, the operator is freed from performing
simple, repetitive actions but must still monitor their
implementation by electronic systems. This reduces the
operator’s load associated with guiding the MPU along the
required trajectory and controlling some MPU systems,
allowing greater focus on monitoring the technological
process.

Level 2 involves partial automation of MPU control,
which is associated with the use of automatic speed
control and motion control with operator adjustments.
The system can orient itself along rows of agricultural
crops, mown swaths, edges of adjacent passages,
field edges, and uncultivated parts. Autonomous safety
systems a recognize obstacles on the way, stopping the
MPU or navigating around them independently. When
using such systems, the operator trusts most MPU
movement-related functions to automation systems

DOl https://doiorg/1017616/0321-4443-567812

but intervenes when the system cannot make decisions
independently.

Level 3 involves conditional automation of mobile
devices, where all MPU control systems related
to both motion control and technological process
control are automated. The operator, located in the
cabin, makes occasional adjustments or intervenes
when the automatic system fails to make a decision
independently.

Level 4 involves the use of unmanned control systems
under remote operator supervision. The electronic system
controls completely all functions of the unmanned MPU,
but the operator located nearby or in the control room
can remotely adjust operations or take over control if
necessary.

Level 5 involves full automation, with an unmanned
MPU controlled automatically under the remote
supervision of a central intelligent control system and
operator supervision.

According to experts, the automation level of mass-
produced cars with automatic control functions reaches
Level 3. By contrast, for agricultural MPUs, in accordance
with the proposed division, some of the most advanced
prototypes using automatic MPU control systems can be
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classified as Level 2, while commercially produced ones
can be classified as Level 1.

Serially produced and widely used parallel and
automatic driving systems based on GPS/GLONASS
geopositioning and neural networks offer high
functionality, accuracy, versatility, and accessibility.
These systems already automate certain MPU control
processes. The continued development of intelligent
technologies in agriculture opens the door to new
methods for managing agricultural machinery. Machine
vision technologies, various types of detecting elements
and sensors, electronic control systems, wireless
data transmission technologies, and the Internet of
Things make it possible to create unmanned vehicles
that improve the quality of technological operations,
ensure high accuracy and safety of driving, and achieve
autonomy. This progress will eventually eliminate
the need for an operator cabin, allowing remote
control of unmanned MPUs from a centralized control
center [15].

The transition to Level 4 automation removes
the operator directly from the direct management
of the MPU. This shift offers new approaches to
increasing a main production indicator, labor productivity.
In the future, with Level 4 and higher automation levels,
a single operator can manage multiple units. Instead of
focusing on increasing the cultivation width, operating
speeds, and load capacity of individual units, this new
approach could utilize a multitude of small, autonomous
agricultural robots. This alternative strategy could match
or even exceed current performance levels.

Moreover, the evolution toward higher technical
level in tractors involves using the technological part of

‘ Unmanned MPUs
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the unit as hitch weight. This would require extensive
adaptive drivetrains in both the MPUs and agricultural
machines, necessitating a transformation of both the
MPUs themselves and the aggregated agricultural
machines [16].

Thus, unmanned control systems allow for
conceptually new approaches to creating MPUs for
agricultural purposes. Research into robotic tools for
agriculture [1] has identified three conceptual directions
for developing unmanned MPUs (Fig. 2).

The conceptual direction 1 (conceptual model A)
represents the development of unmanned universal
MPUs based on mass-produced tractor models equipped
with automation equipment and intelligent control
systems. In most cases, the cabin and traditional manual
controls may be retained or removed. This approach
preserves existing trends in increasing the productivity
of agricultural units by increasing the MPU power, the
cultivation width of agricultural implements, working
speeds, and other factors. These units typically operate
individually or in small groups of 2—3 units and are often
paired with commercially produced agricultural machines.
Examples of this approach include the unmanned tractor
concepts without cabins made from John Deere [17] and
Case IH [18].

The conceptual direction 2 (conceptual model B)
focuses on creating universal, unmanned low power
MPUs that perform tasks primarily in groups. The idea
is to develop universal machines of identical power
that can collectively replace the entire range of existing
tractors of different drawbar categories and power
levels. All operational equipment would need to be
standardized to match the traction force and power of

| Unmanned tractors ‘

Small unmanned vehicles

l

Energy modules

Features: high power,
predominantly individual work |

- =/ \

Fendt Xaver

Features: low power,
predominantly group work

bt

Thorvald IT

Features: low power, combining
modules into a single platform

Fig. 2. Conceptual directions of development of driverless agricultural MPUs.
Puc. 2. KoHuenTyanbHble HanpaBneHus pasBuTus 6ecnmioTHbix M3C cenbcKoX03AMCTBEHHOMO Ha3HaueHMs.
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these MPUs. An example of this approach is the Fendt
Xaver sowing robots, which operate in groups controlled
using cloud technologies. This reduces the number of
installed sensors needed and simplifies the software and
hardware installed on each robot [19].

