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Abstract. In agricultural production, to obtain high yields, reliable protection of cultivated plants is necessary,
the crops of which are affected by various harmful organisms. The most effective in combating pests of agricultural
plants is the chemical method, which, when successfully applied, provides high cost-effectiveness. To reduce the toxic
impact on cultivated plants and the environment, the use of agricultural drone is promising due to their advantages over
mobile ground sprayers. Agricultural drone do not compact the soil, do not damage agricultural crops, are extremely
maneuverable, can work on fields of various configurations, are able to spray immediately after precipitation, can carry
out local or point spraying, and provide accurate dosing of chemicals. They are characterized by high productivity and
lower energy consumption. The implementation of the technological process by an agricultural drone was analyzed
without taking into account the size of the field, the sown crop, the relief of the field, the type of agricultural drone, etc.
As a result, the active, i.e. useful work performed by the drone, namely the technological process of spraying the drug,
has been clearly delimited. The auxiliary actions necessary for the implementation of the technological process of
spraying have been established: replacement (charging) of batteries, filling the tank with chemical liquid, take-off and
landing, approach to the field boundary, U-turns when switching to another processing lane. A universal method for
calculating the effective productivity of agricultural drones during the cultivation of agricultural crops has been
proposed, which involves the analysis of each component of the technological process of applying pesticides by
agricultural drones. Technological schemes have been proposed that provide a partial reduction in unproductive
operations, increasing the productivity of agricultural drones, provided that the material support for the implementation
of the technological process increases for each subsequent technological scheme. The use of agricultural drones-
sprayers provides high productivity, which makes it possible to process crops in a short time, protecting them from
diseases, pests and weeds.

Key words: agricultural drone, mobile charging station, spraying, productivity, technological scheme of
drone operation, agricultural plants, pesticides, drone speed, shift time, spraying width.
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1. INTRODUCTION

The rapid development of global mechanical engineering, including agricultural
engineering, the creation of new designs of various machines, tools, aircraft, computer technologies,
chemical synthesis, etc., has given impetus to the creation of new technologies in the agricultural
sector. This paper considers one of them — the use of agricultural drones in agriculture [1-3].

The use of drones in agricultural production, in particular for field cultivation, is a reality
that has its advantages. The combination of small-sized unmanned aerial vehicles and advanced
computer technologies (using GPS technologies) with the use of modern preparative forms of
pesticides provides reliable protection of agricultural crops from pests [4—7].

In modern agro-industrial production, it is possible to obtain high yields of cultivated
plants only by applying appropriate methods of reliable plant protection. Crops of cultivated
plants are affected by various harmful organisms, they are shaded by weeds, woody and shrub
vegetation, which contribute to the reproduction of pests and pathogens. The most effective in
combating weeds that litter crops of agricultural plants, diseases and pests is the chemical
method, which, when successfully used, provides high cost-effectiveness [8—10].
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The basis of the chemical method of combating crop yields is the use of pesticides to
destroy weeds and pests during their mass reproduction and the spread of pathogens of
cultivated plants. Today, pesticides are a necessary component of agro-industrial production.
Thanks to their use to protect cultivated plants, an increase in the yield of cultivated crops and
the preservation of grown products is achieved [11-13]. Ill-considered or careless use of
pesticides can negatively affect the soil, which is the basis for the growth and development of
cultivated plants, which provide fodder for livestock and food for people [14, 15].

In each specific case, determining the appropriateness of using pesticides, their
availability and effectiveness (biological, economic, and economic) are taken into account. The
variety and popularization of the use of pesticides have caused an increase in the chemical
(toxic) load on the fields, which leads to a disruption of the balance in agrobiocenoses, a
possible increase in the resistance of harmful organisms, an increase in the risk of pollution of
the environment and grown products [16, 17]. This can be prevented by reducing the rates of
consumption of drugs and the frequency of their application.

