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AHortauis

Merta gocnig)xeHHs - OL|iHIOBaHHS MOXKJ/IMBOCTI PO3PAXYHKY CTIMKOCTI KOJIMBAHb TPAKTOPA K CUC-
TeMU 3 HEJTIHIMHOCTSAMMU TUMY CYXOro TepTsd 06epHEHO 3a4a4ero.

Meroan gocnig)xeHHs1. MeTo0/10r4HOO OCHOBOK POBOTU € y3arasibHeHHS Ta aHas1i3 BiJOMUX Ha-
YKOBUX pe3y/ibTaTiB BIAHOCHO ANHAMIKU JBOMACOBUX CUCTEM Y PEXHNMAX PE3OHAHCIB Ta BUKOPUCTAHHS
CUCTEMHOro rigxoay. s ¢gopMyBaHHS HaYKOBOI rpobsiemMu, BU3IHAYEHHS METH | MOCTaHOBKM 3a4ay
AOC/IANEHHSI BUKOPUCTOBYBABCS aHAJIITUYHUM METOA Ta MOPIBHSA/IbHMYI aHasli3. [l/is CTBOPEHHS eMrli-
PUYHUX MOOESIEN BUKOPUCTAHI OCHOBHI MOJIOXKEHHS TeOPIi CTIMKOCTI CMCTEM, MeTo4os10rii CUCTEMHOIO
aHas1i3y Ta AOC/IAXEHHS OrnepaLjin.

Pe3ynbTatv 4OCNig)XXeHHS. Po3r/iSHYTO KOJIMBAHHS CUCTEMMU r1i 4YacC rapMOHIMIHOro 36yaxeHHs iT
OCHOBOI (Harpuksaan, PyxX TPAKToOPa Mo HEePIBHIYI OMOPHIV MOBepPxXHL). KOIMBaHHS L€l CUCTeMU Ornu-
CYIOTbCS HEJTIHIMHUMMN anDepeHLiasIbHUMKU PIBHIHHAIMW. [l/1S PO3B’S3KY PIBHSIHHS B CUCTEMY 3aMICTh
DPUKLIVIHUX geMrgepiB i3 CUIaMu TEPTS BKJIKOYEHO JIIHIVIHI AemMrchepm BiarnoBigHO 3 KoeilieHTamMu
0ropiB. PO3B’93KOM OTPUMAHOI CUCTEMU JTIHIVIHUX HEOQHOPIAHMX ANGEepeHLia/IbHUX PIBHSHbL 4719 YCTa-
JIEHOIrO PEXXUMY KOJIMBAHb BU3HAYE€HO aMriliTyaAn KOJIMBaHb MacC | 4asli 4eGhOpMaLivi MPYXXMH 3 NneBHUMU
JKOPCTKOCTSIMMU.

L1715 3’9CcyBaHHS BriJIMBY CUJ1 TEPTS Ha KOJIMBAHHS MAcC Y PEXUMAaX PE30HAHCIB OY/iv rnpooaHas1i30BaHI
oTpuMaHi Bupa3n. OTPUMaHO giarpamMy CTIMMKOCTI KOJIMBAHb MAC Y PEXMMAaX PE30HAHCIB.

BuUCHOBOK. BCTaHOB/IEHO, LLO, SKLO KOEMILIEHTH BIHOCHOIO TEPTS MarOTh Taki 3HAYEHHSI, LLJO TOY-
Ka, IKa BU3HAYAETBCS HUMMU, JIEXKUTb ycepenuHi AIJISHKU, 0bMexeHOoi Bigpidkamu 1-2 | 2-3 | ocamu Ko-
opAMHAT, TO Mg 4acC KOJIMBAHHSIX B PEXUMI PE30HAHCY HM3bKOI YACTOTU, CUJIM TEePTS HEe OOMEXYIOTh
HapPOCTaHHS aMrliTyd KOJIMBaHb MAc, @ Ti/IbKU 3MEHLLYIOTb LLIBUAKICTb IX HaPOCTaHHS. SKLO TOYKA, KA
BU3HAYAETbCS KOeIiLiEHTaMU BIJHOCHOIO TEPTH, JIEXKUTL Y AiaHUI 1-1-2°-3 ‘3-2-1, TO Npy>XUHU MaroTh
nepepuBYacTy gegopmaLlito, TO6TO 3a rnepios KOJIMBaHb OAHa Maca CHUCTEMU MAE 3YIMUHKMU BIHOCHO
[HLLIOI Macm abo OCTaHHS MA€ 3YMNMUHKK BiJHOCHO OrMOPHOI rnoBepxHi, abo obuaBi Macu PyXaroTbCS Ya-
CTUHY rnepiody SIK OAHE Lisie 3 OMOPHOK MOBEPXHEI. 38 PE30HAHCY 3 BUCOKOK YACTOTOK CUJIM TePTS
OBMEXKYIOTb aMriiTyau KOJIMBaHb Mac, SIKLLO KOEMILIEHTH BigHOCHOIo TepTS MaroThb TakKi 3HAYEHHS, LLO
TOYKA, KA BU3HAYAETHCSH HUMU, HE JIEXXUTb Y AIJISHLI, OOMEXEHI Biapi3kamu 4-5 | 5-6 Ta ocsamMu KOop-
AnHaT. Bigpizku 4-5 i 5-6 BU3HaUYarOThb rpaHULl CTIMIKOCTI KOJIMBAHb r1if 4ac pe30HaHCy (J1iHII KPUTUYHUX
CriBBIHOLLUEHb KOEILIEHTIB BIAHOCHOIO TEPTS).