The conceptual direction 3 involves using energy
modules to develop unmanned MPUs for agricultural
purposes (conceptual model C). This concept involves
the creation of unmanned MPUs composed of several
power modules, each of which includes all essential
elements for performing as a traction-energy vehicle
and for interacting with the external environment, other
modules in the unit, and other units. By combining multiple
power modules, it is possible to create unmanned MPUs
of varying power levels and traction forces. Commercial
agricultural machines with different parameters such as

Vol 91 (1) 2024
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cultivation widths, operating speeds, power consumption,
and hopper capacity can be adapted to work with these
energy modules [20]. An example of this concept in action
is the modular principle of constructing the Thorvald Il
robot system [21].

The abovedescribed conceptual models for the
development of unmanned MPUs require sufficiently high
levels of automation in agricultural unit control.

Figure 3 illustrates how unmanned MPUs from
conceptual models A, B, and C can be aggregated with
plows and cultivators for continuous and interrow tillage.

Currently, scientists and leading manufacturers
of agricultural machinery are exploring all three concepts.
To further determine the prospects for using the proposed
conceptual models of unmanned MPUs, it is necessary
to explore their comparative effectiveness.
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Fig. 3. Coupling of driverless MPUs with ploughs, unstriped and inter-row cultivators. a — conceptual model A; b — conceptual model B;

¢ — conceptual model of C.

Puc. 3. ArperatupoBanue becnunotHbix M3C ¢ nnyramm, CNAOLLIHBIMUA U MEXAYPASHBIMU KyNbTUBATOPaMK: @ — KOHLENTyanbHas Moaensb A;

b — KoHuenTyanbHas Mofenb B; ¢ — KoHuenTyansHas Mogens C.
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To compare different conceptual models, it is
necessary to determine the equivalent number of
unmanned MPUs relative to different conceptual models
created by basic models (serial) of tractors across
various drawbar categories. In theoretical studies,
commercially produced agricultural tractors of drawbar
categories ranging from 0.2 to 8 were taken as base
models, according to GOST 27021-86 (ST SEV 628-85)
“Agricultural and forestry tractors.” Drawbar categories.”
In studies, it is assumed that in terms of traction force,
unmanned MPUs of conceptual model B correspond
to a tractor of drawbar category 0.6, while those of
conceptual model C correspond to a tractor of drawbar
category 0.2.

The use of unmanned MPUs of conceptual model A
involves replacing the base tractor of the i-th drawbar
category with an unmanned MPU of the same i-th
drawbar category or converting the base tractor to
unmanned operation. Each tractor in the i-th drawbar
category is replaced by one unmanned MPU of the same
category, i.e.:

nizné, (1)

where is the drawbar category indicator
according to GOST 27021-86; n, represents
the estimated number of unmanned MPUs of
the i-th drawbar category, model A, units;
ni represents the number of basic tractors being
replaced by unmanned MPUs..
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In the case of using unmanned MPUs of conceptual
models B and C (energy modules), one tractor of
the i-th drawbar category was replaced by one
or more unmanned MPUs of certain tract drawbar
categories:

n]’; > né , (2)
n. >ng, (3)

where ny is the estimated number of unmanned MPUs
of conceptual model B, units; and n. denotes the
estimated number of unmanned MPUs of conceptual
model C (energy modules).

Since the traction force of unmanned MPUs of
conceptual models B and C (energy modules) is initially
accepted and remains constant, their equivalent number
will directly depend on the traction force of the used base
tractor of the i-th drawbar category.

The number of unmanned MPUs of conceptual
model B, equivalent in traction force to a tractor of the
i-th drawbar category, is determined by the following
equation:

i 1N (4)

PKpB
where Plépb is the maximum value of the rated
traction force of the base tractor of the i-th drawbar
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Fig. 4. Results of calculation of equivalent number of driverless MPUs of the conceptual models A, B and C depending on drawbar category

of a basic tractor.
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roBoro Knacca 6asoBoro TpaKTopa.

DOl https://doiorg/1017616/0321-4443-567812

31



32

NEW MACHINES AND EQUIPMENT

category according to GOST 27021-86, kN; £, is the
maximum value of the nominal traction force of an
unmanned MPU of conceptual model B, kN. In our case,
according to GOST 27021-86 for drawbar category 0.6,
PS5 = 8,1 kN.

The number of energy modules in conceptual model C,
equivalent in traction force to a tractor of the i-th drawbar
category, is determined using the following equation:

Pi

i _ "Kpb

nc — T (5)

PKpC

where F, . is the maximum value of the rated traction
force of the power module of the model C, kN. In our
case, according to GOST 27021-86 for drawbar category
0,2 Pé’lfc = 5,4 kN.

