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MaHunynsunoHHble CUCTEMbI MPUMEHSIIOTCS

B Ka4eCcTBe UCIOJIHUTEJIbHbIX MEXaHU3MOB
MOOUIIbHbIX TPAHCIOPTHO-TEXHOJIOrNYECKNUX
MawmH. B cTtatbe npeasioxeHsl NoaxXoab!

K MOAE/IMPOBaHUNIO0 AUHaAMUNYEeCKUX MPOLEeCCOoB
npv aKkcnyaTaunm Takmx cucTtem. 3tm
noaxonabl 6a3upyloTcs Ha pa3paboTaHHON
aBTOPOM KOMIMJIEKCHOM MaTeMaTu4eCcKoi
Mopgenu, y4utbiBaloLye B3anmMmogeiictene
MeXAay d/1eMeHTaMu NMATUKOMIOHEHTHOM
cucremsi «Paboynii opraH — MaHunynsynoHHas
cucrema — basoBasi mawumHa — OnopHoe
ocHoBaHue — OkpyxxaioLasi cpega».

MeToaom cTaTUCTUYECKNX UCTIbITAHUA

WJIN UMUTaLMUOHHOIO MOAEJINPOBaHUS
onpeaensTcs co4yeTaHns 3Ha4eHnn
paKTOpPOB Harpy>xeHHOCTHU B npeaesnax
KaXkgoro yuksia paborsi cuctemsl. 3atem

AN KaK[0ro coyetaHns pakTopoB CTpoUTcs
KyCcO4YHasi peann3sauusi npouecca n3aMmeHeHus
ANHAMUYECKUX YCUNNI NITN MeXaHUYeCKNX
HarnpspKeHWi B UHTEPECYIOLLNX 3J1IeMeHTax
HecyLye MeTaslJIOKOHCTPYKLUnn. 1o KycoYHbIM
peanun3aumnsiMm oLeHNBaeTCsl Harpy>X€HHOCTb
MaHUNyI4NOHHOM CUCTEMbI B Te4eHUe BCero
cpoka aKcrnyaTaumn.

Knoyesble ciioBa: MaHUMySLMOHHas cuctema,
TPaHCropTHO-TEXHOJIOrn4yeckasi MaluvHa,
OriopHas roBepxHOCTb, Maremarunieckas MmoaeJib,
AnHamuika, Harpy>KeHHOCTb.

BOTNPOCHI TEGP

KoMniiekcHass MmaTemaTtunyeckas
MozAenb MaHUNYNSAUMOHHOMN
cUcTeMbl MOOMNIbLHOM TPAHCMOPTHO-
TeXHONIOrM4Yeckov MaLUUHbI

Jlazepes Heopv Arexcandposuy — kanouoam
MexXHU4ecKux HayK, douenm Kagpeopul
«HUHopmamuka u npukraoHas Mexanuka»
bpsanckoeo eocydapcmeentoeo yHueepcumema umeHu
akao. U. I. [lemposckoeo, bpsuck, Poccus.

AHUTYJISIITUOHHBIE CUCTEMBI (1a-
nee — MC) ycraHaBIMBaIOTCS Ha
MOOWJIbHBIE TPAHCIOPTHO-TEXHO-
Jorndyeckue MamuHbl (naree — MTTM),
WCTIONIb3YeMble B Pa3IMUHBIX oTpaciisax. OHu
TaKKe MOTYT ITPUMEHSITHCS B KAYECTBE UCTION -
HUTEJIbHBIX MEXaHU3MOB JIJIsI YCTAHOBKY pa-
0OYMX OpraHOB CIEMAIbHBIX MaliH. Han-
OoJiblliee pacpOCTPaHEHUE MOJYYUSIU THI-
paBJIMYeCcKre MaHUTYJATOPBI (KpaHbI-
MaHUMYJASTOPBI) 00Ilero Ha3HaYeHUs,
MPEVMYIIIeCTBEHHO JIJISI BHITIOJIHEHUST TTOTPY-
30YHO-Pa3rpy30YHBIX pA0OT B YCIOBUSIX Orpa-
HUYEHHOTO MpocTpaHcTa [1].
Cy1iecTByIOIIMe METOAUKHA MOJIETMPOBA-
HUS 9KCITyaTallMOHHOW Harpy>XXeHHOCTHU
MC, kak mpaBWJIO, pacCMaTPUBAIOT UX KakK
M30JIMPOBAHHBIN OOBEKT, yCTAHOBJIEHHBI Ha
HETMOJIBMXHOM ocHOBaHUM [1—5]. 3BeHbs
MaHUITYJISILIMOHHOM CUCTEMBI MOTYT MOJIEITH -
poBathcst 6e3 yueta [ 1—3] wim ¢ yuetom [4, 5]
yrpyroii mogatiuBoctu. Ho B peanbHBIX
ycnoBusix akcrtyatauu MTTM He rapaHTr-
pyeTcsl BBITIOJHEHUE JAaHHOTO AOMYIIEHUS.
B wactHocTH, B pabote [6] paccMoTpeHa MO-
nenp nBukeHuss MTTM c rpy3om nipu Hepa-
0oYeM COCTOSIHUM KpaHa-MaHUITYIITOpa,
cojepxallas 3JeMeHTbhl 0a30BOTO LIACCU
1 MaHUTYJISIMMOHHOM crucTeMbl. OqHaKO JJIsT
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psana MTTM pab6orta MC MOXET COIMPOBOXK-
JIaThCs TepeaBUKeHEM 0a30BOi MaITUHBI
(JrecHasi TeXHMKa, 9KCKaBaTophl). Kpome Toro,
JlaXke MOJ YCTaHOBJCHHBIM Ha ayTpurepax
mraccu mpu padbore MC Bo3MokHa aedopMa-
UST OTIOPHOM MOBEPXHOCTH (YIUIOTHEHUE
rpyHTa) [7]. B cBA3M ¢ 3TUM TpebyeTcs najb-
HelIee COBEepIICHCTBOBAHWE MaTeMaTHye-
CKUX MOJEJICH, YTOOBI JydIlle YIUTHIBATh
B3auMHoe BiugHue MC, 6a30BoTO 1Iaccu
MTTM u necopMUpPyeMOTO OITIOPHOTO OCHO-
BaHUS.