Knro4oBi cs1oBa: ThakTop, KOJIMBA/IbHA CUCTEMA, CYyXe TePTS, PE30OHAHC, HE JTIHIMHICTb.
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Bceryn. Pyx camoximHOlI MalllMHU MO He-
piBHUX J0OpOrax CyIpOBOJXYEThCS 0Oe3Mme-
PEPBHUMHU KOJMBAHHAMM 11 IAPECOPEHUX 1
Oe3MPYKMHHUX YacTUH. [HTEHCHUBHI KOJMU-
BaHHS IiAPECOPEeHOl YaCTUHM, BUKIJIMKAIOUU
LIBUAKE CTOMJIEHHSI oIllepaTopa, 3MYLIYIOTh
OCTAaHHBOTO 3MEHIIYBATU IUIBUAKOCTI PyXYy.
Ile icTOTHO 3HMXKYE PYXJIMBICTH CaMOXiZHOI
MalllWHU 1 MPOAYKTUBHICTh il poOOTH, a Ta-
KOX MEepELIKOXKA€E MOBHIN peaii3alil 11 Ts-
rOBO-AMHAMIYHUX MOXJUBOCTeil. Yepe3 Ko-
JIMBAHHS MiJ Yac pyxy IO HEPiBHUX JOpoOrax
3pOCTalOTh AMHAMIYHI HaBaHTaXXE€HHS Ha OC-
HOBHI BY3JM 1 JeTajl caMOXigHOI MalllMHMU.
Tomy st po3B’s3aHHS KoJjla 3ajgay, IOB’sI-
3aHUX i3 3a0e3neYeHHSIM KOMMOPTHUX YMOB
npaii omneparopa, 3HMXKEHHSIM IMHAMIYHUX
HaBaHTaXeHb y BYy3JlaX i CUCTEMax TpaKTopa
BUHMKA€E HEOOXiAHICTh y peaiszallii MaTema-
TUYHOI MOJIEJIi KOJIMBaHb CAMOTO €HepreTuy-
Horo 3aco0y. Buxonsum 3 3arajibHUX MPUH-
LMMIB CHUHTE3y MaTeMaTUYHUX MOJelei,
OCTaHHS MOBMHHA MAaTW IMPOCTUI BUIJISI Ta
3a0e3reuyBaTy CBiil pO3B’SI30K 3 MiHiMaJlb-
HUMM 3aTpaTaMu pPecypciB, 4YOro JIOCUTh
CKJIAIHO JOMOTITUCS B peaIbHUX YMOBAX.

VY nitepatypi IOCUTHb AOKJIQJHO BMKJIA-
JIEHI OCHOBHI TIPUIYIUEHHS, $KiI TpuiiMa-
IOTbCSl JUIST CKJIaJaHHS MaTeMaTU4YHOI MO-
JeJli BepTUKAIbHUX 1 MO3A0BXHbO-KYTOBUX
KOJIMBaHb IUIOCKOI cucTeMM [[lsayeHKo u
ap., 2007; KanpyeHko Ta iH., 2017]. o Hux
BIZHOCUTBCS 1 3aMiHa peaJilbHUX NPYKHUX
€JIEMEHTIB MiABICKM TPUBEACHUMMU TIPYKHU-
MU €JE€MEHTaMU 3 IIOCTIMHOI0 XOPCTKICTIO
[Wong, 1978, Bekker, 1956], i 3amiHa omop-
HOI MOBepXHi peosioriyHo Mopaesno [Kari-
HiH Ta iH. 2016; Kaminin, 2016], i cuHTEe3
MaTeMaTU4YHOI MOJEJi 3a JOMOMOIOK METO-
IiB AudepeHLiiHOro YnucjaeHHs ado iMiTalli-
Hux excnepuMeHTiB [Wong, 1978, Bekker,
1956; Kaninin Tta iH. 2016; Kaninin, 2016;
Ovsyannikov etc, 2018].

