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Beedenue. Pabora mocssiiieHa CO3aHUI0 U MPUMEHEHUIO HU(PPOBBIX ABOMHUKOB Ha PA3IMYHBIX JTanax KHU3HEHHOTO
LUKJIa MOOWJIBHBIX TPAHCHOPTHO-TIEPErPY30YHbIX KAHATHBIX KOMIUIEKCOB (MOOWIIBHBIX KaHATHBIX JIOPOT),
000py/IoOBaHHE KOTOPBIX CMOHTHPOBAHO Ha 0a3e KOJECHBIX WJIM T'YCEHWYHBIX LIACCH OOJBLION I'PY30IOJABEMHOCTH.
Llenpro paboTHI SIBIIsICTCS TOBBIIEHHE OE30MACHOCTH HMCIOJIB30BaHUS IMOJOOHBIX TPAHCHOPTHBIX CHCTEM Ha OCHOBE
MPOTHO3UPOBAHUSI B PEXHUME pPEaTbHOrO BPEMEHH MOTEHIUAJIbHBIX OTKAa30B. JTO MO3BOJSET CBOEBPEMEHHO
NIPEAOTBPATUTH HACTYIUICHUE aBapUHHBIX CUTYalHH.

Mamepuaner u memoowi. Ilpennoxena cTpykrypa HU(pOBOro JBOHHHKA MOOHIBHOTO TPAHCIIOPTHO-NEPETPY30YHOTO
KaHaTHOTO KOMIUIEKca. Pa3paboTaHbl MOAXOMAbI K aHATU3Y pabovYuX MPOLECCOB C IEJbI0 MPENOTBPAIEHHsT aBapUIHBIX
cuTyanuii. B MX OCHOBE JI)KUT MMUTAI[IOHHOE MOJICIMPOBAHME JWHAMHUKH CHUCTEMBI C HCIOJIB30BAHUEM HOBBIX
KOMIUIEKCHBIX MaTeMaTHYECKHX MOJIeJIel, TOCTPOSHHBIX C UCIIOIb30BaHHEM CHCTEMHOTO IOAX0/a.

Pezynomamuor uccredosanusn. PazpaboranHass METOMKA MPOTECTUPOBaHA Ha 0a3e MacIITAOHOTO MakeTa MOOWJIBHOTO
TPaHCIIOPTHO-NIEPETPY30YHOIO  KAHATHOTO  KOMIUIEKCa, co3laHHOro Merozamu  3D-newarun. PaspaGorana
MaTreMaTuuecKasi MOJIeNIb JaHHOM CHCTEMBI, C TIOMOIIBI0 KOTOPOH IOCTPOCH LU(POBOH TBOWHHUK SKCIIEPUMEHTAIEHOTO
Mmakera. Ha mpumepe ciydass OykcoBaHMs KaHAaTa JKCIIEPHMEHTAIIBHO MOKa3aHa BO3MOXHOCTb IPOTHO3HPOBAHHMS
O0TKa30B B pabore Makera. /[ 3TOro CpaBHHMBAJIOCh pealbHOE 3HAYCHHUE KOOPIMHATHI TOYKU II0/IBECa TIpy3a,
MOJyYEeHHOEe C TMOMOIIBI METOJa OOpPa0OTKH BHJCOMOTOKA, C MPOTHO3UPYEMBbIM 3HAYEHHEM, BBIYUCICHHBIM C
MOMOIIBIO IIU()POBOTO TBOWHHKA.

Obcyorcoenue u s3axmodenusi. Pe3ynbTaTbl MCCIIENOBaHUs MO3BOJISIIOT CO3/1aTh MPOMBIIUICHHBIA U(POBOH ITBOWHHK
MOOHIBHOTO TPAHCIOPTHO-TIEPErPY30YHOr0 KAHATHOTO KOMILIEKCA, CMOHTHPOBAHHOTO Ha KOJIECHBIX IIACCH BBICOKON

IMPOXOANMOCTH.
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Introduction. The paper considers the creation and application of digital twins at various stages of the life cycle of
mobile transport and transshipment rope complexes (mobile ropeways), the equipment of which is mounted on the basis
of wheeled or tracked chassis of high load capacity. The work objective is to improve safety in using such transport
systems based on real-time forecasting of potential failures. This will prevent the occurrence of emergencies in a timely
manner.

Materials and Methods. The structure of the digital twin of the mobile transport and transshipment rope complex is
proposed. Approaches to the analysis of ongoing work processes in order to prevent accidents have been developed.
They are based on simulation modeling of the system dynamics using new complex mathematical models built through
the system approach.

Results. The developed method was tested on a large-scale layout of a mobile transport and transshipment rope complex
created by 3D printing methods. A mathematical model of this system was developed; it was used to construct a digital
double of the experimental model. The possibility of predicting failures in the layout is shown experimentally through
the example of a rope slipping case. To do this, the actual value of the load suspension point coordinate obtained
through the video stream processing method was compared to the predicted value calculated using a digital twin.
Discussion and Conclusions. The research results provide the creation of an industrial digital twin of a mobile transport
and transshipment rope complex mounted on cross-country wheeled chassis.
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Beenenne. [IpeqiosxxeHsl KOHIENIUU CO3AaHUS HOBOTO NMOKOJEHUS KAHATHBIX TPAHCHOPTHBIX cucteM. K HUM
OTHOCSTCSI TOPOACKHE MAaCCAKUPCKHE KaHATHBIE TPAHCIOPTHBIE CHCTEMBI HA OCHOBE TexHonoruu «KanaTtHoe MeTpo»
[1,2] m moOwinbHBIE TpaHCIIOPTHO-NEperpy3ouHble KaHaTHble Komruiekcel (MTIIKK) [2-5]. Kommekc (puc. 1)
NPEACTaBIsIeT coOOH HECKONBKO 0a30BBIX CTaHIMI KaHATHOM JOpOTH, 00OpyIOBaHHME KOTOPHIX CMOHTHPOBAaHO Ha
MOOWJIBHBIX Imaccy [2, 3].