IIpenmaraemast mas MOAOOHBIX Ieeid
KOMIUICKCHAsI MaTeMaThuJecKasi MOJEIb CO-
CTOUT M3 COBOKYITHOCTH ITOJMOJICIICH, YIUTHI-
BarOIIMX TMHAMUKY KaXKIOTO M3 KOMITOHEHTOB
cucteMbl «Pabounii opraH — MaHuIyasILM-
oHHas cuctema — bazoBasg mammHa — Otop-
Hoe ocHOBaHMe — OKpyXamiIas cpema»
(puc. 1).

IMoncucrema 0 0ObeAMHSICT BHEIITHUE BO3-
IeMCTBUS OKpYXKalolieil cpenbl (BeTpoBas
Harpys3ka, TeMIlepaTypHOe BO3ICHCTBUE,
MMITYJIbCHOE BO3ICHCTBHE).
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IMoncucrema I BKiTIouaeT B ce0s1 2JIEMEHTHI,
pacnioyioxkeHHble mog MTTM, co3pawiiue
CWJIBI peaKLIMU Omop. BiustHue 31eMeHTOB
moacucTeMbl Ha padoTty MC y4uUTHIBAIOT:
MaTeMaTh4YecKasi MOICIb OTIOPHOM TTOBEPX-
HOCTH (MOIEIIN MaKpO- U MUKPOHEPOBHOCTH )
1 MaTeMaTUJecKast MOIEINIb Ae(POpMIPYeMOTo
OITOPHOTO OCHOBaHUs (IIPU MEPEeABIKCHUN
0a30BOI1 MAIIIMHBI WX paO0OTE MAHUITYJISIIIN -
OHHOI CHCTEMBI OTTIOPHAs TOBEPXHOCTH ITOC-
TOSHHO M3MeHSeTCsI). MOXHO BBIICIUTH
CJIeIyIOIIINE BUABI Ae(hOPMUPYEMOTO OITOPHO-
IO OCHOBAHUSI: IJIsI CYXOITyTHBIX TPAHCIIOPT-
HBIX CPEACTB (TPYHT, JOPOTA), XKeJIC3HOTOPOXK-
HBII MyTh, XXKUIKOCTD (VIS TUTABYIMX TpaHC-
ITOPTHBIX CPENICTB).

IToacucrema Il BkIIOUAaEeT 31€MEHTH
MTTM (6e3 anemerToB MC) — 3JIeMEHTBI
6a30Boii MarHbl. OCHOBHBIMM M3 HUX SIBJISI -
FOTCSI KOPITYC, 3JEMEHTHI TTOIBECKH, TBVXKH-
TeJIb, IBUTATEIb C TPAHCMUCCHCH, ayTPUTEPHI.
ITpu padore MC yuuThiBaeTCsA BIMSHUC ay-
TpUrepoB, a npu aBuxeHun MTTM — He
YUUTBIBACTCSI. MOXHO BBIIEIUTD CICIYIOIIIE
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Puc. 2. 0606weHHas mogens 6azosoro waccu MTTM.

BU/IbI 0A30BbIX MAIIMH: KOJIECHOE WU Tyce-
HUYHOE [IaCCH, XeJIe3HOIOPOKHbBIN KUTIAXK,
TJIaByvee TPaHCTIOPTHOE CPENICTBO.

IMoacucrema I11 Bmouaet anemeHTH MC:
3BEHbS MIAPHUPHO-COUYTIEHEHHOU CTPEJbI,
TUAPOLVJIMHAPHI, AapHUPHI. Takxke B 3Ty
TIO/ICICTEMY BXOJISIT IOBPEXICHUS,, TIOJTyIeH-
uble MC B Xofie 9KCIITyaTalinm (pa3pymeHus,
JOQTHI).

IToacuctema IV BKJIOUaeT rpys, 3akpen-
JICHHBI/ Ha XE€CTKOM WJIM TMOKOM TIO/IBece
BMECTE C TpPy303aXBaTHBIM OPraHOM, WJIU
CIeurualiu3upoBaHHbI pabouyuii opraH
MTTM (rpeiichepHbiil 3axBat, Cyukope3Hast
TOJIOBKa, (ppe3a, Korep).

Ecnu 3Benbst MC cunTatorcst abCooTHO
KECTKUMU, TO UX JUHAMUKA OTIMCHIBAETCS
ypaBHEHUEM BUA:

[H(@){q”} +{C(q, ¢, H}={1},

roe {t} — BEKTOp 00OOIIEeHHBIX YCHUJIMIA;
[H(g)] — maTpuiia nHepUMU, KOMITOHEHTBI
KOTOPOW 3aBUCAT OT OOOOIIEHHBIX KOOPAU-
Hart; {q”’} — BEeKTOp 0000IIEHHBIX YCKOPEHMUIA;
{C(q, q’, F)} — BekTOp, 3aBUCIIINI OT 0000-
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LLIEHHBIX KOOPIUHAT, 0000I1IEHHBIX CKOPOCTEH!
¥ BHEIIIHUX Bo3zeiicTBuit F [2].

