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A. OBLLA XAPAKTEPUCTUKA HA OAUCEPTALUWOHHUA TPYQ

[1cepTaUMoHHUAT TPY/ e NOCBETEH Ha [JOPa3BUBAHETO Ha TEOPETUYHUTE OCHOBH Ha
NPOeKTUpaHe, MofienupaHe W 13cneaBaHe Ha CTPOUTENHU 1 TOBApONoAEMHM MaHunyna-
TOpMU.

AkTyanHocT Ha npobnema

[py NPOEKTMpPaHETO MOAENMUPAHETO U M3CNEABAHETO Ha CTPOWUTENHW U TOBApOMo-
LEMHW MaHWNyNaTopy € Hanuue orpoOMHO MHOrooBpasne OT TEXHUYECKW acnekTU, KOUTO
crnefBa fja ce OTyuTaT OT U3CNeAoBaTeNuTe U NPOEKTaHTUTe Ha TakbB TUM MaluHW. B
NOBEYETO CIy4n Te3n acrnekTy He ca He3aBUCUMU efIMH OT pYr, a Ca B3aUMHO BIUSELLY
ce, KaTo nopogeHnTe eekTn onpesenat YHKUMOHMPAHETO HA MalMHaTa U HeilHuTe
TEXHWUYECKN XapaKTEPUCTUKWU. Pa3BUTUETO KaKTO Ha TEOPETUYHUTE METOAM, Taka M Ha
NPOrpamMHOTO OcUrypsisaHe npes nocrnegHuTe ABe AeCETUNETUS NPEAOCTaBAT HOBU Bb3-
MOXHOCTU 3a YCbBBPLUEHCTBAHE HA MOAXOAMTE, KOHLENLMNTE U TEXHUYECKUTE CpeaCcTBa
3a e(PEKTUBHO W KOHKYPEHTHOCNOCOBHO OCHLUECTBSBAHE Ha AEMHOCTUTE B NMPOEKTAHTC-
KWS! LIMKBA.

Pa3BuTMETO Ha TeopusTa 3a MoZenupaHe 1 13cneaBaHe Ha To3u TUN MaLLUHY € MOTK-
BMPaHO 1 OT rongMOTO pas3Hoobpasue Ha TEXHOMOMYHM NPOLECH B CbBPEMEHHOTO CTPO-
UTENCTBO, KOETO NPEBbPHA efiHa YacT OT CTPOUTENHWUTE MaHUMYIATOPW 1 MO CreLmanHo
XnapaenuuHuTe Barepy B YHUBEPCASHU MYNTUDYHKLUMOHANHU MalluHu, paboTewm ¢
MHOXeCTBO CMeHsieMy paboTHM opraHu. JlecHO NpUcbeanHaeMUTe KbM CTaHAAPTHO pa-
BOTHO CbOpbXeHMe PaboTHM OpraHW JaBaT Bb3MOXHOCT [a Ce M3BbpLBAT pPasHOOb-
pa3HN TEXHOMOTMYHM ONepaLMmn B pasnnyHi paboTHM YCOBWS, KOETO BOAM [0 PA3KO CbK-
paLlaBaHe Ha KOTIMYECTBOTO Ha CrneLmanmsnpaHnTe MawmnHu Ha paboTHaTta nnowyasaka u
KaTO KpaeH pesynTar - 40 NoBWLWAaBaHe Ha MKOHOMUYecKaTa e(PeKTUBHOCT Ha cucTemara.
Bb3MOXHOCTUTE, @ CLOTBETHO U Pa3HOOOPA3NETO Ha KMHEMATUYHUTE CXEMM Ha MaLLK-
HUTE, Ce YBENuYMXa 1 OT HyXauTe Ha noTpebutenute, JOBENM 4O MacoBaTta KbCTaMu3a-
LS npes nocrnegHuTe roanHn. MacoBoTo BHeapsiBaHe Ha CUCTEMM 338 aBTOMATUYHO Wi
NosyaBTOMaTUYHO KOMaeHe 1 crefBaHe Ha PaBHUHHW WU NPOCTPAHCTBEHN TPAEKTOPUN
[0Bee A0 PA3KO NOBKLIABAHE HA TOYHOCTTA Ha M3BbLPLLBaHWUTE PaboT, a CbLUO Taka 1
[o obnekyaBaHe Ha Tpyda Ha onepaTtopa u HamansiBaHe Ha npodecuoHanHuTe 3abons-
BaHWS. TeHaeHUMATa 3a YaCTUYHA UNK Mb/THA aBToMaTtu3aums 1 poboTusauus Ha cTpou-
TENHWU MaLUMHK 0CODEHO SICHO Ce npocneasiBa B pa3paboTkuTe Ha MaLl1HK1, NpeaHa3Ha-
YeHu 3a paboTa Ha JlyHaTa u Mapc, kaTo ce ovakBa yBenmyaBaHe Ha pa3paboTku 0T TO3M
M.

BaxeH acnekT npu NPOEeKTUPaHETO Ha XMAPABIMYHO 3aBUXBaHW CTPOUTENTHU U TOBa-
POMNOLEMHN MaHWUMYNaTopu € OTYATAHETO Ha B3aUMOLEWCTBUETO Ha XUApaBUYHaTa U
MeXaHu4yHaTa No4CMCTEMM Ha MaluvHaTa, BoAeLM A0 He0OX0aAMMOCTTa OT TAXHOTO CbB-
MECTHO MOZienupaHe OT MaTeMaTtnyecka rneHa Touka. Tasum HeobxoanMOoCT ce 3acusisa
OLLie NoBeYe OT roNiMOTO pa3Hoobpasie 1 roNeMUTE CTOMHOCTY Ha BHHLUHUTE CUIK, Bb3-
HWKBALLM NPW U3MbITHEHWE HA TEXHOMOTMYHM Onepauun 1 KoMTO crefBa fa ce oTyutart
Npn NpoeKkTMpaHe 1 n3cnegsaHe Ha mawumHute. OBMKHOBEHO Ca Hanuue NepuoanyHm,
3HaKOMPOMEHINBK, YAapHK, BUOPALMOHHN U Op. HATOBaPBaHWS, CUITHO BMUSIELLN BbPXY
XapaKTEPUCTUKUTE Ha cucTeMaTa v 3acunBally eqpekTUTe Ha B3aMMOLENCTBMETO MeXay
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NBETE MOACUCTEMM.

Hay4yHa 3HauMMoCT U HOBOCT

B oucepTaumoHHMs Tpyg ca pa3paboTeHu KakTo peguua HOBWM MaTemaTuyecku Mo-
Lenn 1 MeTOLMKM, Taka W YCbBbPLLEHCTBAHM CbLLECTBYBALLYM TakMBa, YASTO OCHOBHA LEN
e [ia Aage Bb3MOXHOCT 3a NO-Mb/IHO W BCeobXBATHO M3cneaBaHe M pa3paboTBaHe Ha
KOHKYPEHTHOCMOCOOHM MaLLMHW NPW OTYMTAHE Ha HaNWYMETO B MOBEYETO Cryvaun Ha or-
PaHUYeHn UHPOPMALMOHHN, (OMHAHCOBM M TEXHUYECKK pecypcu. PaspaboTeHute maTe-
MaTUYeCKM MOLENW N MHCTPYMEHTAHN CPeLCTBa pasrnexaar NnpeauMHoO CreHuTe Tex-
HW4Yeckn acnektu: 1) MeTtoau, NOAXOAW M KOHLENUMW NpU NPOEKTUPaHETO W n3cnensa-
HETO Ha CTPOUTENHW W TOBapONoAEMHU MaHunynaTopu; 2) MeToau, noaxoam v KoHLen-
LK 33 KMHEMATUYHO M AMHAMWUYHOTO MOZENMPaHe Ha MeXaHU3MUTE 3a BbPTEHE U pa-
BOTHUTE CbOPBXEHWS HA CTPOUTENHM 1 TOBApPONOAEMHI MaHunynatopy; 3) M3nonasaxu
rnokasaTenu 3a OLeHKa Ha (PYHKLMOHASTHUTE Bb3MOXHOCTU Ha CTPOUTESTHU M TOBapOMNo-
OeMHU MaHunynaTopu; 4) KoHuenuuy n HCTPYMEHTanHK CpeacTBa, U3non3BaHu Npu aB-
TOMaTn3auusaTa Ha MHXeHepHWs Tpya B obnacTTa Ha NPOEeKTUPaHETO M U3CNeaBaHETO Ha
TOBAPONOLEMHM W CTPOUTENHM MaHunynaTopu; 5) MeToaw 3a CuHTEs Ha napameTpuTe Ha
paboTHa 30Ha M reOMETPUYHUTE NapaMeTpu Ha 3BeHaTa; 6) EproHoMWYHM xapakTepuc-
TUKW Ha MEXaHWU3MUTE 3a BbPTEHE HA CTPOUTENTHUTE MaHMNynaTopu 1 TaXHaTa OLeHKa
CbIMacHO AeuncTBallm cTaHaapTu; 7) EkcnepumeHTansu Metoam 1 cpeacTsa 3a uscnep-
BaHe Ha TOBApOMOAEMHM U CTPOUTESTHW MaHWUNYNaTopu.

MpakTUyecka NonesHoOCT 1 NPUNOXKUMOCT

Pa3paboTeHnTe MaTeMaT4eckm MOAENM 3acsaraT LUMPOK KPbr TEXHUYECKN acnekTy,
CBbP3aHM C pasrnexaaHnTe Knacose MaluuHu. [pu TAXHOTO U3BEXOAHe ca 13MOoM3BaHm
dhopmanuanpaHn MeToau, KouTo MoraT Aa 6baaT 13NonN3BaHK OT UHXEHEPUTE 3a pa3BU-
BaHe Ha HOBYW WUNK MOAMMULMPAHe Ha CbLLECTBYBALUYM MOLENN 3a U3creaBaHe Ha Ma-
LUIMHW C pa3niyHa unn nofobHa KMHeMaTUYHa CTPYKTypa. [pakTYeckoTo 13Mon3BaHe Ha
MOZENNTE B UHXEHEPHaTa NpakTuKa ce nognomara oT Cb3fafeHNUTe NPOrpamHi cpefc-
TBa 33 aBTOMATU3aLMS HA UHXEHepHUs TpyA. YacT OT MeToaukuTe ce M3nonssaTt yc-
MNELIHO OT CTYAEHTUTe B OaKanaBbPCKUTE 1 MarMCTbPCKATE MALLMHOCTPOUTENHN CheLy-
anHocTw.

Anpo0auus Ha pe3ynTaTuTe oT gucepTauusTa

CblLECTBEHA YacT OT NOCTUrHATUTE Pe3ynTaTi B AUCEPTALMOHHMS Tpya ca anpobu-
paHu Ype3 oTneyaTBaHe B peLieH3npaHn Obirapcki U MeXOyHapOaHM CrMCaHUs N KOH-
dhepeHLnm, UUTUPaHUS B PELIEH3MPAHI HayYHU M3OaHWs, a CbLUO Taka W yyacTie B Ha-
YYHO-M3CNEA0BATENCKM NPOEKTW.

O6em Ha gucepTtauunaTa

[ncepTtaumoHHUAT TpyZ e ¢ 061y 06em 532 cTpanuuy, cbabpxa 8 rnasu, 306 durypu,
30 Tabnumuy, 251 nuTepaTypHK M3TOYHKKA OT KOUTO 174 Ha natuHuua v 77 Ha Kupunuua.
B 3aknoyeHneTo ca geduHupaHn HayyHuTe, Hay4yHO-NPUIOXKHUTE U NPUIOXHUTE MpU-
HOCM Ha AncepTaLmMoHHM Tpya. Homepata Ha durypute, dhopMmynute n Tabnuumre B aB-
TopedepaTa CbOTBETCTBAT Ha Te3n B ANCEPTALMOHHMSA TPYA.
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B. KPATKO U3NOXEHWE HA AUCEPTALMOHHUA TPY[

MABA 1. AHAITU3 HA TEOPETUYHUTE W EKCMEPUMEHTANHUTE U3CNEA-
BAHUA, CBbP3AHU C PA3NIM4YHU ACNEKTU HA MPOEKTUPAHETO U U3CIED-
BAHETO HA CTPOUTENHU N TOBAPONMOAEMHU MAHUMYNATOPU

1.1 Llen 1 06xBaT Ha HacTosILaTa rnaBa

OcHoBHaTa e Ha HacTosILaTa rfaBa e a ce aHanusupar JOCTbMNHUTE NUTEPaTypHM
M3TOYHWLYM 1 pa3paboTKK M YCTaHOBW CbBPEMEHHOTO CbCTOSIHUE Ha HAaY4YHUTE U3cneaBa-
HWS, CBbP3aHN C TEOPUATA Ha NPOEKTUPAHETO W U3CNEABAHETO Ha CTPOUTENHM U TOBa-
PONOAEMHM MaHUMynaTopwu.
1.8 Llen u 3agayn Ha gucepTaLMoOHHNUA TPYA

OT aHanu3a Ha U3BbPLUEHUS NUTEpaTYpeH 0630p, NONYyYEeHNUTE OT pasnUYHUTE aBTOPU
pe3ynTatn U HeoOXOAMMOCTTa OT YCbBBLPLLEHCTBAHE HA TEOPETUYHUTE U MPAKTUYECKM
NPUNOXUMIUTE METOAM 3a aHanmM3, CUHTE3 U ONTUMMU3ALMSATA Ha Pa3NUYHUTE NOLCUCTEMM
Ha CTPOWUTENHMTE M TOBAPONOAEMHUTE MaHWUMynaTopu, ce hopmynmpa LemnTa Ha HacTo-
silata aucepTaLmoHHa paboTa.

LEN HA PABOTATA
[a ce npepnoxar HOBWU M OOPa3BUAT CbLIECTBYBALMUTE TEOPETUYHU MeTOau U
NPaKTMYeCKn METOAMKM 3a peluaBaHe Ha crieumanusnmpaHuTe nNpoonemMu, Bb3HUK-
BaLLy NpyW aHanu3a, CUHTe3a U ONTUMU3ALUATA HA Pa3NIUYHUTE NOACUCTEMU HA MO-
OMIHM U CTaLUMOHAPHU CTPOUTESTHU M TOBApONOAEMHU MaHUNYNaTopw.

[MocTuraHeTo Ha NocTaBeHaTa LIeN ce M3BbPLUBA YPE3 PeLliaBaHe Ha CrieHNUTe 3aaaun,
KoUTO AechuHMpaT 00xBaTa Ha AMCEpPTALMOHHUS TPYA:

e PaspabotBaHe MaTeMaTiYeH MOLEN Ha MexaHU3bM 3a BbpTEHe KaTo OCHOBA 3a
aBTOMaTM3aLMsTa Ha YacTTa oT paboTHUS LIMKBI, KOSITO ChOTBETCTBA Ha 3aBbpTaHETO
Ha nnaTcopmaTa 1 CBbP3aHOTO C Hest pPabOTHO ChopbXeHue. Upes cpaBHUTENEH aHan3
Ha KUHEMATUYHUTE, CUIMOBITE 1 MOLLHOCTHM XapaKTEPUCTUKM Ha MeXaHW3Ma 3a BbpTeHe
NPy pasninyHK 3aKOHM 3a 3aBbpTaHe CrieaBa Aa Cca OTKPOST TEXHUTE NPeAUMCTBa U He-
[0CTaTbLY M AehuHMpaT 1 pa3paboTaT pasnuyHu KpUTEPUM, KOUTO TpsAGBa Aa yaoBneT-
BOpsiBa M30paHWs 3aKOH 3a 3aBbpTaHe Ha nnatdopmarta. B jonbnHeHve cneasa aa ce
M3CneaBaT Bb3MOXHOCTUTE 33 ONTUMWU3ALMS Ha 3aKOHWUTE 3a 3aBbpTaHe U M3bopa Ha
ONTUMATHM MO ONpeaeneH KpUTEPUiA ENEMEHTY Ha MEXaHU3Ma 3a BbPTEHE;

e PaspaboTBaHe Ha METOaMKa 3a OMpeaensiHe Ha KUHEMATUYHUTE XapaKTepUCTUKM
Ha ceflarnkarta Ha onepaTopa npu HeHOTO CbBMECTHO 3aBbPTaHe Mo U3BECTHI 3aKOHM C
nnatopmarta 1 oLieHKa CbrMacHo AENCTBALLW HOPMATUBHI AOKYMEHTM Ha TAXHOTO BIi-
HME BbpXY paboTocnocoOHOCTTa M 30PpaBETO Ha OnepaTopa;

e Pa3paboTtaaHe v Banuaauus Ha MaTeMaTU4eH MOZEN Ha XMAPABNNYHO 3aABIKBaH
MeXaHW3bM 3a BbPTEHE, OTYMTALL eNaCTUYHOCTTa U HaNMUYMETO Ha XnabuHa B TpaHCMK-
CUSITa, @ CbLLO TaKa 1 enacTUYHOCTTa Ha PADOTHOTO CLOPBLKEHIE B XOPU3OHTAIHO Har-
paBneHve. MogensT crieiBa fa No3BONsBa U3CneaBaHe Ha [BYCTPaHHOTO B3auMoaenc-
TBUE Ha XWPaBNMYHATA 1 MEXaHUYHATa NOACKUCTEMN HAa MEXaHW3MA, a CbLLO Taka 1 BUO-



PaLMOHHOTO MOBEAEHNE Ha CUCTEMATA NPU Pa3NUYHUTE 3aKOHW 3a 3aBbpTaHe Ha nnart-
opmara;

e l3non3Banku hopmanuampaH noaxod Aa ce pa3paboTaT KOMNNEKCHU MaTeMaTu-
Yeckn moaenu Ha barepHn paboTHO CbOPBXEHUS HA CTPOUTENHW MaHWNyNaTopu ¢ pas-
NIMYHN KMHEMATWUYHW CTPYKTYpU NMO3BONSABALLM pellaBaHe Ha npaeata u obpartHaTta 3a-
[a4u Ha KMHEMATWKATa Ha HUBO reOMETPUS, CKOPOCTU U YCKOPEHUS!, @ CbLLO TaKa 1 pe-
LlaBaHe Ha obpaTHaTa 3afaya Ha AuHamukata. Mogenute cnedBa Aa pasrnexgar 06-
WS CRyYai Ha KMHeMaTUYHaTa Bepura 1 Ha NPUCHEANHABAHETO Ha PabOTHOTO CLOPD-
KEHME KbM BbpTALATa nnatgopma. Bb3 0CHOBa Ha KMHeMaTUYHKUS MOAen Aa ce Cb3-
[age matemaTuyeH Moaen no3sonsiBall, M3CNeABaHETO Ha pPa3nionsaBaHeTo Ha ToBapa
NPy N3BBLPLLBAHE HAa NOLEMHO-TPAHCMIOPTHM ONepaLun npu ABWKEHNE Ha TOBapa Mo Bep-
TUKanHa npasa NMHWS. KaTo JOMbIIHEHWE Bb3 OCHOBA Ha MOMyYEHUTE rEOMETPUYHU 3a-
BMCUMOCTY criefBa Aa ce pa3paboTit METOA 3a CUHTES YPe3 ONTUMM3ALMS HA FeOMeTpUY-
HUTE NapaMeTpu Ha 3BeHaTa Ha pabOTHOTO CbOPBLXEHWE B 3aBMCUMOCT OT 3aJafeHUTe
XapaKTEPUCTMKN Ha paboTHaTa 30Ha;

e [la ce paspabotaT u Banuaupat 0600LEeHN MaTeMaTMYECK MOAenu, No3Bons-
BaLL/ ONMCaHKE Ha AMHAMWYHOTO NOBEAEHME HA MHOMO3BEHHW CTPOUTENHW M TOBAPOMNO-
LEMHW MaHMnynaTopu ¢ TBbPAO 1 cBOBOAHO OKayBaHe Ha ToBapa npu OTYMTaHE Ha Mak-
cumarneH 6poi hakTopy Ha cuctemaTta. Tbi KaTo Te3M CbOPBXEHNS ce ynpaBnsear noc-
PEACTBOM PBYHO UM ENEKTPOMArHUTHO YNpaBnseMi XMapaBnuyHW pa3npeaenuTen, To
cnefsa Aa e pa3paboTu eanHeH mateMaTyeH MoAen 3a onicaHue Ha CbBMECTHOTO au-
HaMW4HO NOBEAEHME Ha MeXaH1YHaTa 1 XuapaBnuyHaTa noACUCTEMN Ha MalLnHaTa, nos-
BOMNABALL, M3CrefBaHe Ha HaTOBapBaHETO Ha 3afdBWKBaLLMTEe MexaHuamu. MogenuTe
cnefsa da no3sonsBaT CUMyNaLmMs Ha ABMKEHWETO HA CUCTEMUTE NPU Bb3OAENCTBUETO
Ha pa3HO0Opa3HN BLHLUHK HAaTOBapPBaHMS;

e PaswwupsBaHe Ha Kpbra Ha NokasaTenuTe, U3Non3BaHM 3a OLEHKa Ha (yHKLMO-
HanHUTE W TEXHONOTMYHUTE BB3MOXHOCTW Ha CTPOUTESTHW MaHWUMynaTopu CbC CXOAHA
KMHeMaTh4Ha CTPyKTypa. ToBa MOXE [a Ce WM3BbPLUM Ype3 afanTupaHe Ha CbLyecTBy-
BalL/ W pa3paboTBaHE HA HOBM NOKa3aTenu, MMaLLy KONMUYECTBEHO M3MEPEHNe U aa-
BaLL/! Bb3MOXHOCT 3a OLEHKA Ha reOMETPUYHUTE, KMHEMATUYHUTE U CUNOBUTE Bb3MOX-
HOCTM Ha MaLLUMHMTE. KoraTo 13nonasaHuTe Npu CpaBHUTENEH aHanu3 Ha ABe 1 NoBeYe
MaLLMHW KIacKuyeck nokasaTenu nokaseat 6nmnaku CTONHOCTM, NpuUnaraHeTo Ha Aonbi-
HUTEeNHUs Habop OT NoKasaTenu Le NO3BONM a Ce U3ABAT UHAMBUOYANHUTE 0COBEHOCTH
Ha NpoekTUpaHuTe MalnHK. ChLLO TaKa, JOMbIHUTENHWUTE NOKasaTenu cneasa fa morat
[ia Ce M3ron3eat KaTo KpUTepUM 3a ONTUMM3aLMS 1 [a JaBaT Bb3MOXHOCT 3a CUHTE3 Ha
KOHCTPYKUWM C NpeaBapuTeNHO 3a4afeHN CBOMCTBA;

e PaspaboTBaHe Ha NPaKTUYECKN NPUNOXMMA METOAMKA 3a ANHAMUYHA CUMYNaLms
Ha OBWKEHWETO Ha CTPOUTESTHM M TOBAPOMOLEMHN MaHWUMynaTopy B nporpama ¢ obuyo
npeaHasHayeHue. PaspaboTBaHe Ha aBTopcku nporpamu, pabotewwm B Web cpega: 1) 3a
onpenensHe Ha CTaTUYHUTE CUNW BbB BPb3KNUTE HA pabOTHOTO CLOPBXEHNE Ha XMapaB-
nuyeH barep; 2) BUpTYyarnHa cpefa 3a cumynaums Ha pabotata v nnaHuMpaHe Ha pasno-
TIOXXEHMETO Ha MaLUMHUTE Ha 0BEKT CbC 3eMEKOMHM U TPAHCTOPTHM MaLLIHW.



FMABA 2. MATEMATUYEH MOJEN HA MEXAHM3BM 3A BLPTEHE KATO OC-
HOBA 3A ABTOMATU3ALINATA HA TPAHCINOPTHUTE ONMEPALINA

2.1 Uen n 00xBaTt Ha HacTosLWaTa rnasa

B HacTosiwaTa rnasa ycunusta ca HaCoYeHW KbM pasriexiaHe Ha Bb3MOXHOCTTa Me-
XaHW3Ma 3a BbpTEHE [a Ce TpeTupa KaTto ynpaBnsemMmo CbOpbXeHne, AaBallo Bb3MOX-
HOCT Ha BbpTALlaTa nnatopma Aa ce 3aBbpTa Nno nNpeaBapuTenHO 3afafeHn 3aKoHu,
KOWTO crefBa fa YAOoBETBOPABAT OnpeaenieHn KNHeMaTUYH1, CUITOBU, MOLLHOCTHY U ap.
M3KCKBaHWS. YNPaB/IEHNETO Ha 3aKOHa 3a 3aBLPTAHETO LUe MO3BOSN peanusnpaHe Ha
MbIHA UMK YacTUYHA aBTOMATU3aLMS Ha TPAHCMOPTHWUTE Omepauun, KOUTO ca YacT OT
LIANOCTHWA paboTeH LMKbI1 Ha Barepa.
2.2 Kputepun 3a n360p Ha 3aKOH 3a 3aBbpTaHe Ha BbpTALlaTa nnatopma

3aKOHBT 3a 3aBbpTaHe Ha BbpTALlaTta nnatdopma @ui(t) Ha xuapaenuyHUTE Barepu n
HEroB1TE KMHEMaTUYHN XapaKTepUCTUKN (CKOPOCTW, YCKOPEHWE, NPOLBITKUTENHOCT Ha
NPexXoaHuUTE Nepuoamn v Ap.) Npy 3aBbpTaHe Ha onpeaeneH b/l Mo Bpeme Ha TpaHCnop-
THUS NPOLIEC Ce ONPeaensaT NPeaMMHO OT KOHCTPYKLMATA U TEXHUYECKN XapaKTEPUCTUKN
Ha MexaH13Ma 3a BbpTeHe. 3aKOHbT 3a 3aBbpTaHe Onpeaens KakTo KMHeMaTuyHuTe, cu-
NIOBUTE U MOLLHOCTHUTE XapaKTEPUCTUKN Ha 3a[BWXBALLMA MEXaHW3bM 32 BbpTeHe,
BKMIOYMTESTHO W HA MbPBUYHMA ABUraTen Ha MaluuHaTa, Taka U KUHEMaTUYHWUTE XapaKTe-
PUCTMKM Ha MOHTUPAHOTO BbPXY Nnatgopmara paboTHO CbOPBXXEHNE M YaCT OT EProHO-
MWYHUTE NoKasaTenu Ha onepaTopa. Ha ¢ur.2.2 ca nokasaHu Kputepumre, KouTo Tpsibea
[ia YOOBNeTBOPsBa 3aKOHa 3a 3aBbpTaHe Ha nnatgopmMara.

2.3 KnHemaTM4HM XapaKkTepuCTUKN Ha 3aKOHUTE 32 U3MEHEHUEe Ha bIbfla Ha 3aBbp-
TaHe Ha nnatdgopmara

OT KOHKpPETHMA BWA Ha MaTemMaTnyeckaTta (PyHKUMS Ha 3aKOHa Ha 3aBbpTaHe Ha nnar-
opmara W HeroBuTe NPOM3BOAHM MoraT Aa 6baart onpedeneHn MakcumanHuTe CTom-
HOCTY Ha BITIOBUTE CKOPOCT, YCKOPEHWE W MbpBa NPOM3BOAHA Ha YCKOpeHMeTo. B HacTo-
swata paboTa ca pasrnegaHn Tpu pa3npoCTpaHeH K 3aKoHa, @ UMEHHO — JIMHEEH 3aKOH C
napabonuyHM CEerMeHTM, NOSIMHOMEH 3aKOH OT NeTa CTEMNEH U LMKMOMAEH 3aKOH.

Bun na
3akoHa HadvauHu U KpaiHu

YCJIOBHA

TexHuko-
HKOHOMHYECKHU
KpUTEPUU

3aKoH 3a
3aBBbpTaHE Ha
nnatdopmara

Br3gelicTBre BBPXY
MEXaHWYHAaTa CUCTEMA Ha
pabOTHOTO CHOPBIKEHHUE

Exonornunu —
KpUTEPHUH

CHII0BU U
MOIIH OCTHHU
KPUTEPHH

EpronoMuunu
KpUTEPUU Kunemarnann
KpUTEpUU
dur.2.2 Habop oT KpuTepum, KOUTO criefBa Aa YOOBMNETBOPSIBA 3aKOHA 3@ 3aBbpTaHe
Ha nnartgopmara
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2.3.4 CpaBHeHMe MexAy pasnMYHUTE 3aKOHM Ha 3aBbpTaHe Ha nnatdopmarta
C Len M3BbpLUBAHE HA CPaBHEHWE MeXy KMHEMaTUYHWUTE XapaKTePUCTUKM Ha TpuTe
3aKoHa, Ha ¢ur.2.10 Te ca u3obpaseHu BbB BpemesaTta obnact. M 3a Tpute 3akoHa npo-

OBIKUTENHOCTTA Ha 3aBbPTaHe =7 § ¥ brbNa Ha 3aBbpTaHe ¢/, =7 ca efHakeu. C

YepBEHM NNHWK ca U300pa3eHN XapaKTEPUCTUKUTE Ha LMKITOMAHNS 3aKOH, CbC CUHS -
HUS — XapaKTEPUCTUKUTE HA NOMMHOMHUS 3aKOH, a C YepHa JIMHUS — XapaKTepUCTUKUTE
Ha NMMHENHMA 3akoH. KakTo ce Bikda ot ¢our.2.10 6) u B) MUHUMAnNHKU CTOMHOCTU Ha br-
IIOBUTE CKOPOCT W YCKOPEHWUE MMa NIUHENHWUS 3aKOH, crnefBaH OT MOSIMHOMHMSA W LWKITO-
naHus 3akoHn. OT cour.2.10 1) ce BXaa, Y€ B HAYANOTO W Kpas Ha BpeMeBWS MHTepBan
MbpBaTa NPOW3BOAHA Ha YCKOPEHWETO 3a MOMMHOMHUS 3aKOH MMa MO-BMCOKW CTOMHOCTY
OT UMKMNOWAHWS 3aKOH, HO B CpeJaTa Ha MHTepBana “ma no-Hucka ctonHocT. CbrnacHo
(2.28) nbpBaTa Npou3Bo4Ha Ha YCKOPEHMETO MPpU NUHENHWUS 3aKOH UMa BeskpaiHo ro-
nsiMa CTOMHOCT B YETUPU MOMEHTA OT BpeMe.
2.4 CnoBM 1 MOLHOCTHU XapaKTePMCTMKMTE Ha MEXaHM3Ma 3a BbPTEHe
[o3HaBaHETO Ha aHaNWUTUYHWSA BUL Ha 3aKOHUTE 3a 3aBbpTaHe Ha nnaTgopmaTa no3eo-
nsBea fa 6bhar onpeaeneHn CUnoBuTe U MOLLHOCTHUTE XapakTePUCTUKN HA MEXaHU3ma
3@ BbpTEHE 1 M30paHu MbPBUYEH M BTOPUYEH [BUraTENK, a CbLLO Taka Opa3MepeHm ene-
MEHTWUTE Ha XMApaBIMYHaTa U MEXaHWYHATa CUCTEMM HA MbpPBOHAYaNHWA eTan oT npo-
eKTUpaHeTo. YpaBHEHMETO Ha obpaTHaTa AMHaMKKa Ha MexaHu3Ma 3a BbpTeHe, Npeac-
TaBEH Ype3 eAHOMACcOB AMHAMUYEH MOAEN C efHa CTeneH Ha cBoboaa, ce CbCTaBs Cbr-
I1acHO BTOPMS 3aKOH Ha HIOTOH. B Hero e 13BecTeH 3akoHa 3a NpOMsiHA Ha brI0BOTO
YCKOPEHME a Ce TbPCU BbPTALLMS MOMEHT B AABUraTensi, KOWTO ro OCbLLECTBABA.
2.5 CpaBHeHWe Ha CUNOBMUTE U MOLLHOCTHUTE XapaKTepPUCTUKM

3a [a Ce U3BbPLLUM CPaBHEHWE MEXAY CUMNOBUTE W MOLLHOCTHUTE XapakTEPUCTUKN Ha
TpUTe 3aKOHa, Ha ¢ur.2.17 a) u 6) Te ca um3obpaseHn BLB BpemeBaTa obnact, a Ha
¢ur.2.17 B) n 1) ca n3obpaseHn kato HYHKUMS Ha brbna Ha 3aBbpTaHe. M 3a TpuTe 3a-

KOHa MPOABITKUTENHOCTTA Ha 3aBbpTaHe =7 S, brbra Ha 3aBbpTaHe ¢/, =7, CTaTUy-

HMA  CbNPOTUBMTENEH MOMEHT M, =20kNm ¥ MacoBif WHEPLMOHEH MOMEHT
red \ __ 3 2
(J,; +J;") =120.10°kgm’ ca enHaksu.

¢c, op, gt we, wp, wtr

3.0
0.8

2.5

20 0.6

0.2

ts ts



€c,ep, etr je.jp
0.6

0.4
1 0.4
1
0.2 :
' 0.2
1
i 2' 3 ' ts .
S
: 1 3 4 6 7
:
1
1
1

-0.2 -0.2

-0.4

-0.4

"
¢our.2.10 brbn Ha 3aBbpTaHe a), briosa ckopocT 6), BrIoBO YCKOPEHWE B) U NPO-
W3BOAHA Ha BrIOBOTO YCKOPEHWE T), NPeACcTaBEeHN BbB BpeMeBaTa obnact

C yepBeHu NHUKM ca U306pa3eHN XapakTEPUCTUKUTE Ha LIMKMNOUOHMS 3aKOH, CbC CUHS
NIMHUS — XapaKTEPUCTUKIUTE Ha NONMHOMHUSA 3aKOH, @ C YepHa JIMHWS — XapaKTePUCTUKNTE
Ha NIMHENHNS 3aKoH. ®ur.2.17 a), Ha KOATO ca 1300pa3eHn BbPTALLMTE MOMEHTH 3a TPUTE
3aKoHa nosTaps B1aa Ha qur.2.10 B) — brNoBOTO YCKOPEHME, KAaTO Hal-HUCHK € MaKCu-
MarnHus BbPTALL, MOMEHT NpW TpaneLoBUOHWNS 3aKOH, a Hal-BUCOK — NPU UMKNOUOHNS.
MakcumanHaTa MowHocCT (ur.2.17 6) e Han-BuCOKa NpW UMKMOWAHUS 3aKOH, a Npu nu-
HEeWHWS U NONMHOMHMS 3aKOHM € C NPUBNU3UTENHO eHaKBa CTOMHOCT.

2.6 OnpepensHe Ha NPOABLIMKMTENHOCTTA Ha 3aBbpTaHe B 3aBUCUMOCT OT pa3nuy-
HUTE KpUTEpUM

[lonyyeHnTe B aHANMUTUYEH BUL KMHEMATUYHW, CUIOBK U MOLLHOCTHU XapaKTEPUCTUKM
Ha MexaH13ma 3a BbpTeHe NO3BONSABAT Aa Ce ONPEAENT XapakTePUCTUKUTE Ha 3aKOHWUTE
3a 3aBbpTaHe Ha NnatdopmaTta Taka, Ye aa yaooBneTBopsiBaT U3bpoeHnTe B T.2.2 Kpute-
pun, AeUHMPAHM YPE3 KOHKPETHU YACTIEHWN CTONHOCTY.

TbM1 KaTo KNHEMATUYHUTE XapaKTEPUCTMKN Ha 3aKOHa 3a 3aBbpTaHe Ha nnatdopmara
ca B Mnpsika 3aBUCUMOCT OT NPOABLIKUTENHOCTTA tr HA 3aBbpTaHe Ha nnardgopmara, To
3a[jaBaHeTo Ha onpeaeneHn MakCcUManHo 4ONyCTUMM CTOWHOCTU Ha KMHEMATUYHUTE Xa-
PaKTEPUCTUKM LLe foBede A0 ONpedensiHeTO Ha CTOMHOCT Ha tr, KOSTO Aa r yAoBNeTBO-
psiBa. Bcekn OT kpuTepuuTe e dafe efHa MUHUMAIIHO A0NYCTMA CTOMHOCT Ha tr, kaTo
Hail-rongmara oT NoJslyyYeHnTe CTOMHOCTY LLe YAOBIETBOPSIBA BCUYKM KPUTEPUW M TOBA

min

e Obae MUHUManNHaTa Bb3MOXHA CTOMHOCT 7" Ha BPEMETO 3a 3aBbpTaHe Ha nnart-
opmara.

Me,Mp, Mtr Pc,Pp,Ptr

50000) 40000

30000
40000

20000

A¢/ 10000 !
1
ts ; ts
1 2 3 2 6 7 1 2 3 5 7
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Mc,Mp, Mtr Pc,Pp,Ptr

40000
60000

30000
40000

20000
20000

‘ 10000
¢

3.0

-20000 -10000

(ur.2.17 BbpTswy, MOMEHT a) U MOLWHOCT 6), NpeacTaBeHN BbB
BpeMeBaTa 06nacT 1 BbpTAL, MOMEHT B) 1 MOLLHOCT T), NPeCTaBeHN KaTo (hyHK-
LSt Ha brbfla Ha 3aBbpTaHe

2.7 BeposiTHOCTEH NoAXxoA KbM onpefensiHe Ha XapakTepuMCTUKUTE Ha MeXaHU3Mma
3a BbpTeHe
2.7.1 ®opmanuaupaH Moaen Ha MexaHu3ma 3a BbpTeHe

B Hail-06L BMAa, NpoLechT Ha (OYHKLMOHMPaHe Ha MeXaHK3Ma 3a BbPTEHE Ce OnncBea
ype3 3aKoHa Ha (hyHKLMOHMPaHe, KOMTO NpeobpasyBa BXOAHWUTE Bb3AENCTBUS B U3XOOHM
XapaKTepUCTUKM:

y=f(x,v.p) (2.90)

3a[laBaHeTO Ha MHOXECTBO OT CTOMHOCTW Ha BXOAHWUTE BESIMUMHI U BEPOATHOCTUTE 3a
TAXHOTO MOSIBSIBaHE LLe [0BeAaT 40 MHOXECTBO OT CTOMHOCTU Ha M3XOL4HUTE XapakTe-
PUCTMKM, KOETO NO3BOISBA Aa CE U3BBLPLLIM CTaTUCTUYECKN aHaNN3 Ha pe3ynTaTuTe 1 Han-
PaBSAT BEPOSITHOCTHU M3BOAM OTHOCHO MOBEAEHMETO HA MEXaHW3ma 3a BbPTEHE U Bb3-
MOXHUTE rPaHWLIM Ha MPOMSIHA Ha HETOBUTE U3XOAHW XapaKTEPUCTUKNA.
2.7.3 BepoATHOCTHO-CTaTUCTMYECKA CMMYyNauUa Ha XapaKTepUCTUKUTE Ha MeXxa-
HM3Ma 32 BbPTEHe

BbpTAWmMAT MOMEHT ce u3passea Ypes (2.59), a makcumarnHata My CTOMHOCT €:

max S re 1 Oq)f
My =M+ (S, + )=

V3t

BepOFITHOCTHO-CTaTVICTVI‘-IeCKVI XapakTep Moxe Aa ce npuaage Ha CtatudHua Cbnpo-

TUBWUTENEH MOMEHT M jjl,Ha MacOoBUS MHEPLIMOHEH MOMEHT Ha nnatdopmaTa Jp M Ha

brb/ia Ha 3aBbpTaHe ¢!, HopmanHuTe pasnpepenexus ca AedMHMpaHm Upe3 MaTema-

TUYECKOTO CW OYaKBaHe U W CPEAHO KBaapaTUYHOTO OTKIOHEHWE 0, AOKaTO paBHOMEp-
HOTO pasnpeaeneHune ce aeduHMpa Ypes JonHata v ropHata cu rpaHuum a u b. Toid kKaTo
CTOMHOCTTa Ha MaKCMManHUa MOMEHT onpeaens KakTo NpoAbIMKUTESTHOCTTA Ha BPEMETO
3a 3aBbpTaHe 1 HaTOBApPBAHETO Ha LANaTa KMHeMaTU4Ha Bepura, Taka u HansraHeTo B
XnapaBnuyHaTta cuctema, To criefsa Aa ce W3BbpLUM No-NoapobHO 13cneaBaHe Ha pe-
3ynratuTe, NONy4YeHn 3a MakCUManHus BbPTSLY, MOMEHT.

HeonpepneneHocTTa B pe3yntaTute Nopaaun Hanm4ynMeTo Ha HeonpeaesieHoCT BbB BXOA-
HWTE Ai@HHM Ce Pa3NpOCTPaHsiBa U BbPXY MUHUMAMNHOTO BpeMe 3a 3aBbpTaHe tr. AKo ce
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N3Mon3BaT BXOAHMTE AaHHK OT Tabn.2.1 u [M;‘}a"] =54 kNm , T0 gnarpamara Ha abco-

NIOTHUTE YeCTOTM Ha tj?i“
(X 1000)

1 T
09
0.8
0.7

“Ma BUAa, NokasaH Ha gour.2.26.

frequency

0000
v w s oo

o
N

o

-
o

7 8 9
tf,s

o -

min

ur.2.26 [Inarpama Ha abCOMOTHUTE YECTOTU Ha 7

3a ga 6bae M3MbIHEHO YCOBMETO Mpm,ax g[M;‘}a"] e Heobxoaumo aa ce nbepe

min

BPEME 3a 3aBbPTaHe tr, MO-TONAMO OT 77, T.€. £, > 17" . AKO Ce OTueTe, Ye € Bb3MOXHO

1 NOSIBABAHETO Ha CTOWHOCTY HaABMLLABALLM cpeaHaTa CTONHOCT t}ni“ =8 s, T0 3a n3bop

Ha CTOMHOCT Ha BPEMETO 3a 3aBbpTaHe creasa Aa ce U3non3sa HAKOW OT MPOLEHTUNTE,
nokasaHu B Tabnuua 2.5. Hanpumep, ako ce unonssa 954 npoueHTun, 10 ¢, =9.04 s

2.8 OnTMMKU3auma Ha CUNOBUTE U MOLIHOCTHUTE XapaKTePUCTMKMU Ha MeXaHM3Ma 3a
BbpTEHE

2.8.1 OnTMMKU3aLMA Ha CUNOBUTE XapaKTePUCTUKM

e 32 NOIMHOMHMSA U LIUKINOUAHMUA 3aKOHU

[Tp1 NONMHOMHWS 1 LIMKNOUAHWS 3aKOHW NMPOABIMKMTESNTHOCTTA Ha 3aBbpTaHe tr npu 3a-
[aeHN UHEPLIMOHHM XapaKTEPUCTUKIN HA MEXaHWYHaTa CMCTEMA U CTOMHOCT Ha CTaTuY-
HOTO CbMNPOTUBNEHME BNMsie Ype3 obpaTHa KBagpaTUyHa 3aBMCUMOCT, @ brbfla Ha 3aBbp-
TaHe — IMHENHO BbPXY MaKCUManHWs BbPTAL, MOMEHT. [1pun 3aafieH OT TEXHOOMMYHMS
NPOLEC bIbS1 HA 3aBbPTaHe, EANHCTBEHUAT HAYMH [a Ce HaMansBa MakCUManHUAT Bbp-
TSLL, MOMEHT € Ype3 yBennyaBaHe Ha NPOABLIMKUTENTHOCTTA Ha 3aBbpTaHe tr.

e 3a NIMHENHUA 3aKOH

Moxe ga 6bae HamepeHa onTManHa CTOMHOCT Ha t; B 3aBMCUMOCT OT NPOABbITKUTEN-
HOCTTa Ha npexogHuTe nepuoan. Llenesata gyHKumus nma suaa:

t (At) — min (2.101)
YUNTO MUHUMYM CE TbPCK NPK CIIEAHOTO OrPaHUYUTENHO YCIOBUE:
t
0<Ar< é (2.102)

OnTMmanHaTa CTOMHOCT Ha Af€e;
red f
At* _ (Jpl +Jtr )(Dpl
max .__hm S
(DmAp lﬂm nred _Mptl)
2.8.2 OnTUMM3auma Ha MOLLHOCTTA 3a 3aABWXBaHe Ha nnaTtdgopmara
11
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e 3a NOJIMHOMHUA U LUKNOUAHUA 3aKOHU

AHanoOrM4yHo Ha BbPTALUMS MOMEHT, NPU 3aafeHn CTONHOCTW Ha NapameTpuTe, Mak-
cMMariHata CTOMHOCT Ha MOLLHOCTTa Ce onpefesns eaMHCTBEHO OT NPOLbIDKMTESTHOCTTA
Ha 3aBbpTaHe.

e 3a NMHENHUA 3aKOH

MakcumanHaTa MoLHoCT Moxe da 6bae MUHUMU3MpaHa Ypes noaxoasiy nogbop Ha
CTOMHOCTTa Ha NpogbiukmMTenHoctTa At Ha NycKOBMA M crvpadHus nepuogun. Mapasst
(2.113) npencrasnsiBa Lenesa qyHKUMS

Py (At) — min (2.114)
YUUTO MUHUMYM CE ThPCH MPK CMEAHOTO OrPaHNYMTENHO YCIIOBYE:
0<At<t, /2 (2.115)

OnTumanHaTa CTOMHOCT Ha Af, Nnpn KOATO MakCuManHaTta MOLWHOCT C€ MUHUMK3NPA,
npeacTaBndBa peLleHne Ha cnegHoTo Ky6VILIHO YPaBHEHHKE:

MUAP — Mt AP =30, (Jp, +Je )At +¢, (Jp, +Je )t ’

=0 (2.117)
2.9 OnTumaneH n3bop Ha xuapoasuraTen u peaykrop

Xnapoasuratensr, peaykTopbT U ONMOPHO-BBPTALWMAT Kpbr ca CTaHOApPTU3MPaHK 3a-
KYMHU U30enus ¢ onpeaeneHn XapakTepucTuki, nopagm KOeto npu TAXHOTO KOMMIEKTO-
BaHe Ca Bb3MOXHW MHOXECTBO BapuaHTW, KOUTO Ja OCUrypaT HeobXoaumuTe KMHeMa-
TUYHM XapaKTEPUCTUKI Ha MeXaHM3Ma 3a BbpTeHe. OTunTalkK, Ye XuapaBnuuHuaT barep
e MoBunHa MalumnHa, eMH NOAXOAALLY KpUTEPUI B cnydvast e obliata Maca Ha Xuapoasu-
ratens, peaykropa, OnopHO-BBbPTALLMSA KPbI CbC 3bOHNS BEHEL, 1 MankoTo 3bOHO Koneno
aa 6bae MuMHMManHa. Hanuue e HenvHenHa ONTUMU3ALMOHHA 3adava, YMATO LeneBsa
(OYHKUMS € CymapHaTa Maca Ha Bb3ena:

m=m,, +m +m, +m, —>min (2.119)

OrpaHnumTenH1Te yCnoBns B ONTUMU3ALMOHHATA 3a4ada ce hopMynupart oT Heobxo-
OMMOCTTa 3a peanusnpaHe OT MexaHu3ma 3a BbpTEHE Ha CUIIOBM U KMHEMATUYHMN Xapak-
TEPUCTUKM, 3adafeHN OT 3aKOHa 3a 3aBbpTaHe Ha nnaTtdopmara. B HacToswaTa pabota
3a pellaBaHe Ha 3afavaTta ce u3nonssa Moandukaums Ha metoga MoHTe-Kapno.

2.10 U3Boau

/3BbpLUeHUTe B HAacTosALLATa rMaBa U3CcneaBaHns No3BonsBaT a ce HanpaesaT cneg-
HWUTE U3BOAMU:

1. MatematuyeckuTe MOLENM Ha 3aKOHUTE 3a 3aBbpPTaHe Ha nnartdopmara Ha Xud-
paBnu4HUs Garep No3BonsBaT onpeaensiHe Ha KMHEMaTUYHUTE, CUMOBUTE U MOLLHOCT-
HWUTE XapaKTEPUCTUKN Ha MEXaHK3Ma 3a BbPTEHE U BbpTSALLaTa nnatgopmMa, a CbLUO Taka
N onpesensiHe Ha TEXHUTE eKCTPEManHU CTOMHOCTMY;

2. [lebnHMpaHnTe KUHEMATUYHK, CUNOBK, MOLLHOCTHU 1 €PrOHOMUYHN KPUTEPUM NO3-
BONsIBaT M30Op Ha BKOA HA 3aKOHA 3a 3aBbpTaHe Ha nnatdopmaTa 1 onpeaenswuTe ro
napameTpu;

3. CpaBHUTENHUAT aHanm3 Mexzay pasrnexaaHnuTe 3akoHW Nnokasea, Ye npu eaHaksu
apyrv ycnosus: a) MUHUMaNHU CTOWHOCTM Ha BIMOBUTE CKOPOCT U YCKOPEHWE UMa nu-
HEeWHWS 3aKOH, cneaBaH OT NOMMHOMHUS W LIMKNOUAHWS 3aKoHK; 6) B HayanoTo v kpas Ha
BPEMEBWS UHTepBas MbpBaTa NPOM3BOAHA HA YCKOPEHMETO 3a MONMMHOMHMS 3aKOH MMa
NO-BUCOKW CTOMHOCTM OT UMKNOUOHWS 3aKOH, HO B CpeJaTa Ha WHTepBasa MMa no-Hucka
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cTonHocT. [MogobHu ca v pesynTtaTuTe Npu NpeLCcTaBsaHe Ha XapaKTEPUCTUKUTE KaTo qoyH-
KUMS Ha BbrbJia Ha 3aBbpTaHe W BbB ha3oBara MniocKoCT;

4. Pa3paboTBaHeTo Ha MoAen Ha obpaTHaTa AMHaMuKa Ha BbpTAllata nnatgopma
No3BoInsBa onpeaensHeTo Ha CUIOBUTE U MOLLHOCTHUTE XapakTEPUCTUKN HA MeXaHu3ma
3a BbpTeHe. CpaBHUTESTHUAT aHan3 Ypes NonyyeHnTe n3pasm 3a BbPTALMUTE MOMEHTH
N MOLLHOCTUTE 3a TPUTE 3aKOHa Noka3sga, Ye: 1) Han-H1ChK € MakcuMarnHus BbpTALL Mo-
MEHT MNpu TpaneLoBMAHWUS 3aKOH, @ Han-BUCOK — NpW uuknougHus; 2) MakcumanHara
MOLLIHOCT € Han-BMCOKa MPW LIMKMNOUOHMS 3aKOH, a NPy JIMHENHWS U NOMMHOMHUS 3aKOHM
e C Npubnu3nTENHO eaHaKBa CTOMHOCT.

