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Llenblo uccnepoBaHus siBnsieTCA BbIBOA 3aBUCUMOCTU ANA onpeneneHusi 3KBUBareHTHOW XXeCTKOCTU MHO-
rocTyneH4yarToro 3y64yaroro pefgykropa npv aHanuse AByXmMaccoBOMW Kore6aTtenibHOW cucteMbl U anpo6auus
NoNy4YeHHbIX pe3ynbTaToB NPU MoAenvMpoBaHUM MHOrOMaccoBOW AMHAMU4YecKoW KornebatenbHOW cucteMbl
«aBUraTenb — TpaHcMUccus». B pesynbTate npoBeAeHHOro aHanu3a BbISIBNIEHO, YTO 6onblias 4acTb NoBpe-
XXAEHUM B MexaHU3Max M Ux geTansix NpoMcxoauT U3-3a BO3HUKHOBEHUS B HUX kone6aHun Bcneactsve Au-
HaMU4eCKOro Bo3AeMCTBUA pa3HOO6pa3HbIX (DaKTOPOB: yAapPHbIX U 3HaKONepeMeHHbIX Harpy3okK, HeypaBHO-
BeLLUEHHbIX YacTen MawuH U T.4. o3TOMy KOHCTPYKTOP Ha CTaauu NPOEKTUPOBaHUA U MHXKEHEp B npouecce
aKcnnyaTauMm AOMXKHbI NPeAyCcMOTPeTb BO3MOXHOCTbL PerynmpoBaHusi konebaTtenbHbIX NPOLECCOB Kak B
peTansx, Tak U B MallMHaX 3a CYET CO3AaHUA pauMoHarbHbIX KOHCTPYKLMI, a TaKKe NPpUMEeHeHus cneunanb-
HbIX YCTPOWCTB — racuternen konebaHun, pasnuyHbIX BUOPATOPOB C ONTUManbHbLIMU XapaKTepUCTUKaMM.
Mpn 3Tom pacyeTHble MeToAbl AOMKHbI ObiTb KOPPEKTHLIMU U AaBaTb UCTUHHYHO OLEHKY MPOMCXOAALUM
npoueccaM. OAHaKko MONbITKM aHaNMTUYECKOro ONUCAaHUA KPYTUNbHbIX Kone6aHui BanoB B NpPUKNagHoOW
Teopun MarnbIX MeXaHU4ecKkux Kone6aHu NpPUBOAAT K HECOrNIaCOBaHHOCTU pe3yfibTaToB, NOJyYeHHbIX CO-
rnacHo knaccu4yeckon teopuu. lNMpennoxeHHas npocTasa U HarnsgHas MeToauka BbiBoAaa hopmynbl ANA On-
peneneHns 3KBUBaNIEHTHOM XECTKOCTUM ABYXMacCOBOMW KorebaTenbHOW CUCTEMbl MHOroCTyneH4aToro pe-
AYyKTOopa C ynpyrumu peayKTopHbIMU CBA3SIMU 6e3 yyeTa BHYTPEHHUX NOoTepb U UHEPLIMOHHOCTU €ro 3fieMeH-
TOB AaeT pe3ynbTaT, NOMIHOCTLIO COBMajarolMni € pe3ynbTaToM, MOMYyYEHHbIM MeToAaMM Kiaccu4yeckom
Teopun ManbIX MexaHU4YecKkux KornebaHun, M NO3BONSIET UCKIIOUYUTL U3 pacyeToB opMynbl NpuBeAeHUs
MOMEHTOB UHEPLUN MaxoBbIX Macc U XXecTkocTein Banos. Micnonb3oBaHne npeanoXeHHON 3aBUCMMOCTU NpuU
MoAEenMpoBaHUN CMNOXHOMW KornebaTenbHOW CUCTEMbI «ABUraTeNnb — TPAHCMMUCCUA» MO3BONWMNO noao6partb
pauMoHanbHble XapakTePUCTUKN ee anemMeHToB. Pe3ynbTaTbl aKCnepuMeHTanbHbIX UCCnefoBaHUN Nokasa-
JIN, 4TO pacxoXxpeHue TeopeTUHECKUX U IKCNepUMeHTanbHbIX AaHHbIX cocTaBuno 5...10 %, 4to ans pele-
HUA 3a4a4YM TaKOW CROXHOCTU BMOJIHE NPUEMIIEMO U AOKa3biBaeT NpPaBUIbHOCTbL NpearoXXeHHOW 3aBMCUMMO-
CTU ANA 3KBMBANEHTHOMW KPYTUIIbBHOM >XECTKOCTU MHOrOCTYMEeH4YaToro peaykropa, KakoBbIMU SABRAKOTCA
TpaHCMUCCUM TPAKTOPOB U aBTOMOGUIeEN.