Puc. 1. Cxema MOOMIIBHOTO TPAHCIIOPTHO-NIEPErPY30YHOTO KaHATHOTO KOMILIeKea [2, 6]:
1 — npuBoaHas 6a30Bast CTAHIUS Ha OCHOBE KOJIECHOTO IIACCH; 2 — IPHBOJHOM IIKUB; 3 — HENpUBOAHAs 0a30Basi CTAHINS,;
4 — HeNpHUBOJHON IIKUB C MEXaHU3MOM HATsDKCHUS KaHATa; 5 — KOJIBIIEBOH TATOBO-IIPUBOAHOM KaHAT;
6 — KapeTKa JUIst OJIBECKH IPy3a; 7 — IPEoI0IeBaeMOe PENATCTBIE

,’:[J'Iﬂ YCHGHIHOﬁ pcainsanun ,HaHHOfI nacu HCO6XOZ[I/IM8. pa3pa60T1<a HAaY4YHBIX OCHOB HCCJICAOBAHUA pa6oq1/1x
poHeCcCOB U MPOCKTUPOBAHUA MTIIKK. HpI/I O9TOM HNPEACTOUT PCIIUTb HAYUYHO-TCXHUYCCKUEC 3adadun obecrieueHus
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00IMH yCTOMYMBOCTH 0A30BBIX CTAHIIMN, MOHTAXKa M HATSKCHUS KAHATHOM CHCTEMBI, MOTPY3KH U Pa3rpy3KH KaHATHON
noporu [2].

B ycioBusx umbpoBH3alM MPOMBIIUICHHOTO [POU3BOJCTBA HEOOXOAMMa pa3paboTKa BBICOKOTOUHBIX
mugposbix nBoitHNKOB MTIIKK, mo3Bomnstonux co3gaBaTh 3(G(EKTHBHBIE M KOHKYPEHTOCIIOCOOHBIE B MHPOBOM
MaciTabe 00pas3Ibl MPOAYKITHH.

Marepuajibl 1 MeTOAbI. AKTHBHAS pa3pabOTKa CHCTEMHBIX ITU(PPOBBIX MOIEICH, KOTOPHIE MOKHO CUMTATh
mpooOpa3oM HUGPPOBBIX JABOWHHKOB, Hadalach C BHEAPCHHEM CHCTEM AaBTOMATH3HPOBAHHOTO IPOCKTUPOBAHHS,
OIICPKUBAIOIIMX OCHOBHBIC JTAITbI XKU3HCHHOTO NUKJIA MPOMBINUICHHOTO m3aenus. [IIupoko n3BecTHa B3aMMOCBSI3b
ATAIOB KU3HECHHOTO IIUKJIA © OCHOBHBIX BHJIOB CHCTEM aBTOMATH3UPOBAHHOTO MPOEKTHpoBaHus (puc. 2) [7].

[IpoexTupoBanue ;.l
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Puc. 2. B3anMoCBsI3b 3TaloB XKU3HEHHOTO LHUKJIa IPOMBIIIIEHHOTO U3AEIINA
1 OCHOBHBIX CUCTEM aBTOMAaTHU3UPOBAHHOTI'O IIPOCKTUPOBAHUSA

Co3znmanue CUCTEMHOH IU(PPOBOI MOJIEM HAYMHACTCS C OTIPE/ICIICHUsT BHEIITHETO 00JIMKa (TEOMETPUH) 00bEKTa
B CAD-cucreme. 3atem B CAE-cucreMax BBINOJTHSIOTCS HEOOXOIWMBIE pacdeThl TUHAMHUKH, MPOYHOCTH,
YCTOWYMBOCTH, pPabOTOCIIOCOOHOCTH  IpoekTupyemoro oObekta, a B CAM-cucremax pa3pabaTbIBarOTCS
TEXHOJIOTUYECKUE JOKYMEHTBI U TOTOBATCS. IPOTrPAMMBI JUI CTAHKOB C YUCIIOBBIM IIPOTPaMMHBIM yIpaBieHueM. SCM-
CUCTEMBI II03BOJIIOT MPHU NPOEKTUPOBAHMM YYECTh BO3MOXKHOCTb NPUMEHEHUS MOKYMHBIX W3AEIHMHA, a Ha JTame
NIPOM3BOJICTBA — OOECHEYUTh HX CBOEBPEMEHHYIO IIOCTaBKY. llepedHciieHHbIE CHUCTEMBl aBTOMAaTH3MPOBaHHOTO
MPOEKTUPOBAHUS HUHTETPUPYIOTCS Ha YypoBHe PDM-cucteM, ynpaBisomux MOpoleccaMd HIOpPOEKTHPOBAaHUS U
MOJITOTOBKKM TIpon3BoAcTBa. B mpomspoactBeHHBIX 1mexax SCADA-cucTteMsl 00ecneunBaiOT AHMCIETYEPU3ALNIO
MIPOU3BOJCTBEHHBIX MporeccoB, a CNC-CHCTEMBI YHPAaBIIOT TEXHOJIOTHYECKUM OOOpYIOBAaHHEM, B TOM YHCIIE
CTaHKAMH C YHCIJIOBBIM IPOTPAMMHBIM yIpaBieHueM. IlocienHue IBe CHCTEMBI MHTETpUpPYIOTCS Ha ypoBHe MES-
CHCTEMBI, ympasJstomiei npomeccamu mponsoacTBa. Cuctemsl ERP 1 MRP-2 mo3BomsitoT obecneunTs mpeanpusiTie
HEoOXOIUMBIMHU pecypcamu. Ha 3Tame peanmsanuy U 3KCIIyaTallMd B3aMMOACHCTBHE C MOTPEOUTEISIMH BBHIOTHICTCS
¢ nomonipto CRM-cuctem nponax u S&SM-cucreM o0CITyXHBaHHUS M peMOHTa. VIHTerpanus BceX MepedHCcIIeHHBIX
CHCTEM JICXKHT B 0OcHOBe IudpoBoro 6mzHeca (CPC), KoTOpHIH Takke HA3BIBAIOT HU(POBEIM MPEIIPUATHEM [7].