In accordance with the outlined methodology,
calculations were carried out, and a graph was plotted
(Fig. 4) to indicate the dependence of the number
of unmanned MPUs of conceptual models A, B, and C
on the drawbar category of the base tractor. During the
calculations, the equivalent number was rounded to integral
numbers.

Conceptual model A assumes creating unmanned
MPUs for each drawbar category. On the graph, this
is represented as a straight line parallel to the x-axis,
passing through the value of 1 of the y-axis.

To evaluate the potential of using the proposed
conceptual models of unmanned MPUs, research was
conducted to determine their impact on productivity
and economic efficiency. This involved assessing
the performance of units combined with unmanned
MPUs from various conceptual models and evaluating
cost reductions. The assessment relied on existing
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well-known methods [22], refined by the Federal
Scientific Agroengineering Center Federal Scientific
Agroengineering Center VIM.

A comparative assessment of the productivity of
plowing units with reversible plows using unmanned
MPUs from three conceptual models was performed.

The specific parameters used in the assessment
included a run length of 1,000 m, tillage depth of 20-
22 cm, specific traction resistance of the implement
of 13.4 kN/m at a speed of 5 km/h, and a growth rate
of traction resistance of the implement of 5% per 1 km/h
increase in speed. The method for the unit movement
was shuttle with loop bulb-shaped turns at the end
of the run.

For calculating the shift time utilization coefficient,
it was assumed that for basic tractors, 15 minutes
per shift were spent on the operator's personal
needs, with a rest time coefficient of 0.052. By
contrast, for unmanned MPUs, the time spent on
the operator’s personal needs and rest was not
considered.

The coefficient of time spent on turning the unit
at the end of the headland was determined using
the values of the kinematic length and the minimum
turning radius of commercially produced agricultural
tractors corresponding to the drawbar categories. Data
on the kinematic length of agricultural implements
were taken from the technical specifications provided
by the manufacturers. A turning speed of 5 km/h was
assumed for the unit.

For calculations, the shuttle method of the
unit movement with loop bulb-shaped turns
was adopted. For units with unmanned MPUs of
conceptual model C, a loopless (trajectory along
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Fig. 5. Assessed hour performance of arable units including driverless MPUs of various conceptual models.
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Table 2. Present cost of ploughing per hectare, rub/ha
Tabnuua 2. CebecToMMOCTb BCMALLIKM OHOMO reKTapa, py6./ra
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Drawbar category Model A Model B Model C Basic tractor
0,2 3744,49 3054,24 2146,70 5835,98
0,6 3054,24 3054,24 1950,00 5250,71
0,9 1863,61 3054,24 1953,09 267713
1,4 1276,40 2036,16 1892,41 1850,66
1352,35 1832,54 1741,74 1746,01
3 1356,37 2036,16 1859,24 1675,90
4 1589,37 261792 1854,10 1898,02
5 1368,72 2375,52 1740,10 161749
6 1464,18 2498,92 1766,27 1685,94
8 1766,63 2335,59 1748,42 197964

X o 5
N a . = -

- _ I I O -

B R B o i

v 2 @

o~ 1

%
0,2 0,6 0,9 1.4 2 3 4 8
Drawbar category
= Model A m Model B 1 Model C

Fig. 6. Decreasing the present value of ploughing per hectare using driverless MPUs in comparison with basic tractors.
Puc. 6. CHuxkeHne cebecToMMoCTi BCNaLLKY OLHOMO reKTapa npu ucnonb3oBaHuu 6ecnunotHbix M3C oTHocuTenbHO 6a30BbIX TPAKTOPOB.

the minimum radius) turning method was adopted,
where the turning radius equals the working width
of the unit.

The results of calculating the hourly productivity
of plowing units combined with basic tractors and
unmanned MPUs from various conceptual models in
their corresponding drawbar categories are presented
in Fig. 5.

According to these calculations, the use of unmanned
MPUs of the conceptual models under consideration can
improve the plowing unit productivity.

The use of unmanned MPUs of conceptual model
A can increase the plowing unit productivity across
all drawbar categories. The use of unmanned MPUs
of conceptual model B can increase the plowing unit
productivity by 2%-42%, with significant gains achieved
when using a group of these units compared to basic

DOl https://doiorg/1017616/0321-4443-567812

tractors of drawbar categories ranging from 0.6 to 4
(10-42%).

Conceptual model C, when compared to basic tractors
of drawbar category over 0.6, can increase plowing unit
productivity by 4—18%, with notable increases observed
in drawbar categories from 2 to 8 (15-18%).

A comparative assessment of the reduced cost
of plowing work using unmanned MPUs versus basic
tractors was performed. The results for the cost of
plowing one hectare are presented in Table 2.