5.Upe3 nonyyeHnTe aHaNUTUYHK U3pa3n MOXe da ce onpeaeny NPOALMKUTENTHOCTTA
Ha 3aBbpTaHe Taka, Yye [a Ce YOOBNETBOPSABAT PasnuyHNTE KpUTEPUU, KOMTO ca AeduHu-
PaHK 4pe3 MakCUMasiHO AOMYyCTUMWUTE CTOMHOCTM Ha bIOBUTE CKOPOCT, YCKOPEHWE W
NPOW3BOLHA Ha YCKOPEHMETO, a CbLUO Taka U Ha MakCUMarHo A0NyCTUMUTE BbPTALY MO-
MEHT 1 MOLLHOCT;

6. BepoATHOCTHWAT noaxon KbM ONpeaensiHe Ha XapakTepUCTUKUTE Ha MexaHu3Ma 3a
BbpTEHe [aBa Bb3MOXHOCT Ype3 M3Mos3BaHe Ha YKUCIEHU eKCMEPUMEHTU Mo MeToAa
MoHTe Kapro ga ce onpeaenst BepOSATHOCTHO-CTaTUCTUYECKUTE NTbTHOCTW Ha pasnpe-
[efleHne Ha XapaKTepUCTUKUTE Ha MexaHM3Ma U TeXHUTE CTaTUCTUYECKN XapakTepuc-
TUKW. TO3K Noaxoz No3BoNsSBa Opa3MepsiBaHETO U U3DOPBT Ha ENEMEHTUTE a Ce U3BbP-
LIBa Ha BEPOSITHOCTHA OCHOBA MNpM OLEHKA Ha BEPOATHOCTTA 3a Bb3HWUKBaHe Ha HaToBap-
BaHe C onpenerneHa CTOMHOCT. K3cneaBaHeTo Ha YyBCTBUTENHOCTTA Ha CUCTEMATA KbM
BapuauusdTa Ha napameTpuTte Mo3BonsABaT Ja Ce OTKPOAT napameTpute, KOMTO Hail-
CUITHO BNUSISIT BbPXY U3XOAHUTE XapaKTepUCTUKY;

7. ONTMMM3aUMATa Ha CUNOBUTE W MOLLHOCTHUTE XapaKTEPUCTUKW BOAW 4O Onpeae-
NSHE Ha XapaKTEPUCTWKM Ha 3aKOHWTE, MPU KOUTO BBbPTALUMAT MOMEHT M MOLLHOCTTA
MMaT MUHUMAITHW CTOMHOCTM.

OnTuUMM3aumMaTa Ha CMNOBUTE XapaKTEPUCTUKM Nokassa, Ye: 1) MMpu NoNMHOMHMSA K
LUMKNOUOHNS 3aKOHW NpW 3afadeHn CTOMHOCTM Ha OCTaHanuTe napameTpyu, ysennyasa-
HETO Ha NPOABITKUTENHOCTTA HA 3aBbPTAHETO € eANHCTBEHUAT HAYMH 3a HamansBaHe
Ha MaKCUMariHWS BbPTAL, MOMEHT; 2) py MMHENHWS 3aKOH C NapabonyHU CEerMeHTH e
YCTaHOBEHO, Ye Npu 3aAafeH bIbil Ha 3aBbpTaHe, MakCUMaIHWUS BbPTSILL MOMEHT 3aBUCH
OT NPOABLIMKUTENTHOCTTA Ha 3aBbPpTaHe 1 OT NPOLBLIKUTENHOCTTA HA NPEXOLHMS NEPUOL.
A3nonssaiiku nonyyeHata matemaTtMyecka 3aBUCUMOCT, NpW 3ajadeHa MakacumarnHo
[ONyCTUMA CTOMHOCT Ha MaKCUMamnHus BBbPTAL, MOMEHT W MPOLBIPKUTENTHOCTTA Ha
3aBbPTaHe e nosyyeHa onTuMarnHata CTOMHOCT Ha NPOABLIMKUTESTHOCTTA Ha NPEXOAHMTE
nepuoau.

OnTuUMM3aumMaTa Ha MOLLHOCTHUTE XapakTepUCTUKM nokasga 4ve: 1) AHanormyHo Ha
BbPTALMSA MOMEHT, MakCUManHaTa MOLLHOCT NP NOSIMHOMHMWS U LIMKIIOMAHMS 3aKOHM 3a-
BMUCW €QMHCTBEHO OT NPOABLIMKUTENTHOCTTA Ha 3aBbPTaHe — HErOBOTO YBENWYaBaHe BOAM
[0 HaMansiBaHe Ha MakcumarnHata MOLWHOCT; 2) [Npn NUHenHUs 3akoH ¢ NapabonuyHm
CErMEHTH € YCTaHOBEHO, Y€ NPU 3aAafeH bbfl Ha 3aBbpTaHe, MakcMMasiHaTa MOLLHOCT
3aBUCK OT NPOLBIDKMTESTHOCTTA Ha 3aBbpTaHe M OT NPOLBIPKUTENTHOCTTA Ha MPEX0LHUS
nepvod. PelwaBaHeTo Ha ONTUMM3ALMOHHATA 3a4aya 3a MUHUMU3ALUUSA HA MaKcumar-
HaTa MOLLHOCT BOAM 10 KyOMYHO ypaBHEHWE, YUITO KOpeH (M3bpaH npu cnassaHe Ha 3a-
[afeHOTO OrpaHnYeHre) e onTUManHata NPOLbIKMTESTHOCT Ha NPEXOAHNUTE Nepuoam.
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8. Upes gedhmHmpaHaTa onTMMM3aLMOHHa 3aaada 3a M3bop Ha KOMMOHEHTU Ha MeXa-
HU3bM 33 BbPTEHE € Bb3MOXHO Aa ce u3bupaT XmapomoTop, peaykTop, Manko 3bOHO
KOMEOo 1 OMOPHO-BBPTSLL, KpbI Taka, Ye MacaTa (1Unu gpyra Lenesa yHKUMS) Ha Lenus
Bb3en Aa 6bae MUHUManHa, KOETO € NOAKPENeHOo OT (pakTa, Ye XmapaBnnMyHUAT barep e
MoOunHa MalumHa. Bbunpeku Ye metogbT MoHTe Kapno nma ctoxacTuyeH xapakTtep, 4pes
CryyaeH n3bop Ha HOMEepPa Ha KOMMOHEHTW OT CMIUCHK M NPeCcMsATaHe Ha CTOMHOCTTA Ha
Lenesata yHKUWS, Ype3 OTAENsHE Ha KOMOMHaUUUTE, YAOBNETBOPSIBALLM HANOXKEHUTE
OrPaHWNYMTESTHM YCIOBUS, MOXE Aa ce onpedent onTumasnHarta komouHauus. [JonbaHu-
TEMNHO NPEeaMMCTBO €, Ye ce NonyvaBaT U MHOXECTBO CyOONTUMAnHM peLleHuns, KOeTo
3HAYUTENHO paswupsiBa 6posi Ha Bb3MOXHWUTE anTEPHATUBHI KOHCTPYKTUBHU PeLLEHMSs
NPy NPOEKTUPaHe Ha MexaHn3ma 3a BbpTeHe.

FMABA 3. EPFOHOMWUYHU KPUTEPUW, ONPEOENALLN XAPAKTEPUCTUKUTE
HA MEXAHU3MA 3A BbPTEHE

3.1 Llen 1 obxBaT Ha HacTosALWaTa rnaBa

LlenTa Ha HacTosWaTa rnasa e 4a OLUEeHMW BIIMSHWETO Ha BUAA M XapaKTePUCTUKMTE Ha
3aKOHa 3a 3aBbpTaHe Ha nnatdopmara BbPXY KMHEMATUYHUTE XapaKTepuCTUKM Ha ce-
[arnkaTa Ha onepaTopa — IMHENHN CKOPOCT, YCKOPEHME 1 MbpBa NPOM3BOAHA Ha YCKope-
HWETO, a CbLLO Taka 1 Ja Cce OLEeHN BUOPaLOHHOTO Bb3AENCTBIME B PE3YNTaT Ha Nepuo-
OWYHOTO 3aBbpTaHe Ha nnatgopmara npu U3MbIHEHWE Ha TEXHOMOTMYHW MPOLECH.
CpaBHsSIBAaHETO Ha CTOMHOCTUTE Ha KUHEMATUYHUTE XapaKTEPUCTUKN C HOPMUPAHUTE B
CTaHaapTuUTE LLEe NO3BONM Aa Ce ONPEAENAT XapakTEPUCTUKUTE Ha 3aKOHa Ha 3aBbpTaHe
OT rnefHa TouYKa Ha eProHOMUYHUTE KpUTepun, AedomHupany B [naea 2.
3.2 KuHeMaTU4YHM XapaKTepUCTMKW, OKa3Balu BnusiHUEe BbpXy paboTocnocob-
HOCTTa U 34paBeTo Ha onepartopa

CteneHTa Ha Bb3AENCTBME Ha PA3NIMYHUTE KMHEMATUYHN XapakTEPUCTUKM NPK 3aBbp-
TaHe Ha cefarnkata CbBMECTHO C nnaTdhopmaTa okas3saT pasnuyHo BRKUsSHUE BbPXY pa-
boTocnocobHoCTTa 1 3apaBeTo Ha onepaTtopa. OcHoBHUTE edpekTu ca cneguute: 1) Ju-
HeWHa ckopocT; 2) JInHeiHo yckopeHwe; 3) MbpBa NponsBogHa Ha NMMHENHOTO YCKOPEHME.
OTtyutaiiku hakTa, Ye B NOBEYETO Cyyvan NPOLbIKUTENHOCTTA HA 3aBBbPTAHETO Ha Bbp-
TAWaTa nnatgopma e okono 50% OT NPOABMKUTENHOCTTA Ha Lenns paboTeH LyKb (HO
MOXe da gocturHe u 75% ), cneapa Aa ce 0T4YMTa ekcnosvuusiTa Ha oneparopa Ha Bub-
paums, NpUYnHEHa OT 3aBbPTAHETO Ha NnaTdgopmMara.
3.3 OnpepensHe Ha KKHEMATMYHUTE XapaKTEPMCTUKN HA 3aKOHUTE 3a ABWKEHUE Ha
cepankara Ha oneparopa
3.3.1 3aKOHM 3a ABUKEHUE HA cepankaTa Ha onepaTtopa

3aKOHbT 3a 3aBbpTaHe Ha nnatdopmara @u(t) n paguyca r Ha pasnonoXeHue Ha ce-
[arnkarta cnpsiMo 0CTa Ha BbpTEHE Ha nnatopmara Hamb/IHO ONpeaensT KUHeMaThy-
HWTE XapaKTePUCTUKW Ha OBWXEHMETO Ha cedankarta Ha onepatopa. [onemuHaTa Ha
BCSIKa OT KMHEMATUYHWUTE XapakTepucTukm (3.2) + (3.4) n (3.5) + (3.7) He 3aBuCK OT KO-
OpAMHaTHaTa cucTema U ce onpeaens Kato HopMa Ha CbOTBETHUS BEKTOP:

vop = r¢pl (3 ' 9)

aop =r \’ (b;‘l + (bgzyl (310)
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o =T\ B + 9P B — 26D + P (3.11)
3.3.2 KuHemaTMy4HM XapaKTepUCTMKU Ha 3aKOHUTE 3a ABMXKEHME Ha cefankaTa
MonyyeHusaT aHanuTuyeH Bug (3.9) + (3.11) Ha 3aKoHUTE 3a ABWKEHME Ha cedankaTa
No3BoSIsIBa [a Ce ONPeaensT CneaHUTe KMHEMaTUYHN XapakTEPUCTUKK:

a) MakcumanHm CToMHOCTI Ha CKopoCTTa v, , YCKOPEHUETO @, U MMbpBaTa npous-

BOfHA Ha yckopeHueTo /™ Ha ceaankata; 6) CpenHo kBagpaTiHI CTONHOCTY Ha npo-

W3BOJHUTE Ha 3aKOHA 3a [IBUXEHWE Ha Cefarkata B pasrnexaaHus BpeMeBy UHTepBar;
B) HOpmMarnHo @, 1 TaHreHUManHo a, YCKOPEHWs Ha cefankata Ha onepaTtopa, TEXHUTE

CPefHO KBafpaTUYHN CTONHOCTU @™ W @™ W TAXHOTO CLOTHOLLEHWE S, KOUTO ca Heob-

XOZMMM 3a OLieHKa Ha MHEPLMOHHOTO 1 BUOPAaLWOHHOTO HaTOBapBaHe Ha onepaTopa Cbr-
NacHO HOpMaTWBHWUTE JOKYMEHTK; I) KpecT-thakTop (HapeyeH oule NuK-pakTop), KOMTO
npeacTaBnsBa CbOTHOLLIEHMETO HAa MaKCUMasiHaTa CTOMHOCT Ha YCKOPEHMETO M CpeaHo
KBagpaTM4HaTa My cToMHocT. OCBEH KaTo 3a xapakTepuaupaHe Ha BubpauusTa, Ton ce
M3Mos3Ba M 3a OLEHKA HAa Bb3MOXHOCTTa 3a NPUNOXEHUE HA MeToAMKaTa 3a OLeHKa Ha
BMOPALIMOHHOTO HAaTOBapBaHE Ha onepaTopa cbrnacHo ctaHaapT ISO 2631-1:199.
3.5 CpaBHeHMe MeXAY KNHeMAaTUYHUTE XapaKTePUCTUKU Ha cepankaTa npu pasnuy-
HUTE 3aKOHM

3a [1a Cce CPaBHAT KNHEMATUYHUTE XapaKTEPUCTUKN Ha ceankaTa npu pasnuyHuTe 3a-
KOHW 3a 3aBbpTaHe Ha nnatdopmara, Ha qur.3.7 ca nokasaHu cepus rpaduki Ha NUHEN-
HaTa CKOpOCT Ha cearnkaTa Ha onepaTopa, JIMHEMHOTO YCKOpeHWe 1 MbpBa NPOn3BOAHA
Ha ycKopeHneTo npu t=6 s 1 r=0.8 m 3a UMKNOUZHMS (CUHW rpadnkm), NONMHOMHNS (Yep-
BEHW rpaconKkm) 1 NIMHENHUSA 3aKOH C nMapabonnyHy CErMeHTU (YepHUTE rpadouKm) 3aKOHM.

2
v, m/s a, mis

0.8 0.8

0.6 06

I\
/BN NN\
I/ /== W\ \\\)
(e =

0.4 0.4

Yy
0.2 0.2t A

ur.3.7 KnHemaTnyHy xapakTepucTuKi Ha cearnkara Ha onepaTopa 3a Tpute
pasrnexaaHu 3aKkoHa
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VIHTepBarsT Ha NpomsiHa Ha brbNa Ha 3aBbpTaHe € ¢, = [0+7r] cbC cTbnka 17/10.

[1BeTe Hail-BUCOKW rpadomkm (CUHSI, YEPBEHA M YepHa) CbOTBETCTBAT Ha bIbil HAa 3aBbp-
TaHe 17, 0CTaHanuUTe ca HaHECEHW HAAoMy C yKkadaHata cTbrka. Ha dour.3.7a) ca nokasaHm
rpacuknUTE Ha CKOPOCTTa 3a PasnNUYHUTE 3aKOHW, Ha ur.3.76) — rpadmkuTe Ha yckope-
HWETO, Ha ur.3.78) rpadmkMTe Ha MbpBaTa NPOM3BOAHA Ha YCKOPEHUETO. KakTo ce
BUXOA OT rpadouknTe, U Npu TPUTE XapaKTEPUCTUKN LIMKNOUOHMAT 3aKOH MMa Han-ronemu
CTOWMHOCTM, crneaBaH OT MOSIMHOMHUA U JIMHEMHUSA 3aKOHW. JIMHEMHUAT 3aKoH MMa Ham-
HWUCKM CTOMHOCTU Ha KMHEMATUYHWUTE XapaKTEPUCTUKKM, BbMPEKN Ye Te Ce NPOMEHST CKO-
koobpasHo, KOeTo e npeanocTaBka 3a Bb3HUKBAHE Ha TPYAHOCTW NPU peanusauus Ha 3a-
KOHa 3a 3aBbpTaHe Ype3 cucTeMa 3a aBTOMaTUYHO YrpaBeHye.
3.6.1 OcHOBHM NONOXeHUA Ha npoLieaypaTa 3a onpegensiHe Ha BUOpauumsTa, geunc-
TBala BbPXy oneparopa B cegHano nonoxeHue cbrnacHo 1ISO 2631 - 1:1997
CpeaHo KBagpaT4HaTa CTOMHOCT Ha YECTOTHO NPETErneHoTo BUOPOYCKOPEHME ce no-
nyyaBa Ype3 YMHOXEHNE HA U3MEPEHWUTE CTOMHOCTU Ha YCKOPEHWUETO B 1/3 - OKTaBHUTE
YECTOTHMU JIEHTU CbC CbOTBETHUTE KOPEKLMOHHN KOEULIMEHTY C NOCneaBaLLo CyMUpaHe:
a, = Z(Wiai )2 (3.68)
i
KbAETO Wi € KOPEKUMOHHNS KOeULIMEHT 3a i-Ta 1/3 - OKTaBHa YECTOTHA NEHTA, a a; €
CpefHO KBagpaTuyHaTa CTOMHOCT Ha BUOPOYCKOPEHWeTO B i-Ta 1/3 - OKTaBHa YeCTOTHA
neHTa.

10
0 L~ Nt P o [~
10 /] /?\ ~KL N~
- 7 TN ~
10 AT IS s N
-20 // / / \, = -H
d / \ \‘.“‘M \
-30 " N - \
N, ANAN
-40 - N
g v \ \
-50 N AWAY
\ A
-60 '
) \
\ \
-70 ‘\
\
-80
-90
0,016 0,03150,063 0,125 025 05 1 2 4 8 16 31,5 63 125 250
Wy yecrtora, Hz
——

¢our.3.9 OyHKUMM Ha YeCTOTHO npeTernsHe cbrnacHo 1ISO 2631-1:1997

3.6.2 OueHKa Ha Bb3AeUCTBUETO Ha BMOpauuaTa BbpXy 34paBeTo Ha onepaTop B
ceaHano nonoxeHue cbrinacHo 1ISO 2631 - 1:1997

3a onepaTop 6e3 NaToNorMyHN OTKIOHEHUS, paboTeLl B ceHano nosnoxeHne, OCHOB-
HWUAT PUCK 3@ 3APaBETO NPOM3TUYA OT MEXAHWYHOTO HAaTOBapPBaHe Ha NPELLNEHUTE B NTyM-
banHata obnact 1 CBbP3aHUTE C TAX HEPBHW OKOHYaHUS. [P0 BIHKUTESNTHUTE MEXaHUYHM
HaTOBapBaHMA MoraT Ja AoBedar 40 pasBUTHE Ha AereHepaTUBHM npouecy B nymban-
HaTa 0651acT, a CbLLO Taka W [a OKaxaT OTpuLaTerHO BIIMSHUA Ha Apyri opraHn. Takuea
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NiereHepaTUBHN U3MEHEHUS Ce NOsIBABAT CrieJ MHOroroAuLLHa padoTta npu HeGnaronpy-
aTHU ycnosus. Mpu oLeHKa Ha Bb3AECTBIETO BLPXY 3ApaBeTo Ha onepaTop, paboTeLl
B CeJHarO NONIOXeHUe, 3a OCUTE X 1 Y Ce ONPEAENsT CPEAHO KBaapPaTUYHUTE CTOMHOCTY
Ha YeCTOTHO NpeTerneHoTo BbpoyckopeHe. OLeHKaTa 3a Bb3eCTBUETO Ha BUOpaLI-
ATa BbpXY 3/IPABETO Ha onepaTopa Ce U3BBLPLLUBA OTAENHO 3a BCAKO OT HanpaBneHusTa,
KaTo MpuW TOBa BMOPOYCKOPEHMETO, AECTBALLO BbPXY OnepaTtopa, ce onpeaens oT Mo-
ronsmarta oT ABETe CTOMHOCTY:

a, =max(1.4a},1.4a) ) (3.70)

B (3.70) e n3non3BaH JOMbIIHUTENEH NOMPaBbyeH KOePULMEHT, YNATO CTOMHOCT 3a
HanpaeneHusTa X ny e 1.4. Ako CTOMHOCTUTE Ha BUOPOYCKOPEHUETO B ABETE HanpaBne-
HWS Ca CbMNOCTaBMMM, TO 3a OLEHKA Ha BMUSIHMETO Ha BUOPOYCKOPEHMETO CrieaBa Aa ce
M3Mos3Ba CTOMHOCTTA Ha MbIIHOTO YCKOPEHME:

2 2
a, = 1.4\/(a;;) +(a) (3.71)
3.6.5 OueHka Ha cTeneHTa Ha Bb3aeNCTBME Ha BUOpauuaTa, npeau3BMKaHa oT 3a-
BbpTaHeTo Ha nnatchopmara cbrnacHo 1ISO 2631-1:1997
3aBbpTaHETO Ha nnartgopmara Ha onpegesieH brbJl NP U3MbIHEHNE Ha TPAHCNOPTHM
UMK TEXHOIOTMYHM OnepaLmmn UMa LMKNNYEH XapakTep Nopaan peayBaHeTo Ha 3aBbpTa-
HETO Ha nnartgopmara 3a pa3ToBapBaHe B TPAHCMOPTHOTO CPEACTBO 3a BpeMe tr U noc-
neAaBalLo ro obpaTHo 3aBbpTaHe [0 U3X0AHA NO3NLMS 3a CbLLOTO Bpeme. B To3n crnyyan
MOXe [a Ce CuuTa, Ye NIMHENHOTO YCKOPEHUe Ha ceflankaTa Ha onepaTopa Mma Bubpa-
LIMOHEH XapaKTep C YeCTOTa Ha NpoOMSsiHA Ha yckopeHueTo 1/t; 1anon3ssaiku nonyveHuTe
pesynTaTit OT YECTOTHWS aHaNW3 Ha MbIHOTO NMUHEHO YCKOPEHWe, TeopeTUYHaTa (yHK-
LIMS Ha YCKOPEHUETO MoXe da 6bae anpokcMMMpaHa ¢ focTaTbyHa TOYHOCT ChbC cnej-
HaTa TPUrOHOMETPUYHA (PYHKLMS:

5
al?™ =" 4 cos(2x ft) (3.78)
i=1

[losny4yeHnTe YECTOTHU KOMMOHEHTU HA JIMHEMHOTO YCKOPEHWe AaBaT Bb3MOXHOCT
ypes3 M3nonssaHe Ha 3aBucumocTTa (3.68) oa ce onpedenu rofieMmnHaTa Ha YecToTHO
NpeTerneHoTo BUBPOYCKOPEHHE:

a, =k \/ i(WJf A (3.79)

=2
KbdeTo W/ e KoedMUMEHTLT Ha YecToTHOTO npeTernsaHe Wy (KOWTO Ce oTuMTa OT

¢ur.3.9) 3a yecrtora fi.
3.6.6. CpaBHeHWe Ha aMNAUTYAHO-YECTOTHUTE CNEKTPM NPMN Pas3fIMYHN 3aKOHU

Ha ¢wur.3.16 rpadpmyHo ca nokazaHW amnUTyaHO - YeCTOTHUTE CMEKTPU Ha Monu-
HOMHWS, UMKIOAHNSA 1 JIMHENHUS 3aKOHW, ONPEeaeneHy Npu eaHaKBM YCOBUS Ha ABMXe-
HWe - e4MH 1 Cbll bb Ha 3aBbpTaHe 3a €4HO 1 CbLUO BpeMe. AHanu3bT Ha NpeacTaBe-
HUTe pe3ynTaTh NoKasga, Ye BbB BCUYKM NPeACTaBeHn crnyyan amnnntyante Ao (Ha noc-
TOSHHaTa cbCTaBka) 1 A, (Ha yHAaMeHTarnHara 4ectota) ca Han-BUCOKM NPy LnKoua-
HWS1 3aKOH, CeaBaHn OT NOAMHOMHUS U JIMHENHUS 3aKOHM.

AMNAUTYAUTE Ha OCTaHaUTE XapMOHWLYM Ca Hai-BUCOKM NPU NMHENHUS 3aKOH, cheg-
BaHW OT MONMMHOMHWS W LMKNOMAHWUS 3aKoHW. Ha ¢ur.3.16 CbLio Taka ca nokasaHu (B
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OPHWUS JeCeH bIbi) NPeCMeTHaTUTE 3a BCEKU OT CrlyyamTe CTOMHOCTU Ha eKBUBAMNEHT-
HOTO YCKOPEHWe aw. Bbnpeku no-BUCOKUTE CTOMHOCTM Ha aMMiMTyAaTa Ha OCHOBHUS Xap-
MOHWK NPY LMKITOMAHWUS W MONMHOMHUSA 3aKOHW, CPEAHOTO KOPUTMPAHO YCKOpeHue 3a fiu-
HEeWHWS 3aKOH € 3HAYMTESTHO MO-BUCOKO OT ApyriTe [Ba 3aKOHa B MbpBUTE ABa Cryyas U
paBHO B TpeTus cnyyail. OCHOBHa NMpu4KHa 3a TOBa Ca MO-BMCOKWUTE CTOMHOCTU Ha Koe-
(OULMEHTUTE HA YECTOTHO NpeTernsHe 3a Nno-BUCOKUTE YECTOTU, KOMTO Ca C MO-BUCOKM
amnnuTyay npy NUHENHNS 3aKOH.
3.6.8 OnpepensiHe Ha BpeMeTo 3a 3aBbpTaHe B 3aBUCUMOCT OT CTOMHOCTTA Ha [A0-
MyCTUMOTO €KBUBaNeHTHO YCKOpPeHue

Ha dour.3.17 6) 3a NONMHOMHKS 3aKOH Ha 3aBbpTaHe ca NokasaHu rpadouKnTe Ha ekBu-
BaNEHTHOTO YECTOTHO MPETEINEHO YCKOPEHUE aw, onpegenenun no (3.79) 3a CToOMHOCTY

Ha t B uHTepBana 0.5 s +10 s 1 BN Ha 3aBbPTaHe Ha NnaTdopmaTa ¢!, B MHTepBana
300 +180°,

03 83
0.25 ° [TomuaoMm IMuxmonga ™ JIHHeeH 3aKOH
o 3| 3 2,=0.032 m/s’  2,=0.032m/s’  2,=0.051 m/s’
< S
E 0.2 5
g 0.15
= Y.
2 5 -
[=! ~
E 0.1 5 .
< 0.05 §HI 22 g o8 5 o g g 2 3
2 3 s 2 3 2 S g g s =
0 -—— I | — - H
0 0.125 0.25 0.375 0.5 0.625 0.75

Yecrota, Hz
¢our.3.16 AMNANTYAHO - YECTOTHUTE CMEKTPU Ha NOSIMHOMEH, LMKNOWUAEH U NMUHEEH
3aKOHM

TbM KaTO € HEBL3MOXHO aw [a Ce NpeacTaBmn KaTo PYHKUMA Ha tr B ABHA ¢hopmMa, TO
YMCMEHUTE CTOMHOCTW Ca NOMyYeHW Ypes pasnaraHe Ha MONMMHOMHUS 3aKOH B pef Ha
®ypue npu pasnuMyHM KOMOUHALMM Ha CTOMHOCTUTE Ha MapameTpuTe W NocrneaBaLlo
npecmsTtaxe no (3.79).

3.7 U3Boaun

3BbpLueHnTE 13cnenBaHus OTHOCHO OnpeaensiHe Ha epProHOMUYHUTE KpUTEPUK, On-
pedensy xapakTepucTukMTe Ha MexaHu3Ma 3a BbpTeHe, N03BOSABAT Ja Ce HanpassaT
CrneHuTe U3BoaM:

1. MCKyTUpaHM ca pasnu4HUTE KMHEMATUYHN XapaKTEPUCTUKN Ha Ceaarnkarta Ha one-
paTopa Npu HEMHOTO CbBMECTHO 3aBbpTaHe C NatgopMaTa U TAXHOTO BIUSHUE BBPXY
paboToCcnocoBHOCTTa M 34paBETO Ha OnepaTopa;

2. KnHematnyHuTe XapakTepuCTUKM Ha cefankaTa Ha ornepaTopa ca (PYHKUMSA Ha 3a-
KOHa 3a 3aBbpTaHe Ha nnartgopmara, HeroBuTe NPOM3BOLHM U paguyca Ha pasnonoxe-
HWe Ha cefarkara CnpsMO OCTaHa BbpTeHe Ha nnatdopmara. M3seneHu ca B obLy Bug
n3pasu 3a NpoeKLMMTE BbPXY OCUTE Ha HEMOABWXKHATA M NOABMXKHATA KOOPAMHATHM CUC-
TEMW Ha KUHEMATUYHUTE XapaKTEPUCTUKM Ha Cefarkara, a CblUo Taka 13pasu 3a rone-
MUHUTE UM;
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6)
¢our.3.17 ExBMBaANeHTHO YECTOTHO NPETErNEHO YCKOPEHWE 3a PasfiMyHM brin Ha
3aBbpTaHe W pasnunyHa NPOLbLIMKUTESTHOCT Ha 3aBbpTaHe

3. [MonyyeHnTe aHaNMTUYHN U3pa3m ca NOAXOASALLM 3a ONPeAensiHe Ha KNHEMATUYHUTE
XapaKTepUCTUKW Ha cefankaTta 3a TpUTe pasrnexgaqu 3akoHa. [JombnHUTenHo morar ga
Cce onpefensT CpeaHo KBagpaTUYHUTE U MaKCUManHUTE CTOMHOCTU Ha KMHeMaTU4HWUTE
XapaKTEPUCTUKUTE. I3BBPLUEHUST CPaBHUTENEH aHanU3 MeXay KMHeMaTU4yHUTe Xapak-
TEPUCTUKI Ha 3aKOHWTE NMOKa3Ba, Ye 1 NPU TPUTE XapaKTEPUCTUKM (MMHERHN CKOpPOCT, YC-
KOpPEeHWe M MbpBa NPOM3BOAHA Ha YCKOPEHMETO) LIMKNOUOHUSAT 3aKOH UMa Hai-ronemu
CTOWMHOCTK, CeABaH OT NOMMHOMHUS W JIMHENHUS 3aKOHM;

4. [luckyTpaHu ca OCHOBHUTE MOSIOXEHWS Ha NpoueaypaTta 3a onpeaensiHe Ha Bub-
pauusTa, AencTBalla BbpXy onepatopa B CeHarno nonoxeHune cbrnacHo craigapta ISO
2631-1:1997. AHanuaupaHa e npueefeHaTa B CTaH4apTa METOAMKA 3a OLEHKa Ha Bb3-
[EeNCTBMETO Ha BUBpaumsaTa BbpXy 34paBeTo Ha onepaTop B CeHan0 NonoXeHne 1 Bb3-
OENCTBMETO Ha BonecTTa Ha ABUMXKEHNETO;

5. CbrnacHo ISO 2631-1:1997 e npeanoxeHa € MeTOAMKa 3a OLiEHKa Ha CTEMEHTa Ha
Bb3AENCTBIE BbPXY OrnepaTtopa Ha BubpauuaTta, npeam3sBukaHa OT 3aBbpTaHETO Ha nnart-
(hopmaTa. MeTogmkaTta ce 0OCHOBaBa Ha nosyvyaBaHe Ha aMnNIUTYAHO-4ECTOTHNS CNEKTHP
Ha NOJy4YEHMTE 3aKOHM 3a MPOMSIHA Ha NIMHENHOTO YCKOPEHWE Ha cedankaTta vpes pasna-
raHe B peq Ha ®ypue. AHanNU3bT Ha MOSTYYEHUTE aMMIIMTYAHO-YECTOTHIU CMEKTPX no-
Ka3Ba, Ye YCKOPEHMETO CbAbpKa MHOXECTBO XapMOHULM, OT KOUTO C Hal-ronsma amn-
nuTyga ca Tesu:

e C HyneBa 4eCTOTa, NPEACTaBNSABALL OTMECTBAHETO Ha rpadmkaTa Ha YCKOPEeHUETOo
Harope Hag HynesaTa NNHUS,

e C (hyHoameHTanHarta Yyectota paBHa Ha 1/t;, nopofeHa oT nepuoaa Ha 3aBbpTaHe;

e  XapMOHWUM C YeCToTa KpaTHa Ha pyHLamMeHTaslHaTa YecToTa;

6. CpaBHUTENHUAT aHanM3 Ha aMNAUTYAHO-YECTOTHUTE CNEKTPU NPU pasnnyHuTeE 3a-

19



KOHW MOKa3Ba, Ye aMnIMTyauTe Ha NOCTOSIHHATa CbCTaBKa M Ha (hyHOaMeHTarnHarta Yec-
TOTa ca Hal-BMCOKM NPY LIMKNOMAHOTO YCKOPEHWE, creaBaHu OT NOMMHOMHUS U NTUHENHNS
3aKOHW. AMNANTYOMTE HA OCTaHaNMTE XapMOHWLM Ca Hal-BMCOKM NPU JIMHENHUS 3aKOH,
crnefBaHu OT MONMMHOMHUA W LIMKIIOMOHMSA 3aKOHW. Bbnpekn no-BMCOKMTE CTOMHOCTU Ha
amnnuTyzaTa Ha OCHOBHWS XapMOHMK NPY LIMKNOUOHMS W MONIMHOMHUS 3aKOHW, CPeAHOTO
NpeTerneHo YCKOpeHne 3a NIMHENHMSA 3aKOH € 3HAaYUTENHO NO-BMCOKO OT Apyr1Te [Ba 3a-
KOHa B MbpBUTE [Ba pa3srnefaHu cryvas u paBHo B TpeTus cnyvan. OCHOBHa NpuymHa 3a
TOBA Ca MO-BMCOKUTE CTOMHOCTU Ha KOE(MUUMEHTUTE HA YECTOTHO NpeTernsiHe 3a no-
BMCOKMTE YECTOTK, KOUTO Ca C MO-BUCOKM aMMIIMTYAN NPY JIMHENHWUS 3aKOH.,

[TonyyeHnTe pesyntaTu nokasgar, Ye npu onpeaensHe Ha eKBUBASIEHTHOTO KOPUTK-
paHO yCKOpeHuWe crepsa Ja ce 0Ty1Ta He caMo (hyHOaMeHTanHarta 4ectoTa, onpefeneHa
OT BPEMETO 3a 3aBbpTaHe [0 3aJafeHNs bIbfl, HO U YecToTaTa Ha XapMOHULMTE, KOSTO
€ KpaTHa Ha (PyHAamMeHTanHaTa YyectoTta. Te ca C No-BMUCOKa YeCcToTa M No-HUCKa amniu-
Ty[a, HO CbrnacHo (hyHKUMATA Ha YECTOTHOTO NPETErNSAHE, TAXHOTO Bb3AENCTBME BbPXY
onepaTopa He Moxe Aa ce npeHebperHe u crneasa da 6bae 0TYETEHO.

7. TlonyyeHn ca 3aBUCUMOCTU 3a OMpeAensHe Ha NPOLBbIDKMTENTHOCTTA Ha 3aBbpTaHe
B 3aBMCUMOCT OT 3adafeHuTe A0MYyCTUMU MaKCUManHN IMHENHU CKOPOCT, YCKOPEHWE U
MbpBa NPOVU3BOAHA Ha YCKOPEHWETO, AENCTBALLM BbPXY ONepaTopa;

8. [NocTpoeHu ca rpadbvkm 3a onpeaensHe Ha BPEMETO 3a 3aBbPpTaHe B 3aBUCUMOCT OT
CTOMHOCTTA Ha OMYyCTUMOTO €KBMBANEHTHO YCKOPEHUE. YCTaHOBEHO €, Ye MonyvyeHuTe
CTOVMHOCTM 32 NPOABLITKUTENHOCTTA Ha 3aBbpTaHe ca 40CTa No-Masku OT onpeaeneHuTe
no Apyrute KpUTepumn BpemeHa (Bix naga 2), nopaau KoeTo T He Moxe Aa bbae onpe-
aensia 3a NnpoAbIMKMTESTHOCTTA Ha 3aBbpTaHe Ha nnaTdopmaTa. [opaau Tasu npuinHa
ce npenopbYBa, Npy onpedesieHa no Apyrute KpUTEPUM NPOABIMKUTENHOCT Ha 3aBbp-
TaHe, eKBIBaNEeHTHOTO YECTOTHO NPETErNeHo YCKOPEHWe, OLIEHKNTE Ha CTeneHTa Ha KOM-
(hopT M Bb3AENCTBMETO Ha BUBpaLMsATa BbPXY NOSBABAHETO Ha BONECT Ha ABMXKXEHUETO
[a MMaTt NpoBEPOYEH XapaKTep no npueeeHaTa MeToauka.

MABA 4. TEOPETUYHO WU EKCMTEPUMEHTANHO U3CNEOBAHE HA AUHAMMU-
KATA HA XWOPOMEXAHMYHATA CUCTEMA HA MEXAHU3MA 3A BbPTEHE

4.1 Uen v 00xBaT Ha HacTosALWaTa rnasa

LlenTa Ha HacTosiLaTa rnaea € Aa ce pa3paboTu 1 u3cneasa AnHammyeH mogen, oT-
yuTaLl CbBMECTHATa paboTa Ha MEXaHW4HaTa 1 XapaBnuyHaTa NOACUCTEMM Ha Mexa-
HW3Ma 3a BbPTEHE, NO3BONABALL ONPedensHETO Ha ANHAMUYHUTE HAaTOBapBaHWs B ene-
MEHTUTE Ha KWHEMaTU4HaTa Bepura npe3 NPeXoaH1Te nepuoau, onpeaensHeTo Ha cob-
CTBEHWTE YeCTOTH 1 BEKTOPYU, a CbLLO Taka 1 ApYru XapakTepuCTUKK, AaBaliy no-MbiHa
npefcTaBa 3a NOBEAEHWETO Ha peanHata CMCTeMa MpW ABWKEHME MO M3CneBaHUTe B
[naBa 2 3aKkOHM 3a 3aBbPTaHe Ha nnaTtdopmara.
4.2 MatemaTnyeH Moaen Ha MexaHMyHaTa MOACMCTEMA HAa MEXaHU3BM 3a BbpPTEHe
4.2.1 TpuzseHeH gMHaAMUYEH MoZen ¢ TpU CTeNeHn Ha cBoboaa

B npeanaraHns guHamuyeH Mogen mbpeoTo 3BeHO (cpur.4.1, no3.1) npeacrasnsBa ek-
BMBASIEHTHO POTALMOHHO 3BEHO, YUMTO MACOB UHEPLIMOHEH MOMEHT € paBeH Ha cymaTta
Ha NpvBeeHNTe KbM OCTa Ha BbPTEHE Ha nnaTtgopmata MacoBU UHEPLMOHHN MOMEHTU
Ha XxuapoasuraTens, peaykropa u Mankoto 3b6HO koneno.
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BTopoTo 3BeHO (M03.2) npeAcTaBnsBa BbpTALLaTa ce nnatgopma, pasrnegaHa kato
edHO TBbPAO TAMNO, a TPETOTO 3BEHO (M03.3) npeacTaBnsea PaboTHOTO CLOPBKEHME,
NpeaCcTaBeHo KaTo TBbPAO 3BEHO, 3aBBLPTALLO Ce OKOMO TOYKaTa My Ha OKayBaHe BbpXy
nnatghopmaTta. BCsKo OT 3BeHaTa ce xapakTepusnpa CbC CBOUTE reOMETPUYHU 1 NHEP-
UOHHM napameTpu. CbrnacHo ur.4.1, 3aBbpPTaHETO HA MbPBOTO 3BEHO CE Onpeaens
Ype3 obobLLieHaTa KoopanHaTa ¢,, KOATO Ce 0TYUTa CPSIMO OCTa Xo HA HEMOABIKHATA

[eKapToBa KOOpAMHATHA CUCTEMA XoYoZo, PA3MONOXEHa B XOPWU3OHTaNHaTa paBHUHA, a
NPUBEAEHWUAT My MaCcoB UHEPLIMOHEH MOMEHT CTIPSIMO OCTa Ha BbpTEHe Ha nnaTdopmara
e Ji. 3aBbpTaHETO Ha BTOPOTO 3BEHO Ce onpeaens ype3 obobLieHaTa koopauHata ¢, ,
KOSITO CBLLIO Ce 0TYKTA ChLLO CIPSMO OCTa Xo Ha HEMOABUKHATA IeKapToBa KOOpANHATHA
CUCTEMA XoYoZo, @ MACOBUAT My WHEPLMOHEH MOMEHT € Jp. 3aBbpTaHETO Ha TPeToTo
3BEHO B XOPU3OHTaINHaTa paBHiHa ce onpeaens ype3 obobLyeHaTa koopanHaTa ¢, Ko-

ATO Ce OTYKUTa CNPSIMO OCTa X2 HA HEMOABWXHO CBbp3aHaTta ChbC 3BEHO 2 JeKapToBa Ko-
OpAMHaTHa CUcTemMa Xayaz2.

M,

cur.4.1 TpusBeHeH AMHAaMUYEH MOZEN C TPU CTeneHn Ha ceoboaa

4.2.2 incpepeHumanHy ypaBHeHMS Ha ABUXKEHME HA MeXaHWYHaTa cucTema

[ndepeHumantuTe ypaBHEHNS Ha ABUXEHWE Ha CMCTEMATa Cca U3BEAEHN Ypes u3nors-
3BaHe Ha ypaBHeHusATa Ha JlarpaHx OT BTOpW pog. M3nonssanku nonyyeHnTe nspasm 3a
KuHeTuyHata (4.16), noteHuuanHara (4.17) u gucunaTtueHarta (4.24) eHeprum Ha cucTe-
MaTa W U3BBbPLUBANKM HEODXo4MMUTE MaTeMaTUYECKK onepauuun B (4.1), cuctemara au-
(bepeHumanHn ypaBHeHNs, ONK1cBaLLa ABMXEHNETO HA MexaH1yHaTa cuctema ce npeg-
CTaBs BbB BuAa:

M(q)4+Bq+Cq+V(q.4)=Q (4.25)
KoraTo npu U3BbPLLUBAHE HA TPAHCMOPTHM OMepaLi Ce CbBMECTSBAT BbPTEHETO Ha
nnatchopmata v NpomsiHaTa Ha obcera Ha paboTHOTO CLOPBXEHIE CreaBa Aa ce 0T4MTa,

21



Ye PasroNoXeHNETO Ha LiIeHTbPa Ha TEXECTTa U MacOBUAT MHEPLIMOHEH MOMEHT Ha pa-
BOTHOTO CLOPLKEHWE CMPAIMO OCTA Ha 3aBbpTaHe Ha nnatdopmarta ca NPOMEHIMBM.

ToBa Ce OTuMTa NpW CbCTABSHE HA U3PA3NTE 3a KMHETUYHATA eHeprisl: LS ce 3aMecTsa
c L:(7) B(4.10),a J, -c J,(¢) B (4.15).
4.2.3 OnpeaensiHe Ha KOOPAMHATUTE HA LEHTBHPA Ha TeXEeCTTa U MacoBUA UHepLU-
OHEH MOMEHT Ha pabOTHOTO CLOPbXKEHUE

Pa3nonoxeHWeTo Ha LieHTbpa Ha TEXECTTa Ha 3BEHO 3, 3aaeHO0 Ypes pasCTOSHUETO
LS, a CblO Taka 1 MacoBMST My MHEPLMOHEH MOMEHT J, CTIpSIMO BepTukanHaTta oc,
NpemM1HaBalla npe3 LeHTbpa Ha TeXecTTa My, ca (OyHKUMS Ha B3aWMHOTO pasnosioxeHne
Ha 3BeHaTa Ha PaboTHOTO CbopbXeHue. Ha dur.4.2 ca nokasaHn reoOMeTpUYHUTE pas-
Mepu Ha 3BeHaTa L1 1 L2, a CbLLO TaKa 1 penaTtusHuTe brnun 6,6, n 6,, 4pes KouTo ce

onpegena TAXHOTO B3aMMHO Pa3roJioKEHNE.
|

LC

tur.4.2 Cxema 3a onpeaensiHe Ha LeHTbpa Ha TeXecTTa Ha paboTHOTO CbOPBXEHME

B 1.0 (1.03 Ha cpur.4.1) e pasnonoxeHa HENOABMXHA KOOpAMHATHA cucteMa XoOYo,
YMSATO OC X € XOpW3OoHTanHa. KoopauHatuTte Ha LEHTPOBETE HA TEXECTTA B HEMOOBMX-
HaTa KoopauHaTHa cucTemMa, Ce W3passBaT uype3 TPaHCOPMALUMOHHM MaTpuLm

’}T(a,ax,ay) oT Buaa (4.9).

4.2.4 MoganeH aHanu3 Ha cuctemara

3BeCTHMAT aHanuTu4eH BUA Ha MaTpuumte M(q) u C nossonsisa fa ce onpegenu
yecToTaTa Ha COBCTBEHWTE TPENTEHMS HA cucTeMaTa U coBCTBEHWUTE BEKTOPY. 3a LienTa,
NHEepLMOHHaTa MaTpuLia, KOATO e (yHKLMA Ha ¢, , Ce NMHeapuanpa B OKONHOCTTa Ha paB-

HOBECHOTO MOMOXEHWE Ha 3BEHO 3.
AunHamnyHata MaTpula Ha cuctemata UMa Buaa.

H=M'C (4.44)
a HENHWAT XapakTePUCTU4EH NOJINHOM €:
f(A)=det(H-AI) (4.45)

KbaeTo | e eanHnYHa MatpuLa. CoBCTBEHMTE YECTOTU Ce OMPeAensT OT KOPEHUTE Ha
XapaKTepUCTMYHOTO ypaBHeHMe. Tbil KaTo cucTemaTta e nonyonpeaeneHa, To eaHa ot
COBCTBEHNTE YECTOTM € HyreBa 1 ChbOTBETCTBA Ha [MobanHoOTO ABWKEHWE Ha cucTeMaTa.
CblUo Taka, HanM4MeTo Ha HyneBa cOBCTBEHA YECTOTa € MpU3HaK 3a HeyTparHa ycTom-
YMBOCT Ha cuUCTeMara.
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4.4. MatemaTu4eH Mogen Ha MexaHu3ma 3a BbPTeHe C Tpu CTeneHu Ha cBoboda
MPU OTYMTaHE HA MeXaHWYHaTa U XuapaBnuMyHaTa noacUCTEMU

Cnep npeHebpersaHe Ha febutuTe npes npeanasHo- I'IpeJ'II/IBHVITe KnanaHu 1 U3BbpLL-
BaHEe Ha MonaraHuaTa @, =X, @, =X,, @, =X;, @, =X,, @, = X5, @, =X,, P, =X,
D, =Xg, X, =X,, X; =X, X, =X, CUCTeMaTa JIHeNHM JJ,VI(bepeHLl,VIaJ'IHVI ypaBHeHNS
OT OCMU pef Ce NpeacTaBs B NPOCTPAHCTBOTO Ha CbCTOAHMATA (4.169).

0 1 0 0 0 0 0 0
e LA e b 0 o D Dy
_x1_ my, my, m, my, m, my, 'xl
) 0 0 0 1 0 0 0 0
X, X,
X, CiMy; byms, CMy; (b+b1)m33 Gy _b My, 0 0 X
+ z z z z z z
fl=l o0 0 0 0 0 1 0 0 *
Xs Xs
% C1My; bim,, CiMy; _(b +b1)m23 c,m,, b,m,, 0 0 ¥
; z z z z z z x6
7 : 7
B o LB 0 0 0 0 0o |
e V 77hm -
o LDi 0 0 0 0 0
L V 77hm _
o
0
0
0
; (4.165)
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4.5. Cuctemara 3a aBToMaTU4HO ynpasneHue ¢ MU perynatop

3a onpegensiHe Ha paboTocnocobHOCTTa Ha pa3paboTeHnTe AMHAMWUYHKU MOZENN €
pa3paboTeHa 3aTBOPEHa CCTEMa 3a YNpaBeHNe Ha MexaHW3Ma 3a BbpTeHe ¢ obpaTHa
Bpb3Ka C BKMOYEH MPOMOPLMOHANHO-MHTErpanHo-audepeHUmaneH perynaTop, YMeTo
npeaHasHayeHne e cTabunmaaums Ha NPOrpaMHOTO ABMKEHWE, 3a4aBaHO YPE3 3aKOHUTE,
pasrnegaHu B [NaBa 2. YNpaBnsiBalloTo Bb3AeNCTBIE (MapameTbpa Ha perynmpaHe Ha
paboTHMsA 06eM) ce hopmmpa Ypes TekylaTta CTOMHOCT Ha rpeLukata e(t), npoussoaHaTta
Ha rpeLukaTa 1 UHTerpana Ha rpeLukara:

u(l‘) = kpe(t)+k
KbAETO rpeLlkata ce popmMmpa Kato pasnuka Mexay brioBata CKOPOCT Ha MPOrpaMHOTO
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[BKeHne Ha nnatcdopmaTa a);jf (t) 3aflafieHa MaTeMaTNYeCcku CbC CbOTBETHUSA 3aKOH,

1 TeKyliata brroBa CKopocT Ha nnatdopmata @, (¢)
e(t)=a) (t)-w,(1) (4.167)

a upes kp, ka 1 ki ca 03Ha4eHn napaMeTpuTe 3a HacTponka Ha NponopLuoHanHaTa, au-
(hepeHLManHaTa n MHTerpanHaTa CbCTaBKy.
4.6. YncneHu uscneaBaHns Ha XapakKTepPUMCTUKMTE HA XuApPOMEXaHUYHaTa cucTemMa
4.6.2. YucneHo pelaBaHe Ha ypaBHEHMATa Ha ABUXKEHUE NpU TPU3BEHEH AUHAMM-
YyeH moaen

Ha ¢our.4.26 ca nokasaHu pesynraTuTe 0T YUCEHOTO peLlaBaHe Npu NMHEEH 3aKOoH 3a
3aBbpTaHe Ha nnatdopmara. brrosute CKOPOCTU @, U @, Ha 3BeHaTa 11 2 (dur.4.26

a) UMaT 3aTuxBaLl konebaTeneH xapaktep, KOETO BOAM A0 NOSIBABAHETO HA BbPTSLL, MO-
MEHT C NPOMEHNMB XapaKTep B enacTuyHata Bpb3ka 1 (pur.4.26 o). brnosoTo 3aBbp-
TaHe @, (ur.4.26 6) cbllo MMa BUOpaLMOHEH XapaKTep, KaTo TpenTeHusTa cneasat

TPeHAa Ha BbrioBOTO YCKOPEHWE Ha nnatdopmMaTa. JIMHENHOTO YCKOPEHMe Ha ceaankaTa
Ha onepaTopa (¢ur.4.26 €), nogobHO Ha OCTaHaNWUTE XapaKTEPUCTMKM CbLUO UMa Kone-
baTeneH xapakTtep, a B Ha4anHWs MOMEHT OT BpeMe J0CTUra CTOMHOCTM, NPpeBLIABALLY
HEKOMNKOKpaTHO NporpamHaTta CTOMHOCT Ha ycKkopeHneTo. Ha dour.4.26 X) e nokasaHa pas-

nukaTa Mexgy nporpamHaTa u pearnHarta briosi CKOpoCTH a)l’jf —o,. Ha dur.4.28 ca

rnoKasaHu pesynTaTuTe OT YUCIIEHOTO peLlaBaHe Ha CUCTemMara ypaBHEHUS C BKITHOYEH
ML perynaTtop npu NHeeH 3akoH. MakcumanHaTa pasnukara Mexay nporpamHara u
peanHara brnosu ckopoctut (¢ur.4.28 a) e Hamanana okosno 3 MbTU B CPABHEHME CbC
cnyyas 6e3 [MN[ perynatop. Ha ¢ur.4.28 6) ca nokasaHu HansraHusTa, a Ha cur.4.28 B)
— BbPTALLMA MOMEHT B eNlaCTUYHUS enleMeHT Mexzay 3seHa 1 1 2. O Ha aBeTe ¢urypm ce
BUX[a, Ye KonebaTernHusa xapakTep Ha XxapakTepuCTUKUTE Ce 3ana3ea, HO aMnanTyauTe
Ha TpPenTeHUsATa ca No-Marku, 3a CbLLO Taka 1 3aTuxear no-6bp3o.