Modern agriculture is unimaginable without the use of chemical plant protection products.
Until the 1980s, crops were treated with ground-based self-propelled units, using medium-volume
and high-volume spraying with flows of 50...400 l/ha and more than 400 1/ha, respectively [18].

In recent decades, ground sprayers have been partially replaced by agricultural
drones. An agricultural drone is a small-sized aircraft for processing crops. The main design
and technological parameters of an agricultural drone: distance above the surface 4...5 m;
operating speed 6...8 m/s; liquid droplet size 50...150 microns; spray width 6...9 m; working
fluid consumption 5...10 1/ha. For the active action of chemical crop protection products,
the number of drops of the products per square centimeter of plants is required:
200 fungicides, 20...40 herbicides, 30...60 insecticides.

Modern plant protection science has achieved the ability to synthesize highly effective
concentrated preparations for use in small doses over large areas, providing reliable protection
of cultivated plants.

Agrodrones use sprayers designed for ultra-low-volume spraying, which form droplets
of working fluid with a diameter of 50...150 microns, ensuring the required density of plant
coverage with the drug at a flow rate of 5...10 I/ha. The calculation of the parameters of the
agrodrone nozzles is performed taking into account the needs of modern agriculture and the
requirements for the accuracy and efficiency of field processing.

The use of a lightweight yet durable drone design ensures an optimal load-to-weight ratio,
and a high-quality power system will ensure reliable operation of the drones for a long time.

Agrodrones have advantages over mobile ground sprayers, namely: they do not compact the
soil at all and do not damage crops; they are extremely maneuverable; they can work on fields of
various configurations; they are able to spray immediately after precipitation; they can perform local
or spot spraying; they provide precise dosing of chemicals, reducing the negative impact on the
environment; they are characterized by high productivity and lower energy consumption [19, 20].

The objective of the work is to develop a methodology for calculating the productivity
of using agricultural drones for processing crops and plantings of cultivated plants and to
develop technological schemes for cultivating fields with agricultural drones with
recommendations for their rational use based on a comparison of their productivity [21-26].

2. ANALYTICAL METHODS

To perform the technological process of spraying using agricultural drones, a mobile
technological device for ground service is necessary [27-30].

Such ground-based mobile technological devices [29, 30] (Figure 1, position 1) are
placed on one or both sides of the field, they are equipped with agricultural drones 5, charging
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devices (batteries) 3 with an antenna 4 for transmitting and receiving signals and a container 2,
which is filled with a working solution of the pesticide. All these device components are
necessary for the productive operation of the drone.

To model the technological process of spraying fields with agricultural drones, we will
perform its schematization for the general case (Figure 2).

Let us assume: the field width 7, is less than one kilometer, the supply of chemical

liquid in the agricultural drone tank and the battery charge are sufficient to cover a distance of
several kilometers.
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Figure 1. Mobile technological device for the ground service of agricultural drones

The time during which the entire volume of liquid in the tank of the agricultural drone
1s used will be called a stage and denoted by 7. In one stage (i.e. in 75 ) the drone will make

several passes over the field, denoted by 7,,, spraying the chemical during the time ¢#,. To

process the field, the drone needs to spend time on takeoff and landing and approach to the field
boundary ¢, , as well as time on idle runs during turns ¢, .

The number of drone passes over the field in one stage is determined:
npr =1o/lp s (1)

if [, —length of the drone's path (flight) over the field or the length of the processed strip during

the execution of the technological process in one stage, m.
1, —field width, m.

Number of work passes of the agricultural drone per shift
No =npp-ng, ()
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if n, —number of drone operation stages per shift is determined:

ng = A/tE' (3)

if T, —agrodrone flight time, hours;
t; — time during which the entire volume of liquid in the agrodrone tank will be used.

The drone is assumed to work a full shift, so the working shift time of the agricultural
drone will be

Ty =T,+Tc, 4)

if T — time for replacing (charging) batteries and filling the tank with a chemical preparation,
depending on the processing process 7~ = 0,1...1,5 hours.

