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AHHOTALMA

06ocHoBaHMe. CunoBble YCTaHOBKM W arperatbl TPAHCMUCCUM M NPUBOLA aBTOMODMAS, B YMCNIO KOTOPbIX BXOAMT Nepes-
HAsA rnaBHas nepefava, 061afaloT BbICOKON BUOPOAKTUBHOCTHIO, KOTOPAs OKa3biBaeT CYLLECTBEHHOE BAMSHME Ha KoMbopT
naccaxupoB Npu ABWXeHUM aBTomMobunsa. Heobxoammas wyMo- u Bubpomsonsauma obecneynBaoTcs AMHAMUYECKUMU Xa-
PaKTEPUCTMKAMM YPYTUX OMOP W JIOKaNbHON AMHAMUYECKOI HECTKOCTBIO HECYLLEH CUCTEMBI B TOUKaX KpenseHus arperarta.
(®opMupoBaHMe LieNeBbIX XapaKTEPUCTUK HECTKOCTU OMOP M HECYLLMX CUCTEM, @ TaKXKe aHanu3 npobneM wymo- v Bubpo-
M301ALMM OCYLLECTBASIOTCSA NPU NMOMOLLM MHOM03BEHHOrO MaTeMaTnyeckoro MogenupoaHus. ObecneueHne agekBaTHOCTH
MaTeMaTUYeckux Mogesen Ans peLleHns aHHbIX 3a4ay ABNAeTC He0OX0AUMBIM.

Llenb — pa3paboTka 1 Banmaaums MHOr03BEHHbIX MaTeMaTUYeCKUX MOAeNien NoABeca nepeaHen rnasHoi nepegaym (M)
C Pas/IM4HbIM COCTABOM MO KPUTEPUAM COOTBETCTBUSA YACTOTHOMO OTKIIMKA Ha OMopax nepejHeii rnasHon nepegaqu. Gopmu-
poBaHue TpeboBaHW K MHOrO3BEHHON MaTeMaTUYECKON MOAENU AN1S peLleHus 33434 BUOPOAKTUBHOCTM arperaToB ¢ 04HUM
KOHTYpOM MOLpeccopuBaHuUs B COCTaBe aBToMobUnSA.

MeToabl. MaTeMaTyecKoe MofenMpoBaHue NofBeca NepeaHen rnaBHOW Nepefayn ocyLIecTBASETCA B CPeAe MHOr03BeH-
Horo MogenupoBanus MSC Adams. [Mpu MoaenvMpoBaHMM paccMOTPEeHbl HECKOJIbKO METOA0B MOZJENMPOBaHUs AUHaMU4e-
CKMX CBOWCTB Pe3vHOMETaN/IMYECKUX OMOP U HECKOMbKO CMocoboB Y4ETa NOKaNbHOM OMHAMUYECKOMN KECTKOCTU HecyLLen
cucTeMbl. B pacuéTax onpefensncs YacToTHbIA OTKIIMK 3BEHBEB MOLENM NpU LEUCTBUN eAMHUYHOTO CUHYCOMAANBLHOMO CU-
noBoro aKTopa NepeMeHHON YacToTbl. B KauecTBe BanMAaLMOHHOMO 6asnca UCMOMb3YIOTCA 3aMepbl YaCTOTHOrO OTKIIMKA
Ha onopax npu yaape MofasbHbIM MOJIOTKOM M0 KapTepy rNaBHO nepeAayy B BbIOPaHHbIX HaNpaBneHusix.

Pesynbtatbl. Hanbonee nonHoe coBnageHne pesynbTaToB MOAEMPOBaHWA BanMAALMOHHOMY 6a3ucy Obino LOCTUTHYTO
NPy UCNONIb30BaHUM ONMCAHNA pe3nHOMeTannyeckux onop no Mogenu lNdeddepa c MacwTabupoBaHMeM XapaKTepUCTUK,
a TaKe Npu y4€Te NOAATIMBOCTH NEPeLHEro NOAPaMHUKA B BUAE peayLMPOBaHHOM KOHEYHO3IEMEHTHOW Moaenu. Mcnonb-
30BaHue bonee CNOXHbIX MoJeneil pe3VHOMETAIIMYECKUX OMOp He CNOCcoDCTBYET YNyULIEHMIO afleKBAaTHOCTU MOAENN. YUET
NoJaT/MBOCTM HECYLUEH CUCTEMbI B BUAE 3HAYEHUI JIOKANbHOM AMHAMUYECKONM KECTKOCTU UMEET KaK MONOMUTENbHBIN,
TaK M 0TpULaTEeNbHBIA 3P GEKT.

3akntouenue. [Ing peweHus 3agay BUOPOAKTMBHOCTM arperatoB C OAHUM KOHTYPOM MOJPeccCOpUBaHWSA B COCTaBe aBTo-
Mobuns, Takux Kak nepefHss rnaBHas nepefaya, HeobxoaMMO MCMOMb30BaTbh KOPPEKTHBIE MHEPLIMOHHBIE XapaKTepuCTu-
KW arperatoB, OMuUcaHWe AMHAMMYeCKUX CBOWCTB onop no Mogemu MNdeddepa u y4eT NoaaTNMBOCTU HeCYLLEW CUCTEMBI
B TOYKaX KPenyieHus arperara.

KnioueBble cioBa: MHOr03BeHHOE MOAENMPOBaHUE; INaBHas nepefaya; WyMoBubpousonauus; Mogens Ndeddepa; MeTog
Kpeira-bamnToHa.
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Validation of the mathematical model
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ABSTRACT

BACKGROUND: Power units and drivetrain units including front axle drive are highly vibration active having a sufficient influence
on passengers’ comfort during the vehicle motion. Necessary noise and vibration isolation are ensured with proper dynamic
behavior of bushings and local dynamic stiffness of a supporting structure where the unit is mounted. Development of target
stiffness properties of bushings and supporting structures as well as analysis of the NVH issues are conducted using multibody
simulation. Ensuring the adequacy of the mathematical models for solving the given tasks is necessary.

OBJECTIVE: Development and validation of the multibody mathematical models of the front axle drive (FAD) suspension
with different content according to criteria of correlation of frequency response at the front axle drive bushings. Formulation
of requirements to the multibody mathematical model for solving the NVH tasks for units with a single stage suspension as
part of a vehicle.

METHODS: Mathematical modeling of the front axle drive suspension is made in the MSC Adams multibody simulation
software. Different approaches of modeling of dynamic properties of rubber-metal bushings and the local dynamic stiffness
of a supporting structure are considered. In simulation, frequency response is determined as a result of a swept sine unit force.
Measurements of frequency response at the mounts after the hammer impact at the axle drive body in chosen directions are
used as a validation basis.

RESULTS: The best correlation of the simulation results and the validation basis was achieved using description of rubber-
metal bushings based on the Pfeffer model with scaling of properties as well as considering the front subframe flexibility
using the reduced finite element model. Using of more sophisticated models of rubber-metal bushings does not contribute
to better model adequacy. Considering the supporting structure flexibility as values of local dynamic stiffness has both positive
and negative effects.

CONCLUSIONS: In order to solve the NVH tasks of units with a single stage suspension as part of a vehicle, like a front axle
drive, it is necessary to use proper inertia data, description of dynamic behavior of bushing based in the Pfeffer model and
considering supporting structure flexibility in the unit mount points.

Keywords: multibody simulation; axle drive; noise and vibration isolation; the Pfeffer model; the Craig-Bampton method.
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BBEJEHUE

BubpoaktMBHOCTbL CWOBBIX YCTaHOBOK, KOpoboK nepe-
[ay, rMaBHbIX Mepefady M APYrux arperatoB TPaHCMUCCUU
W npuBoLA aBTOMODMNA SBNSETCA HEraTMBHBIM MOHOYHBIM
3¢ heKToM, BO3HUKAKLLMM B Xoae Mx pabotbl. OHa Bbi3Ba-
Ha HepaBHOMepHOCTbIO paboTkl arperatos, paboToii 3ybua-
ThbIX 3aLENNEHUN, a TaKKE BHELIHUMM (haKTopaMy, TaKUMM
KaK BO3JeiCTBUE OT HEpPOBHOCTEN OMOPHOW MOBEPXHOCTH.
BnbpoaKTMBHOCTb arperatoB, XapaKTEPUCTUKM WX MOAPEecco-
PUBaHUA U HECTKOCTb HECYLLIEI CMCTEMBI B MECTAX YCTAHOBKY
arperaToB ONpefensT BUDPOAKTUBHOCTb HECYLLIEN CUCTEMDI,
KOTOpas MOXeT BOCMPUHUMATBLCA NaccaXupaMm U 0KasblBaTb
CYLLECTBEHHOE HEraTMBHOE BNUAHWE Ha KoMdopT. oatomy
HeobX0oMMO MMHUMU3MPOBAThL Mepefady BUOPOHArpy3oK
OT arperaToB Ha HECYLLYI0 CUCTEMY, YTO SBMISIETCA YacTblo
Mep no obecneyeHuto TpebyeMoro LwyMo- U BUBpoKoMdop-
Ta, KOTOPLIN ABNSETCA OAHOW U3 LieNiei Npu NpOEKTUpOBaHUM
aBToMobunen.