AHanus cxemsbl (pHC. 2) MOKa3bIBACT, YTO CYLIECTBYIOIINE IU(POBHIC ABOHHUKU TPOMBIIUICHHBIX H3ETUH
MMEIOT HauOONBUIYIO AETANH3aldI0 MPU HCIIOJb30BAaHMM HA 3Tamax MPOEKTUPOBAaHWS M TIPOM3BOZCTBa. [Ipm 3Tom
paboume mpolLecchl, NPOTEKAONIMe Ha JTane A3KCIUTyaTallMd IPOMBIIIIIEHHOTO W3JENUsl, YYUTHIBAIOTCS IIPH
MIPOEKTHUPOBAHUM B BHJE MHCXOAHBIX J[aHHBIX, IPEACTABICHHBIX B BHIE YHCIOBBIX 3HAUCHHH WJIH 3aKOHOB
pacupeneneHus. B nepByro odepens K TaKUM JaHHBIM MOXKHO OTHECTH BHEIIHHME Harpy3Kd M JApPYTHe BO3JIEHCTBHA,
MOCJIEIOBATENILHOCTH pabouymx onepanuii. B pamkax mnanHoro noaxojia [7] mociie M3rOTOBJIEHHS HPOMBINIICHHOE
H3JieNIie CTAaHOBUTCS TOBAapoOM, Ui KOTOPOro B OoJbIIeH CTENEHM BaXKHBl HE TEXHHYECKHE, a SKOHOMHYECKHE
CBOHCTBa: 00BEMBI MPOJAXK, 1I€HA, KOJMYECTBO U XapaKTep MPETeH3Uil M0 rapaHTHHHOMY OOCIY)KHBaHHIO, OT3BIBBI
MOKyTIaTeNIeH, mapaMeTpsl TOKYMEHTOB KyIUTU-TIpojaxku. [losToMy Ha 3Tame SKCIIIyaTal pa3pabOTaHHBIE B XOHE
MIPOCKTUPOBAHKS M IIPOM3BOJCTBA ACTATM3HPOBaHHBIE IHU(POBBIC NBONHMKH, KaK IPaBHIO, HE HCIONb3yloTcs. OHM
MOTYT IIPUMEHSTHCS TIPU KAITUTAITEHOM PEMOHTE MM MOJEPHU3AIMN POMBIIIIIEHHOTO W3/EIHs, OJHAKO B 3TOM CITydae
OHO BBIBOJUTCS W3 OKCIUTyaTallMd W BO3BPAINACTCS HA MPEANPHUATHE-U3TOTOBUTENb MM CIEHUATM3HPOBAHHOE
peMoHTHOE npeanpuatue. J[aHHbIil BBIBOJ TakXe MOATBEpKAaeTcs TeM, 4To 11 u3 14 cucreM aBTOMaTU3MPOBAHHOTO
IIPOEKTUPOBAHUS, IPEJICTABJICHHBIX HA PUC. 2, CBSI3aHbI C MPOSKTUPOBAHUEM U U3TOTOBJICHUEM.
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B ycnoBusx nupoBU3aliy MPOMBIIUICHHOTO MPOU3BOJACTBA TAKOW MOAXOJ SBJISETCS HEIOCTATOYHBIM, T. K.
MIPOU3BOMUTENh TPOMBINUICHHBIX W3EIMA HE o00JiagaeT HEOOXOOMMBIMH JAaHHBIMH TSI COBEPIICHCTBOBAHUS
KOHCTPYKIIUH, alTOPUTMOB VIPAaBICHHS U TEXHOJOTHH MPOM3BOJCTBA KOHKYPEHTOCIIOCOOHOH NPOMYKINH, a
noTpeduTeNns He 00JaNaeT MOTHOTOW MHPOPMAIUU 00 SKCIUTYyaTUPYEMOM HW3IeNud. [Ipu 3TOM aKTHBHOE BHEIpPEHHUE
IU(PPOBHIX TBOWHUKOB HA 3Tl SKCIUTYaTallly MPOMBIIUICHHOTO H3/IEIHS IO3BOJIHUT PEIIUTH IBE OCHOBHBIC 3aJa4uu:

— DJKCIUTyaTalMoOHHAas 3ajada 3aKIiodacTcs B TOM, YTOOBI y4ecTh BO3MOXKHBIC HEIITATHBIC W aBapHilHbBIC
PEXXUMBI, KOTOpPBIE HYKHO M30€raTh B 3KCIUTyaTallid TOTOBOTO M3EIIHS,;

—  IPOCKTHO-KOHCTPYKTOPCKas 3aJada OPHCHTHUPOBAHA HA CO3JAHHE HOBBIX KOHCTPYKIMHA W allTOPUTMOB
MPOTPAMMHOTO YIIPABJICHHS C Y4ETOM MACCHBA CTATUCTUYCCKHUX JAHHBIX U MaTEMAaTHICCKUX MOJENeH, (POpMUPYEMBIX
B XOJI¢ IKCIUTyaTallMy TPOMBIIIJICHHBIX H3ICITHH.

OMHOBPEMEHHO C STHUM Ba)XKHYIO POJb WrpaeT MOCTOSHHAsS aKTyalu3alus U(QpPOBOTO BOWHUKA OOBEKTa,
HaxOJSIIErocsi B OKCIUTyaTanuu. TakuMm o00pa3oM, HEoOXOIMMO HCIHOJIb30BaTh pa3padOTaHHBIE BBICOKOTOYHBIE
nnpoBbIe TBOWHUKH Ha BCEX dTaax )KU3HEHHOTO IHKJIA TPOMBIIUICHHOTO u3enus [8, 9].

st aToro pa3paboTaHHbIe MaTeMaTHYECKHE MOJIEIH, JIeKallle B OCHOBE HHU(POBOTroO JBOMHUKA, B PEXKUME
peanbHOTO BpeMeHH 00pabaThIBAIOTCS Ha OBICTPOJNEHCTBYIONIMX KOMIbBIOTEpax. B KadecTBe UCXOAHBIX JAHHBIX JIJIS
pacueTa MCIONB3YIOTCS CHTHAJBI C JAaTYMKOB, YCTAHOBJICHHBIX Ha peajbHOM o0wekTe (puc. 3). LludpoBoit qoiHMK
CBs3aH C pEabHBIM OOBEKTOM dYepe3 00JauHbli cepBUC. TakoW MOAXOJ MO3BOJISCT MOBBICHTH 3(PGEKTHBHOCTh U
0e30IaCHOCTh JKCIDTyaTallkd MPOMBINIICHHOTO H3JICNUsS, BBISBHTH CKPBITHIC SBICHUS U 3(PQEKTHI, coOpaTh MaTepHal
JUTA ajbHEHIIe MOJCPHHU3aIMU U TOBBIIICHUS MOTPEOUTENBCKUX KAa4eCTB, MPEIOTBPATUTH aBApUIHBIC CUTYAIHH
[8, 9].

Puc. 3. B3anMOCBsI3b IPOMBIIIIIEHHOT'O U3AETHS U €T0 UG POBOTO JBOHHHUKA

Takum oOpazoMm, [UGPOBOW JBOWHHK — OTO MPOTPAMMHBEIA aHANIOT (HU3MIECKOTO YCTPOMCTBa
(IPOMBINIUTEHHOTO HU3AEIHsI), MOICTUPYIOIIUH B PEXKUME pEallbHOTO BPEMEHU BHYTPEHHHE IMPOIECCHl, TEXHUICCKUE
XapaKTepUCTHKH U TIOBEJCHHE YCTPOHCTBAa B YCIOBHSAX BIIMSHUS CIyYailHBIX BO3IACUCTBHIA M OKpPY)KAIOIICH CpeIsl,
mapaMeTphl KOTOPBIX MEPEeAaroTCs ¢ NaTYNKOB PEallbHOTO YCTPOHCTBA, paboTaromero napamwiensHo [8, 9]. Ludpposoit
JIBOMHUK COAEPKUT B cebe MaTeMaTHYECKHE MOJENIM BHEIIHEro BHJa M paboumx mpoueccoB oObekrta. Ilpu stom
Ppa3MEpPLI U XapaKTCPUCTHUKH BHCUIHETO BU/Ja UCIIOJB3YIOTCA AJI BBIYHUCIICHUSA UCXOAHBIX MapaMEeTPOB MATEMATHUCCKUX
MoJIeJield, ONMHUCHIBAONIMX paboume mporecchl. Hampumep, MOMEHT MHEpPLMH 3JEMEHTa MEXaHH3Ma BBIYMCIISIETCS Ha
OCHOBE €ro TeOMeTpHdYeckold Mojend. 3aTeM MOJydeHHOEe 3Haue€HHE MOMEHTa WHEPLUU TpaHCIUpyeTcs B
muddepeHnmansHOe ypaBHEHUE ABHKEHUS DJIEMEHTA.