The execution time of the technological process of applying pesticides by an agricultural
drone T, over the entire field per shift depends on the number of active (working) passes of the

agricultural drone N, and the time of one pass £ ;.

if ¢,, — time during which the drone makes one pass of length /p, h,

to; =1p/Vp; Vp —operating speed of the drone, km/h.
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Figure 2. Schematization of the technological process of processing by agricultural drones
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3. RESEARCH RESULTS

Some technological schemes for using agricultural drones to process fields of various
configurations should be analyzed.

For processing small fields (Figure 3), it is advisable to use one mobile station and one
drone. Mobile station 4 is placed at some distance L from the field boundary, provided that it
is inconvenient to approach directly to the edge of the field. Drone 1 is installed on a mobile
station, which charges the battery and fills the tank with the working pesticide solution during
the time 7. After charging and filling the tank with the pesticide solution, drone 1 performs

the technological process of processing part of the field in one stage (in the time 7, ) using the

entire volume of one tank. During this time, mobile device A approaches point «a» to point
«b», where the drone completes one stage. The drone is fixed on mobile station 4, charges the
battery, fills the tank with the chemical solution and begins the next stage of the technological
process of processing the field.
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Figure 3. Schematization of the operation of one drone: 4 — mobile station (platform);
1 — drone; H — coverage width of the spray zone; L — the distance from the station to the field boundary;

[ y — idling path of the drone (without spraying liquid); ¢, — time of one stage (time of using the full
volume of the tank filled with liquid; lp — field width

For medium and large fields, in which the length of the treated strip is /; >1 km, it is

advisable to use a ground mobile service station A4 located on one side of the field (Figure 4). It
contains two base points for recharging and refueling sprayer drones 1 and 2. The technological
process is as follows: the first sprayer drone, filled with a working solution, rises above the field
surface and performs chemical treatment of plants, the second drone remains at the station,
recharges and fills the tank with working fluid.
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At this time, the service ground mobile station 4 moves from position «a» to position
«b». The first drone carries out spraying, capturing a strip with a width H. Having reached the
edge of the field, it turns to the next strip, thus ensuring the processing of the sowing area with
a width of 2H and using the entire volume of the tank. Then, having reached the edge of the
field, it makes a fixed landing on the station platform to recharge (replace) the battery and fills
the tank with the working solution. At this time, drone 2 starts and performs similar work as the
first drone.

The proposed technological scheme of field cultivation is recommended for cases when
the chemical substance and battery charging are enough for only two passes through the field,
1.e. for fields of large width. The length of the path (flight) of the drone during the technological
process is I, =21, respectively T ~0;idle time is 7 = 0.
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Figure 4. Scheme of movement of two drones using one mobile station: A — mobile station;
1, 2 — drones; a, b — mobile station positions

For large and medium-sized fields, provided that the length of the treated strip is equal to
the width of the field /, =/,., it is advisable to use a different technological scheme (Figure 5).

Service ground mobile stations 4, B for refueling and recharging (replacing) the batteries of
sprayer drones are located on both sides of the field. The volume of the tank of chemical liquid
filled into the agrodrone and charging the battery is enough for one pass through the field.
Sprayer drone 1 takes off from station A, sprays the working fluid to the processing width H,
while mobile station 4 moves from point «a» to point «d». Simultaneously with drone 1, sprayer
drone 2 takes off from station B and performs the technological process moving in the opposite
direction (from point «b» to point «d»). Both drones work simultaneously, performing
cultivation on both sides of the field, moving towards each other, each capturing a separate strip
of the field with width A. The first drone, having flown to the edge of the field, fixes at station
B to replace the batteries and fill the tank. At the same time, mobile station B moves from point
«by» to point «e». At the same time, the second drone also flies to the edge of the field and fixes
at station 4 at point d to replace the batteries and fill the working fluid.
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The time for replacing batteries and filling working fluid T per shift is calculated

according to the standards, idling time 7, = 0.

