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Machines and implements equipped with actively driven rotary tillage tools are widely used in surface
tilage operations. However, the process of furrow formation by such tillage tools has not been sufficiently
investigated. This study proposes a mathematical model to describe furrow formation and analyzes the
technological process involving an elliptical blade of an active rotary tillage tool. The study is conducted under
specific operational parameters: angle of inclination of the tool from travel direction was 40°, and a kinematic
parameter ranging from 0.8 to 2.2.

The tillage blade is characterized by a inclination angle from the axis of rotation and is designed as an
elliptical blade oriented along the major semi-axis of the ellipse. This elliptical blade, functioning as the
executive operating element of the rotary tillage tool, forms a groove with a parallelogram-shaped geometry
when viewed from above, and an elliptical segment in cross-section. At sharp angles of inclination of the tool
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from travel direction (20-40°), the elliptical blade generates short, narrow furrows that are slightly offset from
the direction of movement of the unit, yet remain within the operational width of the rotary tillage tool.

The blade points of executive working elements of both shapes describe identical trajectories in the soil.
These findings enable the selection of operating parameters for rotary tillage tools, thereby ensuring the
formation of optimal furrows. This will improve the evenness of the furrow bottom while meeting required
agrotechnical indicators.

Key words: rotary tillage tool, mathematical model of furrow formation, elliptical blade, approach angle,
kinematic parameter.

BENCEH[I 9PEKETTI AMHATNIMATbI XX¥MbIC OPIAHbIHbIH ANNMUNTUKANBIK MbILWAKMNEH
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AliHanmarnbl 6ernceHdi Xymbic opeaHOapbl 6ap MawuHanap MeH Kypandap monbipak 6emiH eHOey
onepayusinapbiHOa KeHiHeH KondaHbinadel. Anatida, amarFaH XyMbIC op2aHOapbIMEeH KapbiKua mya3inyiHiH
npoueci xemkinikmi 3epmmenmezeH KyliHOe Kanbin ombip. berceHdi epekemmi aliHanmarbl XyMbIC
OpaaHbIHbIH 3MIUNMuUKarsblK MbllarbIMEH KapbiKuwa my3inyiHiH Mamemamukarsbik MOOesliH xxacay XoHe
Kapbikwa my3iny0iH mexHoI02usinbiK NpoueciH 3epmmey Keneci napamempriepde Xy3eze acbipbiniobl: 6HOey
bypbiwbl 40° kKuHemamukasnbik napamemp 0,8-0eH 2,2-ze OeliH e32epldi. KyMbiC opeaHbiHbIH Mbiluarbl
aliHany OcCiHeH aybimKy 6ypbilWbIHa U€ X8He 3JUIUNCMIH YIIKeH xapmbinal oci 60lbIMeH 37unmuKasibik
nbiwakK mypiHOe xacarnfaH. [NbiwakmbiH 3MIUNmMuKasnblK Cbi3bifbl 60UbIMEH XacasFaH XYMbIC OpaaHblHbIH
amkapywbl 351eMeHmI (3N1unmukarbIK Mbiak) )XofapblOaH XeHe KerideHeH Kumada aiurnc beniziHid niwiHid
KepaeHOe naparnnenozpamMM mapi3di Kapbikwa Kypallbl. ©Omkip eHOey O6ypbiwbiHOa (20-40) 6yn
annunmuKanblK nblwak alHanmarbl XYMbIC OpeaHbiHbIH EHIHIH wWeKkapacbiH0a aspezammbiH KO3FallbiC
barbimbiHaH KbiCKa, map XoHe ayblimKbifaH Kapbikwa Kypalosl. Eki gpopmadarbl amkapyuwibl aiemeHmmepoiH
XKy30epiHiH Hykmersnepi mornbipakma 6ipdeli mpaekmopusi 6olibiHwa Kosfanalbl. AnbiHFaH ManiMemmep
OHmalnel KapblKwanapdeiH natida 6onyblH KaMmamacbi3 ememidH 3epmmesiemiH alHanMalsbl XYMbIC
opaaHOapbIHbIH napamemprepiH maHOayra MyMkiHOIKk 6epedi. OcbiHbIH apkacbiHOa manarn eminemiH
aspomexHuKarsblK Kepcemkiwmep ke3iHOe Kapbikwa mybiHiH meHecmipinyi apmadsbil.