Jis mocTpoeHUS MaTeMaTHYeCKUX MOZeNed pabodnX IMPOLECCOB MPOMBIIUICHHOTO U3IEIHS PEKOMEHIYSTCS
WCTIONB30BaTh CHCTeMHBIN moaxox [10], cormacHO KOTOpOMY KaXXIOMy 3HAdalleMy 3JEMEHTY CHCTEMBI CTaBHTCS B
COOTBETCTBHE MaTeMaTH9ecKas MOIMOJEINb, CBsI3aHHAsl C TMOAMOICISAMH IPYTUX 3JIEMEHTOB C TIOMOIIHI0 COBMECTHBIX
mapaMeTpoB M ypaBHEHHH CBA3W. TakoW TOAXOJ IO3BOJISET CO3[aBaTh yAOOHBIE B WCIIOJIB30BAHWH MOMYIIBHBIC
MaTeMaTHIECKNE MOJICIH, YIUTHIBATH HATMYNE OOPATHBIX CBS3EH MEXTY SIIeMEHTAMHU CHCTEMBI.

JlanHast cTaThsl MOCBSINCHA CO3JAHUIO M KCIOJb30BAHMIO HA JTAle JKCIUTyaTald [U(PPOBOrO JBONHHHKA
MOOMJIBHOTO TPaHCHOPTHO-NEPErpy304HOT0 KaHATHOTO KoMIuiekca. J[pyrue stamsl skuzHeHHoro nukina MTIIKK we
paccMaTpuBarOTCs, TaK Kak JUIi HUX MCIOJB3YIOTCS OOIIMEe MOAXOABI, NpHMEHSEMbIE Ui JIOOBIX MalluH U
obopynoBanust. CunTaercs, 4yTo Uil pa3pabOTKH HU(POBOrO JBOWHHKA UMEIOTCS IOJIHBIE KOMILUIEKTBI TPEXMEPHBIX
KOMIIbIOTepHBIX ~reomerpudeckux Mmoxeneit MTIIKK u  KOHCTPYKTOPCKO-TEXHOJOTMUECKOH —JOKYMEHTAaLMH,
pa3paboTaHHOI Ha 3Tamne MPOSKTUPOBAHUS M ITOATOTOBKH MIPOU3BOJICTBA.

PaccmoTpuM BapuaHTHI TpUMEHEHHS II(PPOBOTO ITBOMHUKA IS IPEIOTBPANICHNS aBApUIHBIX CUTYalnil MpH
AKCIUTyaTaIl[i MOOMIIBHOTO TPAHCHOPTHO-TIEPErPy309HOTO KaHATHOTO KoMImiekca. Ilycts {a} — BekTOp mapameTpoB
pearpHOTO 00BEKTa, MOMYyYaeMBIX C IOMOINBIO CPEACTB OOBEKTUBHOTO KOHTPONA (IATYMKOB, MOIKIIOUYEHHBIX K
M3MEPUTENBHBIM CHCTEMaM). DTH MapaMmeTphbl onmuchiBaloT Tekymiee coctosiane MTIIKK u xapakTep mpoTeKarommx
pabodYux MPOIECCOB B TEKYIIUH MOMEHT BPEMEHHU f;. 3HAUCHHS MapaMETPOB {a} OMPEICIISIOTCS MEPHOANICCKH, Yepes3
onpeneneHnoe Bpems At . Ilapamerpam, MmorydaeMbIM C (U3NIECKOTO OOBEKTa, COOTBETCTBYIOT MapameTphl {x},
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BBIUMCIIICMBIC C IOMOINBI0 MAaTEMAaTWYeCKOH Mojeiu. Pe3ynmpTaThl MOICTUpPOBaHMS pabOYUX —MPOIECCOB
3aMHCHIBAIOTCS B MaTpuily [X], KOTOopas COIEpXUT WH(POpMaIio 00 M3MEHEHWH MOJCITHUPYEMBIX IapaMeTpOB BO
BpeMeHU. MoJienpoBaHKe MapaMeTpOB BBIMOIHICTCS Pa3IMuHBIMH MOUIATOBBIMH YHCICHHBIMUA METOJaMH, [PU 3TOM

BCJIMYMHA IIara BBIYMCICHU 110 MOJACIbHOMY BPEMCHHU { paBHa Atm .

m

ITapameTpbl {a} B KaXIbIil TEKYIIUA MOMEHT BPEMEHH f; MEPENAlOTCS Ha BXOJ MaTeMAaTHYECKOH MOJIENH, C
TIOMOIIBI0 KOTOPOH BHIIOJHSETCS MojaenupoBanue padoumx mporeccoB MTIIKK na 3amanublii nepuon Bpemenu 7.
Taxke mpu pacdere HCIONb3yeTCs MHPOPMAIUS O BHEITHEM BHJIC (KOHCTPYKIHH) PeaJbHOTO 00bekTa. B pesynbrare
pacdera B pexXUMe peajJbHOr0 BpEMEHM MOJy4aroTcsl 3HaueHus [X], mo pe3yjbTaTaM aHaiu3a KOTOPBHIX MPOUCXOIUT
oleHKa (MPOTrHO3) BO3MOXHOCTH HACTYIUIGHHMsI aBapuiiHOM cuTyauuu. Ecium mo pesyiabTaTamM MOJEIUPOBAHUS
MIPOTHO3UpYETCsl HacTyIuieHue aBapuiiHoil cutyauuu, To MTIIKK HemMenneHHO OCTaHaBIMBAETCS UM MPUHUMAIOTCS
WHBIE MEPHI TI0 TIPETOTBPAIECHUIO aBAPHH.