4
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(ur.4.28 XapakTepucTuku Ha XuapoMexaHuyHaTa cuctema npu Hanuyve Ha [MA[
perynarop
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4.7. Mogen Ha xmapomexaHW4yHaTa CUCTEMa Ha MeXaHW3Ma 3a BbPTeHe € Tpu CTe-
neHu Ha cBoboAa ¢ OTYMTaHe Ha XxnabuHaTa B KWNHEMaTMYHaTa Bepura
4.7.1. MopgenupaHe Ha xnabvHaTta B KWUHEMaTMyHaTa Bepura

brrosute xnabuHu B KMHEMATUYHATA Bepura Ha MexaHu3mMa 3a BbpTeHe Bb3HWUKBAT
OCHOBHO B 3b0OHWTE NPeaaBKm, HO CbLLO Taka U B CbeANHUTENUTE, B LLINOHKOBUTE W LUK~
LoBuTe cbeauHeHud. Ha ur.4.29 e nokasaH (parMeHT OT AMHAMWYHWS MOAen Ha
(our.4.1, KOUTO NoKasBa PasnoIOKEHNETO Ha CyMapHaTa NpUBEAEHa briosa xnabuHa o.

ur.4.29 GparMeHT OT AMHaMUYHUS MOLEN, BKNOYBALL npuBeaeHaTa xnabuxa

3a fa ce 0T4YeTe B MaTEMaTUYHUS MOZEN HANMYMETO Ha XN1abuHa, BbPTALMST MOMEHT
Tc B €NaCTUYHUAT ENEMEHT MEXAY 3BeHa 1 1 2 cnefsa Aa ce BbBefe B IBEH BUA B YpaB-
HeHusiTa Ha apwkeHue (4.54). MNpu n3nonasaHe Ha (4.173) 3a moauduumpanuTe aude-
PEeHLManHK ypaBHEHMS ce nony4aBsa

. M, -T
e 4.174
2 7, ( )
S Ad+m (LT, + L A)
b, = (4.175)
B
o L(m(2+2)+ )+ S A m (L) A+ mSL A
Gy =~ — (4.176)
kbaeto A=M,+1T,+1, v
B:JZ(J3 +m, (L§)2)+m3 (J3 (2 +2 ) +m (L5) Lj).
BbpTALMAT MOMEHT T MMa BUAa:
¢, (Ap—8/2)+bAp, if Ap=5/2
T ={c,(Ap+512)+bAp, if Ap<—5/2 (4.177)

0 if |[Ap|<S/2
KbOETO Ap =@, —@, N Ap=@, — @, .
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4.8. EkcnepumeHTanHo uscnepBaHe Ha XMAPaBMMYHO 3aABUXKBaH MeXaHU3bM 3a
BbPTEHe
4.8.3. Bannpauusi Ha MaTeMaTU4HUA moaen

Banupgaumata Ha mateMaTu4yHU MOZEN € WM3BbPLUEeHa Ype3 CPaBHEHWE Ha eKcrnepu-
MEHTaNHWUTE JaHHMW, NOSyYeHn OT U3CNeaBaHeTo Ha CTeHs , ToBaponoLeMEH MaHunyna-
TOP®, C Pe3ynTaTuTe OT YUCIEHUTE PELLEHNS HA €AHOMACOBMS ANHAMUYEH MOZEN, OnK-
caH ¢ 3aBucumoctute (4.132). Ha dur.4.39 upes nosuuns e 1 o3HayeHa exkcnepumer-
TanHo nosyyeHarta u nokasaHa Ha gwur.4.35 BbB BpeMesus nHTepean [16+26.5] s rpa-
(bMKa Ha CKOPOCTTa Ha TOYKa OT pamoTO Ha MaHunynaropa.

Vv, m/s

t.s

-0.2

cur.4.39 CKopoCT Ha xapakTepHa To4Ka OT PabOTHOTO CbOPBXEHME:
1 — eKkcnepuMeHTaneH pesynTar, 2- MaTeMaTU4eH Moaen

Ha dour.4.39 upes nosuuusi 2 e o3HaveHa rpadmkaTa Ha CKOPOCTTa Ha CbllaTa TouKa,
rnonyyeHa OT YNCNEHOTO pellaBaHe Ha (4.132) npu n3non3saHe Ha CTOMHOCTUTE Ha na-
pamMeTpuTe Ha peanHata cuctema. Mexay asete rpadmkm uma gobpa creneH Ha cbBna-
nexvie. OcHoBHaTa pasnuka e B No-ronemMus Nk Ha eKCrepuUMeHTarHo M3MepeHaTa CKo-
POCT B HAaYaNiHUS MOMEHT — pasfnukata € B pamkuTe Ha 25 % CnpsaMo TeopeTnyHaTa CKo-
pocT. CbLLo Taka, 3aTUXBAHETO HA TEOpeTUYHaTa Kpuea 2 € No-6bp30, OTKOSIKOTO eKcre-
puMeHTanHaTa Kpuea 1. [ipyra ocobeHOCT €, Ye TeopeTuyHaTa KpiBa 1Ma XapMOHUYEH
XapakTep, 3a pas3nuka OT BeYe KOHCTaTMpaHWS NONMMXapMOHUYEH XapaKTep Ha ekcnepu-
MeHTasHaTa Kpusa.

4.9. N3Boau

[NocTurHaTuTe B HacTosLaTa rnasa pesynraTy No3BoNsABaT Aa Ce HanpaBsAT crnegHuTe
N3BOAM, KOUTO LLie NOAMNOMOrHaT pa3paboTBaHETO Ha HOBM 1 YCHBBLPLUEHCTBAHETO Ha Cb-
LLeCTBYBALLY KOHCTPYKLMW Ha MEeXaH13MI 3a BbPTEHE Ha XuapaBIinyHu barepu:

1. VI3BBPLUEHUTE YUCTIEHW U EKCMIEPUMEHTASTHM M3CNeABaHMs Nokasear, Ye paspabo-
TEHWAT MaTeMaTyeH MOLEN Ha MexaHW3bM 3a BbPTEHE, OTYMTALL enacTUYHOCTTA Ha
pabOTHOTO CLOPBXEHWE B XOPWU3OHTASHO HanpasfieHne, afekBaTHO ONMcBa AWHAMUY-
HOTO MOBEJEHNE Ha MeXaHW3Ma B paMKUTE Ha NPUETUTE KOHLLeNTyasiH1 NpeanonoXeHus
M MOXe [ia Ce M3Mon3Ba 3a 13yyaBaHe Ha NpoLecuTe B CbBMECTHO paboTeLynte mexa-
HWYHA W XMOpaBriMyHa NoacuMCTEMU Ha MexaHuama. [lonyyeHnTe B aHanUTUYEH BUA 3a-
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BMCMOCTY 33 Pa3noNOXEHNETO Ha LEHTbpa Ha TeXeCTTa W MaCoBUSt MHEPLIMOHEH MO-
MeHTa Ha pabOTHOTO CbOPBXEHUE KAaTO (PYHKUMS HA PenaTUBHUTE bINW Ha 3aBbpTaHe
Ha 3BEHaTa No3BONsBaT 4a Ce U3cneaear 1 NpoLecuTe Npu NpoMeHnuBe obeer Ha paboT-
HOTO CbOPBXEHUE,;

2. AHanUTUYHWUTE M3pasi 3a COBCTBEHUTE YECTOTM N COOCTBEHUTE BEKTOPU, MOMNYHYEHM
ypes NHeapuanpaHns MOEN Ha MexaHu3Ma 3a BbPTEHE, Ce U3MO0N3BaT 3a aHanu3 Ha
BMOPALIMOHHOTO NOBEAEHWE Ha CUCTeMaTa U MoraT [a CrnyxaT 3a CMHTE3 Ha cucTema ¢
NpeaBapuTeNHO 3a4afeHn CBOMCTBA;

3. W3BedeHn ca maTemaTtnyecku MOAENU Ha XuapaenuyHaTa nogcuctema 3a cnea-
HUTe cnyyam: 1) OTBOpeHa XxmapasnnyHa CUCTEMA, YNpaBnsiBaHa Ype3 XuapaBnnuyeH pas-
npegenuTten; 2) 3aTtBopeHa XxmapocTaTuyHa TpPaHCMMCUS C NOCTOsIHEH 06eM Ha Xuapae-
NnnyHata nomna; 3) 3aTBOpeHa XmMapocTaTMyHa TPAHCMUCUS C ynpaBreHue Ha paboTHNS
06eM Ha xmapaBnuyHata nomna.

3BbpLUEHNTE YNCTIEHN U3CTIEABaHIS 3a CUCTEMATA, YPaBIsBaHE Ype3 XMapaBIMyeH
pasnpegenuTen No3eonsBaT Ja ce HanpaesaT CreaH1Te U3BOaM:

e HansraHusta B kKamepuTe Ha Xuapoasuratens uMaT NPOMEHNNB XxapakTep. B uH-
TepBana Ha paBHOMEPHO ABWXEHWE Ha NnaTdopmara HansraHeTo B ABETE KaMepu Uma
konebaTeneH xapakTep, KOeTo Ce ObIIKW Ha CBMBAEMOCTTa Ha paboTHWUS Gnyua 1 Ha
€1acTMYHOCTTa Ha eNEMEHTUTE Ha XMapaBIMYyHaTa cucTeMa, Kato Tean konebaHus ca
NpuymnHa 3a konebaHMEeTo B Ha brroBaTa CKOPOCT B CbLUust BpeMeBy nepuog. MNpoabn-
KUTENHOCTTA Ha NPeXoAHus nepuog npu yckopsisae e okono 0.02 s;

e [lnarpamaTa Ha brrioBaTa CKOPOCT € C TPK SICHO U3pa3eHn nepuoda — nepuopg Ha
ycKopsiBaHe Ha nnaTgopmara, nepuoa Ha paBHOMEPHO ABMXEHWE 1 NEPUOA Ha crmpaHe
B MHTepBana. 1o Bpeme Ha nepuoaa Ha yCcKopsiBaHE HapaCTBAHETO Ha CKOPOCTTa He e
TNIMHENHO, KOETO € B pa3pes C NPeanonoXeHNETO 3a NOCTOSHHO brII0BO YCKOPEHME B KNa-
cuyeckaTa METOAMKA 3a opa3mepsiBaHe Ha MexaHu3Mu 3a BbpTeHe. [leproabT Ha pae-
HOMEPHO ABWXEHME Ce XapaKTepuanpa CbC Crabo HUCKOYECTOTHO KonebaHue Ha brio-
BaTa CKOPOCT OKOJIO YCTaHOBEHaTa 1 CTOMHOCT, a NPpe3 Nepuoaa Ha cnupaHe briosara
CKOpOCT Hamansiea nNMHenHo 4o Hyna. Npes nepuoga Ha yckopsiBaHe bIMOBOTO YCKOpe-
HWe HamansBea [0 HyneBa CTOMHOCT, a Npe3 CNvpaYHus NePUOoA brioBOTO YCKOPEHUE MMa
CPaBHUTETHO NMOCTOSIHHA CTOMHOCT, KOSITO € MO-ToNsiMa OTKOMKOTO MakcMManHaTa CTou-
HOCT Ha YCKOPEHMETO Npe3 MyCcKoBWS NeproA. 3aKOHbT Ha NpoMsHaTa Ha NPoM3BOAHaTa
Ha BIMOBOTO YCKOPEHME MOKa3Ba, Ye B Ha4arnoTo Ha NyCKOBWS M B HAYanoTo Ha cnupau-
HWS NepUoan CTOMHOCTUTE Ca MHOTO BUCOKM, T.€. AMHAMWYHWS NPOLEC UMa yaapeH Xa-
pakTep.

e CTOMHOCTTa Ha BbPTALLMS MOMEHT HapacTBa MHOro 6bp30 40 MaKcUMariHaTta cu
CTOMHOCT, cried KOeTo npe3 Neproja Ha yekopsiBaHe HaMansiea, a npes3 Nnepuoaa Ha pas-
HOMEPHO ABWKEHME CTOMHOCTTA My ce koriebae OKOMo CTOMHOCTTA Ha CbNPOTUBUTENHUS
MOMEHT B OMOPHO-BBLPTAWMS Kpbr. [pe3 nepuoaa Ha cnvpaHe, BbPTAWMST MOMEHT €
MOCTOSIHEH M MMa CNMpaYeH XapakTep, Npean3BrkaH 0T APOCENMpaHeTo Ha dnymaa npes
npeanasHo-npennBHus knanaH. MoLwHoCTTa nma nuk npes nepruogda Ha yckopsisaHe crep
KOETO HamansiBa 10 HeobxoguMmaTta CTOMHOCTTA 3a NPE0AONSIBaHE Ha CbNPOTUBIIEHUATA
B OMOPHO BLPTALLMA Kb NPEe3 neproaa Ha paBHOMEPHO ABUKEHKE.

o KuHemaTuyHWUTE XapaKTepPUCTUKN Ha cucTeMaTta CUITHO 3aBuCAT OT obcera Ha pa-

28



DOTHOTO CbOPBXKEHME, ONPeensLL UHEPLIMOHHUTE XapakTepUCTUKM Ha BbpTSLLaTa nnat-
(hopma. Obulata TeHaeHUMs, KOSTO ce Habnodaea npy yBenuyaBaHe Ha npuBedeHuUs
MacoB WHepLMOHEH MOMEHT € HamansiBaHe Ha NMyCKOBOTO W CMIMPAYHOTO brIOBM YCKOpe-
HWA Ha NNaTopMarTa, CbLUO Taka W Ha CPEeAHO KBadpaTuyHaTa CTONHOCT Ha BUOPOYCKO-
PEHWETO Ha ceflankaTta Ha onepartopa 1 BubpaLuoHHaTa 4o3a, JokaTo BpeMeHaTa 3a yc-
KOpsiBaHE W CiMpaHe HapacTBaT NPUBAUUTENHO NIMHENHO.

3.2. 3a xuapasnuyHata cuctema ¢ 06eMHO perynupaHe Ha nomnara

W3BbpLLEHNUTE N aHanM3UpaHUTE YUCTIEHN PELIEHUS Ha YpaBHEHUSTa NP NOIMHOMEH
3aKOH Ha NPOrpamMHOTO ABWMXKEHWE Ha nnaTchopmaTta nokas3saT gaBaT OCHOBaHWe da ce
HanpaBsT CregHUTe N3BOAM:

o 3aKOHWTE Ha NPOMSIHA Ha HansraHWaTa cneaBaT 3akoHa 3a MPOMSHA Ha BbriIoBOTO
YCKOPEHUE Ha MPOrpamMHOTO [BWXKEHWE KaTO CbLUEBPEMEHHO MMaT KonebaTteneH xapak-
Tep, Ab/KaLL ce OCHOBHO Ha CBMBAEMOCTTA Ha (hnyuaa. Pasnukarta Mexzay ckopocTTa Ha
MpOrpamMHOTO ABWKEHUE W peanuanpaHaTa brioBa CKOpOCT ChLLO MMa KonebaTeneH xa-
paKTep 1 € MHOrOKpaTHO No-Marnka B CpaBHEHWE CbC CTOMHOCTUTE Ha brOBUTE CKOPOCTHU;

e CpepgHaTta CTOMHOCT Ha NMWHEMHOTO YCKOPEHME Ha Cedankata Ha ornepartopa,
cnefBa YCKOPEHUETO Ha NPOrpamHoTO ABikeHue. MNopaan konebatenHus xapakrep Ha
YCKOPEHMETO Ca Hanuue ronemMu OTKMOHEHMS OT 3afafeHOTO NPOrPaMHO ABIKEHWE, OCO-
BeHO B HAYanoTo Ha MyCKOBWS M Kpasi Ha CMpaYHus y4acTbLm;

e YBenuyaBaHETO Ha MacoBMS MHEPLMOHEH MOMEHT Ha pabOTHOTO ChOPBXKEHME
npu NpomsiHa Ha obcera My BOAM [0 YBenWyaBaHe Ha HansraHusTa B [BETE Kamepw,
ObIDKALLO Ce Ha HapacTBaHe Ha WHepPLUMOHHUTE HaToBapBaHus. ChLUo Taka, yBennyasa-
HETO Ha WHEPLMOHHMS MOMEHT BOAM [0 yBeNnnyaBaHe Ha aMnnuTydaTa Ha BMGpaLumoH-
HaTa KOMMOHEHTA Ha HansraHusTa W 4o HamansiBaHe Ha YectoTaTa Ha TPENTEHUATa;

e [lpu onpegeneHa CTONHOCT Ha MacoBMS UHEPLIMOHEH MOMEHT Ha paboTHOTO CbO-
PBXKEHME € Bb3MOXHO CpaboTBaHETO Ha npeanasHo-NpenuBHS KnanaH. B To3u cnyyai
peanHaTa brroBa CKOPOCT Ha nnatcopmMaTta e no-Hiucka OT brioBaTa CKOPOCT Ha Npor-
PaMHOTO [BWXEHWE NPe3 MyCKOBWS NEPUOA, Thi KaTo YacT OT febuTta Ha noMnarta npe-
MWHaBa npe3 npeanasHo-NPesMBHUS KnanaH. B pesynTar Ha ToBa ce Habnogaea ns4es-
BaHe Ha konebaTtesiH1s XxapakTep Ha bIII0BOTO YCKOPEHWE Ha niatgopmarta 1 IMHENHOTO
YCKOPEHWE Ha cefarkaTa Ha onepartopa B nepuoga Ha yCKopsiBaHe;

e lA3cneaBaHeTO Ha BNUSIHWETO Ha CTOMHOCTTA Ha NPUBEAEHUS MOdyN Ha obeMHa
nedopmaums BbpXy brioBata CKOPOCT Ha BbPTEHe Ha nnaTtdgopmata nokasea, Ye npu
HaManisiBaHe Ha HeroBaTa CTOMHOCT, amnnuTyaaTa Ha TPenTeHUATa Ha HansraHeTo ce
yBENWYaBa, a Yectotata UM Hamansiea, HoO BbMpekn TOBa CTOMHOCTUTE Ha HansaraHeTo
ca 651M3KM 4O Te3n CTONHOCTM, ONpeeneHn OT YCKOPEHWETO Ha NPOrpaMHOTO ABUKEHNE.
CbLLO TaKa ce YCTaHOBSABa, Ye pasfMKuTe MEXAY peanHaTa brioBa CKOPOCT U brmoBaTa
CKOPOCT Ha MPOrpaMHOTO ABMXEHWE Ca B JONYCTUMU rpaHuLK;

AHanusbLT Ha AMHAMWUYHOTO NOBELEHWE Ha cUCTeMaTa npu IMHEEH 3aKOH Ha Nporpam-
HOTO ABMXEHWEe Ha nnaTgopmaTa no3BossBa Aa ce HanpaesaT No4o6HW M3BOAK, KaKTO W
MpW NOMMHOMHKS 3aKOH, HO C Tasn 0CODEHOCT, Ye ca Hanuue 3HaYUTESTHO MO-ToNeMy
TPENTEHUS NPW BCUYKM XapaKTepPUCTUKM Ha cucTemata. Pasnukute B brinoBuTe CKOPOCTH
B y4acTbKa C paBHOMEPHO [ABWKEHME AOCTUraT 6%, a MMKOBUTE CTOMHOCTY Ha NIMHENHOTO
YCKOPEHE Ha onepaTopa npesuwaBaT OKOMO TPX CTOMHOCT OT NPOrPamMHOTO ABWKEHME.

W3cnenBaHusTa Ha AMHaMWYHOTO MOBEAEHWE Ha cucTemara npu W3noN3BaHeTo Ha
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ML perynaTtop nokasear, Ye npu npasusieH Nogoop Ha KOePUUMEHTUTE Ha NPONOPLMO-
HanHaTa, AndepeHumManHaTa u UHTerpasnHarta CbCTaBki € Bb3MOXHO [a Ce HaMansr
HaMbHO NPeMaxHaT TPENTEHUSTA B XapaKTEPUCTUKUTE Ha cucTeMaTa. 3a M3BbPLLEHNS
YWCNEH EKCNEPUMEHT € YCTaHOBEHO, Y& MakcuMarHaTta pasnuka Mexay brnosata Cko-
POCT Ha MPOrPaMHOTO ABWKEHME W peanHaTa brioBa CKOPOCTW Ha nnartdgopmarta € Ha-
Mansina okorno Tpu MbTu cnpsmMo cryyas 6e3 usnonssade Ha ML perynatop. MogobHo
3aKnYeHne Moxe Ja ce HanpaBsu 1 3a NUHENHOTO YCKOPEeHWE Ha cefankata Ha onepa-
TOpA.

4. Yucnenun nscneaBaHns vpes CbafafeHns MaTemaTieckn Moaes Ha MeXaHn3bm 3a
BbpTEHe C xnabuHa nokasgaT, Ye xnabuHara yBenmyaBa AMHAMWYHUTE HATOBapBaHMS B
efieMeHTUTE Ha MexaH13Ma 3a BbPTEHE, KaTo NP M3MNON3BaHUTe YNCIIEHN CTOMHOCTYU Ha
napameTpuTe € YCTAaHOBEHO, Ye KOe(ULMEHTBT Ha AnHAMUYHOCT gocTura Ao 28%. Kom-
BuHaumusaTa Mexay OMHAMWUYHUTE HATOBapBaHWUs, NPEAN3BUKaHW OT €NacTUYHOCTTa Ha
eNIEMEHTUTE Ha MeXaHu3Ma ¥ OT xnabuHaTa MoXe Aa 4oBede [0 peanua HeraTuBHM
eheKkTy KaTo pa3pyLlaBaHe Ha eNeMEHTUTE, CbKpallaBaHe Ha XMBOTA UM W KaTo LSO
[0 NOHWKaBaHe Ha HadeXAHOCTTa Ha MexaH13Ma 3a BbpTeHe 1 Ha Barepa kaTo Lusrno.

5. EkCnepuMeHTanHoTo n3cneaBaHe Ha XapakTepPUCTUKUTE Ha MEXaHWU3bM 3a BbPTEHE
Ha OBa CTeHAa, HanuyHW B nabopaTopunTe Ha kaTteapa ,MHXeHepHa noructuka, no-
LOEMHO-TPAHCMOPTHA M CTPOUTENHA TEXHMKA" NMOKa3Ba CreaHuTe PakTu:

e [padmkaTa Ha CKOPOCTTa MMa TpaneLoBuaHa opma, T.e. ACHO mMoraT Aia ce pas-
rpaHuyaT nepuos Ha yCKOpeHue C IMHENHO HapacTBaHe Ha CKOpOCTTa, MepUoA Ha pas-
HOMEPHO [BWXEHWe C NOCTOSHHA CpefHa CTOMHOCT Ha CKOPOCTTa M Nepuos Ha crvpaHe
C NHENHO HamansiBaHe Ha ckopocTTa. CkopocTTa uMa konebaTeneH xapaktep B nepu-
0fa Ha paBHOMEPHO ABWXEHWE, KaTo KonebaHusTa Hamansear nopaaun A4eMndupaHeTo
B cucTemara. BuabT Ha konebaHusTa nokasea, Ye e Hanuue NonmxapMOHUYHO TPENTEHE,
ObMXaLlo Ce Ha enacTUYHOCTTa Ha XMApaBrMyHaTa CUCTEMA U MHOrO3BEHHaTa Mexa-
HWYHA KOHCTPYKUMA. [pacdmkata Ha cBOBOAHMTE 3aTUXBALLUM TPENTEHWUS NOKa3ga, Ye e
HanuLe eKCrOHEHUManHo 3aTuXBaHe Ha TPenTeHusTa, KOeTo NOTBbPXaaBa npeanono-
XEHWETO 3@ BUCKO3HO CLIPOTUBIIEHNE B CUCTEMATA;

e lI3BbplueHaTa ypes CpaBHEHME Ha eKcriepuMEHTanHUTE AaHHU OT U3CneaBaHETOo
Ha CTeH[ , TOBaponogemMeH MaHunynaTop” Ypes cpaBHeEHUE C pesynraTute OT YUCNEHOTO
pelLeHre Banuaauma Ha MaTemaTyHUs MOZeN nokasea, Ye Mexay pesynrartute 3a CKo-
pocTTa umMa fobpa cteneH Ha cbBnageHne. OCHOBHaTa pasnuka € B No-roneMust nuk Ha
eKcnepyMeHTasIHO M3MepeHaTa CKOPOCT B HAYamnHWs MOMEHT — pasnukaTa € B paMkuTe
Ha 25 % cnpsMo TeopeTnyHaTa ckopocT. CbLLO Taka, 3aTUXBAHETO HAa TEOPETUYHATa
KpvBa e No-6bp30, OTKOSIKOTO Ha eKCiepuMeHTarnHara. [lpyra 0cobeHoCT e, Ye TeopeTny-
HaTa KpyBa MMa XapMOHUYEH XapaKTep, 3a pasnunka 0T Beye KOHCTaTUpaH1s nonmxapmo-
HWYEH XapaKTep Ha ekcnepumeHTanHaTa Kpuea. CpaBHEHUETO Ha rpadukuTe Ha ekcne-
PUMEHTANHOTO U TEOPETUYHOTO HansraHe rnokasea, Ye TEOPETUYHIS MOLEN AaBa 3Hauu-
TENHO Mo-ronam nuk (gocturaw, 5 MPa) B HayanHMs MOMEHT, OTKOSIKOTO eKcrnepuMeH-
TanHo M3MepeHaTa CTOWHOCT, CbLLO Taka NPOLbIKMTESTHOCTTA Ha pearnHus nyckos npo-
Liec e Nno-BKUCOKa, OTKOSIKOTO TEOPETUYHATa CTOMHOCT. B yCTaHOBEHMSA pexuM CTeneHTa
Ha CbBMajeHne Ha BETe KPMBYK € MHOro BUCOKa. Pasnukarta mexzay Asarta nyckosu npo-
Lieca Moxe fa ce 0651CHU C HETOYHOCTM B ONMPeensiHETO Ha CTOMHOCTUTE Ha napamer-
pUTE Ha MEeXaHW4YHaTa W XuapaBnu4yHaTa CUCTEMU, A CbLLO Taka U C NPUBNN3UTENHNS
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XapakTep Ha MmateMaTu4eckna mogern.

MABA 5. KHHEMATUYEH AHANU3 U AHAINTU3 HA OBPATHATA OUHAMUKA HA
PABOTHU COPBXEHUA HA XUAPABITUYHU BATEPU

5.1. Len 1 o6xBaT Ha HacTosLWaTa rna.sa

Llenta Ha HacToslaTa rnaBa e yCTaHOBSBaHe Ha (DYHKUMOHANHUTE 3aBUCUMOCTH,
CBBbP3BALLY XapaKTePUCTUKUTE Ha pabOTHOTO NPOCTPAHCTBO (Ha HUBO reOMETPUS, CKO-
POCTW U YCKOPEHWS) C XapaKTEPUCTUKUTE Ha MPOCTPAHCTBOTO Ha 3aBWXBaLLUTE MeXa-
HW3MW W pellaBaHe NOCPeaCTBOM Te3 3aBUCMMOCTU Ha HAKOM 3aayun, YeCcTo cpeLlaLliu
ce Npu NPOEKTUPaHE W 3cneaBaHe Ha XuapaBnu4Hy barepu 1 gpyru CTPOUTENHU MaHK-
nynatopu ¢ nogobHa KuHemMaTyHa CTpyKTypa.

5.2. TeoMeTpuyeH aHanu3 Ha XuAapaBnuyeH barep C KMHEMaTMyHa CTPYKTypa
RIR| R| R

[pn reOMeTPUYHNS aHanu3 Ha pasrnexgaHus xugpaenuyeH barep morat ga ce ae-
(OMHMPAT CriegHUTe TPK Bruaa NPOCTPAHCTBA Ha KOOpAMHATUTE:

1) MpOCTPaHCTBO Ha KOOPAMHATUTE Ha 3aABWKBALLMTE MEXAHM3MU, CCTOALLO Ce OT
brbfa ¢ Ha 3aBbpTaHe Ha Bana Ha xuapodsuraTens Ha MexaHusMa 3a 3aBbpTaHe Ha
nnatgopmaTa v ObmkuHuTe S1, S2 U S3 Ha XMApaBnUYHUTE UMNUHOPW, 3a4BUXBaLLW 3BE-
HaTa Ha paboTHOTO CLOPBXEHNE; 2) [POCTPAHCTBO Ha CTaBHUTE KOOPAMHATY, CbCTOALLO
ce OT bIbfa Ha 3aBbpTaHe Ha nnaTtgopmara 61 1 Ha brIUTe Ha 3aBbpTaHe 62, B; 1 B4 Ha
3BeHaTa Ha paboTHOTO CbopbXeHue; 3) [lekapToBo paboTHO NPOCTPAHCTBO, B KOETO Ce
onpepenst koopanHaTtute (XOs, yO4, ZO4) - AEKAPTOBW KOOPANHATY HA XapaKTepHa ToYKa
0T paboTHMs opraH (03HayeHa ¢ Os) M bIIKUTE, KOUTO ONPEeOEnsaT OpUeHTaumsaTa Ha pa-
BOTHMSA opraH ak, Bk, U Yk cnpsaMo rnobanHata koopanHaTHa cuctema. Ha dour.5.2 e no-
ka3zaHa 000bLleHa cxema Ha 3aavaTa 3a reoOMeTpUYeH aHanmsa Ha paboTHOTO CbOpbXeE-
HWe Ha XuapaBnuyHus barep.

[Tpn npaBata 3agaya Ha reOMETPUYHKS aHanM3 ca W3BECTHM KOOpAMHATUTE Ha 3aj-
BUXBALLWTE MEXAHN3MU, @ CE TbPCAT AeKapTOBUTE KOOPAMHATY Ha XapaKTepHa To4Ka OT
PaboTHKS OpraH 1 HeroBaTa OPUEHTALIMA CNPSIMO U3X0AHATa KOOPAMHATHA CUCTEMA, T.€.
crnegHaTa (yHKUMOHaNHa 3aBMCMMOCT:

(XO4’yO4’ZO4’ak7ﬂk>7/k):f(§0>S1=S2>S3) (51)

Mpu obpaTtHaTa 3aaaya ce 3afaBaT NnosvLMsTa U OpUeHTaLMsTa Ha paboTHUS OpraH,
a Ce ThPCAT KOOPAMHATUTE Ha 3aJBKBALLMTE MEXAHU3MU:

(¢>S1=SzaS3)=f(xo4ay049204aakaﬂk=7k) (5.2)

3asucumocTTa (5.1), We Hapuyame npasa yHKUMS Ha nonoxeHueTo (MOr), a 3asu-
cumocTTa (5.2) — obpatHa dyHKUMs Ha nonoxexneTo (OPI).
5.2.1. TeomeTpuyeH aHanN13 Ha OTBOpPEHaTa KMHeMaTU4Ha BepUra
5.2.1.1 MNpaBa 3agaya Ha reoMeTpuU4HUA aHanu3 (onpeaensHe Ha MNPI5)
[€OMETPUYHUAT aHaAMM3 Ha OTBOPeHaTa KMHeMaTuyHa Bepura, popmupaHa oT ene-
MEHTUTE Ha PaboTHOTO CbOPBKEHME, Ce U3BBPLLBA N0 MeToAa Ha [leHaBuT-XapTeHbepr.
3a LienTa CbrnacHo onpeaeneHy npasuia KbM BCAKO 3BEHO CE M3BBPLUBA NPUCHEONHS-
BaHe Ha KOOpAMHaTHa cuctema (CbKpaTeHo 03HadeHue k.c.) XYiZi . OcHoBHa ocobeHocT
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Ha MOKa3aHOTO Pa3NoNOXKEHWE Ha KOOPAWHATHUTE CUCTEMM €, Ye Ype3 NpreMaHe Ha He-
HYNeBW CTOMHOCTW Ha napameTpuTte di, ai U d2 ce pasrnexaa obLims cnyyan Ha pasno-
TNOXEHNETO Ha pabOTHOTO CLOPBXEHWE crpsMo Ba3oBaTa MalLmMHa.

X04,504,20 4,04, B, Yk

PaboTHO IPOCTPAHCTBO

[}

HpOCTpaHCTBO Ha CTaBHUTE KOOPpAUHATH

1NN

OGO TS:D

TIpocTpaHCTBO HAa KOOPAMHATHUTE HA 3aBHKBALIUTE
MEXaHU3MH

¢ur.5.2 ObobLieHa cxema Ha 3agavaTa 3a reoMeTpuyeH aHanua Ha barepa

[TbriHaTa MaTpuua Ha TpaHcopmauus Mexay Hynesarta W KpanHaTta KOOpAWHATHM
CUCTEMU UMa CrnefHWs BUA:

(G| 614

KbETO Ype3 ; R e 03HaYeHa MaTpuLaTa Ha poTaLus Ha K.C., CBbp3aHa ¢ paboTHus opraH

CMIPSIMO HEMOBUXHATA K.C., @ Ypes ,d e 03HAYEH MO3NLMOHHMS BEKTOP Ha Ha4amnoTo Ha
K.C., CBbPp3aHa C paboTHUs OpraH:

Cilyy  —CiSp4 5 N hy N3
ZR = 51€3s TS1S3q TG [T T T3 (5.15)
5234 Cr34 0 B H I
x0, ¢ (al +a,C, + a,C,, +a,Cpsy ) +d,s,
Zd = y0, |=| s (al +a,c, +a,C,; +a,Cyyy ) —d,c (5.16)
z0, a,S, + a38,, + .S, +d,

3a [a ce onpefenu opueHTaumaTa Ha paboTHMS opraH B paboTHOTO NPOCTPAHCTBO B
3aBWCKMOCT OT CTOMHOCTUTE Ha CTaBHUTE BN 6, ce uanonasart briu Ha Oinep. B cny-
Yas, 3a [ia ce OnuLe OpueHTaLmsaTa Ha kodaTa B paboTHOTO NPOCTPAHCTBOTO Ce U3MOos-
3Ba cucremara brnm Ha Onnep, HapeyeHa “XYZ gukeupanm brnun’”. Mpu Tasu cuctema
HeobxoanMMaTa OpueHTaUmMs Ha paboTHUS OpraH ce MocTUra Ype3 TpU NocneaoBaTenHu
3aBbpTaH1S OKOMO OCUTE Ha HenoaBIKHATa HyNeBa KOOpAMHATHA CUCTEMA, U3BbPLLIEHM
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B CIIE[IHVA pefl: poTaLmsi OKONIO 0C Xo Ha bMbi Vi, POTaLMs 0KOMo oc Yo Ha brbn B, po-
TaLMs OKOMo oc Zo Ha bIbl k. Cnepn onpeaeneHn CUMBOMHM NPeobpasoBaHmns 1 onpoc-
TSIBaHUS C& NONy4YaBaT CreAHUTE 3aBUCUMOCTY 3a ONpeaensiHe Ha bIMUTe Ha OpUEHTa-

Lns Ha paBOoTHUS OpraH:
B = atanz(_rzla\/rlzl +r221 )

ay zatanz(rzl/cﬁkﬂrll/cﬂk) (5.19)

Vi = atan2(r32/cﬂk a’%3/cﬁk)
KbLETO 7|, Iy, Ky, ¥y, W 1, Ca CbOTBETHUTE EMEMEHTU Ha poTaLMoHHaTa MaTtpuua
(5.15). M3snonseaHeTo Ha (5.19) 3a pasrnexmaHaTta KMHEMaTUYHA CTPYKTypa BOaW A0
crnegHnuTe pesyntaTu:
,Bk = ‘92 + 03 + 04
a, =0 (5.20)

Vi = 72'/2

3asucumoctute (5.16) 1 (5.19) npeacrasnsBaT npaBata yHKUMUS Ha NONOXEHMETO U
C TOBa Ce M34epnBa peLlaBaHeTo Ha npaBaTa reoMeTpuyHa 3aava 3a 0TBOPeHaTa KuHe-
MaTU4Ha Bepura.
5.2.1.2 ObpaTHa 3aga4a Ha reoMeTpuYHUA aHanu3 (onpeaensHe Ha OPI15)

brnute Ha 3aBbpTaHe Ha 3BeHaTa ce ONpeaensT no CneaHnst HaunH:

e OnpepensiHe Ha 6;

B 3aBMCMMOCT OT OKauBaHETO Ha paboTHO CbopbXEHME KbM Ba3oBaTa MallMHa Ha ba-
repa, TyK ca Bb3MOXHM [Ba Cny4as:

1) BepTukanHata paBHUHA, NpeMUHaBaLla npe3 BepTMKanHaTa cpedHa paBHUHA Ha
PabOTHOTO CLOPBXEHWE, NPEMUHABA W NPe3 OCTa Ha pPoTauust Ha MoABWXKHaTa nnart-
opma.

2) BepTukanHata paBHWHa, NMpemMuHaBalla npes BepTukasiHata CpefHa paBHWHA Ha
PaboOTHOTO CLOPBLXEHWE, He MPEMUHABA Npe3 0CTa Ha poTauus Ha NOABMXHATa nnart-
opma.

e OnpeaensiHe Ha 6;

0, = atan2(c3,ir«/1 —c3 ) (5.50)
e OnpeaensiHe Ha 6;

ki —kk, ks + kg

S, = ,C, = 557
e T Rk (5:31)

CTonHoCTTa Ha 62 ce npecmsaTa no crnegHata hopmyna:
0, =atan2(s,,c,) (5.58)

e OnpeaensHe Ha 6;
brunsT 6, ce onpepens oT n3seaeHarta Beye 3asucumocT (5.20) 1 npu onpenenexm

BEYe CTOMHOCTU Ha &, 1 O, e paBeH Ha:
0, =p, -6, -0 (5.59)
5.2.2. TeomeTpUYeH aHanNM3 Ha 3aABNKBaLUMTE WAPHUPHO-NIOCTOBN MEXaHU3MU
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TekywmTe ObIMKUHM Ha XMAPABIIMYHUTE LUNMHAPY ONPeaensiT 3aBbpTaHeTO Ha 3Be-
HaTa Ha OTBOpEHaTa KMHeEMAaTU4Ha Bepura, KOWTO OT CBOSI CTpaHa onpeaensT nosuuusTa
N OpUeHTaUusiTa Ha paboTHUS opraH B AeKapToBOTO paboTHO NpocTpaHcTBO. 3a Aa ce
onpegenst MeMN1+4 n OdrN1+4 e HeobxoaMMO Aa ce U3BBLPLLK FEOMETPUYEH aHanNN3 Ha
LIAPHUPHO-NTOCTOBUTE MEXaHW3MU. B 4MCTO MaTemMaThyeckm acnekT, reoMeTPUYHWUAT
aHanu3 Ha LapHUpHO-NTOCTOBUTE MEXaHU3MKM ce cBexzaa A0:1) hopMmupaHe Ha BEKTOp-
HOTO YpaBHEHWE Ha 3aTBOPEHNS BEKTOPEH KOHTYP; 2) HAMMPaHe Ha HEroBuTe NPOeKLmm
BBbPXY OCU Ha OnpefeneHa KoopAnHaTHa cucTema; 3) peLlaBaHe Ha nonyyeHara cuctema
TPUrOHOMETPUYHI YPaABHEHMSI OTHOCHO HensBecTHUTe koopauHaTtu. OT ¢wmr.5.3 ce
BUXAA, Ye XUAPOLMIMHAPUTE Ha CTpenaTa U Hocaya popMupaT KynnCcHU MexaHuamm, a
XMOPOUMNMHABPA HA pabOTHUS OpraH CbBMECTHO C YETUMPU3BEHHUS MeXaHu3bM (hop-
MUpa LWECT3BEHEH MEXaHU3BM. 3a Te3N MEXaHU3MM cUcTemMaTa TPUrOHOMETPUYHY YpaB-
HEHWS, ONMCBAaLLa reoOMeTpUSTa Ha KOHKPETEH 3a[BWXKBaLY MEXaHU3bM, WMa CreaHus

06wy BuA;
®(q),

®(q),

Kb[IETO (] & BEKTOP Ha KoOpAMHaTUTE Ha MexaHuma; @ (q), 1 P (q), ca npoekuumTe

Ha YpaBHEHWETO Ha 3aTBOPEHNSI BEKTOPEH KOHTYP BbPXY OCUTE Ha KOOpAMHATHATa Cuc-
Tema. lNonyyeHute aHanuTMYHM n3pasw 3a MNoer1+4, Odr1+4, MNoers n OPr1S pewasar
M3UA0 NpaBata u obpartHaTta 3afa4um Ha reoOMeTPUYHUS aHanus Ha xuapasnuyeH barep
¢ kuHematiHa ctpyktypa R FR|| R]| R.
5.3. lpaBa 1 obpaTHa 3agayn Ha reoMeTPUYHUA aHanu3 Ha XxuapasnuyeH barep ¢
TeneckonuyeH Hocay
5.3.2. OOpaTtHa 3agaya Ha reOMeTPMYHUA aHanu3

PaboTHOTO CbOPBXEHWE C TENECKOMUYEH HOcay MMa YeTUPK CTeneHn Ha ceoboga B
paBHMHATa, [OKAaTO 3a MO3ULMOHMPaHe Ha BbpXa Ha 3bba Ha kodhata B onpeaeneHa
TOYKa OT paboTHaTa 30Ha Npu 3aJafeHa opueHTauus Ha kodara ca Heobxogumm camo
TPy CTeneHn Ha cBoboga. ToBa BHACs W3BECTHA HeONpeaeneHoCT B Heobxoanumara reo-
MeTpUYHa KOH(Urypaums Ha paboTHOTO CbOPbXEHWe MpK AOCTUraHe Ha 3ajafeHa
TOuYKa. PelwaBaHeTo Ha obpaTHaTta 3ajaya Ha reOMeTPUYHNS aHaIu3 B Crlyyal Ha npo-
MeH/IMBa Ob/MKMHA Ha HOocayva ds4 M MpU U3BECTHA CTOMHOCT Ha brbfla HA HaKIOHa Ha
cTpenata 6, ce U3BbPLUBA B CIEHUSA pef:

e OnpepensHe Ha brbna 6:

®(q) = =[0] (562)

6, =atan2(x0;, yO; ) £ atar12(\/x052 +y0;," —d; ,dz) (5.81)
e OnpegensiHe Ha koopanHaTuTe Ha T.0s
x0, xO; — a, cos B cos b,
O, |=| yO, —as cos fsin6, (5.82)

z0, zO; —a,sin
e OnpepnensiHe Ha koopauHaTuTe Ha T.03
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x0,] |cos6 (a, +a,cos6,)+d,sinb,
yO, |=|sind,(a, +a, cosb,)—d, cosb, (5.83)
zO, a,sing, +d,
e OnpepensiHe Ha AbMmKUHaTa ds
d,= \/(x04 —x0, )2 +(y04 — 0, )2 +(z0, - z0)
e OnpepensHe Ha brbna 6;

0, = atanZ(cos 0,,+4/1—cos 4932) (5.85)

5.5. AHanu3 Ha CKOPOCTUTE M YCKOPEHMATA Ha XuapaBnvyeH barep ¢ KNHeMaT4YHa
crpykrypa R [R| R| R

OcBeH onpedeneHnTe Beye reOMETPUYHN XapakTePUCTUKN Ha pabOTHOTO CbopbXe-
HWe Ha Barepa (brnW Ha 3aBbpTaHe Ha 3BeHaTa ¥ MO3MLMW Ha XapaKTEPHU TOYKK B fe-
KapTOBOTO PabOTHO NPOCTPAHCTBO), NPU NPOEKTUPAHETO Ha HOBM 1 aHarnm3 Ha CbLLeCT-
BYBALLM KOHCTPYKLUMM Ha paboTHM CbOPBXEHWS OonpedeneH UHTepecC NpeacTaBnsBaTt u
OpyriTe Be KWHEMATWUYHW XapaKTEPUCTUKN HA MEXaHUYHaTa CMCTEMA — BrioBUTE CKO-
POCTM W YCKOPEHUSA Ha 3BEHATa U JIMHENHWUTE CKOPOCTYU U YCKOPEHUS HA TEXHW XapaKTepHH
TOYKM, B YACTHOCT — NIHEHATA CKOPOCT Ha XapaKTepHa To4ka OT paboTHWS opraH (Bbpxa
Ha 3bba Ha kobaTa, Bbpxa Ha NPOBUBHUS MHCTPYMEHT 1 4p.).
5.5.1. CKopoCTH 1 yCKOpPEeHUs Ha 3aABUXKBaLLUTE MEXaHU3MU

KnHemMaTU4HUAT aHanm3 Ha 3afBuxBaLL1TE MEXaHU3MM Ce CBEXAa 0 onpefensHe Ha
MbpBaTa 1 BTOpaTa npefaBaTenHn QyHKUMM Ha MexaHuama. TyK, KakTo U Npu reomert-
PUYHUA aHanu3, ce dhopMmynupart npaea v obpaTtHa 3agayun: 1) npu npaBaTa 3agaya e
HeobX0AMMO Aia ce OnpesensT CKOPOCTUTE U YCKOPEHUSATA Ha 3BeHaTa B CTaBHOTO NpoC-
TPaHCTBO, a Ha paboTHMA opraH B pabOTHOTO MPOCTPAHCTBO KAaTo (DYHKLMS HA CKOPOC-
TUTE B NPOCTPAHCTBOTO Ha KOOPAMHATUATE Ha 3aJBWKBALLMUTE MeXaHWU3MK; 2) npu obpar-
HaTa 3afaya ca M3BECTHW CKOPOCTUTE W YCKOPEHMsTa B pabOTHOTO NPOCTPAHCTBO U €
HeobX0AMMO ia ce onpeaensT CKOPOCTUTE B CTABHOTO NPOCTPAHCTBO U NPOCTPAHCTBOTO
Ha 3aaBwxBawmTe koopauHatu. Ot cuctemute (5.97) u (5.98) morat ga 6vaar onpege-
nenu mbpeata (5.101) v BTopata (5.102) npasa v obpaTtHa npeaaBaTenHn PYHKLUMM Ha
MexaHu3ma:

2

(5.84)

q =¥ 'B, (5.101)
g =Y 'B, (5.102)
cpero W=[*¥ “¥] B =[0 7 ] B,=[-¥q .
5.5.2. AHanu3 Ha CKOPOCTUTE M YCKOPEHMATa Ha OTBOpEHaTa KNHEMaTUYHa Bepura
[peactasexnTe B Tabs.5.7 KNHEMATUYHW 3aBUCUMOCTY 3a CKOPOCTUTE W YCKOPEHUSITa
Ha 3a[BWXKBaLLMTe MEXaHW3MKU No3sonsBear ga 6baat onpegesnieHn KMHeMaTuyHUTe Xa-
PaKTEpPUCTUKN Ha paboTHUS opraH B pabOTHOTO NPOCTPaHCTBO. 3a LenTta Tpsibsa da ce
yCTaHOBW Bpb3kaTa Mexay CKOPOCTUTE U YCKOPEHUATa OT CTaBHOTO NPOCTPAHCTBO U CKO-
POCTUTE U YCKOPEHUsTa Ha paboTHMS opraH B paboTHOTO NPOCTPAHCTBO.
5.5.2.1 AHanu3 Ha CKOpOCTMUTE
JluHeHaTa 1 brnoeara CKOpoCTY Ha paboTHUS opraH MoraT Aa 6baat NecHo NonyveHH
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Ypes andepeHLpaHe CrpsmMo BPEMETO U peLliaBaHe CripsMO HEM3BECTHUTE CKOPOCTU Ha
TPUrOHOMETPUYHITE YPaBHEHUS, 00BLP3BALLM CTABHITE KOOPANHATY C KOOPANHATUTE Ha
paboTHWSA opraH B paboTHOTO NPOCTPAHCTBO. 3aBIUCUMOCTTa Ha CKOPOCTTa B pabOTHOTO
MPOCTPAHCTBO OT CKOPOCTTa B CTABHOTO NPOCTPAHCTBO Npuaobuea Buaa:

q, =J.9; (5.111)
kbeTo J, e fkobuana Ha cucTemara, Cbulo Taka 4, =[ X0, O, :0, o, ]T, a
. . o . T
qj 2[191 0, 0 94:| y
5.6. KnHemaTnyeH n gMHaMMYeH aHanu3mn Ha paboTHU CHLOPBLKEHUA B paBHUHATa

[pu xuapaBnuyuHMTe Garepu No-ronsmara 4act OT TEXHOMOMMYHMTE onepaLumn ce ns-
BbpLUBAT BbB BEPTUKANHaTa paBHMHA Ha pabOTHOTO CbOPbXEHWe, KOETO aBa OCHOBa-
HWe 3a pasrnexgaHe Ha ONPOCTEHN PaBHUHHU MOLENW Ha PabOTHUTE CLOPBXEHNS.
5.6.1. KnuHemaTny4eH n AMHaAMUYEH aHanu3 Ha PaboTHO CbOPbLKEHUE C KNHEMATUYHA
crpykrypa R| R| R

Ha ¢wur.5.9 e nokasaHa reoMeTpuyHa cxema Ha paboTHO CbOPBXEHWE C KMHEMATUYHA
crpyktypa R|| R|| R v 3 crenenn Ha co6opa Bbe BepTukantata pashuHa. Ypes O; (3a
1=1,2,3) ca 03HaYeH LieHTPOBETE Ha BbPTALMTE ABouum, Ypes Ci (3a i=1,2,3) — LeHTpo-
BETE Ha TEXeCTTa Ha 3BeHaTa C Ob/kUHU L1, L2 1 Ls, upe3 O4 — creumduyHa Touka ot
paboTHWS OpraH.
5.6.1.3 ObpaTHa AMHaMMKa Ha PabOTHO CHLOPBLXKEHUE C KMHEeMaTM4yHa CTPYKTypa
R| Rl R

[IMHaMW4yHMTE ypaBHEHUS HA PAaBOTHOTO CLOPBXEHWE NPU CEABAHE Ha TPAeKTOpus ce
nonyyasaT Ypes cuctemata ypaBHeHUs Ha JlarpaHx oT BTopu pod. M3BbpLuBanku Heob-
X04MMUTE onepauuu B B ypaBHeHUSTa Ha JlarpaHx, HENWHENHUTE ANHAMWUYHN ypaBHe-
HUWS, ONUCBALLM ABWKEHNETO Ha PAabOTHOTO CbOPBXKEHNE UMAT CreaHUs BUA;

Q=M(q)4q+V(q.q9)+G(q) (5.155)
5.6.1.5. Cumynauusa Ha ABUXKEHMETO Ha pabOTHOTO CLOPBLXEHWUE NPU creaBaHe Ha
MHOFOCerMeHTHa TpaeKTopus ¢ NPaBoSIMHENHU CErMEeHTH

[Monyyexute B 1.5.6.1.1 — 5.6.1.3 3aBUCMMOCTY Ca U3MOS3BaHM 3a U3BbPLUBAHE Ha CU-
Mynaums Ha ABMXEHUETO Ha pabOTHOTO CLOPBXEHWE NO TPAEKTOPKS, CbCTOSLA Ce 0T
npasu NuHUK — ur.5.11.

Ha cpur.5.13 ca nokasaHu CUNOBUTE U KUHEMATUYHWUTE XapaKTePUCTUKM Ha pabOTHOTO
CbopbXKeHue. Ha cur.5.13 a) ca nokaszaHu BbPTALLMTE MOMEHTU, Cb3[aBaH1 OT 3aBUX-
BaluTe MexaHu3mun. Ha cur.5.13 6) 1 B) ca nokasaHu CbOTBETHO BIMUTE U BIMOBUTE
CKOPOCTW Ha TpUTe 3BEHa.