TyiiiHOi ce3dep: aliHanMarbl XYMbIC OpeaHbl, KapbiKwa my3inyiHiH Mamemamukarsnbik Mooerti,
annunmukarnbsiK noiwak, eHoey bypbiwbl, KUHeMamuKarbIK napamemp.

MATEMATUYECKASA MOJEJIb BOPO3[10OBPA30BAHUA MNUNTUHECKUM HOXOM
POTALMOHHOIO PABOYEIO OPrAHA AKTUBHOIO JEUCTBUA
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MawuHbl u opydusi ¢ pomayuoHHbIMU paboqyuMu opeaHaMu akmueHo20 Oelicmeusi WUPOKO UCMOSIb-
3yromcesi Ha orepayusix nogepxHocmHol obpabomku royesl. OOHaKo ripouecc 60po3000bpal3osaHuUsT yKa3aH-
HbIMU paboyumu op2aHamu ocmaemcsi HeA0CMamoYHO U3y4YeHHbIM. Paspabomka Mamemamuy4eckol mooe-
Jiu 60po3000bpa3zosaHUs U U3yHEeHUE MEXHOI02UYECK020 npouecca 60p030006pa3osaHus SAIUMNMUYECKUM
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HOXOM pOmMayUOHHO20 paboyeeo opeaHa akmueHO20 0elicmeusi OCyU,ecmerisanuch rnpu credyruux napa-
mempax: yeon amaku cocmaensn 40°, kuHemamudeckul napamemp u3smeHsisics om 0,8 0o 2,2. Hox
paboyeao opeaHa umeem y2051 OMKIIOHEHUSI OM OCU 8pawieHusi U 8bIMosIHEH 8 8ude 1e38uUsl 3MAUNMmMuYecKol
gopmbi no bonbwod nosyocu annurnca. cnonHumernbHbIl 3nemMeHm (3nnunmudYeckuli Hox) paboyeeo opaa-
Ha, 8bINOMIHEHHbIU Mo annunmuyeckol NUHUU fie3susi, hopmupyem 60po30y, umerowyo chopmy naparsnne-
nogpamma rnpu gude ceepxy U 8 MonepeyHoM cedyeHuUU ¢popmy Yacmu annurnca. [Npu ocmpowm yane amaku (20-
40°) daHHbIl 31AUNMUYECKUU HOX (hopMUPYyem KOPOMKYIO, Y3KyH U OMKI/IOHEHHY Om HarnpasieHus 0suxe-
Husi agpeeama 60po30y, 8 epaHuUUax WUPUHbI 3axeama pomayuoHHoeo paboyezo opeaHa. Toyku nessuli
UCnonmHUMersbHbIX 3rieMeHmos obeux ¢hopm 08u2atomcsl 8 o4Y8e Mo COBEPUWEHHO 0OUHAKO8bIM MpPaeKmo-
pusim. [NonyyeHHbIe OaHHbIE M03801I0M 8bI6pamb napamempsbi UccriedyeMbix pOmayuoHHbIX paboyux opaa-
Ho8, Komophbie obecriedam ¢hopmMmuposaHue onmumarsibHbix 60po30. 3a cyem 3mo2o No8bICUMCS 8bIPOBHEH-
Hocmb OHa 60p0o30bi NMpu MpebyeMbix a2pomexXHUYECKUX oKasamersisix.

Knrodeenie cnoga: pomalyuoHHbIU paboyuli opaaH, Mamemamu4veckas Modesib 60po3000b6pa3oeaHus,
annunmuyeckuli HoX, y20/1 amaku, KuHemamudyeckul napamemp.

Introduction

The tillage process is always accompanied by furrow formation, the parameters of which depend on the
type of tillage tools as well as their geometric and kinematic characteristics.

Known designs include disc and ring rotary tillage tools [1, p. 14]. During operation, these tools perform
both forward and rotational movements. Their operating elements have a circular blade shape and are
positioned perpendicular to the axis of rotation. As a result, the blade points of the circular elements of tillage
tools describe the surface of the cylinder.

