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MMUTALUMOHHAA MOAEAb KOAEBATEAbHbIX CUCTEM
MOBUAbHbIX MALUUH C UCNOAb3OBAHUEM
WHTEANEKTYAAbHbIX )XUAKOCTEM

P(lC‘CMOmpeHa mamemamudecKkas U umumayuorHHas MOOeU KonebameabHblX CUCmem MOOULbHbIX MAULUH cynpae-
JAeMbIMU XapaKkmepucmuxkamu ()emnd)upyiowux 271eMeHmo8 Ha 6asze UCNOIb308aAHUS UHmMeleKmydajabHblx JHcuUOKoCcmelt.
Hpu@e()eHbl CpasHUmMelbHble pe3yilbnambl /VlOOe]lupO@(lHuﬂ KONeOAHULl 0OHOMACCOBOU CUCMEMbL C NACCUBHBIM U nomuy-

AKMu6HbIM nobpeccopu@aﬁue/w y3ia MOOUNLHOU MAULUNDL.

The mathematical and simulation models of oscillatory systems of mobile machines with controlled damping
characteristics of the elements based on the use of smart fluids. Comparative results of modeling one-mass oscillation
system with passive and semi-active cushioning unit of the mobile machine.

Juia cHKeHUsT BUOPOHArpY»KEHHOCTH Y3JI0B
Y arperaToB MallliH Yalle BCETO HCIONB3YIOTCS
pa3NuYHbIE CXeMBl TAaCCHBHOW BHOPO3AIIUTHI
C WCIIONB30BaHUEM YNPYTHUX U JTUCCHITATHBHBIX
aneMeHToB. Tak, Harmpumep, 9ToObl YMEHBIINUTH
BEepPTHUKAJIBHBIE KOJIEOAHWS XOMOBOW YacTH MO-
OMJIFHOW MAIIWHBI, KAOWHBI, CUACHBS BOIUTEI,
JBUTATEIS WM UHBIX Y3JI0B, MO)KHO BOCTIOJB30-
BaThCS PyYHBIM TTOI00POM MTapaMeTPOB HITH MIPH-
MEHHTH aJTOPUTMBI onTuMm3anun. OHAKO,
B 2TOM ciydae, TpeOyeMblii 3 (heKT BO3MOKEH
TOJBKO IS OTPEAETICHHBIX JKCILUTyaTallMOHHBIX
yCIIoBH 00BeKTa WccienoBanus. UTOOBI yIOB-
JIETBOPHUTH PAa3HOOOPA3HBIM YCIOBHUSAM JIBH)KECHUS
MOOWIIFHON MaIIMHBI, HY)KHBI DJIEMEHTHI TTOJ[pec-
COpPHUBaHMS C YIpPaBIsEeMBIMHU MapaMeTpamu (Xa-
paKTepUCTHUKAaMH ), KOTOpBIE pabOTalOT Ha OCHOBE
AIIEKTPOHHBIX CXEM WJIM KOHTPOJIJIEPOB, pean3y-
IONUX BHIOODP 3HAYEHHH MapaMeTpoB MO HEKOTO-
poMy 3akoHy. Takue cucTemMbl TPeOyIOT OCHaIIe-
HUS TIOJIBECKH JTaTYNKaMH, KOHTPOJUIEpaMHU U HC-
MTOJTHUTENFHBIMIA  yCTPOWCTBAMH, COYETAIOIINMHU
TUCKPETHOE, MJIABHOE YIPaBJICHHUE MTPOTPaMMHBI-
MU cpesictBamu. K 4ncity Takux yCTpOUCTB OTHO-
cATCS AeMIT()UPYIOIINE DIEMEHTHI C Peryinupye-
MBIM COTIPOTHBIICHNEM, NCTIOJIB3YIONINE YHUKAIIb-
HbIE BO3MOXXHOCTH HMHTEJUIEKTYaTbHBIX JKHIKO-
cteit ¢ anmekTpo (DP) — 1 MarHUTOPEOTOTHIECKH-
mu (MP) cBoiicTBamm.