B3anMocBs3b peallbHOTO 00BEKTa U TU(GPOBOTO JBOMHHUKA HATIISTHO MPOWUTIOCTPUPOBAaHA Ha puC. 4.

Ouznueckuit 00exT (MTIIKK)

0 T ¢t

m

Puc. 4. Busyanusarus u3sMeHeHHs pabodero mpouecca ¢ MOMOIIBI0 CPEACTB 0OBEKTHBHOTO KOHTPOJIS 33 PEaIbHBIM 00BEKTOM U C
MOMOIIBbIO LU(POBOro ABOHHMKA: | — (pakTHUeCKoe U3MEHEHUE apaMeTpa 10 MOMEHTa /;;
2 — (hakTHUeCKOEe U3MEHEHHE ITapaMeTpa peaslbHoro 00beKTa B OyaymeM; 3 — pe3ysbTaT MOAEINPOBaHNS H3MCHEHNUS ITapaMeTpa B
OyyIieM ¢ TOMOIIBI0 HU(PPOBOTO JIBOHHUKA

OmvH W3 TapaMeTpoB BEKTOpa {a}, HampUMep CHiIa HATHKCHHS HECymero kKaHata F, ompenemsieTcs c
MTOMOIIBI0 CHIIOM3MEPHUTEIHHOTO JaTYNKa C MEPUOTUYHOCTRI0O Af. B Tekymmii MOMEHT BpeMEHHM CHila HaTsHKCHUS
UMeeT 3HaueHHe F;. AHAIIOTUYHBIM O0pa30M OMNPEHCNSIOTCS M APYyrue KOMIIOHCHTHI «@; BEKTOopa {a}, KOTOpBIC
MePeAr0TCS IS aHAIKM3a C TIOMOIIBIO IU(POBOTO TBOWHUKA.

Cuiie HaTSHKEHHSI COOTBETCTBYET j-s1 cTpoka MaTpuilel [X]. Ecnu mo pesyimpTaTaMm MOAETHpPOBAHUS pabOdIMX
nporeccoB MTIIKK He BbIsIBIeHa BO3MOXKHOCTh aBapuitHoW cutyammu, To padora MTIIKK e mpekpamaercs. Ha
CenyIome WTepalii B MOMEHT BPEMEHH f;+ Af OIpenessioTcs HOBBIE 3HAYCHHWS BEKTOpa {a}, TOCIe Yero
BBITIOJIHSACTCSI HOBBIM CeaHC MOJICNUPOBAHMA. B ciydyae HEraTHBHOTO MPOTHO3a, HANPUMEP, €CIHM pacdeTHas CHUIia
HATSDKCHHSI TPEBBICHT Jomyckaemoe 3HadeHue, To pabora MTIIKK mpekpamaercs 10 BBIACHCHHS MNPUYUH U
YCTpaHEHHUS Yrpo3bl aBapUUHON CUTYyaINH.

i TIOBBIIIEHUS] TOYHOCTH MPOTHO3a HEOOXOAMMO HCIIONB30BATh aJCKBAaTHBIC MAaTEMATHICCKHE MOJICINH.
KpuTteprieM TOYHOCTH MOXKET CITYy>KATh OTKJIOHEHHE pe3yibTaTa MOACTUPOBAaHUS (Y4acTOK 3 Ha puc. 4) OT pealbHOTO
noBeAeHuss o0bekTa (ydacTok 2 Ha puc. 4). B wmpeambHOM cilydae MPOTHO3 MO M3MEHEHHWIO IMapaMmeTpoB IOJDKEH
MIOJTHOCTBIO COBIIAATH C (PAaKTHUSCKIM H3MEHEHHEM ITapaMeTpoB B Oy IyIieM.

B xome wmccienoBaHUS WCHONB30Balach KOMIUIEKCHAsST MaTeMaTHYeCKas MOJENb, JIeKallas B OCHOBE
mudposoro aeovinuka MTIIKK [10]. YpaBHeHUs IBHKCHHUS, BXOAAIINE B 3Ty MOJIENb, B 00IIEM BHJIE MOXKHO 3aIHCaTh
CIIEAYIOLIMM 00pa3oM:

[M]{%} +[B]{} +[Cl{x} = {P},
[Y]={0},
rae {x} — BEKTOp 3aKOHOB JIBIDKCHHS 3JICMCHTOB CHUCTEMBI (M3MEHCHHS MX KOOPAMHAT BO BPEMCHH); {x} — BEKTOp
CKOpPOCTEH 31EMEHTOB CHCTEMBI; {x} — BEKTOp YCKOPEHUH 3JEMEHTOB CHCTEMBI; [M ] — MaTpulla WHEPIUOHHBIX
IapaMeTpoB, 3aBUCSINAS OT MacC W MOMEHTOB HMHEPIUH 3JIEMEHTOB CHCTEMEI; [B] — Marpura Kod(pPHUIHEeHTOB
JTACCHITAITHT; [C ] — MaTpHIla yIpyrocTH, 3aBHCAIIast OT KECTKOCTH JIEMEHTOB CHCTEMBI; {P} — BEKTOpP BHEIIHUX

HArpy30K Ha 3JIEMEHTBI CUCTEMBL;, | Y [ — ma uia anreOpanyecKux ABHCHHMI CBS3H IMapaMeTPOB CUCTEMBI:
b
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F=F({x}, i} {35}) Do)