Another type of rotary tillage tool is equipped with operating elements, designed according to the
elliptical shape of the blade with the least curvature of the line (the large semi-axis of the ellipse). The operating
elements of these tillage tools have an acute angle of inclination to the axis of rotation. Due to this, during
operation, the blade points of the elliptical blade of the operating elements also describe the surface of the
cylinder.

The shape and parameters of the furrow formed by the rotary tillage tool depend on shape of the blade
of the tillage tool, angle of inclination of the blades to the axis of rotation of the tillage tool, angle of inclination
of tillage tool from travel direction and kinematic mode of rotation of the tillage tool. The combination of all
these factors creates numerous possible furrow configurations.

However, existing studying typically analyze only the trajectory of single point of the blade of the tillage
tool [2, p. 48; 3, p.706]. At the same time, this trajectory does not characterize all parameters of formed furrows.
Current research does not comprehensively explain the mechanisms of furrow formation by an active driven
rotary tillage tool [4, p. 10]. They do not identify key factors determining furrow characteristics.

Thus, further investigation is required into features of furrow formation by the "operating element" of
rotary tillage tools, accounting for these influencing factors.

Objective: to analyze the furrow formation process with an elliptical blade of an active driven rotary
tillage tool.

Task: to develop a mathematical model of furrow formation by an elliptical blade of an active driven
rotary tillage tool.

Materials and Methods

The works of scientists such as Vozka P., Hettiaratchi D., Nalavade P.P., Salokhe V.M., Niyamapa T.,
Soni P., and others have investigated actively driven disc tillage tools [5, p. 115; 6, p. 88]. Like passively
rotating tillage tools, these active driven disc tillage tools form a groove-shaped furrow bottom.

For a horizontal axis of rotation I-I, the coordinates of trajectories of the points on the rotary tillage tool
are described by the following system of equations [7, p. 64]:

X=97R+R-cos,8-cos¢9;
Y=R-sinf-cosf; (1)
Z =R(1—-sinb),

where X, Y, Z — coordinates of the considered point M on the tillage tool in the fixed rectangular coordinate
system OXYZ;

R — radius of rotation of the cutting blade point, mm;

6 — angle of rotation of the radius vector from the horizontal plane, rad;

B — angle of inclination of the rotary tillage tool from travel direction, deg;

A — kinematic parameter.

Research Results and Discussion
For z < h, equations (1) determine the coordinates of the furrow bottom formed by an operating element
with a narrow working width.
We consider the motion of points M; and M, rotating in the same plane with point M, Figure 1.
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y

Figure 1 — Calculation scheme of motion of points, rotating in the same plane

The first point rotates with a lag by an angle 4, and the second point rotates with an advance by A.
The trajectory of the point M; is described by a system of equations:

X:aTR+R-cosﬁ-cos(9—A);
Y =R -sinf - cos(8 — A); 2
Z =R [ —sin(6 — A)].

In turn, it is the same for the point M:

X:aTR+R-cosﬁ-cos(9+A);
Y =R -sinf - cos(8 + A); 3
Z =R [(1-sin(6 + A)].

Equations (2) and (3) differ only in terms of A values. They can be combined into a unified system of
equations describing the trajectory of any points on the tillage tool, rotating in the same plane around the same
axis:

X:aTR+R-cosﬁ-cos(9iA);
Y =R-sinf - cos(8 £ A); @
Z =R[(1-sin(8 £ A)].

Where: the "+" sign corresponds to points, rotating ahead of reference point M, and the "-" sign

corresponds to points, rotating with a lag relative to point M.
Figure 2 presents graphs of changes in the coordinates of projections of point trajectories for different

values of the angle A on the planes XOY (a), XOZ (b) and YOZ (c).
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Figure 2 — Graphs of changes in the coordinates of projections of the trajectory
of points on the plane XOY (a); XOZ (b); YOZ (c)

In the XOY and XOZ planes, all three points exhibit identical projections of the trajectories. But these
projections are offset displaced along the X axis with specific offsets. The first is the projection of the trajectory
of a point with A=+15°, then the trajectories of points with A=0 and A=-15°, respectively. In the YOZ plane, the
projections of the trajectories of all points coincide and have the shape of a part of an ellipse.
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We select and examine point M; located on one of the blades of the rotary tillage tool, Figure 1. When
z=h, this point moves in the soil, while its trajectory represents the line BAD, Figure 3. Thus, equations (1)
characterize the coordinates of the trajectory formed by the point M under these conditions.