5.7. CUHTe3 Ha reoMeTpUYHUTE NapameTpy Ha paboTHO CLOPLXKEHMe U paboTHaTa
30Ha

EAvH paumoHaneH noaxof 3a CUHTE3 Ha reOMETPUYHWUTE NapaMeTpu Ha 3BeHaTa Ha
barepHo paboTHO CLOPBXEHNE, KOUTO CPABHUTESTHO NECHO Ce aBTOMAaTM3NpPa, € Ypes fe-
(DMHMpaHe W peLLaBaHe Ha ONTUMM3ALMOHHA 3aaava.

B 1031 cnyyan, 6poaT Ha onpeaensiHUTe reOMETPUYHI NapaMeTpy He € OrpaHuYeH, a
CbLLO TaKka He € OrpaHu4eH 1 BpoAT Ha aHaNMTUYHO CbCTaBEHUTE TEOMETPUYHI 3aBUCH-
MOCTY 3a cneuudnyHM TOYKM 0T paboTHaTa 30Ha, UrpaeLLyn pons Ha OrpaHNYeHns B 3a-
fayara.
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¢ur.5.9 F'eomeTpnyHa cxema Ha paboTHO CbOPBXKEHUE C KUHEMATUYHA CTPYKTYpa
Rl Rl R

Angles,rad

dur.5.13 CMNoBU M KNHEMATUYHN XapaKTEPUCTUKN NPY ABUKEHUE NO
MHOTOCErMEHTHa TpaeKkTopHst

O6LLI,I/IF|T BWA Ha ONTUMU3aLMOHHATa 3afiada € CrieHNA:

Z(q)— extr (5.198)
c{=<>}0 (5.199)
qmax 2 q 2 qmin (5200)

KbAeTo Z (q) e Uenesata (yHKLVs Ha 3aja4ata, YnitTo eKCTPeMyM Ce TbPCH; C € BEKTOp

Ha reOMEeTPUYHUTE OrpaHUYeHuUst Ha 3aadaTa, a € BEKTOp Ha ynpaBnsBalluTe napa-
METPU, Qmin U Qmax CA TEXHUTE MUHUMANHK U MaKCUMamHU CTOAHOCTY, ONpeaensiHn OT
3a[iBIKBALLUTE MEXaHU3MM; {=,<,>} - penaLMOHHM OnepaTopu B CbOTBETHOTO MHTEP-

BaslHO OrpaH1yeHme.
OCHOBHWTE reOMETPUYHUTE NapameTpy, KOUTO CreBa [1a ce OnpeensT 3a TPU3BEHHO
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paboTHO CbOpbXeHWe ca: 1) KNHEMATUYHWUTE Ob/IKMHU Ha cTpenaTa Li, Hocava L 1 pa-
©OTHMS opraH Ls;

2) MUHUMAITHUTE W MaKCUManHUTe CTOMHOCTW Ha PeNaTUBHUTE BIMNW Ha 3aBbpTaHe Ha
ctpenara 6, . v 6, ,HaHocaya 6, . v 6, 1 HapaboTHus opraH 6, . 1 6

Imax ’ 2min 2max 3max *

LlenesaTta yHKUMs NpeacTaBnsBa MUHUMAHaTa CTOWHOCT Ha CymaTa Ha KuHemaTuny-

HWUTE ObIKUHM HA OTAENHUTE 3BEHA:
Z=L+L,+L, - min (5.201)

OrpaHuyeHnsTa Ha 3agadara, KouTo hopmmpat AonycTumara o0bnact, ce CbCTaBsT OT
YCNOBWETO NPU PasfiMiHN reOMETPUYHN KOH(Urypaumm Ha paboTHOTO CbOPBKEHME Xa-
pakTepHaTa Touka Ha paboTHUS OpraH Aa ce NO3ULMOHMPA B TOYKA CbC 3adafeH Koop-
OMHATW B paBHUHATA.
5.8. KnHemaTuyeH n AMHaMM4eH MOAENM Ha XuapaBnvMyeH dbarep npu U3BLPLLBaHE
Ha NOAEMHO-TPAHCNOPTHM onepaLum cbLC CBOOOAHO OKaveH ToBap
5.8.1 O6wWwo onucaHue Ha npobnema

OnwucanuaT B T7.1.3.4 NpuHUMN Ha ENCTBUE HA CMCTEMATA 3a aBTOMATUYHO crefBaHe
Ha NPaBOMWHeHa TPAEKTOPUS NpK U3BBLPLLBAHE Ha 3EMEKOMHW onepauun Moxe Aa ce
M3Mos3Ba 3a aBTOMaTMU3aUMs Ha NOAEMHUTE Onepauuu npu M3non3BaHeTo Ha barepa
KaTo kpaH — ur.5.19. Bbpxa Ha 3bba Ha kodhaTa, 03HaueH ¢ Os, Ce ABWMKM N0 BEPTUKANHa

NPaBOJSIMHENHA TPAEKTOPUSA C HA4Yano B TOYKA C KOOPAMHATM (x04 y&) W KpaW B TOYKa C

KoopAuHaTun <x04 y£4). TOBap'bT € NnpeactaBeH Kato MartepuanHa TO4YKa, OKavyeHa Ha

MbBKaB EfIEMEHT — BBXE WK Bepura.
5.8.3.2 Cumynaums Ha U3BBbPLUBAHETO HA NOAEMHO-TPAHCMNOPTHU onepauuu

PesynTatute oT cumynaumsTa ca npeactaBeHn Ha cur.5.27. Ha ¢ur.5.27 a), 6) u B)
Cca NpefcTaBeHu peLleHnsTa 3a bIMIUTE Ha 3aBbPTaHe Ha 3BeHaTa, broBKUTE CKOPOCTYU U1
YCKOPEHUS1, NOMy4YeHN OT pellaBaHeTo Ha obpaTtHaTa 3ajaya Ha KuHemaTtukata. Ha cb-
LKTE rpadpukn ca NpefcTaBeHn M NIMHENHUTE NPeMeCcTBaHe, CKOPOCT M YCKOPEHUe Ha
BbpXa Ha 3bba No BepTuKanHaTa TPaekTopus.

Ha ¢wur.5.27 r) e nokasaH brbna Ha forfieeHe Ha ToBapa, KaTto ABWKEHWETO UMa Xa-
paKTep Ha He3aTUXBaLLy TPenTeHus.
5.9. ObpaTHa KMHeMaTMKa Ha pabOTHN CHLOPBHKEHUA C U3MULIHA CTEMEHN Ha CBO-
boaa
5.9.1. MocTaHoBKa Ha 3ajayaTa 3a obpaTHaTa KMHEMaTMKa Ha PabOTHO CLOPBLXe-
HUe C U3NULLIHK CTEeNeHU Ha ceBoboaa

KakTo 6e ycTaHoBeHo B MaBa 1, paboTHWUTE CbOPBXEHUSA HA CTPOUTESTHUTE MaHUMYy-
naTopu MoraTt 4a MMaT M3NULHK CTeneHn Ha cBoboaa nopaaw cnegHute npudmnHu: 1)
PaboTHOTO CLOPBXEHWE € NPOEKTUPAHO C U3MULLHKM CTeNeHN Ha cBoboaa B KMHEMATHY-
HaTa Bepura 1 uma npeaumcTaaTta, onucaHn B [naea 1; 2) PaboTHOTO CbOpbXeEHNE € C
W3MNULLHK CTENEHN Ha cBoBoaa nopaay KOMNNEKTOBAHETO Ha paboTHO CbOpbXEHME be3
M3MULLHK CTENEHW Ha cBOBoAA C JOMbIIHUTENEH pabOTEH OpraH UMk CbOPbXEHUe C eaHa
UNK NOBeYe JOMbIHUTENHM CTeneHn Ha cBoboza; 3) Hskom oT cTeneHnTe Ha cBoboja Ha
PabOTHOTO CLOPBXEHWE Ca U3NULLHW NOpaau ToBa, Ye He ca HeobXoaUMM NPU U3BbPLL-
BAHETO Ha KOHKPETHWS TEXHOOTMYEH NPOLIEC.
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= = *
¢ur.5.19 leomeTpnyHa cxema Npy ABUMXKEHWE HA XapaKTepHa Touka no
BepTUKanHa npaea nuHus

4 _’/d/—\ 03,rad/s 0y,rad/s
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0.2 L —f 65
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55
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3 / 50
-04 ' 2 4 6 ) 10 b

B) r
(ur.5.27 PesynTtatit OT YUCNEHOTO peLlaBaHe Ha cucTemara andepeHumarntm ypas-
HEeHus:
a) bIMK Ha 3aBbpTaHe, 6) BrIOBM U MTMHENHW CKOPOCTU, B) BIIIOBU U MUHENHMN YCKOpe-
HUS

5.9.1.2. YpaBHeHusi Ha oOpaTHaTa KMHeMaTUKa C YNeHOBe, NPONOPLMOHANHU Ha
rpewkara

3a 1a ce Moaenupa 3aTBopeHaTa cuctema, u3passT (5.267) ce kopurmpa, kaTo ce fo-
6aBsAT YUneHoBe, NPONOPLMOHAMNHN Ha rpeLLKaTa, KoSTO NPeACTaBnsaBa pasnukaTa Mexay

39



3aafieHOTO N TEKYLLOTO MOJIOKEHUA. PelueHneTo Ha 3agavaTa Ha o6paTHaTa KnHema-
TWUKa UMa crneaHna Bua.

q=J (i, +XK, (r,-r,))+(1-3'J)(h, +K, (b, -h,)) (5.271)

B (5.269) n (5.270) upes r, u h, ca 03HaueHV XernaHnTe BEKTOPU Ha CKOPOCTTa, Ypea
r, 1 h, - XenaHute BEKTOPW Ha MONOXEHWETO, Ype3 r, U h, - TeKyLUTe BEKTOPK Ha
nornoxeHneto, a ypes K. 1 K - auaroHanHn Matpuuy Ha koeuLMeHTuTe Ha nponop-

LMoHanHocT, J' npeacTaensea fsicHara ncesfoobparHa Matpuua Ha J
5.10. U3Boau

PaspafoTeHuTe B HacTOSILLATA rMlaBa MATEMaTUYECKV MOLEIN U U3BBPLLEHNTE C TAX
aHaSMTUYHU M YMCIIEHM M3CTIENBAHUSA NO3BONABAT fia C& HaNpaBAT CreaHNTe M3BOAM,
KOWTO LUe MOAMIOMOTHAT MPOEKTUPAHETO W M3CTIEABAHETO Ha XUapaBnuuHM Garepu 1
CTPOUTENHYM MaHUMynaTopu:

1. Pa3paboTeH e knHemaTuyeH mogen Ha 6arepHo paboTHO CbOPbXEHME Ha Xnapas-
nndeH Barep ¢ knsematnuHa ctpyktypa R FR]| R|| R, Bkniousawy creanute enemeny:

o KuHemaTi4eH MOZen Ha OTBOpeHaTa KUHeMaTuuHa BepUra C YeTUpH CTeneHy Ha
cBo6oaa. MozerbT jaBa Bb3MOXHOCT 3a peluaBaHe Ha npaearta u obparHaTa 3agauu Ha
KMHEMaTIIKaTa Ha HUBO FeOMETPUS, CKOPOCTM 1 yckopeHus. OnpeaeneHy ca Asa cryyas,
MPU KOWTO BB3HUKBAT CUHTYMISIPHY KOH(UIypaLyi. YCTAHOBEHO €, Ye B PEanHuTe KOHCT-
pYKuMM Ha GarepuTe v ABaTa Cry4ast ca HeBb3MOXHW MOPaAN HANMUMETO Ha KOHCTPYK-
TUBHIN OTPAHIYEHIA, HANOXEHM OT 33/IBIKBALLMTE MeXaHU3MU. EfHa 0coBeHOCT Ha pas-
paboTeHns Mogen e, Yye ce pasrnexaa obLimsa cryvait Ha okayBaHe Ha paboTHOTO Cbo-
PbXeHne KbM BbpTSLLaTa Nnatgopma;

o KuHeMaTU4HI MOJIeNM Ha 3aABWKBALLMTE MEXaHW3MI, KOUTO NO3BOMABAT peLua-
BAHETO Ha NpaBaTa 1 0bpaTHaTa 3a[ia4y Ha KUHEMaTUKaTa Ha HUBO FeOMETPUS, CKOPOCTU
1 YCKOPEHUS;

o PaspafoTeH e reomeTpuyeH Mofen Ha paboTHO CbOPLKEHUMEe C KMHeMaTMyHa
crpyktypa R FR|| R }T R (teneckonuden Hocau), Bkniovsaly peluasareTo Ha npasara
1 obpaTHaTa 3a[iauy Ha KuHeMaTIKaTa npv NPOMEHNMBA Ab/KMHA Ha HOCAYA Y U3BECTHA
CTOVHOCT Ha brbfla Ha HakIoHa Ha CTpenara;

2. Pa3pafoTeHu ca kuHeMaTuyeH 1 AUHAMIYEH MOJENM Ha PaBHUHHN PaBoTHY CbO-
pbxeHust ¢ kusematuanm cTpykypu R|| R|| R (c Tpu crenenn Ha ceoboma) n R|| R T FR
(c yeTmpu cTeneHy Ha cBOBOAA), NO3BOMNSIBALLM PELLABAHETO Ha 3aayaTa Ha obpaTHara
AvHamuka. U/ B BaTa UHaMUYHU MOZENa Ce OT4MTa HANMYMETO Ha TEXHOMOMMYHA CUMa
(cunia Ha KonaeHe), MPUroXeHa B XapakTepHa Touka Ha paboTHIs opra. MpuseaeHn ca
3aBMCMMOCTY 3a NfIaHUPaHe Ha TPAeKTOPHSITa Ha IBWKEHME Ha paBOTHHS OpraH ro npasa
TIMHIAR, KATO Ca NOMYYEHI 3aBUCUMOCTM 3a ONPEENsHe Ha NPOALIKUTENHOCTTA Ha 8-
KEHWe B 3aBUCMMOCT OT 33/JaZieH OrPAHYEHIS Ha MAKCMATHUTE CKOPOCTM 1 YCKOpe-
Hue. 3a mopena ¢ kuremartinyna cTpyktypa R|| R|| R ca uasbpluenm nnanmpate u cumy-
flaums Ha [BIKEHUETO Ha PaBOTHUS OPraH Mo MHOTOCErMEHTHa TPAaeKTOpHsl, ChCTOALLA
Ce OT MpaBy y4acTbL, KaTo Ca NOMyYeHU KMHEMATUYHUTE, AUHAMUYHUTE U CUTIOBUTE
XapaKTepUCTUKY Ha paBOTHOTO CbOPLKEHIE 3a LENNS LVIKBIT Ha ABUKEHIE;

3. PaspaboTeHa e MeToaunka 3a CMHTE3 Ha reOMEeTPUYHUTE NapaMeTpu Ha paboTHOTO
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CbOPBKEHME B 3aBUCUMOCT OT 3afafieHNTe XapaKTepUCTUKN Ha paboTHaTa 30Ha, OCHO-
BaH Ha pelLlaBaHeTO Ha 3aJaya 3a edHOKpuUTepUanHa ycnoeHa ontummaaums. OcHoBHa
0cobeHOCT e, Ye ce aethnHupa Lenesa QyHKUMS, MUHU3MU3MpaLLa cymapHaTa Ab/mKuHa
Ha 3BeHaTa Ha pabOTHOTO CbOPBKEHME. [ €OMETPUYHIUTE NapaMeTpu, KOUTO ce onpeae-
MNAT Cca KMHEMATUYHWUTE ObIDKWHK Ha CTpenaTa, Hocaya U paboTHMS opraH, a CbLo Taka
N MUHMManHaTa U MakcuManHaTa CTOMHOCTM Ha PenaTuBHUTE BbIMW Ha 3aBbpTaHe Ha
3BeHaTta. OrpaHuyutenHuTe ycnosus ca: 1) 3agageH HTepBan Ha CbOTHOLLEHMETO Ha
ObIKUHUTE Ha CTpenaTta u Hocava; 2) 3afafeH HTepBan Ha M3MEHEHME Ha KMHEMATWY-
HaTa Ob/PKMHA Ha paboTHus opraH; 3) 3adafeHn UHTEPBanM Ha U3MEHEHME HA MaKCK-
MastHUTE U MUHUMAMNHUTE CTOMHOCTM Ha PenaTUBHUTE BIMIK HA 3aBbPTAHE Ha 3BEHATa;
4) OrpaHn4eHnst BbpXy TbPCEHUTE NMapaMeTpy, HaNoXeHN OT XapakTEPHN reOMETPUYHN
KOH(bMrypauum Ha paboTHOTO CbOPBXEHME.

MogobeH onTuMM3aLMOHeH Moaen e AetuHUPaH 1 peLleH 3a paboTHO CLOPBKEHME,
KOETO Ce [ABWXKM MO 3aJafeHa e4HO- U MHOrOCErMeHTHa TpaekTopust. B cnyyan, ye 3a-
[afileHaTa TPaekTopus He NeXu M3LAno B nosyvyeHaTa paboTHa 30Ha, TO B ONTUMMU3ALK-
OHHUS MOAEN credBa da ce 3anuliaTt AOMbAHUTENHU OrpaHNYeHnst NO AbMKMHATA Ha
TPaeKTopUsITa;

4. Pa3paboTeHu ca KUHEMaTUYEH 1 AMHAMUYEH MOLENN C YETUPK CTENEHM Ha cBOBOAA
Ha TPWU3BEHHO PabOTHO CLOPBXEHME HA XuapaBnuyeH Harep npy U3BbPLUBAHE Ha MO-
OEMHO-TPaHCNOPTHY onepauuu. duHaMU4HUAT MOAEn No3BONsBa M3CneaBaHETO Ha pas-
MNIONSABAHETO Ha ToBapa Npu ABUXEHWE N0 BEPTUKANHA NPaBONMHENHA TPAEKTOPMS Npu
3aKOH Ha OBWXeHWe, AeduHMpaH Ype3 NonmHOM OT neta cteneH. MogensT no3sonsea
OnpeaensiHe Ha AVHAMUYHUTE XapaKTepUCTUKM Ha PaboTHOTO CbOPbLXEHWE W onpeae-
NsHe Ha BbPTALLMTE MOMEHTM B LLIAPHUPUTE;

5. Bb3 0CHOBa Ha Nony4yeHnTe reOMETPUYHN 3aBUCUMOCTY 3@ PABHUHHO pabOTHO Cho-
pbxenue ¢ kuHematuna ctpyktypa R|| Rl| R e paspa6orena nporpama, paGoteta B uH-
TEPHET Bpaysbp, Ypes KoSTO MoraT Aa ce BU3yanuaupaT mbriHaTta paboTHa 30Ha U pa-
BoTHaTa 30Ha Npu onpeaenieHa opueHTauus Ha paboTHus opraH. Ouwle, nporpamarta
npecMmsaTa reOMETPUYHUTE XapaKTEPUCTUKN HA PabOTHUTE 30HW - MUHUMANHa U Makcu-
MariHa AOCTVXKUMM TOYKW MO BepTuKanata 1 Xopu3oHTanata, nrowuTe Ha paboTHuTe
30HM, @ CbLLO Taka M TAXHOTO CbOTHOLLEHWE. Ype3 nporpamaTa ca U3BbPLUEHN n3cned-
BaHWS HA FEOMETPUYHUTE XapaKTEPUCTUKM Ha paboTHaTa 30Ha NpuW bIMK Ha 3aBbpTaHe
Ha paboTHWS opraH, NOAXOASLM 3a U3BbPLUBAHE HA NOLEMHO-TPAHCMOPTHM OnepaLum,
KaTo Cca YCTaHOBEHW reOMETPUYHUTE XapaKTePUCTUKN Ha pabOTHUTE 30HU 3a Tean Cny-
yau;

6. Pa3paboTeHu ca KuHeMaTU4YHM ModeNN Ha PaboTHU CbOPBKEHUS C U3MULLHK CTe-
neHu Ha csobopa ¢ kurematuna ctpyktypa R|| R FT FR v R|| R|| R|| R]| R, ocHosarn
Ha pellaBaHeTo Ha obpaTHaTa 3aJava Ha KMHemaTukata Ype3 HaMUpaHeTo Ha NCceBao-
obpaTtHaTa MaTpuua. M3BbpLIEHUTE CUMYNaLMK NOKa3BaT, Ye Ypes CTONHOCTUTE B Ter-
fioBHaTa MaTpuLa Moxe [a ce Bnusie BbpXy PeleHneTo Ha obpaTHaTa 3agadva npu 3a-
[afieHa NoCTosiHHa OpueHTaLmMs Ha paboTHWS OpraH 1 NosyYaBart peLleHuns, B KOUTO eaHa
1 Cblla TPAEKTOPUS Ce CrneaBa Ypes3 pas3nuyHK 3aKOHW Ha NPOMSIHA Ha reoMeTpuYHaTa
KOHoMrypauwmsi Ha paboTHOTO CbOPBXEHNE.

/3BbpLUEHNTE CUMYMALMK Ha OBMXEHWNETO Ha PaboTHO CbOPBXEHUE C KUHEMATUYHA
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crpyktypa R|| RJ| R[| R|| R no npasa nuus ¢ uen nosuumonmpareto my sag npenstcr-
BME NOKa3BaT, Ye MoraT Aa ce NoCTUrHart [Ase Lenu eaHospemenHo: 1) la ce cvbnogasa
OBWXEHNETO Ha paboTHMS opraH No BepTUKanHa npasa niHust; 2) KpanHata koHdurypa-
LS Ha MaHunynatopa Aa Obae Takasa, Ye [a He KOHTaKTyBa C NpensTcTBUETO U paboT-
HWAT OpraH fja € OpPMEHTUPaH No onpeaesieH HauuH. BknoyeHuTe B 06LOTO peLLeHne Ha
obpaTHaTa 3afaya Ha KMHemaTukaTa NnponopPLMOHaNHM YIeHOBE MO3BONABAT Aa Ce KOM-
neHcupaT rpeLuknTe B CIeABaHETO Ha TpaekTopusTa, AbIIKaLLM Ce Ha HETOYHOCTU B MO-
[ena, HenpeasuaeH Bb3aencTBus v ap.

FMABA 6. TEOPETUHHO W EKCNEPUMEHTANHO U3CNIEABAHE HA B3AUMO-
AENCTBUETO MEXAY XUAPABJIIUYHATA U MEXAHUYHATA NOACUCTEMU HA
CTPOUTENHW U TOBAPOMNOAEMHU MAHUNYTATOPH

6.1 Llen n o0xBaTt Ha HacTosWaTa rnasa

LlenTta Ha HacTosiLaTa rnaea € Cb3AaBaHeTo, U3CNeABaHETO M EKCNEPUMEHTANHOTO
NOTBbPXAABaHE HA TEOPETUYHM MaTeMaTUyeckn Modenu, no3BonsBaly OnucaHue Ha
OVHAMWYHOTO NOBEAEHWE HAa MHOTO3BEHHM CTPOUTENHU M TOBAPOMOAEMHU MaHWnyna-
TOpY C TBBPAO M CBODOAHO OKayBaHe Ha TOBapa NpW OTYMTAHE Ha MakcUmaneH dpoi
(baKTOpM Ha cuctemara.
6.2 MaTemaTU4HO MoAenupaHe Ha XMAPABAMYHO 3aABUXKBaH TOBaponoaeMeH Ma-
HUNYNaTop CbC CBOOOAHO OKaYeH ToBap
6.2.1 [iIntnamnmyHo MoaenupaHe Ha MeXaHMYyHaTa NoACUCTEMA Ha MaHUMYNAaTop CbC
cB00OOAHO OKayeH ToBap

3a LenuTe Ha U3cneaBaHeTo, MaHUNynaTopbT Ce pasrnexaa kato 0TBOpPeHa KUHEMa-
TU4YHa Bepura ¢ NeT CTeneHn Ha cBoboaa, kKaTo Npu TOBa KOMoHaTa, pamoTo 1 npeapa-
MOTO Ce MpUeMart KaTo Hefedopmupyemm TBbpAK Tena. Taka, u3cneaBaHeTo Ha auHa-
MWYHOTO MOBEJEHME Ce CBeXaa A0 peluaBaHe Ha npaBaTa 3afjaya Ha AMHamukaTta 3a
KMHEMATWU4YHa Bepura C neT POoTaLMOHHW CTeneHn Ha cBoboda U 3aABMXKBALLM YCUIKS
NPUINOXEeHN KbM 3BEHaTa CbInacHo onpeaeneH 3akoH.Cnea u3sbpLIBaHE Ha MaTeMaTu-
YecKkuTe onepawuumn B ypaBHeHWsTa Ha JlarpaHx OT BTOpU pog, AudepeHLumanHuTe ypas-
HEHWS! Ha [OBWKEHWETO Ha MexaHuM4yHaTa MoAcUCTeEMa Ha MaHunynaTtopa npugobusat
cneaHvs obuy Bua;

i=M"(q)(Q-H(q.4)-G(a)-Cq-Bq) (6.55)
B (6.55) ca M3non3BaHy CriefHIUTe 03HAYEHNS: § = [91 0, 0, 6, é's]T- BEKTOP

Ha 0006LLEHNTE YCKOPEHUS; q W ( Ca CbOTBETHO BEKTOpUTE Ha 0606LLEeHUTe Koopau-
HaTi 1 06o6iLeHnTe ckopocTit; M (q) e nHepuvoHHa matpuua; H(q,q)- Matpuua, Cb-
[ibpXaLLa LIEHTPOBEXHM 1 KOPUOMNCOBI UneHoBe; G () - BEKTOP, ChAbPXALL TErNOBHY

uneHoBe; C — MaTpuLa, Cbabpxalla KoeuuneHTUTE Ha enacTuYHoCT; B — matpuua, Cb-
Obpxalla KoeuUMeHTUTe Ha gemndupaxe.

3a JeMOHCTpauUus Ha NPUrogHOCTTa Ha MaTeMaTUYHUS MOLEN 3a OnucaHue Ha ABuke-
HWSITA Ha 3BeHaTa Ha MaHuNynaTopa ca M3BbPLUEHW PELLEHNs Ha cucTemaTa andepeH-
LanHu ypaBHeHus 3a cnegHute cnydau: 1) CBobogHM 3aTuxBallM TPENTEHNs], NOsIBS-
BaLL Ce nopaau OTKMOHEHMETO Ha ToBapa OT BEPTUKANHOTO NOMOXEHWE. pesynTaTuTe
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OT cMMynauusiTa ca nokasanu Ha gwur.6.3 u ¢ur.6.4; 2) CsobogHo nagaHe Ha pamoTo,
NpeapamMoTo M TOoBapa Mof Bb3LAECTBMETO HA CamMO Ha CUMUTE Ha TEXECTTa U Ha
aemncpupatumte cunu; 3) KuiematuyHo 3afBidkBaHe Ha MaHunynaTopa upes3 3agaBaHe
Ha brbJ1 Ha 3aBbpTaHe Ha KoNoHaTa (Mo koopanHaTa 6, ) Mo NoMHOM OT reTa CTeneH; 4)

EAHOBpemeHHO 3a/BIKBaHe Ha MexaH13Ma 3a BbpTeHe (KoopanHata 6, ) 1 npeapamoro
(koopanHaTa 6, ). 3akoHWUTE Ha ABWXEHWe W B ABaTa Clyyas ca nonmMHOMM OT neTa cTe-
MeH, KaTo MexaHu3Ma 3a BbPTEHE Ce 3aBbpTa Ha brbi 49{' = 7r, a NpeapamoTo ce 3a-

BbpTa HA BN @ =277 /3. BekTopbT Ha 0606LEHITE CUnK Ce (hopMMpa MO MPOMopLK-
OHanHO-AuepeHLMarneH 3akoH C KOMMNEeHcaLUus Ha curnaTa Ha TexecTTa:
Q=K,e+K,e+G (6.57)

kbaeTo Kp 1 Kg ca MaTpuLy, Chabpalliy KoethULMEHTN Ha NMPOMOPLIMOHANHOCT, e U1 €
Ca BEKTOpU Ha rpeLukuTe; G e BEKTOP Ha KOMMEHCaLUs Ha cunaTa Ha TexecTTa.

00501 Xo

¢our.6.2 IMHaMn4eH Mofen Ha TOBapoOnoAeMEH MaHUMynaTop CbC CBOOOAHO OKaYeH
TOBap

6.2.2 lIuHamn4yHO MoZenupaHe Ha XuapaBnMyHaTa U MexaHu4HaTa noAcUCTEMU Ha
MeXaHU3Ma 3a BbpTeHe
6.2.2.1 luHamnyeH moaen Ha XxuapaBnuMyHata noacucrema

3a [ja Cce YCTaHOBW NOBEAEHWNETO HAa MEXaHNYHATa CUCTEMa NPU 3a[iBUKBAHE Ha KOMo-
HaTa Ype3 XuapaBnMYHO 3a4BWXBAH MEXaHW3bM 3a BbPTEHE € He0bX0aNMO Aa Cce Cb3-
[age matematiyeH MoZen Ha M3non3BaHus 3bOHO-PENKOB MEXaHU3bM. BepTukanHata
KOJIOHa 3aefHO C [1BETe pamMeHa M ToBapa Ce 3aBMXBAT Ype3 npunaraHe Ha BbpTALL
MOMEHT T1. B pa3rnexgaHarta KOHCTPYKLMS Ha MexaH13Ma 3a BbpTeHe TOBa Ce OCblLec-
TBSIBA NOCPEACTBOM KNacuyeckn 3bOHO-peikoB MexaH13bM (3bOHOTO KOMeEo e ¢ nosu-
uusi 1), kaTo 3bbHATa penka 2 e 3akpeneHa 3a COABOEH, ABOMHO AENCTBALL XMAPaBINYeH
UMNMHOBLP 3, KaKTO € nokasaHo Ha dwur. 6.13. 3aaBuxBallata cuna B XuapouunmHabpa
F, a 0T TaM 1 BbPTALLMS MOMEHT 71 Morat Aa 6baat onpeaeneHun Ypes npuBeaeHUTe no-
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011y 3aBUCUMOCTW, NPeAnonaranki NOCTOSHHO HansraHe Ha HanopHaTa MarvucTpana npu
BXOa Ha pasnpeaenuTens.

O =cwx, (1) Msign(ps—pl) (6.62)
e,
0, =c,wx, () MSl‘g”l(pz_po) (6.63)
0
i e
pl_(V‘i‘SXJ(Ql Sx Qv1+sz) (6.64)
S D A _
b=\ g ) S0 70 00) (665
321 T
L NET
p | P e=L—T 1),

Peseproap, po Y [Tomma, py

¢ur.6.13 XugpasnyHa cxema Ha MexaHu3ma 3a BbpTeHe

B ropHuTe 3aBUCMMOCTY Ca BbBedEHM CreaHnTe o3HadeHus: Q1 Q. - nebutu npes xua-
paBnuyHusa pasnpegemten; Quvi, Qw2 - AebuTn npes npeanasHo-NPenUBHUTE KranaHu
(MMK); ¢4, Cav - KOEPUUMEHTN Ha OebUT; W - rpagmMeHT Ha NponyckaTenHaTa nnoLy Ha
pa3npepenutens; x, () - NpemMecTBaHe Ha NNyHXepa Ha pasnpepenurens, 3afgafeHo

KaTO Mo YacTW HenpekbcHaTa NMiHenHa yHKLMS Ha BPEMETO; O - NMbTHOCT Ha XMApaB-
NYHMS bnyua; [ - MOZyn Ha enacTMYHOCTTa Ha XuapaBnMyHWS dnyua; ps - paboTHO
HarnsiraHe; Po - HansraHe B CrIMBHATa NIMHWS U pe3epBoapa; Pi, P2 - HansraHUs B ABETE
KaMepy Ha CABOEHMUS LMAUHABP; V - MOCTOSHHM 006eMU XiapaBAMYHA TEYHOCT; X - MOmo-
XeHue Ha OyTanoTo; S - nnoly Ha ByTanoTo; | - xoa Ha umnuHabpa; OyHKUMsSTa 3a onpe-
[ensiHe Ha 3aABKBALLMS MOMEHT, Cb3laBaH OT XUAPABMMYHUS LMMUHOLP €:

7, =(S(p - p,)—bx)R (6.69)
KaTO X € CKOpPOCTTa Ha ABWXEHWe Ha UMNMHABLPA, a b e KoeuLUMEeHT Ha BUCKO3HO Cbil-
poTusnenue. Olle ce u3nonssar 3aBucUMocTUTe x = R6, U x = RH,.

6.2.2.3 OnpenensiHe Ha peakTUBHaTa cuMna B XMAPOLMIUHALPA 3a 3aABUKBaHE Ha
npeapaMoTo
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PesynTaTui 3a brnuTe Ha 3aBbpTaHe Ha paMoTO ¥ NpeapamoTo, NO3BONABAT Aa ce on-
pedensiT PeakTMBHUTE BBHPTALLM MOMEHTU B €NaCTUYHUTE ENEMEHTU (penpeseHTupaLLm
XWMOPABANYHUTE LMMUHAPW), Bb3HUKBALLM NPY 3aBBPTAHETO HA KOMOHATA Mo KoopauHaTa
61, N pecnekTUBHO - Aa Ce ONPedensT U peakTUBHUTE CUNW B XuapouunuHgpute. 3a
LienTa, NoCpeACTBOM KWHEMATUYEH aHanW3 Ha LLIECT3BEHHUS MEXaHU3bM, Ypes KOUTO ce
3aBWKBa PamoTo, credsa da ce YCTaHOBW (PyHKLMOHAHaTa 3aBUCUMOCT MEXAaY Bbp-
TALWMA MOMEHT M B poTaLMoHHaTa ABoumLa, CBbp3BaLla paMoTo M NpeapamoTo, 1 cunata
F B xugpouunuHabpa.

Lsin(g -, )sin(p, -9
sin(o, —¢,)

6.2.3 lIutHaMn4HO MopenupaHe Ha B3aMMOAEUCTBMETO Ha XuapaBnuyHaTa U mexa-

HMYHaTa NOACMCTEMU NPU U3BLPLUBAHE HA NOAEMHO-TPAHCMOPTHM onepauuv B

HagnbXHaTa paBHMHA Ha MaHUNynaropa

OcobeHocTUTe Ha AMHAMWYHOTO MOBEAEHME HA MaHWMynaTopa Npu M3BbPLUBAHE Ha
NOAEMHO-TPAHCMNOPTHM OnepaLun B HafTbXXHaTa paBHMHA Ha MaHunynaTopa morar da
ObaaT ycTaHOBEHM Ype3 MaTeMaTUYECKN MOZEN Ha CbBMECTHaTa paboTa Ha XuapaBnny-
HaTa U MexaHW4yHaTa noacucTeMun. 3a LenTta ce pasrnexaa 3afBKBaHETO Ha npeapa-
MOTO Ypes3 LIECT3BEHHWS MeXaHM3bM Npu okaveH cBoBoAHO BucsLy ToBap. Ha ¢ur.6.26
ca MoKasaHu noslyyeHuTe oT cumynaumsTa KUHeMaTUYHN U CUITOBU XapaKTEPUCTUKM Ha
MeXaHW4YHaTa W XuapaBnMyHaTa NoACMCTEMM Ha MaHUMynaTopa npyu HavanHy ycroBus
61(0)=270° 1 6,(0)=0°, cbOTBETCTBALLM HA BEPTUKANHO pa3nonoxeHue (Hagony) Ha npea-
PamoTO M BBHKETO.

M=-F (6.105)

F,Fstat, N
35000

p1,p2, Pa
2.0x107 30000
1.5% 10" =a0e
1 20000 2
1.0% 107 15000
50x10° 10606 :
2 5000
5 1d 15 20 - : 5 T 5 ts
W) Hansranus B kamepure Ha K) uHamnyHa 1) u ctatuyHa 2) cunm
xumapouunueabpa: 1-pi; 2 —p2 B XMAPOLMNMHABPA

ur.6.26 KnHemaTUyHK 1 CUIIOBM XapaKTEPUCTUKI HAa MEXaHWYHATa 1 Xnapasrny-
HaTa NoACMCTEMU Ha MaHumynaTopa

6.3 MatematMyHo MopenupaHe Ha MexaHW4YHaTa NOACUCTEMM Ha MaHunynaTop
ype3 ypaBHEHUATa Ha JlarpaHXx OoT NbPBU POA,

YpaBHeHuaTa Ha JlarpaHxX OT MbpBK pod, No3BONSBAT POpManu3npaHe Ha CbCTaBs-
HETO Ha YpaBHEHWsITA, HO TOBA CE M3BbLPLUBA 3a CMETKA Ha 3HAYUTENTHO YBENMYaBaHe Ha
bpost Ha ypaBHeHusiTa. CbBMECTABAHETO Ha YpaBHEHWSTA HAa XMaApaBnNMYHaTa cucTema ¢
ypaBHeHUsATa Ha JlarpaHx OT MbpBM POA, U3NON3BaLLM MHOXUTENW Ha JlarpaHx, CbLuo e
e0VH HemscneasaH Bbnpoc 1 Le 6bae pasrnegaH B HACTosILLATa TOYKa.

6.3.1 MaTemaTuyeH moaen Ha MexaHU4yHaTa cuctema
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YpaBHeHusITa Ha JlarpaHx oT mbpBM poa MoraT Aa ObaaT 3anucaHu no CrneaHns Ha-
YMH:

AL, 0L, %) =12, (6.144)
dr o4, oq, = o,

KbaeTo La=K-P e pyHKumMaTa Ha JlarpaHx Ha mexaHnyHaTa cuctema; K e KnHeTuyHaTa
eHeprus Ha cuctemarta; P e noTeHUmManHata eHeprust Ha cuctemata; de, €=1,2,..n € MHo-
KECTBO, CbCTOALLO Ce OT N 3aBucKUMM 0000LLeHM KoopanHaTK; Qe ca 0600LLEHNTE CHK,
nencTeawy no obobuieHnTe koopauHaTW. Tbi KaTo pasrnexpaHuaT MaHunynartop,
BKIMIOYBAWKM OCHOBATa W €NeMEHTUTE Ha 3adBWXBaLLWUTE MEXaHW3Mu, ce CbCTou OT 9
3BeHa (BMX hur.6.34), To BekTopa Ha 060OLLEHNTE KOOPAMHATM Ha UsnaTa MexaHuyHa
cucTema ce CbCToM OT 27 KOMMOHEHTa:

q:[xl,yl,§01,x2,yz,gpz,...,xg,yg,gag]T (6.152)

g ] [ K L %G
09’0%[)9’0 CQ/O%EbQIO
M

L

¢ur.6.34 eomeTpuyeH MOEN HA MaHMNYNAToOpP C AeBET 3BeHa

6.3.3 AndpepeHumnantmn ypaBHeHUa Ha ABMXKEHUE HA MaHUNynaTopa

AKo ce B3emaT npeaBua ypaBHeHUsTa Ha JlarpaHx oT mbpeu pog (6.144), uspasute
3a KuHeTuyHata (6.153) n noteHumanHata (6.154) eHeprum, ypaBHeHUsiTa Ha BPb3KUTE
3a poTaLUmoHHWTE aBouum (6.156) 1 (6.157), ypaBHEHWATa Ha BPb3KWUTE 3a TPAHCNALMOH-
HUTe asouum (6.160) 1 (6.164), nspasute 3a 0606LeHaTa BbHWHA cuna (6.181) u uspa-
3uTe 3a 0600LLeHNUTE CUIK OT XMAPaBNUYHUTE LunuHapu (6.176) n (6.177) n enactogem-
ngoupatmte enemeHTy (6.178) n (6.179), To moraT ga ce reHepupat aAndepeHumnanHuTe
YPaBHEHMS, ONUCBALLM ABWKEHUETO Ha pasrnexnaHata MHOrO3BEHHa cuctema, noka-
3aHa Ha ¢ur.6.34. Cuctemarta ypaBHeHUs ce CbCToM OT: 1) 27 andepeHUmanHu ypaBHe-
HWS OT BTOPU pef — Mo eHO YpaBHEHWE 3a BCsika 0600LLeHa koopaunHata; 2) 18 ypasHe-
HWS1 Ha BPB3KWUTE — MO 2 YPaBHEHWS 3a BCSKA OT CeAeMTe POTaLMOHHK ABOMLM 1 NO 2
YPpaBHEHMS 3a BCsKa OT ABETE TPaHCNaLUMOHHN ABOULY;

3) 4 XnapaBnNMYHN YpaBHEHMS OT MbPBU pef — Mo ABe YPaBHEHWS 3a HansraHusTa B
KaMepuTe Ha XMAPOLMNMHAPUTE Ha paMoTo M npeapamoTo. Cnen fobaBsHe Ha ypaBHe-
HUATa 3a HanaraHusTa B KaMepuTe Ha ABaTta xuapouunuuabpa, cuctemata (6.200) ce
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npeacTaBst B MaTpuyHa popma 1 ce pellasa CnpsaMo Npou3BOAHaTa Ha BEKTOPA Ha CbC-
TOAHUETOX :
Ax=F (6.201)
6.3.3.1 YucneHu peweHusa Ha cuctemarta audepeHunanHy ypaBHeHUA
Cuctema audepeHumantu ypasHeHus (6.201) e peLleHa YUCIEHO C JaHHU, CbOTBET-
CTBALLM HAa MaHunynaTtopa — 7abn.6.1 Nnpu CbBMECTUMM HAaYaNHK YCNOBKS HA HEM3BECT-
HUTe NpoMeHnnBK. Kakto Beve be nogyeptaHo, eaHa oT 0COBEHOCTUTE Ha AUHAMUYHUS
MOZEN €, Ye B HEro ce 0TYMTaT MHEPLMOHHUTE 1 TEOMETPUYHUTE XapaKTEPUCTUKM Ha 3Be-
HaTa Ha XUOPOLMNMHAPUTE, a CbLUO Taka M Ha 3BeHaTa Ha LUAPHUPHUS YETUPU3BEHHMUK,
(hopMmpaLLy 3aTBOPEHN KUHEMATUYHK Bepuri. Ha ¢ur.6.42 a), 6) v B) ca nokasaHu no-
TNy4eHWTe 3aKOHM 3a NPOMSHA Ha HansraHusTa B KaMepuTe Ha XUAPaBANYHUTE LMIUH-

apu.
p1.,p2, Pa p3,p4, Pa
2.5%10"
24107 2.0%10"
! 1.5%107
1%10 \ )
1.0%x10
2 - 5.0x10°
2 4 6 8 0 12 14
-1%107
a) 1) p; 2) p2 6) 1) ps; 2) p4

(ur.6.42 HansaraHms B kamepuTe Ha XMapaBiuyHUTE LUNMHOPK

6.4 Metoguka 3a maeHTU(MKALMA HA YUCNEHUTE CTOMHOCTM Ha eNacTUYHWUTE U
AeMndupawmTte KoeUUUEHTU Ha eNacTUYHU eNeMEHTH

[lokaTo MHEPLMOHHWUTE M TeOMETPUYHWUTE MapaMeTpu Ha cuctTemara ce onpenensr
CPaBHUTETHO NIECHO Ype3 NOAXOAsLLM eKCnepUMEHTamNHN M3cneaBaHus, U3MepBaHus 1
CAD mopgenupaHe, eQUHCTBEHMAT JOCTOBEPEH HAYMH 3a onpedensHe Ha KoeuuneH-
TUTE Ha enacTUYHOCT 1 AemndupaHe Ha ONOPHUTE ENacTUYHN ENEMEHTM (MTHEBMATUYHN
KOnena, XmapaBIiMiHW OMopu UK BEpUrK) € Ype3 HaTypeH eKkcrnepumeHT. B noseyeto
NPaKTUYECKN M3CneaBaHns € TPYAHO Aa Ce NPOBEedEe eKCrepUMEHTanHo M3cnensaHe
caMO C e[JHO KOneno (Unu Ha oc C [Be kKonena), Tbid KaTo Ce U3NCKBA AEMOHTaX 1 Noa-
XOZSLUW EKCNIEPUMEHTATTHM CTEHOO0BE, NOpaay KOETO TyK Ce npeanara MeToA 3a onpeje-
NsHe Ha XapakTepUCTUKMTE Ha KONenoTo Ype3 namepeaHe 1 nocrneqpalla obpabotka Ha
3anucuUTe Ha 3aTUXBaLLUMTE TPENTEHUS Ha LsnaTta MallvHa.

OcHoBHaTa 0COBEHOCT Ha METOAA €, Ye XMAPaBNUYHUAT barep, CbCTosIL ce oT 6a3oBa
MaLUMHa n paboTHO CbOPBXEHWE, Ce NPeaCTaBs KaTo €4HO TBPAO TAMO C TPK CTENeHH
Ha cB0ob0a, MOHTUPAHO BbPXY enactogemndupally eNeMeHTH C XapakTePUCTUKM Cx, Cy,
by, by, KAKTO € NokasaHo Ha ¢ur.6.58.

O606LLeHMTE KOOPANHATM X W Y ONICBAT JIMHENHOTO NPEMECTBAHE Ha TANoTo, a 0606-
LleHaTa KoopauHaTta 6 — 3aBbpTaHETO OKOMO OC, NpeMuHaBalla npes LeHTbpa Ha Te-
xecTTa C Ha Barepa. CBoBoAHM 3aTUXBALLUM TPENTEHUS B KOHCTPYKUMSTA ce Bb30YyKaaT
ypes3 cnyckaHe Ha cTpenata (Mpu UKCUpaHn Ype3 XUaPOUUIMHAPUTE NOMOXKEHMS Ha
OpYruTe enieMeHTU) C Bb3MOXHO Hail-ronsiMa CKOpoCT (Hanpumep npu mbfiHa koda) u
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NocreaBallo psA3Ko 3aTBapsHe Ha XMOPABIWNYHUS PA3NPefenuTeN Ha XuapaBhuyHus
KPbT, 3aABVXBALL, CTpenaTa.
‘}e

Ml.
_ Ym, oy

" X (x2,y2> B|

Yy by
Cy b_y

¢ur.6.58 Pa3nonoxeHne Ha akcenepoMeTpuTe, LeHTbpa Ha TEXeCTTa 1 enacTuy-
HWUTE OMopK

Bb3HukHanuTe cBoboaHM 3aTuXBaLLW TPENTEHMS CE U3MEPBAT M 3anuceaT Ypes ABa
[BYOCHM aKCrepoMeTbpa, MOHTMpaHW Bbpxy Oasosata MawwHa B 7. My n 1. M -

cour.6.58. Mpu CbU3MEPUMM CTOMHOCTY Ha 3MEPEHITE YCkopeHust 'a’' n aMl N Manku
TpenTeHus, (6.242) Moxe [a ce NpeAcTaBu BbB BUAa:

0 M, 1 M,
a a

0 M _ xe | xe

4 = M, [T 1M, (6-244)
aye aye

Ako enemeHTuTe Ha (6.240) 1 (6.241) ce npupaBHAT Ha CLOTBETHUTE €NIEMEHTU Ha
(6.244) n (6.245), To ce nonyyaBaT YETMPK YPaBHEHWS, OT KOUTO MoraT Aa ce nonydyar

YCKOPEHNATa Ha 0BOBLEHNTE KOOpAMHATY X, 7 1 @ KaTo (PyHKUNSA HA N3MEPEHUTE YC-

KopeHus B .M. n 1.Mo..
3aBUCMMOCTUTE 3a onpeaensiHe Ha 0606LLeHMTe KoopaMHaTK ca:

. aM' —aM2
g = " %e (6.247)
X=X
.. aﬂﬁle _aﬂzlxz
= J (6.248)
x] x2
A
i=al+ (4~ ) (6.249)
X — X,

3aBMCUMOCTIATE MOraT fja Ce WU3Mon3BaT Npy TakoBa pasmnonoXeHe Ha JaTunuuTe, Ye
X, # X,.

Mpn npeanonoxeHne 3a NponopLUOHanHO AeMndupaHe B cuctemarta, 0600LLeHuTe
YCKOPEHUS Ha LieHTbpa Ha TEXECTTa Ce NPeACTaBAT KaTo NUHeNHa KoMOMHaLMS Ha ABU-
KEHNS CbC CODCTBEHNTE HeCTOTI/I'

ZAH # cos(w,t —y,) (6.254)

[lo MeToga Ha Han-mMarnkute KBagpaTWl HAKOE OT eKCMepUMEHTamnHWTE U3MepBaHUs
(6.247), (6.248) nnm (6.249) ce anpokcummpaT CbOTBETHO Ype3 3aBUCUMOCTH BbB BUAa
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(6.254), (6.255) nnm (6.256), OTKbAETO Ce ONPeensT YACTEHUTE CTONHOCTW Ha KOHCTaH-
wre 4’ v.,Bn w,.

Taka onpefeneHnTe CTOMHOCTW OT eKCepUMEHTaNHUTE AaHHW ONpeaensT KOpeHuTe
Ha XapaKTepUCTUYHOTO YpaBHEHME, KOUTO UMaT criegHus obLy Bua;

A =-B+aw,j (6.257)
A =-B ~a,j (6.258)

1

CbCTaBsa ce XapaKTepuCTUYHUSA NOMUHOM f© (/1) Ha cucTemara, KoMTo uma crnegHus

BUL;
3

6
FeA)=T1(2-4)(A-4)=Dar" (6.259)
i=1 n=0

Upes a; ca 03Ha4eHW eKkcnepuMEHTaIHO NoMyYeHUTe KOeULIMEHTU Ha XapaKTepuc-
TUYHOTO YpaBHEHME.