[Tpore Takmii WISIX OOCHIIXKEHHS 3a-
3BMYAil MpU3BOAUTL 10 (POpPMYBaHHSI Be-
JIMKOI KiJIbKOCTI Au(epeHLiiiHMX piBHSHb,
PO3B’SI30K SIKMX JOCUTb CKJIAAHUI. MoxXiu-
BUM LIJISIXOM BUPIiLIEHHS TPOOJIEMU € BU-
KOPUCTAaHHS BiIOMOro MeTOAy OOEpHEHHS
3a7ad4i 11 po3B’sI3KOM He 3 TOYKU 30py KOJIU-
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BaHb, BUKJIMKAHUX IIEPEMilIEHHSIM KoJjeca
10 HEPIBHIN OIIOPHIN MOBEPXHI, a PO3IJIs-
JIOM CaMoOl OIOPHOI TOBEPXHI K TaKol, siKa
MEePEMIIYEThCS, BUKIMKAIOUM KOJMBAHHS
IMHEeBMaTUKa TPaKTopa.

MeTo10 po60TH € OLIIHIOBAHHSI MOXJIMBO-
CTl PO3PaxyHKy CTIAKOCTI KOJMBaHb TPAKTO-
pa SIK CUCTeMHU 3 HEJiHIMHOCTSIMM TUMY CYy-
XOTO TEepPTS OOEPHEHOI0 3aJaYelo.

Metoau i marepiaiu. MeTOmOJIOTIYHOIO
OCHOBOIO POOOTM € y3arajJlbHEHHSI Ta aHa-
JIi3 BiIOMUX HAYKOBUX PE3YJILTATIB BITHOCHO
JUHAMIiKA JBOMACOBUX CHCTEM B peXMMax
PE30HAHCIB Ta BUKOPUCTAHHSI CUCTEMHOTO
migxony. Hust popmyBaHHI HaykKoBOi IIpo-
O71eM1, BU3HAUYEHHSI METH i IIOCTAHOBKU 3a-
Ja4d TOCHiIKEHHSI BUKOPUCTOBYBABCSl aHaJli-
TUYHUI METOJ Ta MOPiBHAJIbHUI aHai3. s
CTBOPEHHSI E€MITIpUYHUX MOJeJeld BUKOPU-
CTaHi OCHOBHI TIOJIOXXEHHS TeOopil CTIMKOCTI
CUCTEM, METOJIOJIOTII CUCTEMHOIO aHaIi3y Ta
JOCJTIIXKEHHS OIepaliii.

PesyabraT. Po3risiHeMO  KOJIMBaHHS
cuctemu (puc. 1) mig yac rapMoOHiitHOro 30y-
JIDKeHHI 11 OCHOBOIO (HAIIpUKJIad, pyX Tpak-
TOpa IO HEpiBHil OMopHiit moBepxHi). Ko-
JIMBAaHHS 1€ CUCTEMU OIMCYIOThCS TAKUMM
HeJliHIHUMU  nudepeHLialbHUMU  PiBHSH-
HSIMU:

m,zy + C,(z, —z)) + F, sign(z, —z]) =0,
mz — C,(z,-2)+C\(z,—s)-F, sign(zé —zl')+ (1)
+F, sign(z,—s')=0.

ae m, i m, — Macu,

C, i C, — XOpCTKOCTI IPYKWH;
F, i F, — cumm tepta GpUKLIAHUX JEM-
ndepiB (MpUUMaIOTLCS MOCTIMHUMU);

Z, 1 Z, — TMOTOYHiI KOOpAMHATH IEpEMi-
1meHb Mac (To4ok 1 i 2) BiIZTHOCHO iXHBO-
ro CTaTMYHOTO NojoXeHHd (niHii O,—O0, i
02_ 02)3