KNOYEBBIE CITOBA: TpakTtopbl, aBTOMOGUNMW, peayKTop, KPyTUnbHbIe konebaHus, cuctema «aBurartenb —
TpaHCMUCCUA», IKBUBArIEHTHas XXeCTKOCTb, MOoAenupoBaHue.

The objective of this study was to obtain the dependence to determine the equivalent stiffness of a
multistage gear for the analysis of a dual-mass oscillation system and to validate the obtained results in the
simulation of a multi-mass dynamic oscillation system of engine-to-transmission. The analysis revealed that
most of damages in the mechanisms and their parts are due to the occurrence of oscillations caused by
dynamic effects of a variety of factors, such as impact and alternating loads, imbalanced machine parts, etc.
Therefore, the designer at the designing stage and the engineer during operation must consider the
possibility of regulating the oscillatory processes both in parts and machines by creating rational structures
and using special devices, such as dampers and various vibrators with optimal characteristics. In these
cases the calculation methods must be correct and must give a true evaluation of the occurring processes.
However, attempts of analytical description of torsional vibration of shafts in applied theory of small
mechanical vibrations lead to inconsistency of results obtained according to the classical theory. The
proposed simple and visual method of deriving the formula for determining the equivalent stiffness of a dual-
mass oscillation system of a multistage gear with elastic geared connections without accounting for internal
losses and persistence of its elements yields a result that is fully consistent with the results obtained by the
classical theory of small mechanical vibrations and allows eliminating the formula of reduction of moments
of inertia of rotating mass and stiffness of shafts. The use of the proposed dependence in the simulation of a
complex oscillatory system of engine-to-transmission allowed selecting rational characteristics of its
elements. Experimental results showed that the discrepancy between theoretical and experimental data was
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5-10%, which is acceptable for solving the problem of such complexity and proves the correctness of the
proposed relationship for equivalent torsional stiffness of a multi-stage gear, the examples of which include
transmissions of tractors and motor vehicles.

KEY WORDS: tractors, motor vehicles, gear, torsional vibrations, system of engine-to-transmission,
equivalent stiffness, simulation.

eoperHYeckuil aHaau3. BeneacTerue yBelnueHnsl HEpaBHOMEPHOCTH BHELIHEH HATPY3KH,

MOBBIILIEHUSI CKOPOCTH JIBHKEHUSI IPOUCXOAUT Y)KECTOUEHHE K0Je0aTeIbHOIO IMpoliecca

B penykrope (Tpancmuccun) [15]. KpyTunbHas )KeCTKOCTh 3J1€EMEHTOB PEIYKTOPOB U MX
MOMEHTBl MHEPLUHU OKa3bIBAIOT CYLIECTBEHHOE BIMSHUE HAa (OPMUPOBAHME B HHUX JHMHaAMUYe-
CKUX Harpy3ok. KomIuiekc AMHaMHUYECKUX CBOMCTB, OUYEBMJIHO, BJIMSET HA YCTOWYUBOCTH JBH-
JKEHUS U Ha obecrieueHrne TpedyeMoro KauecTra padoT.

Henbro uccaenoBanus sSBISETCS BbIBOJ 3aBUCUMOCTH I ONIPEIEICHNS SKBUBAJICHTHOM
KECTKOCTH MHOTOCTYIEHYAaTOTO 3yOuaToro peayKTopa IpHU aHaiu3e JABYXMAacCOBOM Koiseba-
TEIbHOW CHCTEMBI U anpoOaius MoJy4eHHBIX PEe3yJbTaTOB MPH MOJEIUPOBAHUM MHOTOMAacco-
BOW TMHAMUYECKON KOJICOATEIIPHOU CUCTEMBI «JIBUTATEb — TPAHCMHUCCHSI.