The trajectory exhibits a complex three-dimensional shape. Point A marks the lowest point of the forming
furrow bottom, at point B the tillage tool penetrates into soil and at point D a lifting out occurs from the
penetration depth.

The projections of the furrow bottom line onto the coordinate planes are shown in Figure 4.

Note that the projection of the furrow line onto the YOZ plane represents part of an ellipse. The projection
onto the XOY plane is practically characterized by a straight-line segment BD. The segment BD inclines from
travel direction by angle y. This indicates that the furrow bottom line formed by the cutting blade operating
element of the rotary tillage tool lies practically in a plane perpendicular to the XOY coordinate plane. This
property of the projection of the furrow onto the XQOY plane is used as follows.

z il b4
s s !
B D B D r D
| k ‘>A/
fi. g e oy
B
W g ‘ F T 3
A 0 A o ¥ Y 0
a) b) b)

Figure 4 — Projections of the furrow bottom line formed by the blade element
of the rotary tillage tool on the coordinate axes XOZ (a), YOZ (b) n XOY (c)

Point A represents the bottom point of the furrow, when z=0. We derive velocity components of the blade
operating element along the coordinate axes by differentiating equations (1):

Vo=V —=21-V -cosf -sin0;

v, = —A -V -sinp - sinb; (5)
V, =—1-V - cosé.

For point A, we build the velocity vectors Vy, Vy, and their resultant Va. Obviously, here V,=0. The plane

U is drawn through the vector V. perpendicular to the coordinate plane XOY. Plane U intersects the axis OX
the at angle y, calculated as:

=
tgy = (6)
Substituting values of Vy and Vy from equation (5), yields [8, p. 153]:
Asi
y = arceg (FE2557). @
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The derived expression enables determine the angle of inclination of the groove plane to the direction
of movement:

X = 8,1;R+ R - cosp - cos(6 + 6;) + Bp; - sinf;
Y =R -sinf - cos(6 + 6,) — Bp; - sinf; ®)
Z =R-[1-sin(8 + 6))].

The system of equations (8) describes the coordinates of points of the furrow bottom formed by the
blade of the rotary tillage tool. The furrow bottom, based on these equations, is shown in Figure 5. It exhibits
a curved three-dimensional surface. The longitudinal side of the furrow is inclined from travel direction by angle

The furrow bottom formed by the cutting blade of the rotary tillage tool is a groove. It is formed by the
movement of each point of the cutting blade in the soil.

Figure 6 presents the cross-section profile of the furrow bottom obtained after the passage of the
implement with an active driven rotary tillage tool, the cutting blades of which are made along an elliptical line.
According to Figure 6, the height of the ridges at the furrow bottom, formed by the implement with an active
driven rotary tillage tool, the cutting blades of which are made along an elliptical line, meets with agrotechnical
requirements.

The results of processing the ridge height of the furrow bottom formed by the implement with an active
drive of rotary tillage tools, the cutting blades of which are made along an elliptical line, are shown in Table 1.

z

y70

Figure 5 — General view of the furrow formed by the elliptical cutting blade of the rotary tillage tool

Figure 6 — Profile of the furrow bottom after the passage of the implement

Table 1 — Ridge height parameters of the furrow bottom

Indicators Ridge height parameters of the furrow bottom
Arithmetic mean x, cm 1,5
Variance S2, cm? 0,24
Standard deviation g, cm 0,48
Coefficient of variation Vy, % 26,6
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The research results demonstrate that the use of implement with an active driven rotary tillage tool, with
cutting blades made along an elliptical line for surface tillage of soil, ensures the high-quality execution of the
technological process.

Conclusion

1. The trajectory of the point of the cutting blade of the rotary tillage tool is considered. The technological
process of furrow formation with a cutting blade is characterized by the sequential penetration and lifting out
of all points of the cutting blade. The formed furrow has the shape of a groove.