YpaBHeHus nBrkeHust 3seHbeB MC ¢ yue-
TOM yNPYTroi MOAATIMBOCTU CTPOSITCS C UC-
TIOJTB30BAaHUEM METOJIa MHOXUTENeH JlarpaH-
Ka, TO3BOJISIIOIIETO YYECTh KOHCTPYKIIMOH-
HbI€ OTPAHUYEHUS:

Mg, + CqTﬁ' = Q,,,le -0, - Qﬁ,. >

e C, — MaTpuLia ypaBHeHMIA CBSI3H; A — MHO-
xutenu Jlarpanxa, Q — BEKTOP BHELIHUX
cuit; Q. — BEKTODP YCUJIMI, 3aBUCAILIUX OT
KBaJIpaToOB CKOPOCTeid; O, — BEKTOP YIIPYTHUX
cu [4, 5].

IMoctpoeHa MateMaTruecKast MOAEIb CU-
JIOBOTO TUIIPOTIPUBO/IA, OPMEHTHPOBAaHHAsI HA
ee BKJIIOUEHUE B CTPYKTYPY KOMIUIEKCHOM
MaTeMaTU4eCKOW MOJeJ M MHOTOIEeeBOM
MTTM. Mogesib NO3BOJISIET ONMPEIETUTh
ycuIusi, AeiicTBywomme Ha 3BeHbst MC,
M TIpe/ICTaBIIsieT coboit cuctemy nuddepeH-
LIMAJIbHBIX U alreOpanyeckKux ypaBHEHU I
OTHOCHUTEJIbHO MCKOMBIX HEM3BECTHBIX: JaB-
JieHue (p,) U pacxon (Qj).
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Puc. 3. MeToamnka moaenmpc av

Cy1iecTByeT OOJIBbIIOE KOJIUYECTBO 0a30-
BbIX maccu MTTM, npenHazHaYeHHBIX IS
YCTaHOBKM MaHUMYJISILIMOHHBIX cucTeM. Han-
OoJpllice BAMSHWE Ha JUHAMUKY 0a30BOi
MAallIUHBI OKa3bIBaeT TUIT ABKuTeas1. O0600-
EHHAaA MOAEJIb 0a30BOM MaIlIMHBI TTOKa3aHa
Ha puc. 2.

VYpaBHeHUST IBUKEHUST CUCTEMBI B 00IIIEM
BUJIE TIpUBEAEHBI HYKe. J171s1 ToppeccopeHHOM
Macchl 0a30BOI MallTMHBI Han0oJIee BasXKHBIMU
SIBJISTFOTCSI TIEPBBIE TPY YPaBHEHUST ABVKEHMUSI.
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My + (€ € ) (X =2 = 348, Ry = 3,8 Ry + &1 (O) +

i (%ﬁ Ty ) (x,q 2, = 8,8, Ry — S¢¢XRX;,,-,-) =0;

mayjéaji + (caji +Cry ) (xaji 2~ s¢¢yRyaji - s¢¢xRxaji + gaij ( ))

+ (aaji + ) (xaji 2, =S, R, - S¢¢x&mﬁ) =0,
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koW Harpy>xeHHocTu MC MTTM.

e c, ,, o, ,,— KO3(MMUIMEHT YIIPYTOCTH 1 BA3-

KOCTU 23JIEMEHTA IMOABECKM MAaCChI mk”; Ciop

o, ,, — KOO(hOULUEHT YIPYrOCTU U BA3KOCTU

QJIEMEHTAa ITOABECKU MaCChI mkzl.; Coi O™ KO-

(P GUINEHT YIPYrocT U BSA3KOCTU PaMbl
0a30BO MaIlIMHBI IJI BO3IAENCTBUI CO CTO-

POHBI DJIEMEHTA MOABECKH MacCChl m, ; C, .,

o, — KOI(OULMEHT YIPYrOCTU U BA3KOCTU
paMBbl 0a30BOT MAILLIMHBI 1JIST BO3IEIICTBUS CO

CTOPOHBI 2/IEMEHTA [OIBECKN MACCBI M, ,; C .

T s KO2(DOULIMEHTHI YIIPYrOCTU

U BSI3KOCTH ayTPUTEPOB U paMbl 6a30BOIi Ma-
LIMHBI JUISI BO3ACHCTBUSI CO CTOPOHBI ayTpH-
repoB; ¢, o, — KOI(POUIKMEHT yIpyrocTu
M BSI3KOCTHU paMbl 0a30BOM MalllMHbBI IJIsT
BO3IEMCTBUSI CO CTOPOHBI MAaHUIYJIATOPA;
§, — MHOXHUTEJb IS BbIOOpa 3HaKa (eciu
CHJIa CO CTOPOHBI OIIOPHOIO 3JIEMEHTa IIPU-
BOIMT K IOJIOXUTEIHBHOMY BpalLEHUIO s¢=1,
K OTPHLIATEIBHOMY — 5, = —1); Rykij’ Ryakij —pac-
CTOSIHME OT LIEHTPA TSDKECTU 10 TOYKM Kpell-
JIEHUSI OIIOPHOTO 3JIeMEeHTa BIOJIb OCH y; R

xkij®

Rxakij — pacCTOsIHHE OT IIeHTpa TSKECTU 10

TOYKHU KPETUICHUST OIIOPHOTO 3JIEMEHTA BIOJIb
ocux; F, N Fy - Fy i — YIIPYTHE CHIIBL, IIPH
CABUTAX BIOJIb OCEI X 1 Y BHIYMCIISIEMbIE aHa-
JIOTUYHO cuam F, i 1 Faﬁ, HO C COOTBETCTBYIO-
IIUMHU KECTKOCTIMU U KO3 PUIIMeHTaMU
JVICCUTIALIVH; X, U ¥, — KOMITOHEHTBI BEKTOPOB

R; B—BbIcoTa TOUKM G HAJl LIEHTPOM TSKECTH.