Maruautopeonornueckune (MP) sxkmmkoctu
MIPEJCTABISAIOT CO00HM CyCHEH3UHM MHUKPOYACTHI]
MarHWTHBIX MAaTepHajoB B OPraHWYECKUX Mac-
nax. ITog geficTBMEM MAarHUTHOIO IOJISI YACTHLIBI,
pacmpesiesieHHble B 00beMe ITUCIEPCHOW CPEeIbl,
00pa3yloT CTPYKTYpPbI, OPUEHTHPOBAHHEIE BIOJH
CWJIOBBIX JINHUH nosid. IIpyu 3ToM MaruuTHOE B3au-
MOJICHCTBIE MEXK/Ty YaCTHIIAMHU TIPHBOINT K 3HAUH-
TETHHOMY M3MEHEHHIO PEOJIOTHYECKHX CBOWCTB,
MTOCKOJIBKY 00pa3oBaHHBIE CTPYKTYpPbI MPEIIsT-
CTBYIOT CBOOOAHOMY NEpPEMEIICHUIO CYCIECH3UU
¥ BBI3BIBAIOT YBEJIMYEHHE BA3KOCTH JKUIKOCTH
Oonee ueM B 10° pas, 4To 3aBHCHT OT Marepuana
JaCTHUI[ AUCTICPCHON (hasbl, TUCTICPCUOHHON cpe-
JIBI, Pa3MEpPOB YaCTHUIl M MX OOBEMHOHN KOHIICH-
TpaIuy, a TaKxke Apyrux mapamerpos [1]. bmaro-
nmaps atoMy 3dhdexty MP xuakocTH momydmim
IIMPOKOE PACHPOCTPAHEHHE B TMOIYaKTHBHBIX
JIeMIPUPYIOMNX YCTPOICTBAX.

Jst m3ydenuss u pa3paboTku dH(HEKTUBHBIX
CXeM TIO/IPECCOPUBAHNUS MOOMIBHBIX MAIlWH, CO-
YETAIONINX HCITOJIE30BaHIE COBPEMEHHBIX d(h(Dek-
TUBHBIX MaTeprajioB, HEOOXOTUMBI MaTeMaTHde-
CKH€ W TIPOrpaMMHBIE MOJENH, MOAJEPKUBAIO-
M€ pa3IMYHbIe dTAlbl UMUTAIIMOHHOTO MOJIeITH-
pOBaHUS KOJIEOATEIBHBIX MPOIIECCOB MOOWMIBEHBIX
MaIlIvH.

B manHO# paboTe MpUBOAMTCS MaTeMaTHUe-
CKas MOJIelb aMOPTHU3MPOBAHHOW MaccChl C dIie-
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Uz A

Puc. 1. Cxema ynpasiisieMoii aMOPTHU3HPOBAHHOM MaccChl:
1 — ycunurens (k. — ko3 dunueHT ycuienus, 7, — mocro-
SHHasE BpeMeHM); 2 — KaTyluka; 3 — amoprtusarop ¢ MR
JKUJIKOCTBIO; 4 — aMOpTH3UWpOBaHHAs Macca; 5 — JaTYUK

(ky — xoabduunent ycunenus, T, — HOCTOSTHHAsI BpEMEHH);

6 — PID-perynsTop; 7 — 2JIeMEHT CpaBHEHU I

MEHTaMH MIOJTyaKTUBHOTO TOAPECCOPUBAHNS, BKITIO-
YaOLUUMH AeMI(UPYIOIINE JIEMEHThl C MHTE-
JICKTYaJbHOM >KUIKOCTBIO, U PE3yJIbTaThl CPAaBHU-
TEJILHOTO aHajn3a KojeOaHui Ha UMUTALMOHHOM
MOJIETIM IIPU MCHOJIb30BaHUU MTACCUBHOM U IMOJY-
aKTMBHOM cXeM mojpeccopuBaHus. B kauecTse
HCIIOJIHUTEIBHOTO MEXaHH3Ma MOJyaKTUBHOTO
YIIpaBICHUS KOJICOaHUAMH PacCMaTprUBaeTCsl aMop-
TU3aTOp ¢ MarHuTopeonorundeckor (MR) sxmmxo-
CTBIO.

CTpyKTypHO cXeMa JIOKJIbHOH OIOpHI, yIpas-
JSIEMOM MCIONHUTEIBHBIM YCTPOUCTBOM Ha Oase
MR amoptu3zatopa, npuBeqeHa Ha puc. 1.