Jljig 3a1iuThl peayKTopa OT HEPAaBHOMEPHOCTH paboThl HEOOXOIMMO MOJ00paTh HA CTa-
MY TPOEKTUPOBAHUS pAllMOHAIbHbIE XapAaKTEPUCTUKU €r0 JIEMEHTOB C YIPYIMMH JWHAMUYe-
CKUMHU CBS35IMH, TaCUTENIN KOJIeOaHUH U Ipyrre YCTPONCTBA, T.€. PELIUTh BOIIPOCHI, CBSI3aHHBIE C
BBIOOPOM OCHOBHBIX KOHCTPYKTHUBHBIX XapaKTEPUCTHK €ro 3yieMeHTOB. OJHAKO HEKOTOpbIE
TPYOHOCTH, CBS3aHHbIE C MAaTEMAaTUYECKHUMH UCCIEI0BAHUSAMU, TPEOYIOT JOMOIHUTEIHLHOIO HC-
CJIEJOBaHUSI.
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Puc. 1. K pacuyeTy 3KBMBanNeHTHOM XXeCTKOCTU MHOrOCTYyNneH4YaToro pegykropa
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[Ipu 3TOM MONBITKM aHATUTUYECKOTO OMHCAHUS KPYTHIIBHBIX KOJieOaHUIl BajloOB B IpH-
KJIQAHOW TEOpUH MajblX MEXaHMYECKHX KoJieOaHWH ObLIM HaIpaBJIeHbl Ha MOCTPOEHUE PAlMO-
HaJIbHBIX AJITOPUTMOB, MO3BOJISIIOIIMX MOJIYYUTh NMPUOIMKEHHbIE PE3yJbTaThl TOTO WJIM MHOTO
ypoBHs TOYHOCTH [1, 10], 1 B HEKOTOPBIX CydasiX MPUBOAIT K HECOIVIACOBAHHOCTU pe3yJbTa-
TOB, MOJYYEHHBIX COTJIACHO KJIACCUYECKOW TEOPUH MaJIbIX MeXaHn4yeckux kojebanuii [11, 16].

['maBHYyIO pOJb B NPUKIATHON TEOPUU KPYTUIBHBIX KOJIEOAHHUI UrpaeT mpolecc MpuBe-
JICHHUs] MOMEHTOB MHEPIIMH 1 )KECTKOCTEH K OIpe/ieIeHHOMY Bally WM MaxoBoi macce [10], uto
SBJIIETCS OJIHOM M3 CaMbIX CIOXHBIX 3aj[ad TEOPUHU KPYTHIIbHBIX KOJIE€OaHUH.

BrrunciieHue SKBUBAJIEHTHOM >KECTKOCTHM OJHOCTYIEHYAaTOro pPEAyKTOpa HAa OCHOBE
ypaBHeHus Jlarpamka [9] Ob110 MPOBECHO MPU aHATU3€ OJTHO- U IBYXMACCOBOM KoJie0aTeIbHOM
cucteM B paborax [3, 4, 13].

Pacnipoctpanenue 3Toif METOAMKH HA MHOTOCTYIIEHYAThIN peykTop (puc. 1) mpuBOAUT K
OYEHb TPOMO3JIKOMY BBIYHCIUTEILHOMY IIpo1ieccy. MBI BOCIIOIb3yeMCsl IPYyro#, 6oJiee mpoCcToi
U HarJISIIHOM METOJIMKOM, KOTopasi MpUMEHEeHa Ui OJTHOCTYIIEHYaToro peaykropa B padote [2],
Y MOJIy4UM TaKOM 7K€ KOHEUHBIN PE3YJIbTAaT.