CraTuuHe 1oJ0KeHHS TouyoK 1 i 2 ¢ik-
CYETbCS, KOJM CHUCTEMa HE Ma€ CWJI TepTd i
KOJIMBAaHHS, BUKJIMKAHI HEPIBHICTIO OTIOPHOIL
MMOBEPXHI, BIACYTHI; § — MOTOYHE IIepeMi-
ILIEHHS OIIOPHOI MOBEPXHI BIIHOCHO JIHII il
CTaTUYHOIO TONOXEeHHA O — O; s, — aMII-
JIiTya MepeMillleHb OIOPHOI MOBEPXHi; w —
KOJIOBA 4aCTOTa KOJIMBaHb (hyHIAMEHTY.
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PucyHokK 1 - Po3paxyHKOBa CxeMa TpaKTopa aK
[OBOXMacoOBOi CUCTEMMU

Y cucremy, HaBeaeHY Ha pPHUCYHKY 1,
3aMicTb (PPUKLIMHUX AeMIdepiB 3 cuIaMu
TepTd F| 1 F, BKIIo4aeMo JiHiiHI gemngpepu
BIIITOBIAHO 3 KOedillieHTaMU ONOPIB ¢, i C,.
Toni KOJMBaHHSI CUCTEMM OMNUCYIOThCS Ta-
KMMU JiHIHHUMU HEOAHOPIAHUMU AUdepeH-
LHlaJIbHUMM PiBHSHHSIMU:

z))+C,(z,—2) =0,
I’}’IlZl”—Cz(Zé—Z{)—Cz(Zz—Z])‘i‘
+¢,(z)—s")+C/(z,—s)=0.

m,z; + ¢, (Z; -
(2)

Po3p’asyroun 110 cucremy piBHSAHb IS
YCTAJIECHOIO pEeXMUMY KOJIMBaHb, BU3HAYU-
MO aMIUNTYIM Z, 1 Z, KOJIMBaHb Mac, BUKO-
PUCTOBYIOUYU TaKy CUCTEMY:

besposmipHi koediuienTd A, A, T, i T,
BU3HAYAIOThCSI BUPa3aMU:
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YaCTOTU BJIaCHUX KOJIMBaHb CUCTEMU Oe3
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JIe g — MPUCKOPEHHS CUJIM TSKiHHS,

I+p

_Ah (mtm) g T8
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Hani 3 piBHOCTI eHepriil, gKi po3ciio-
I0ThCS (PpUKLIHHUM IeMIIPEepoM i JiHIHHUM
nemndepomM, Ta aMIUIiTya aedopmallii mpy-
KVUH OTPUMYEMO 3aJIEKHOCTI:

D
2Dyr = pup —*

D
— . _ 2F
Z, = A4Sy 2Dy =\Jup—=, (8)
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ae D, i D,, — Koe®ili€HT! BiIHOCHOTrO
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[TincraBnstoun Bupasu (8) B (5) i (6), Bu-
3HaYMMO KOe(DIillieHTH A, A,, 7, i T, I CUC-
TEMU 3 cumaMu Tepta F, i F):
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Axmio cucrema He Mae cwit Tepta F i

F,, T0 3a pe30HaHCHMX PEXUMIB KOJIMBAaHb
(w=w 1 w=w, Koehimieatn A, A, (10) i
7, 7, (11), a oTxe, i amriitynm (3) KonMBaHb
Mac HEeOOMEXXEeHO 3POCTalOTh.

Oo6rosopennsa. [lng 3’sicyBaHHSI BILIU-
By cui Tepra F| i F, Ha KOJMBaHHA Mac y
peXumax pe3oHaHCiB Oyiu MpoaHasli30oBa-
Hi Bupasu (10) Tta (11). PesynbraTtu aHaizy
NpeICTaBlIeHi Ha PUCYHKY 2, e ¢, 1 ¢, — KO-
eilieHTH BiZHOCHOTO TEPTs, SIKi JOpPiBHIO-
IOTh:

2 d = 1FS_0;¢2:L: Ve (12)
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PUCYHOK 2 - [liarpama CTiMKOCTI KOIMBaHb Mac y
pexxmnMax pe3oHaHcIB
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Axuio KoediuieHT™™ ¢, i ¢, MalOTh Taki
3HAQUYEHHS, 10 TOYKA, $Ka BU3HAYAETHCS
HYMU, JICKUTb BCEPEAUHI AiIISTHKN, OOMexXe-
Hoi Bigpizkamu 1-2 i 2-3 i ocsiMM KOOpAu-
HaT, TO MiJ 4Yac KOJMBaHb Yy pEeXHMi pe30-
HAHCY HU3bKOI 4aCTOTH w = w,, CHJIM TePTsS
F, i F, He 0OMeXyIOTb HAapOCTaHHSA aMILIITY/l
KOJIMBaHb MAcC, a TUIbKWA 3MEHIIYIOTh LLIBU/-
KiCThb iX HapocTaHHs. Bigpizok 1-2 nexuTh
Ha KpUBIHA

2 2
TS, S f
Dy = — | @ — | -1 , 13
W4 A (13)
a BiIpi3ok 2-3 — Ha KpUBiii
2 f 2
TS, 5
Dy = — | % — | -1 14
SR 2 (1
TS,
Touka 2 Ma€e KOOpAVMHATU Py, = Payp = F .

Bupa3z (9) Bu3Hayae KpUTUYHE 3HAYEHHS
KoedilienTa ¢, 3a 3a1aHOrO ¢,, TOOTO 3Ha-
YEHHA @, 1 ¢, , MEHILE AKUX CUJIA TEPTA He
0OMEXYIOTh HApOCTAaHHS aMIUIITYA TepeMi-
IIEHb | MPUCKOPEHb MacC 32 w = w,. AHAJIO-
rivHuii ceHc mae i Bupas (14). fAkiio Touka,
sIKa BUBHAYAETHCA @, 1 ¢, JIEKUTD y TUTSHIII
1-1’-2’-3 “3-2-1, TO NpY:XMHU MaIOTh Iepe-
puBYacTy aedopmMmallito, TOOTO 3a Mepios Ko-
JMBaHb Maca m, Ma€ 3YNUHKHA BiTHOCHO m,
abo Maca m, Mae 3YyINMHKKM BIIHOCHO OITOP-
HOI TTOBEepXHi, a00 OOMABI MacHU pyXalrThCsl
YaCTUHY Iepiony K OJHE Lije 3 OMOPHOI0

MMOBEPXHEIO.
Binpizok 1°-2’ nexxuTh Ha KpUBii
2
2 1+ pi
0= | 2| —g2| | —L| -1
) T e T as)
a Bigpi3okK 2’-3 ‘— Ha KpuBiit
2 2
p+ A 1+ pi
¢ = S_o—f _¢2 —f _1 . 6
1"” fi p+l I 1+p (16)
9 SO
Touka2’MaeKOOpAVHATH @, =@, = 7
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®opmynu (10) i (11) garoTh TpaHUYHE CITiB-
BiTHOILIEHHSI CUJI TePTS, TOOTO TaKMX CHJI, 3a
SKMX i BULIE SIKUX OJHA a00 oOMIBI MPYKU-
HU He Ae(POPMYIOThCS.

3a pe3oHaHCYy 3 BHCOKOK YacTOTOIO
w = w, cum Teptsa F, i F, o0OMeXyIoTh aMmII-
JUTYIM KOJMBAaHbL Mac, SKILO ¢, i ¢, MalOTh
TaKi 3HAYEHHS, 1110 TOYKA, SIKa BU3HAYAETHCS
HUMMU, He JIEXKUTD Y JIISHII, OOMEXEHiil Bii-
pizkamu 4-5 i 5-6 ta ocsimu KoopauHart. Bin-
pizku 4-5 i 5-6 BHM3HA4YarOTh IpaHUIl CTiil-
KOCTi KOJIMBaHb 32 PE30HAHCY w = w, (JIiHil
KPUTUYHUX CITIBBIIHOLIEHD @, 1 @,).

Binpizok 4-5 nexuTh Ha KpUBii

2

s, 1+p 2 fy JZ
Prp = || tor| 1= —2—1 |,
460y, (fﬁpf (17)
S
a BiZIpi30oK 5-6 — Ha KpuBiit
s, 1+p 2 £ ’
(lep = -, + go 1 - (—J .
15| " Tver) |8
A
Touka 5 Mae KoopauHaTu
s, f
(DK :¢K :___(1+p)’
o =P =Y (19)

SIK1110 TOUYKa JeKUTh Ha BifgpidKax 4’-5’ abo
5’-6’, abo mo3a OUITHKOI0, OOMEXEHOIO LIMMU
BiJIpi3KaMM i OCSIMU KOOpAMHAT, TO OJHa abo
00MIBI MPYXKMHU He J1e(DOPMYIOTHCS.