PaccmoTpeHHBIN TOAX0/ O3BOJISIET CIIPOTHO3UPOBATh U MIPENOTBPATUTh HACTYIIJICHUE aBAPUIHBIX CUTYaLlU:

— 00pBIB Tpoca U3-32 MPEBBILICHUS TATOBOTO YCUIINS;

— CXOJ] KaHaTa cO IIKUBA;

— najieHre 6a30BOM CTAHIIMM M3-32 MTOTEPH OOIIEH YCTOHYMBOCTH;

— OCTaHOBKa MPHUBOJIa KAHATHOM JIOPOTH C CAMOPACKauKOM;

— OTIENKa KaOMHBI KAHATHOW JJOPOTH CO CKAaTHIBAHHEM I10 KaHATY U CTOJKHOBEHHEM C APYTOH KaOMHOW HMiIH
OIIOPOI;

— yzaap kaOuHBI 00 Omopy MWK 000pyAoBaHIe 6a30BOH CTAHIINY;

— cuibHas OOKOBas KaduKa MPH BO3ACHCTBUH BETpa.

PesyabTaTsl mccienoBanus. Kak Obuto ykazaHo, 1M(ppoOBOH ABOMHHUK JOJDKEH B3aUMOJCHCTBOBATH C
¢msnyecknM  oObekTOM. HO  MOOWIBHBIE TPaHCHOPTHO-NIEPErpy304YHbIE KAHATHBIE KOMIUIEKCHI  SIBJISIFOTCS
HNEpCHEKTUBHBIM ~ BHJOM TPAHCIOPTHBIX CHCTEM, MOTOMYy B HAcTOSIIUI MOMEHT HX IOJHOpa3MEpHBIE
SKCIIEpUMEHTAJIbHbIE 00pa3lbl OTCYTCTBYIOT. Ha naHHOM 3Tame McciieoBaHUM Al OTPabOTKH METOIUKH CO3JaHUs
udpoBoro aBoiHMKa ObLT co3aH MacTaOHbIl HaTypHBIH MakeT MTIIKK, nanHbie o paboTe KOTOpOro nepenaBaiich
Ha BXOA WHUPPOBOTO [BOHWKA. MakeT KOMIUIEKCa, W3TOTOBIEHHBIH Ha 0a3ze WHXUHUPUHTOBOTO HAYYHO-
obpa3oBarenpHOTO IeHTpa IH(poBbIX TexHomoruit Wumyctpun 4.0 BpsHCKOrOo ToCyZapCTBEHHOTO YHUBEPCHUTETA
nmenu akagemuka U. T'. IlerpoBckoro, mpeacTasieH Ha puc. 5.

B kauecTBe KOHTpPOJIMpPYEMOTO IMapamMeTpa BbIOpaHa KOOpJHWHATa TOYKH IoJBeca Ipysa z. LleHTp koopauHat
PAacIoNIOKEH Ha OCH BpAIllEHUS NPUBOJHOIO IIKKMBA, a OCh KOOPAUHAT COEAUHAET LIEHTPHI IIKUBOB KaHATHOI JOPOTH.
Texylee 3HaueHHE KOOPAMHATHI Ha PEAITbHOM OOBEKTE OIPEACISIOCh C IOMOIIBI0 NPOTPaAMMHOI0 oOecreueHus
Kinovea, mo3Bossioniero aHamM3npoBaTh JaHHBIE BUACOCHEMKH.

Puc. 5. Macmrabusrit HatypHasiit Maker MTITKK:

1 — mpuBoaHast 6a30Basi CTaHUKS;, 2 — HEMPUBOAHAs 6a30Bas CTaHIKs; 3 — Ipy3 Ha MojBecke; 4 — BUIeOKaMepa; S — HOyTOyK
JUTst 00pabOTKU CUTHAJTIOB U MOJIETIMPOBAHMS; 6 — CHCTEMa YIPABICHHSI MAaKETOM Ha 0a3e MUKPOKOHTpOJLIepa

[IporHo3upyemasi KOOpIMHATA TOYKH MOJIBECA IPy3a BBIYHCIIIACH C TOMOIIBIO MOJICIH, MPEJICTABICHHOW Ha
puc. 6.

Puc. 6. PacuetHas Moaesb is HCClieqOBaHUs pab0YnX MPOLIECCOB MAaKeTa
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Ha cTaaun pasroHa KaHATHOM CUCTEMbI, KOI'Ja CKOPOCTb I'py3a X MEHbBIIIE HOMHUHAJIBHOIO 3HAYCHHUS

x, =0,013 M/c, COOTBETCTBYIOIIETO YyCTAaHOBUBIIEMYCS IBI)KCHHIO, YPAaBHCHHSA IBIDKCHHS 3JIEMEHTOB CHCTEMBI

HOM

BBITJIAAAT CICAYIOMIUM 06pa30M:

. X sina, :
Jio, +¢ ¢1_—+(5(x)_J’) : cosa, =M, (9,);
R, cosa, f
. x sina, ;
L0, =6, | ¢y —————+(3(x) ~ y) == |cos h, = —M y($,);
R, cosa, ,