Maremaruueckasi MOAEIb BEPTUKAJIbHBIX KO-
nebaHuil aMOPTH3MPOBAHHON Macchl 4, TOJBEp-
KEHHOW KMHEMaTHYECKUM BO3MYIICHUSIM ¢, UMe-
eT BUI:

m% =—(c;(x —q) + Fy), (1

IJe m; — aMOPTU3MPOBaHHAsA Macca; ¢; — XKecT-
KOCTb IIOJIBECKH; X|, ¥ — COOTBETCTBEHHO BEPTU-
KaJIbHBIE IIEPEMEILIEHUE U CKOPOCTh MACChI 711 OT-
HOCHTEJBHO TOJIOKEHHSI CTATUYECKOTO PAaBHOBE-
CHSl; ¢ — BBICOTa HEPOBHOCTH OIIOPHOM MTOBEPXHO-
ctH; F; — cuna, pa3BUBaeMas IITOKOM aMOpTH3a-
TOpA, X1, X(; — Ha4alIbHBIC YCIOBHS.

Cuna F; MOXeT ObITh BBIYMCIIEHA U3 BBIpaKe-
HUS:

Fy=(k +k)x,

rae k; — ko3P QUIHEHT BSI3KOTO COMPOTHBICHUS
KHUIKOCTH, k., — KO3()(OUIMEHT CONPOTUBIECHUS
KUJKOCTH, OOYCJIOBJICHHBII MarHHUTOPEOJIOTHYEe-
ckuM dhdexTom.

YcnoBHast cxeMa aMOpTHU3aTopa U OCHOBHBIE
TeOMETPUIECKHUE pa3Mephl MOKa3aHbl Ha puC. 2.

Koadbduuuents! &y u k, onpenenstorcs U3 Bbl-
pakeHUi:

f—l'c—

= ! =g
= 1
1 _ ]
1 1
1=

Lim)
Karymka

IlIrox |
T

Puc. 2. Cxema amopTu3aropa
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k, _3 0 <,
bd
I
k. =E‘1:y‘Ad.

e 7, — paanyc NWIMHIPA; 7, — PaAnyC MOPIIHS;
d =r,—r,— mMpuHa 3a30pa; / — aKTUBHAsSI JUINHA

P

3a30pa; Ap = TCV; — AKTUBHAas IUIOIIAAb TOPIIHS;
S R A

Ay =mr; — A,— mwiowans 3asopa; b=2mr, —

JAJIMHA OKPY’KHOCTHU HNOPIIHA; 1| — AUHAMHWYCCKasd

BA3KOCTb KUJIKOCTU, ’Ey — Hamps’KEHUC B KHUJIKO-

CTH, BBI3BBAHHOC MarHuTHBIM I10JIEM.
3aBUCHMOCTh MCKAY HallPs)KCHUCM ’Ey B XXM/~
KOCTH U HAMPAKECHHOCTBHIO H Mar"HuTHOTO MO

BbIUUCIsieTcs o gopmyine [2]:

0,0006H> H <145 xkA/wm,
1,=40,0006H°+0,3316H 145< H <300 kA/M,
45 kPa H >300 xkA/m.

HanpsixeHHOCTh MAarHUTHOTO 1OJIs1 [ ¥ TOK 1,
MPOXOSIIUA 0 OOMOTKE KaTyIIKH, CBS3aHbI
bopmyIoii:

oM
2d
rae N — 9iciI0 BUTKOB KaTYIIKH.

Kak BunmHO 13 puc. 1, ms yrpasieHus Kojieba-
HHSAMU HOIPECCOPEHHOM MacChl m; UCIONb3yeTCs
cxema ¢ 00paTHOM CBA3bI0. B 3TOM ciryuae marema-
THYECKast MoJeNb (1) JOKaIbHON OTOPBI MOOHIIE-
HOW MAIlIMHBI TOTIOJTHSAETCS YpaBHEHUAMH [3]:

T.E,+E,=ku,
LI+RI=E,,
T.X,+ X, =k,
A=U,-X,,

2
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Puc. 3. Simulink mozmens ynpasisiemoii konebaTeTbHON CHCTEMBI

Puc. 4. Monens amopTu3upoBaHHOi Maccel ¢ MP amopTuzaTopom

3nech E,. — HanpspKeHHE Ha BBIXOAE YCHIIUTEIS
# — BBIXOJIHOWM CUTHAI perynsatopa; L — koaddu-
LUEHT CAMOMH/IYKIIUH KAaTYIIKU; | — TOK B KaTyIil-
Ke; R — aKTUBHOE CONpPOTUBICHNE Katyuiku; U, —
3aJlaHHOe (JKejaeMoe) 3HadeHHe HaOIromaeMon
MIEPEMEHHOM X.