Ha ¢wur.6.58 e nokasaH aguHamuyHus mogen Ha cuctemata. Cuctemara audepeHLm-
arHu ypaBHeHWs1, on1cBalla cBob0oaHMTE 3aTUXBALLM TPENTEHMS € NOMyYeHa Ype3 ypas-
HeHusTa Ha JlarpaHx oT BTOpK pog 1 Uma criegHus Buga;

Mq+Bq+Cq=0 (6.260)
TeopeTUYHO onpeeneHNAT XapakTepucTuyeH nonmHoM 1 (l) Ha Ta3u cucrtemara e:
6
f(A)=> ar (6.261)
n=0

Kb[IETO Ca U3BECTHW TEOPETUYHO onpeaeneHuTe koeduLMeHTH. 3a onpeaensiHe Ha He-
U3BECTHUTE Cx, Cy, b, by BCAKA KOMOMHALMS MeXay YETUPK OT rOpHUTE KoeduLMeHTa
MOXE Aia Ce NPMPaBHN Ha CbOTBETHUTE M YETUPU OMIUTHO onpeaeneHmn KoeduLeHTa 1
[a Ce peLun noryyeHaTa HennHenHa cucTeMa anrebpuYHM ypaBHEHUS NPy NOAXOASALLM

HayanHu CToiHoCTW. YOo6HO e Aa ce u3nonaea cnegHata koMouHaums: a, = a;, a, = a;

,a, =a,,a; =a. . Tbil KaTo Ca HanuLe LeCT ypaBHEHWS, TO NPK HeOBXOAMMOCT MoraT

[a ce onpeaensaT CTOMHOCTUTE Ha OLle ABa HEM3BECTHW NapaMeTbpa.
6.5. U3Bogu

Bb3 ocHOBa Ha M3BbpLUEHWUTE B [NaBa 6 u3cneasaHus Morat aa 6baat HanpaBeHu
cnegHuTe U3BOAM, KOWTO Aa GbaaT B3ETM NPeABMA NPY NPOEKTUPaHE Ha HOBU UMM YCb-
BbPLUEHCTBAHE Ha CbLUECTBYBALLM KOHCTPYKLMW HA CTPOUTENHU U TOBAPONOAEMHU Ma-
HUNynaTopu:

1. 3BbPLUEHOTO MOJENMpaHe Ha CbBMeCTHaTa paboTa Ha XuapaBnuMyHaTa U Mexa-
HUYHaTa NOACUCTEMM [aBa afeKkBaTHO ONMUCaHWe Ha ANHAMWUYHOTO NMOBEAEHWE HA MHO-
FO3BEHHM CTPOMTENTHM M TOBAPOMOAEMHM MaHMNyNaTopy ¢ TBbPAO UM CBOBOAHO OKau-
BaHe Ha ToBapa. MaTeMaTu4eckusaT Moaen oT4ynTa MHOXECTBO NapameTpu Ha MEXaHNY-
HaTa ¥ XuapasnuyHaTa NoACUCTEMU;

2. Hanuue ca nsuncnutenHu TpyaHOCTM NPy peLlaBaHeTo Ha cuctemaTa audepeHum-
arHu ypaBHeHUs!, Npean3BMKaHn OT TBbPAOCTTA HA YPaBHEHKsITA, ONUCBALLM NOBEAEHU-
€TO Ha XuapaBnuyHaTa noacuctema. Te ce NpeoaonsBaT Ypes M3non3BaHe Ha YUCTIEHN
MeTOaM C adanTMBHA CTbIKa M TEKYLLA OLEHKa Ha rpeLuKara;
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3. MNonyyeHarta Ypes ypaBHeHusATa Ha JlarpaHx OT BTOpM pof cucTemMa AndepeHum-
arHu ypaBHeHWs, OnucBaLLa NPOCTPAHCTBEHOTO ABWMKEHNE HA MEXaHWYHaTa cucTeMa Ha
TOBApOMOAEMEH MaHWNynaTop ¢ net cTeneHn Ha csoboga 1 cBOOOAHO OKayeH ToBap
afleKBaTHO OMMCBa [BWKEHUETO Ha cucTemarta npu cnegHute Tectosu cnyyau: 1) [su-
KEHWEe Ha 3BeHaTa Nnoj Bb34enCTBME Ha PasniofsBaHETO Ha TOBapa Npu CbCPefoTOYEHM
B LWAPHMpUTE enactogemndupatyy enementy; 2) CBoboaHO ABMXEHWE Ha 3BeHaTa W To-
Bapa Nnoj Bb3OenCTBUE CamMo Ha cunute Ha TexecTTa; 3) CneasaHe Ha NONMHOMHY 3a-
KOHW 3a 3aBbpTaHe Ha 3BeHaTa Mpu ynpaensaBally Bb3LeNCTBUS, (POPMUPAHM NO Npo-
NopLyoHanHo-audepeHLmaneH 3akoH ¢ KOMMeHcaUms Ha curiaTa Ha TEXeCTTa;

4. YncrneHoTo pellaBaHe Ha maTemaTtnyeckus mogen, obeauHsBall, MexaHWyHaTa
nofcucTeMa Ha MaHunynaTopa ¥ XuapasinyHaTta noacucTemMa Ha MexaHu3ma 3a Bbp-
TEHe MoKa3Ba, Ye ronsimarta NPoMsiHa Ha MHEPLMOHHUTE XapaKTePUCTUKL Ha cuctemarta
Npu nNpomsiHa Ha obcera Ha pabOTHOTO CbOPbLXEHWE cnabo BMSE BbPXY CUMOBUTE W
KMHEMaTUYHWUTE XapaKTEPUCTUKM Ha MeXaHM3Ma 3a BbpTeHe. [10-3HaunTENHO € BIUSHI-
€TO Ha TaHreHUManHoTo M pagnanHoTo pasnionsaBaHe Ha ToBapa, Bb3HWKBALLO Npy 3a-
BbPTaHETO Ha MaHUMynaTopa, BbpPXy BbPTALMS MOMEHT U HANAraHeTo B MexaH13Ma 3a
BbpTEHE. [PV YCTAHOBEH PeXVUM passionsBaHeTO Ha ToBapa ce 0TpassBa cnabo Ha xa-
PaKTEPUCTUKUTE Ha CMCTEMATA, HO MpMW CrMpayvHUTE NPOLLECH BOAW OO PA3KO yBEnnYa-
BaHe Ha HansdraHeTo, KOeTo Moxe Ja Obae onpedensLlo 3a CMNOBOTO HaTOBapBaHe Ha
MeTanHaTa KOHCTPYKUMS M M3KUCKBA NpeanpueMaHe Ha Mepku 3a HEroBoTO OrpaHuda-
BaHe;

5. CnencTeme OT pasnionsBaHeTo Ha ToBapa NPy BbPTENWBOTO ABWKEHUE € YBennya-
BAHETO Ha KoedMUMEHTa Ha OMHAMWMYHOCT B MOANOPHUTE XWUAPABIMYHUTE LMNMUHAOPMW,
noaabpaLy HenoaBMXHO 3BeHaTa Ha paboTHOTO ChOpbXeEHKe. Hanpumep, B xuapouw-
NMHIBPA, NOALbPXALL NPEAPaMOTO YPe3 LUAPHUPEH YETUPU3BEHHNK € YCTaHOBEHO yBe-
NMyaBaHe Ha peakTuBHaTa cuna ¢ okono 30%-40% cnpsiMo cTaTUyHaTa CTOMHOCT, KaTo
NpuUuMHaTa e YBeSIMYEHOTO pasniosisBaHe Ha ToBapa Npy CnpayHuTe npouec;

6. CumynaumaTta Ha xuapasnyHaTa noacuMcTeMa Ha MexaHW3bM 3a BbPTEHE C Npea-
NasHO-MPENuBEH KnanaH nokassa, Ye npu 3afeicTBaHe Ha KnanaHa Bb3HUKBAT aBTOT-
penTeHus Ha nnyHxepa ¢ Yectota okono 1000 Hz. B mbpBoHavasniHMs MOMEHT Bb3HKBaA-
LLOTO B KaMepaTa Ha XMAPOLMNMHObPA HansraHe 4OCTUra CTOMHOCT ¢ okoso 38% mno-
ronsiMa oT 3afjafieHarta CTONHOCT Ha cpaboTBaHe Ha KnanaHa, creg KoeTo TpenTit OKOMo
Ta3n CTOMHOCT C YeCTOTaTa paBHa Ha YeCcToTaTa Ha aBTOTPENTEHWATA M aMnUTyada, Haj-
BMLLIABAaLLa CTOMHOCTTa Ha cpaboTBaHe ¢ okono 14%;

7. pyn 3BBPLUBAHE HA NOAEMHO-TPAHCMOPTHM ONepalnn B Ha4mbKHaTa paBHIUHA Ha
MaHunynartopa 4pe3 ABMKEHWe Ha NPeapaMoTo ca YCTaHOBEHM cnefHuTe daktu: 1) Mpu
HYNEBW HayanHu yCroBus, OTTOBaPALLM Ha BEPTUKANHO Pa3nonoXeHne Ha ToBapa, ABW-
XEHWeTO Ha npeapamoTo Npeayn3BMKBa 3HAUYUTENHO passntonssaHe Ha Toeapa (0T 0.15
rad go 0.2 rad); 2) HansraHeTo B XuapouunMHabpa, CbLLO Taka cunarta 1 CKopocTTa Ha
[BWXeHWe Ha ByTanoTo, ca NPOMEHSIMBO NOPaan NPOMEHIIMBUS TOBAapeH MOMEHT, Cb3-
[iaBaH OT TOBapa Npw U3BbPLUBaHe Ha NOAEMHO-TPAHCMNOPTHM onepauum; 3) Pasntonssa-
HEeTO Ha ToBapa NPEeAN3BKUKBA HUCKOYECTOTHU He 3aTUXBALLW TPENTEHWS B HanNAraHeTo,
KWHEMaTUYHWUTE U CUIOBUTE XapaKTEPUCTUKM Ha cucTemata. Cblyo Taka, B MOMEHTUTE
Ha NPEBKIOYBAHE Ha pa3npeaenuTenuTe ca HamuLe BUCOKOYECTOTHN Bbp3o 3aTuxBaLLy

50



TPENTEeHNs], ObIhKaLLM Ce Ha CBMBAEMOCTTa Ha paboTHUs dnyua. KoHcTaTupaHuTe CTom-
HOCTM Ha KOE(ULUMEHTUTE HA ANHAMUYHOCT ca B pamkuTe Ha 1.3+1.4;

8. M3BeoeHnsT upes ypaBHeHMATa Ha JlarpaHx OT MbpBU pog MatemaTdyeH Mogesn Ha
MaH1NynaTop AOMbIIHUTENHO OTYMTA FrEOMETPUYHIUTE U UHEPLMOHHUTE XapaKTepUCTUKM
Ha ENEMEHTUTE Ha 3BeHaTa Ha 3aJBWKBALLNTE MEXAHWU3MMN — XMAPABINYHUTE LMIMHAPH
W 3BEHATa Ha LUAPHUPHUS YETUPU3BEHHUK N AaBa Bb3MOXHOCT 3a W3CNEABaHE Ha TAX-
HOTO BNUSIHKE BBPXY AMHAMUYHOTO NOBeEeHWe Ha cuctemata. [JonmbIHUTENHO NpeanuM-
CTBO Ha TO3M NOAXO0A € NOSyvyaBaHeTO Ha peakuunTe BbB BPb3KUTE O3 JOMbIHUTENHN
aHanmMTUYHU 1 YncneHn npeobpasoBaHms, KOETO € LieHHO NPeAMMCTBO MK KOHCTpyMpa-
HETO W W3CNEABAHETO HA MaHUMYNATOPUTE;

9. B pesynTar Ha CbBMECTHOTO peLlaBaHe Ha ypaBHEHWsTa Ha X1apaBnmMyHaTa u Me-
XaHW4YHaTa (MogenupaHa Ypes ypaBHeHusITa Ha JlarpaHx oT mbpByu pog) NoACUCTEMU Ce
nosyyaBaT YTOYHEHMN PELLEHNS Ha 3aKOHUTE Ha ABWXeEHWE Ha 3BeHaTa. [onyyeHuTe pe-
3ynTaT! NOTBbPXKAABAT NOMNYYEHUTE CTOMHOCTUTE HA KOEDUUMEHTUTE HA OMHAMUYHOCT;

10. MogenupaHeTo Ha BapuauuaTa Ha CUnnTe, Bb3HUKBALLW NPU U3BBbPLLIBAHE Ha TEX-
HOJTOTMYHUTE NPOLIECK Ha KOMaeHe Nokasea, Ye T ce 0Tpa3sBa Ha XapaKTepUCTUKUTE U
Ha MeXaHu4HaTa 1 Ha xuapasnuyHaTa nogcmctemu. CumynaumoHHUTE U3cneaBaHus no-
Ka3gar, 4ye npu ABWXeHWeTo Ha ByTanoTo ce yBennyasa obema Ha bytanHata kamepa,
BCIEACTBME Ha KOETO Ce yBenuyaBaT NMWKOBETE Ha HansraHeTo, Mpeam3BuKaHu OT
YZapHO-NepuoaNYHUA XapaKkTep Ha BbHLLHOTO HaToBapBaHe. CbLLU0 Taka e KOHCTaThpaHa
3aBUCKMMOCT Ha aMnMTyaaTa Ha TPenTeHe Ha HanAraHeTo B 3aBMCUMOCT OT YecToTaTa
Ha NpuioXXeHaTa BbHLLUHA MMMYIICHA CUNa;

11. M3cneaBaHeTo Ha rofieMmnHata Ha rpeLkaTa Ha KMHeMaTU4YHUTE OrpaHUyYeHns no-
Ka3Ba, Ye Nnpu nunca Ha ctabunusauusi, yBenmyaBaHeTo Ha NPOOBbIDKUTENIHOCTTA Ha Ci-
MynaumsaTa BoAW 40 yBenuyaBaHe Ha rpelukaTa. B pesyntaT Ha eKCnepuMEHTUPaHETo C
Pa3fIMYHM YACNEHN METOOM 1 CTOMHOCTM Ha KOHCTAHTUTE a U B € YCTaHOBEHO, Ye YNCTEH
METOZ C afanTMBHA CTbMKa M OLEHKA Ha rpeLlkaTa U CTOMHOCTW Ha KOHCTaHTuTe oT 20
0o 50 no3sonsBat nofyyaBaHe Ha PeLleHnst C rpeLlka Ha KMHEMaTUYHWUTE OrpaHNYeHNs
OT nopsigbka Ha 106 m;

12. Pa3paboTeH e MeToq 3a MAEHTU(MKALMSA Ha YUCIIEHUTE CTOMHOCTM Ha enacTuhy-
HWUTE 1 aemndupalynte KoeuLMeHT Ha eflacTodeMndmpaLiy enemMeHTH, OCHOBaH Ha
eKCrepuUMEHTaTHOTO M3MepBaHe Ha YCKOPEeHWSTa Ha onpeaeneHmn To4k1 oT basoBaTta Ma-
LLUMHA, ONPeAensiHE Ha 3aKOHUTe Ha ABWXeHKe no 0bobLyeHnTe KoopamHaTi 1 nocnes-
BaLLlO CpPaBHEHME Ha KOE(hULMEHTUTE HA EKCNIEPUMEHTASTHO U TEOPETUYHO NOMYYEHUTE
XapakTepucTuyHu nonmHomm. OCHOBHO NPEAMMCTBO Ha METOAA €, Y€ HE € HYXKHO 13Mep-
BaHe Ha XapaKTepuUCTUKWUTE Ha OTAeNeH enactoaemMnupall enemMmeHT Ypes cneumanuau-
paH CTEHS;

13. M3BbpLUEHNTE eKcrepuMeHTanHK u3cneaBaH1s nokasear BUCOKA CTEMEH HA CbB-
nageHne Mexay TEOpeTUYHUTE W ekcnepuMeHTanHuTe pesyntatu. Onpegenexn oTkno-
HEeHWs MoraT fa ce 0BACHAT C Inca Ha AaHHW 3a peasiHuTe CTOMHOCTU Ha napameTpuTe
Ha XvMapaBnuyHaTta 1 MexaHuyHaTa cucteMun. KoOHCTaTMpaHOTO eKCMOHEHLMaHo 3aTux-
BaHe Ha TPenTeHMATa JaBa Bb3MOXHOCT 3a OnpesensHe Ha KoePUUNEHTUTE Ha BUCKO3HO
aemndupaHe Ypes N3BECTHU METOAM.
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FMABA 7. CUCTEMA OT NOKA3ATENW 3A OONBNHUTENHA OLIEHKA HA
®OYHKUNOHANHUTE Bb3MOXHOCTU HA CTPOUTENTHU MAHUIYJTATOPU U
XWOPABJIUYHU BATEPU

7.1. Llen n 06xBaT H HacTosiLWaTa rnaBa

LlenTa Ha HacTosLaTa rnaea e Ja ce NPeanoXxu 1 matemMaTuyecku paspabotu Habop
OT JOMbAHUTENHWU NOKa3aTenu, AaBalln no-mbiiHa KONMMYECTBEHA OLiEHKa Ha CBOMCTBATA
Ha xuapasnuyHuTe barepu. HabopbT OT NokasaTenn ce CbCTOM KakTo OT HOBW, Taka U OT
afanTupaHu CbLLeCTBYBaLLM NokasaTenu. okasatenute, B npeanaraHus Habop oT no-
KasaTenu, ce Knacudguumpart no cnegHuTe npusHaum:

e [EOMETPUYHM MoKasaTeNu, XapakTepusmpallm reoMeTpuyHUTE CBOMCTBA Ha pa-
BoTHaTa 30Ha — hopma, pasMepu 1 ekCTpeManHu XapakTepucTuku Ha paboTHaTa 30Ha,
a CblLO Taka 1 reOMETPUYHN MOMEHTU OT pa3nunyeH pea.

o KnHemaTh4yHU nokasaTenu, XapakTepusumpalin KUHEMATUYHUTE XapaKTepUCTMKM
Ha paboTHOTO CbOpbXeHWe Ha barepa. Mpeanara ce W3non3BaHeTo Ha M3BECTHU B Teo-
pusiTa Ha poboTukaTa nokasatenu, 6asnpaHu Ha HAkobuaHa Ha cuctemata — KoeduUUEHT
Ha MaHWMyNaTUBHOCT, CKOPOCTEH W CIOB ENMNCONAN 1 ap.

e CunoBu nokasaTtenu, xapakTepusmpaliy KakTo WHOMBUAYANHK nokasaTenu KaTo
CUMOBUTE Bb3MOXHOCTM Ha MEXaHU3MUTE 3a 3a[BWKBAHE Ha 3BEHATa, Taka U KOMMNIek-
CHW MoKasaTenu, 3aBUCELLM OT LUSNOCTHUTE FEOMETPUYHM 1 CUIOBW XapaKTePUCTUKM Ha
MalluHaTa KaTo xodorpadute Ha rpaHUYHUTE CUNK Ha KonaeHe, xodorpada Ha NoTeH-
LuanHaTa cuna Ha konaeHe, xogorpada Ha edpekTMBHaTa cuna Ha KonaeHe v kopurupa-
HaTa cuna Ha Konaexe.

7.2. MNMoka3aTenu 3a oLeHKa Ha reoMeTpMYyHMTE CBOMCTBA Ha paboTHaTa 30Ha Ha
XnapaBnuYHu barepu
7.2.1. PaboTHa 30Ha M HEMHOTO NOCTPOSABaHE

PaboTHaTa 30Ha Ce NoCTpOsiBa NP M3BECTHU KMHEMATUYHA CTPYKTYPa 1 reOMETPUYHM
napameTpu Ha paboTHOTO CbOPLXEHWE Ha XMapaBNNYHUTE Barepu. TOYHOTO M NOCTPOS-
BaHe € 0COBEHO BaXHO, Thi KaTo TS ONpeaesnst reOMETPUYHUTE 1 TEXHOSOMYHIUTE Bb3-
MOXHOCTW Ha MalLuHaTa, a CbLUO Taka 1 CTOMHOCTUTE Ha EKCTPEMASTHUTE reOMETPUYHY
napameTpu, KOUTO Ca BaXHW 3a XuApaBnuyHUTe barepn — MakcumanHa AbnboynHa Ha
KonaeHe, MaKCManHo JOCTUXMMA BUCOUMHA, MaKCManeH 06XBaT Ha HUBOTO Ha TepeHa
n aop.

3a xuapaenuyeH barep CbC U3BECTHA KMHEMATUYHA CTPYKTypa mMorat da 6baat noct-
POEHN cnegHuTe Tpu Buaa paboTH 30HM: 1) 30Ha Ha JOCTUXKMMOCT — TOBA € 3aTBOpe-
HaTa YacT OT NPOCTPAHCTBOTO, KOATO MOXe Ja Obae JOCTUrHaTa OT XapakTepHa Touka
Ha paboTHWS opraH 6e3 aa ce WHTEpecyBaMe OT OpueHTaUMsTa Ha paboTHMS opraH; 2)
30Ha Ha AOCTMXMMOCT MPU 3afadeHa OpueHTaums Ha paboTHus opraH. Tasn paboTHa
30Ha NpeacTaBsiBa YacT OT NPOCTPAHCTBOTO, B KOSATO XapakTepHa To4ka 0T paboTHMs
opraH Moxe da 6bae no3vuMoHMpaHa npu 3agageHa (0OMKHOBEHO CMPSIMO XOPU30HTa-
nara) opueHTaums Ha paboTHus opraH; 3) PaboTHa 30Ha B KOSITO NEXu onpeaenexa Tpa-
eKTopuMS UNW rpyna oT TPaekTopum, crneasaHn OT paboTHWUS OpraH Npu 3adafeHa Heroea
OpUEHTALWSI.

Onpegenexn npeguMcTea Npu NoCTposiBaHe Ha paboTHaTa 30Ha W KOHLENTyasrHa
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NPOCTOTa Ma CTaTUCTUYECKMA METOL, OCHOBaH Ha MeToda MoHTe Kapno, npu KouTo ce

reHepupaT crnyyanHu yucna B paboTtHaTta 30Ha. 3a HamansBaHe Ha Bposi Ha 13non3Bea-

HWUTE TOYKW Ce npeanara U3non3BaHeTo Ha No YacTu AeUHUPaHO HENPEKbCHATO TpUCer-

MEHTHO IIMHENHO BEPOATHOCTHO pasnpefeneHne, YnaTo YHKUMS Ha pasnpeneneHue

F(x) e nokasaHa Ha our.7.7. [eHepupaHeTo Ha CryyalHa BeiMymnHa, MMatla nokasaHoTo

pasnpegerneHune, ce n3BbPLUBA N0 MeToAa Ha obpaTHaTa (PyHKUMS Ypes 3aBUCUMOCTTa:;
X.

x:xl.+(r—f);”_f (7.6)

KbAETO I € paBHOMEPHO pasnpeseneHo cny4vainHo umcno B nHtepsana [0,1], i=1+4.

Taka 3aafeHOTO BEPOSITHOCTHO pasnpedesieHne no3sorsea npu npoMsaHa Ha Xi U fi
[ia Ce NPOMEHSAT HE3aBUCUMO HaKIOHWUTE W ObMKMHATA Ha NpaBuTe B OTAENHWUTE yyac-
TbUM 1 CbOTBETHO [a Ce NPOMEHS BEPOSTHOCTTA 3a FEHepUPaHETO Ha CryvaiHu Yucna B
pasnMyHKM MHTEPBANMK, a CbLIO Taka U TAXHOTO KonuuyectBo. Hanmpumep, npu xi=0,
X2=0.001, x3=0.999, x4=1, f1=0, £,=0.45, f5=0.55, fs=1, 90% OT reHepupaHnTe yncna nexat
B uHTepsanute [0,0.001] 1 [0.999,1].

F(X) 4
4y -~ :
|
|
|
S [
ay, -
| ]
| | |
s .
1
X1 X3 X3 X4 X

ur.7.7 GyHKUMS Ha pa3npenerneHre Ha no Yact AeMHUPaHO HenpekbCcHaTo
TPUCErMEHTHO JIMHENHO pasnpesenexne

Ha dour.7.9 ca nokasaHu nocTpoeHUTe Ypes 13non3BaHe Ha reHepupaHuTe crnyvanHu
yucna paboTHu 30HM Npu a) 103 Toukm 1 6) 104 TouKK.

7.2.2. TlokasaTtenu 3a onpefensiHe Ha reOMeTPUYHUTE XapaKTePUCTUKU Ha paboT-
HaTa 30Ha

YacT oT (DYHKLMOHASTHUTE Bb3MOXHOCTU HA HOBOMPOEKTUPAHU MNK CbLUeCTBYBaLLM
barepn moraT fa 6baaT KONMMYECTBEHO OLIEHEHN Ype3 abCONOTHI U OTHOCUTESTHM reo-
MeTpuYHK nokasatenu. OceeH crnomeHaTuTe B [NaBa 1 knacuyecku nokasartenu, aedu-
HWPaHeTO Ha JOMbIHUTENHM NoKa3aTeny No3eossABa Aa Ce NPoBee MO-TOYEeH Konuyec-
TBEH aHan13 Ha reOMETPUYHUTE CBOWCTBA.

Ako paboTHaTa 30Ha ce pasrneda kato reomMeTpuyeH oBekT, TO TS nNpeacTaBnsiBa
nrocka durypa ¢ onpegeneHa gopma, pasmepu 1 pasnonoxeHue BbLB BepTUKanHaTa
paBHWHa. OCBEH LLMPOKO M3NOSI3BAHMTE KITaCUYeCKn reOMETPUYHI XapaKTEPUCTMKM (MaK-
CUMarHM BCOYMHA M ObNO0YMHA Ha KOMaeHe, MakcMMarHa BUCOYMHA Ha TOBapeHe/pas-
TOBapBaHe, MakcumaneH obcer Ha HUBOTO Ha TepeHa), KaTo AOMbIHUTENHN NOKasaTeNu
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3a onvcaHue Ha paboTHaTa 30Ha MoraT Aa Ce M3ron3eaT reOMETPUYHN MOMEHTM OT pas-
NNYeH peq — NNoLL, 0COBW, MONMSAPHM U LIEHTPOBEXKHM MHEPLIMOHHN MOMEHTH, @ CbLLO TaKa
M CBbP3aHNTE C TAX FEOMETPUYHI XapaKTEPUCTUKN — LIEHTHP Ha TEXECTTA U MHEPLIMOHEH

paauyc.

10

£ 2 g 2
= =
of ok
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cur.7.9 30Ha Ha LOCTKMMOCT Ha Barep ¢ kusematuuHa ctpyktypa R|| R]| R —cny-
YalHW Y1cna ¢ no YacTu AeUHMPaHOTO HENPEKLCHATO NTIMHENHO BEPOATHOCTHO pasn-
pefenexve
7.2.2.1. Mnowy Ha paboTHaTa 30Ha
3non3saiku uHTerpana Ha puH, 3a reoMeTPUYHUSA MHEPLIMOHEH MOMEHT OT pef (p,q)
Ha MHOTrOBbIbITHUKA Ce NonyYasa crnefHara obLa 3aB1cUMOocCT:

1 <& P 4 I ) )
Vo =E;(xl._1yl. —xl.yi_l)kz_(;;qk ZC;’_Z‘] k lxl.kxl.’ilkyl.lxl.q_ll (7.17)
|
kbaeto: R=(p+q+2)(p+q+1)C>"", aupes C.' = — A ao3HaueHm 61
P m!(n—m)!

HOMHUTE KOEPULMEHTN.
(7.31)
7.2.4. OnpepensiHe Ha y4acTbK OT paboOTHaTa 30Ha C MaKCMMasiH1 CUNIOBU Bb3MOX-
HOCTM Ha 3afiBUXBaLUTEe MeXaHU3MU
3a fa ce xapakTepuamnpa 6130CTTa Ha TekyLaTa KoHuUrypauus 4o KoHurypaumsTa
C MaKCUMasH1Te CUI0BM Bb3MOXKHOCTM ce AednHMpa KOe(hULMEHT Ha OTAaneyeHocCT OT
KOH(pUrypaumsiTa ¢ MakCmanHu CUnoBm Bb3MOXHOCTMU Kvimax:

n 8 _HMmax 2
kaax - ZEleM—lmaxj (744)

i=1
KbaeTo i e 6pos Ha 3BeHaTa B KMHEMaTWYHaTa Bepura Ha paboTHOTO COPBXeHHE; 6, -

TEKyLL OTHOCUTENEH brbil Ha 3aBbpTaHe Ha CbOTBETHOTO 3BeHO; O™ - brbA, Npu

KOWTO BbPTALMSAT MOMEHT Ha 3aBMXBALLMA MEXaHU3BM Ha 3BEHO | Ma Makcumym. Mu-
HMManHaTa CTOMHOCT Ha TO3W KOeULMEHT e paBHa Ha 0 1 T OTroBaps Ha cnoMeHaTtaTa
Nno-rope Touka.

7.2.5. KoedhumeHT Ha NONOXEeHNETO
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KoenumeHTbT Ha NonoxeHNeTo Ky 0TunTa hakTa, Ye He BbB BCsKa YacT OT paboT-
HaTa 30Ha eHaKBO YECTO CE U3MbIIHABAT TEXHONOTMYHM onepaumn. Ton e dyHKUMS Ha
KOOpOMHATUTE Ha Bbpxa Ha 3bba Ha kodata (Xw,Yw) M CE MPOMEHS B rpaHuuuTe
0<k, (x,,»,)<1. Tosn koeduumeHT ce AecuHMpa KkaTo (yHKUMA Ha paanyca R 1

Brbna Y Ha BeKTopa, cBbp3saly T.03 ¢ Bbpxa Ha 3bba Ha kodaTa.
CTonHoCTUTE Ha KoeduumeHTa kyy ce onpenensr no crnegH1s uspas:
k., =kpk, (7.45)

KbAeTOo Kr € KoeuUMEHT, 3aBUCELL OT TekyLlaTa CTOMHOCT Ha pagunyca R, a ky e koedom-
LIMEHT, 3aBMCELL, OT TeKyLlaTa CTOMHOCT Ha brbna . CTOMHOCTUTE Ha KOEPULMEHTUTE
ce n3bupar OT CTaTUCTUYECKM AaHHM, NOMNYYeHW OT aHann3a Ha paboTtaTta Ha Xuapaenmy-
HWS Barep Npu M3MbIHEHNE HA TEXHOMOTMYHM OnepaLui.
7.2.6. KoedhmumeHT Ha cepBu3
7.2.6.1. TeopeTnyeH koehULMEHT Ha cepBU3

TeopeTUYHUAT KoeUUMEHT Ha CepBU3 ce onpeaens 6e3 0TYMTaHe Ha OrpaHUYeHnaTa
BbPXY BIMNTE HA 3aBbPTaHe Ha 3BEHaTa, HamNOXeHW OT 3aABMXBaLLMTE MEXaHU3MKU. Ha
cur.7.27 a) ca u3obpaseHu rpauknTe Ha TEOPETUYHUS KOEULIMEHT Ha CEpBU3 Ha pe-
anum 6arepu 3-12A ¢ paboTHO CLOPBXEHME ,npaBa nonata“ n 06em Ha kogata 12 ms,
Ha ¢our.7.27 6) — 30-5126 ¢ paboTHO cbopbxeHue ,06paTHa nonaTa“ u obem Ha kodata
1.25 m3. CpeHuTe CTONHOCTW Ha KOeULMEHTUTE Ha CepBM3 3a ABaTa Ciyvas ca CbOoT-
BeTHO 0.62 1 0.5.

lla o a
T I — e
X
15,4
A
:
. a
@ ]
0 1,07 5.03 6,97 10,03
1
X
0 1,97 D_5,03 © 6,97 10,03

6)
cur.7.27 pacbuky Ha TEOPETUYHIS KOeULMEHT Ha CepBI3 3a ABaTa barepa

7.2.6.2. ,PeanHo” paboTHO CHLOpBXKEHUE
PaboTHOTO CLOPBXEHME, NPUTEXABALLO TEOPETUYHO ONPEAENEeHUTe CTONHOCTY Ha KO-
euumeHTa Ha CepBm3 MOXe Aa ce cunTa 3a ,maeanHo”. AKo TO ce cunTa 3a eTanoHHo,
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TO € Bb3MOXHO C Hero fia ce CbrnocTas ,peanHoTo” paboTHO CbOPBXKEHME, KOETO UMa
HaNOXeHW OrpaHNYEHNs BbPXY BbITIMTE Ha 3aBbpTaHe Ha OTAENHUTE 3BEHA, HAMOXEHMW 0T
3a0BWXBALLMTE LLIAPHUPHO-NOCTOBK MexaHu3mu. 3a barep AI-12A e noctpoeHa auar-
pama (dwur.7.29) 3a koedmumMeHTa Ha CEpBM3 Npu crnegHuTe AaHHu: A=7.5m, B=5m,
C=2.9m, 6:=[6°,60°], 8,=[-649,-126], 6:=[-180,62°]. KakTo ce ycTaHOBsBa, KOEPULNEHTBLT
Ha CepBU3 Ha PeanHoTo paboTHO CbOPBXEHNE € MHOTOKPATHO MO-MasTbK OT TEOPETUYHUS
KOe(hMLMEHT Ha cepBu3 — MakcumanHata My ctonmHoct e 0.15, kato B no-rongmara yact
0T paboTHaTa 30Ha CTOMHOCTUTE ca BNM3KK [0 Tasn CTOMHOCT (YepBeHO-kapsaBns yyac-
TbK).
7.3. TOYHOCTHM XapaKTePUCTUKMU HA NO3ULMOHMPAHETO Ha OarepHOTO pabOTHO Cb-
opbXeHue

EnHa OCHOBHa XapaKTepucTuka Ha pabOTHOTO CbOPbXEHWE, ONpeaensilla HeroBoTo
(OYHKUMOHMPaHE, € rpeLlKkaTa Ha NOMOXEHNETO Ha PabOTHWS OpraH, KOSTO XapakTepu-
3upa OTKITOHEHWETO Ha peanHaTta OT ugeanHata TpaekTopus.
7.3.3. I'pewwkn, nopoaeHn OT eNacTMYHOCTTA HA KOMNOHEHTUTE HAa XuApaBNMYHaTa
cucrema

CunuTe, Bb3HWUKBALLM B 3a[BMXBALLMTE MEXAHU3MM MPU M3BBLPLUBAHE HA TEXHOIO-
MMYHW onepauuu, NpUYMHABaT AedhopMauni Ha prnyraa B XMAPaBNUYHUTE LUIMHAPK U
efleMeHTUTE Ha XuapaBnuyHaTa cucTeMa, BOAELM 40 OTKIOHEHME OT 3afafeHnTe briu
Ha 3aBbpTaHe Ha 3BEHaTa U CbOTBETHO OTKIOHEHME Ha paboTHUS OpraH OT crefBaHaTa
TpaekTopusi. Ha cur.7.43 e nokasaHa cxema Ha pabOTHO CbOPLXEHNE C KUHEMATUYHA
crpykrypa R|| R|| R ¢ npurioxernTe kbM Hero Terna mig Ha 3BeHaTta v BbHIWHaTA CUna
Py, NpUnoxeHa B xapakTepHa Touka OT paboTHMS opraH.

ur.7.43 Cxema Ha pasnonoxeHeTo Ha eNacTUYHUTE efIEMEHTU U CUNUTE

W3passBaiku AO ot (7.118) n 3amectBaitku B (7.132), 3a npemectBaHusiTa Ha 1.0, ce
nonyyaea:
AX = °J04C‘11r (7.133)

T
KbETO AX = [Ax04 Ay04:| e BEKTOp, Cbabpalll NPEMECTBaHNATA HA XapaKTepHaTa
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TOYKa MO Bb3LENCTBIE Ha NPUITOKEHUTE KbM MEXaHUYHATA CUCTEMA CUM.
7.4. KnHemaTu4yHM nokasaTtenu, OCHOBaHM Ha flkobuaHa Ha cuctemara

Tyk ca n3cneaBaHu Bb3MOXHOCTUTE 3a XxapakTepusupaHe Ha yHKLMOHamNHUTE CBOMC-
TBaTa Ha PaboTHW CbOPBLXEHUS Ype3 nokasaTes], HapeyeH KOeUUMEHT Ha MaHunyna-
TMBHOCT, KOWUTO € OCHOBaH Ha fAkobuaHa J. Ton e ckanapHa BENUYmMHa, KosITo 3aBucy OT
KOHKpEeTHaTa reoMeTpu4Ha KoHdurypauusi Ha paboTHOTO CbOPbLXEHWE, T.€. OT NO3nLK-
fiTa Ha cneuuduyHa Touka oT paboTHWS opraH B paboTHaTa 30Ha. 3a MaHUNynaTopu C
M3MULLHK CTENeHM Ha cBoboaa ce npecmsTa o crnegHaTta 3aBMCUMOCT:

w=, /det(JJT) = JAA. A =00,.0, (7.174)

kbaeto 4, 4,,...,4, ca cobCTBeHUTe CToMHOCTU Ha Matpuuara JJ7, a o,,0,,...,0, Ca

CUHIYNApHUTE CTOMHOCTM Ha MaTpuuata J. C KoeduupeHTa Ha MaHunynaTuBHOCT €
CBBP3aH U CKOPOCTHUAT eNMNCoN Ha MaHUNynaTMBHOCTTA.

Ha ¢our.7.44 a) n 6) ca NOCTPOEHN CKOPOCTHUTE U CUIOBUTE ENUMCK HA MaHWUNynaTuB-
HOCTTa Ype3 13Mor3BaHe Ha OnucaHaTa MeToauka, KaTo MHTepBanuTe Ha bIMnUTe Ha 3a-
BbpTaHe ca 6:=[310°, 430°], 6,=[2100, 320°] n B:=[210°, 370°], a ALIMKUHWTE Ha 3BEHATA
cali=5m,L=3mulLs=1m.

Ha dour. 7.48 a) e nokasaHa rpaduka Ha pasnpefeneHMeTo Ha CTOMHOCTUTE Ha Koe-
(MLMeHTa Ha MaHUMyNaTUBHOCT B paboTHaTa 30Ha, a CbLLO Taka U eKCTpeMasnHuTe reo-
METPUYHN KOH(UrypaLumumn, CbOTBETCTBALLM Ha OnpeaeneHnTe MUHUMYM 1 MakCMyM Ha
w. Ha ¢our.7.48 6) e nokasaHa yacTTa OT paboTHaTa 30Ha, B KOUTO CTOMHOCTUTE Ha W Ca
no-ronemu ot onpeaenexa, bnuska 4o MakcumanHaTa CToMHocT, B cnyyvast w=18. Ot rpa-
(huKaTa ce BKAA, Y€ KOE(OULMEHTLT Ha MaHUNYNaTUBHOCT € CbC CPaBHUTENHO Bnaron-
PUSITHO pa3npeeneHne Ha CTOWHOCTUTE B paboTHaTa 30Ha. Bucokure cTomHOCTM cbBNa-
[aT CbC 30HaTa Noj HUBOTO Ha TEPEHA, B KOSTO Ce U3BBPLUBAT TEXHOMOMMYHM onepawum,
a CbLLO Taka M C 4acT OT 30HaTa HaJ HWBOTO Ha TEPEHA, B KOSTO CE M3BBLPLUBAT TOBAPO-
pasToBapHu onepauuv. Crieasa Aa ce UMa npeasus, Ye ToBa TBbPAEHWE e BanuaHo 3a
M3nosi3BaHaTa CTOMHOCT Ha brbna ¢.

Y,m

dour.7.44 CkopoCTHM a) U cuiosw 6) enuncy Ha MaHUNynaTMBHOCTTa B paboTHaTa
30Ha

57



7.5. CunoBu nokasarenu, onpegensawmy edeKTMBHOCTTa Ha KonaeHe B paboTHaTa
30Ha

[Tpn M3MBIHEHWETO Ha TEXHOMOMMYHUTE NMPOLIECK Ha KOMaeHe, Bb3HUKBALLMTE CbIPO-
TUBUTENHW CUNK NPY KONaeHe ce NpeoaonssaT OT MEXaHWU3MUTE 3a 3a[iBUXBaHE Ha 3Be-
HaTa Ha pabOTHOTO CbOpbXeHWe. MakcumariHo Bb3MOXHATa CTOMHOCT Ha cunata Ha Ko-
naeHe (NoTeHUManHa cuna Ha KkonaeHe) ce onpeaens oT CbBKYMHOCT OT YCMOBUS, BKMOY-
Ballla CMNOBUTE Bb3MOXHOCTY Ha 3a[BMXBALLMTE MEXaHWU3MW (ONpefeneHn OT TeXHUTE
FEOMETPUYHN XapaKTEPUCTUKN U CUNOBUTE XapaKTEPUCTUKM Ha XMAPABIIMYHUTE LMNNH-
OpW) 1 YCroBuMs, CBbP3aHW C YCTOMYMBOCTTA (0OpbLUaHeTo Ha Garepa OKONoO ocuTe Ha
OMOPHMS KOHTYP) Ha Barepa v NpUNIb3BAHETO MY CPAMO TepeHa. [oapoBHUAT aHanu3
Ha CUNUTE Ha KomaeHe B Lsinarta paboTHa 30Ha NO3BONABAT [a Ce M3BBLPLLM NO-NPELN3HO
OnpefensiHe Ha CUIMOBOTO HAaTOBapBaHe Ha 3afBWKBALLMTE MEXaHW3MM K [a ce onpe-
Oenu epekTUBHOCTTA Ha KonaeHe B Lsnarta paboTHa 30Ha. To3n aHanu3 ce 13BbpLLBa
ype3 MaTemaTu4ecku Moden Ha barepa, No3BoNsBaLL ONpeaensHe Ha reOMEeTPUYHUTE 1
CUIOBUTE XapaKTEPUCTUKM BbB BCSIKA TOYKA OT paboTHaTa 30Ha.

w>18

r 20.5
[ 20
16
195
14 = L
19
n 185
6k n n ! L " n
-2 0 2 4 6 8 10
X,m

a) 6)
(ur.7.48 Pasnpenenexne Ha CTOMHOCTUTE Ha KOe(ULMEHTA HAa MaHUNYNaTUBHOCT B
paboTtHaTa 30Ha npu ¢=2550

o

Y,m
N o N »
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7.5.1. MatemaTnyecku mogen Ha b6arepa
Ha ¢our.7.53 e nokasaHa knHemaTMyHaTa cCxema Ha xuapasnuyHus barep. Matematuyec-
KWMAT MoZen Ha Barepa BKNYBa MaTeMaTUYeCkn MOZES Ha KMHeMaTUYHaTa Bepura 1 Ma-
TEMaTUYECKN MOZEN Ha 3a[BWXBALLMTE MEXaHU3MW Ha 3BeHaTa.
7.5.2. Xopgorpahun Ha CbnpoTUBUTENHATa CUNa NPU KonaeHe

XoporpadybT Ha NOTeHUManHarta cbnpoTuBKUTENHa cuna npu konaeHe HW (cur.7.53
6) NpencTaBnsBa MHOTOBIBITHUK, YUUTO CTPAHW Ca XodorpacuTe Ha rpaHuYHUTE ChbNpo-
TUBUTENTHU CUMNW NPU KONaeHe, onpeaeneHn OT pasfinyHuTe CUoBK yernosus. JInkusTa n-
n (dour. 7.53 6), KOATO € NepneHaNKyNsAPHa Ha BEKTOPA Ha TekyLlaTa CKOPOCT Ha KonaeHe
V, OnpefeneHa OT brroBUTE CKOPOCTW Ha 3BeHaTa, pasgens xogorpadga HW Ha age
yactu. B egHata yacT Ha xogorpada e Bb3MOXHO [a Ce peanusupa TEXHOMOorMaTa Ha
KonaeHe ,kbM cebe cu* 1 T e HapeyeHa xogorpad Ha edeKkTMBHATa CbNPOTUBMTESTHA
cuna npu KonaeHe HWe.

XoporpadbT Ha noTeHUManHaTa CbNpoOTUBMUTENHA CUNa NpW KonaeHe, NOCTPOeH 3a
onpegerneHa To4ka ot paboTHaTa 30Ha, jaBa Bb3MOXHOCT [a ce onpesent noTeHyuarn-
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HaTa CbNPOTUBUTENHA CUa B Pa3nNWYHWUTE HanpaBneHns B paBHUHATA, T.€. N0 Hanpae-
TIeHWe Ha BCUYKM TPaeKTopuu, NpeMuHaBally npes aageHara Touka. [pu apuxeHne no
eVHCTBEHA TPAEKTOpUS, cunaTa Ha KonaeHe 1 CKOpocTTa UMaT onpeseneHy ronemMmHa
W HanpaBrieHWe, nopaaun Koeto Xo4orpadbT He e npunoxuM. B 1o3u cnyyan, noteHuu-
arnHarta CbnpoTMBMTENHA CUIa NpY KonaeHe ce Onpeaens kaTto Hail-masnkaTa OT rpaHuy-
HWUTE CBMNPOTUBUTENHU CUNW, OEUCTBALUW NO 3adafeHOTO HampaBreHWe Ha cunata —
cur.7.53 a). Npu aBMKEHWE Ha paboTHMS OpraH Mo onpeaesieHa TPaekTopus reoMeTpuy-
HaTa KOH(Mrypauust Ha paboTHOTO CbOPBXXEHWE Ce NMPOMEHS, NMPU KOETO Ce NPOMEHSIT U
xoforpacgure Ha rpaHU4HUTE CbNPOTUBUTENHW CUITU, PECTIEKTUBHO CE NPOMEHS W NOTEH-
LjyarnHara cuna, KOeTo crnefsa fja ce 0T4y1Ta npu NaHnpaHeTo Ha TPaekTopuaTa 1 OLeH-
KaTa Ha CMnoBMTe Bb3MOXHOCTU Ha Barepa 3a KOHKpeTHaTa TpaekTopus.
7.5.4. KopurupaHa cuna Ha konaeHe

XoporpadbT Ha NOTEHUMANHaTa cuna Ha KonaeHe e MHAVBWAYaNEeH 3a reoMeTpuyHa
KOHurypauust Ha paboTHOTO chopbXeHue. Kato eaHa obobLyeHa xapakTepucTuka Ha
cunaTa Ha KonaeHe MOXe Aa Ce W3Mor3Ba KopuripaHara cuna Ha KonaeHe, KosTo npeg-
CTaBMnsiBa cpefHaTa CTOMHOCT Ha edeKTMBHATA Cufa Ha KornaeHe 3a Usnata paboTHa
30Ha, KopuripaHa ¢ KoeuumMeHTH, OTYMTaLLmM pas3nuyHn daktopu. KopurupaHata cuna
Ha konaeHe Fy NpeacTaBnsBa cpefHaTa CTOMHOCT Ha eheKTUBHATa Cula Ha KonaeHe

ce onpegens 3a LAnaTa paboTHa 30Ha qpe3 crefHaTa 3aBUCUMOCT:
4 NS w

N?

DIDIPIP I .
F;Zke s=1 r=1 k=1 w=l (7221)

N3N4N5Nw

KbAeTo Feskw € FONeMnHaTa Ha ehekTMBHaTa Cina Ha KonaeHe, onpeaesnieHa npu useec-
THa No3uuyms Ha cTpenarta (s), Hocada (r) u kodata (k) npu onpegeneHa nocoka Ha cunarta
Ha KonaeHe (W); N3 e 6posi Ha nosuumnTe Ha ctpenarta, N4 e 6post Ha No3nUMKUTE Ha HO-
caya, Ns e bpos Ha no3uumuTe Ha kobata, Nw € Opost Ha NOCOKWUTE Ha cunara Ha KonaeHe.
7.6. U3Boam

B HacTosiwaTa rnaea e W3BbpLLEHO pasLlmpsiBaHe Ha Kpbra Ha nokasaTenure, U3nos-
3BaHM 3a OLleHKa Ha (OYHKLMOHASTHUTE M TEXHOSOMMYHUTE Bb3MOXHOCTI Ha CTPOUTENHY
MaHWNynaTopy CbC CX04HA KMHEMATWUYHA CTPYKTYpa.

[NokasaTenute MMaT KOIMYECTBEHO U3MEPEHME 1 OLIEHSBAT reOMETPUYHUTE, KUHEMA-
TUYHUTE W CUINOBUTE BL3MOXHOCTU Ha MaluMHKTE. KoraTo 1M3non3BaHuTe npu cpaBHuTe-
TIEH aHanu3 Ha ABE M MOBEYE MALLMHW KNacU4ecKu nokasaTenu nokassar 61m3ku CToM-
HOCTU, NpunaraHeTo Ha AOMbIHUTENHUS HAbOp OT NoKasaTenu No3BonsBa fa ce U3ABAT
MHAMBMAYaNHUTE 0COBEHOCTW Ha NpoekTUpaHuTe MawwHu. Cblio Taka, JOMbIIHUTEN-
HWUTE NoKasaTenu MoraT Ja ce M3no3BaT KaTo KpUTepuu 3a ONTUMKU3ALMS 1 BCNEACTBIE
Ha TOBa [ja Ce CUHTE3MPaT KOHCTPYKLMM C NpeaBapuTENHO 3aafeHn CBONCTBA.

OCHOBHUTE NOCTUrHAaTK B HACTOSLLATa rnaBa pesynrati ca CregHuTe:

1) PaspaboTeHa e METOAMKA 3a OLEHKa Ha reOMETPUYHUTE CBOMCTBA Ha paboTHaTa
30Ha Ha xuapasnuyHuTe Barepu. TS ce CbCTOM OT CrIeAHUTE eNlEMEHTU:

e [locTposiBaHe Ha paboTHaTa 30Ha. PaboTHaTa 30Ha ce NocTposiBa Ypes yHUBEp-
canHus metogd MoHTe Kapno, OCHOBaH Ha reHepupaHeTo Ha TOYKM CbC CryvaiHu Koop-
OuHaTK B paboTHaTa 30Ha. TOYHOCTTA Ha OYepTaHWe Ha BbHLLHATA rpaHuua Ha paboT-
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HaTa 30Ha € NoBULLEHA Ype3 pa3paboTEHOTO TPUCErMEHTHO MO YaCTW HENPEKbCHATO K-
HeHO pa3snpeaesieHne, a CblUO Taka € ANUCKyTUPaHa U Bb3MOXHOCTTA 3a NpunaraHe Ha
pa3npeaenexHneto Ha Kumarswami;

(@)
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¢ur.7.53 FeomeTpuyHa cxema Ha xuapaBnuyHus barep: a) rpaHUYHK CbPOTUBU-
TENHW CUNK Ha konaeHe; 6) xoporpady Ha NoTeHUManHaTa 1 edekTUBHaTa CbNpoTHBU-
TENHW CUMW NP KonaeHe

o KonuuecTseHa oLieHKa Ha XapaKTepuUCTUKIUTe Ha paboTHaTa 30Ha. KaTto aombriHe-
HUE KbM ChLLIECTBYBALLUTE KNAcUYeCKM NoKasaTenu 3a OLieHKka Ha reOMEeTPUYHNTE Xapak-
TEPUCTVKM Ha paboTHaTa 30Ha ca NPEANOXEHN N MaTeMaTYeckn paspaboTeHi ca cnea-
HUTE MoKas3aTenu: NMoLL, CTAaTUYHN N UHEPLIMOHHN MOMEHTH, 00EM M OKONHa Mo Ha
paboTHMs 0bem. EkcTpemanHuTe xapakTepucTiku Ha paboTHaTa 30Ha ca OMpeaerieHm
Ype3 ONTUMM3ALIMOHHU MOZIENN NPU ChOTBETHUTE OrPAHNYEHNS, HAMOXEHMN BbPXY YNpaB-
nsiBalLLuTe NapameTpy.
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2) [lepnHmpanm, pa3paboTeHn 1 NPUNOXEH ca CriefHUTe NokasaTenu, JaBally Bb3-
MOXHOCT 3a [OMbJIHUTENHA OLeHKa Ha (PYHKUMOHAIHWUTE U TEXHONOTMYHUTE Bb3MOX-
HOCTM Ha pabOTHOTO CbOPBXKEHKE:

e Koe(uUMEHT Ha OTAANeYeHoCT OT KOH(MrypaumsTa ¢ MakCcUManHu CUMNoBu Bb3-
MOXHOCTMW — NO3BOIABA ONpesensHe Ha y4acTbK OT paboTHaTa 30Ha C MaKCUMasH1 cu-
II0BM Bb3MOXHOCTMN Ha 3aiBUXBALLMTE MEXaHU3MU;

e KoeuuUMeHT Ha NONOXEHNETO — 0TYMTa YecToTaTa Ha paboTa B OTAENHUTE YacTu
Ha paboTHaTa 30Ha;

e KoedhmumneHT Ha cepBuM3 — OTYUTA FEOMETPUYHUTE Bb3MOXHOCTM Ha paboTHOTO Cb-
OPbXeHWe Npy opueHTaLmMs Ha paboTHWS OpraH B onpefeneHa Touka oT paboTHaTa 30Ha.
YCTaHOBEHO €, Ye B 3aBUCUMOCT OT CbOTHOLLEHUATA Ha KUHEMATUYHUTE ObIMKUHM Ha 3Be-
HaTa, pabOTHUTE CbOPBXEHUS Ce pasdenaT Ha ABa Tuna. AHanM3bLT Ha reOMETPUYHUTE
pasMepy Ha peguua paboTHU CLOPBXEHWS Noka3sa, Ye KbM MbPBK TUM CE OTHACAT
BCWUYKM pabOTHW CbOPBXEHUS ,MpaBa fonata‘, a KbM BTOPUS Knac — BCUYKKM PaboTHY
CbOpbXEeHUs ,0bpaTHa nonata“. BbBeaeHM ca NOHATUATA UaenaHo v peanHo paboTHO
CbOPbXEHWE. YCTAHOBEHO €, Ye CPpeaHUsT KOeUUMEHT Ha CEpPBU3 Ha peanHoTo paboTHO
CbOPBKEHWE € MHOTOKPATHO MO-MaITbK OT CPeHUS TEOPETUYEH KOe(DULIMEHT Ha CepBu3.
BbBeaeHo e NoHATUETO KoedhULMEHT Ha 3aryba Ha cepBu3, KOMTO NpeacTaBnsBa OTHO-
LIEHVETO Ha TEOPETUYHUSA KOEULIMEHT Ha CEPBM3 U U3YMCIIEHNS KOEDULMEHT Ha CepBu3
Ha ,peanHoTo* paboTHO CbopbXeHUe. 3a ABa XuapaBnuyHK Harepa, KOUTO ca TUMUYHY
npeactasuTeny Ha ceos Bug (A-12A n 30-5126) ca onpedenHu uaeanHus U peanHus
KOe(hMLMEHTM Ha CEpBM3, a CbLLO Taka 1 KoeduLmeHTa Ha 3aryba Ha cepBus;

e HenuHeeH Mogen Ha OTBOpeHaTa KMHEMaTMYHA Bepura 3a OLEHKA Ha TOYHOCTTa
Ha NO3WLMOHMPAHETO Ha XapaKTepHa ToYKa OT paboTHOTO CbOPBXEHUE C KUHEMATUYHA
crpyktypn R|| R|| R v R|| R T FR. Monyueru ca uspasm 3a cymapHoTo oTknoHeHve Ha
XapaKTepHaTta To4Ka OT 3afafeHarta nosuumus n HEroBuTe NPOEKLUMN BbPXyY OCUTE Ha rno-
banHata koopauHaTHa cMCTEMA KaTo (hYHKLUMS Ha OTKIIOHEHWUsITA Ha reOMEeTPUYHUTE Nna-
pameTpu 1 06obLLeHNTe KOOpAMHATK. Ype3 YnCneHn uscneaBaHns e YCTaHOBEHO ChbB-
MECTHOTO 1 NOOTAENHOTO BMSIHWE HA OTKIOHEHMSATA Ha 000BLLEHUTEe KOOPANHATYH W re-
OMETPUYHUTE NapaMeTpu BbPXY OTKIIOHEHWETO Ha XapaKkTepHaTa ToYKka OT 3ajafeHaTa
nosnums, KaTo pesynratute ca n3obpaseHu Kato none B paMkuTe Ha paboTHaTa 30Ha.
A3non3saiku n3seneHnTe npefaBaTenHu (OYHKLMW Ha 3aBUXBaLLMTE MEXaHWU3MM ca Mo-
TNyYeHn 1 3aBMCUMOCTM 3a OnpedensiHe Ha rpellkaTa Ha 0b6006LLEHNTEe KOOpAMHATK KaTo
(DYHKLMA Ha rPELLKNTE B ObIKUHUTE Ha 3aBWXBALLMTE XWMAPABIMYHW LMMUHOPW.