The proposed technological scheme with two mobile stations (see Fig. 5) can, if
necessary, be used with one agrodrone. In this case, drone 1 performs the technological process,
moving from mobile station 4 to mobile station B. After fixing the drone on platform B, the
batteries are replaced (charged) and the working fluid is filled, the platform moves to another
cultivation strip, the drone takes off and continues the spraying process. For such a
technological scheme, the operational productivity will be half as much.
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Figure 5. Technological scheme of operation of two drones with two mobile stations on two sides of the field:
A, B —mobile stations; 1, 2 — drones
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The technological scheme of field processing by drones is shown in Figure 6, requiring
the use of two platforms 4 and B, on which four drones (1, 2, 3, 4) are placed. During the
technological process, there is a free space on each of the mobile stations, where the active
drone lands for recharging (replacement) and refueling. During field processing, two active
drones are simultaneously involved.

The process occurs in the following sequence: drones 1 and 3 simultaneously start from
mobile stations 4 and B. After the start of drone 1, platform 4 moves from point «a» to point
«b», waiting for the fixation of drone 3 after the completion of the technological process.
Platform B, fixing drone 1, moves from point «d» to point «e». Accordingly, drone 2 starts from
point «by» of platform A4, and drone 4 starts from point «e» of platform B.

The proposed technological scheme of cultivation (see Fig. 6) is appropriate for large
areas occupied by agricultural crops, for cases when [, =/,. For such a scheme, the time for

replacing batteries and refueling drone tanks with working fluid is zero 7. =0, there is no
idling 7, =~ 0.
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When using agricultural drones, the following recommendations should be followed: do
not use drones in adverse weather conditions, when the wind exceeds 28 km/h, during rain, fog,
snow, hurricanes, etc. Avoid spraying plant protection products on adjacent areas when
processing field edges. This can be achieved by using software that sets field boundaries.

Each of the proposed technological schemes for processing fields with agricultural
drones has its own advantages and disadvantages. The choice depends on the analysis of the
drone movement pattern and the establishment of their operational performance.

The operation of each unit is characterized by several main indicators, one of which is
productivity.

Operational productivity of an agricultural drone per hour of working time

W,=01H-V,-t, (6)
if H —width of the spraying zone captured by the agrodrone, m;

V', — drone operating speed, km/h;
7 — shift time utilization factor.

r= ©

T, —time of execution of the technological process by the drone per shift, hours, is

determined according to dependence (5);
Ty — shift time, hours.
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Figure 6. Technological scheme of operation of four drones with two mobile stations:
A, B —mobile stations; 1, 2, 3, 4 — drones.
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During the shift, the agrodrone, processing the selected field, performs n-stages. In
each of them, it uses a full tank of working fluid. The number of stages can be determined
as follows

=4 ®)

if 7, — drone flight time during a shift, hours
T y=Tey —T¢ ©)
t; — time of one stage, hours

For each of the proposed technological schemes, the time of one stage is the passage of
the agricultural drone over the field in one or two directions until the chemical liquid tank is
completely used up.

tp =ty +t,+ty, (10)

if ¢,, — take-off and landing time and approach time to the field boundary, hours;
t, —execution time of the technological process per stage, hours;
t, —Idling time, hours
Drone takeoff and landing time and time of its approach to the field boundary

L-107°
Ly =2-|tg + . , (11)
0

if #, — drone takeoff and landing time, 7, = 0,0083 hours;
L — distance from the ground service station to the field boundary, m;
V, —average drone speed from the station to the field boundary, km/h, V, =V,/2.