Jlarepes U. A. KomnnekcHas maTemMaTudyeckas Mmoaesib MaHUNynsa4uOHHON CUCTEMbI MOOUITBHOW
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[TapameTpbl onpenensitoTes 1100 aHaTUTHYe-
CKUM TTyTeM, JIMOO C MOMOIIbIO METO/Ia KO-
HEYHBIX 2JIeMEeHTOB [8]. MaHUIyISILIMOHHAs
cucTteMa BO3IEeHCTBYeT Ha 0a30BO€ IacCU
MOCPEACTBOM IIECTU CUJIOBBIX (DAKTOPOB: CUJT
P, Py, Pz 1 MOMEHTOB M, My , Mz.

Hedopmalist OOpHOro OCHOBaHMsI £ MOL
OTOPHBIM 2JIEMEHTOM UCCJIEYEeTCS C UCTIOb-
30BaHUEM HEJIMHEWHON TEOpUU YIPYyro-Bsi3-
KO-TUTaCTUYHBbIX MaTepuraioB. C 3Tolt 1ie/blo
CTPOUTCS 3aBUCUMOCTb IS OTHOTO U3 BUIOB
1IaCCU: TYCEHUYHOTO WJIM KOJIECHOTO CO Cla-
0olf uiM cuabHOI Hakaukoil konec. Takas
3aBUCUMOCTD BBITJISIIUT CJIEAYIOIIMM 00pa-
30M:

e =¢e(t,E,K,0,t1),

rae ¢t — BpeMsi; £ — MTHOBEHHBI MOJYJb
nedopmarmm; K — GyHKINS CKOPOCTH 10T~
3y4ecTu; ¢ — HampsiKeHus (JaBieHue)
B TOYKE KOHTaKTa OMOPHOTO 3JeMeHTa
1 OMOPHOTO OCHOBAHUA; ! — BpPeMsl KOHLA
npotecca aedopMaluy rpyHTa nojJ OoropHbIM
ajieMeHTOM [7].

s pacyera METAITOKOHCTPYKIIUM MaHU-
MyJISIUMOHHOM CUCTEMbI Ha TPOYHOCTh HEO0-
XOJMMO OTPEeTUTh HEMOCPEICTBEHHO Jeii-
CTBYIOIIIME HA Hee Harpy3Kud U BeJIUUYMHBI
COOTBETCTBYIOLIMX HAIPSKEHUN B OMACHBIX
TOUKaX, CEUEHMUSIX, 2yieMeHTax. OlieHKa T1MHa-
MMYECKOI Harpy>k€HHOCTU MPOBOAMTCS TO-
cJie MOCTPOEHUST BEPOSITHOCTHOTO CeMeCTBa
peanu3alnuii mpouecca U3MeHEHUsT HarpsiKe-
HUI B omacHbIX MecTax. OO aJlTOPUTM
OLIEHKU AUHAMWYECKOI Harpy>keHHOCTH CO-
CTOUT U3 TANoB, MOKa3aHHBIX Ha puc. 3.

1. B xone *MUTallMOHHOTO MOJAEIUPOBaA-
HUS OTIPEAEJISIIOTCSl TOUHbIE 3HAYEHUs CIIy-
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JailHbIX (PAKTOPOB HArpyxXeHHOCTH Q, ISt
KaXJJI0ro 1MKJIa paboTbl MAaHUMYISILIMOHHOMN
CUCTEMbl MOOWJIBHOM TPAaHCTIOPTHO-TEXHOJIO-
TUYECKON MalllMHbI B TEUEHWE UCCIEAYeMOTO
nepuoaa padboThl.

2. MoaenupyloTcsl AMHaMU4YeckKue Mmpo-
1eccel B MC ¢ ucnojib30BaHUEM JETEPMUHU -
POBAaHHOW KOMILIEKCHOU IMHAMUYECKOW
moaenu. CMoaeaMpoBaHHbIE 3HaUYeHUS (hak-
TOPOB HArpy>keHHOCTHU CJIy>XaT UCXOAHBIMU
napameTpamu 3TUX Mojeneit. Pesynsrat Mo-
JIeTUPOBAHUS TTPEeICTaBIsIET COO0I KYCOUHYIO
peanuzaluio mpolecca Pj(t) M3MEHEHUS Xa-
pakTepucTUK HarpyxkeHHoctu MC.

3. B pesysbrare U3 KyCOUHBIX peaiu3aliuid,
COOTBETCTBYIOIIUX PA3TUYHbIM COYETAHUSIM
(bakTOpPOB HAaTrpy>KEHHOCTHU, CKJIaIbIBa€TCs
UTOTOBas peanusalus P(t) nmpolecca usMeHe-
HUS XapaKTEPUCTUKU HArPy>KEHHOCTH (IMHa-
MUYECKUX YCUJIUI WU HATIPsDKEHW I B MeTalT-
JIOKOHCTPYKILIUM).

4. JaHHBII MPOLIECC MHOTOKPATHO MOBTO-
psieTcs1, TToce Yero oka3biBaeTcst cChOopMupo-
BaHHbBIM BEPOSITHOCTHOE CEMENCTBO peayin3a-
uuii. [Tpy HEOO6XOAUMOCTU BBIMOJHSIETCS
cxeMmaTu3alus pe3yabTaToB MOAEIUPOBAHUS
Harpy>K€HHOCTU (CTPOSITCSI OJJOKM WY OMpe-
NIEJISIIOTCS 3aKOHbBI pacpeieIeHus ).