Mi—c, RI(I)I—%+(8(x)—y)sinotl cosa, —

Q
—c,| R0, —%%+(6(x)—y)sin a, |cosa, = 0;
My+c | R, —ﬁ—i—(éi(x)—y)sinotl sina, —
—¢,| Ry9, —La+(6(x) —y)sina, [sinoa, =—9,81M,
2

rae ¢,, J, — yroi noBopoTa, MOMEHT MHEPLIMHU BEIYIIEro IIKMBAa COOTBETCTBEHHO; ¢,, J, — YroJ 10BOPOTa, MOMEHT
WHEPUUH BEJOMOTO IIKHBA COOTBETCTBEHHO; X, ) — TOPHU3OHTalbHAs, BEPTHKANbHAs KOOPAMHATHI TIpy3a
COOTBETCTBEHHO; M — Macca rpy3a; ¢, ¥ ¢, — JKECTKOCTh KaHaTa B 00J1aCTU NPUBOJHOIO M HENPUBOJHOIO IIKUBA
COOTBETCTBEHHO; O, U O, — YrOJl HAKJIOHA KaHaTa B 00JIACTH MPUBOJHOIO U HEIPUBOIHOIO HIKUBA COOTBETCTBEHHO;
R, u R, — paauyc NpUBOJHOIO U HEMPUBOJHOIO MIKKBA COOTBETCTBEHHO; L — PacCTOSHUE MEXKIY OCSIMU BpaILCHUS

IIKUBOB (IIPOJIET KAaHATHOW JIOPOTH).
YIB! HAaKJIOHA BETBEH KaHaTa:
d(x)
X

oclzal(x)zasin[ )lefl x#0,0,=0 npu x=0;

5(x)

o, =0,(x)= asin(L

) opu x#0, a, =0 npu x=1L,

rJie 3aBUCUMOCTh CTPEJIbl IIPOTHOa KaHATa OT MOJIOKEHHUSI TPy3a B IIPOJIETE KAHATHOM JOPOTH OIpe/IeieHa Ha HATYPHOM
MaKeTe W UMEeT CIIeAYIOLIHI BHA:
8(x) =0,003sin(mx/ L) m.
JKecTKOCTH 27IEMEHTOB MaKeTa ONPEACIISIOTCS CIACAYIOMINM 00pa3oM:
c,=c,=100 H/™M; ¢, =c,/R; c,=c,/R,.

Jainee mpuBeseM 3HaYEHHUsI IPOYMX mapamerpoB mojenu: J, =J, = 0,059 xkrm; M =0,025 kr; L =0,395 m;
R =R,=0,03 M; M, =34,3-10" Hm; M, =0,15-10" Hm.

Ha cragnu ycTaHOBHBILETOCS JABHKCHUS HCIIOIb3yETCS 3aKOH JIBIKCHUSL:

xX=x,+x,.[,

HOM

rae x, — KOOpJAuHATa IIOJIOXKCHMs Ipy3a, COOTBCTCTBYIOIAs OKOHYAHHIO ICPCXOAHOro IIponecca M Haydally

YCTaHOBHBILETOCS JBIDKECHUS.

Ha puc. 7 mponeMoHCTpHpOBaHa peaibHas TPACKTOPHUs IBIKCHMS TOYKM IOJBECA Ipy3a M Pe3ylbTaThl €
MOJEIMPOBAHMS C IOMOINBIO I(poBOro ABoiHNKA. B ciydae npuHyANTEIbHON OCTAHOBKH KAHATHOM CHCTEMBI IIyTEM
yAepKaHUsI TPy3a MPOUCXOJMUIO OTKIOHEHHE PEaJbHOTO IMOJO0XKEHHS IPy3a OT IPOTHO3MPYEMOTO C HMCIOJIb30BAHUEM
U(pPOBOro ABOWHUKA. DTOT GakT PUKCHPOBAJICI CUCTEMOH YIpaBICHUS MaKeTa, IPH ATOM OIPEeISIOCh OTKIOHEHNE
€, YTO TTO3BOJISITIO BBISIBUTH aBAPUIHYIO CUTYALHIO TUIA «OyKCOBAaHHUE KaHATAY.
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Puc. 7. Pe3ynbTaThl MOACIUPOBAHHUS C HCIIOJIB30BAaHHEM LU(PPOBOTO IBOHHUKA:
a — HOPMAJIbHOE JIBIDKCHHE; 6 — CIIydail IPHHYAUTEIbHON OCTAHOBKY KaHATa,
— pe3ynbTaT MOJCIUPOBAHUs; — DKCIEPHUMEHTAJIbHbIC 3HAUCHUS

Oobcyxnenue U 3akiaw4eHusi. [[puMeHeHHe PaCCMOTPEHHON METOIOJOTHU CO3MaHUs MU(POBBIX TBOHHUKOB
MTO3BOJIIJIO HA MPUMEPE HATYPHOTO MaKeTa KaHATHOH JOPOTH BBIABIIATH OTKIOHEHUS OT HOPMAaJIbHOMN pPabOTHI C IETIHhI0
MIPEIOTBPAIICHUS HEIITATHBIX W aBApPUHHBIX CUTyalWii. B Xoxe manpHEWITUX MCcleAoBaHUi Ha 0a3e pacCMOTPEHHOM
METOJIOJOTHU OyJeT CO3[JaH IPOMBIIUICHHBIH NU(POBOH MBOWHHK MOOMIBHOTO TPAHCHOPTHO-IIEPErpy309HOTO
KaHATHOTO KOMIUTeKca. [Ipu 3ToM OyayT MOCTPOSHBI MOACTH aBAPUUHBIX CUTYAITUIA.
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