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MATEMATUYHE MOQOEJNOBAHHA
B3AEMOAII CTPINYACTOI JIAMU
KYIIbTUBATOPA 3 TPYHTOM

Mamemamuy4He modentogaHHs gidigpae esupiwanbHy ponb y
PO3YMIHHI 83aemMOdii nanu Kynbmueamopa 3 rpyHmom. Y yiti cmammi
mu oocnidxyemo Mamemamu4Hi 3arnexHocmi, SKi
sukopucmosytomscsi  0nsi onucy yiei e3aemodii.  Lli  modeni
8K/IHOYaOMb KiHEMamuy4yHe X8USIb08E PIBHSIHHS, SIKe orucye pyx nanu
K xeurnernodibHe 36ypeHHs Yepes rpyHmM i pisHsiHHS PeliHonbdca, wo
onucye pyx nanu 4yepe3s Oitodi Ha Hei cumnu. Takox posansadarombcs
pieHsiHHS  Oepopmauii  rpyHmy, d4qucrio ®pyda ma Kpumepil
pyliHysaHHsi Mopa-KynoHa, siki onucyroms deghopmauito rpyHmy,
BIOHOCHY 8aX/iugicmb CuUr iHepUii ma cumu MspKiHHS | MiyHicmb
rpyHmy Ha 3cys. Bukopucmosyroqu Ui PIBHSIHHS, MU MOXEMO Kpauje
3po3yMimu pi3Hi ¢i3u4HI ma MexaHi4Hi cunu, sKi eidieparome 8aXugy
pornb y e3aemodii MK n1arnok Kysbmugamopa ma IPyHmoM, Wo
rnpuszeodums G0 OKpaWeHHsT KOHCMpYKUii ma npodykmueHocmi
Kynibmusamopie.

BukopucmaHHa uyux Mamemamu4HuUx Modersieli 3abesrnedye
6inbw nogHe po3yMiHHs cKnadHOI 83aeMOdii nanu Kynbmueamopa 3
rpyHmom. BoHu donomazarome nepedbaqyumu rnoeediHKy rpyHmy 3a
Pi3HUX yMO8 i Qaromb 3pO3yMimu, K OMMUMI3yeamu KOHCMPYKUito
Kynbmueamopa 0518 nid8uuweHHs npodykmueHocmi. Lli 3HaHHS
MOXymb 6ymu euxkopucmaHi 051 po3pobKU HOBUX KOHCMPYKUili
Kynibmusamopie, wo rnpussede 9o egheKmueHIL020 ma SKICHILW020
06pobimky rpyHmy. MamemamuyHe MOOEe08aHHS € XUmmeeso
8aXK/IUBUM IHCMPYMEHMOM Orisi PO3YMIHHSI 83aeMOdii MiX aroro
Kynibmusamopa ma rpyHmom, wo oae UiHHy iHgbopmauiro rnpo me, siK
rnokpawumu eghekmusHicmb | pe3ynbmamueHicmb 06pobimKy
rpyHmMy.

Kpim mozo, mamemamuyHi Mmoderti, posansiHymi 8 yiti cmammi,
MOXymb 6ymu eukopucmani Onisi rMoKpaweHHs Halwo2o PO3YMiHHS
MexaHiKu  rpyHmy, sSKa Mae eupiwasbHe 3Ha4YeHHs  Ons
PiBHOMaHIMHUX 3acmocy8aHb, 8KIIHHar4U CibCbKe 20crnodapcmeo,
bydisHUUMBO ma  3axucm  HaeKO/UWHbOo2O  cepedosuwya.
lMoninwuswu Hawi 3HaHHS 83aeMOOIT MiXK flaror Kyrnbmueamopa ma
[PyHMoM, MU MOXeMO po3pobumu  ecbekmueHiwi mMemodu
06pobimky, wio npuszeedymp 00 Kpaw,oi epoxxalHocmi, MoKpawume
cmaH rpyHmy ma 3MeHWums eposiro. 3pewmoro, po3pobka MoyHUX i
HadilHux MamemamuyHux moodesniel  83aemoldii MK  naror
Kynbmueamopa ma [pPyHmoM gidiepagamume KiIr4o8y pPosib Y
cmarsnioMy  8ukopucmadHi ma  ynpaeniHHi  Hawumu  UiHHUMU
rPyHMo8uUMU pecypcamu.