The time of execution of the technological process for one stage, i.e. the spraying time
during which the volume of one tank is consumed

ty= , (12)

if /, — length of the drone's path (flight) during the execution of the technological process in

one stage, m.
The length of a drone flight in one stage is determined:

v, -10*
l,=-2 , (13)
H-q

if v, — volume of the liquid tank, I;
q —rate of use of technological fluid per 1 ha of field, I/ha.
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Drone idle time per stage

Iy npp-107
fy =X PRI ”f; : (14)
X

if /,, —1idling range when turning the drone, m, /, ~ H ;
npp — the number of passes (turns) of the drone per stage is determined according to (1);
V, — drone speed on turns, km/h.

The total number of work passes of the agricultural drone per shift is determined using
the dependence (3).

Based on the analysis of the above technological schemes, a methodology for
calculating the productivity of agricultural drones in processing agricultural crops has been
developed.

With the same technological characteristics of agricultural drones (working speed,
spraying width, working fluid usage rate), operating productivity will increase due to an
increase in the shift time utilization factor.

A relationship has been established between the productivity of agricultural drones for
the proposed technological schemes (Figure 7)

because the time usage rate changes

|\‘\;

oy

a b c D

Figure 7. Diagrams of the time consumption of agricultural drones of sprayers per shift.
a — corresponds to the technological scheme, see fig.3;
b — corresponds to the technological scheme, see fig. 5;
¢ — corresponds to the technological scheme, see fig.4;
d — corresponds to the technological scheme, see fig. 6
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Ty — shift work time; T, — execution time of the technological process; 7. — time of charging

batteries and refueling with chemical liquid; 7, — agrodrone time in the air; 7, — idling time.

4. CONCLUSION

The implementation of the technological process of applying pesticides
by agricultural drones was analyzed without taking into account the size of the field,
the sown crop, the relief of the field, the type of agricultural drone, etc. As a result,
the active, i.e. useful work performed by the drone, namely the technological process
of spraying the drug, was clearly delimited. Auxiliary actions necessary for performing
the spraying technological process have been established: replacing (charging) batteries,
filling the tank with chemical liquid, takeoff and landing, approaching the field
boundary, and turning when moving to another treatment strip. A universal method for
calculating the effective productivity of agricultural drones during crop cultivation is
proposed, which involves the analysis of each component of the technological process of
applying pesticides by agricultural drones. Technological schemes are proposed that
provide a partial reduction in unproductive operations while increasing the productivity of
agricultural drones, provided that the material support for the implementation of the
technological process increases for each subsequent technological scheme. The use of
agricultural drones-sprayers for field processing provides high productivity, which makes
it possible to process crops in a short time, especially during adverse climatic periods,
protecting them from diseases, pests, and weeds. The work has developed several
technological schemes for cultivating agricultural crops with agricultural drones, which
ensure the reduction of unproductive operations and directly affect the productivity of the
spraying process.
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Development of highly productive technological schemes for the use of agrodrones for plant protection
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PO3POBJIEHHSA BUCOKOIIPOAYKTUBHHUX TEXHOJIOT'TYHUX
CXEM 3ACTOCYBAHHA ATPOAPOHIB 1A 3AXUCTY POCJIMH

I'anna llbonb; Tapac [losOyur; Bikropiss Mapruniok; Hanis XoMuk;
Muxkosaa CramkiB; AHaroJiii JloBoymn

Tepnoninbcokuu Hayionanbhuu mexuivHuu ynigepcumem imeni leana 1lynios,
Tepnonins, Yrkpaina