Based on the data obtained, the reduction
in the cost of plowing one hectare was calculated
when using unmanned mobile vehicles relative to
basic tractors in the corresponding drawbar categories
(Fig. 6).

Fig. 6 shows that using unmanned MPUs of
conceptual model A in all drawbar categories can
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reduce the cost of work by 11%-42%. The use of
unmanned MPUs of conceptual model B is cost-
effective compared to basic tractors only in drawbar
categories 0.2-0.9. Cost reductions with conceptual
model C can be achieved in drawbar categories
0.2-0.6 and 8. In other cases, employing MPUs of
conceptual models B and C can lead to increased costs
of plowmanship.

DISCUSSION

Serially produced and widely used parallel and
automatic driving systems based on geopositioning
systems and neural networks now enable the automation
of certain MPU control processes. The further
development of these control systems is directly related
to the integration of geopositioning systems, lidars,
radars, machine vision, the Internet of Things, and other
intelligent technologies. These advancements pave
the way for autonomous control of all functionalities
of agricultural MPUs, ultimately eliminating the need
for an operator in the cabin and transitioning to fully
unmanned MPUs.

Research has enabled the classification of
agricultural MPUs according to automation levels. The
transition to unmanned MPUs is possible upon reaching
Level 4 automation, where the operator remotely
controls the unit. The developed conceptual models
reflect the main trends and promising directions for
MPU development. The proposed methodology for
calculating the equivalent number of unmanned MPUs
helps determine the optimal number of unmanned MPUs
included in an agricultural unit with each conceptual
model for each drawbar category.

Calculations show that using unmanned MPUs
of the conceptual models under consideration can
improve plowing unit productivity. Specifically, conceptual
model A can improve productivity and reduce costs
across all drawbar categories. Conceptual model B can
positively affect costs only within drawbar categories
0.2-0.9. Ultimately, conceptual model C shows cost
benefits in drawbar categories 0.2-0.6, and 8. In other
cases, conceptual models B and C can lead to increased
plowing costs.

CONCLUSION

Theoretical studies suggest that the proposed
conceptual models of unmanned MPUs can improve
the productivity of agricultural units. However, the results
on the reduced cost of performing agricultural work with
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these models are ambiguous. For a more comprehensive
and objective assessment of the effectiveness of the use
of using unmanned MPUs, it is advisable to assess their
performance across various agricultural operations.
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A0NOSIHATENIbHAS UHDOPMALUA

Bknap aBtopoB. .A. CrapoCcTMH — pyKOBOACTBO McChle-
A0BaHWEM, KOHLeNTyanusaums, MeTofonorus, agMuHu-
CTpupoBaHue npoekTa; A.B. ElumH — dopmanbHbId aHa-
Nn3, NpoBefeHWe MCCnefoBaHMsA, CO3AaHMe YepHOBMKA
pyKonucu, Busyanmsauums; 1.3. logaeB — npoBedeHne
McCnefoBaHWA, Co34aHue YEpHOBKKA PYKOMMUCH, CO3Aa-
HWe OKOH4aTenbHOM Bepcuu (popaboTka) pykonucu u eé
penaktmpoBanue; C.A. [laBbiioBa — ¢opManbHbIM aHa-
nN3, NpOBeLeHNe WUCCNefoBaHWs, C034aHWe YepHOBUMKA
PYKOMWCK, CO3[aHMe OKOHYaTeNbHOM Bepcum (BopaboTka)
PYKOMWCK 1 e€ pefaKTMpoBaHWe. ABTOpbl NOATBEPKAAKT
COOTBETCTBME CBOEr0 aBTOPCTBA MEX[YHAPOAHLIM KpuTe-
pusm [CMJE (Bce aBTOpbl BHECNW CYLLECTBEHHbIN BKMAj
B pa3paboTKy KOHLEeNnuWu, npoBeLeHue WCCneLoBaHWs
M MOAFOTOBKY CTaTbW, MPOYAM M 0A06pMAKN QUHanNbHYL
Bepcuto nepen nybnvKaumnen).

WUcTounnk dmHaHcuposanms. AsTophl 3asBnsT 06 oT-
CYTCTBMW BHeLUHero WHaHCMpPOBaHUA NpW NpOBeLEHUM
MCCNEeA0BaHNUS W MOLraTOBKE NybnmMKaumm.

KoHdpnuKkT MHTepecoB. ABTOpbI [JeKNapUpYOT OTCYTCTBME
ABHbIX M NOTEHUMANbHBIX KOHPMKTOB MHTEPECOB, CBA3aH-
HbIX C MPOBEAEHHLIM UCCeA0BaHMEM M NybaMKaLmen Ha-
CTOALLEN CTaTbM.
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