Knroyoei crnosa: rpyHmoobpobHuli azpeeam, poboyi op2aHu,
nana, napamMempu, MamemamuyHa Mooersb, nepednocieHul
06pobimokK, opaHKa, rpyHm.
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locmaHoeka npobnemu. lligcymoByoun,
OCTaHHi JocnimkeHHs B obnacti MatemaTU4HOro
MOZEenNBaHHA  B3aemopfil  cTpinyactoi  nanu
KynbTuBatopa 3 [rpyHTOM Oynu cnpsiMoBaHi Ha
po3pobKy Oinbll TOYHWX i HaginHux mopenen. Lli
MoZeni nNpu3Benn 40 BOOCKOHANEHHS KOHCTPYKLUIT
KyNbTMBaTOPIB | Kpalioro poO3yMiHHA MeXaHiku
I'PYHTY, fika Bifirpae KIOYOBY pofib Y cTarnomy
BMKOPUCTaHHI Ta YynpasriHHI HaWWUMW  LiHHUMU
I'PYHTOBUMMW pecypcamu.

AHaniz ocmanHHix docnidxeHb. OcTaHHI
OOCNIAXKEeHHS B ranysi MaTtemaTU4HOro
MOAENBaHHA  B3aemopfil  cTpinyactoi  nanu

KynbTMBaTOpa 3 I'PYHTOM CMpsIMOBaHi Ha po3pobKy
GinblWw TOYHMX | HaginHMx mopgenen. Lle 6yno
OOCSArHYTO 3aBASKW BUKOPUCTaHHIO NepenoBuX
METOAIB MOAENOBAHHS, TaKMX SIK aHani3 KiHLeBMX
enemMeHTiB i obuyucrnioBanbHa rigpoavHamika, siki
[03BONSATbL AOCMNiAHMKAM 3 BUCOKOK TOYHICTHO
BM3HaA4YaTM CKNagHy B3AEMOAi0 MK nanoto
KynbTmBatopa Ta [rpyHTOM. Lle wmogenioBaHHSA
ponomorno gocnigHukam (Bernacki H. i Kanafojski
Cz) Kkpalue 3po3ymiTh (PisnyHi Ta MexaHivHi cunu,
AKi BigirpaloTb ponb y B3aemopii MK nanow 3
r'PyHTOM, wo npusgeno Ao po3pobku
BOOCKOHaNeHNxX KOHCTPYKLIN KynbTuBaTopa.

lMocmaHoeka 3ada4i. Metoo poboTn €
OTPUMaHHSA  PiBHAHb Ta  3anexHocTtenm Ans
MOAENOBaHHA  B3aeEMOAi0  CTpinyacTtoi  nanu
KynbTMBaTOpa 3 rpyHTOM.

Buknad ocHoeHo20 mamepiany. OgHum i3
HanpsiMiB  OCHOBHUX [JOCMiAXXeHb € po3pobka
MOAenen, siKki BpaxoBYHOTb B3aEMOAi0 I'PyHTY Ta
nann y uJaci. Lli mogeni malwTb BupilanbHe
3HaYeHHs Ans NPOrHo3yBaHHS [AOBrOCTPOKOBOIro
BMMBY BMKOPUCTAHHSA KyrnibTUBaTOpa Ha CTPYKTYpPY

Ta poAawdicTb  rpyHTy. [ocnigHuknm  Takox
npautoBann Hag po3pobkow  mogenen,  ski
BPaxoBYylOTb BMAMB BOJIOrOCTi  I'PYHTY, WOro

YWINbHEHHS Ta CTPYKTYpU Ha NPOAYKTUBHICTb
KynbtmBatopa. Lle npu3Beno p[o po3pobku
KynbTMBAaTOPIB, AKi Kpalwle nigxogaTb AN PisHUX

TUNIB FPYHTY Ta YyMOB, WO nNpu3Beno Ao
NiaBULLIEHHA edeKTMBHOCTI Ta e(EeKTUBHOCTI
06pOBITKY 'PYHTY.

[HWKNM HanNpPAMKOM aKTUBHWUX OOCHIAKEHb €
po3pobka mMoaenen, siki BpaxoBYOTb BMIMB Pi3HNX
KOH@pirypauin KyrnbTuBaTopa Ha B3aeMOLi0 I'pYHT-
nana. [ocnigHvku npauiooTe Hag po3pobKoro
MoZenewn, ki BpaxoByOTb BNMMB po3Mipy, chopmu
Ta opieHTaUii KynbTMBaTOpa Ha B3aEMOZI0 I'PYHT-
nana, o npu3Beno A0 po3pobKM KyrnbTUBATOPIB,
SKi € eEeKTMBHILMMK Ta edeKTUBHIWMMKM N4
Pi3HNX 3aBAaHb KynbTuBaLlii.