XapakTep nepeaaun BUOPOHarpy3oK OT arperaToB Ha Ky-
30B OMpefenseTcs XapaKTepUCTUKaMU IUHAMUYECKOW HECT-
KOCTM OMop arperaroB W HeCyLLEeN CUCTEMbI B MeCTax yCTaHOB-
Ku orop. [py 3TOM KECTKOCTb 0MOp HapAZY € MHEPLMOHHBIMY
XapaKTepPUCTUKAMW arperaTtoB TaKXKe OnpeaensieT ¢opMbl
TBEPAOTENbHLIX KonebaHWi arperata, KOTOpble HE LOMMHbI
COBMapaathb Hu ¢ GopMamu KonebaHui Jpyrux y3nos 1 arpera-
TOB, HW C YacTOTOW 1 HampaB/eHneM KonebaHui, BbI3BaHHbIX
HepaBHOMepHoiA paboToii KOMMOHEHTOB camoro arperata. 310
HeobxoauMoe ycnoBue no3sonseT usbexatb BO3bYHaeHMS
KonebaHuit opyrux y3noB U arperatoB M ycuneHus obluen
BMOPOAKTUBHOCTM.

[ng pewwenuns 3apay no Wwymo- 1 BUbpomsonsumum arpe-
ratoB KaK Ha 3Tane MPOEKTUPOBaHMS, TaK W Ha 3Tane Ba-
JMAAUMKM (MCMbITaHWIA) aBTOMOOMNS aKTUBHO MCMONb3YHTCS
CpeacTBa MaTeMaTW4ecKoro MO[ENUPOBaHUA, a WUMEHHO
MHorosseHHoro (MBS, Multibody Simulation) u KoHeuHo-
aneMeHTHoro (FEM, Finite Element Method) Mogen1poBaHus.
MBS-MopenvpoBaHue WCMonb3yeTcss NPeUMyLLECTBEHHO
Ans paboTbl ¢ TBEPAOTENbHBIMU GopMaMy KonebaHuin arpera-
TOB M C AMHAMUYECKUMI XapaKTePUCTUKaMM OMop arperaros,
FEM-MogenvpoBaHne — ans uccnenoBaHus $opM Kone-
baHuit Hecylleit cuCTeMbI, ONpPeAeneHns NoKanbHoON AuHa-
MUYECKOM XECTKOCTM HECYLLEeN CUCTEMBI, aHanu3a BYHKLMIA
nepegaun Bubpaumii U WyMa OT MECT KpennieHus arperara
Ha HecylLel cucteMe M cobcTBEHHbIX GopM KonebaHui mc-
cnegyemoro arperata. Mcnonb3oBaHue AaHHbIX CpefcTB Mo-
LEeNMpOBaHMsA 4acTo ABNAETCS B3aMMOCBA3aHHLIM: arperarbl
MOryT BbITb BKOYEHbI B cocTaB FEM-Mopenu B Buae ab-
COJKOTHO ECTKUX 3BEHbEB, @ YYET MOAATNIMBOCTM 3BEHLEB
MBS-Moaenu MoXeT BbiTb BbINOMHEH C MOMOLLbLIO MHCTPY-
meHToB FEM-MopennpoBahus.

Kak npaBuno, onpegeneHve yactoT u ¢dopM TBEpHO-
TeNbHbIX KonebaHuin B cpefie MHOrO3BEHHOr0 MOfENMpoBa-
HWSA He SIBNSIETCA CNOXHOM 3afjayei, OfHAKO 3HaHWe Tofb-
KO 0 TBEpPAOTENbHbIX PopMax KonebaHW He LAET MOsHOro
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MOHUMaHUA 0 XapakTepe BuUbponepenaqu. Moatomy Heobxo-
AMMO OnpefennTb YacTOTHBIM OTKJIMK arperata W HecyLuew
CMCTEMbI B MeCTax YCTaHOBKM 0Mop. YacToTHbIA OTKIIMK
B BMAE aMMMTYAHO-YaCTOTHBIX XapaKTePUCTUK 3aBUCKT
OT AMHAMUYECKOW XECTKOCTW OMOP W JIOKaNbHON AUHaMuUYe-
CKOW XECTKOCTU HecyLlen cucteMbl. CylLecTByeT MHOXKECTBO
cnocoboB onMcaHWsa JaHHbIX XapaKTepucTuk B MBS-Mopeny,
no3ToMy HeobXOAMMO OMPeLenuTb, KakoW cnocob MateMa-
TMYECKOro onucaHus NnojBeca arperaToB 0becneynBaeT Ham-
NyYLLYI0 afeKBaTHOCTb Modenu. [Ing oLeHKM afleKBaTHOCTH
MOJeNM NPOBOAATCA BaNMAALMOHHBIE UCTbITAHMS.

OcobeHHOCTbIO peLLeHus 3adaum ABnseTcs Bblbop CxeMbl
MOApPeCccOpWBaHUS arperaToB, @ MMEHHO KONMYECTBO U pas-
MELLiEHUe OMOp B 3aBMCMMOCTW OT MHEPLIMOHHBIX XapaKTe-
PUCTUK arperara, a TaKe KONMYecTBO KOHTYPOB MOApecco-
PVBaHUS: arperat MOXeT ObiTb CBA3aH C HECYLLEN CMCTEMON
TOJbKO Yepe3 NoAaTUBbIe OMopbl (OLMHOYHBINA KOHTYp), Iub0o
Yepe3 [Ba psfda Orop, YCTAHOBEHHbIX HA NPOMEKYTOYHOM
aneMeHTe, HanpuMep, NoLpPaMHUKe (4BOVHOI KOHTYP). C 3Toik
TOYKM 3pEHUsl, JIerKOBOW MONIHOMPUBOAHbIN aBTOMO6UNb
KNaccu4ecKoi KOMMOHOBKM C MOABECOM MNepefiHelt [MaBHOI
nepegadmn ([MT1) Ha Tpex onopax ABNAETCA MOAXOAALLUM
06bEKTOM Ang uccnefoBaHUs cnocoboB MaTeMaTUYeCKOro
OMMCaHWA NOJPECcCOpPUBAHNA arperaTa, TaK Kak 3ToT arperat
MMEeeT OfMH KOHTYp MOApeccopuBaHus U3 TPEX onop, pac-
MOMIOXEHHBIX B COOTBETCTBUM C MHEPLMOHHBIMU CBOWCTBaMM
arperara W yCTaHOBIEHHbIX Ha MOAPAMHUKeE, ECTKO CBA3aH-
HOM C HecyLLWM Ky30BOM aBTOMOBUNS.

Takum 0bpa3oM, Lenb JAHHOMO WUCCEeAoBaHWUA COCTOMT
B paspaboTke u Banupaumn MBS-Mopenen noaseca nepes-
Hel MaBHOI Nepefayyu pasfMYHOro COCTaBa Mo KpUTEpPUAM
COOTBETCTBMA YacTOTHOrO OTK/IMKA Ha Oropax nepenHew
[7IaBHOW Nepeaayn, a Takke B GOpMUPOBaHWUM TpeboBaHUiA
K MHOT03BEHHOW MaTeMaTU4eCKOW MOAENM LA peLleHus
3aa4 BUOPOAKTMBHOCTM arperaToB B COCTaBe aBTOMobUNS.

MOArOTOBKA
MATEMATUYECKOW MOAEJIN

WUccnepyeMas MaTeMaTtuueckas Mofenb aBToMobuns,

B COCTaB KOTOPOM BXOAMT MOABEC NEPELHEN [M1aBHO nepe-

Aaum, paspabotaHa B cpefe MHOTO3BEHHOr0 MOLeNMpoBa-

Hua MSC Adams c ucnonb3oaHueM mogyns Car (puc. 1).

HeobxoanMocTb pa3paboTku Mogenu Bcero aBToMobuna 06-

YCNOBMEHa, MPEeX e BCero, TeM, YTO UCTbITaHUS, opMupyto-

LiMe BanMAaLMOHHbIA 6a3uc, NpoBoAATCA Ha aBToMobune

B cbope. [pn 3TOM OCHOBHOE BHWUMaHWe YAENSETCH UMEHHO

OMMCaHWIO NOLBECA NepefHel MaBHOM Nepefayn.

[lns onucaHns auHaMUYecKux xapaktepuctuk onop B MSC

Adams npegycMoTpeHbl creaytoLme cnocobbi:

» 33[laHMe YC/IOBHO [AMHAMWYECKOW XapaKTepucTUKU
KecTkocT no mopemm KenbBuna-QoliTa, roe xapak-
TEPUCTUKA CTATMYECKOW KECTKOCTM MaclTabupyetcs
B COOTBETCTBUM C AMHAMUYECKUM (aKTOPOM OmMopbl
Ansa BblbpaHHoM yvacToThl. Kak mokasaHo Ha puc. 2,
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Puc. 1. [pacdmueckoe n3obpaxeHne MHOTO3BEHHOI MaTeMaTU4ECKON MOLLENW aBToMobUns: @ — obLLwMiA BUA; b — yBenuyeHHoe u3obpa-
JeHue nepefHen rasHoii nepeaadu (M)
Fig. 1. Image of the multibody mathematical model of the vehicle: @ — the general view; b — the scaled image of the front axle drive

(FAD).