C ucnoyib30BaHMEM pa3paboOTaHHOI MO-
JIEJTU BBITTOJTHEHO MOJIEIMPOBAHUE TMHAMUKU
Tpex3BeHHOM MC MTTM ACT-4-A Ha 6a3ze
TYCEHUYHOTO TpejeBouHoro TpakTopa TT-4M
[5, 6, 8]. MaHUITyISILMOHHAS CUCTEMA JaHHON
MalIMHbI COCTOUT U3 TPEX 3BEHbEB: MOBOPOT-
HOM KOJIOHHBI, CTPEJIbI U PYKOSITU, HA KOTOPOI
3aKperieHa KplokoBas mojaBecka. 3seHbst MC
MOTYT JBUTAThCSl KaK pa3faesbHO, TaK U COB-
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Puc. 5. Ipacpuk nameHeHns: BepTUKasibHOV KOOPANHaTBI TOYKM noaBeca rpysa MC MTTM ACT-4-A:
1 — npu pa3aensHOM ABWXeHUN (CHa4Yana ABUXeTCSs CTpesa, MOTOM — PYKOSITb);
2 — npu cOBMECTHOM ABVMXXEHUUN 3BEHbEB.
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Puc. 6. pagpuk namenenuns ycunuii B rugpounnuHapax MC MTTM ACT-4-A: 1, 2 — rugpounnnHap npusoaa
cTpenbi; 3, 4 — ruapounnuHap npusoAa pykosatu; 1, 3 — npu pasaenbHOM ABWXeHUU (CHaYana ABUXeTcCs CTpena,
NMOTOM — PYKOSiTb); 2, 4 — NPy COBMECTHOM ABVXXE€HUMN.

MeCTHO. Pe3ynbsraThl MOACIMPOBAHMS TMHA-
MUKU IIPpU ABVDKeHUU pyKositiu MC mipuBene-
HBI Ha puc. 4. [TomoxkxeHue ee onpeneaseTcs
00001IIeHHOI KOOPAMHATOM ¢ -

Yrpyrocts 3BeHbeB MC 00yciaBanBaeT
KoJe0aTeIbHBIN XapakTep rpaduKkoB (puc. 4)
Jaxke Ha 3Talle yCTaHOBUBIIIETOCS AIBIDKCHUS,
KOTIa pelIeHue I MOACIN C XECTKUMU
3BEHBSIMU JacT HyJIeBoe 3HaueHMe. Pazmax
KOJIe0aHUI BEeTUYUHBI YCKOPESHUS TIPA 3TOM
nmocturaeT 15—20 MIla. JInutenbHOCTD nepe-
XOIHOTO IIpollecca MpU Hadayie TBWXKCHUS
3BeHa yBenumunBaetcs ¢ 0,1—0,2 ;o 2,0—-2,5c.

I[uaponpuBoa 1 KMHeMaTUYeCKasl cxema
MC MTTM ACT-4-A morryckaeT OmTHOBpE-
MEHHOE ABIDKCHUE PYKOSITU U cTpesl. [Tpu
9TOM IT0oJa4a Hacoca PacIpeiesiseTCsT MEXKIy
TUAPOLMINHIAPAMHU depe3 IeIUTEeTb pacxoma.
Ipacduk n3MeHeHNST BEPTUKATBHOU KOOPIH-
HaTBI TOYKH TTOJIBECA TPy3a IIPU COBMECTHOM
IBVDKCHWU CTPEJIbl U PYKOSTU MOKa3aH Ha
puc. 5. Uepe3 15—16 ¢ pyKosTb TOCTUIaeT
KpalHEeTo MOJI0XKEeHNS 1 ¢ TIPUBOI OTKJTI0Ya-
eTCs. DTO BBI3BIBACT BPEMECHHOE YBEITMICHIE
AMIUTUTYIbI KOJIeOaHM (TTepeXOqHBIN TTPO-
necc). OctaabHOE BpeMsl paboTaeT TOJIbKO
TIpUBOJI CTpebl. Kak TobKOo cTpesia ocTura-
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€T KpaliHero mosioxeHus, ruapornpusons MC
MOJIHOCThIO OTKI0UYaeTcs. CoBMmenieHne
JIBUKEHU I MPUBOAUT K COKPAIIIEHUIO BpeMe-
Hu 1ukia Ha 40—50 %.

Ipaduk n3MeHeHUsT yCUIUIA B TUAPOLM-
suHapax MC MTTM ACT-4-A ipu coBMeCT-
HOM JIBMXXEHUM CTPEJIbl U PYKOSITU MOKa3aH
Ha puc. 6. BugHo, 4TO COBMeEIlEHUE TBUKE-
HUI MPUBOAUT K YMEHBIIEHUIO YCUIUI Ha
25-30 %.

OnHoW U3 Leei co3aaHus KOMILIEKC-
HOW MOJEJIU SIBJISIJIaCh BO3MOXHOCTD OLIEH -
ku yctoituuBoctu MTTM c yueToMm BIusiHUS
0a30BOIf MallIMHBI U AeopMaLInii OTTOPHOKI
noBepxHOCTU. PaccMoTpuM cityyait pe3koro
MpoceJaHusl TPYHTA MO OJHOM U3 TYCEHUI]
MTTM ACT-4-A. [1ocnie ycTaHOBKY Malllu-
Hbl Ha OMOPHOE OCHOBAaHUE MPOUCXOAUT
YIUIOTHEHHUE IpyHTa (CYTJIMHKA) Moa 00euMu
ryceHuuamu (puc. 7a). ToT npouecc AJIuT-
cAat, B MoMeHT BpeMeHU ¢ = 2 ¢ HAUMHAaeT-
cs moabeM rpysa. B TeueHue HEKOTOPOro
BPEMEHM /| TMHAMUYECKIE HArPY3KHU, BBI3-
BaHHbIe paboToit MC, NpuBOASIT K JTOTOJI-
HUTEJbHOMY YIIJIOTHEHUIO TPYHTA MO ryce-
Huuamu. CyMMapHOe YIJOTHEHUE AOCTU-
raet 3,1 cMm.
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Puc. 7. Pe3ynbratbl MOgenNpoOBaHUS MPOCanKu rpyHTa
nog MTTM ACT-4-A:
a — gecopmauyms rpyHTa nog ryceHuuen
Ne 1; 6 — nedpopmauyus rpyHTa nog ryceHuueii N@ 2;
B — 0006LeHHasi ckopocTbk pykositu MC; r — yron
60K0BOIro KpeHa 6a30BOro LacCyu MaLLNHbI.