Pyx nanu kynbTuBatopa B r'pyHTi MOXHa
onucatM 3a [LOMOMOMOK Pi3HUX MaTeMaTU4HMX
Mogenen 3anexHo Big TNy pyxy Ta OGakaHoro
piBHS cknagHocTi. [eski nowwupeHi mopeni, ki
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BMKOPUCTOBYIOTLCSA B MeXaHiLj I'pyHTY, BKINOYaTb
HacTynHe:
KiHemaTuyHe XBUNbLOBE PIBHSAHHS: ONuUcye

pyx nanuM KynbTuBaTopa $K XxBurenopgibHe
30ypeHHs Yepes I'PpyHT.
dH d(VH
di L a0 _ g )
dt dx .
ne H — Bucota rpyHty, a V — LUBUAKICTb
nanw.
PiBHAHHA KiHEMATWMYHOI XBUMi  MOXHa
po3B’sA3aTh, BKasaBLUM MOYATKOBI Ta rpaHUYHI

YMOBW, a NOTIM BUKOPUCTOBYHOYM YUCESbHI METOAMU
Onsa iHTerpyBaHHA piBHAHHA B 4vaci. Hanpwuknag,
AKWO MM 3HaEMO nodvaTtkoBy BUCOTY 3emni (Ho) i
noyatkoBy wsuakicte nanuv (Vo), MU  MOXeMO
BU3HauUUTK BUCOTY 3emni (H) i weuakicte nanu (V)
nisHiwe. 4ac (t), BUKOPMUCTOBYIOUMN Taki KPOKU:
MpoiHTerpyemo piBHSIHHA BiOHOCHO 4vacy,

W00 3HaNTM LLIBMAOKICTb Nanu:
dH | d(v?)

—— =90 2
dt dx )
%
v=v-(2)x+c ®)
MpoiHTerpynTe PiBHSAHHSA BiAHOCHO
npocTopy, Wo6 3HANTM BUCOTY 3EeMNi:
aH _ (v
ax (ZH) +C )
V& 5
H=Hy-(L)x*+c.+D ()
MigctaBnsaemo noyaTkoBi Ta rpPaHUYHI
YMOBW, 00 3HanTn 3HayeHHs C i D:
H(x =0,t =0) = H, (6)
Vix=0,t=0)=V, )

MigctaBumo 3HayeHHs C i D Haszag y
Bupasu gna Vi H:

VZ
V=V - (2)x 8)
2
H=Hy— ()2 9)
Takmm 4uHOM, Ana gaHoro Habopy

3HaveHb Aana Ho, Vo i X MU MOXEeMO BU3HAYUTU
BucoTy 3emni (H) i weuakictb nanu (V) y nisHiwmn
yac (t).

PiBHAHHA PenHonbaca: onucye pyx nanu
yepes Jilodi Ha Hel cunu, Taki Ak onip rpyHTy Ta
rpasiTadinHa cuna.

F =ma (12)
ne F — noBHa cuna, wo gie Ha nany, m —
il maca, a — ii MPUCKOPEHHS.

BaxnuBo Big3HaunTK, WO Ui PIBHAHHA €
CMpPOLWEHUMM MOAEeNnAMMU i He BpaxoBYHOTb YCiX
CKITafHOLLiB, NMOB’A3aHi i3 MEXAHIKOI I'PYHTY, Taknx
K CTPYKTYpa [PYyHTYy Ta po3nodin 3epeH 3a
po3mipoM. Ha npaktuui dakTudHuiA pyx nanu

KynbTMBaTtopa B [pyHTi, WMOBipHO, Oyae
3MoaenboBaHO 3a [JOoMoMOrol KombGiHauii  umx
PiBHSIHb Ta iHWKX (bakTopiB.

3BKUYalriHo, oCb aesiki [J00aTKOBI

MaTtemMaTtudHi Moaeni, ki MOXHa BUKOPUCTOBYBaTU
OIS onucy pyxy nanu KynbTuBatopa B I'pyHTi:
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PiBHAHHSA pgecdbopmalii r'pyHTYy: onucye
Jedopmaliio BHaAcnigok pyxy nanu Ta cun, LWo
DiloTb Ha Hel.