2 5.0
> —bush
S 4.0 —freq_bush
s 3.0
x
8 2.0
-
E ;.O-
=
= '%.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0
IZI Yacrora, My
90.0
= ‘afgg —bush
(=) 5 P—
= 600 freq_bush
S 50.0
= 40.0
g 30.0
20.0
e 10,0
'%.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0
Yacrora, Ny

Puc. 2. CpaBHeHWe AMHaMUYECKMX XapaKTepUCTUK MOAenel LapHUpoB, 00najalowmx IMHeNHIM AeMnpupoBaHueM (KpacHas MHUS)
1 Y4aCTOTHO3aBUCUMBIM LLEMNBUPOBaHUEM (CUHSS IMHASR): @ — AMHAMUYECKMIA (aKTOp B 3aBUCUMOCTM OT YacToTbl BO3bYKaeHUs; b — yron
MnoTepb B 3aBUCUMOCTH OT YacToTbl BO3byxaeHua [1].

Fig. 2. Comparison of dynamic curves of bushings with linear damping (red line) and frequency dependent damping (blue line): @ —
dynamic factor depending on excitation frequency; b — loss angle depending on excitation frequency [1].

AaHHbIN cnocob He sBnseTcs KOPPEKTHbIM [OJ19 onpe- . MHOI'OC'JaKTOPHaFI 4aCTOTHO3aBMUCMMaA MOLEJIb, KOTOpPas

LeNeHnsa nepeaatoyHbiX GYHKUMA BBULY NpaKTUYeCKU cTpouTca Ha 6ase KpWBbIX AMHAMUYECKUX XapaKTepUCTUK
NIMHEHOro pocTa AWMHAMUYECKOW KECTKOCTU C YBENM- ornopbl (KECTKOCTU U yrJia noTepb) A4S 3afaHHOro Auana-
YeHMeM YacToTbl Bo3MyLLeHua [1]); 30Ha aMNMTYA M YacToT M BKIIKOHAET B cebs cTatndeckyto
e JIMHEapW30BaHHas 4acTOTHO3aBMCMMas Mofenb Ha base JKECTKOCTb, OMMcaHMe rucTepesuca no Mogenv byka-BeHa
mozenm beddepa, roe 3analoTcs KpUBbIE CTATUHECKOI L1 ONMCaHUA 3aBUCUMOCTU OT aMIIUTYAbl BO3MYLLEHNS
XKECTKOCTW, 3HaYeHWs yrna notepb Ana yactotel 15 My W nepesaTtoyHon GYHKUMM NS ONMCaHWA 3aBMCUMOCTU
M MacwTabHble KO3pdULMEHTbI MO CMIaM/MOMEHTaM OT YacToTbl Bo3MyLLeHus. loapobHoe onucaHue LaHHOM
u gedopMaumsaM ANs KOPPEKTUPOBKU AMHAMUYECKOW Mognenv npueedeHo B siutepatype [3]. Ha puc. 3 nokasa-
KEcTKocTU. [lpuMep pesynbTUPYIOLLMX AWHAaMUYECKUX HO CPaBHEHWE WCXOOHBIX OMHAMUYECKUX XapaKTepuUCTUK
XapaKTepUCTWK ANs LaHHOT0 METOAa NPEeLCTaBNEH TaKKe (meas), NonyyeHHbIX MYyTEM MCMbITaHWIA peanbHOW OMopbl
Ha puc. 2. [laHHbIA MeTof paccMOTPeH MoApobHO B nu- nepeaHen rnaBHoi Nepeaayn, C pacHETHbIMU AUHAMUYECKU-
Tepatype [2]; MW XapaKTepucTukamu (calc) ans amnnutyg 0,05, 0,11 1 Mm.

DOl https://doi.org/10.17816/2074-0530-634676
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Puc. 3. M3MepeHHble (Touky, meas_amp) U pacyéTHble (CMOLLHbIe IMHUM, calc_amp) XapaKTepuUCTUKM AMHAMUYECKON KECTKOCTM 1 YIToB
notepb onopbl MM ana amnautyg 0,05, 0,1 v 1 MM: @ — auHaMUuYeckuin akTop B 3aBUCUMOCTU OT YacToTbl BO3OYaeHus;; b — yron
noTepb B 3aBUCMMOCTY OT YacToThl BO36YKAEHMS.

Fig. 3. Measured (points, meas_amp) and calculated (solid lines, calc_amp) data of dynamic stiffness and loss angle of the FAD bushing
for the amplitudes of 0.05, 0.1 and 1 mm: @ — dynamic factor depending on excitation frequency; b — loss angle depending on excitation

frequency.

OnmcaHme HecyLelt cMcTeMbl B MeCTax pasMeLLeHus onop
[NaBHOW Nepefayn TaKkke MOXKeT ObiTb BbIMOSHEHO B BUAE
HECKOJIbKUX CnocoboB:

e KaK abCoMIOTHO XECTKOE Teno;

* B BMIE MPOMEXYTOUYHbIX YNpYrux CBS3€H, ONWUCbIBalO-
LUMX JIOKasbHYI0 OMHAMUYECKYH ECTKOCTb, 3HaYeHus
KOTOPO/ COOTBETCTBYIOT MCCNeLyeMOMY JAMana3oHy
4acToT M KOTOpble MOryT BbITb OnpegeneHbl Kak pac-
YéTHo ¢ nomolubto FEM-MogenvpoBahus, Tak u 3kcne-
pUMeHTanbHo [4];

e B BMe NoJaT/IIMBOro Tesa, a UMEeHHO KOHEYHO31IEMEHTHO
MOAenu, pesyumpoBaHHon no metony Kpeira-bamntona.
CyTb MpuMeHeHMs [aHHOTO MeTOAa paccMaTpuBaeTcs
B muTepatype [5].

CoctaB 6a30BoM MaTeMaTMYECKOW MOAENM aBToMobuns
B cbope N0 MHEPLMOHHBIM XapaKTEPUCTUKAaM 3BEHLEB, B TOM
uucne nepenHelt mMaBHOW nepefaym (MccnemyeMoro 0bbek-
Ta), XapaKTepUCTUKaM YNpyrux u aeMndupyloLwmx 3nemeH-
TOB COOTBETCTBYET aBTOMOOWIO, KOTOPbIA WCMOJb30BasCs
ONs NpOBeAEHNs BaNMAaLMOHHbIX UCMbITaHWI. [lepeMeHHbIMM
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KOMMOHEHTaMu JaHHOW Mofeniv Bbinv AMHaMUYecKue XapaKTe-
PUCTUKM OMOp NepefHen rMaBHOW nepefayqy (Mcnonb3oBanuch
TONILKO YacTOTHO3aBUCWMbIE MOJENM OMop) W 3BEHO NojpaM-
HWKa (abCOMIOTHO KECTKOE, C MPOMEXYTOUHBIMU YNPYrUMH
cBA3AMU U nopatnmeoe). [ins Bcex cnocobos onucaHus onop
I1aBHOM Nepeaayun UCrosb30BaIUCh U3MEPEHHBIE CTaTUHECKUE
1 SMHaMUYeCKUe XapaKTepuCTUKM onop. PenyumpoBaHHas Ko-
HEYHO-3/71EMeHTHas MofieNb MoAPaMHUKA Bbina NoAroToB/eHa
B cpeae moaenupoBaHus ANSYS. 3HaueHus NoKanbHoOM au-
HaMUYECKOI KECTKOCTW TOYEK KPemnyieHns NopaMHUKa orpe-
Jenanncb pacyétHo B cpene MogenmpoBanus MSC Nastran
Ha OCHOBE Ba/MAMPOBaHHOWM MOAENM, NPELCTaBNEHHON B pa-
bote [6]. [puMep MCCnenoBaHUsA NOKaNbHOW AMHAMMYECKOH
MECTKOCTU 33JHEN NEBOW TOUKM KpenneHus noppamHuUKa
K Ky30BY Yepe3 OmpefesieHne YCKOPSEMOCTU B AaHHOW TOYKe
npuBeaEH Ha puc. 4, roe rpaduk Simulation_B — wncxopHoe
COCTOSIHME PACYETHON KOHEUHO-3M1EMEHTHON MogenK, rpadmk
Simulation_V — Mopenb npuBeseHa B COOTBETCTBUM C Pe3yfib-
TaTaMu 3KCNEpPUMEHTaNbHbIX UCCNe0BaHuiA U rpadmk Test —
pesynbTaThbl 3KCNEPUMEHTANBHBIX UCCNEA0BaHMIA.
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Llenesoe
—— Test
—— Simulation_B
Simulation_V
......... Test ISO
----- Simulation_B IS0
----- Simulation_V ISO

Puc. 4. WccnepoBaHua ycKopsieMmo-
CTW 3afiHeil NeBOI TOYKU KPernneHus
nepenHero nogpaMHUKa K Ky3oBy aB-
TOMObUNA @ — BAOMb NPOAONLHOM 0CH
aBToMobuns; b — BAONbL NonepeyHo
ocu aBTOMoObUNs; ¢ — BAONb Bep-
TUKaNbHOM OCU aBTOMOOWNS; JIUHWM
«LleneBoe» — KpuBble LeneBbIX 3Ha-
YeHMii YCKOPAEMOCTU MO YacToTe; Nu-
HuM «Test» — KpuBble pe3ynbTaToB
3KCMEepUMEHTaNbHBIX  UCCIIeA0BaHMIA;
NmHuM «Simulation_B» — KpuBble pe-
3yNbTaToB MOJE/MPOBaHUA A UCXOL-
HOW PacYETHOM KOHEYHO-3N1EMEHTHON
mogenu; nuHuu «Simulation_V» —
KpWBbIE  pe3ynbTaToB  MOAENUPO-
BaHMA ONA MOAeN, NpUBEAEHHOW
B COOTBETCTBME C pe3yNbTaTaMu 3Kcne-
PUMEHTANIbHBIX MCCNEfOBaHWM; JIMHUN
¢ npuctaBkon I1SO — M30MHMKM coOT-
BETCTBYIOLUMX  IKCMEPUMEHTANbHBIX
M PacyETHbIX PesyNbTaToB.