Uepes 9,5 ¢ mocie Havaia rnogbeMa rpysa
HauMHAETCs MpOoCceNaHre IPyHTa O/ OTHOMN
U3 TYCeHUII, BEI3BAHHOE BHEITHUMU BO3MIEii-
CTBUSIMU (pa3MbIB UM OOPYIIIEHNE TIO3eM-
HOM TTYCTOThI). DTO MMPUBOIUT K PA30PYKEHUIO
OJTHOI TyceHUIIbl (pUc. 7a) U TOSIBIIEHUIO
cwibHOro kpeHa MTTM B mockocTH ycTa-
HoBku MC (puc. 7r). B MOMeHT BpemMeHU
t = 18 mpocanka rpyHTa MoJ Harpy>XeHHOM
TYCeHUIIEW, HeCylleld OCHOBHYIO HarpysKy,
HauMHAaeT CTPEeMUTETLHO BO3pacTaTh (puc. 70).
C HekoToprIM 3amo3ganuemMm B 0,3—0,5 ¢
MallvuHa HAaYMHAETCSI PE3KO HAKPEHSTHCS
(puc. 7t). Yron ycroitunBoctu mist MTTM
ACT-4-A cocrasisier 62,6°. IIpeBbliilieHKe

€ro NpuBeJET K NOTepe yCTOMYMBOCTU Malllv -
Hbl. I3 puc. 71 BUgHO, 4TO ¢ yuyeToMm aedop-
Maluii rpyHTa yxe Ipu ¢ = 55° HaunHaeTCs
pe3Koe yBeJInYeHUe yrjla HaKJIOHA MallluHBI,
KOTOPOE MPUBOJUT 3aTEM K €€ ONMPOKUIbIBA-
HUIO (TToTepe 0011el YCTOMUYUBOCTH).

BbiBO4bl

PazpaboTaHHas KOMIUIEKCHAs MOJIEIb MO-
JKET OBITh UCTIOIB30BaHA ISl MOJEIUPOBAHUS
JAHAMUKA U OLUEHKW JUHAMUYECKOW Harpy-
sxeHHoctT MC MTTM nipu paznuyHbIX pabo-
YUX PeXUMAaX: IBUXKEHUU OTIEJIbHBIX 3BEHbECB
CTpeJibl, COBMECTHOM BUXEHUU 3BEHBEB,
JBIDKEHUU 0a30BOI MAIlIMHEI C TPY30M Ha He-
moaBuxHoit MC, mpocaake TpyHTa TOJI
MTTM. Ilpu coBMelleHUU ABUXEHUU
3BeHbeB MC MTTM Bpemst IMKJ1a coKparia-
ercst Ha40—50 %, a ycunust, IpeofosieBaeMble
TMIPOILIIMHIpaMU, CHIKatoTcst Ha 25—30 %.
Peskast mpocaaka rpyHta nogx MTTM moxker
MPUBOAUTH K MOTEpPe OOLIEH yCTONYMBOCTH.
Puck Takoro pa3BUTHS COOBITUI MOXET ObITh
OLICHEH C UCIIOJb30BaHUEM pa3padOTaHHOU
KOMITJIEKCHOM MaTemMaTnueckoit momean MC
MTTM.
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COMPLEX MATHEMATICAL MODEL OF

THE MANIPULATION SYSTEM

OF A MOBILE TRANSPORT-TECHNOLOGICAL MACHINE

Lagerev, Igor A., Bryansk State University named after Acad. I. G. Petrovsky, Bryansk, Russia.

ABSTRACT

Manipulation systems are used as executive
mechanisms of mobile transport-technological

takes into account the interaction between the
elements of the five-component system «Working
body — Manipulation System — Basic Machine —

Reference Base — Environment». By the method of
statistical tests or simulation modeling, combinations
of load factor values within each cycle of the system
operation are determined. Then, for each combination
of factors, a piecewise implementation of the process
of changing dynamic forces or mechanical stresses
in the elements of the structural steel that are of
interestis constructed. For piecewise implementations,
the loading of the manipulation system during the
entire service life is estimated.

Keywords: manipulation system, transport-technological machine, bearing surface, mathematical model,

dynamics, loading.

Background. Manipulation systems
(hereinafter — MS) are installed on mobile transport-
technological machines (hereinafter — MTTM), used
in various industries. They can also be used as
actuators for the installation of the working bodies
of special machines. The most common are
hydraulic manipulators (general-purpose cranes),
mainly for loading and unloading operations in
confined spaces [1].

Existing methods of modeling the operational
loading of MS, as a rule, consider them as an isolated
object installed on a stationary basis [1-5]. The links
of the manipulation system can be modeled without
taking into account [1-3] or taking into account [4, 5]
elastic compliance. But in real operating conditions,

MTTM is not guaranteed to fulfill this assumption. In
particular, in work [6] the model of motion of MTTM
with a load is considered with the non-working state
of the manipulator crane, containing elements of the
base chassis and manipulation system. However, for
a number of MTTM, the MS operation can be
accompanied by the movement of the base machine
(forest machinery, excavators). In addition, even
under the chassis mounted on the outriggers, the
deformation of the supporting surface (compaction
of the soil) is possible during the operation of the MS
[7]. In this connection, further improvement of
mathematical models is required in order to better
take into account the mutual influence of MS, the basic
chassis of MTTM and the deformable support base.