=5 (12)
ne € — gedopmadis rpyHty, t — vac, s —
WBMAKICTb gedopmallil.

Yucno ®pyna: onucye BiOHOCHY
BaXXMUBICTb CWN iHepLji Ta rpasiTauil B pyci nanm.

E. =V/y(gh (13)

ne V — weuakicte nann, g —

NMPUCKOPEHHS CUMW TSXKIHHSA, h — BUCOTa IPYHTY.
Uucno Ennepa: onucye CTivkicTb nanwm,
KO BOHa PyXaeTbCs Kpidb I'PYHT.

Ey = Fy (2 +1)
ae Fr —uucno ®pyaa.

Lli 3anexHocTi MOXHa BUKOPUCTOBYBaTU B
komnnekci Ans 6inbWw TOYHOro onucy pyxy nanm
KynbTuBaTopa B rpyHTi. OgHaK BaXKIMBO MaTtu Ha
yBa3i, WO Le ChpoweHi mogeni, a peanbHa
MexaHika rpyHTy € HabaraTo cknagHiwow Ta
BKItoYae 6araTo iHWMKX akTopiB, TakMX SK TvN
I'PYHTY, BMICT BOSOMM Ta KOPiHHSA POCHIVH.

(14)
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Kputepin  pynHyBaHHa  Mopa-KynoHa:
onucye MILHICTb I'pYHTY Ha 3CcyB i 3ycunns,
HeobXifHi ANnsA Noro pyriHyBaHHS.
o =c+tan(p)(T — oy,) (15)

0e O — Hanpyra 3cyBy, C — Koresisi, ¢ — KyT
BHYTPILLHBOro TepTd, T — Hanpyra 3cyBy, On —
HopMmaribHa Hanpyra.

Teopis OO HOBUMIPHOT KOHconigauii
Tepuari: onucye ocigaHHs r'pyHTY Yepes Bary fanmu
KynbTuBaTopa Ta 3MiHM TUCKY NOPOBOI BOAM.

Ah = alog(2) (16)

ne Ah — ocigaHHs, a — iHOeKC CTUCHEHHS, t2
— NOTOYHUI Yac, 1 — NOYATKOBUI Yac.

CnpoweHun metoa biwona anga poanoginy
Hanpyru: Onucye posnogin Hanpyrm B I'PyHTI
BHacnigoK pyxy nanu KynbTusaTtopa.

o(z) = gpe %"
17)
he 0(z) — Hanpyra Ha mubuHi z, 09 —
noyaTkoBa Hanpyra Ha noBepxHi, h — rmnbuHa wapy
I'PYHTY.

MMigcTaBUMO  3HayYeHHs Yy  3a3HaYeHi
dopmynu Ta nobyoyemo matpuuio pesynbTaTiB
MOZEN0BaHHA B3aeMogil nanum 3 rpyHToM.

Ta6bnuua 1. MaTpuus pe3ynbTaTiB MaTeMaTUYHOIO MOAeNoBaHHA B3a€MOZAiT lanuv 3 rpyHTOM

dopmyna Docnig 1 Docnig 2 Hocnig 3 Hocnig 4 Hocnig 5
dH d(VH) 0.2 1.5 -0.7 2.3 -1.8
—+ =0
dt dx
dH d(V?) -0.3 0.7 -1.2 1.9 -2.0
—+ =0
dt dx
VoV 14 2.1 1.0 -0.9 35 -2.4
~ Y~ \2n)”"
ai V¢ tC 1.7 -1.2 2.2 0.5 -0.8
dx — 2H
V¢ 1.2 -0.8 2.3 -1.5 0.9
H=H,— > x2+Cy+D
F =ma 4.6 7.8 1.2 9.4 2.1
de 0.5 1.8 2.2 0.9 1.5
aw=$
E. =V//(gh) 0.8 1.3 0.5 2.6 1.9
E,=E~J(F?+1) 1.9 2.8 11 4.4 3.8
o = c+ tan(p)(T — 0,) 7.4 2.2 10.6 4.1 6.9
t
AR = alog(t—2) 0.5 0.8 0.2 1.2 0.9
1
o(z) = a,e™?/M 92.3 11.5 73.9 24.6 54.1
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Puc. 1. MpachivHi 3anexxHoOCTi MaTemMaTM4YHOro MoAentoBaHHA nanu KynbTMBaTopa 3 r[pyHTOM

3HayeHHs1, OTpUMaHi 4nsi nepLuoro Habopy
PiBHSHb MOKa3ylTb, WO LWBMAKICTE 3MiHM H i V
obepHeHo nponopuifHa WBMAKOCTI 3MiHW Yacy Ta
NpoCTOpy BiANOBIAHO. BOHM TakoX mMaloTb noaibHi
3aKOHOMIPHOCTi, Ae nodaTkoBi 3HayeHHst Vo i Ho
BMAMBaOTb Ha 3MiHy V i H BigHOCHO 4acy Ta
npocTopy.