Fig. 4. Study of accelerance of the
rear left mount of the front subframe
to the vehicle body ¢ — along
the longitudinal axis of a vehicle; b —
along the lateral axis of a vehicle; c —
along the vertical axis of a vehicle;
the Llenesoe lines — curves of target
values of accelerance versus frequency;
the Test lines — curves of the
results of the experimental studies;
the Simulation_B lines — curves
of the simulation results of the initial
simulation finite-element model;
the Simulation_V lines — curves
of the simulation results for the model
validated according to the results
of the experimental studies; the lines
with the ISO suffix — isolines
of the corresponding experimental and
simulation results.




TPAHCIMOPTHBIE A TPAHCTIOPTHO-
TEXHOJIOMAHECKE KOMITTIEKCH!

BAJIMOALUMOHHBIE UCNBITAHUA

B kauectse BanupaumoHHoro 6asuca ucnonb3yltcs pe-
3ynbTaTbl MOAANbHBIX UCTIbITAHUI NepefHeli MaBHoi nepe-
[auv B coctaBe aBToMobuns B cbope. CyTb MOAANbHBIX UCTIbI-
TaHWN 3aK/IOYAETCA B 3aMepe YCKOpPEHWN 06beKTa UCTbITaHWI
MNPy CO3AaHWM BHELLHETo BO3MYLLIEHUA NYTEM yaapa MoAanb-
HbIM MOJIOTKOM C NOC/eayioLLMM npeobpa3oBaHeM B HaCTOT-
Hbli OTKIMK [7]. B xopme ucnbiTaHuii aBTOMOBWNL Haxoamcs
Ha POBHOM OMOPHON NOBEPXHOCTU. Yapbl HAHOCUIIUCD B NPO-
AONbHOM W BEPTUKANbHOM HanpaB/eHUsX B 30He KpernyeHus
nepeaHen NpaBoii OMopbl K NepefHeMy NoApaMHuKy (puc. 5).
[laTuMkm ycKopeHuin Bbinn ycTaHOBMEHbI HA KaaoW onope
CO CTOPOHbI KapTepa [MaBHOM Mepejayyn 1 co CTOPOHbI Noj-
paMHWKa Ha ronoBkax 6onToB (puc. 6). MonyyeHHble 3anu-
CM YCKOpeHUI B JanbHelilieM npeobpa3oBaHbl B HYaCTOTHbIN
CMEKTP B NporpaMMHOM KoMnniekce Simcenter Testlab.

Puc. 5. Ynap MoganbHbIM MONIOTKOM MO KOpNYyCY NepesHen rMaBHoM
nepegauu.
Fig. 5. Impact with the modal hammer on the body of the front
axle drive.

Tom 18, N2 4, 2024

V3gectvst MITTY «MAMy

NPOBEJEHWUE PACYETOB 3
U BATWOALWUA MOOENEN

TaK KaK Lienblo pacyéTa ABNsSeTca noayyeHue YacToTHOro
OTK/IMKa 00bEKTa UCCNENOoBaHUS Ha BHELLHee BO3AENCTBYE,
T0 3apaya B cpefe MSC Adams peluaeTcs B YacTOTHOW Mo-
CTaHOBKe C ucnonb3oBaHueM moayns Vibration. laHHbIA Mo-
OyNb UCNONb3yeTcs AJ1A OMUCaHWSA BHELUHEro BO3AEHCTBUS,
JaTYMKOB OTKJIMKA W OPYrUX FPaHMUYHBIX YCIOBWW pacyéTa.
HarpyeHne MaTeMaTU4ecKon Mofenn u 3amep YCKOPeHuii
OCYLLECTBAISIOTCA B TeX e TOYKAX, YTO M B X0 BaMAaLMOH-
HbIX MCMbITaHMA. [py 3TOM caMo HarpyeHue peanu3oBaHo
B BUIE CMHYCOMAANBHOM0 eAWHWYHOr0 cuioBoro dakropa
¢ nepebopoM yacToTbl Bo30YXAEHUSA B 33laHHOM AWanasoHe
€ (DMKCUPOBAHHBIM LIAroM. AMMAIMTYLHO-4aCTOTHbIE XapaKTe-
PUCTUKM OTK/IMKA 0OBEKTA MCMbITaHUIA CTPOATCA B MOCTApO-
Leccope. Pe3ynbTaThl pacyeéToB CPaBHUBAIOTCA C pe3ynibTaTta-
MW 3aMepOoB, NOCJIe Yero HEKOTOPbIE XapaKTEPUCTUKN MOAENU
KOPPEKTUPYHOTCS M BbIMONHSAETCSA NOBTOPHbINA pacyéT Ans Ao-
CTUXKEHMWS NyYLLIero COOTBETCTBUSA pe3yNbTataM 3aMepoB.

B xone pabotbl 661 Nony4eHbl aMIUTYLIHO-4aCTOTHbIE
XapaKTepPUCTUKK ANS CELyIOLLMX Cly4aes:

« | — ucxopHoe onucaHue onop Ha b6ase mopenu lNped-
(epa, KECTKWIA Ky30B;

|l — cKoppeKTMpoBaHHOe onucaHWe onop Ha base Moge-
m Neddepa, KECTKUA Ky30B;

* |l — cKoppeKTpoBaHHOEe on1caHKe onop Ha base Moge-
m Neddepa, y4ET NIOKANbHOW UHAMUYECKON KECTHKO-
CTV NOJPaMHKUKa NOCPEACTBOM NPOMEKYTOYHBIX YNPYruX
cBA3el;

« |V — cKoppeKTMpOBaHHOEe onucaHWe onop Ha base Mo-
aenv MNdeddepa, nogpaMHUK 3aaH B BUAE peayumpo-
BaHHo K3-Mopenu;

» V— MHorodaKTopHas 4acToTHO3aBUCMMas MoAeNb 0Mop,
NoApaMHUK 3afaH B BULE pefyumpoBaHHon K3-Momenu.
[lanee npencraBneHbl rpauKKu HEKOTOPbIX NepeaaToyHbIX

(YHKUMIA OTKJIMKA B BMAE YCKOPEHWA CO CTOPOHBI MepenHeit

Puc. 6. [JaTumKu YCKOpEHWIA, YCTaHOBMEHHbIE Ha Onopax NnepefHei rMaBHOil nepeaaum.
Fig. 6. Acceleration sensors installed at the mounts of the front axle drive.

DOl https://doi.org/10.17816/2074-0530-634676

330



331

TRANSPORT AND TRANSPORT-
TECHNOLOGICAL FACILITIES

FNaBHOM Nepeaayn v Co CTOPOHbI NOAPAMHMKA Ha BO3AENCTBME
B BUAE CWIbl B MECTax YCTaHOBKM nepefHeii nesoii ([J1), ne-
penHeit npasoi (1M) n 3agHei (3) onop (cM. puc. 7-14).

[ins 0606LLEHNSA CpaBHEHWSA MONYYEHHBIX PACYETHBIX M 3KC-
MEPUMEHTAbHBIX aMMJIUTYAHO-YaCTOTHbIX XapaKTePUCTUK Bbl-
MOJTHEH PacyéT KpuUTepus JOCTOBEPHOCTM YacTOTHOIO OTKIIMKA
(frequency response assurance criterion, FRAC), pe3ynbrtarbl
KoToporo npepcTaeneHsl B Tabn. 1. B pabote [8] aaHHbIN Kpu-
Tepui OnpeaenseTcs COrmacHo criedyioLLien Gopmyre:

2

_ |H ()} H ()]
|H ()] H(w); || H (o)) H(e)]|

3HaveHus FRAC bonee 0,9 cooTBeTcTBYHOT XopoLuei
CXOAMMOCTH pe3yNbTaToB pacyéTa u akcnepuMenTa: ot 0,8
po 0,9 — ynosnetBoputenbHbiMK, MeHee 0,8 — Heynos-
neTBopuTenbHbIMKA. Pacyér 3HadeHnn FRAC BoimonHsncs
ANs BCero yactotHoro ananasoxa 0-120 Mu.