Koa¢purmenT camonnayKIuu KaTyimku L Mo-
JKET OBITh TIOJYYCH U3 BHIPAKCHUSI:

L=pou NS /1,

I1e |y — MarHUTHasi NOCTOSHHAS; |, — OTHOCHU-
TeNbHAs MarHWTHAas MPOHWIAEMOCTh MaTepHhala
cepaedHuKka; N — YHCIIO BHUTKOB KaTyIIKH; S —
IJIOMIA/h TTOTIEPEYHOTO CEYEHHUsS CeplIedHrKa Ka-
TYIIKY; [, — JUTMHA CepACYHHKA.

BoixomHoti curnan PID perynstopa B o0iieM
clly4ae MpeCTaBIseTCs] TPEMsI CllaraeMbIMU:

! dA(t)
u(t)zkpA(t)+ki(j)A(t)dr+kd df ,

e kp, k;, k; — COOTBETCTBEHHO KOA(P(PHULINECHTHI
YCUJICHUS TMPOMOPIHOHAIBHOW, MHTETPabHOU
u muddepeHInaTbHON COCTABISIONINX PETYISTOpa.

Ji1s IpoBeIeHNsT BEIYMCITUTEIBHOTO IKCIIEPH-
MeHTa Obliia pa3paboTaHa UMUTAIIOHHAS MOJICITh
ONHMCAaHHOW KoJeOaTeNbHOW CHCTEMBI B Cpele
Matlab-Simulink, npencrasiennas Ha puc. 3.

Ha puc. 4 mnoka3zaHa cxema TIOJCHCTEMBI
Object (aMOPTU3UPOBAHHOM MAaCCHI).

HcxomHple naHHBIE TApaMETPOB, BXOISIIMX
B Maremarudeckyro moxpens (1), (2), npuBeaeHbl
B TabmuIIe.
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Hcxoanblie 3HaYEeHUS TAPAMETPOB MO eI

O6o03HaueHne 3naueHue Enuuanua nsmepenus O6o3HaueHne 3naueHue Enuunna usmepenus
m; 100 KT N 100
¢ 5000 H/M I 0,008 M
7, 0,0075 M Lo 1,256-10°6 I'n/m
r, 0,005 M m; 100 I'n/m
H

h 5,5 w2 ¢ N 0,00008 M2

/ 0,01 M R 4.0 oM
Xo1 0,0 M Xo1 0,0 M
k. 5 T, 0,003

k, 1 T, 0,003

k, 50 k; 0

k, 15

a2 x
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Puc. 5. Peakuus moznenu Ha cTyneHYaTOE BO3MYILEHNE

Hwxe npuBeneHsl pe3ysibTaThl MOJCIUPOBA-
HUS KojIe0aTesIbHbIX IPOLIECCOB aMOPTU3UPOBAH-
HOW Macchl 71 IIPU Pa3IMYHBIX BBIHY>KIEHHBIX
BO3MYIIEHHUSX, OOYCJIOBICHHBIX HEPOBHOCTHIO
OMOPHOH MOBEPXHOCTH ¢, U B 3aBUCHMOCTH OT
CHJIBI TOK, TPOXOJISIIIETO Yepe3 BUTKH KaTyILIKH.

Ha puc. 5 noka3aHo noBeJieHUE CUCTEMBI ITPU
MOJICJIMPOBAHUY BO3MYILEHUSI B BUJIE CTYNEHbKU

0, ecou t <1,0,
q(t) 0,1, ecm ¢ >1,0.
Ha KaTyIKy Toka (NOJHOE JeMII(pUpOBaHHE B CH-
CTEME B 3TOM ClIydae OIpENessieTcs CyMMOH KO-
3¢ uuneHToB conpoTuBienus k; + k;) HaOmona-
eTcs 3ala3/iblBaHUe IEPEXOJHOTO Ipolecca Mo
CPaBHEHHIO CO €1a00 JIeMI(UPOBaHHOM CHCTe-
MO# ¢ KO3 PHLIMEeHTOM k|, HO, IIPH ITOM, OTKJIO-
HEHHE aMOPTU3UPOBAHHOW MAacChl OT BO3MYILAIO-
LIEr0 CUrHAJA, TAKKE 3HAYNTEIIbHO CHUKACTCSL.