MNogo6HM n3cneaBaHus ca HanpaBeHy U NPU ABWKEHUETO NO MHOFOCErMEHTHa Tpaek-
TOPUS U € YCTAHOBEHO, Ye OTKMOHEHKsATa ca NPOMEHMNMBY KaKTO BbPXY pasfinyHuTe cer-
MEHTK, TaKa W NO AbIMKUHATA HA OTAENHUTE CErMEHTU, KOETO € CNEACTBME OT NMPOMSsIHaTa
Ha reoMeTpUYHaTa KOHUrypauus Ha paboTHOTO CbOPBXEHME MO ObIHKMHA HA TPAEKTO-
pnsTa M CbOTBETHO Pa3fIMYHUTE CTOMHOCTM Ha rPELLKUTE B Pa3fIMYHUTE Y4acTbLM Ha pa-
boTHaTa 30Ha. [JoMbRHUTENHUTE U3CNEABaHUS NOKA3BaT, Ye reoMeTpuyHaTa rpeLuka Ha
NONOXEHNETO BOAWM M O OTKNOHEHWE Ha XapaKTEpPUCTUKWUTE, KOUTO 3aBUCAT OT Tasw
rpeLuKa — Hanpumep, NPy efHa CPaBHUTENTHO Marka CTOMHOCT Ha rpeLukaTa, B HAKOW OT
yyacTbLUMTE Ha TpaekTopusiTa ce Habnoaasa NPOMsHa Ha BbPTALMTE MOMEHTM C OKOIO
20-25% cnpsmo crnyyas 6e3 rpellka Ha NONOXeHNeTO.
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MopaenupaHeTo Ha BEPOATHOCTHUSA XapaKkTep Ha OTKIOHEHWETO OT uaeanHarta Tpaek-
TOPUSA NpU CreaBaHe Ha TPAeKTOPKS W B OMpeesieHa ToYKa 0T TpaekTopusaTa JaBa Bb3-
MOXHOCT [a Ce OnpeaensT CTaTUCTUYECKUTE XapaKTEPUCTUKM Ha rpeLLKaTa Ha nonoxe-
HWETO W Ha BEPOATHOCTEH MPUHLMN Aa Ce NPOrHO3MpaT HeWHUTE CTONHOCTY.

3a yCTaHOBSIBAHE Ha BIIMAHMETO Ha rpeLlkaTa B ObMKWHATA HA XMAPaBNUYHUTE Lu-
NIMHAPY BbPXY rpeLKk1Te Ha 0B0BLLEeHNTE KOOPAMHATY Ype3 (PYHKLMUTE Ha NONOXKEHUETO
e pa3paboTeH TOYHOCTEH MOZEN Ha 3afBUKBALLMTE MEXAHWU3MM.

PaspaboTeH e MaTtemaT4yeckn MoJen 3a OLeHKa Ha rpeLukaTa Ha norioXeHueTo, no-
pofeHa OT enacTMYHOCTTa Ha KOMMOHEHTUTE Ha XUapaBnyHaTa cuctema. M3seseHu ca
3aBUCKMMOCTU 3a NPUBEXAAHE Ha NIMHEeNHUSA KOePULMEHT Ha eNacTUYHOCT Ha XMApaBIny-
HWUTE LUMUNMHAPY KbM POTALMOHEH TaKbB, CbCPEAOTOYUEH B LUAPHUPHUTE.

e Koe(hmuneHT Ha MaHMNyNaTUBHOCT, KOWTO Ce npecMsTa Ype3 AkobuaHa Ha Mexa-
HWYHaTa cuctema. [onyyeHn ca aHanuTUYHK U3pasn 3a KoepuumeHTa Ha MaHUnynaTu1B-
HOCT 3a PaBOTHO CbOPbXEHMe C kuHemaTnyHa cTpyktypa R || R|| R 3a cnearure aga
cnyyas:

a) Korato He e 3afafieH brbna Ha opueHTaumsa Ha paboTHMs opraH. B To3u criyyan ce
yCTaHOBSBA, Ye KoeuLMeHTa Ha MaHWUMyNaTUBHOCT He 3aBUCKM OT bIbfla Ha HaKMNOHa Ha
cTpernara, a caMo OT bIJIUTe Ha HaKNOHa Ha ocTaHanuTe [Be 3BeHa. ONTUMU3MPaHETO
Ha aHaMMTUYHUA 1U3pa3 CNPAMO AbMMKUHUTE Ha 3BEHaTa Noka3ga, Ye TAXHOTO HeOorpaHu-
YeHO yBenuyaeaHe BOOM OO HEOrPaHWYeHO yBenuyaBaHe Ha CTOWHOCTTa Ha koeduum-
€HTa Ha MaHMNynaTUBHOCT, Nopaau KOeTo Herosata CTOMHOCT HE MOXeE Aia CIyXW KaTo
KpUTEpWit 3a M360p Ha ObIHKMHUTE Ha 3BeHaTa. Ypes ONTUMU3NPAHETO Ha aHANUTUYHNS
n3pas 3a koeuLmMeHTa Ha MaHUMyNaTMBHOCT CNPSAMO bIMINTE Ha HAKMNOHa Ha 3BeHaTa ca
YCTaHOBEHMW TEXHUTE CTOMHOCTU, NMPW KOUTO Ca Hanuue ekctpeMymu. Tbi Kato koeguuy-
€HTa Ha MaHMNynaTUBHOCT He 3aBMCKM OT bIbJla Ha HakIOHa Ha cTpenara, TO ca Hanuue
Be3kpaltHo MHOTO TOYKM B paboTHaTa 30Ha, NpW KOMTO ca Hanuue eKCTpeMymMu;

6) Korato e 3agageH brbna Ha opueHTauus Ha paboTHUs opraH. /13BeaeHusT aHanm-
TUYEH 13pa3 3a TO3M Cyyai Nnokasea, Ye KoedpuLMeHTa Ha MaHWUMynaTMBHOCT 3aBKCK OT
BCWYKM reOMETPUYHN napameTpu Ha paboTHOTO CbOopbKEHME U MoraT Aa 6baaT onpesge-
INeHN Be reOMeTPUYHN KOHUrypaLmm, CboTBETCTBALLM HA MaKCUManHaTa 1 MMHUMan-
HaTa CTOMHOCTM Ha Koe(uLMeHTa. YCTAHOBEHO e, Ye ToukaTa, OTroBapsila Ha Makcu-
MafiHaTa CTOMHOCT, € Pa3nosfiokeHa B Han-4ecTo 13Mor3BaHaTa YacT oT paboTHaTa 30Ha.

3a CbLLOTO pabOTHO CLOPBXKEHWE Ca MOCTPOEHN CKOPOCTHUAT W CUMOBUAT IUNCONAM,
CNYXXELLW 32 OLieHKa Ha CKOPOCTHUTE 1 CUNOBUTE KayecTBa Ha paboTHOTO CbOPBXEHME,
NpW NO3NLMOHMPAHETO MYy B ONpeseneHa Touka oT paboTHaTa 30Ha. YCTaHOBEHO e, Ye C
Hal-ronsIMo CbOTHOLLEHME Ha NOMNyocuTe ca enuncute B 6130CT A0 BbHLLHATA rpaHu1La
Ha paboTHaTa 30Ha, a C NpubnikaBaHe KbM BbTPELLHATa rpaHuLa Te ce npubnuxasar
[0 OKPBXHOCT. M3BbpLLEHO e onpedensHe Ha KoeduuyeHTa Ha MaHWUNynaTUBHOCT MO
ObIDKMHA HA TPAEKToOpUATa Ha ABWXEHWE M € aHanmsnpaHo pPasnosioKEeHNETO Ha OCUTe
Ha eNuncuTe CNPSMO TPAEKTOPUSATA Ha [ABWKEHME.

o [IpensioxXeHnaT MaTeMaTyeckn MOAes e NoaXoasLL 3a u3cneaBaHe Ha CUoBuTe
XapaKTepuUCTUKN Ha pabOTHOTO CbOPBKEHME, @ CbLLO Taka 3a onpeaensHe Ha opmaTa
W pasMmepa Ha xogorpaduTe Ha noTeHUManHaTa 1 eqoekTMBHaTa cunu;

e HOMWHanHuTe cunu Ha KornaeHe, OMpedenieHn CbracHo CTaHZapTa, HegocTa-
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TBYHO MbIIHO NPEeACTaBAT e(hEKTUBHOCTTA Ha KonaeHe B LianaTa paboTHa 30Ha. Te npep-
CTaBsIT €AMHCTBEHO MaKCUMasTHUTE CTOMHOCTM Ha NOTEHUManHaTa cuna Ha KonaeHe npu
onpeaeneHa KoHurypauust Ha paboTHOTO CbOPBXEHNE;

e Xopgorpadgurte Ha rpaHUYHUTE CUIN Ha KOMaeHe 1 xogorpadute Ha epekTuBHIUTE

CWITM Ha KomnaeHe ca NOAXOAsLLM 3a aHanu3 Ha CUIUTe Ha KonaeHe npy 3afjafeHa KOoH-
durypauus Ha paboTHOTO CbOPBXXEHIE, HO HE MOraT [a XapaKkTepusaupaT eoeKTMBHOCTTa
B UsnaTa paboTHa 30Ha. PaamepbT 1 hopmarta Ha xogorpadia Cryxu KaTo nokasaTten 3a
CbBMECTMOCTTA Ha XapaKTepUCTUKUTE Ha 3a[BWKBALLMTE MEXaHW3MU, pa3npeaeneHu-
€70 Ha MacuTe B Barepa u CUnUTe Ha KomaeHe;
o KopurupaHnaTa cuna Ha KonaeHe [OCTaTbyHO MbJIHO XapakTepuaupa edeKTus-
HOCTTa Ha KonaeHe B LsnaTta paboTHa 30Ha, OTYUTalNKK peauLa A0MbIHUTENHU (hakTopu.
T MOXe [a CyXu KaTo KpUTEPUI 3a ONTUMM3ALIMS NPK NPOEKTUPAHETO Ha HOBK Barepu
W NpW CPaBHUTENEH aHanm3 Mexay pasiuyHu BapuaHTu.

MABA 8. HAKOW ANrOPUTMU U NPOrPAMHWU CPEICTBA 3A ABTOMATMU-
3AUNA HA MHXEHEPHUA TPYQ B OBJTIACTTA HA NPOEKTUPAHETO N U3C-
NEABAHETO HA XUAPABITUYHU BATEPU

8.1 Llen n o0xBaTt Ha HacTosWaTa rnasa

B HacTosiwaTa rnasa ca NpMBEAEHN NpUMepK Ha pa3paboTBaHe Ha anropuTMm U Npor-
paMHU CPeaCTBa, Ype3 KOMTO Ce aBTOMAaTM3Mpa UHXEHEPHNUS TPy Npu pellaBaHeTo Ha
HAKOW YaCTHU NpobnemMu, Bb3HUKBALLW NPY NPOEKTUPAHETO M U3CNeaBaHETO Ha XMapaB-
NMYyHUTE Barepu Ha pasnUYHUTE eTanu Ha NPOEKTaHTCKMUS LUMKb. KaTo JOMbIHMTESTHO
nocTuUrHaTa Len e v AeMOHCTpaUMsTa Ha U3MNon3BaHETO Ha Pas3nUyHK NPOrpamHM TEXHO-
roryv 3a peannanmpaHeTo Ha CbOTBETHUTE NPOrpamMHN MHCTPYMEHTMW.
8.2 CAD/CAE u3cnepBaHe Ha MUHEH xuapaBnuyeH barep

EnHa 0T 3agaunte Ha onepaTtopa npy U3BbPLIBAHETO Ha M3KOMHK paboTy NP MUHHK
[EHOCTM € 3ana3BaHeTo Ha NOCTOSIHHWSA HAKIOH Ha Kodhata npyu HEMHOTO ABMXEHUE MO
TpaeKkTopusiTa Ha KonaeHe Wiy npu U3BbPLUBAHE Ha TPAHCMOPTHM onepauun. Tbid KaTo
KohaTa e 3aKpeneHa KbM Hocaua, TO HEMHWUST HaKIOH CNPSIMO XOPWU30HTanarta 3aBucu ot
HaKMOHa W Ha cTpenaTa ¥ Ha Hocaya. ToBa Boau 40 He0BX0AMMOCT OT NOCTOSIHHA KOPEK-
LSt HAa HAKMNOHUTE Ha 3BEHaTa OT CTpaHa Ha ornepaTopa € Len noaabpxaHe Ha npeasa-
PUTENHO 3afadeHnst NOCTOSIHEH HAKIMOH Ha KodhaTta Npu U3BBbPLUBAHE HA TPAHCMOPTHM U
TEXHOMOrMYHK onepauun. Ha cur.8.3 — nokasaHa knHemaTyHaTa cxema Ha paboTHOTO
CbOPbXEHME.
8.2.1 UsrpaxpaHe Ha CAD mopen

3a u3cneaBaHeTo ce M3Mon3ea cneuwanuavMpad Mogyn B nporpaMHaTta cuctema c
06wwo npunoxenne Autodesk Inventor 3a aMHamMu4Ha CUMynaums Ha ABUXKEHUETO C LN
onpeaensiHe Ha KMHEMATUYHUTE, AUHAMWUYHWUTE M CUNOBWUTE NMapaMeTpu Ha cucTemata
NP1 U3BbPLUBAHE Ha eauH paboTeH LMKbST Ha ABMXKeHue. Ypes paspaboTeHus mogden ca
W3BBPLUEHN peanLla cuMmynauuy 3a onpegensHe Ha KMHEMaTUYHUTE U CUSOBUTE Xapak-
TEPUCTUKM KaKTO Ha 3BeHaTa, Taka ¥ Ha XapakTEPHM TOYKH.
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¢ur.8.3 KnuHematnyHa cxema Ha paboTHOTO CbOpbXEHUE C Tripower cuctema

8.3 Web basupaHa cpeaa 3a aHanu3 Ha CTaTUMHUTE CMIM BBLB BPb3KUTE Ha Xuapas-
nnyeH barep
8.3.1 Anroputmu 3a reomeTprYeH U CUNOB CTaTUYeH aHaNuU3 Ha KNHeMaTUyHaTa Be-
pura
AHanM3bT Ha CTaTUYHUTE CUNW BbB BPB3KNUTE Ha HarepHOTO PaboTHO CLOPBKEHME €
Ba)XEH €Tan OT MPOEKTAHTCKMSA LMK Ha XmapasnuyHus barep. B noseyeTo cnyyau, npu
peasiH1Te NPoLECH Ha KonaeHe cTaTyHaTa KOMMNOHEHTA Ha peakUMUTe B KUHEMATUYHUTE
asovum npeobnafaea 3HaYMTENHO Hag AMHaMUYHaTa KoMnoHeHTa. OCHOBHa NpuYmnHa 3a
TOBA € cusiata Ha KornaeHe, KOSTO Ma MHOTOKPaTHO MO-ronsiMa CTOMHOCT OT MHEPLIMOH-
HWTE CWUIIM B 3BEHaTa, NPEAN3BUKaHN OT ABKEHWNETO UM.
e AnropuTbM 3a reOMeTpPUYEH aHaNM3 Ha KUHeMaTU4HaTa Bepura
PasrnexpaaHara knHemaTtyHa Bepura ce cbcton ot 10 3BeHa, CBbp3aHi ¢ 14 KuHema-
TUYHM OBOMLM, O3HAYEHW CbOTBETHO C iU n - =0,1,....1,...,S,...,9, n=1,2,....p,...,q,...,14.
HenogswxHaTta ocHoBa (TepeHa) € ¢ Homep =0, a 6a3oBaTa MalumHa e ¢ Homep i=1. C
TOYKa 1 € CBbp3aHa HenoABMXHa AekapToBa koopauHaTtHa cuctema {0}, YninTo ocm ca Xo-
PU30HTasHa W BepTUKarHa.
e AnropuTbM 3a CMIIOB CTaTUYEH aHanNWU3 Ha KWNHeMaTU4YHaTa Bepura
OcHoBHaTa Lies1 Ha C1NoBMS CTaTUYeH aHanu3 e [1a ce OnpeaenaT peakummTe B LapHK-
puTe Nog Bb3OEUCTBUETO HA NPUITOXEeHa KbM Kodpata cuia Ha KonaeHe, a CbLUo Taka U
OMOPHUTE peakLum Mexay konenata u TepeHa. lNprema ce, ye cunara Ha KonaeHe e npu-
NoxeHa BbB Bbpxa Ha 3bba Ha kodaTa v ce 3afaBa Ypes cBosiTa CTOMHOCT 1 nocoka. [1o-
CcoKaTa Ha curiaTa Ha KonaeHe e MoCcTOsiHHa CrpsiMO TPaekTopusTa Ha KonaeHe v ce fedu-
HMPa Ype3 brbfl Y CPSMO TaHreHTaTa B TekyllaTa TOYKa OT TPAeKTOpUATa Ha ABUXEHME.
HopmanHaTa Py 1 TaHreHUpanHaTa Py KOMNOHEHTH Ha cunata Ha kornaeHe P ce geduHupat
B KoopAuHaTHaTa cuctema {P}, KosTo e npucbeanHeHa KbM Bbpxa Ha 3bba Ha kodata
OCMUTE U Ca HAaCOYeH MO TaHreHTaTa 1 HopMaraTta KbM TPaeKTopusTa B TeKyLlaTa TouKa.
YpaBHeHWsTa Ha CTaTUYHO PaBHOBECWE Ce CbCTaBAT Ype3 npunaraHe Ha ypaBHeHWe
(8.23) KbM BCSKO OT 3BeHaTa — ¢pur.8.17. PelleHneTo Ha nofyyeHara cuctema ot 27 nu-
HEWHW YpaBHEHWS NPEACTaBNsABa CTAaTUYHUTE peakLUun BbB BCUYKM BPb3kW. 3a onpene-
NgHe Ha HopMarHara 1 gjonupartenHaTa TepeHa Cuiv Mexzy Konernara v TepeHa, nonyde-

64



HUTe BEPTUKaIHa 1 XOPU30HTaMNHA peaKLyn BbB BPb3ki 1 11 2 IOMbIHUTENHO Ce NPOeKTU-
paT Mo AbIKMHA W NepreHANKYNSIPHO Ha TepeHa.

¢ur.8.17. Cxemu Ha cunuTe, AenNCTBaLLM BbPXY 3BEHATA

8.3.2 PaspabotBaHe Ha Web Oa3upaHa cpeaa 3a onpeaensiHe Ha CTaTUMHUTE CUINU-
Pa3paboTeHn anroputMit 3a reOMETPUYEH 1 CTaTUYEH aHanW3 Ha CTaTUYHUTE CUMK ca pe-
anuaupanu B Web 6asnpaHa cpena. Ha ¢ur.8.18 e nokasaHa cTpykTypHa cxema Ha Web
BasvpaHata cpega.
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CTpaHa Ha CipaHa Ha

notpebutens cbpBbpa
Cb3gaBaHe U . 3anuc Ha XML U
pepakuma Ha XML HTML+;J<?\;|/ESCHpt+ PHP+XML reHepupaHe Ha Web
MoAen Ha MexaHusma cTpaHuua
MonyyasaHe n
npeseHTauums Ha HTML+Canvas+ . . U3uncneHusa n
. JavaScript Functions
pesynrtatute oT JavaScript+XML n3obpassBaHe
aHanusa

¢our.8.18 CtpykTypa v TexHonoruu, usnonssaxu B Web 6asupaHata cpega

8.4 3D BupTyanHa cpefa 3a cumynaums Ha paboTata ¥ nnaHupaHe Ha pasnonoxe-
HMETO Ha MaLIMHUTE Ha 00EKT CbC 3eMEKOMHU MaLUUHU
8.4.1 O6wo onucaHne Ha BUpPTyanHara cpeaa

OCHOBHOTO NpeAHa3HayeHne Ha paspaboTeHaTa BUpTyarnHa cpefa € Aa Busyanusmpa
NPOCTPAHCTBEHOTO PA3NONOXEHNE HA MaLLMHUTE Ha 00ekTa. Tbit KaTo € Bb3MOXHO [BU-
XEHME Ha 3BeHaTa Ha XuapaBnuyHMA Harep 1 NO3ULMOHUPAHETO MY Ha Pa3nYHK MeCTa,
a CbLLO TaKa 1 Ha TPAHCMOPTHOTO CPEACTBO, TO € Bb3MOXHO NMaHWPaHETO U TECTBAHETO
Ha B3aMMHOTO Pa3ronoXeHNe Ha MaLLMHUTE U OLEHKA Ha TSIXHaTa CbBMECTUMOCT MO reo-
METPUYHM NoKasaTenun — paboTeH obcer, BUCOUMHA U Aap. BupTyanHaTa cpefa e nonesHa
NPV B3MMaHe Ha peLLeHns OTHOCHO TakuBa BbNPOCK KaTo LOKOIKO OrnpeaesieH Xmapasnu-
YeH barep e noaxoasll 3a M3BbPLUBAHE Ha U3KOMHK paboTu Npu 3agafeHn reOMETPUYHM
pa3Mepu Ha u13kona, JOKOMKO € NOAXOAsLY 3a HaToBapBaHe UNW pa3ToBapBaHe Ha onpe-
[ieNIeHO TPaHCMNOPTHO CPEACTBO, AOKOSIKO OnpeaeneHa nocneaoBaTenHocT OT ABMKEHMS
Ha 3BeHaTa e noaxoasila 3a 3a00ukansHe Ha CbLUeCTBYBaLLW NPENSTCTBMSA, KOMKO ca pas-
cTosiHuATa Mexay obektute n ap. Ha ¢wur.8.20 e nokasaHa cLieHa OT BUpTyanHaTta cpeaa
N HEMHUTE KOMIMOHEHTMW.

8.5 U3Bsoau

Pa3paboTBaHETO 1 TECTBAHETO Ha anropuTMK U NPorpamHK CPEACTBA, Ypes KOUTO ce
aBTOMaTU3Mpa UHXEHEPHWS TPYLA NPV NPOEKTUPAHETO M U3CNeABaHeTO Ha XuapaBnmy-
HWUTe Barepn NO3BONsBa Aa Ce HanpaBsT CleaHUTe U3BOAN:

e PaspaboTeHute cucTeMn 3a aBTOMaTM3aUMs HA MHXEHEPHMS TPyA MNO3BONsBar
NpourpaBaHETO Ha ronsiMo KonuyecTso “what-if” cLeHapum 3a KpaTko BpEME 1 B3MMaHe
Ha afleKBaTHO peLLeHVe Bb3 OCHOBA Ha NosyyeHnTe pesyntati. [pn HanmumeTo Ha npor-
paMHU NPOAYKTY OOPW U Ype3 TakbB HepaLMOHaneH MeToa kato ,npoba-rpeLwka“ cpas-
HWUTENHO GBbP30 MOXe Aa Ce NOCTUrHE ako He OMTUMareH, TO NoHe cybonTuManeH oT-
HOCHO onpeaeneH Kputepumn pesyntar. [ogobpsBaHETO Ha XapakTePUCTUKUTE Ha BUPTY-
artHMTe NPOTOTMNM NO3BOSABA ChKpaLlaBaHe Ha AEMHOCTUTE NPpK HAaTYPHOTO U3cneaBaHe
Ha MalUMHWTE U CbKpallaBa BPEMETPAEHETO W Pa3xoauTe Npu BHeAPSBAHETO.

e CAD/CAE cpeaute ¢ 0bwwo npunoxeHue (no cneumanHo nsnonssanus Autodesk
Inventor Simulation) pasnonarat ¢ WMPOKWN Bb3MOXHOCTW 32 MOAENMPaHe U U3CrneaBaHe
Ha KMHEMaTKKaTa ¥ AMHamuKata Ha pasHoobpasHu MeXaHW3mK, HO He No3BONsBaT pe-
LUIaBaHETO Ha cneuudnyHM 3adaymn oT obnactta Ha NPOEKTUPAHETO Ha XWMAPABMNNYHUTE
barepu, Hanpumep B3aMMOLENCTBMETO HA XMAPABNMYHATA M MEXaHUYHATa CUCTEMU;

o Web cpenara e MHOro nogxoasila 3a peanuampaHe Ha NporpaMHn CpeacTsa 3a
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aBTOMATU3aLMs Ha MHXEHEepHUS TPy, 0COOEHO NMPY peLiaBaHeTo Ha YacTHU Npobremy.
[ONsMOTO KONMYECTBO TEXHOMOTMM 3a NporpamupaHe, M3YMCIIEHNs, BU3yanusauus
aHUMaLmsl N03BOMNSABA Cb31aBAHETO HA KOHKYPEHTHOCMNOCOBHM NPOAYKTW, AOMbAHUTENHO
M3nonaBaLy NnpeauMcTeaTa Ha rmobanHata Mpexa.

B. MPUHOCU HA AUCEPTALIMOHHUA TPY

B pesyntaT Ha M3BbpLLEHNUTE 3a NOCTUraHe Ha LienTa Ha HacToAWMS aucepTaLoHeH
TPYZ TEOPETUYHM U EKCIEPUMEHTANHN U3CneaBaHUs ca NOCTUTHATM CREAHWUTE HayuHM,
HaYYHO-NPUMOXHM 1 NPUNOXHN NPUHOCHK:

Hay4Hu npuHocu

1. Cb3aadeH e HoB 00600LLeH MaTemMaTUyeH MOAeN Ha XUapPOMexaHWyHaTa cuctema
Ha MEeXaHW3bM 3a BbPTEHE Ha XuapaBnuyeH barep, oTuMnTaLY enacTMYHoCTTa Ha paboT-
HOTO CbOPBXKEHWE B XOPU3OHTAIHO HanpaBneHue u xnabuHata B KMHEMAaTWYHaTa Be-
pura, KOUTO No3BOsISBA AETAWUTHO U3CNEABaHE HA OMHAMUYHUTE NPOLECH B CbBMECTHO
paboTelmTe MEXAHNYHA 1 XMAPABNMYHA NOACUCTEMI HA MEXaHK3Ma, KaKTo 1 nocnes-
BaLLO CMHTE3MpaHe Ha CMCTEMA 3a aBTOMATUYHO YNpaBneHune Ha 3aBbpTaHeTo. [ony-
YeHWU ca HOBW aHaNUTUYHM 3aBUCUMOCTM 3a MOMOXEHWETO Ha LIEHTbPA Ha TEXECTTa U
MacoBMs MHEPLMOHEH MOMEHTA Ha PabOTHOTO CbOPBLXEHWE KaTO (DYHKLMS Ha penaTue-
HWUTE BN Ha 3aBbPTaHE Ha 3BeHaTa, Ype3 KOUTO MoraT Aa Cce U3cneasat ANHaMUYHUTE
NpoLecy B USNOTO paboTHO NPOCTPAHCTBO;

2. Pa3paboTeHn ca HOBWM MaTeMaTU4YHW MOENU Ha XMAPOMEXaHWYHa cucTemMa Ha
CTPOUTENEH M TOBapONoAeMeH MaHunynaTop. Monyyenu ca gudepeHumnanHuTe ypaBHe-
HWSI HA NPOCTPAHCTBEHOTO ABWKEHME U HA PeaKLUMUTE Ha BPB3KWUTE Ha XMAPaBIMYHO 3a[-
BM)XXBaH TOBAPOMOAEMEH MaHMNyNaTop, Ype3 KOUTO € 13CNeaBaHo CbBMECTHOTO AWHA-
MWYHO NOBeLEHME HAa MexaHM4yHaTa M XuapaenuyHaTa NoACUCTEMU Ha MaHunynartopa
npv NPOCTPaAHCTBEHO pa3nionsiBaHe Ha ToBapa. MogenuTe no3sonsear ga ce otyertar
e1acTMYHOTO OKa4yBaHE Ha OCHOBATa KbM TepeHa W MHEPLIMOHHWUTE XapaKTepUCTUKK Ha
3BEHaTa Ha 3a[BWKBALLMTE MEXAHWU3MM, (HOPMMPALLM 3aTBOPEHN KUHEMATUYHN KOHTYPY;

3. PaspaboTeHa e HoBa KOMMIIEKCHA CUCTEMA OT NoKa3aTenu 3a KONMYeCTBEHa OLieHKa
Ha (PYHKLMOHAITHUTE XapaKTEPUCTUKN Ha CTPOUTESTHM 11 TOBAPOMOAEMHM MaHWUMyNaTopw,
Hadrpaxzalla 1 yCbBbpLUEHCTBALLA A0Cera U3nona3BaHaTa cucTeMa, Kosito ce CbCToM OT
rEOMETPUYHMN, KNHEMATWUYHK 11 CUITOBM NOKa3aTeNu 3a OLeHKa Ha e(PeKTMBHOCTTa Ha KO-
naeHe B paboTHaTta 30Ha. [JonbnHUTENHATa cMCTEMA OT NokasaTenu no3eonsiea Aa ce
OLEHSIBAT UHAMBUAYANHUTE 0COBEHOCTU HA MaLLMHUTE U CE CPaBHSIBAT MALLUWHM OT €4MH
M CbLLUM Knac.

Hay4Ho-npnnoxHu npuHocu

1. Pa3paboTeH e KuHemMaTyeH u JMHaMu4eH Mo4en Ha MexaH13bM 3a BbPTEHE, Ypes3
KOWTO Ca M3CneaBaHn 1 ONTUMM3MPAHN KUHEMATUYHUTE, CUMIOBUTE U MOLLIHOCTHUTE Xa-
PaKTEPUCTUKM HA MEXaHM3Ma 3a KOHKPETHA MaLLMHa NpW 3aBbpTaHe No 3a4afAeHN 3aKOHM
Ha ABWXeHwue. NpeanoXeHn ca KUHEMaTUYHW, CUNOBW, MOLLHOCTHU 1 €PrOHOMUYHU KpK-
TEepun 3a 1360p Ha BMAA Ha 3aKOHA 3a 3aBbPTaHe Ha NnatdopmaTa 1 onpeaenawmTe ro
napameTpu, KaTo ca NonyvyeHn HOBU aHaANUTUYHU 3aBMCUMOCTM 3a ONpeadensiHe Ha Bpe-
METO Ha 3aBbpTaHe;

2. [peanoxeH e HOB NoaxXo4 3a onTUMarneH M3bop Ha KOMMOHEHTU Ha MEXaHU3bM 3a
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BbPTEHE NPy Lienesm yHKLM MUHAMAIHA Maca U MUHAMAIHa LieHa Npy HanoXeH! cu-
10BN 1 KNHEMATUYHIN OrpaHierns. PaslunpeH e Bposi Ha Bb3MOXHUTE anTepHATUBHM
KOHCTPYKTVBHM PELLEHS HA MEXaHN3Ma Ype3 NoMyyaBaHe Ha MHOXECTBO CyBONTUManHN
peLIeHms:;

3. /3BeaeHn ca HOBM MaTemMaTM4eckn 3aBiUCMMOCTY 3a ONpefensHe Ha KMHemMaTyy-
HUTE XapaKTEePUCTVKV Ha CeaankaTa Ha onepaTtopa npu pasfniHi 3aKOHN Ha 3aBbpTaHe
1 e pa3paboTeHa MeToaVKa 3a OLieHKa Ha BMOPALMOHHOTO HATOBapBaHe BLPXY onepa-
TOpa, NPeam3BMKaHO OT 3aBbPTAHETO Ha NnaTdopmaTa, cbrnacHo ctaHaapT ISO 2631-
1:1997;

4. Pa3paboTeHu ca 06006LLeHn maTeMaTiHKN Mogenn Ha barepHu paboTHU Cbopbxe-
HUs Ha xuppasnnden Garep ¢ kurematuunm ctpyktypu R FR|| R| Ru RFR|| R FT IR,
ypes KOWTO € pelLieHa npasaTa 1 obpaTHaTa 3afada Ha kuHemaTikara 1 AMHammkaTa Ha
HWBO rEOMETPUSI, CKOPOCTY 1 yekopeHus. MoaenuTe no3sonsiBaT nnanupaHe Ha ABIKe-
HMETO MO MHOTOCErMEHTHa TPAEKTOPWS, KaTo MPOABIMKUTENHOCTTA Ha ABUXEHNE Ce On-
pPenens B 3aBUCMMOCT OT 334aJ€H OrPaHYEHMs Ha MAKCUMATTHUTE CKOPOCTY 1 YCKOpe-
Hue. TToNy4YeHNTE reOMETPUYHM 3aBUCUMOCTY Ca M3NOM3BaHM 3a CUHTE3 HA FeOMeTpH-
HUTE NapameTpu Ha PaboTHOTO CHOPLKEHNE B 3aBUCUMOCT OT 33a[EHNTE XapaKTepHc-
MK Ha paboTHaTa 30Ha Ype3 pellaBaHeTo Ha 3aaaya 3a e[HOKpUTepUarnHa yCroBHa
ONTUMM3ALWS;

5. Pa3paboTeHu ca KMHeMaTYeH 1 AMHaMnYeH MOAEN C YeTUpK CTeneHn Ha ceoboaa
Ha TPU3BEHHO pabOTHO CHLOPLKEHNE Ha XWAPaBMNYEH barep Mpu U3BbLPLIBAHE Ha Mo-
[IEMHO-TPaHCMOPTHY OnepaLyn, Ype3 KOITO e M3CeaBaHO PasMnionABaHETo Ha ToBapa
Mpy ABWKEHWE MO BEPTMKANHA NPaBONMHEHa TPAeKTOpUs 1 3a[aAeH 3aKOH Ha ABIKe-
Hue;

6. Cb3aaeH ca KNHEMaTU4YHI MOLIENK Ha PaBOTHN ChOPBKEHNS Ha CTPOUTENHM Ma-
HUNYNaTOPY C M3NWLUHK CTENEH Ha CBOGOAA U KuHemaTuuHa cTpykTypa R|| R T |R u
R| R|| R|| Rl R, ocHosaHu Ha pelwasareTo Ha obpatHaTa 3agada Ha kuHemarukaTa Ypes
HaM1PaHETo Ha nceBaoobpaTHaTa MaTpuLia;

7. NMpennoxeHa e METOANKA 33 MAGHTUDUKALMS Ha YNCTIEHNTE CTOMHOCTU Ha enac-
TUYHUTE 1 [eMNAMPaLLUTE KOEULMEHTU Ha enacTUYHI eneMeHT, 6asnpaHa Ha cpas-
HABGHETO Ha EKCTIEPUMEHTAMHO ONPEEneHINs 1 TEOPETUYHIA XapaKTepUCTYEH NoMK-
HOM.

MpunoxHu npuHocu

1. Bb3 OCHOBA Ha NONYYEHNTE reOMETPUYHI 3aBICMMOCTY 33 PABHUHHO PaBOTHO ChO-
pbxenue ¢ kurematuna ctpyktypa R|| Rl R e paspa6otena nporpama, paGoteta B uk-
TepHeT 6pay3bp, Ypes KOATO MOoraT fja Ce BU3yanuanpaT mbrHata paboTHa 30Ha v pa-
60THaTa 30Ha Mpu onpeaeneHa opueHTaLms Ha paboTHus opraH. Mporpamara npecMsiTa
reOMETPUYHNTE XapaKTepUCTUKN Ha pabOTHUTE 30HM - MUHUMAMHa 1 MakcUManHa [oc-
TIK/AMM TOYKN IO BEPTUKANaTa v XOpU3OHTanara, niowuTe Ha paBoTHUTE 30HK, a CbLLO
Taka 1 TAXHOTO CbOTHOLLEHME:;

2. Pa3paboTeHi ca MeTOMKM 1 MPOrPaMHI MHCTPYMEHTH 3a aBTOMATU3aLMATa Ha UH-
EHEpHUS TPy MPY peLLaBaHe Ha CneLpnanianpanil 3afaqi, Bb3HUKBALLYM MPY NPOeKTH-
PaHeTo Ha CTPOUTENHY 11 TOBAPOMNOAEMHIN MaHUMyNaTopU:

a) MeToquka 3a u3crnesaHe Ha KMHEeMaTU4YHINTE U CUMOBUTE XapaKTEPUCTUKN Ha Xu -
paennyeH barep B CAD/CAE cuctema ¢ o6Lo npunoxexve. Metogukata e usnonssaHa
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3a u3cnepaBaHe Ha MUHeH Barep cbe cuctema Tripower;

6) Web 6a3svpaHa cpefa 3a aHanu3 Ha CTaTUYHUTE CUNM BbB BPb3KUTE Ha XMapaBu-
yeH barep, paboTella B npon3soseH bpayabp. OCBeH CTaTUYHUTE CUK, cpedata no3eo-
N5Ba U3BBPLUBAHETO HA rEOMETPUYEH aHanu3 Ha PaboTHOTO CbOPLXEHWE Ha XUapaB-
nuyHus barep;

B) 3D Web 6a3upaHa BupTyanHa cpeda 3a cumynaums Ha paboTarta u nnaHupaHe Ha
Pa3noSIOXEHNETO Ha MaLUMHWTE Ha 0BEKT CbC 3eMekonHM MalLmHK. Cpedata no3eonsiea
NNaHMpaHe 1 TECTBAHETO Ha B3aUMHOTO Pa3noNOXEHWe Ha MaLMHWATE W OLEHKa Ha TSX-
HaTa CbBMECTUMOCT MO reOMETPUYHM NokasaTenu — paboteH obcer, BUCOUMHA U Ap.;

3. PeanusupaH e cTeHn ,3eMeH KaHarn 1%, 4pes KoMTo ca 13crneaBaHu CUOBUTE U KUHE-
MaTUYHWUTE XapaKTEPUCTUKM Ha PabOTHOTO CLOPBKEHME HA XuapaenuyeH Garep npu
N3BBPLUBAHETO HA 3eMEKOMHO-TPAHCMOPTHM OnepaLumn. YCbBbPLLEHCTBAH € cTeH “ToBa-
POMOAEMEH MaHMNynaTop”’, Ypes KOUTO Ca U3CNEeABaHN XapakTEePUCTUKN Ha TOBapPONoAe-
MEH Npu N3BbpPLLBaAHE Ha MaHWMynawuum CbC CBOBOAHO OKayeH Toeap.
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Short summary of the dissertation thesis

Title: Development of the theoretical basis for designing, modelling, and research of con-
struction and lifting manipulators

Summary

The present dissertation thesis is devoted to the development of the theoretical basis
of the design, modeling and research of construction and lifting manipulators.
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The process of the designing and testing of the construction and lifting manipulators
has a wide variety of technical aspects that should be taken into account by researchers
and designers of this types of machinery. In the most cases, these aspects are not inde-
pendent of each other but are interdependent, and the effects generated determine the
performance of the machine and its technical characteristics. The development of both
theoretical methods and software over the last two decades provide new opportunities for
improving the approaches, concepts and technical tools for the effective and competitive
implementation of activities in the design cycle.

The development of the modeling and research theory of this type of machines is also
motivated by the wide variety of technological processes in the modern construction,
which has transformed a part of the construction manipulators and especially the hydraulic
excavators into multifunctional machines working with multiple interchangeable working
tools. Easily attached to the standard work equipment, they provide the ability to perform
a variety of technological operations in different working conditions, resulting in a reduc-
tion in the amount of specialized machinery at the work site and, as a final result, in in-
creasing the economic efficiency of the system. Opportunities and, accordingly, the variety
of kinematic schemes of the machines have also grown from the needs of consumers that
have led to mass customization in the recent years. The massive introduction of automatic
or semi-automatic digging systems led to an increase in the accuracy of the work done,
as well as to facilitating the work of the operator and reducing occupational diseases. The
tendency for partial or complete automation and robotization of the construction machines
is particularly evident in the development of machines designed to work on the Moon and
Mars, with an increase in development of this type.

An important aspect in the design of hydraulically driven construction and liting manip-
ulators is the consideration of the interaction of the hydraulic and mechanical sub-systems
of the machine, leading to the need for their mathematical modeling. This need is further
enhanced by the great variety of external forces arising from technological operations and
which should be taken into account when designing and testing the machinery. Tipically
there are periodic, impact, vibrational, etc. loads that greatly influence system perfor-
mance and enhance the effects of interaction between the two subsystems.

The thesis has developed a number of new mathematical models and methodologies
as well as improved ones, whose main purpose is to allow complete and comprehensive
research and development of competitive machines, taking into account the presence in
most cases of limited information, financial and technical resources. The developed math-
ematical models and software tools mainly deal with the following technical aspects: 1)
Methods, approaches and concepts in the design and study of construction and load han-
dlers; 2) Methods, approaches and concepts for kinematic and dynamic modeling of the
rotation mechanisms and work equipment of construction and lifting manipulators; 3) In-
dicators used to assess the functionalities of construction and lifting manipulators; 4) Con-
cepts and instrumentation used in the automation of the engineering work in the field of
design and study of liting and construction manipulators; 5) Methods for the synthesis of
the parameters of the working zone and the geometric parameters of the units; 6) Ergo-
nomic characteristics of the rotating mechanisms of the building manipulators and their
evaluation according to the applicable standards; 7) Experimental methods and tools for
the study of lifting and construction manipulators.
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A. GENERAL CHARACTERISTICS OF THE DISSERTATION THESIS
The dissertation thesis is devoted to the further development of the theoretical founda-
tions of design, modeling, and research of construction and lifting manipulators.

Topicality of the problem

There are a large variety of technical aspects in the design and study of construction
and lifting manipulators that should be taken into account by researchers and designers
of such machines. In most cases, these aspects are not independent of each other but
mutually influential, with the resulting effects determining the functioning of the machine
and its technical characteristics. The development of both theoretical methods and soft-
ware over the past two decades has provided new opportunities for refining the ap-
proaches, concepts and technical tools for the effective and competitive implementation
of activities in the design cycle.

The development of the theory for modeling and research of this type of machines is
also motivated by the great variety of technological processes in the modern construction
industry, which has turned some of the construction manipulators, and especially the hy-
draulic excavators, into universal multifunctional machines working with many inter-
changeable working tools. The easy-to-join standard working tools enable various tech-
nological operations to be performed in different operating conditions, which results in a
reduction in the number of specialized machines on the worksite and, as a result, in in-
creasing the economic efficiency of the system. The capabilities, and consequently the
diversity of the kinematic schemes of the machines, have also increased because of the
needs of the users that have led to mass customization in recent years. The mass intro-
duction of systems for automatic or semi-automatic digging and tracking systems for pla-
nar or spatial trajectories has led to an increase in the accuracy of the work performed, as
well as to the ease of operation of the operator and the reduction of occupational diseases.
The tendency for partial or full automation and robotization of construction machines is
particularly evident in the development of machines designed for the operation of the
Moon and Mars, with an increase in the development of this type expected.
An important aspect in the design of hydraulically driven construction and lifting manipu-
lators is the consideration of the interaction of the hydraulic and mechanical subsystems
of the machine, leading to the need for their joint modeling from a mathematical point of
view. This need is further exacerbated by the wide variety and large values of external
forces arising during performing technological operations and which should be taken into
account when designing and testing machines. Usually, there are periodic, alternating,
shock, vibration and other loads that strongly influence the system characteristics and
enhance the interaction effects between the two subsystems.

Scientific importance and novelty

A number of new mathematical models and methodologies have been developed in the
dissertation, as well as existing ones are refined, which primary goal is to enable more
complete and comprehensive research and development of competitive machines, taking
into account the limited information, financial and technical resources. The mathematical
models and tools developed mainly consider the following technical aspects: 1) Methods,
approaches and concepts in the design and study of construction and material handling
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manipulators; 2) Methods, approaches and concepts for kinematic and dynamic modeling
of slewing mechanism and digging manipulator of construction and lifting manipulators; 3)
A set of measures used to evaluate the functionality of construction and handling equip-
ment; 4) Concepts and tools used for computer-aided design in the field of design and
testing of construction and material handling manipulators; 5) Methods for synthesis of
the work zone parameters and the geometric parameters of the digging manipulator links;
6) Ergonomic characteristics of the slewing mechanisms of construction manipulators and
their evaluation according to the current standards; 7) Experimental methods and means
for the study of construction and material handling manipulators.

Practical value and applicability

The mathematical models developed cover a wide range of technical aspects related
to the machines under consideration. Their derivation uses formalized methods that can
be used by engineers to develop new or modify existing models for testing machines with
different or similar kinematic structures. The practical use of models in engineering prac-
tice is supported by the created CAD software tools. Some of the methodologies are suc-
cessfully used by students in the bachelor's and master's degrees in mechanical engi-
neering.

Approval of the results of the dissertation

A significant part of the achieved results in the dissertation is approved by printing in
peer-reviewed Bulgarian and international journals and conferences, citations in peer-re-
viewed scientific journals and conferences, as well as participation in research projects.

Size of the dissertation

The dissertation has a total size of 532 pages, contains 8 chapters, 306 figures, 30
tables, 251 references, 174 of which are in Latin and 77 in Cyrillic. In conclusion, the
contributions of the dissertation are defined. The numbers of figures, formulas, and tables
in the abstract correspond to those of the dissertation.

B. SUMMARY OF THE DISSERTATION

CHAPTER 1. ANALYSIS OF THEORETICAL AND EXPERIMENTAL RESEARCH RE-
LATED TO DIFFERENT ASPECTS OF THE DESIGN AND INVESTIGATION OF CON-
STRUCTION AND LIFTING MANIPULATORS

1.1 Purpose and scope of the chapter

The main purpose of this chapter is to analyze the available literature and develop-
ments and to determine the state of the art of research related to the theory of design and
study of construction and lifting manipulators.
1.8 The goal and tasks of the dissertation

The goal of this dissertation is formulated as a result of the analysis of the performed
literature review, the results obtained by different authors and the need to improve the
theoretical and practically applicable methods for analysis, synthesis and optimization of
the various subsystems of construction and material handling manipulators.
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GOAL OF THE DISSERTATION
To propose new ones and further develop the existing theoretical methods and
practical methodologies for solving the specialized problems arising during the
analysis, synthesis and optimization of the various subsystems of mobile and sta-
tionary construction and lifting manipulators.

Achieving the goal is accomplished by solving the following tasks, which define the
scope of the dissertation:

* Development of a mathematical model of the slewing mechanism as a basis for the
automation of the part of the duty cycle, which corresponds to the rotation of the platform
and the related work equipment. Through a comparative analysis of the kinematic, force,
and power characteristics of the slewing mechanism under different rotation laws, their
advantages and disadvantages should be highlighted and different criteria should be de-
fined and developed to satisfy the chosen platform rotation law. In addition, the possibili-
ties for optimizing the rotation laws and the selection of optimum criteria-specific elements
of the slewing mechanism should be explored;

* Development of a methodology for determining the kinematic characteristics of the
operator's seat together with its joint rotation according to known laws of motion with the
platform and evaluation according to existing standards of their influence on the operator's
health and efficiency;

* Development and validation of a mathematical model of a hydraulically driven slewing
mechanism, which takes into account the elasticity and presence of the gap in the trans-
mission, as well as the elasticity of the work equipment in the horizontal direction. The
model should allow the study of the bilateral interaction of the hydraulic and mechanical
subsystems of the mechanism, as well as the vibrational behavior of the system caused
by the various laws of rotation of the platform;

* Using a formalized approach to develop complex mathematical models of excavator
work equipment of construction manipulators with different kinematic structures allowing
solving the kinematics and inverse kinematics problems at the geometry, velocity and
acceleration level, as well as solving the inverse dynamics problem. Models should con-
sider the general case of the kinematic chain and the attachment of the work equipment
to the rotating platform. On the basis of the kinematic model, a mathematical model should
be created enabling the study of the load swinging during liting and transport operations
in the movement of the payload in a vertical straight line. In addition, on the basis of the
geometric dependences obtained, a method of synthesis should be developed by optimiz-
ing the geometric parameters of the links of the work equipment, depending on the spec-
ified characteristics of the workspace;

* To develop and validate generalized mathematical models that allow the description
of the dynamic behavior of multibody construction and lifting manipulators with rigid and
free payload suspension, taking into account the maximum number of system factors.
Since these facilities are controlled by manually or electromagnetically controlled hydrau-
lic valves, a mathematical model should be developed to describe the joint dynamic be-
havior of the mechanical and hydraulic subsystems of the machinery, enabling the loading
of the actuators to be investigated. Models should allow the simulation of the movement
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of systems under the influence of various external loads;

* Expanding the range of measures used to evaluate the functional and technological
capabilities of construction manipulators with a similar kinematic structure. This can be
done by adapting existing ones and developing new quantitative measures and making it
possible to evaluate the geometric, kinematic and power capabilities of the machines.
Where the classical measures used in the comparative analysis of two or more machines
show close values, the application of the additional set of measures will allow the individ-
ual characteristics of the designed machines to be expressed. In addition, additional
measures should be able to be used as optimization criteria and allow for the synthesis of
structures with predefined properties;

* Development of a practically applicable methodology for dynamic simulation of the
movement of construction and lifting manipulators in a general-purpose program. Devel-
opment of authoring programs working in Web environment: 1) to determine the static
forces in the connections of the hydraulic excavator work equipment; 2) a virtual environ-
ment for simulating work and planning the placement of machines on site with earthmov-
ing and transport machines.