Mpu paccmotpennn rpadmkos AYX otknmka MMM BUAHO,
YTO aMNUTYabl PE30HAHCOB NepesaTouHbIX BYHKUMA Ucxo-
HOro BapuaHTa (BapuaHT |) CMeLLeHbl IO 0CK YacToT BrpaBo.
[lns cooTBETCTBMA PE30HAHCOB NepPefaTouHbIX YHKLMIA B pe-
3ynbTaTax 3amMepa 4 pacyéTa NoHazobmUnock HECKOMBKO CHU-
31Tb AMHAMUYECKYH XECTKOCTb OMop NYTEM MacluTabupoBa-
HWA, @ TaKXKe CKOPPEKTMPOBATb YTkl NOTEPb AN AOCTUMHEHUS

0 10 20
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-100

-120
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nyywero coBnafeHus GopM crnekTpoB (BapumaHT II). Takum
obpasoM, ypanocb A0BUTBCSA CyLLECTBEHHBIX YyYLLEHWN
(4To TaKKe mopTBepKAaeTCA pe3ynbTaTamu pacyéta FRAC),
HO He MaeanbHOro COOTBETCTBUSA CMEKTPOB (QYHKLMIA OTKIIMKA
Ha nepenHeli mMaBHoM nepeaade. EcTb HepgocTaTky, KoTopble
B X0Zie paboTbl yCTpaHMTb He yaanock v TpebyloT AanbHewnx
1cCnesoBaHWUM, HAMPUMEP, PACXOXAEHUE B AWana3oHe 4acToT
40-70 My pns BepTMKaNbHOMO OTKJIMKA Ha NepegHen NeBom
0Onope rMaBHOW Nepefayn Npy BEPTUKANBLHOM BO3LEHACTBUM.
YYET nopatMBOCTU NoApaMHMKa B BULE 3a[iaHWUA NIOKab-
HOM AMHAMUYeCKOM XEcTKocTh (BapuaHT IIl) wn B Buae 3a-
[aHuWs pedyLMpOBaHHON KOHEYHO3IeMEHTHOM Mogenu (Bapu-
aHT V) no3BonsieT cyLecTBEHHO CHU3UTb Pa3HULY aMNauTyL,
MEX Y CeKTpaMu 3aMepoB 1 pacyéTa OTK/IMKA NoApaMHUKa,
coctaensowyto ao 20 ab nnm oo ogHoro nopsaka. Npu atom
3aflaHue NoKanbHOM AMHAMMYECKON ECTKOCTU B BUAE OT-
JEeNbHbIX YNPYruX 3/1EMEHTOB MCKAXKaeT CMEKTPbl OTKIMKA
rNaBHOI Nepeaauu, ocobeHHo NpW NPOJONLHOM BO3AENCTBUM
Ha [Tl B BMAe pesKoro Bo3pacTaHWUs aMnauTys, Npu yacToTax
Ao 30-40 u. 3Hayenus FRAC pns BapmaHTa Ill B gaHHOM
cnyyae nagaet o 0,1-0,2 B 1o BpeMs, Kak A1 BapuaHTa
IV nonyyeHbl Haunydwume pesynbtatbl FRAC. Takum obpasom,
UCMOMb30BaHUe PeLyLIMPOBaHHbIX KOHEYHO3IEMEHTHBIX MO-
Lenen Ans pelleHns 3afay SBIAETCA NPeAnoYTUTENLHBIM,
a 3a/iaHWe NIOKaNbHOM AMHAMUYECKON HKECTKOCTM — [aoMy-
CTUMBIM MPYW YCTPaHEHUU OMMCAHHOW BbILLE MPO6NEMBI.

Puc. 7. YactotHas xapaKTepucTuKa oT-
knmka M Ha /T onope B npoponsHOM
HanpaBeneHuM npyU NPOJOSILHOM BO3-
OeACTBUM: NUHMA «3aMep» — KpuBas
Pe3ynbTaToB 3KCMepUMEHTaNbHbIX UC-
CnefoBaHui; MUHUA | — KpuBast pesynb-
TaToOB pacyéTa /15 MHOro3BeHHOW Moje-
JI1 C UCXOAHBIM ONKMcaH1eM onop Ha base
mogenu lNbeddepa 1 KECTKUM Ky30BOM;
nnHKA || — KpuBas pesynbTaToB pacyéTa
LNSi MHOrO3BEHHOW MOJIENN CO CKOpPEK-
TMPOBaHHbIM OMMCaHWEM omop Ha base
mogenu MNbeddepa 1 KECTKUM Ky30BOM;
nmHus Il — KpuBas pe3ynbTaToB pacyéTa
LN MHOTO3BEHHON MOJENM CO CKOpPEeK-
TMPOBaHHbIM OMMCaHWEM OMop Ha base
mogenu Nbeddepa 1 y4ETOM NoKanbHoM

AMHaMUYECKO XECTKOCTU MoapaMHUKa
MOCPEACTBOM MPOMEKYTOYHBIX YRpYrux
cBsA3el; MMHMS |V — KpuBas pesynbTaToB pacyéTa /s MHOTO3BEHHOW MOLENN CO CKOPPEKTUPOBaHHBIM OMKUCaHWEM onop Ha base Mogenu
lNbeddepa n onucaHnem noapaMHuKa B Buae peayumposaHHon K3-Mopenu; muinsa V — KpuBas pesynbTaTos pacyéta Ass MHOr03BeHHOM
MOZLENM C MHOrOQaKTOpHOI YacTOTHO3aBUCMMOIA MOZEbIO OMOp M ONMCaHWEM NOAPaMHUKA B BUAE peLyumpoBaHHoil K3-Mopenu.

Fig. 7. Frequency response of the FAD at the front left mount in longitudinal direction after longitudinal impact: the 3amep line —
the curve of the results of the experimental studies; the | line — the curve of simulation results for the multibody model with the initial
Pfeffer model-based description of the mounts and with the rigid body; the Il line — the curve of simulation results for the multibody
model with the corrected Pfeffer model-based description of the mounts and with the rigid body; the Il line — the curve of simulation
results for the multibody model with the corrected Pfeffer model-based description of the mounts and considering of local dynamic
stiffness of the subframe via additional stiffness linkages; the IV line — the curve of simulation results for the multibody model
with the corrected Pfeffer model-based description of the mounts and with the description of the subframe as the substructured FE-model;
the V line — the curve of simulation results for the multibody model with the multivariable frequency-dependent model of the mounts
and with the description of the subframe as the substructured FE-model.

i —---1v \

= 3amep ---|
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TPAHCTIOPTHBIE 1 TPAHCTIOPTHO-
TEXHOMNOMMHECK/E KOMITTIEKCH Tom 18, Ne &4, 2024 M3secTus MITY «<MAMV»

Mpn Mcnonb3oBaHMM MHOrO(AKTOPHOI YacTOTHO3aBUCU-  PE30HAHCOB), YeM NMpU UCMOMb30BaHUK Bonee NPocTo Mofe-
MO MOZESIM OMop [NaBHOM nepefayn Kak Haubonee TouHom  nm MNpeddepa. MosobHoe noBeneHNE MOXHO 0OBACHUTL TeM,
0XKMAANO0Chb NOJyYeHUe HaWNyYLIero COBMAZEHUA CMEKTPOB.  YTO A/ PE3UHOMETA/UIMYECKMX LLIAPHUPOB M OMOp A0MYCKaeTCs
Ha npaKTvKe OKas3anoch, 4TO PacXoXAEHWs CNEKTPOB OKasa-  pa3bpoc BENMUMHBI KECTKOCTM B npepenax +/- 15% ot uene-
NMUCb 3HauuTesbHee (B YacTHOCTW, Mo QopMe M KONMYECTBY — BOTO 3HAYEHWS,, M IKECTKOCTb M3MEPEeHHbIX OMop OKasanach

Ta6nuua 1. PesynbTathl pacyéta KpUTepus AOCTOBEPHOCTW YACTOTHOMO OTKIIMKA
Table 1. Results of the FRAC calculation

HanpaBneHue Onopa CropoHa | Il 1] v '
mn M 0.817 0.969 0.200 0.966 0.504
MoApaMHUK 0.752 0.957 0.97 0.981 0.455
MpononbHoe
in M 0.726 0.915 0.060 0.936 0.417
MoApaMHUK 0.743 0.956 0.948 0.961 0.399
n M 0.832 0.925 0.869 0.899 0.558
noapaMHUK 0.758 0.888 0.821 0.917 0.470
BepTukanbHoe
. M 0.614 0.857 0.928 0.899 0.342
NoApPaMHUK 0.685 0.798 0.869 0.920 0.528
0603HayeHms B TabnuLie: | — MHoOro3seHHas Mofenb C MCXOAHBIM onucaHueM onop Ha base Mopenu deddepa 1 HECTKUM Ky30BOM;
Il — MHoOro3BeHHas Mofesib CoO CKOPPEKTUPOBaHHLIM onucaHueM onop Ha 6ase Mogenu lNdeddepa n KECTKUM Ky3oBoM; Ill — MHoro-

3BEHHas MOJieNb CO CKOPPEKTUPOBaHHBIM onucaHueM onop Ha base Mogenu lNdeddepa 1 y4ETOM NOKaNbHOWM AMHAMUYECKON HECTKOCTH
MofipaMHUKa NOCPeACTBOM MPOMEXYTOUHbIX YNpyrux cBa3ew; IV — MHOro3BeHHast Mogesb CO CKOPPEKTUPOBAHHBIM OMKUCAHUEM OMop

Ha 6a3e Mogenm Mpeddepa 1 onmcaHmem noapaMHuKa B BUae peayumpoBalHoi K3-monenu; V — MHorosBeHHas Mofienb ¢ MHorodak-
TOPHOM YaCTOTHO3aBUCMMOW MOAENLI0 OMOP W OMKUCAHMEM MOLPAMHUKA B BUAE peayuupoBaHHon K3-Mopenu.