Binpizok 4°-5’ nexxuTh Ha KpUBiii

2
s, l+p +21_[ f ]

¢2np = ﬂ i——i_p q)l fi + pf (20)
S
a BiIpi3oK 5’-6’ — Ha KpuBiit
2
1 nY
SO +p 2 2
= |22 p 21|
(Dlnp f;£+p q)l fl‘_'_pf (21)
A

Touka 5’ Mae KOOpaAMHATH:
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So S
¢1np=<02,(p=(l+p)7‘372- (22)
Bupasu (20) i (21) pawoTh IpaHUYHE

CIIBBITHOIIEHHS U TepTs F| i F) 3a w = w,.
SKIIo ToYka JEXKUTh Y OiIgHI 4-4"-5-6"-6-
5-4, To ogHa abo oOMABI MPYXMHU MAIOTh
nepepuBYacTy aedopMallito.

BucnoBku. Y po60Ti BUKJIaAeHUI1 HAOIM-
KEHUU po3B’I30K piBHAHL (1) mis crajgoro
peXrMy KOJMBAaHb 3a HAsSIBHOCTI B CHUCTEMi
cun Tepta F| i F,. Po3B’430K OTpUMaHO Me-
TOAOM JliHeapu3allii CUCTEMMU.

Cumm tepra F, i F, Oynytb oOMexXyBaTh
HApOCTaHHSI aMIUIITyl KOJWBaHb Mac y pe-
JKMMaX pe30HaHCIiB (TOOTO KoJMBaHHSI Oy-
IyTh CTIMKUMM), SIKILO BiAMOBiAHI IM Koedi-
LIEHTH BITHOCHOTO TEPTA ¢, i ¢, € OLIbLII Bif
KpUTUYHUX 3HaYeHb (13), (14), (17) i (18).

OCKIJIbKM KPUTWUYHI CUJIM TEPTS BU3Ha-
yeHi 3 BupasiB (10) ta (11), gki € HabOaU-
KEHUMU PO3B’s13KaMu piBHSIHHA (1), TO s
MNOpPIBHSAHHA HaMu OyJIO MOpoaHaJi30BaHO
TOYHUUA PO3B’SI30K 3 poboTu [3] piBHIHB
KOJIMBaHb JOCJIIXKYBaHOI CUCTEMM, KOJU
€ Tutbku cuia F, abo F,. Po3B’430K, HaBe-
neHuit B [3], € oKpeMUM BHUITaJIKOM OTpU-
MaHOTO PO3B’3KYy i BU3Ha4Yae (3a w = w, i
w = w,) Ha rpadiky PUCYHKY 2 TiTbKK TOYKU
1, 3, 4, 6. 11 11X TOYOK KPUTHUYHI CHJIM Ha-
BEJEHOTO PO3B’SI3KYy 1 pOo3B’sI3Ky 3 [2] TOUHO
30iraloTbecsd. Y 3arajilbHOMY BMITAAKY, KOJU B
cucremi € cwin F| i F,, mepeBipka 3aj1exXHOC-
teit (13), (14), (17), (18) mpoBoauiacss HaMu
Ha I1K. Po30ixkHiCTh pO3B’SI3KiB Y IbOMY BU-
MMajgKy He nepesBuinyBaia 8 %.

3okpema, 3a ¢dopmynamu (13) ta (14)
OyJIO MPOBEACHO OLIIHIOBAaHHSI CTYIEeHS AEM-
ngyBaHHS KOJWBaHb IiAPECOPEHUX Mac
TpakTopa John Deere 8430 nepen itoro Bu-
npoOyBaHHSIM. 3a LIMX YMOB pe30HaHCHi
LIBUAKOCTI PyXy TpaKTopa BHU3HAYAJIMCS BU-
pazaMmu:

3,6 3,6

—aw,L.

V= oL, v,=

(23)
ne L — moBXWHA NPOMIEHOTO LLISIXY, M.
Ak mpaBwuio, v, > v_— KOHCTPYKLIAHOI

LIBUAKOCTi, a v, <V, TOMY OLIHKY CTYIICHSI

neMiiyBaHHSI KOJIMBaHb TpaKToOpa IIPOBO-

Bunyck
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nviun 3a ¢popmyiaamu (13) ta (14). Ilpu upo-
My 3HQYE€HHs aMIUNTYIU KOJIMBAHb KOJIC S,
NnpuiMaiucs 3a pe3yjbTaTaMM paHille Mpo-
BeJIEHUX BUIIPOOYBaHb.
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Summary

Purpose of the study is to assess the possibility of calculating the stability of tractor oscillations as a
system with nonlinearities such as dry friction due to the inverse problem.