Buano, yto npu nonaue

Ha puc. 6 npezicraBieHsl rpadukd JHHAME-
YEeCKOH peakIMM pacCMaTPUBAEMOl CHCTEMBI,
IIOJIBEPKECHHONM OJJHOBPEMEHHOMY BO3/EHCTBUIO
JIBYX IIPOLIECCOB: CHHYCOHJAIbHOTO U CTYIeHYa-
Toro. BhIHY)KIeHHBIE KoJeOaHUs aMOPTH3HPO-
BaHHOW MacChI JUIsl JAHHOTO CIIy4asi MOXKHO pac-
CMaTpuBaTh Ha TPEX y4acTKax: MEepPBBIH — TOIBKO
CHUHYCOHIaTbHOE Bo3MyIeHne (10 1 ¢), Bropoii —
o0a BozzeicTBus (rocie 1 ¢) u TpeTuid — mpu Ie-
pexozie OT MepBOro ydyacTka KO BTopoMy. BuHo,
KaKk 3aMKHyTas cucrema (cucreMa ¢ OOpaTHOM
CBSI3bI0) CTPEMUTCS IOAJCPIKUBATH MUHHMAIlb-
HO€ OTKJIOHEHHE HaONoNaeMOil BEJIWYHMHBI OT
BO3MYIIAIOIIETO BO3ACHCTBHS 32 CYET M3MEHEHUS
KOA(PHULMEHT CONPOTUBICHHUS >KUAKOCTH, OO0Y-
CJIOBJICHHOTO MAarHHUTOPEOJIOTHUECKUM I hek-
ToM. Ilpu 3TOM Ha rpadukax moxaszaHo U3MeHe-
HHE TIOJOKCHUSI MAcChl M HampshkeHHs E, mpu
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Suspension Model Simulation Results
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Puc. 6. lmarpaMmma BpeMEHHBIX MTPOIECCOB B MOAETH IIPU FAPMOHUYECKOM BO3MYILCHUN

OTpaHMYEHHU TOKa [ B Karymike (IITPHXOBBIE
rpadukn) U 0e3 ero orpaHUuYeHUs (CIUIONTHBIE
rpaduku). BumHo, 4To orpaHMYeHHEM BETUYMHEI
TOKa MOXXHO B TOM WMJIM MHOH CTENEHU IPOU3BO-
IMTh CIVIA)KMBAaHWE BHEIIHUX BO3/CHCTBHI Ha
aMOPTHU3UPOBAHHYO MAacCy.

BbIBO/bI

[TpuBeneHHas MaTeMaTH4eCcKasi © IMHTALMOH-
Hasi MOJIENTU TO3BOJISIFOT MPOBECTH MOJIEINPOBa-
HHE TUHAMUYECKON CUCTEMBI, TOIBEP)KEHHOM pa3-
JIMYHBIM TUINAM BHEUTHUX BO3MYIICHHH, C yYETOM

HAaCTPOWKH MapaMeTpOB CaMOM CUCTEMBI B IIPO-
1ecce BCEro BpeMeHW HaOmropeHus 3a Heil. Jlis
yIpaBieHUs KOJICOaHUSIMH TaKUX CHCTEM HanOo-
nee 3¢ GEeKTUBHO MPUMEHEHNE B KaUYeCTBE UCIIOJI-
HUTEJIBHOTO MEXaHU3Ma IOJIYaKTHBHOTO 3JEMEH-
Ta, OCHOBAaHHOI'0 Ha paboTe aMOPTH3aTOpa C Mar-
HUTOPEOJIOTHYECKONH JKUAKOCThIO. Mcmomb3oBa-
HHEM TaKoro 3J€MEHTa B COUETaHNH C IPUHIIMIIA-
MH aBTOMAaTHYECKOTO PEryJHUpPOBaHUs, MO3BOJISET
peanu3oBaTh OBICTPOAEHCTBYIOLIYIO YIpaBisie-
MYIO CHCTEMY.
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