K/MKa noapaMHuka Ha /1 onope B npo-

[0NbHOM HanpaBneHWM MU NPOAOSILHOM
BO3/ENCTBUM: IMHUA «3aMep» — Kpu-
Bas Pe3ynbTaToB 3KCMEPUMEHTANbHbIX
UccnepoBaHui; NnHua | — Kpueas pe-
3yNbTaToB pacyéta Ans MHOr03BEHHOW
MOZLeSIM C MCXOAHbIM OMMCaHWEM OMop
Ha 6ase Mopenn lNdeddepa n wecT-
KWM Ky30BOM; JiuHus || — Kpusas pe-
3yNbTaToB pacyéta Afs MHOr03BeHHOW
MOJLE/N CO CKOPPEKTUPOBAHHBIM OnMCca-
HWeM onop Ha 6a3se Mogenm Mbeddepa
W ECTKUM Ky30BOM; uHms Il — KpuBas
100 pe3ynbTaToB pacyéTa ANl MHOr03BEHHOM
YacrorTa, My, MOZLE/N CO CKOPPEKTUPOBaHHBIM Onuca-
HWeM onop Ha 6a3se Mogenm MNpeddepa
3amep ---1 —— 1 —IIl —---IV v M C YYETOM JOKaNbHOW [IHAMI4eCKoN
ECTKOCTU NoJpaMHMKA MOCPefCTBOM
MPOMEXYTOUHBIX YNpYruX CBA3EM; IMHUA [V — KpuBas pesynbTaToB pacyéTa A1 MHOr03BEHHOW MOZE/M CO CKOPPEKTUPOBAHHLIM oMuca-
HueM onop Ha base Mogenu MNbeddepa u oncaHneM nogpaMHUKa B BULE peayumpoBaHHon K3-Moaenu; nuuma V — KpuBas pesynbTaTtos
pacyéTa A MHOr03BEeHHOW MOJENM ¢ MHOro(haKTOpHOM YacTOTHO3aBUCHMON MOAEbIO OMOP M OMMCaHUEM MOAPaMHUKA B BUAE peLyum-
poBaHHoit K3-mMopenu.
Fig. 8. Frequency response of the subframe at the front left mount in longitudinal direction after longitudinal impact: the 3amep line —
the curve of the results of the experimental studies; the | line — the curve of simulation results for the multibody model with the initial
Pfeffer model-based description of the mounts and with the rigid body; the Il line — the curve of simulation results for the multibody
model with the corrected Pfeffer model-based description of the mounts and with the rigid body; the Il line — the curve of simulation
results for the multibody model with the corrected Pfeffer model-based description of the mounts and considering of local dynamic
stiffness of the subframe via additional stiffness linkages; the IV line — the curve of simulation results for the multibody model with
the corrected Pfeffer model-based description of the mounts and with the description of the subframe as the substructured FE-model;
the V line — the curve of simulation results for the multibody model with the multivariable frequency-dependent model of the mounts
and with the description of the subframe as the substructured FE-model.
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0 10 20 30 40 50 60 70 80 90 100 110 120 Puc. 9. YactotHas XapaKTepucTuka OTKIMKa
MM Ha MM onope B NpogonsHOM Hanpasne-

0 HAM NpU NPOAONLHOM BO3LENCTBUW: JIUHUS

20 «3aMep» — KpWBas pe3ynbTaToB 3KCMepu-
MEeHTaNbHbIX UCCENOBaHUM; JIMHUA | — Kpu-

W -40 Bas pe3ynbTaToB pacyéTa Ans MHOM03BEHHOM
S MOJENN C UCXOAHBIM ONUCaHUEM onop Ha base
T 60 mogenu [ldpeddepa U KECTKUM Ky30BOM;
o nmHusa Il — KpuBas pe3ynbTaToB pacyéTa
§ 80 ONS MHOTO3BEHHOW MOJENM CO CKOPPEeKTU-
POBaHHbLIM OMMCaHWEM onop Ha base Mogenu

100 MNdeddepa 1 KECTKUM Ky30BoOM; NinHmua Il —
KpuBas pesynbTaToB pacyéTa AN MHOro-

120 3BEHHOM MOLENN CO CKOPPEKTUPOBAHHBIM
YacroTa, Iy, onucaHueM onop Ha base Mogenu lNdeddepa

U C YYETOM NOKaNbHOM MHaMUYECKON WECT-

—3amep ---1 —— I —IIl —---IV V KOCTU NOfPaMHUKA MOCPEACTBOM MPOMEXY-

TOYHbIX YNpyrux cBsa3eu; nunua [V — Kpusas

pe3ynbTaTtoB pacyéTa ANs MHOTO3BEHHOM MOAENW CO CKOPPEKTUPOBaHHBIM onucaHueM onop Ha 6ase Mogenu lNdeddepa u onucaHmem
nofpaMHuKa B BUAe penyumpoBaHHoi K3-Mopenu; iniusa V — KpuBas pesynbTatoB pacyéTta ANl MHOrO3BeHHOM MoAenu ¢ MHorodakTtop-
HOI YacTOTHO3aBUCMMOIA MOZEbIO OMOp M ONMCaHWeM NOAPaMHMKA B BUAE peLyumpoBaHHoi K3-Mopenu.
Fig. 9. Frequency response of the FAD at the front right mount in longitudinal direction after longitudinal impact: the 3amep line —
the curve of the results of the experimental studies; the | line — the curve of simulation results for the multibody model with the initial
Pfeffer model-based description of the mounts and with the rigid body; the Il line — the curve of simulation results for the multibody model
with the corrected Pfeffer model-based description of the mounts and with the rigid body; the Il line — the curve of simulation results
for the multibody model with the corrected Pfeffer model-based description of the mounts and considering of local dynamic stiffness of the
subframe via additional stiffness linkages; the IV line — the curve of simulation results for the multibody model with the corrected Pfeffer
model-based description of the mounts and with the description of the subframe as the substructured FE-model; the V line — the curve
of simulation results for the multibody model with the multivariable frequency-dependent model of the mounts and with the description
of the subframe as the substructured FE-model.

0 10 20 30 40 50 60 70 80 90 100 110 120 Pwc. 10. YacToTHas XapaKTepuCTMKA OTK/U-
Ka nogpamHuKa Ha MM onope B NpoAoibLHOM

HanpaeneHuu Npu NpofoNIbHOM BO3LENCTBUM:
JMHUA «3aMep» — KpuBas PesyNibTaToB 3KC-
NepUMEHTaNbHBIX  UCCNeA0BaHUi;  JIMHUS
| — KpuBas pe3ynbTaToB pacyéTa A MHOro-
3BEHHON MOZENM C WUCXOOHBLIM ONUCaHWEM
onop Ha 6a3se Mogenu lpeddepa n KECTKUM
Ky30BOM; nMHUS || — KpuBas pesynbraTtoB

o U oA W
© © o o

m/c? / H, nb
N
o

-80 pacyéTa AN MHOTO3BEHHON MOLENN CO CKOp-
90 PEKTMPOBaHHBIM OMUCaHWEM omnop Ha base
monenu [ldeddepa U KECTKUM Ky30BOM;

-100 nHns Il — KpuBas pesynbTaToB pacyéra
-110 ONS MHOTO3BEHHOM MOLENN CO CKOPPEKTU-
Yacrora, Ny, pOBaHHbLIM OMK1caHWeM orop Ha base Mopenu