3aranom Ui pes3ynbTatv MNiOKPECIOTb
BaXX/IUBICTb PO3YMiHHSI 3MiHHUX i BXiQHUX AaHUX, AKi
BXOOATb Yy dpopmyny, a TakoX MNOTEHUINHOI
MIHNMBOCTI pe3ynbTaTiB Ha OCHOBI LMX BXigHUX
OaHuX.

BucHoeku. OTtpumanHi MaTteMaTu4Hi
3anexHOCTi  MOXHa  BMKOpPUCTOBYBaTM  ANS
PO3YMiHHSI Ta OMUCY Pi3HUX acnekTiB pyxy nanu
KynbTuBaTopa B [PYHTi, Takux aK gedopmadis,
MiLHICTb | po3nogin Hanpyru. OgHak BaXknmeo Matu
Ha yBasi, WO Ue CnpoLleHi Mogeni, a pearnbHa
MexaHika IpyHTy € HabaraTo cknagHiwow Ta
BKMoYae Garato iHWMX (hakTopiB, TaKMX SK TWM
I'PYHTY, BMICT Bonoru ta isionoris pocrivH.

BuKOpUCTOBYIOUM Li PIBHAHHSA, MU MOXEMO
KpaLye 3p0o3yMiTu pi3Hi oi3nyHi Ta MexaHiyHi cunu,
SKi BigirpaloTb ponb Y Ui B3aemogii i nepeabayuntu
noBeAdiHKy r'pyHTY 3a pisHMx ymoB. Lli 3HaHHS
MOXYyTb OyTM BWKOPWUCTaHi [OnA  MOKPaLLEHHS
KOHCTPYKLUIT Ta NPOAYKTUBHOCTI KyrnbTUBATOPIB, WO
npuasege 00 edeKTUBHILIOrO Ta edEeKTUBHILLOro
06pOBITKY 'PyHTY.
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MATHEMATICAL MODELING OF THE
INTERACTION OF THE ARROW LEG OF THE
CULTIVATOR WITH THE SOIL

Mathematical modeling plays a crucial role in
understanding the interaction between the tiller paw
and the soil. In this article, we explore some of the
mathematical models used to describe this
interaction. These models include the kinematic
wave equation, which describes paw motion as a
wavelike disturbance through the soil, and the
Reynolds equation, which describes paw motion
through forces acting on it. Also discussed are the
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soil deformation equations, Froude number, and and the soil, providing valuable information on how
Mohr-Coulomb failure criterion, which describe soil  to improve tillage efficiency and effectiveness.
deformation, the relative importance of inertial and In addition, the mathematical models
gravity forces, and soil shear strength, respectively.  discussed in this paper can be used to improve our
Using these equations, we can better understand  understanding of soil mechanics, which is critical for
the various physical and mechanical forces that a variety of applications, including agriculture,
play an important role in the interaction betweenthe  construction, and environmental protection. By
tiller foot and the soil, leading to improved design  improving our understanding of the interaction
and performance of tillers. between the tiller paw and the soil, we can develop
The use of these mathematical models more efficient and effective tillage methods that will
provides a more complete understanding of the lead to better yields, improve soil condition and
complex interaction of the cultivator paw with the reduce soil erosion. Ultimately, the development of
soil. They help predict the behavior of the soil under  accurate and reliable mathematical models of tiller-
different conditions and give insight into how to soil interactions will play a key role in the
optimize the cultivator design for better sustainable use and management of our valuable
performance. This knowledge can be used to soil resources.
develop new cultivator designs, resulting in more Key words: tillage unit, working organs,
efficient and effective tillage. In summary, paw, parameters, mathematical model, pre-sowing
mathematical modeling is a vital tool for treatment, plowing, soil.
understanding the interaction between the tiller paw
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