MO{iel of impact of Cargo on rigid
environment : suspension
> | Mathematical model argo on flexible |
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Pic. 1. Structure of complex mathematical model.
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Pic. 2. Generalized model of the basic chassis of MTTM.

Objective. The objective of the author is to components, the propulsor, the engine with the
consider a complex mathematical model of the transmission, the outriggers. When the MS is working,
manipulation system of a mobile transport- the influence of outriggers is taken into account, and
technological machine. when moving MTTM - is not taken into account. We

Methods. The author uses general scientificand  can distinguish the following types of basic machines:
engineering methods, mathematical methods, wheeled ortracked chassis, railway carriage, floating
calculation methods. vehicle.

Results. The complex mathematical model Subsystem lll includes MS elements: links of
proposed for such purposes consists of a set of  articulated jib, hydraulic cylinders, hinges. Also in this
submodels that take into account the dynamics of  subsystem there are damages received by the MS
each of the components of the system «Working  during operation (destruction, backlash).
body — Manipulation system — Base machine — Subsystem IV includes a cargo fixed to a rigid or
Support base — Environment» (Pic. 1). flexible suspension with a load-holding body, or a

Subsystem 0 combines external environmental specialized working body MTTM (clamp hook,
influences (wind load, temperature influence, impulse  delimbing head, milling cutter, ram engine).
impact). If the links of the MS are considered absolutely

Subsystem | includes elements located under  rigid, then their dynamics is described by an equation
the MTTM, creating the reaction forces of the ofthe form:
supports. The influence of the elements of the [H(q)]{q”’} + {C(q, q’, F)}={t},
subsystem on the work of the MS is taken into account ~ where {t} is a vector of generalized forces; [H(q)] is
by: the mathematical model of the support surface  a matrix of inertia, the components of which depend
(macro- and microroughness models) and the on the generalized coordinates; {q’’} is a vector of
mathematical model of the deformable support base  generalized accelerations; {C(q, q’, F)} is a vector,
(when the base machine moves or the manipulation depending on the generalized coordinates,
system works, the support surface is constantly  generalized velocities and external influences F [2].
changing). It is possible to distinguish the following The equations of motion of the links of the MS with
types of deformable support base: for land vehicles account of elastic compliance are constructed using
(ground, road), railway track, liquid (for floating the method of Lagrange multipliers, which allows
vehicles). taking into account the structural limitations:

Subsystem Il includes elements of MTTM ~ M,§,+C;4=0 -0,,-0 ,

(without MS elements) — elements of the base where Cq is a matrix of coupling equations; A\ are
machine. The main ones are the hull, the suspension  Lagrange multipliers, Q,is a vector of external forces;
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Q. is a vector of forces that depend on the squares  suspension element m,,; ¢ ., o .. is coefficient of

ofthe velocities; Q,,is a vector of elastic forces [4, 5].

A mathematical model of the power hydraulic
drive is designed, oriented to its inclusion in the
structure of the complex mathematical model of the
multipurpose MTTM. The model makes it possible to
determine the forces acting on the links of the MS,
and is a system of differential and algebraic equations
with respect to unknowns: pressure (p,)) and flow rate
(Q).
" There is a large number of basic chassis MTTM,
designed for installation of manipulation systems. The
greatest influence on the dynamics of the base
machine is provided by the propulsion type. A
generalized model of the base machine is shown in
Pic. 2.

The equations of motion of the system in general
form are given below. For the sprung mass of the base
machine, the first three equations of motion are the
most important.

AP aﬂ]
1.4, ZZZ[
Jy¢y7222[ sSeRuy + Fys,R,0y | =M, ~ POZ + PB;
mg, *ZZZ[ i+ Fu )= P,

ZZZ[ g+ B ]= P,

d ¢ zzz[ iV, T Xﬂ!'y&k/ +F;1kr/ +Fj‘“1ﬂxkgkj}7
=M_+POZ

R, |=M, +PB;

ﬂl/ s¢ xaij

L +( Coji +Ck!/)(xk!f 89 Ry =S, R +§kij(,))+

+( &y + Ay )(xkij =%, S¢¢yRykl S¢¢x xkr/) 0;

Mm%, + (clljl + € ) (xaji =2, = SRy =S, 0 Ry + fa,,(t))

+(aujl + anuy )(xaji %, S¢¢yRyaji - ¢¢x xajl)

where c,,, o, ,.is coefficient of elasticity and viscosity
of the mass suspension element m, ., C,,, o, IS
coefficient of elasticity and viscosity of the mass

elasticity and viscosity of the frame of the base
machine for the action of the mass suspension
element m,,; c ,, o, is coefficient of elasticity and
viscosity of the frame of the base machine for the
action of the mass suspension element m,,; Cop Coap
o, o, .are coefficients of elasticity and viscosity of
the outr/ggers and the frame of the base machine for
impact from the outriggers; c,, o, is coefficient of
elasticity and viscosity of the frame of the base
machine for manipulator action; s, is the multiplier for
selecting the sign (if the force on the side of the
reference element leads to positive rotation s = 1, to
negative rotation-s=-1); R i yak,/ is distance from
the center of gravity to the point of attachment of the
support element along the y axis; ka,/ Rxak,/ is distance
from the center of gravity to the point of attachment
of the support element along the x axis; ka,/, anﬂ, Fyk,/,
F,.; are elastic forces, with shifts along the x and'y
axes, calculated similarly to the forces F,, and Faﬂ, but
with the corresponding rigidity and dlSSlpatlon
coefficients; x, and y, are components of vectors R;

Bis height of the point G above the gravity center. The
parameters are determined either analytically or by
the finite element method [8]. The manipulation
system acts on the base chassis by means of six force
factors: the forces P, P, P, and moments M,, M, M,.