Ndeddepa u ¢ y4eTOM NOKaNbHON AUHAMM-

—3amep ---1 —— 1 —IIl —---IV v UECKOM KECTKOCTW MOLPaMHUKA NOCPeSCTBOM

MPOMEXYTOYHBIX YNPYruX CBA3ei; nHua [V —
KpWBas pe3ynbTaToB pacyéTa Ans MHOrO3BEHHOM MOJENM CO CKOPPEKTUPOBaHHLIM on1caHWeM onop Ha base Mogenu MNdeddepa 1 onmca-
HMEM MofpaMHUKa B BUAE pefLyumpoBaHHoi K3-Mopenu; mvHus V — KpuBas pesynbTatoB pacyéTa il MHOrO3BEHHOM MOJENM C MHOro-
(aKTOpHOI YaCTOTHO3aBMUCUMOIA MOAENbI0 OMOp U OMKCaHWeM MOAPaMHUMKA B BUAE peayLmpoBaHHoi K3-Mopenu.
Fig. 10. Frequency response of the subframe at the front right mount in longitudinal direction after longitudinal impact: the 3amep line —
the curve of the results of the experimental studies; the | line — the curve of simulation results for the multibody model with the initial
Pfeffer model-based description of the mounts and with the rigid body; the Il line — the curve of simulation results for the multibody
model with the corrected Pfeffer model-based description of the mounts and with the rigid body; the Il line — the curve of simulation
results for the multibody model with the corrected Pfeffer model-based description of the mounts and considering of local dynamic
stiffness of the subframe via additional stiffness linkages; the IV line — the curve of simulation results for the multibody model with
the corrected Pfeffer model-based description of the mounts and with the description of the subframe as the substructured FE-model;
the V line — the curve of simulation results for the multibody model with the multivariable frequency-dependent model of the mounts
and with the description of the subframe as the substructured FE-model.
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0 10 20 30 40 50 60 70 80 90 100 110 120 Puc. 11. YacrotHasa XapaKTepUCTUKa OTKJIMKa
0 MM wa MNJ1 onope B BepTMKanbLHOM Hanpasne-

HWM NpU BEPTUKANbHOM BO3LEMCTBUW: JIMHMS
«3aMep» — KpuBasi Pe3y/NbTaToB IKCNEPUMEH-
TanbHbIX UCCIIEA0BaHMIA; IMHUA | — KpuBas pe-
3yNbTaToB pacyéTa A MHOrO3BEHHON MOAENM
C MCXOAHBIM ONKCaHWeM onop Ha b6ase Moaen
MNbeddepa n KECTKMM Ky30BOM; nnHUA || —
KpuBas pesynbTaToB pacyéta AN MHOro-
3BEHHOW MOJENN CO CKOPPEKTUPOBAHHbIM
onucaHueM onop Ha base mogenu lNdeddepa
100 ! U ECTKUM Ky30BoM; nnHus |ll — KkpuBas pe-
3yNbTaToB pacyéTa AN MHOMO3BEHHON Mope-
120 /U CO CKOPPEKTUPOBAHHLIM OMMCaHWEM Orop
YacToTa, Iy, Ha 6ase Mopenu lpeddepa u ¢ yuétoM no-
KaNbHOW AMHaMWUYECKOW MECTKOCTM MofpaMm-
—3amep ---1 —— 1 —Ill —---IV v HWKa MOCPEACTBOM MPOMEMYTOUHbIX YMpYrux
cBsi3el; iHua IV — KpumBas pesynbTaToB pac-
UéTa Ans MHOr03BEHHOW MOLLeN CO CKOPPEKTUPOBaHHbLIM OnucaHWeM onop Ha base mogenu Mpeddepa 1 onmcaHeM NofpamMHUKa B BUAE
penyuupoBaHHoii K3-Moaenu; nuHus V — KpuBas pesynbTatoB pacyéTta A1s MHOr03BEHHON MOAENM C MHOTOGAKTOPHOI YacTOTHO3aBUCH-
MOVi MOZe/Iblo OMOp M ONMCaHWEM MOAPaMHUKA B BUAE peayLMpoBaHHoii K3-Mogenm.
Fig. 11. Frequency response of the FAD at the front left mount in vertical direction after vertical impact: the 3amep line — the curve of the
results of the experimental studies; the | line — the curve of simulation results for the multibody model with the initial Pfeffer model-based
description of the mounts and with the rigid body; the Il line — the curve of simulation results for the multibody model with the corrected
Pfeffer model-based description of the mounts and with the rigid body; the Il line — the curve of simulation results for the multibody
model with the corrected Pfeffer model-based description of the mounts and considering of local dynamic stiffness of the subframe via
additional stiffness linkages; the IV line — the curve of simulation results for the multibody model with the corrected Pfeffer model-based
description of the mounts and with the description of the subframe as the substructured FE-model; the V line — the curve of simulation
results for the multibody model with the multivariable frequency-dependent model of the mounts and with the description of the subframe
as the substructured FE-model.
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0 10 20 30 40 50 60 70 80 90 100 110 120 Pwme. 12. YactoTHas xapaKTepucTMKa OT-
KNMKa nogpaMHuka Ha [J1 onope B BepTu-

20 KanbHOM HanpaBfeHMM MpU BepTUKaNbHOM
-30 BO3JECTBAM: NMHMA «3aMep» — KpuBas
40 Pe3ynbTaToB IKCMEPUMEHTaNbHBIX MCCneao-

BaHMiL; MHNA | — KpuBas pesynbTaToB pac-

o
o

YéTa 1S MHOTO3BEHHOW MOLENW C UCXOOHBIM
onucaHueM onop Ha 6ase mopenm lNdedode-
pa U KECTKUM Ky30BOM; SuHuA Il — KpuBas

m/c?/ H, nb
2

-70 pe3ynbTaToB pacyéta [/ MHOr03BEHHOM
80 MOJIENIN CO CKOPPEKTUPOBAHHBIM OMUCAHUEM
onop Ha base mogenu lNdeddepa n KECTKMM

-90 Ky30BOM; nuHua Il — KpuBas pesynbTtatos
100 pacyéTa Ans MHOTO3BEHHON MOLENN CO CKOp-
YacrorTa, Iy, PEKTUPOBAHHLIM OMUCaHMeM onop Ha base

monenm ldeddepa n ¢ yyeToM noKanbHOM

—3amep --- 1 ——1 —Ill —---IV Vv LAVMHAMWYECKOW KECTKOCTM MoApaMHUKa no-

CPEACTBOM MPOMEXYTOYHbIX YMPYrux CBf-

3el; ivHuA IV — KpuBas pe3ynbTaToB pacyéTa ANs MHOTO3BEHHOW MOLENM CO CKOPPEKTUPOBaHHBIM ONMCaHWeM orop Ha base Mogenu
MNdeddepa n onncaHmem nogpamMHuKa B BUAEe peayumnpoBaHHon K3-Mopenu; ninHus V — KpuBas pesynbTaToB pacyéTa Ans MHOM03BEHHOM
MOJLENM C MHOrOQaKTOpHOI YacTOTHO3aBUCMMOIA MOZEbIO OMOp W ONMCaHWEM NOAPaMHUKA B BUAE peLyumpoBaHHoil K3-Mopenu.
Fig. 12. Frequency response of the subframe at the front left mount in vertical direction after vertical impact: the 3amep line — the curve
of the results of the experimental studies; the | line — the curve of simulation results for the multibody model with the initial Pfeffer
model-based description of the mounts and with the rigid body; the Il line — the curve of simulation results for the multibody model
with the corrected Pfeffer model-based description of the mounts and with the rigid body; the Il line — the curve of simulation results
for the multibody model with the corrected Pfeffer model-based description of the mounts and considering of local dynamic stiffness
of the subframe via additional stiffness linkages; the IV line — the curve of simulation results for the multibody model with the corrected
Pfeffer model-based description of the mounts and with the description of the subframe as the substructured FE-model; the V line —
the curve of simulation results for the multibody model with the multivariable frequency-dependent model of the mounts and with
the description of the subframe as the substructured FE-model.
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0 10 20 30 40 50 60 70 80 90 100 110 120 Puc. 13. YacrtotHas XapPaKTepUCTUKa OTKJINKA
0 MMM Ha 3agHen onope B BEPTUKANIbHOM Ha-

NpaBfieHnM NpKU BEPTUKAbHOM BO3LENCTBUM:
NMHNSA «3aMep» — KpUBas Pe3ynbTaToB JKC-
NepUMEHTaNbHBIX UCCNenoBaHuil; iU | —
KpuBas pesynbTatoB pacyéta Ans MHOro-
3BEHHON MOAENM C UCXOAHLIM OMUCaHWEM
onop Ha 6a3se Mogenu lbeddepa n KECTKUM
Ky30BOM; nuHMsA || — KpuBasi pesynbTaToB
pacuéTa Ans MHOr03BEHHOM MOAENM CO CKop-
PEKTUPOBAHHBLIM OMMCaHWeM omop Ha base
-100 ! mogenu [peddepa U KECTKMM Ky30BOM;
nuHus Il — KpuBas pesynbTaToB pacyéTa
-120 ONA MHOTO3BEHHOW MOLENM CO CKOPPEeKTU-
YacroTa, Iy, pOBaHHbIM OMMCaHWEM orop Ha 6ase Mogenu
Ndeddepa n ¢ y4€TOM NOKaNbHON AUHAMM-
—3amep ---1 ——I —IIl —---IV % YECKOM }ECTKOCTU NOAPaMHMKA NOCPeaCcTBOM
MPOMEKYTOYHBIX YNPYruX cBA3eH; nHus IV —
KpuBas pe3ysbTaToB pacyéTa Ans MHOM03BEHHOW MOLE/M CO CKOPPEKTMPOBAHHBLIM OnucaHueM onop Ha 6ase Mopenu lNdeddepa u onuca-
HMEeM MofpaMHUKa B BUAE peLyumpoBaHHoi K3-Mogmenu; ivuHua V — KpuBas pesynbTaToB pacyéta A1 MHOrO3BeHHOM MOJENM C MHOro-
(aKTOpHOI YaCTOTHO3aBMUCMMON MOZENIBHO OMOP U OMMUCaHMEM MoJpaMHUKa B BUAE peayumpoBaHHoii K3-mopen.
Fig. 13. Frequency response of the FAD at the rear mount in vertical direction after vertical impact: the 3amep line — the curve of the results
of the experimental studies; the | line — the curve of simulation results for the multibody model with the initial Pfeffer model-based
description of the mounts and with the rigid body; the Il line — the curve of simulation results for the multibody model with the corrected
Pfeffer model-based description of the mounts and with the rigid body; the Il line — the curve of simulation results for the multibody
model with the corrected Pfeffer model-based description of the mounts and considering of local dynamic stiffness of the subframe via
additional stiffness linkages; the IV line — the curve of simulation results for the multibody model with the corrected Pfeffer model-based
description of the mounts and with the description of the subframe as the substructured FE-model; the V line — the curve of simulation
results for the multibody model with the multivariable frequency-dependent model of the mounts and with the description of the subframe
as the substructured FE-model.
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0 10 20 30 40 50 60 70 80 90 100 110 120 Pwmc. 14, YHactotHas xapaKTepucTvKa OTHIN-