2. The developed mathematical model describes furrow formation by a rotary tillage tool with a cutting
blade, the edge of which is made along an elliptical line. The projection of the furrow onto the horizontal plane
represents a parallelogram geometry, and its cross-section exhibits partial elliptical shape.
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Azpoxumuyeckull cocmae rno4ys Kocmaralickol obnacmu — amo uccriedogaHue o pesyrbmamam
pabombi azpoxumuyeckoli nabopamopuu AgroLab 3a nepuod ¢ 2020 rno 2023 ee.

B uccnedosaHuu npusedeHbl daHHbIE M0 1oYyeaM peauoHa, ee murbl, ceolicmea, ninodopodue, XUumu-
yeckul cocmas, 3agucumMocmse n00opodust om coOepxKaHus 371eMeHMO8 rnumaHusl.

lMoka3aHo, umo eoccmaHoeneHue banaHca mexoy nompebHOCMbI0 pacmeHuli 8 aIeMeHmax numaxusi
u nnodopoduem noysbl, COOMBEMCMEBEHHO, 0O BEMOM 8HOCUMbIX yO0bpeHUl U crIOCOBHOCMbIO MOY8bI 80C-
cmaHasnusamse ceoe ri1odopodue Aesemcs 8axHol npobremod, om peweHUss KOmopoU 3agucUIm 803MOX-
HOCmMb ycmoU4u8020 pa3sumus pacmeHueso0cmea u npou3soocmea 8 Ceslb.CKOM X035Ucmee 8 UesioM.

UmeHHOe makoe pasHogecue ro3eosissem obecrieqyums pacmeHuUsi afieMeHmamu numasusi rpu 3mom
coxpaHsams rirnodopodue u ynydwams uaudeckue, MexaHudyeckue u buonoaudyeckue ceoticmea rnoyesl. [jo-
KasaHo, 4Ymo cucmemMamu3upo8aHHoe U Hay4yHO-060CHOBaHHOE SHECEHUE MUHEpPasibHbIX U Op2aHU4eCcKuXx
ydobpeHuli no380719em 08bICUMb YPOXalHOCMb CEIbCKOX03AUCMBEHHbIX Ky/Ibmyp, yyHWwumb Ka4yecmao
rony4eHHoU npodyKuyuu, criocobcmeosamb OCMeneHHOMY 80CCMaHo8neHUr M100opodust U coxpaHumb
3K0J102UI0 U cbepeub OKpyxxaroulyto cpedy.

B naxomHsbix noysax Kocmaratlickoli obnacmu 3agukcupo8aHo MakcumarbHoe CpedHe838EUIEHHOE
codepxxaHue opeaHudeckoao eewecmea (5,17 %) e Kapabarnbikckom palioHe u MuHumarnsHoe (1,98 %)
ommedyarnocb 8 AMaHeenbOUHCKOM palioHe. Camoe 8bicoKoe codepxkaHue rnodsuxHbix ¢popm P,Os (36-37
ma/ke) Habnodanu 8 noysax Kapabarbikckoeo palioHa u patoHa b. MatinuHa. B noysax nawiHu 3aghukcu-
poeaHa peakuusi cpedbi noyssi om 7,1 (Kapabarnbikckuli patioH) u 8,6 (AmaHzenibOUHCKUL palioH). [TaxomHble
ro4ebl pesuoHa 8 OCHOBHOM XapaKmepu3yrmcs HU3KOU 0b6ecriedeHHOCMbo MOO8UXHbBIMU ghopMamu
¢ocgbopa u cepel.

UccnedosaHue rnipedHa3Ha4yeHo 01 8CEX, KMO 3aHUMaemcs 86030e/1bIeaHUEM CEJIbCKOX0351UCMBEHHbIX
Kynbmyp, KoMy He 6e3pasfiudHO COCMOsIHUE MallHU, MoTy4YeHHO20 ypoxasi, U Moxem 6blmb UCMO/Ib308aHO 8
Kayecmee pykosodcmea o cbanaHcupo8aHHOMY U OnmuMasibHOMY 8HOCY MUHeparbHbIX yO0obpeHud.

Knro4deeble cnosa: noysa, aHanus, azpoxumusi, niodopodue, MOHUMOPUHE.
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