Metoauka. [Ipu pacuerax, Tak e kak u B padotax [2, 3, 4, 13], npeneOperaem MomMeH-
TaMU MHEPLUHU 3y04aThIX KOJEC U BAJIOB, CUUTAsl UX MaJbIMU 0 CPAaBHEHUIO C MaXOBBIMU Mac-
camu J; u J> . cnonp3yeM O4YEBHIHBIE PABEHCTBA I KPYTSIIMX MOMEHTOB Ha BaJlaxX peayKTO-

pa [8]:
T2 ZZ/I]T],' T3 :u2T2 =u1u2T1,

TnZ(u1u2u3...un_1)T1, ) (1)
Tn+] =(u1u2u3 ...un_Jun)TJ

T7€ u; — TIepelaTOYHbIC OTHOIIICHUS CTYIIEHEH penykropa [5].
VYTIIbl CKpYYHBaHHS BAJIOB TOJBKO OT JECHCTBUS JIOKAJTBHBIX KPYTSAIIMX MOMEHTOB OIIpe-
JETSIOTCS ¢ TOMOIIBIO CIIEAYIONINX PAaBEHCTB:

T, T, T
Ao ==L: Ap, =—2; Ap =2
% C 2 3 % C3
)
T
A¢n :—n’ » _i ,
Cn Cn+l
rae C; — KpyTHIIbHbIE )KECTKOCTHU BaJIOB PEYKTOpA.
CyMMapHbIil OTHOCUTENBHBIN yroJl MOBOPOTa MaxoBbIX Macc J; u J> [2] paBeH
AQr2 =@ —u 02, 3)

TAC U2 = Uj Up U3 ... Uy U, — OOIIIEE TIEPEAATOUYHOE OTHOIIIEHUE peyKTOpa [S].
3asucumocts it 4@y, u3 (3) ¢ yuerom (1) u (2) 3anumem B pa3BepHYTOM BHUJIE

T
A@py = Ap; +u{dey +uy[Ags +uz(4g, +...)]}:FII+

u;T uu,T U u3T
1] +u s ]2]+u3 ]231+...
() Cs Cy
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n + I — KOIUYECTBO yIPYTUX BAJIOB.
O603Hauasi MOMEHT Ha BXOJHOM Baity pexnykropa 77, = T , monydum
Tiz = Cia(@1 —u120)

2

rje o0Iee nepe1aToYHoOe OTHOIICHUE PEYKTOPA U o = U jUU3 ... Uy jUy, @ IKBUBAICHTHAS
JKECTKOCTD
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MOMEHT Ha BBIXOJHOM BaJly PEIYKTOpa
Twv1 = uppTys.

PesyabraTel. Takum o0pa3oMm, Mbl HOJYYHJIM BBIPAXKEHHUE SKBUBAJIEHTHOM >KECTKOCTH
JUTsl TBYXMAacCOBOM KOJIeOATEIHbHOM CHCTEMBl MHOTOCTYIIEHYATOTO PEIYKTOpa C YIPYTUMH pe-
JTYKTOPHBIMU CBSI3IMH. DTO JAa€T BO3MOXKHOCTh MCKIIIOUUTH W3 MPUKIIATHON TCOPUU KOJIEOAHMI
(hopMyIIBI MPUBEACHHUS MOMEHTOB MHEPIIMH MaXOBBIX MAacC U KECTKOCTEH BaJIOB.

[Ipemaraemas MeToIMKa ONPEACIICHUS] SKBUBAIICHTHON YKECTKOCTH MHOTOCTYIIEHYATOTO
3y04aToro peaykTopa He YUUTHIBAECT BHYTPEHHUE MTOTEPH M MHEPLIIMOHHOCTH €T0 AJIEMEHTOB.

Pesynbrathl mpeasioxeHHo paboThl OBLIIN UCIIOIB30BAHBI TTPH MOACIUPOBAHUN TUHAMU-
YECKOM CHCTEMBI «JIBUTATEIh — TpaHCMuUccus» [6, 7, 12, 14].

PaboTsi [6, 7, 12, 14] moCBSIIIEHBI TEOPETUIECKUM U IKCTIEPUMEHTAIBHBIM HCCIICIOBAHU-
SIM JIBIDKCHUST MallTUHHO-TpakTopHOTo arperata (MTA).

Metoabl ucciie0BaHus. TeopeTUUEeCKUEe UCCIEA0BAHNS MPOBOIWINCH METOAMU MaTe-
MAaTH4YECKOTO MOJICTUPOBAHHUS.