0 Ka nojpaMHWKa Ha 3afHeit oriope B BepTU-
Ka/lbHOM HanpaBeHW Npu BEPTUKAsbHOM

220 BO3JEACTBAN: JINHUA «3aMep» — KpuBas
PesyNnbTaToB 3KCMEPUMEHTANbHBIX WUCCNENo-

40 BaHWM; IMHWA | — KpuBas pesynbTaToB pac-

yéTa S MHOTO3BEHHOW MOLENW C UCXOOHBIM
onucaHueM onop Ha 6ase mogenu lNdeddepa
U KECTKUM Ky30BOM; nnHuA || — Kpusas pe-
3yNbTaToOB pacyéTa AN MHOrO3BEHHON Mope-
/U CO CKOPPEKTMPOBAHHLIM OMWCAHWEM Orop
Ha 6a3e Mogenu MNibeddepa M KECTKUM Ky30-
BOM; MHus Il — KpmBas pesynbTaToB pacyéTa
-120 LA MHOTO3BEHHOW MOLENN CO CKOPPEKTMPO-
YacrorTa, Iy, BaHHbIM OMMCaHMEM orMop Ha base Mopenu
Nbeddepa u ¢ y4eTOM NOKanbHOM AMHAMU-
—3amep ---1 —— 1 —III —---IV v YeCKOW MECTKOCTM MOAPaMHMKa NOCPeaCTBOM
MPOMEXYTOUHBIX YNPYruX cBA3ei; MnHua [V —
KpWBas pe3ynbTaToB pacyéTa AN MHOrO3BEHHOM MOJENM CO CKOPPEKTUPOBAHHLIM on1caHWeM onop Ha base Mogenu MNdeddepa u onmca-
HMEM MofpaMHWUKa B BUAE pefyumpoBaHHoi K3-Mopenu; mvHus V — KpuBas pesynbTatoB pacyéTa A1l MHOrO3BEHHOM MOJENM C MHOro-
(haKTOpHOI YaCTOTHO3aBMUCUMOIA MOAENbI0 OMOp U OMKUCaHWEM NOAPaMHUMKA B BUAE peayLmpoBaHHoii K3-Mopenu..
Fig. 14. Frequency response of the subframe at the rear mount in vertical direction after vertical impact: the 3amep line — the curve of the
results of the experimental studies; the | line — the curve of simulation results for the multibody model with the initial Pfeffer model-based
description of the mounts and with the rigid body; the Il line — the curve of simulation results for the multibody model with the corrected
Pfeffer model-based description of the mounts and with the rigid body; the Il line — the curve of simulation results for the multibody
model with the corrected Pfeffer model-based description of the mounts and considering of local dynamic stiffness of the subframe via
additional stiffness linkages; the IV line — the curve of simulation results for the multibody model with the corrected Pfeffer model-based
description of the mounts and with the description of the subframe as the substructured FE-model; the V line — the curve of simulation
results for the multibody model with the multivariable frequency-dependent model of the mounts and with the description of the subframe
as the substructured FE-model.

m/c? / H, nb
2

oo
o

-100

DOl https://doi.org/10.17816/2074-0530-634676




TPAHCTIOPTHBIE 1 TPAHCTIOPTHO-
TEXHOJIOMAHECKE KOMITTIEKCH!

BblLLIE, YEM Y UCMOb30BaHHBIX B COCTaBe aBToMobuns. 310 e
06BbACHAET HE0OXOAMMOCTL KOPPEKTUPOBAHMSA AMHAMMYECKOM
JKECTKOCTU OMop B CTOPOHY CHWXKeHus Ans BapuaHTa Il. Boo-
baBoK, faHHas Mofenb B CWITy CBOEM CIIOMHOCTU obnagaet
MeHbLLEeH TMOKOCTbI0 1S OMepaTMBHOIO KOpPPEKTUPOBaHMS
XapaKTEPUCTUKM MKECTKOCTW. TakuM 06pa3oM, MHorodaxTop-
Has YaCTOTHO3aBUCMMas MOAENb OMOp arperaToB He peKOMeH-
LYETCS K UCMONb30BaHU0 ANs peLUeHns 3aaad.

3AKJIKYEHUE

PesynbTathl Banuaaumy NoKasbIBaloT, 4To paspaboraHHas
MHOr03BeHHas MaTeMaTuyeckas MoAenb aBTomobuns ¢ pac-
CMOTpPEHHBIMU YPOBHAMM NPOPaboTKM He AOCTUraeT NoJHOro
COBMafeHMs C peanbHbIM aBTOMOOMNEM B KOHTEKCTE peau-
3aLyMmM OTKNIMKA Ha BO3MYLLEHWe NepefHelt rMaBHON nepepa-
un. Ho npu 3TOM HaunyuyLLMiA JOCTUKMMBIN pesynbTaT MOXeT
BbITb JOCTUTHYT NpU CELYIOLLNX YCIOBUSX:

* KOPPEKTHO OnpefenéHHble U 3afaHHble MHEPLIMOHHbIE
XapaKTepucTUKM 06bEKTa MOAENMPOBaHHS;

e MCNO/Mb30BaHME JIMHEAPM30BaHHOW YacTOTHO3aBMCUMONA
MOJENM pPe3UHOMETa/IMYECKUX onop Ha base Mopenu
Npeddepa;

* 1CMOMb30BaHWE peayLMpOBaHHOW KOHEYHOINEMEHTHOM
MOZENN HecyLuen cUCTeMbl (NpeanoyTUTENbHO) UK 3a-
AaH1e JIOKaNbHOM AMHAMMYECKON XECTKOCTU HECYLLen
CMCTEMBI B MecTax YCTaHOBKM orop (gonycKaetcs).

AOMO0/HUTE/IbHAAA UHOOPMALUA

Bknap aBtopa. B.A. KynarnH — pa3paboTka MHOro3BeHHbIX
MaTeEMAaTUYeCKMX MoJeNen, NpoBeAeHNe pacyeToB 1 Ban-
Jaummn mMofenen, NoucK nybnmnkaumi no Teme, HanucaHmne
¥ peLlakT1pOBaHwe TEKCTa PYKOMUCK, Co3LaHne n3obpaxe-
Hui; P. 1. PaxmMaToB — pacyéT foKasbHOM AMHAMUYeCKon
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ECTKOCTM, 3KCMEpTHas OLEHKA, pefaKTMPOBaHMe TEKCTa
pykonucy; All. JInkeeB — npoBefeHne wcnbiTaHWi, 0b-
paboTKa pe3ynbTaToB WMCMBITAHWI, 3KCNEpPTHas OLEeHKa, pe-
[aKTVpOBaHWe TeKCTa pyKonucu. ABTOpbl MOATBEPKAT
COOTBETCTBME CBOEr0 aBTOPCTBA MEeXAYHapOAHbLIM KpuTe-
pusm [CMJE (aBTopbl BHEC/IM CYLLLECTBEHHBIN BKNaf B pas-
paboTKy KOHLENUMM, NpOBeAEHWE UCCIeN0BaHMA WU Noj-
FOTOBKY CTaTbW, NMPOYAM M OA0BPUAN GUHAMBHYID BEPCUID
nepen nybnvkaumen).

KoHdnukT uHTepecoB. ABTOpPbI AEKNApUpYIOT OTCYTCTBUE
ABHbIX W NOTEHUMANbHBIX KOH(DJIMKTOB MHTEPECOB, CBA3aHHbIX
C NybAMKaLWen HaCTOALLIEN CTaTbK.

WUcTouHuk dmHaHcupoBaHua. ABTopsl 3asBnsAOT 06 oTCyT-
CTBMM BHELUHEro (MHaHCMpOBaHWA NpY MPOBELEHUN MCCe-
[0BaHMA.
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