CHAPTER 2. THE MATHEMATICAL MODEL OF THE SLEWING MECHANISM AS
THE BASIS FOR AUTOMATION OF THE TRANSPORT OPERATIONS

2.1 Purpose and scope of this chapter

In this chapter, efforts are made to consider the possibility of treating the slewing mech-
anism as a controllable system, enabling the rotating platform to rotate according to pre-
determined laws, which should satisfy certain kinematic, force, power, etc. requirements.
The management of the rotation law will allow the full or partial automation of the transport
operations that are part of the excavator's entire duty cycle.
2.2 Criteria for choosing a law of motion of the rotating platform

The law of rotation of the rotating platform ¢y (t) of hydraulic excavators and its kine-
matic characteristics (speeds, acceleration, duration of transients, etc.) when rotating at a
certain angle during the transport process is determined mainly by the design and tech-
nical characteristics of the rotating mechanism. The law of rotation determines both the
kinematic, force and power characteristics of the driving mechanism, including the primary
engine of the machine, as well as the kinematic characteristics of the platform-mounted
work equipment and some of the operator's ergonomic performance. Figure 2.2 shows
the criteria that the law of rotation of the platform must satisfy.
2.3 Kinematic features of the laws for changing the angle of rotation of the platform

From the particular kind of mathematical function of the law of rotation of the platform
and its derivatives, the maximum values of the angular velocity, acceleration and the first
derivative of acceleration can be determined. In this work, three common laws are con-
sidered, namely, linear law with parabolic segments, fifth-degree polynomial law and cy-
cloidal law.
2.3.4 Comparison between different laws of platform rotation

For the purpose of comparing the kinematic characteristics of the three laws, in Figure
2.10 they are depicted in the time domain.
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Fig.2.2 A set of criteria that should be met by the platform rotation law

For all three laws, the rotation time tr= 7 s and the rotation angle golfl = 7 are the same.

The red lines depict the characteristics of the cycloidal law, the blue line represents the
characteristics of the polynomial law, and the black line represents the characteristics of
the linear law. As can be seen from Fig.2.10 b) and c) the minimum values of angular
velocity and acceleration have a linear law, followed by a polynomial and cycloidal laws.
Figure 2.10 d) shows that at the beginning and end of the time interval, the first accelera-
tion derivative for the polynomial law has higher values than the cycloid law, but in the
middle of the interval has a lower value. According to (2.28), the first acceleration deriva-
tive of a linear law has an infinitely large value at four points in time.
2.4 Force and power characteristics of the slewing mechanism

Knowledge of the analytical nature of platform rotation laws allows the determination of
the power and power characteristics of the rotary mechanism and selected primary and
secondary engines, as well as the dimensions of the hydraulic and mechanical system
elements at the initial design stage. The inverse dynamics equation of the slewing mech-
anism, represented by a one-mass dynamic model with one degree of freedom, is com-
piled according to Newton's second law. It knows the law of changing angular accelera-
tion, and it looks for the torque in the engine that implements it.
2.5 Comparison of force and power characteristics

To compare the force and power characteristics of the three considered laws, in
Fig.2.17 a) and b) they are depicted in the time domain and in Fig.2.17 ¢) and d) are
depicted as a function of the angle of rotation. For all three laws, the duration of rotation f

=7 s, the angle of rotation gol{l =, the static resistance moment M, = 20kNm and
the mass moment of inertia (J,, +./; ) =120.10°kgm” are the same.

The red lines depict the characteristics of the cycloidal law, the blue line represents the
characteristics of the polynomial law, and the black line represents the characteristics of
the linear law. Fig.2.17 a), which shows the torques for the three laws, repeats the form
of Fig.2.10 c) - angular acceleration, the lowest being the maximum torque at the trape-
zoidal law and the highest at the cycloidal law. The maximum power (Fig.2.17 b) is highest
under the cycloidal law and at the linear and polynomial laws is approximately the same.
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Fig.2.10 Rotation angle a), angular velocity b), angular acceleration c), and angular
acceleration derivative d) represented in the time domain

2.6 Determination of rotation duration according to different criteria

The kinematic, force and power characteristics of the slewing mechanism obtained in
the analytical form allow determining the characteristics of the laws of rotation of the plat-
form in such a way that they satisfy the criteria specified in section 2.2, defined by specific
numerical values.
Since the kinematic characteristics of the platform rotation law are directly dependent on
the duration trof the platform rotation, setting certain maximum permissible values for the
kinematic characteristics will lead to the determination of a value of tf that satisfies them.
Each of the criteria will give one minimum allowable value of t;, the highest of the values

obtained will satisfy all the criteria, and this will be the minimum possible value t/‘l‘i“ of time
for platform rotation.
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Fig.2.17 Torque a) and power b) presented in
time domain and torque c) and power d) represented as a function of the angle of
rotation

2.7 Probabilistic approach to determining the characteristics of the slewing mech-
anism
2.7.1 Formalized model of the slewing mechanism

In general, the process of operation of the slewing mechanism is described by a law of
operation that converts the input quantities into output characteristics:

y=/(xv.p) (2.90)

Setting multiple values of the input quantities and the probabilities of their occurrence will
lead to a set of values of the output characteristics, which allows to perform statistical
analysis of the results and make probabilistic conclusions about the behavior of the slew-
ing mechanism and the possible limits of change of its output characteristics.

2.7.3 Probabilistic statistical simulation of the characteristics of the slewing mech-
anism

The torque is expressed by (2.59) and its maximum value is:

109/,
3t

Probabilistic and statistical character can be given to the static resistance torque, to the
mass moment of inertia Ju of the platform and to the angle of rotation (0;:,. Normal distri-
butions are defined by their mathematical expectation p and the standard deviation g,
while a uniform distribution is defined by its lower and upper bounds a and b. Since the
maximum torque value determines both the rotation time and the load on the entire kine-
matic chain and the pressure in the hydraulic system, a more detailed study of the results

obtained for the maximum torque should be performed.
The uncertainty in the results due to the uncertainty in the input data also extends to the

minimum turnaround time t:. If the input data from Table 2.1 and [M;}”] =54 kNmare

max __ st red
Mo =M+ (], + )

used, then the histogram of the t}‘?i“ has the form shown in Figure 2.26.
In order to fulfill the condition A7/ < [M;}a"] it is necessary to choose a rotation

m

time t; greater than ¢ fi“, e t, > t}“i“ . If it is considered possible that the occurrence of
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values exceeding the mean value t.‘;““ =8 s, then one of the percentiles shown in Table

2.5 should be used to select the rotation time value. For example, if the 95th percentile is

used, then t}“i“ =9.04 5.
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2.8 Optimization of the force and power characteristics of the slewing mechanism
2.8.1 Optimization of the force characteristics

* For the polynomial and cycloidal laws

For polynomial and cycloidal laws, the duration of rotation t;, given the inertial charac-
teristics of the mechanical system and the value of the static resistance, is affected by the
inverse of the quadratic dependence, and the angle of rotation is linear on the maximum
torque. With a rotation angle set by the need of the technological process, the only way
to reduce the maximum torque is by increasing the rotation duration t:.

* For the linear law

The optimal value of tr can be found depending on the duration of the transients. The
objective function is:

t, (At) —»> min (2.101)
which minimum has to be found using the following constraint:
t
0< At sé (2.102)
The optimal value of Azis:
J, +J ) e’
At = o+ 7)o (2.107)

(D, Ap™ im0~ M)

2.8.2 Power optimization for platform propulsion

* For the polynomial and cycloidal laws

Similarly to the torque, when the parameter values are set, the maximum power value
is determined solely by the rotation duration.

* For the linear law

The maximum power can be minimized by appropriately selecting the value of the du-
ration At of the start and brake periods. Expression (2.113) is the objective function

P (At) — min (2.114)

which minimum has to be found using the following constraint:
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0<At<t,/2 (2.115)

The optimal value of At* at which the maximum power is minimized is the solution of
the following cubic equation:

MOAS =Myt A =30 (S, + T )AL+l (J, + T )t, =0 (2.117)

ple’ f
2.9 Optimal selection of hydraulic motor and gearbox

The hydraulic motor, gearbox and the slewing bearing are standardized purchase prod-
ucts with certain characteristics, so many options are available to combine them to provide
the necessary kinematic characteristics of the rotary mechanism. Considering that the
hydraulic excavator is a mobile machine, one suitable criterion, in this case, is the total
mass of the hydraulic motor, gearbox, slewing bearing and the small gear to be minimal.
There is a nonlinear optimization problem whose objective function is the total mass of
the unit:

m=m, +m +m +m_ —>min (2.119)

The constraints in the optimization problem are formulated by the necessity for realiza-
tion by the mechanism of rotation of force and kinematic characteristics given by the law
of rotation of the platform. In the present work, a modification of the Monte Carlo method
s used to solve the problem.

2.10 Conclusions

The studies carried out in this chapter allow the following conclusions to be drawn:

1. The mathematical models of the laws for the rotation of the platform of the hydraulic
excavator allow the determination of the kinematic, force and power characteristics of the
rotating mechanism and the rotating platform, as well as the determination of their extreme
values;

2. The defined kinematic, force, power and ergonomic criteria allow the choice of the
type of the law of rotation of the platform and its defining parameters;

3. The comparative analysis between the considered laws shows that under the same
other conditions: a) The linear law followed by the minimum values of angular velocity and
acceleration, followed by the polynomial and cycloid laws; b) At the beginning and end of
the time interval, the first acceleration derivative for the polynomial law has higher values
than the cycloidal law, but in the middle of the interval it has a lower value. Similar are the
results when presenting the characteristics as a function of the angle of rotation and in the
phase plane;

4. The development of a model of inverse dynamics of the rotating platform allows de-
termining the force and power characteristics of the rotating mechanism. Comparative
analysis of the obtained torque and power expressions for the three laws shows that: 1)
The lowest is the maximum torque at the trapezoidal law and the highest is for the cy-
cloidal law; 2) The maximum power is highest under cycloidal law, and with linear and
polynomial laws it has approximately the same value.

5.The analytical expressions obtained can determine the rotation time to satisfy the
various criteria defined by the maximum permissible values of angular velocity, accelera-
tion and acceleration derivative, as well as maximum permissible values of the torque and
power;

6. The probabilistic approach to determining the characteristics of the mechanism of
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rotation makes it possible, by using numerical Monte Carlo experiments, to determine the
statistical characteristics of the mechanism characteristics. This approach allows the siz-
ing and selection of the elements to be performed on a probabilistic basis when estimating
the probability of a load with a certain value. The study of the sensitivity of the system to
the variation of parameters allows to identify the parameters that most strongly affect the
output characteristics;

7. The optimization of the force and power characteristics leads to the determination of
the characteristics of the laws in which the torque and power have minimum values.

The optimization of the power characteristics shows that: 1) For polynomial and cy-
cloidal laws with given values of the other parameters, increasing the rotation duration is
the only way to reduce the maximum torque; 2) In linear law with parabolic segments, it is
found that at a given rotation angle, the maximum torque depends on the duration of ro-
tation and the duration of the transition period. Using the obtained mathematical depend-
ence, the maximum value of the maximum torque and the duration of the rotation gives
the optimal value of the duration of the transitional periods.

The optimization of the power characteristics shows that: 1) Similarly to the torque, the
maximum power in the polynomial and cycloidal laws depends only on the duration of the
rotation - its increase leads to a decrease in the maximum power; 2) In linear law with
parabolic segments, itis found that at a given rotation angle, the maximum power depends
on the duration of rotation and the duration of the transition period. Solving the optimiza-
tion problem for minimizing the maximum power leads to a cubic equation whose root
(chosen with respect to the given constraint) is the optimal duration of the transition peri-
ods.

8. Through the defined optimization task for selecting components of the slewing mech-
anism, itis possible to select a hydraulic motor, gearbox, small gear and a slewing bearing
so that the mass (or other objective function) of the whole assembly is minimized, which
is supported by the fact that the hydraulic excavator is a mobile machine. Although the
Monte Carlo method is stochastic, the optimal combination can be determined by ran-
domly selecting the number of components from the list and calculating the value of the
objective function, by separating combinations that satisfy the imposed constraints. An
additional advantage is that there are many suboptimal solutions, which greatly expands
the number of possible alternative design solutions when designing the rotating mecha-
nism.

CHAPTER 3. ERGONOMIC CRITERIA DETERMINING THE CHARACTERISTICS OF
THE SLEWING MECHANISM

3.1 Purpose and scope of the chapter

The purpose of this chapter is to evaluate the influence of the type and characteristics
of the platform rotation law on the kinematic characteristics of the operator's seat - linear
velocity, acceleration and the first acceleration derivative, as well as to evaluate the vibra-
tional impact of periodic rotation of the platform when performing technological processes.
Comparison of the values of kinematic characteristics with the rated ones in the standards
will allow determining the characteristics of the law of rotation in terms of the ergonomic
criteria defined in Chapter 2.
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3.2 Kinematic characteristics affecting the efficiency and health of the operator
The degree of impact of different kinematic characteristics when rotating the seat to-
gether with the platform has a different effect on the operator's health and health. The
main effects are as follows: 1) Linear speed; 2) Linear acceleration; 3) The first derivative
of the linear acceleration. Taking into account the fact that in the most cases the rotation
time of the rotating platform is about 50% of the entire working cycle (but may reach 75%),
the vibration operator's exposure caused by the rotation of the platform should be taken
into account.
3.3 Determination of the kinematic characteristics of the operator's seat law of mo-
tion
3.3.1 Law of motion of the operator’s seat
The law of rotation of the platform @p(t) and the radius r of the seat position relative to
the axis of rotation of the platform completely determine the kinematic characteristics of
the movement of the seat of the operator. The size of each of the kinematic characteristics
(3.2) + (3.4) and (3.5) = (3.7) is independent of the coordinate system and is determined
as a norm of the corresponding vector:

vop = r(bpl (39)
aop = 7’\’(0;1 + ¢1271 (310)
fop = PN 9 OB =200+ .11

3.3.2 Kinematic characteristics of the laws of motion of the operator’s seat
The obtained analytical form (3.9) + (3.11) of the laws of motion of the seat allows the
determination of the following kinematic characteristics:

a) Maximum values of speed v, acceleration a”*

o o» and the first derivative of accel-

-max

eration . of the seat; (b) Root mean values of the derivatives of the seat motion law in

the time interval considered; (c) Normal @, and tangential a, acceleration of the opera-

tor's seat, their root mean square values and their ratio S, which are necessary to estimate
the operator's inertial and vibration loads according to the standards; d) Crest factor (also
called peak factor), which is the ratio of the maximum value of the acceleration to its mean
square value. In addition to characterizing the vibration, it is also used to evaluate the
possibility of applying the methodology for estimating the vibration load of the operator
according to ISO 2631-1: 199.
3.5 Comparison of the kinematic characteristics of the seat under different laws

In order to compare the kinematic characteristics of the seat under the various laws of
platform rotation, a series of graphs of the linear velocity of the operator's seat, linear
acceleration and the first acceleration derivative at tr= 6 s and r = 0.8 m are shown in
Fig.3.7. cycloidal (blue graphs), polynomial (red graphs) and linear law with parabolic seg-
ments (black graphs) laws.

The rotation angle change interval is ¢/, =[0+ 7] with step m/ 10. The two highest

graphs (blue, red and black) correspond to the rotation angle 1, the rest are plotted with
the indicated step. Fig. 3.7a) shows the velocity graphs for the different laws, Fig. 3.7b) -
acceleration graphs;
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Fig.3.7 Kinematic characteristics of the operator’s seat for the three
considered laws of motion

Fig. 3.7c) the graphs of the first acceleration derivative. As can be seen from the graphs,
for all three characteristics the cycloidal law has the highest values, followed by the poly-
nomial and linear laws. Linear law has the lowest values of kinematic characteristics, alt-
hough they change abruptly, which is a prerequisite for difficulties in implementing the law
of rotation through an automatic control system.
3.6.1 Basics of the vibration determination procedure acting on the operator in a
seated position according to ISO 2631 - 1: 1997

The root mean square value of the frequency-weighted vibration acceleration is ob-
tained by multiplying the measured acceleration values in 1/3 octave bands by the corre-
sponding correction coefficients with subsequent addition:

a, = Z(Wiai )2 (3.68)
where w;is the correction factor for the i-th 1/3 octave bandwidth, and a; is the squared
value of the vibration acceleration in the i-th 1/3 - octave bandwidth.

3.6.2. Assessment of the impact of vibration on the health of a seated operator ac-
cording to ISO 2631-1: 1997

For an operator without pathologies and working in sitting position, the major health risk
arises from the mechanical loading of the lumbar vertebrae and associated nerve endings.
Prolonged mechanical stresses can lead to the development of degenerative processes
in the lumbar region, as well as negatively affect other organs. Such degenerative
changes occur after many years of adverse work. In assessing the health effects of a
sitting operator, the root mean sgaure values of the frequency-weighted vibration accel-
eration are determined for the x and y axes.
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Fig.3.9 Frequency weighing functions according to ISO 2631-1: 1997

The assessment of the effect of vibration on the health of the operator is carried out
separately for each of the directions, whereby the vibration acceleration acting on the
operator is determined by the greater of the two values:

a, = max (1 4a’,1 .4avyv) (3.70)

In (3.70) an additional correction coefficient is used whose value for the directions x and
yis 1.4.

If the values of vibration acceleration in both directions are comparable, then the value of
the full acceleration should be used to evaluate the effect of vibration acceleration:

a, = 1.4\/(61;;)2 +(a2) (3.72)
3.6.5 Assessment of the degree of impact of vibration caused by platform rotation
according to ISO 2631-1: 1997
The rotation of the platform at a certain angle during performing transport or technolog-
ical operations is cyclic due to the rotation of the platform for unloading in the vehicle for
time tf and the subsequent rotation of the platform to its original position for the same time.
In this case, the linear acceleration of the operator's seat may be considered to be vibra-
tional with a frequency of change in acceleration of 1/t Using the results of the frequency
analysis of the full linear acceleration, the theoretical acceleration function can be approx-
imated with sufficient accuracy by the following trigonometric function:

5
a? =" 4 cos(27 ft) (3.78)
i=1

The resulting frequency components of the linear acceleration make it possible to de-
termine, by using dependence (3.68), the magnitude of the frequency-weighted vibration
acceleration:

a =k J 52 (w/amy (3.79)

1
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where W/ is the frequency-weghting coefficient Wy (determined from fig.3.9) for fre-
quency fi.
3.6.6. Comparison of the amplitude-frequency spectra for different laws

Fig.3.16 shows graphically the amplitude - frequency spectra of the polynomial, cy-
cloydal and linear laws determined under the same motion conditions - the same angle of
rotation at the same time. The analysis of the presented results shows that in all presented
cases the amplitudes Ao (of the constant component) and A, (of the fundamental fre-
quency) are highest for the cycloidal law, followed by polynomial and linear laws. The
amplitudes of the remaining harmonics are highest for the linear law, followed by polyno-
mial and cycloidal laws. Fig.3.16 also shows (in the upper right corner) the values of the
equivalent acceleration law calculated for each case. Despite the higher values of the
fundamental harmonic amplitude for the cycloidal and polynomial laws, the average cor-
rected acceleration for the linear law is significantly higher than the other two laws in the
first two cases and equally in the third case. The main reason for this is the higher values
of the frequency weighting coefficients for the higher frequencies, which have higher am-
plitudes at linear law.
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Fig.3.16 Amplitude-frequency spectra of the polynomial, cycloidal and linear laws

3.6.8 Determination of the rotation time according to the value of the allowable
equivalent acceleration

In Fig.3.17 b) for the polynomial law of rotation are shown the graphs of the equivalent
frequency-weighted acceleration aw determined by (3.79) for values of t;in the interval 0.5

s + 10 s and angles of rotation (P‘pfz of the platform in the interval 30° + 180°. Since it is

impossible to represent aw as a function of t; in explicit form, the numerical values are
obtained by decomposing the polynomial law in Fourier order with different combinations
of parameter values and subsequent calculations according to (3.79).
3.7 Conclusions

The studies performed to determine the ergonomic criteria that determine the charac-
teristics of the rotating mechanism allow us to draw the following conclusions:

1. The different kinematic characteristics of the operator's seat when rotated together
with the platform and their impact on the operator's efficiency and health are discussed,;

2. The kinematic characteristics of the operator's seat are a function of the law of rota-
tion of the platform, its derivatives and the radius of the position of the seat relative to the
other rotation of the platform. General expressions for projections on the axes of the fixed
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and movable coordinate systems of the kinematic characteristics of the seat are given, as
well as expressions for their magnitudes;
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Fig.3.17 Equivalent frequency weighted acceleration for different angles of rotation
and different duration of rotation

3. The analytical expressions obtained are suitable for determining the kinematic char-
acteristics of the seat for the three laws considered. Additionally, the root mean square
and maximum values of the kinematic characteristics can be determined. A comparative
analysis of the kinematic characteristics of the laws shows that for all three characteristics
(linear velocity, acceleration, and the first acceleration derivative), the cycloidal law has
the highest values, followed by a polynomial and linear laws;

4. The main issues of the procedure for determining the vibration acting on the operator
in a seated position according to ISO 2631-1: 1997 are discussed. The standardized meth-
odology for assessing the impact of vibration on the health of a sitting operator and the
impact of motion sickness is analyzed;

5. According to ISO 2631-1: 1997, a methodology for estimating the degree of impact
on the operator of the vibration caused by the rotation of the platform is proposed. The
procedure is based on obtaining the amplitude-frequency spectrum of the obtained laws
for changing the linear acceleration of the seat by Fourier series decomposition. The anal-
ysis of the obtained amplitude-frequency spectra shows that the acceleration contains
many harmonics, of which the largest are the amplitudes:

« Zero frequency representing the offset of the acceleration graph upwards beyond the
zero line;

» With a fundamental frequency equal to 1/ t; generated by the rotation period;

* Harmonics with a frequency multiple of the fundamental frequency;

6. Comparative analysis of the amplitude-frequency spectra at different laws shows that
the amplitudes of the constant component and the fundamental frequency are highest in
cycloidal acceleration, followed by a polynomial and linear laws. The amplitudes of the
remaining harmonics are highest at linear law, followed by a polynomial and cycloidal
laws. Despite the higher values of the fundamental harmonic amplitude for the cycloid and
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polynomial laws, the average weighted acceleration for the linear law is significantly higher
than the other two laws in the first two cases considered and equally in the third case. The
main reason for this is the higher values of the frequency weighting coefficients for the
higher frequencies, which have higher amplitudes at linear law.

The results obtained show that in determining the equivalent corrected acceleration,
not only the fundamental frequency determined by the rotation time to the given angle but
also the frequency of harmonics which is a multiple of the fundamental frequency, should
be taken into account. They are of higher frequency and lower amplitude, but according
to the weighting function, their effect on the operator cannot be neglected and should be
taken into account.

7. Dependencies have been obtained to determine the rotation duration according to
the set maximum permissible linear speeds, acceleration and the first acceleration deriv-
ative acting on the operator;

8. Graphics are drawn to determine the rotation time according to the value of the al-
lowable equivalent acceleration. The rotation duration values obtained were found to be
much smaller than the times determined by the other criteria (see Chapter 2), which is
why it cannot be determinative for the rotation duration of the platform. For this reason, it
is recommended that with other criteria defined by the other criteria, the rotational speed,
the equivalent frequency-weighted acceleration, the estimates of the degree of comfort
and the effect of vibration on the occurrence of motion sickness should be verified accord-
ing to the methodology given.

CHAPTER 4. THEORETICAL AND EXPERIMENTAL INVESTIGATION OF THE DY-
NAMICS OF THE HYDROMECHANICAL SYSTEM OF THE SLEWING MECHANISM

4.1 Purpose and scope of the chapter

The purpose of this chapter is to develop and investigate a dynamic model that takes
into account the joint operation of the mechanical and hydraulic subsystems of the slewing
mechanism, allowing the determination of the dynamic loads in the elements of the kine-
matic chain during the transition periods, the determination of the natural frequencies and
vectors , as well as other features that give a more complete picture of the behavior of the
real system when moving under the laws of platform rotation studied in Chapter 2.

4.2 Mathematical model of the mechanical subsystem of a slewing mechanism
4.2.1 A dynamic model with three degrees of freedom

In the proposed dynamic model, the first link (Fig.4.1, pos.1) is an equivalent rotary link
whose mass moment of inertia is equal to the sum of the mass inertia moments of the
motor, gearbox and small gear reduced to the platform axis of rotation.

The second link (pos.2) represents the rotating platform considered as a rigid body,
and the third link (pos.3) represents the work equipment represented as a rigid unit rotat-
ing about its point of attachment to the platform.

Each of the links is characterized by its geometric and inertial parameters. According
to Fig. 4.1, the rotation of the first link is determined by the generalized coordinate ¢,

measured with respect to the axis xo of the fixed Cartesian coordinate system XoyoZo, lo-
cated in the horizontal plane, and its reduced mass moment of inertia with respect to the
axis of rotation of the platform is Jx.
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M,

Fig.4.1 Dynamic model with three degrees of freedom

The rotation of the second link is defined by the generalized coordinate ¢,, which is

also measured with respect to the xo axis of the fixed Cartesian coordinate system XoYozo,
and its mass moment of inertia is J.. The rotation of the third link in the horizontal plane is
defined by the generalized coordinate ¢, measured with respect to the x2 axis of the fixed

Cartesian coordinate system xzy.z» connected to link 2.
4.2.2 Differential equations describing the motion of the mechanical system

The differential equations describing the motion of the system are derived by using La-
grange equations of second kind. Using the expressions obtained for the kinetic (4.16),
potential (4.17) and dissipative (4.24) energies of the system and performing the neces-
sary mathematical operations in (4.1), the system of differential equations describing the
motion of the mechanical system is represented as:

M(q)q+Bq+Cq+V(q,q):Q (4.25)
When the rotation of the platform and the change of the digging manipulator range are
combined when performing transport operations, it should be taken into account that the

position of the center of gravity and the mass moment of inertia of the work equipment
relative to the axis of rotation of the platform are variable. This is taken into account when

expressing kinetic energy: L is replaced by LS (¢) in (4.10)and J, - by J, (¢) in (4.15).
4.2.3. Determination of the coordinates of the center of gravity and mass moment
of inertia of the work equipment

The location of the center of gravity of the link 3, given by the distance L, as well as
mass moment of inertia .J, with respect to the vertical axis passing through its center of

gravity, are a function of the relative position of the links of the work equipment. Figure
4.2 shows the geometric dimensions of the units L1 and L., as well as the relative angles,
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and by which their relative position is determined.
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Fig.4.2 A scheme for determining the center of gravity of the Work equipment

A fixed coordinate system xoOyo whose x axis is horizontal is located in the p.O (i.e. O3
in Figure 4.1). The coordinates of the centers of gravity in the fixed coordinate system are

expressed by transformation matrices ’;.T(a,ax,ay) of the form (4.9).

4.2.4 Modal analysis of the system

The well-known analytical form of the matrices M(qg) and C allows us to determine the
frequency of the system's natural oscillations and eigenvectors. For this purpose, the in-
ertial matrix, which is a function of ¢, , is linearized in the vicinity of the equilibrium position

of link 3.
The dynamic matrix of the system has the form:
H=M'C (4.44)
and its characteristic polynomial is:
f(A)=det(H-AI) (4.45)

where | is an identity matrix. The natural frequencies are determined by the roots of the
characteristic equation. Because the system is semi-defined, one of its own frequencies
is zero and corresponds to the global movement of the system. Also, the presence of a
zero natural frequency is a sign of neutral stability of the system.

4.4, Mathematical model of the slewing mechanism with three degrees of freedom
taking into account the mechanical and hydraulic subsystems

After neglecting the flow through the overflow valves and inserting the new variables:
P=X, Q=X Py =Xy, Py =Xy, Py = X5, Py =Xg, Py =X, Dy =X, X; =X, X3 =X,
nx, = x,, the system of linear differential equations of the eight order is represented in
the state space as (4.165).

4.5. Automatic control system with PID controller

In order to determine the operability of the developed dynamic models, a control system
for the control of the feedback mechanism with a proportional-integral-derivative control-
ler, designed to track the reference motion, defined by the laws discussed in Chapter 2.
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The control effect (the pump volume control parameter) is computed by the current
error e(t), the derivative of the error and the error integral:

de(t
u(t)=k,e(r)+k, ed(t )+ki.[e(t)dt (4.166)
where the error is computed as the difference between the angular velocity of the refer-

ence motion of the platform a)gjf (t) and the current angular velocity of the platform

w,(1):
e(t)=w) (t)-,(1) (4.167)
and by ky, ks 1 ki have denoted the parameters for the proportional, derivative and integral

components.
4.6. Numerical studies of the characteristics of the hydromechanical system
4.6.2. Numerical solution of the equations of motion of the three DOF model
Figure 4.26 shows the results of the numerical solution for the linear law of rotation of
the platform. The angular velocities ¢, and ¢, of the links 1 and 2 (Fig. 4.26 a) have a

damping oscillatory nature, which results in the occurrence of variable torque in the elastic
joint 1 (Fig. 4.26 e). Angular rotation ¢, (Fig. 4.26 b) is also vibratory, with oscillations

following the trend of angular acceleration of the platform. The linear acceleration of the

seat of the operator (Fig. 4.26 f), like the other characteristics, is also oscillatory in nature

and at the initial moment reaches values exceeding several times the reference value of
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the acceleration. Fig.4.26 f) shows the difference @/ —w, between the programmed

and the real angular velocities. Figure 4.28 shows the results of the numerical solution of
the system of equations with the PID controller in linear law. The maximum difference
between programmatic and real angular velocities (Fig. 4.28 a) decreased about 3 times
compared to the case without PID controller. In Fig.4.28 b), the pressures are shown, and
in Fig.4.28 c), the torque in the elastic element between links 1 and 2. It is evident from
both figures that the vibrational nature of the characteristics is preserved, but the ampli-

tudes of the oscillations are in smaller, and also decays faster.
4
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Fig.4.26 Characteristics of the 3 DOF model for the linear law of motion
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Fig.4.28 Characteristics of the hydromechanical system with PID controller

4.7. Model of the hydromechanical system for 3DOF slewing mechanism with gap
4.7.1. Modeling of the gap in the kinematic chain

Angular clearances in the kinematic chain of the rotary mechanism occur mainly in the
gears, but also in the clutches, the keyway and the spline connections. Fig.4.29 shows a
fragment of the dynamic model of Fig. 4.1, which shows the position of the total reduced

angular gap 0.

Fig.4.29 Fragment of the dynamic model including the total reduced angular gap
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In order to account for the presence of a gap in the mathematical model, the torque T
in the elastic element between links 1 and 2 should be explicitly introduced into the equa-
tions of motion (4.54). Using (4.173) for the modified differential equations is obtained

. M, -T
=21 e 4.174
@ 7 (4.174)
S Ad+m L (LT + LS A)
@, = (4.175)
B
Ty (my (22 + L2 )+ 0, )+ T A+ my (L) A+ mLSL A

Py =— 2 (4.176)
where A=M,+T,+T, and

B:JZ(J3 +m, (L§)2)+m3 (J3 (2 +2 ) +m (L) Lj).

The torque Tc has the form:
¢, (Ap—8/2)+bAg, if A\p>5/2

T.=4¢,(A@+8/2)+bAg, if Ap<—6/2 (4.177)

0 if |Ap|<5/2

where Ap=@, —@, W Ap=@, —@,.
4.8. Experimental study of a hydraulically driven slewing mechanism
4.8.3. Validation of the mathematical model

Validation of the mathematical model was carried out by comparing the experimental
data obtained from the study of the “Lifting manipulator” experimental setup with the re-
sults of the numerical solutions of the one DOF dynamic model described by the equations
(4.132). In Fig. 4.39, position 1 shows the experimentally obtained and shown in Fig. 4.35
in the time interval [16 + 26.5] s graph of the velocity of a point on the arm of the manipu-
lator.

Vv, m/s

-0.2

Fig.4.39 Velocity of the characteristic point of the digging manipulator:
1 — experimental results, 2- mathematical model
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In Fig. 4.39, position 2 shows the velocity plot of the same point obtained from the
numerical solution of (4.132) using the values of the parameters of the real-life system.
There is a good degree of coincidence between the two graphs. The main difference is in
the larger peak of the experimentally measured velocity at the initial moment - the differ-
ence is within 25% of the theoretical velocity. Also, the decay of the theoretical curve 2 is
faster than the experimental curve 1. Another feature is that the theoretical curve has a
harmonic character, in contrast to the already observed polyharmonic character of the
experimental curve.

4.9. Conclusions

The results achieved in this chapter allow us to draw the following conclusions that will
help to develop new and refine existing designs of hydraulic excavator mechanisms:

1. The numerical and experimental studies performed show that the developed mathe-
matical model of the slewing mechanism, taking into account the elasticity of the work
equipment in horizontal direction, adequately describes the dynamic behavior of the
mechanism within the accepted conceptual assumptions and can be used to study the
processes in joint operating mechanical and hydraulic subsystems of the mechanism. The
dependences obtained in the analytical form for the location of the center of gravity and
the mass moment of inertia of the work equipment as a function of the relative angles of
rotation of the units allow to study the processes in the variable range of the work equip-
ment;

2. Analytical expressions for the natural frequencies and eigenvectors obtained by the
linearized model of the slewing mechanism are used to analyze the vibrational behavior
of the system and can serve to synthesize a system with preset properties;

3. Mathematical models of the hydraulic subsystem are derived for the following cases:
1) Open hydraulic system controlled by a hydraulic distributor; 2) Closed hydrostatic trans-
mission with a constant volume of the hydraulic pump; 3) Closed hydrostatic transmission
with hydraulic pump displacement control.

The numerical studies performed on the system, controlled by the direction control
valve, allow us to draw the following conclusions:

e The pressures in the hydraulic motor chambers are variable. In the interval of con-
stant movement of the platform, the pressure in both chambers is oscillatory due to the
elasticity of the working fluid and elements of the hydraulic system, and these fluctuations
are causing fluctuations in angular velocity over the same period of time. The acceleration
transition time is about 0.02 s;

e The angular velocity diagram has three distinct periods - the acceleration period of
the platform, the period of steady motion and the period of stopping in the interval. During
the acceleration period, the velocity increase is nonlinear, which contradicts the assump-
tion of constant angular acceleration in the classical methodology for sizing slewing mech-
anism. The period of steady motion is characterized by a low-frequency oscillation of the
angular velocity around its determined value, and during the stopping period, the angular
velocity decreases linearly to zero. During the acceleration period, the angular accelera-
tion decreases to zero, and during the braking period, the angular acceleration has a rel-
atively constant value that is greater than the maximum value of the acceleration during
the starting period. The change of the angular acceleration derivative shows that at the
beginning of the start and the beginning of the braking periods, the values are very high,
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I.e. the dynamic process has an impact behavior.

e The torque value increases very quickly to its maximum value, after which it de-
creases during the acceleration period and during the period of steady motion its value
fluctuates around the value of the resistance torque in the supporting-torque circuit. During
the braking period, the torque is constant and has a decelerating character caused by the
throttling of the fluid through the overflow valve. Power peaks during the acceleration pe-
riod and then decreases to the required value to overcome the resistance in the supporting
slewing bearing during the period of steady motion.

e The kinematic characteristics of the system are highly dependent on the current
range of work equipment that determines the inertial characteristics of the rotating plat-
form. The general trend observed in increasing the reduced mass moment of inertia is a
decrease in the starting and braking angular accelerations of the platform, as well as in
the root mean square value of the operator’s seat vibration and the vibration dose, while
the acceleration and Dbraking times increase approximately linearly.
3.2. For the hydraulic system with a volume control of the pump

The numerical solutions of the equations made under the polynomial law of the refer-
ence motion of the platform performed and analyzed show that the following conclusions
can be drawn:

e Pressure change laws follow the law of change in the angular acceleration of the
reference motion while being oscillatory due mainly to fluid elasticity. The difference be-
tween the speed of the reference motion and the realized angular velocity is also oscilla-
tory and is many times smaller than the values of angular velocities;

e The average value of the linear acceleration of the operator's seat follows the ac-
celeration of the reference motion. Due to the oscillatory nature of the acceleration, there
are large deviations from the desired reference motion, especially at the beginning of the
start and end of the brake sections;

e Increasing the mass moment of inertia of the work equipment when changing its
range leads to an increase in the pressures in both chambers due to an increase in inertial
loads. Also, increasing the moment of inertia leads to an increase in the amplitude of the
vibrating component of the pressures and to a decrease in the frequency of oscillations;

e With a certain value of the mass moment of inertia of the work equipment, it is
possible to activate the overflow valve. In this case, the real angular velocity of the platform
is lower than the angular velocity of the program motion during the start-up period, as part
of the flow of the pump passes through the overflow valve. As a result, the oscillatory
nature of the angular acceleration of the platform and the linear acceleration of the oper-
ator's seat during the acceleration period are observed,;

¢ |Investigation of the influence of the value of the reduced modulus of volumetric
deformation on the angular velocity of rotation of the platform shows that as its value
decreases, the amplitude of the oscillations of the pressure increases and their frequency
decreases, but nevertheless the values of the pressure are close to these values deter-
mined by the acceleration of the program traffic. It is also found that the differences be-
tween the actual angular velocity and the angular velocity of program motion are within
acceptable limits;

¢ The analysis of the dynamic behavior of the system with the linear law of the refer-
ence motion of the platform allows to draw similar conclusions as with the polynomial law,
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but with the peculiarity that there are significantly greater oscillations in all characteristics
of the system. The angular velocity differences in the steady-state section reach 6%, and
the peak values of the linear acceleration of the operator exceed about three values of
programmatic motion.

¢ Studies of the system's dynamic behavior when using a PID controller show that,
by proper selection of the coefficients of the proportional, differential and integral compo-
nents, it is possible to reduce and completely eliminate the oscillations in the system's
characteristics. For the numerical experiment performed, it was found that the maximum
difference between the angular velocity of program motion and the real angular velocity
of the platform decreased about three times as compared to the case without the use of
a PID controller. A similar conclusion can be drawn about the linear acceleration of the
operator's seat.

4. Numerical studies using the created mathematical model of the slewing mechanism
with the gap show that the gap increases the dynamic loads in the elements of the slewing
mechanism, with the used numerical values of the parameters it is found that the dynamic
coefficient reaches up to 28%. The combination of the dynamic stresses caused by the
elasticity of the mechanism members and the gap can lead to a number of negative effects
such as destruction of the elements, shortening their lifecycle, and overall reducing the
reliability of the slewing mechanism and the excavator as a whole.

5. An experimental study of the characteristics of a two-stand slewing mechanism
available in the laboratories of the Department of Logistics Engineering, Material Handling
and Construction machines shows the following facts:

¢ The velocity graph is trapezoidal, i.e. one can clearly distinguish between acceler-
ation periods with linear velocity increases, a period of steady motion with a constant ve-
locity, and a period of deceleration when linear velocity declines. The velocity is oscillatory
in the period of steady motion, the oscillations being reduced due to damping in the sys-
tem. The type of oscillation indicates that there is a polyharmonic oscillation due to the
elasticity of the hydraulic system and the multistage mechanical structure. The graph of
freely damping oscillations shows that there is an exponentially decreasing oscillation,
which confirms the assumption of viscous damping in the system;

e The comparison of the experimental data from the lifting manipulator test with the
numerical solution results of the validation of the mathematical model shows that there is
a good degree of agreement between the velocity results. The main difference is in the
larger peak of the experimentally measured velocity at the initial moment - the difference
Is within 25% of the theoretical velocity. Also, the decaying of the theoretical curve is faster
than the experimental one. Another feature is that the theoretical curve has a harmonic
character, unlike the already observed polyharmonic nature of the experimental curve. A
comparison of the experimental and theoretical pressure graphs shows that the theoretical
model gives a significantly higher peak (up to 5 MPa) at the start than the experimentally
measured value, and the duration of the actual starting process is higher than the theo-
retical value. In the established mode, the degree of coincidence of the two curves is very
high. The difference between the two starting processes can be explained by inaccuracies
in determining the values of the parameters of the mechanical and hydraulic systems, as
well as the approximate nature of the mathematical model.
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CHAPTER 5. KINEMATIC ANALYSIS AND INVERSE DYNAMICS ANALYSIS OF
DIGGING MANIPULATOR OF HYDRAULIC EXCAVATORS

5.1. Purpose and scope of the chapter

The purpose of this chapter is to develop functional dependencies that relate the char-
acteristics of the workspace (at the geometry, velocity, and acceleration levels) to the
characteristics of the driving mechanism space and to solve, through these dependencies,
certain tasks commonly encountered in the design and study of hydraulic excavators and
other construction manipulators with similar kinematic structure.

5.2. Geometric analysis of a hydraulic excavator with kinematic structure
RIRIRIR | o |

In the geometric analysis of the hydraulic excavator under consideration, the following
three types of coordinate spaces can be defined:

1) The space of the coordinates of the driving mechanisms, consisting of the angle ¢
of rotation of the shaft of the hydraulic motor of the platform slewing mechanism and the
lengths Sy, S2 and Ss of the hydraulic cylinders driving the links of the work equipment; 2)
Space of the joint coordinates consisting of the rotation angle of the platform 6: and the
rotation angles 6,, 6; and 6 of the links of the work equipment; 3) Cartesian workspace
in which are defined the coordinates (xOs, yOs, zO4) — the Cartesian coordinates of a
characteristic point of the working tool (denoted by O4) and the angles that determine the
orientation of the working tool ax, B, and y« in relation to the global coordinate system.
Figure 5.2 shows a diagram of the task of geometric analysis of the hydraulic excavator

work equipment,

PaboTHO mpOCTpaHCTBO

[}

HpOCTpaHCTBO Ha CTaBHUTC KOOpAUHATU

BHnNn

OT&OHT&EO&HD

HpOCTpaHCTBO Ha KOOPAMHATUTE Ha 3aJIBUKBAILIATE
MCXaHU3MH

Fig.5.2 Diagram of the task of geometric analysis of the hydraulic excavator work
equipment

For the forward task of geometric analysis, the coordinates of the actuators are known,
and the Cartesian coordinates of a characteristic point of the working body and its orien-
tation with respect to the global coordinate system are need to be determined, i.e. the
following relation:
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(x047y049204»ak9ﬂk97k):f(¢aS19SzaS3) (5.1)

For the inverse task, the position and orientation of the working tool are specified, and
the coordinates of the actuators are needed to be determined:

(¢9S19S29S3)zf(‘xo49y0452049ak9ﬂk97/k) (52)

The relation (5.1) will be called the forward position function (FPF) and the relation (5.2)

will be called the inverse position function (IPF).
5.2.1. Geometric analysis of the open kinematic chain
5.2.1.1 Forward geometric analysis problem (determination of FPF5)

The geometric analysis of the open kinematic chain formed by the elements of the work
equipment is performed using the Denavit-Hartenberg convention. For this purpose, ac-
cording to certain rules, to each link is connected XiYiZi coordinate system. The main fea-
ture of the shown arrangement of the coordinate systems is that by accepting non-zero
values of the parameters di, a1 and d», the general case of the arrangement of the work
equipment with respect to the base machine is considered.

The complete transformation matrix between the global and end coordinate systems is
as follows:

O EU R 614

where by {R is denoted of the rotation matrix of the c.s. associated with the working tool

relative to the global c.s, and by {d is denoted the position vector of the beginning of the
c.s. associated with the working tool:

CiCyy  ~CiSp34 5 nw hy N3
ZR =1 51€3s TS1Smy TG [T T Ty (5.15)
S34 Cr34 0 By o I
x0, ¢ (al +a,c, +a,c,y +a,cyy, ) +d,s,
gd =|v0, |=] s, (a1 +a,c, + a,Cpy +a,Cyn, ) —d,c, (5.16)
z0, Sy + A3Sy3 + AySyy +d,

Euler angles are used to determine the orientation of the working tool in the workspace,
depending on the values of the joint angles. In this case, to describe the bucket orientation
in the workspace, the Euler angles system, called "XYZ fixed angles" is used. For this
system, the necessary orientation of the working tool is achieved by three successive
rotations about the axes of the fixed zero coordinate system, made in the following order:
rotation about the axis Xo of angle yx, rotation about the axis Yo of angle Sk, rotation about
the axis Zo of angle ax. Following certain symbolic transformations and simplifications, the
following dependencies are obtained to determine the angles of orientation of the working

tool;
B, =atan2(-ry i 73 )

7 :atan2(r21/c,8k,qu/cﬂk) (5.19)
Ve = atan2(r32/cﬂk =’§3/Cﬂk)
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wherer,, 1, 13,, 15, and r;, are the corresponding elements of the rotation matrix (5.15).

The use of (5.19) for the kinematic structure under consideration leads to the following
results:
B, =06,+0,+0,

a, =6, (5.20)

Vi = 77/2

The relations (5.16) and (5.19) represent the forward position function and thus the
solution of the forward geometric problem for the open kinematic chain is exhausted.
5.2.1.2 Inverse geometric analysis (determination of IPF5)

The angles of rotation of the links are determined as follows:

e Determination of 61

Depending on the attachment of the work equipment to the excavator base machine,
there are two possible cases:

1) The vertical plane passing through the vertical middle plane of the work equipment
also passes through the axis of rotation of the rotating platform.

2) The vertical plane passing through the vertical middle plane of the work equipment
does not pass through the axis of rotation of the platform.

e Determination of 6;

o, =atan2(c3,i4/1—c§) (5.50)
e Determination of 6,

_kaks —leky | Kaks kg

5, = ,C) = 5.57
P KE+k T KAk (557)

The value of 8. is computed by the following equation:
0, =atan2(s,,c,) (5.58)

e Determination of 6,
The angle 6, is detrmined by the already known relation (5.20) and for the determined
values of 8, and &, is:
0,=p,—6,-06, (5.59)
5.2.2. Geometric analysis of the driving mechanisms
The current lengths of the hydraulic cylinders determine the rotation of the open kine-
matic chain links, which determine the position and orientation of the working tool in the
Cartesian workspace. In order to determine FPF1 + 4 and IPF1 + 4, it is necessary to
perform a geometric analysis of the driving mechanisms. In purely mathematical terms,
the geometric analysis of the mechanisms is reduced to: 1) forming the vector equation
of the closed vector contour; 2) finding its projections on the axes of a given coordinate
system; 3) solving the resulting system of trigonometric equations for the unknown coor-
dinates. It can be seen from Fig. 5.3 that the boom and stick hydraulic cylinders are directly
connected to the links and the working tool hydraulic cylinder is connected to a fourbar
mechanism and thus forming a six-link mechanism. For these mechanisms, the system
of trigonometric equations describing the geometry of a particular drive mechanism has
the following general form:
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®(q) = [ZEEH ~[0] (5.62)

where  is the vector of the coordinates of the mechanism; ®(q) and ®(q), are the

projections of the closed vector contour equation on the axes of the coordinate system.
The analytical expressions obtained for FPF1 =+ 4, IPF1 + 4, FPF5, and IPF5 completely
solve the forward and inverse problems of the geometric analysis of a hydraulic excavator
with kinematic structure R FR|| R|| R.
5.3. Forward and inverse tasks of the geometric analysis of a hydraulic excavator
with a telescopic stick
5.3.2. Inverse geometric analysis

The digging manipulator with telescopic stick has four degrees of freedom in the plane,
while only three degrees of freedom are required to position the tip of the bucket tooth at
a certain point in the workspace with a given bucket orientation. It introduces some uncer-
tainty in the required geometric configuration of the work equipment upon reaching a pre-
defined point. The solution of the inverse problem of geometric analysis in the case of
variable length of the carrier d4 and with a certain value of the angle of inclination of the
boom 6, is carried out in the following order:

e Determination of 6;

6, =atan2(x0;, yO; ) £ atan2(\/x052 +y0,” —d; ,dz) (5.81)
e Determination of the coordinates of p.O4
x0, xO; — a, cos B cos b,
O, |=| yO5 —ascos fsin 6, (5.82)

z0, zO, —agsin

e Determination of the coordinates of p.0Os3

x0,] |cos6(a, +a,cos6,)+d,sin6,

yO, |=|sind,(a, +a, cosb,)—d, cosb, (5.83)

zO, a,sind, +d,
e Determination of the lenght d

d, =\(x0, -x0,)’ +(30, —y0,)’ +(20, - z0,)

e Determination of 6

0, :atanZ(cos@,iw/l—cos@f) (5.85)

5.5. Velocity and acceleration analysis of a hydraulic excavator with kinematic
structure R [R| R| R

In addition to the already defined geometric characteristics of the excavator work equip-
ment (angles of rotation of the links and positions of characteristic points in the Cartesian
workspace), the other two kinematic features are of particular interest during the design
of new and analysis of existing structures of work equipment are the angular velocities

2

(5.84)
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and accelerations of the links and the linear velocities and the accelerations of their char-
acteristic points, in particular - the linear velocity of a characteristic point of the working
tool.
5.5.1. Driving mechanisms velocities and accelerations

The kinematic analysis of the driving mechanism leads to determination the first and
second transfer functions of the mechanism. Here, as with geometric analysis, a forward
and inverse problems are formulated: 1) in the forward problem it is necessary to deter-
mine the velocities and accelerations of the links in the joint space and of the working tool
in the work space as a function of the velocities in the space of the coordinates of the
driving mechanism; 2) in the inverse problem, the velocities and accelerations in the work-
space are known and it is necessary to determine the velocities in the joint space and the
space of the driving coordinates. The systems (5.97) and (5.98) can determine the first
(5.101) and second (5.102) forward and inverse transfer functions of the mechanism:

q =¥ 'B, (5.101)

q =¥ 'B, (5.102)
KbAETO ‘I’:[q‘l' ”"I’]T, B, :[0 fql]T, B, =[—q'i'q fq]T
5.5.2. Analysis of the velocities and accelerations of the open kinematic chain

The kinematic relations of the speeds and accelerations of the driving mechanisms,
presented in Table 5.7, allow to determine the kinematic characteristics of the working
tool in the work space. Thus, the relationship between the joints velocities and accelera-
tions and the working tool velocities and accelerations in the workspace must be estab-
lished.
5.5.2.1 Velocity analysis

The linear and angular velocities of the working tool can be easily obtained by differen-
tiating according to time and solving with respect to the unknown velocities of the trigono-
metric equations linking the joint coordinates with the coordinates of the working tool in
the workspace. The relation between the velocity in the workspace and the velocity in the
joint space takes the form:

d, =34, (5.111)

where J_ is the system Jacobian, also ¢ =[%0, jO, 20, @, T, a
. . . . . T
q; :[‘91 0, 0, ‘94:|
5.6. Kinematic and dynamic analysis of the digging manipulator in the plane

In the case of hydraulic excavators, most of the technological operations are performed
in the vertical plane of the work equipment, which gives possibilities for considering sim-
plified plane models of work equipment.
5.6.1. Kinematic and dynamic analysis of work equipment with kinematic structure
Rl Rl R

Figure 5.9 shows a geometric layout of a work equipment with a kinematic structure
R| R|| R and 3 degrees of freedom in the vertical plane. O; (for i = 1,2,3) denotes the
centers of rotating kinematical pairs, by Ci(for i = 1,2,3) - the centers of gravity of links of

length Ly, Lo and Ls, by O4 - the specific point from the working tool.
5.6.1.3 Inverse dynamics of a work equipment with kinematic structure R|| R|| R
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The dynamic equations of the working tool following the trajectory are obtained through
the Lagrange equations of second kind. Performing the necessary maTxemaruuan opera-
tions in the Lagrange equations, the nonlinear dynamic equations describing the move-
ment of the work equipment are as follows:

Q=M(q)4+V(q.9)+G(q) (5.155)
5.6.1.5. Simulation of the digging manipulator motion following a multi-segment tra-
jectory with straight line segments

The relations obtained in sections 5.6.1.1 - 5.6.1.3 were used to perform a simulation
of the motion of the work equipment along a trajectory consisting of straight lines -
Fig.5.11.