Research methods. The methodological basis of the work is the generalization and analysis of known
scientific results regarding the dynamics of two-mass systems in resonance modes and the use of a
systematic approach. The analytical method and comparative analysis were used to form a scientific
problem, determine the goal and formulate the research objectives. When creating empirical models,
the main provisions of the theory of stability of systems, methodology of system analysis and research
of operations were used.

The results of the study. Oscillations of the system with harmonic excitation by its base are considered
(for example, the movement of a tractor on an uneven supporting surface). Oscillations of this system
are described by nonlinear differential equations. To solve this equation, instead of friction dampers
with friction forces, linear dampers with corresponding drag coefficients are included in the system. By
solving the obtained system of linear inhomogeneous differential equations for the steady-state mode
of oscillation, the amplitudes of oscillations of masses and deformation of springs with certain stiffness
are determined.

To clarify the effect of friction forces on mass oscillations in resonance modes, the obtained
expressions were analyzed. A diagram of stability of mass oscillations in resonance modes is obtained.

Conclusions. It has been established that if the coefficients of relative friction have such values
that the point that is determined by them lies within the region bounded by segments 1-2 and 2-3 and
coordinate axes, then during oscillations in the low-frequency resonance mode, the friction forces do not
limit the increase in amplitudes fluctuations of masses, but only reduce the rate of their growth. If the
point, which is determined by the coefficients of relative friction, lies in the region 1-1-2-3 ‘3-2-1, then the
springs have intermittent deformation, that is, during the period of oscillation, one mass of the system
has stops relative to another mass, or the last has stops relative to the support surface, or both masses
move part of the period as a whole with the support surface. At resonance with a high frequency, the
friction forces limit the amplitudes of mass oscillations if the coefficients of relative friction have such
values that the point that is determined by them does not lie in the region bounded by segments 4-5
and 5-6 and the coordinate axes. Sections 4-5 and 5-6 define the boundaries of vibration stability at
resonance (lines of critical ratios of the coefficients of relative friction).

Keywords: tractor, oscillatory system, dry friction, resonance, nonlinearity.

TeXHIKO-TeXHONOriYHi acNeKTU PO3BUTKY Ta BUNPOGYBaHHSA HOBOI TEXHIKKN Bunyck
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AHHOTaUNs

Llenb nccnegoBarns. OCHOBHOU LI€/IbIO PABOThI SIB/ISIETCS OLJEHKA BO3MOXHOCTU pPacyeTa yCTOMYMBO-
CTU KOJIEGAHUI TPAKTOPA KaK CUCTEMbI C HEJIMHEMHOCTSIMU THUIMA CYXOro TPEeHMS 3@ CHET OBPATHOM 3a4a4M.

Meroabl nccnegoBaHmusi. MeTog0/10rM4e€CKOM OCHOBOM PabOoThl SB/ISETCS 0606LeHue 1 aHasIn3
U3BECTHbIX HAyYHbIX PE3Y/IbTaTOB OTHOCUTE/IbHO AMHAMUKM [BYXMACCOBbIX CUCTEM B PEXMMax pe30-
HaHCOB U MNCMOJIb30BaAHMNE CUCTEMHOIro rnoaxoAa. 151 hopMupoBaHMS Hay4YHOM npobiemsl, ornpenesie-
HUST yesin v MOCTaHOBKM 3a4a4 MCC/1I€40BaHNSI MCI10/1Ib30BAJICS QHAJTUTUYECKNL METOL M CPABHUTE TbHbIN
aHam3. [lpu co3gaHum IMINPUYECcKUX Mogesies MCcriosib30BaHbl OCHOBHbIE MOJIOXEHMS TeOPMM YCTOM-
YUBOCTU CHUCTEM, METOLOJIONMMMU CUCTEMHOIO @HaIN3a v MCC/IEA0BAHMS OrepaLmi.