The deformation of the support base e, under the
support element is studied using the nonlmear theory
of elastic-visco-plastic materials. For this purpose,
the dependence is constructed for one of the chassis
types: tracked or wheeled with weak or strong
pumping of the wheels. Such a relationship is as
follows:
g,=¢eft, E,K,0,t),
where t is time; E is instantaneous modulus of
deformation; K, is a function of creep speed; c,is
stresses (pressure) at the point of contact of the
support element and the support base; t,_is the end
time of deformation process of the soil under the
support element [7].

To calculate the metal structure ofthe manipulation
system for strength, it is necessary to determine the
loads acting directly on it and the values of the
corresponding stresses at hazardous points, sections,
and elements. The evaluation of the dynamic loading
is carried out after the construction of a probabilistic
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Pic. 4. Results of modeling dynamics when moving the handle:
a — graph of the change in the general coordinate of the handle (angle of rotation);
b — graph of the change in the maximum equivalent stresses in the links;
1 - stresses in the handle; 2 — stresses in the lift arm.
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family of realizations of the process of changing move both separately and together. The results of
stresses in hazardous locations. The general modeling the dynamics when moving the MS handle
algorithm for estimating dynamic loading consists of — are shown in Pic. 4. Its position is determined by the
the steps shown in Pic. 3. generalized coordinate q,.

1. During the simulation, the exact values of the The elasticity of the MS links causes the oscillatory
random load factors Q,are determined for each cycle  character of the graphs (Pic. 4), even at the stage of
of operation of the manipulation system of the mobile  steady motion, when the solution for the model with
transport-technological machine during the period of  rigid links gives a zero value. The range of oscillation
work under study. of the magnitude of acceleration thus reaches 15—

2. Dynamic processes in the MS are simulated 20 MPa. The duration of the transient process at the
using a deterministic complex dynamic model. The  beginning of the movement of the link increases from
simulated values of loading factors serve as the initial ~ 0,1-0,2to 2,0-2,5 s.
parameters of these models. The result of the Hydraulic drive and kinematic scheme MS MTTM
simulation is a piecewise realization of the process AST-4-A allows simultaneous movement ofthe handle
P/ t) of changing the load characteristics of the MS. and liftarm. In this case, the pump feed is distributed

3. Asaresult, from the piecewise implementations  between the hydraulic cylinders through the
corresponding to different combinations of loading consumption divider. The graph of the vertical
factors, the final realization P(t) of the process of  coordinate change of the suspension point of the load
changing the loading characteristic (dynamic forces  when the lift arm and the handle are moving together
or stresses in the metal structure) is added. is shown in Pic. 5. After 15-16 seconds, the handle

4. This process is repeated many times, after reaches its end position and its drive switches off. This
which a probabilistic family of realizations is formed.  causes a temporary increase in the amplitude of the
If necessary, the simulation results of load modeling  oscillations (transient process). The rest of the time
are performed (blocks are constructed or distribution  only the lift arm drive works. As soon as the lift arm
laws are determined). reaches its extreme position, the hydraulic actuator

Using the developed model, the dynamics of the  MS is completely shut off. Combination of movements
three-link MS MTTM AST-4-A was simulated on the  leads to a reduction in cycle time by 40-50 %.
basis of the crawler tractor TT-4M [5, 6, 8]. The The graph of the change in the forces in the
manipulation system of this machine consists ofthree  hydraulic cylinders MS MTTM AST-4-A with the
links: a rotating column, an arrow and a handle, on  joint movement of the lift arm and the handle is
which a hook suspension is fixed. The MS links can  shown in Pic. 6. It can be seen that the combination
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Pic. 7. Results of simulation of subsidence under MTTM AST-4-A:
a — deformation of soil under the track No. 1; b — deformation of soil under the track No. 2; c — generalized speed
of the MS handle; d — angle of the side heel of the base chassis of the machine.

of movements leads to a decrease in effort by
25-30 %.

One of the goals of creating a complex model was
the possibility of assessing the stability of MTTM, taking
into account the influence of the base machine and the
deformation of the support surface. Let’s consider the
case of a sharp subsidence of the ground under one of
the tracks MTTM AST-4-A. After installing the machine
on the support base, the soil(loam) is compacted under
both tracks (Pic. 7a). This process lasts for Lo At the
time t = 2 s, the load begins to rise. For some time, t |
dynamic loads caused by the operation of the MS, lead
to additional compaction of the soil under the tracks.
The total compaction is 3,1 cm.

After 9,5 seconds after the beginning of the lifting
ofthe load, subsidence starts under one of the tracks,
caused by external influences (erosion or collapse of
the underground cavity). This leads to the disarmament
of a single track (Pic. 7a) and the appearance of a
strong roll of MTTM in the installation plane of the MS
(Pic. 7d). Attime t = 18, subsidence under the loaded
track bearing the main load begins to increase rapidly
(Pic. 7b). With a delay of 0,3-0,5 s, the machine
begins to abruptly lean (Pic. 7d). The stability angle
for MTTM AST-4-A is 62.6". Its exceeding will lead to
loss of stability of the machine. From Pic. 7d it can be
seen that, taking into account the deformations of the
ground, a sharp increase in the angle of inclination of
the machine begins at ¢, = 55°, which then leads to its
overturning (loss of overall stability).

Conclusions. The developed complex model can
be used to simulate the dynamics and estimation of
the dynamic loading of MS MTMM under various
operating conditions: movement of individual lift arm
links, joint movement of links, movement of the base
machine with the load on the stationary MS,
subsidence of the ground under the MTTM. When the
movements of MS MTMM links are combined, the
cycle time is reduced by 40-50 %, and the forces
overcome by hydraulic cylinders are reduced by
25-30 %. The sharp subsidence of the ground under
MTTM can lead to a loss of overall stability. The risk
of such a development of events can be estimated

using the developed complex mathematical model of
MS MTTM.
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