B ykazanHbIX paboTax ypaBHEHHS, ONMCHIBAIONINE JABUKEHUE BPAIIAIOIINXCI MACC JU-
HaMHYECKOW KoJIeOaTeIbHOM CHCTEMBI NEpeIayu HEPTrUU OT JIBUTaTess K BEIYIIMM KOJiecaM
(puc. 2), ObuIK OJTy4eHbl HA OCHOBE C/EJIaHHBIX B HACTOSIIEH padOTe BHIBOJOB:

J1¢91 + Cro (@1 —u1202)+ Ko (@1 —upn2) =T, ;

Ty —u1pCra(ey — 202 )~ K12 (@) —ug g ) +
+Coslpy —up3 (o3 — )] - K3 (5 — &) — oo /a3 ]+
+ Coqler —124(04 — @) - Kogl(@4 — &) — p2/upg]= 0

J3¢3 — 133 Cozlos —uy3(@3 —a)]+ ,
+ K 3[(¢p3 — &) = @5 /up3]= =Py,
J 44 —uaCoslor —unalps — )]+
+ Kaal(@4 — 6)— ¢/uzg | = —Piarpo,
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rae J;, Jo, J3, J4 — COOTBETCTBEHHO MOMEHTHI MHEPIIMHA MaxOBHKA M JBUKYIIUXCS JeTa-
Jiel JBUTATEINs, KOPOOKH Tiepeaad, KOJec IEPEIHEro U 38 JHETO MOCTOB;

i ¥py — CpCAHUC JUHAMHUUYCCKHUE PaJUuyChl KAYCHHA BCAYHIUX KOJIEC ICPEAHETO U
3aHETr0 MOCTOB,

P1,92,93,94 — yrael IOBOPOTOB MaxXOBHKA, MaxOBOW MaccChl 3JIEMEHTOB KOPOOKHU
repeay, KoJieC MEPEIHETO U 3aJHEr0 MOCTOB,;

Ujp,U33,Un4 — nepegaToYHble OTHOIIECHUS KOPOOKHU Iepesiay, KOHEUHBIX Iepeiay me-
pEIHEr0 U 3aHETO MOCTOB;

K12,K23,K24 — xos(puuuents aeMnupoBaHus TPAHCMHUCCHM, HPUBOJOB M IIHMH
IIEPETHETO U 33JTHETO MOCTOB;

C12,C23,Co4 — HkBHBAJIEHTHBIE KPYTHIIBHBIE )KECTKOCTH BAJIOB CLEIIEHHUS M KOPOOKH
repeaayd, KOHEUHBIX Mepead v IKH [IEPEAHET0 U 33 JHEr0 MOCTOB B OKPYKHOM HAIIPABIICHUY;

T, — 3HaueHue KPyTALIEro MOMEHTA [BUIaTells Ha PEry/ISTOPHON XapaKTepHUCTHKE;

’ ’
Pkl; sz — CYMMAapHBIC KaCaTCJIbHBIC CUJIBI TATW HA KOJIECaX MEPEAHCTO U 3aJHCTO BE-

JTYIIAX MOCTOB;
0. — yroJl HOBOPOTa OCTOBA TPAKTOPA B MPOJI0JIbHO-BEPTUKAIBLHOM MJIOCKOCTH.

4 Py P

K K
X1 /77[7 X3
i K
/ /
k2 F 2

Puc. 2. Cxema anHamu4yeckon mogenmn MTA
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BoiBoa. PacxoxaeHue TeOPETHUECKUX M SKCIIEPUMEHTAIBHBIX TaHHBIX [6, 7, 12, 14] co-
ctaBmio 5...10 %, 4To 11 peuieHus 3aaun TaKoi CI0)KHOCTH BIIOJHE MPUEMIIEMO U JJOKa3bIBa-
€T MPaBUWIbHOCTh MPEAJIOKEHHON 3aBUCUMOCTU JUIsl SKBUBAJIEHTHOM KPYTUJIBHOM MKECTKOCTHU
MHOTOCTYIIE€HYATOTO PEIyKTOpa, KAKOBBIMHU SIBJIIIOTCS TPAHCMUCCUU TPAKTOPOB U aBTOMOOUIIEH.
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