Pe3ynbrarbl uccnegqoBaHusl. PacCcMOTPEHbI KO/1€6aHUS CUCTEMbI MPU FaPMOHNYECKOM BO3OYKAe-
HUM ee OCHOBOM (HaripuMmep, ABVIDKEHME TPAKTOPA MO HEPOBHOMW OMOPHOM MOBEPXHOCTH). KosiebaHus
3TOM CUCTEMbI OMMUChIBAIOTCS HEJIMHENHbIMU AN EepeHUNATIbHBIMN YPABHEHUSMU. [/1S PeLLUeHUS OaH-
HOIrO YPaBHEHMS], B CUCTEMY BMECTO (hPUKLIMOHHbIX AEMIEPHEPOB C CUIAMU TPEHMS BKITOYEHbLI JIMHENHbIE
Aemrighepbl C COOTBETCTBYIOLLMMU KOIDHHULMEHTAMU COMPOTUB/IEHMS. PeLLeHneM rnosyYeHHON CUCTeMb]
JIMHEeMHbIX HEOAHOPOAHbIX ANDepeHNaIbHbIX YPaBHEHM 471 YCTaHOBUBLLErOCS PeXnMa Kosieba-
HUYt orpeaesieHbl aMrianTyabl KOebaHu Macc 1 4e@OPMaLMMU MPYXKUH C OrpeaesIeHHbIMU XECTKOCTU.

L1151 BbISSCHEHUNSI B/IMSIHUSI CUJT TREHMS Ha KOJI€OaHMSI MAaCC B PEeXMMax Pe30HaHCOB Obl/iv MPOaHa M-
3MPOBaHbI MOJIYHYEHHbIE BbIPAXEHMS. [TosyyeHa gnarpamMma yCTOMYMBOCTM KOI€O6aHMII MACC B PEXXMMaX
PE30HaHCOB.

BbIBOAbI. YCTAHOB/IEHO, YTO, €C/IM KO3 DULNEHTbI OTHOCUTE/IbHOIO TPEHMUS MMEeKT Takme 3Hade-
HUS, YTO TOYKA, KOTOPAs OMNpenesIIeTCs HUMM, JIEXXUT BHYTPU O0OSIaCTH, OrpPaHUYeHHOM oTpe3kamu 1-2
u 2-3 1 OCSIMU KOOPAMHAT, TO MPU KOJIEOAHMSIX B PEXKMME PE30HAHCA HU3KOM YaCTOTbl CUJ/Ibl TREHMS HE
OrPaHUYMBAIOT HAPACTAHME aMIIJINTY A KO1e6aHM MacC, @ TOJ/IbKO YMEHbLLIAKT CKOPOCTb MX HapacTa-
Hus. Ec/in TOYKa, KOTOPAas OrnpPeaesIaeTcs KO3 dULMEeHTaMu OTHOCUTE/IBHOMO TPREHMS, JIEXUT B 06/1aCTH
1-1’-2°-3 ‘3-2-1, TO MPpYy>XUHbI MMEIOT PEPLIBUCTYIIO 4EGDOPMALMIO, TO €CTh 3a nepmosg KosaebaHu oaHa
Macca CUCTeEMbl MMEET OCTaHOBKM OTHOCUTE/IbHO APRY oy MacChl UM MOC/EAHSIS MMEeeT OCTaHOBKM OT-
HOCUTE/IbHO OIMOPHOM MOBEPXHOCTH, NGO Xe 06€ MacChl ABUXXYTCS YaCTb NMepmoda Kak OgHO Ljesioe C
OrOPHOM MOBEPXHOCTLIO. [Tpu PE30HAHCE C BbICOKOM YaCTOTOM CUJIbI TPREHMNSI OrPaHNYMBAIOT aMIlINTY.abl
Kos1e6aHMY Macc, eCsin KOIMMULUNEHTbI OTHOCUTE/IbHOIO TPEHMUS UMEIT Takmne 3HAYEHMS, YTO TOUKa,
KOTOPAasi OMNpenesiSseTcs HUMU, HE JIEXUT B 06/1aCTH, OrpPaHUYeHHOU oTpeskamu 4-5 u 5-6 u ocssmu Ko-
opanHat. OTpesku 4-5 u 5-6 ornpenessaroT rpaHuLbl YCTOMYMBOCTH KOJI€OaHMM rpu pe3oHaHce (JIMHUM
KPUTHNYECKNX COOTHOLLIEHMM KOG DULMEHTOB OTHOCUTE/IBHOIO TREHMS).

KnroyeBble C/I0BA: TPAKTOP, KOIebaTesibHasi CUCTEeMa, CyXoe TPeHMe, Pe30HAHC, HeJIMHENHOCTb.

Edition Technical and technological aspects of development and testing of new machinery
28 (42) and technologies for agriculture in Ukraine

85