Pe3tome. B azpapromy supoOHuymesi 0isi OMpPUMAaHHs GUCOKUX YPONCAL8 HeOOXIOHUM € HAOTUHULL 3aXUCT
KYIbMYPHUX POCIUH, NOCIBU SKUX 8pAdCaromv pisHi wkionusi opeanizmu. Hatieghexmusniwuum ye 6opomuoi 3i
WKIOHUKAMU CITbCOKO2OCNOOAPCLKUX POCAUH € XIMIYHUL MemOoO, w0 npu 80ALOMY 3ACMOCY8anHI 3a0e3neuyc
BUCOKY eKOHOMIuHICMb. J[ 3MeHWleHHs MOKCUYHO20 6NAUBY HA 00pOOMIO6aHi POCIUHU Ma  OO0BKILIA
nepcneKmuHUM € BUKOPUCTNAHHA a2POOPOHIE 3a805KU Nepesazam Hao MOOIIbHUMU HA3eMHUMU OONPUCKYBAYaAMU.
A2poOpoHu He YWinbHIOIOMb 2PYHM, He HOUWKOONCYIOMb CilbCbKO2OCNOOAPCHKI KYAbmypl, HAO38UYANHO
Mauesperi, MOJHCYMb NPAyo8amu Ha NOJAX Pi3HOL KoHQicypayii, 30amui 6uKoHy8amu 0ONPUCKYBAHHSA 00pA3y
nicia onadis, ModCcymsv 30MUCHIOBAMU OKANbHE AO0 MOYKO8e PO3NUNEHH:, 3a0e3neyyoms mouyHe 003)8aAHHs
XIMIYHUX pequ0o8uH. [[na HUX XapakmepHi UcoKa NpooyKmugHicms ma menwii enepeosampamu. Ilpoananizosano
BUKOHAHHI TEXHOJI02IYH020 Npoyecy azpoOpoHOM 0e3 YPaxy8anHs pO3Mipy NOs, 8UCIAHOI KYabmypu, peibeqy
nos, muny azpoopoua i m.in. Y pesynbmami 4imko po3medco8anHo aKmueHy, moomo KOpuchy pobomy, siKy
BUKOHYE OPOH, A came, MEXHONIO2IYHUL NPoYec po3nuieHHs npenapamy. Becmarnosneno oonomiochi 0ii, HeoOXiOHI
0711 BUKOHAHHS MEXHON02IYHO20 NPOYecy pPO3NULEHHS: 3aMina (3apaoKa) aKyMyasmopie, 3aiueamnHs 6 OaYox
XIMIYHOL PIOUHU, 31em-nocadka, nioxim 00 Medci Nojs, pPo36opPomu npu nepexodi Ha [HuLy cmyzy o6podKu.
3anpononosano yuigepcanvhy MemooOuKy pO3PaxyHKy e@exmuerHoi npooyKmueHocmi azpoOpoHié nid uac
00pOOIMKY CilbCbKO20CNOOAPCHKUX KVIbMYP, WO Nepeddaiac ananiz KOXCHOI CKi1ado8oi mexHoI02iuHo20 npoyecy
BHECeHHA necmuyudié azpoOpoHamu. 3anponoHO8aHI MEXHONO2IYHI cxeMu, SKI 3a0e3neuyroms yYdacmKoge
SMEHWIeHHSI HenpoOOYKMUSHUX ONepayill 30i1buyoyu nPOOYKMUGHICIb pobOmu azpoOpoHis, 3a YMOBU, WO
MmamepianvHe 3a0e3neyeHHs Ol BUKOHAHHA MEXHON02IYHO20 Npoyecy 3pocmac OJid KONMCHOI HACMYNHOI
mMexHoN02IuHOl cxemu. Bukopucmanus acpooponis-posnuntogauis 3abe3neuye 8UCOKy npoOyKMUsHicmb, wo 0ae
MOHCIUBICMb )Y KOPOMKI MepMIHU 00pOOIAMU NOCIBU CLIbCHKO2OCHOOAPCHKUX KYAbMYP, 3aXUaroyu ix 6i0 xeopoo,
WKIOHUKIG T OYp ‘anis.

Kniouosi cnosa: acpoopon, mobinbha 3apaona cmauyis, OONPUCKYBAHHA, NPOOYKMUBHICMb,
MexXHOI02IUHA cxema pobomu OPOHA, CiIbCbKO20CHOO0APCHKI POCIUHU, NeCMUYUOU, UBUOKICTNbL OPOHA, YAC 3MIHU,
WUPUHA POZNUTICHHSL.
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