Figure 5.13 shows the force and kinematic characteristics of the work equipment. Fig.
5.13 a) shows the torques created by the driving mechanisms. Fig.13.13 b) and c¢) show
the angles and angular velocities of the three links, respectively.

Fig.5.9 Geometrical layout of the digging manipulator with kinematical structure R|| R[| R
5.7. Synthesis of geometrical parameters of work equipment and workspace
One rational approach for the synthesis of the geometric parameters of the excavator

links, which is relatively easy to automate, is by defining and solving an optimization prob-
lem.

Angular velocities
Torques Angles 0.6 9

g ] é Ow é
a) b) )
Fig.5.13 Force and kinematic characteristics during motion along a multi-segment tra-
jectory
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In this case, the number of geometric parameters determined is not limited, and the
number of analytically drawn geometric relations for specific points of the workspace play-
ing the role of constraints in the task is not limited. The general type of optimization task
is as follows:

Z(q) — extr (5.198)
c{=<2}0 (5.199)

where Z (q)is the objective function of the task whose extreme has to be detrmined; ¢

is the vector of the geometric constraints of the problem, and q is the vector of the control
parameters, min @and Qmax are their minimum and maximum values, respectively, deter-
mined by the driving mechanisms; {=,£,2} - relational operators within the interval con-

straint.
The main geometric parameters to be determined for a three-link work equipment are:
1) the kinematic lengths of the boom L., the stick L. and the working tool Ls;
2) the minimum and maximum values of the relative angles of rotation of the boom
and g, ,ofthestick 6, . and &, _, and of the working body &, . and 6,

1max !
The objective function is the minimum value of the sum of the kinematic lengths of the
individual links:

elmin max "

Z=L+L,+L, > min (5.201)

The constraints of the task, which form the working area, are made by the condition
that in different geometrical configurations of the work equipment, the characteristic point
of the working tool is positioned at a point with given coordinates in the plane.
5.8. Kinematic and dynamic models of hydraulic excavator performing lifting oper-
ations of a freely suspended payload
5.8.1 General description of the problem

The principle of operation of the system for automatic tracking of a straight line trajec-
tory during excavation operations described in the section 1.3.4 can be used for automa-
tion of liting operations when using the excavator as a crane - Fig.5.19. The tip of the
bucket tooth marked by O4 moves in a vertical straight line, beginning at a point with co-

ordinates (x04, yg4) and ending at a point with coordinates (x04, y£4 ) The load is repre-

sented as a material point suspended on a flexible element - a rope or chain.
5.8.3.2 Simulation of lifting operations

The simulation results are presented in Figure 5.27. In Fig. 5.27 a), b) and c) the solu-
tions for the angles of rotation of the links, angular velocities and accelerations obtained
by solving the inverse kinematics problem are presented. The same graphs show the
linear displacement, velocity and acceleration of the tooth tip along the vertical trajectory.
Figure 5.27 (d) shows the swinging angle of the payload, which movement is character-
ized by non-damped vibrations.
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Fig.5.19 Geometrical layout of the motion of a characteristic point along

a vertical straight line

4 _//d/_\ 0;,rad/s 0y,rad/s
Yos4,mM
2 eyrad { Wm *
- -05 .
2 4 e —T yodm{/s' 01rad/s 4
“. /'_-.__._ A \
—-—.___‘_______,_/-- 10
2 /
0,,rad -
a) b)
0.4 . 64,deg
" 5 P 70
B, rad/s” Orrad/s™ /7 §ighm/s?
0.2 2 b
_ 65
/>§//_\ ts 60
/ 6 8 0
55
_02 .
. 0,rad/s’ /
N / 50
-04 : P p 6 8 10 12"
c) d)

Fig.5.27 Results of the numerical solution of the system of differential equations:
a) rotation angles, b) angular and linear speeds, c) angular and linear accelerations

5.9. Inverse kinematics of digging manipulator with redundant degrees of freedom
5.9.1. Definition of the inverse kinematics problem of a redundant work equipment

As found in Chapter 1, the digging manipulator of construction manipulators may have
redundant degrees of freedom for the following reasons: 1) The digging manipulator is
designed with redundant degrees of freedom in the kinematic chain and has the ad-
vantages described in Chapter 1; 2) The digging manipulator has redundant degrees of
freedom due to the mounting to the digging manipulator without redundant DOF an addi-
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tional working tool with one or more additional degrees of freedom; 3) Some of the de-
grees of freedom of the work equipment are redundant because they are not necessary
in the current technological process.

5.9.1.2. Inverse kinematics equations with terms proportional to the error

To model the closed-loop control system, the expression (5.267) is corrected by adding
terms proportional to the error, which represents the difference between the reference and
the current positions. The solution to the problem of inverse kinematics is as follows:

q=J" (& +K, (r,-r,))+(1-3'J)(h, +K, (h,-h,)) (5.271)
In (5.269) and (5.270) by ¥, and h, are denoted the desired velocity vectors, by r,
and h, - the desired position vectors, by r, and h, - the current position vectors, by K,

and K, - the diagonal matrices of coefficients of proportionality, and J* is right

pseudoinverse matrix of J.
5.10. Conclusions

The mathematical models developed in this chapter and their analytical and numerical
studies allow us to draw the following conclusions, which will support the design and study
of hydraulic excavators and construction manipulators:

1. A kinematic model of an excavator digging manipulator of a hydraulic excavator with
kinematic structure R |R|| R|| R has been developed, including the following elements:

¢ A kinematic model of an open kinematic chain with four degrees of freedom. The
model allows for the solution of the forward and inverse problems of kinematics at the
level of geometry, velocity and accelerations. There are two cases in which singular con-
figurations occur. It has been found that in the actual construction of the excavators, both
cases are impossible due to the structural constraints imposed by the driving mecha-
nisms. One feature of the model developed is that it deals with the general case of attach-
ment of the work equipment to the rotating platform,;

¢ Kinematic models of the driving mechanisms that allow the solving of the forward
and inverse problems of kinematics at the level of geometry, velocities and accelerations;

o Ageometric model of work equipment with kinematic structure R |R|| R }T |R (tel-
escopic stick) has been developed, including the solution of the forward and inverse kin-
ematics problems for variable stick length and a known value of the boom angle. ;

2. Kinematic and dynamic models of planar digging manipulator with kinematic struc-
tures R|| R|| R (with three degrees of freedom) and R|| R FT R (with four degrees of
freedom) are developed to solve the problem of inverse dynamics. Both dynamic models
take into account the presence of technological force (digging force) applied at a charac-
teristic point of the working tool. The relations for the planning of the trajectory of motion
of the working tool along a straight line are given, and the relations are obtained for de-
termining the duration of the movement depending on the predefined limits of maximum
speeds and acceleration. For the model with kinematic structure R|| R|| R, the planning
and simulation of the movement of the working tool along a multi-segment straight-line
trajectory was performed, obtaining the kinematic, dynamic and force characteristics of
the work equipment for the whole cycle of motion;

3. A methodology for the synthesis of the geometrical parameters of the work equip-
ment, depending on the preset characteristics of the workspace, was developed, based
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on the solution of the problem for single-criteria conditional optimization. The main feature
is that it defines an objective function that minimizes the total length of the links of the
work equipment. The geometrical parameters to be determined are the kinematic lengths
of the boom, the stick, and the working tool, as well as the minimum and maximum values
of the relative angles of rotation of the links. The constraints are: 1) Defined interval of the
ratio of the length of the boom and the stick; 2) Defined interval of variation of the kinematic
length of the working tool; 3) Defined intervals of change of the maximum and minimum
values of the relative angles of rotation of the links; 4) Limitations on the parameters val-
ues imposed by the particular geometric configurations of the work equipment.

Such an optimization model is defined and solved for a work equipment that moves
along a given single or multi-segment trajectory. If the specified trajectory does not lie
entirely in the resulting workspace, then additional constraints along the trajectory should
be added in the optimization model;

4. Kinematic and dynamic models with four degrees of freedom of a three-link hydraulic
excavator digging manipulator during liting operations have been developed. The dy-
namic model allows the study of the motion oscillation of a payload in motion along a
vertical straight-line trajectory with a motion law defined by a fifth-degree polynomial. The
model allows to determine the dynamic characteristics of the work equipment and to de-
termine the torques in the rotational pairs;

5. Based on the geometric dependences obtained for planar work equipment with a kine-
matic structure R|| R|| R is developed a program working in an Internet browser that can
visualize the full workspace and the workspace corresponding to a certain orientation of
the working tool. In addition, the program calculates the geometric characteristics of the
workspace - the minimum and maximum achievable points on the vertical and horizontal,
the areas of the workspaces, as well as their ratio. The program carried out studies of the
geometric characteristics of the workspace at angles of rotation of the working tool, suita-
ble for carrying out liting and transport operations, and the geometrical characteristics of
the working areas for these cases were established;

6. Kinematic models of digging manipulator with redundant degrees of freedom with kin-
ematic structure R FR |T R and R|| R]| R|| R|| R have been developed, based on solv-
ing the inverse problem of kinematics by finding the pseudo-inverse matrix. The simula-
tions performed show that the values in the weight matrix can influence the solution of the
inverse problem for a given constant orientation of the working tool and obtain solutions
in which the same trajectory is followed by different laws of change of the geometric con-
figuration of the digging manipulator.

The simulations of the motion of a digging manipulator with a kinematic structure
R| R|| Rl| R|| R in a straight line with the aim of positioning it behind an obstacle show
that two goals can be achieved at the same time: 1) motion of the working tool along a
vertical straight line; 2) The final configuration of the manipulator should be such that it
does not contact the obstacle and the working tool is oriented in a certain way. The pro-
portional members included in the general solution of the inverse kinematics problem
make it possible to compensate for the errors in the trajectory due to inaccuracies in the
model, unforeseen effects, etc.

37



CHAPTER 6. THEORETICAL AND EXPERIMENTAL INVESTIGATION OF THE IN-
TERACTION BETWEEN THE HYDRAULIC AND MECHANICAL SUBSYSTEMS OF
THE CONSTRUCTION AND LIFTING MANIPULATORS

6.1 Purpose and scope of the chapter

The purpose of this chapter is to create, investigate, and experimentally validate theo-
retical mathematical models that allow the description of the dynamic behavior of multi-
link construction and lifting manipulators with rigid and freely suspended payload, taking
into account the maximum number of system factors.
6.2 Mathematical modeling of hydraulically driven load handler with freely sus-
pended payload
6.2.1 Dynamic modeling of the mechanical subsystem with a freely suspended pay-
load
For the purpose of the study, the manipulator is considered to be an open kinematic chain
with five degrees of freedom, with the column, arm and forearm being considered as non-
deformable links. Thus, the study of dynamic behavior is reduced to solving the true prob-
lem of kinematic chain dynamics with five rotational degrees of freedom and driving forces
applied to links according to a certain law. After performing mathematical operations in
the Lagrange equations of the second kind, the differential equations of motion of the
manipulator mechanical subsystem take the following general form:

i=M"(q)(Q-H(q.q)-G(q)-Cq-Bq) (6.55)
In (6.55) are used the following notations: ij:[él 6, 6, 6, éfs]T- vector of

generalized accelerations; q and ¢ are the vectors of the generalized coordinates and
velocities, respectively; M (q) is the inertial matrix; H(q,q)- the matrix containing cen-

trifugal and corilis terms; G(q) - a vector, containing weight terms; C — a matrix, contain-

ing elasticity coefficients; B — a matrix, containing damping coefficients.

To demonstrate the suitability of the mathematical model for describing the motions of
the manipulator links, solutions of the system of differential equations were performed for
the following cases: 1) Free damping oscillations occurring due to the deviation of the load
from the vertical position. The simulation results are shown in Fig.6.3 and Fig.6.4; 2) Free
fall of the arm, forearm and payload under the gravity and damping forces only; 3) Kine-
matic actuation of the manipulator by setting the angle of rotation of the column (for the
coordinate &,) by a fifth degree polynomial; 4) Simultaneous actuation of the rotation

mechanism (coordinate 6,) and forearm (coordinate &, ). In both cases, the laws of mo-
tion are polynomials of the fifth degree, with the rotation mechanism rotating at an angle
0/ =z and the forearm rotating at an angle ¢/ =27 /3. The vector of the generalized
forces is formed by the proportional-differential law with the compensation of the force of
gravity:

Q=Ke+K,e+G (6.57)
where K, 1 Kq are matrices, containing proportionality coefficients; e and ¢ are error
vectors; G is the vector containing gravity force compensation terms.
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Fig.6.2 Dynamic model of load manipulator with freely suspended payload

6.2.2 Dynamic modeling of the hydraulic and mechanical subsystems of the slewing
mechanism
6.2.2.1 Dynamic model of the hydraulic subsystem

In order to determine the behavior of the mechanical system when the column is driven
by a hydraulically driven slewing mechanism, it is necessary to create a mathematical
model of the rack and pinion mechanism used. The vertical column together with the two
arms and the payload are driven by the application of torque r1. In the design of the con-
sidered slewing mechanism, this is accomplished by means of a classical rack and pinon
mechanism (the gear wheel is in position 1), with the rack 2 being secured to a double
acting hydraulic cylinder 3, as shown in Fig. 6.13. The driving force in the hydraulic cylin-
der F and hence the torque 77 can be determined by the relations below, assuming a
constant pressure on the discharge line at the inlet of the direction control valve.

O, =cowx, (1) 2ps—_pl|sign(ps—pl) (6.62)
O, =c,wx, (?) MSig”(pz_po) (6.63)
o,
. (B e
h={ 05 )@ -5t-0,+0,) (664
- B - B
b=\ s (504 0.0.) (669
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Fig.6.13 Layout of the hydraulic system of the slewing mechanism

In the presented relations are used the following notations: Q1, Q2 - flows through the
direction control valve; Qu1, Qw2 — flows through the safety overflow valve; cq, Cav - flow

coefficients; w — area gradient of the direction control valve; x, (¢) - displacement of the

direction control valve plunger, defined as a piecewise continuous linear function of time;
p — density of the hydraulic fluid; - elasticity modulus of the hydraulic fluid; ps — working
pressure; po — pressure in the discharge line and reservoir; ps1, p2 — pressures in the hy-
draulic cylinder chambers; V — constant volumes of the hydraulic fluids; x — position of the
piston; S — area of the piston; | — stroke of the cylinder;

The function for the definition of the torque, created by the hydraulic cylinder is:

T, :(S(p1 —pz)—bfc)R (6.69)
where x is the velocity of the piston and b is the vicious friction coefficient. Also, the
following relations are used: x = RG, v % = R6,.

6.2.2.3 Determination of reactive force in the forearm driving hydraulic cylinder
The results for the rotation angles of the arm and forearm allow us to determine the
reactive torques in the elastic elements (representing the hydraulic cylinders) arising from
the rotation of the column by the coordinate 8: and, respectively, to determine the reactive
forces in the hydraulic cylinders. To do this, a relation between the torque M in the rotary
pair connecting the arm and the forearm and the force F in the hydraulic cylinder should
be established by kinematic analysis of the six-link mechanism by which the arm is driven:

Ly Sin((Pl. %) )Sin(¢4 — Qs ) (6.105)

sin(o, - ;)
6.2.3 Dynamic modeling of the interaction between the hydraulic and mechanical
subsystems during the lifting operations in the longitudinal plane of the manipula-
tor

The peculiarities of the dynamic behavior of the manipulator when performing lifting
and transport operations in the longitudinal plane of the manipulator can be established

M=-F
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by a mathematical model of the joint operation of the hydraulic and mechanical subsys-
tems. For this purpose, the drive of the arm through the six-link mechanism with the freely
suspended payload is considered. Fig.6.26 e) and k) shows the characteristics of the me-
chanical and hydraulic subsystems of the manipulator obtained from the simulation under
initial conditions 8:(0) = 270 and 62(0) = 09, corresponding to the vertical position (down)
of the arm and the rope .

F,Fstat, N

p1, p2, Pa 35000
2.0x107 30000
1.5x107 4500
1 20000 2
1.0x10’ 15000
5.0 10° L :
2 5000
5 1d 15 20 = : 5 5 = ts
e) Chamber pressures: 1 - p1; 2 - p2 k) Dynamic 1) and static 2) forces
Fig.6.26 Characteristics of the mechanical and hydraulic subsystems of the manipula-
tor

6.3 Mathematical modeling of the mechanical subsystem of the manipulator using
Lagrange equations of the first kind

Lagrange equations of the first kinf allow the formulation of equations to be formalized,
but this is done at the expense of a significant increase in the number of equations. Rec-
onciling hydraulic system equations with the Lagrange equations of the first kind using
Lagrange multipliers is also an unexplored issue and will be addressed in this section.
6.3.1 Mathematical model of the mechanical system

The first-order Lagrange equations can be written as follows:

4oL, O sy %0 e=12...n (6.144)
diog, oq, = ag,
where La=K-P is the Lagrangian of the mechanical system; K is the kinetic energy of the
system; P is the potential energy of the system; ge, €=1,2,..n is a set, consisting of n
dependent generalized coordinates; Qe are the generalized forces, acting along the gen-
eralized coordinates. Because the considered manipulator, including the base and the
driving mechanisms links, consist of 9 links (see Fig.6.34), then the vector of generalized
coordinates of the overall mechanical system consist of 27 elements:
q:[‘xljy17¢17'x2)y2)¢27"'9‘x9)y99¢9]7 (6'152)

6.3.3 Differential equations of motion of the manipulator

Taking into account Lagrange equations (6.144), kinetic (6.153) and potential (6.154)
energies, constraint equations for the rotational pairs (6.156) and (6.157), constraint equa-
tions for the translational pairs (6.160) and (6.164), the expressions for the generalized
external force (6.181), and the expressions for the generalized forces from the hydraulic
cylinders (6.176) and (6.177) and the elastodamping elements (6.178) and (6.179), one
can derive the differential equations describing the motion of the considered multi-link
system, shown in Fig. 6.34.
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The system of equations consists of: 1) 27 second order differential equations - one
equation for each generalized coordinate; 2) 18 link equations - 2 equations for each of
the seven rotational pairs and 2 equations for each of the two translational pairs; 3) 4 first
order hydraulic equations - two equations for the pressures in the chambers of the hy-
draulic cylinders of the arm and forearm. After adding the pressure equations, the system
(6.200) is presented in matrix form and solved with respect to the derivative of the state
vector x:

Fig.6.34 Geometrical model of manipulator with 9 links

Ax=F (6.201)

6.3.3.1 Numerical solutions of the system of differential equations

The system of differential equations (6.201) is solved numerically with data correspond-
ing to the real-life manipulator - Table 6.1 under consistent initial conditions of unknown
variables. As already emphasized, one of the peculiarities of the dynamic model is that it
takes into account the inertial and geometric characteristics of the links of the hydraulic
cylinders, as well as the units of the articulated four-bar, forming closed kinematic chains.
Fig. 6.42 a), b) and c) show the obtained laws for changing the pressures in the chambers
of the hydraulic cylinders.
6.4 Method for identification of the numerical values of the elastic and damping
coefficients of elastic elements

While the inertial and geometric parameters of the system are relatively easy to deter-
mine by appropriate experimental studies, measurements and CAD modeling, the only
reliable way to determine the coefficients of elasticity and damping of the support elastic
elements (pneumatic wheels, hydraulic supports or caterpillars) is through a full-scale ex-
periment. In most practical studies, it is difficult to carry out a one-wheel (or two-wheel
axle) experimental test because dismantling and appropriate experimental stands are re-
quired, that’s why a method for determining wheel characteristics by measuring and pro-
cessing the records of the damping vibrations of the whole machine is proposed here.
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Fig.6.42 Pressures for the hydraulic cylinder chambers

The main peculiarity of the method is that the hydraulic excavator, consisting of a base
machine and a digging manipulator, is presented as a single body with three degrees of
freedom mounted on elastodamping elements with characteristics cx, ¢y, by, by, as is
shown in Fig. 6.58.

The generalized coordinates x and y describe the linear displacement of the body and
the generalized coordinate 6 denotes the rotation about an axis passing through the cen-
ter of gravity C of the excavator. Free damping oscillations in the structure are induced by
lowering the boom (with positions of other elements fixed by the hydraulic cylinders) at
the highest possible speed (for example, with a full bucket) and subsequently closing the
hydraulic direction control valve of the hydraulic circuit.

m,J -
- - T IV{I,Q
- — - y M (XI:YI)
Cx A C X (Xz,’}’2) B Cx
by y t by
cyE1 by cy%T by

Fig.6.58 Location of accelerometers, center of gravity and elastic supports

Bb3HuKHaNNUTe cBOOOAHM 3aTUXBaLLW TPENTEHUS Ce U3MepBaT W 3an1cBaT Ypes ABa

[IBYOCHW aKCnepoMeTbpa, MOHTUpaHU BbpXy 6asosata mawmHa B 7. My n 1. My —
chur.6.58. Mpu CbU3MEPUMI CTOMHOCTY Ha U3MEPEHUTE YCKOPeHUs 'als' 1 '), 1 Manku

TpenTeHus, (6.242) Mmoxe Ja ce NpeacTaBu BbB BUAa:
The free damped oscillations occurring are measured and recorded by two two-axis
accelerometers mounted on the base machine in points M; and M - Figure 6.68. For

comparable values of measured accelerations 'a).' and 'a;;' and small vibrations,

(6.242) can be represented as:

(6.244)

If the elements of (6.240) and (6.241) are equal to the corresponding elements of
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(6.244) and (6.245), then four equations are obtained, from which the accelerations of the
generalized coordinates i, 7 and @ can be obtained as a function of the measured ac-

celerations in p.M: and p.M..
The equations for determining the generalized coordinates are:

. aMl _aMZ
f=——"= (6.247)
1 2
aszl —aM‘x2
y=—= . x” (6.248)
1 2
M M
a,—a,|y
i=alt +( yx _; P (6.249)
1 2

The equations can be used in such an arrangement of sensors that x, # x,.

Assuming proportional damping in the system, the generalized accelerations of the
center of gravity are represented as a linear combination of motions with the natural fre-
quencies:

Z Ale? cos(w,t—y,) (6.254)

By the method of least squares, some of the experimental measurements (6.247),
(6.248) or (6.249) are approximated respectively by equations in the form (6.254), (6.255)

or (6.256), from which the numerical values of the constants are determined 4°, ., Biu
@y

The values of the experimental data determined define the roots of the characteristic
equation, which have the following general form:

A=-B+aw,j (6.257)
ﬂzi =-B -w,Jj (6.258)
The characteristic polynomial /() of the system has the following form:
3 6
F(A)=T1(A-4)(2-2)=Dar (6.259)
= n=0
The experimentally obtained coefficients of the characteristic equation are denoted by

a .

Figure 5.58 shows the dynamic model of the system. The system of differential equa-
tions describing the free damping oscillations is obtained by means of Lagrange equations
of the second kind and has the following form:

Mq+Bq+Cq=0 (6.260)
Theoretically determined characteristic polynomial f* (1) for the considered system is:
6
=>al (6.261)
=0

where the theoretically determined coefficients are known. To determine the unknowns
Cx, Cy, by, by any combination of four of the above coefficients can be equated to their
respective four experimentally determined coefficients and to solve the obtained nonlinear
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system of algebraic equations at appropriate initial values. It is convenient to use the fol-
lowing combination: a, =a;, a; =a;,a, =a;,a; =a: . Since there are six equations,
the values of two more unknown parameters can be determined if necessary.

6.5. Conclusions

On the basis of the studies carried out in Chapter 6, the following conclusions can be
drawn and to be taken into account when designing new or refining existing structures of
constructiuon and lifting manipulators:

1. The modeling of the joint work of the hydraulic and mechanical subsystems gives an
adequate description of the dynamic behavior of multi-link construction and lifting manip-
ulators with rigid or freely suspended payload. The mathematical model takes into account
many parameters of the mechanical and hydraulic subsystems;

2. There are computational difficulties during solving the system of differential equa-
tions caused by the stiffness of the equations describing the behavior of the hydraulic
subsystem. They are overcome by using numerical methods with an adaptive step and
error estimation;

3. Differential equations obtained through Lagrangian equations describing the spatial
motion of the mechanical system of a liting manipulator with five degrees of freedom and
freely suspended payload adequately describe the motion of the system in the following
test cases: 1) Movement of links under the influence of swinging of the payload for con-
centrated in the rotational pairs elastodamping elements; 2) Free movement of links and
payload under the influence of gravity only; 3) Following polynomial laws for the rotation
of links under control efforts, computed by the proportional-differential law with the com-
pensation of the gravity force;

4. The numerical solution of the mathematical model combining the mechanical sub-
system of the manipulator and the hydraulic subsystem of the slewing mechanism shows
that a large change in the inertial characteristics of the system when changing the range
of the work equipment has little effect on the force and kinematic characteristics of the
slewing mechanism. More significant is the effect of the tangential and radial oscillation of
the load arising from the rotation of the manipulator on the torque and the pressure in the
slewing mechanism. In a steady mode, the payload has little effect on the characteristics
of the system, but during braking processes it results in a strong increase in pressure,
which can be determinative of the force load on the metal structure and requires precau-
tionary measures to be taken to limit it;

5. The consequence of the swinging of the payload during the slewing motion is the
increase of the dynamical coefficient in the supporting hydraulic cylinders, which support
the links of the work equipment. For example, an increase in reactive force of about 30%-
40% relative to a static value has been found in the hydraulic cylinder supporting the arm
through the linkage, and the reason for that is the increased swinging of the load during
braking processes;

6. The simulation of the hydraulic subsystem of the slewing mechanism with a safety-
overflow valve mechanism shows that when the valve is actuated, self induced oscillations
of the plunger with a frequency of about 1000 Hz occur. At the initial moment, the pressure
in the cylinder reaches a value of about 38% greater than the set value of the valve open-
ing, and then oscillates around this value with a frequency equal to the frequency of the
oscillations and amplitude exceeding the value of the actuation by about 14% ;
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7. When performing lifting operations in the longitudinal plane of the manipulator by the
movement of the dhopeapm, the following facts are established: 1) Under zero initial con-
ditions, corresponding to a vertical load position, the movement of the forearm causes a
significant swing of the payload (from 0.15 rad to 0.2 rad); 2) The pressure in the hydraulic
cylinder, as well as the force and speed of the piston, are variable due to the variable
torque created by the payload when carrying out the lifting operations; 3) The swinging of
the payload causes low-frequency oscillations in the pressure, kinematic and force char-
acteristics of the system. Also, there are high-frequency rapidly damping oscillations at
switching points of the direction control valves due to the elasticity of the hydraulic fluid.
The observed values of the dynamic coefficients are within 1.3 = 1.4;

8. The mathematical model of the manipulator derived from the Lagrangian equations
of the first kind additionally takes into account the geometrical and inertial characteristics
of the elements of the drive mechanisms - the hydraulic cylinders and the links of the
fourbar and enables them to study their influence on the dynamic behavior of the system.
An additional advantage of this approach is that reactions in the kinematical pairs are
obtained without performing additional analytical and numerical transformations, which is
a valuable advantage in the design and study of manipulators;

9. As a result of the joint solution of the hydraulic and mechanical equations (modeled
by Lagrangian equations of the first kind) of the subsystems solutions for the laws of mo-
tion of the links are obtained. The results obtained confirm the values of the dynamical
coefficients;

10. Modeling the variation of forces occurring during performing technological pro-
cesses shows that they affect the characteristics of both the mechanical and hydraulic
subsystems. Simulation studies show that the piston movement increases the volume of
the piston chamber, which increases the pressure peaks caused by the impact nature of
the external load. Also, a dependence of the pressure oscillation amplitude was found,
depending on the frequency of the applied external impulse force;

11. Investigation of the magnitude of the kinematic constraint error shows that in the
absence of stabilization, an increase in the duration of the simulation leads to an increase
in the error. As a result of experimenting with different numerical methods and values of
the constants a and S, it was found that a numerical method with an adaptive step and an
estimate of the error and values of the constants from 20 to 50 allow to obtain solutions
with an error of kinematic constraints in the order of 106 m Length;

12. A method for the identification of the numerical values of the elastic and damping
coefficients of elastodamping elements has been developed, based on the experimental
measurement of the accelerations at certain points of the base machine, the determination
of the laws of motion by the generalized coordinates and the subsequent comparison of
the coefficients of experimentally and theoretically obtained characteristic polynomials. A
major advantage of the method is that it is not necessary to measure the characteristics
of a single elastodamping element through a specialized experimental stand;

13. The experimental studies performed show a high degree of coincidence between
theoretical and experimental results. Certain deviations can be explained by the lack of
data on the actual values of the parameters of the hydraulic and mechanical systems. The
observed exponential decreasing of the oscillations makes it possible to determine the
viscous damping coefficients by known methods.
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CHAPTER 7. A SET OF MEASURES FOR ADDITIONAL ASSESSMENT OF
THE FUNCTIONALITY OF CONSTRUCTION MANIPULATORS AND HYDRAULIC
EXCAVATORS

7.1. Purpose and scope of the chapter

The purpose of this chapter is to propose and mathematically develop a set of additional
measures to give a more complete quantitative assessment of the properties of hydraulic
excavators. The set of measures consists of both new and adapted existing ones. The
mesures in the proposed set of measures are classified according to the following criteria:

e (Geometric measures characterizing the geometric properties of the workspace -
shape, dimensions and extreme characteristics of the workspace, as well as geometric
moments of different order.

e Kinematic parameters characterizing the kinematic characteristics of the excavator
work equipment. It is proposed to use known in the theory of robotics measures based on
the system Jacobian — manipulability coefficient, velocity and power ellipsoids, etc.

e Force indicators characterizing both individual measures such as the force capa-
bilities of the drive mechanisms of the links, as well as complex indicators depending on
the overall geometrical and force characteristics of the machine such as the boundaries
of the digging forces, the hodograph of the potential digging force, the hodograph of the
effective digging force and corrected digging force.

7.2. Indicators for evaluation of the geometric properties of the workspace area of
hydraulic excavators
7.2.1. Workspace and its drawing

The workspace is constructed for a known kinematic structure and geometric parame-
ters of the hydraulic excavator work equipment. Its exact drawing is especially important
as it determines the geometrical and technological capabilities of the machine, as well as
the values of the extreme geometric parameters that are important for hydraulic excava-
tors - maximum digging depth, maximum reachable height, maximum range at the ground
level and others.

For a hydraulic excavator with a known kinematic structure, the following three types of
workspaces can be defined: 1) Reachable zone - this is the closed part of the space that
can be reached from a characteristic point of the work tool without being interested in the
orientation of the work tool; 2) Reachable zone for a preset orientation of the work tool.
This work area is a part of the space in which a characteristic point of the work tool can
be positioned at a given (usually horizontal) orientation of the work tool; 3) A workspace
in which a particular trajectory or group of trajectories lies, followed by the work tool with
preset orientation.

There are certain advantages and conceptual simplicity in drawing the workspace by
the statistical method based on the Monte Carlo method, which generates random num-
bers in the workspace. To reduce the number of points used, it is proposed to use a pice-
wise defined continuous three-segment linear probability distribution whose distribution
function F(x) is shown in Fig.7.7. The generation of a random variable having the distribu-
tion shown is performed by the inverse function method by the realtion:
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x=x,+(r- f)i;+1 ; (7.6)

where ris an uniform distributed random number in the interval [0,1],i =1 + 4.

The probability distribution set in this way allows by changing x; and f; to independently
change the slopes and lengths of the lines in the individual sections and accordingly to
change the probability of generating random numbers at different intervals, as well as their
quantity. For example, at x: = 0, x2 = 0.001, xs = 0.999, xs = 1, f1 = 0, f> = 0.45, f3 = 0.55,
fa =1, 90% of the generated numbers lie in the intervals [0,0.001] and [ 0.999,1].
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Fig.7.7 Cumulative distribution function of the picewise defined three-segment linear

distribution

Figure 7.9 shows the workspaces generated using random numbers generated at a)
103 points and b) 104 points.
7.2.2. Measures for determining the geometric characteristics of the workspace

A part of the functionalities of newly designed or existing excavators can be assesed
by absolute or relative geometric measures. In addition to the classic measures mentioned
in Chapter 1, the definition of additional measures allows a more accurate quantitative
analysis of the excavators geometric properties.
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Fig. 7.9 Reachability zone of the excavator with kinematic structure R]| R|| R - random
numbers with a piecewise defined linear probability distribution
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If the workspace is considered as a geometric object, it is a flat figure of definite shape,
size and position in the vertical plane. In addition to the widely used classic geometric
measures (maximum height and digging depth, maximum loading/unloading height, max-
imum reach at ground level), geometric moments of different order - area, axial,| polar and
centrifugal moments of inertia can be used as additional indicators for describing the work-
space, as well as their associated geometric characteristics - center of gravity and inertial
radius
7.2.2.1. Area of workspace

Using the Green integral, the following general dependence is obtained for the geomet-
ric moment of inertia of the order (p,q) of the polygon:

1 C C d + +
Voa :EZ(xi—lyi _xiyi—l)zzclk le e lxkxzplkyzl Xi_ 1 (7-17)
i=1 k=0 =0
!
where: R=(p+g+2)(p+q+1)C2" and by C," = — ™ are denoted the bi-
P m!l(n—m)!

nomial coefficients.
7.2.4. Determining a section of the workspace with maximum force capabilities of
the actuators

To characterize the proximity of the current configuration to the maximum force config-
uration, a distance coefficient of the maximum force configuration kvmax is defined:

9 HMmax
Mmax = Z( ngax J (744)
where i is the number of units in the kinematic chain of the work equipment; 6,- current

relative rotation angle of the respective link; "™ - angle at which the torque of the driv-

ing mechanism of link i has a maximum. The minimum value of this coefficient is 0 and it
corresponds to the above mentioned point.
7.2.5. Position coefficient

The position factor kyy takes into account the fact that the technological operations are
not equally frequently performed in each part of the workspace. It is a function of the
coordinates of the tip of the tooth of the bucket (xw, yw) and varies within limits
0<k, (x,,,», ) <1.This coefficientis defined as a function of the radius R and the angle

 of the vector connecting p. Oz with the tip of the bucket tooth.

The kyy coefficient values are determined by the following expression:

k., =kpk, (7.45)

where kr is a coefficient that depends on the current value of the radius R, and ky is a
coefficient that depends on the current value of the angle w. The values of the coefficients
are selected from the statistics obtained from the analysis of the operation of the hydraulic
excavator when performing technological operations.
7.2.6. Coefficient of service
7.2.6.1. Theoretical coefficient of service

The theoretical coefficient of service is determined without taking into account the con-
straints on the angles of rotation of the links imposed by the actuators. Figure 7.27 (a)
shows the graphs of the theoretical coefficient of service for real excavators EG-12A with
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digging manipulator "straight shovel" and bucket volume of 12 m3; Fig.7.27 b) shows - EC-
5126 with digging manipulator "shovel" and bucket volume 1.25 m2. The average values
of the coefficients of service for both cases are 0.62 and 0.5, respectively.
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Fig.7.27 Graphs of theoretical coefficents of service for both excavators

7.2.6.2. "Real" digging manipulator

A work equipment having theoretically determined values of the coefficient of service
can be considered as "ideal". If it is considered as a reference, it may be possible to
compare it with the 'real’ work equipment, which has restrictions on the angles of rotation
of the individual links imposed by the driving mechanisms. For the EG-12A excavator, a
diagram (Fig.7.29) was constructed for the coefficient of service with the following data: A
= 7.5m, B =5m, C = 2.9m, 6: = [69,60°], 6, = [- 649, -126] , B3 = [- 180,620]. As it is
established, the coefficient of service of the real work equipment is many times smaller
than the theoretical coefficient of service - its maximum value is 0.15, and in most of the
working area the values are close to this value (red-brown section).
7.3. Accuracy of the positioning of the excavator work equipment

One of the main characteristics of the work equipment that determines its functioning
is the error of the position of the working tool, which characterizes the deviation of the real
from the ideal trajectory.
7.3.3. Errors caused by the elasticity of the components of the hydraulic system

The forces arising in the actuators during technological operations cause deformation
of the fluid in the hydraulic cylinders and elements of the hydraulic system, leading to
deviation from the preset angles of rotation of the links and a corresponding deviation of
the working tool from the trajectory. Figure 7.43 shows a diagram of a digging manipulator
with a kinematic structure R|| Rl| R with the attached mig weights of the links and the
external force Py applied at a characteristic point of the working tool.
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Fig.7.43 Geometrical layout of the elastic elements and forces

For the displacements of p.Os we have:
Ax="J,Ct (7.133)

where Ax = [Ax04 Ay,, ]T is a vector, containing the displacements of the character-

istic point due to the applied external forces.
7.4. Kinematical measures based on the Jacobian

The possibilities for characterizing the functionality of the digging manipulator by an
measure called the coefficient of manipulability, which is based on Jacobian J are ex-
plored here. Itis a scalar and depends on current geometrical congiguration of the digging
manipulator, i.e. on the position of a specific point by the working tool in the workspace.
For manipulators with redundant degrees of freedom the following realtion is valid:

w=4/det(JJT) =444, =0,0,..0, (7.174)

where A4,,4,,...,4, are the eigenvalues of the matrix JJ7, and o,,0,,...,0,, are the sin-

gular values of the matrix J. To the manipulability coefficient is related the velicity manip-
ulability ellipsoid.

In Fig. 7.44 a) and b) the velocity and force ellipses of the manipulability are constructed
using the described procedure, the intervals of the angles of rotation being 6, = [3109,
430°], 6, = [210°, 320°] and 63 =[210°, 3709], and the lengths of the links are L1 =5 m, L>
=3mandLz3=1m.

In Fig. 7.48 (a) a graph of the distribution of the manipulability coefficient values in the
workspace is shown, as well as the extreme geometric configurations corresponding to
the specified minimum and maximum of w. Figure 7.48 b) shows the part of the work area
in which the values of w are greater than a certain, close to the maximum value, in this
case w = 18. The graph shows that the coefficient of manipulability has a relatively favor-
able distribution of values in the workspace. The high values coincide with the area below
the ground level in which the technological operations are carried out, as well as with part
of the space above the ground level in which the loading and unloading operations are
carried out. It should be borne in mind that this statement is valid for the angle value ¢
used.
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Y,m

Fig.7.44 Velocity a) and force b) manipulability ellipses in the workspace

7.5. Force measures that determine the effectiveness of digging in the workspace

During the performing of the technological processes of digging, the emerging re-
sistance forces during digging are overcome by the links driving mechanisms. The maxi-
mum possible value of the digging force (potential digging force) is determined by a set of
conditions including the driving capabilities of the actuators (determined by their geometric
characteristics and the force characteristics of the hydraulic cylinders) and the conditions
associated with the stability (turning the excavator around the axes of the support contour)
of the excavator and its sliding to the ground. A detailed analysis of the digging forces
throughout the work area allows a more precise determination of the driving force of the
actuators and to determine the efficiency of digging throughout the workspace. This anal-
ysis is performed using a mathematical model of the excavator, allowing the determination
of the geometric and force characteristics at each point in the workspace.

w>18
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Fig.7.48 Distribution of manipulability coefficient values in the workspace area for ¢ =
2550

7.5.1. Mathematical model of the excavator
Figure 7.43 shows the geometrical diagram of the hydraulic excavator. The mathemat-
ical model of the excavator includes a mathematical model of the kinematic chain and a
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mathematical model of the driving mechanisms of the links.
7.5.2. Digging resistance hodographs

The hodograph of the potential digging resistive force HW (Fig.7.53 b) is a polygon
whose sides are the hodographs of the boundary digging forces determined by the differ-
ent force conditions. The n-n line (Fig. 7.53 b), which is perpendicular to the vector of the
current digging velocity v, determined by the angular velocities of the links, divides the
hodograph HW into two parts. In one part of the hodograph, it is possible to implement
the "self-digging" technology and it is called a hodograph of the the effective resistive force
HWe.

The hodograph of the potential resistive digging force, built for a certain point in the
workspace, allows to determine the potential resistive force in different directions in the
plane, i.e. in the direction of all trajectories passing through a given point. When a single
trajectory is followed, the digging force and velocity have a certain size and direction,
which is why the hodograph is not applicable. In this case, the potential digging resistive
force is defined as the smallest of the boundary resisting forces acting in the given direc-
tion of the force - Fig.75.3 a). When the working tool moves along a certain trajectory, the
geometrical configuration of the work equipment changes, with the changes of the hodo-
graphs of the boundary resistive forces, and the potential digging force, which should be
taken into account in the planning of the trajectory and the evaluation of the excavator's
force capabilities, respectively.

7.5.4. Corrected digging force

The potential digging force hodograph is individual for the geometric configuration of
the digging manipulator. As a generalized characteristic of the digging force, the corrected
digging force can be used, which represents the average of the effective digging force for
the whole workspace, corrected by coefficents taking into account various factors. The
corrected digging force Fu is the average of the effective digging force and is determined

over the whole workspace by the following equation:
N; N, Ns N,

PIPIPIP N AN
E4 — ke s=1 r=1 k=1 w=l1 (7221)
N3N4N5Nw

where Fesiw IS the magnitude of the effective digging force determined for a known position
of the boom (s), the stick (r) and the bucket (k) for a specified direction of the digging force
(w); N3 is the number of boom positions, Ns4 is the number of stick positions, Ns is the
number of bucket positions, Nw is the number of digging directions.
7.6. Conclusions

This chapter extends the range of measures used to evaluate the functional and tech-
nological capabilities of construction manipulators with similar kinematic structure.

The measures have a quantitative dimension and evaluate the geometric, kinematic
and force capabilities of the machines. When the classical measures used in the compar-
ative analysis of two or more machines show close values, the application of the additional
set of measures allows the individual characteristics of the designed machines to be ex-
pressed. Also, the additional measures can be used as optimization criteria and conse-
quently to synthesize structures with predefined properties.
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Fig.7.53 Geometric layout of the hydraulic excavator: a) boundarydigging forces; (b)
hodographs of the potential and effective digging forces

The main results achieved in this chapter are as follows:

1) A methodology for estimating the geometric properties of the hydraulic excavator
workspace has been developed. It consists of the following elements:

e Drawing of the workspace. The workspace is constructed using the Monte Carlo
method, based on the generation of points with random coordinates in the workspace.
The accuracy of the outline of the outer boundary of the workspace has been enhanced
by the continuous piecewise three-segment linear distribution developed, as well as the
possibility of applying the Kumarswami distribution;

e Quantitative evaluation of workspace characteristics. In addition to the existing
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classical measures for estimating the geometric characteristics of the workspace, the fol-
lowing measures have been proposed and developed mathematically: area, static and
inertial moments, volume and surrounding area of work volume. The extreme character-
istics of the workspace are determined by optimization models with corresponding con-
straints imposed on the control parameters.

2) The following measures have been defined, developed and implemented, enabling
further assessment of the functional and technological capabilities of the digging manipu-
|ator:

e Coefficient of distance from the configuration with maximum force capabilities - al-
lows to determine a section of the working area with maximum power capabilities of the
actuators;

e Position coefficient - takes into account the frequency of work in the different parts
of the workspace;

e Coefficient of service - takes into account the geometric capabilities of the work
equipment when orienting the working tool at a specific point in the workspace. It has been
found that, depending on the kinematic length ratios of the links, the digging manipulator
is divided into two types. Analysis of the geometric dimensions of a number of digging
manipulator shows that the first type refers to all digging manipulator "straight shovel" and
the second class - all work equipment of type "shovel". The concepts of ideal and real
work equipment are introduced. It has been found that the average coefficient of service
of the actual work facility is many times smaller than the average theoretical coefficient of
service. The notion of service loss factor is introduced, which represents the ratio of the
theoretical coefficient of service service and the calculated coefficient of service of the
‘real” digging manipulator. For the two hydraulic excavators, which are typical represent-
atives of their type (EG-12A and EC-5126), the ideal and actual coefficient of service as
well as the service loss ratio are determined;

e Non-linear open kinematic chain model for estimating the accuracy of positioning
of a characteristic point from a working tool with kinematic structures R|| R|| R and
R| R }T }R. Expressions have been obtained for the total deviation of a characteristic
point from a given position and its projections on the axes of the global coordinate system
as a function of the deviations of the geometric parameters and the generalized coordi-
nates. Numerical studies have established the joint and individual influence of the devia-
tions of the generalized coordinates and geometric parameters on the deviation of a char-
acteristic point from a given position, the results being depicted as a field within the work-
space. Using the derived transfer functions of the actuators, relations were obtained to
determine the error of the generalized coordinates as a function of the errors in the lengths
of the actuating hydraulic cylinders.

Similar studies have been made on multi-segment trajectory and it has been found that
the deviations are variable both on the different segments and on the length of the indi-
vidual segments, which is a consequence of the change of the geometrical configuration
of the work equipment along the trajectory and respectively the different values errors in
different sections of the work area. Further studies show that geometric position error also
leads to deviation of the characteristics that depend on this error - for example, at a rela-
tively small value of the error, about 20-25% torque changes are observed in some sec-
tions of the trajectory relative to the case without a position error.
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The modeling of the probabilistic nature of the deviation from the ideal trajectory follow-
ing a trajectory and at a certain point in the trajectory makes it possible to determine the
statistical characteristics of the position error and to predict its values in a probabilistic
manner.

To determine the influence of the error in the length of the hydraulic cylinders on the
errors of the generalized coordinates by means of position functions, an accuracy model
of the driving mechanism has been developed.

A mathematical model has been developed to evaluate the position error caused by
the elasticity of the hydraulic system components. Relations have been derived for reduc-
ing the linear coefficient of elasticity of the hydraulic cylinders to a rotary one centered in
the hinges.

e Manipulability coefficient calculated using the Jacobian of the mechanical system.
Analytical expressions have been obtained for the manipulability coefficient for a work
equipment with a kinematic structure R|| R || R for the following two cases:

a) When the orientation angle of the working tool is not specified. In this case it is found
that the coefficient of manipulability does not depend on the angle of inclination of the
boom, but only on the angles of inclination of the other two links. The optimization of the
analytic expression with respect to the lengths of the units shows that their unlimited in-
crease leads to an unlimited increase in the value of the manipulability coefficient, and
therefore its value cannot serve as a criterion for choosing the length of the links. By op-
timizing the analytical expression for the manipulability coefficient with respect to the an-
gles of inclination of the links, their values at which extrema are present are established.
Since the coefficient of manipulability does not depend on the angle of inclination of the
boom, there are infinitely many points in the workspace at which there are extremes;

b) When the orientation angle of the working tool is preset. The analytical expression
for this case shows that the manipulability coefficient depends on all geometrical param-
eters of the digging manipulator and two geometrical configurations can be defined corre-
sponding to the maximum and minimum values of the coefficient. The point corresponding
to the maximum value was found to be located in the most commonly used part of the
workspace.

For the same digging manipulator, the velocity and force ellipsoids are used to evalu-
ate the velocity and force properties of the digging manipulator when positioned at a spe-
cific point in the workspace. It has been found that the largest ratio of the semiaxis are the
ellipses near the outer boundary of the working zone, and as they approach the inner
boundary they approach the circle. The manipulability coefficient along the trajectory of
motion was determined and the location of the axes of the ellipses with respect to the
trajectory was analyzed.

¢ The mathematical model proposed is suitable for investigating the force character-
istics of the digging manipulator and for determining the shape and size of the potential
and effective force hodographs;

e The rated digging forces determined according to the standard do not sufficiently
represent the digging efficiency in the entire working area. They represent only the maxi-
mum values of the potential digging force in a particular configuration of the digging ma-
nipulator;

¢ Boundary hodographs and effective hodographs are suitable for analyzing digging
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forces at a given configuration of a digging manipulator, but may not characterize effi-
ciency throughout the workspace. The size and shape of the hodograph serves as an
indicator of the compatibility of the characteristics of the driving mechanisms, the distribu-
tion of masses in the excavator and the digging forces;

¢ Corrected digging force sufficiently characterizes digging efficiency throughout the
workspace, taking into account a number of additional factors. It can serve as an optimi-
zation criterion for the design of new excavators and for comparative analysis between
different options.

CHAPTER 8. SOME ALGORITHMS AND SOFTWARE FOR CAD IN THE FIELD OF
DESIGN AND RESEARCH OF HYDRAULIC EXCAVATORS

8.1 Purpose and scope of the chapter

This chapter provides examples of the development of algorithms and software tools
that automate designers work to solve some particular problems that arise during the de-
sign and study of hydraulic excavators at different stages of the design cycle. An additional
goal is the demonstration of the use of different software technologies for the implemen-
tation of the respective software tools.
8.2 CAD / CAE study of a mining hydraulic excavator

One of the tasks of the operator during carrying out excavation work in mining activities
IS to maintain a constant inclination of the bucket during its movement along the digging
trajectory or during transportation operations. Since the bucket is attached to the stick, its
inclination relative to the horizontal depends on the inclination of both the boom and the
stick. This requires a constant correction of the inclination of the links by the operator in
order to maintain the predetermined constant inclination of the bucket during transporta-
tion and technological operations. Figure 8.3 shows the geometrical layout of the digging
manipulator.
8.2.1 Building a CAD model

The study uses a specialized module in the software system with the general applica-
tion Autodesk Inventor for dynamic motion simulation in order to determine the kinematic,
dynamic and force parameters of the system during a single running cycle. A number of
simulations were performed using the model developed to determine the kinematic and
force characteristics of both links and characteristic points.
8.3 Web based environment for analyzing static forces in hydraulic excavator joints
8.3.1 Algorithms for geometric and force static analysis of the kinematic chain

The analysis of the static forces in the joints of the excavator digging manipulator is an
important stage in the design cycle of the hydraulic excavator. In most cases, in the actual
digging processes, the static component of reactions in kinematic pairs prevails significantly
over the dynamic ones. The main reason for this is the digging force, which is many times
greater than the inertial forces in the units caused by their movement.

¢ An algorithm for geometric analysis of the kinematic chain

The considered kinematic chain consists of 10 links associated with 14 kinematic pairs,
denoted respectively byiandn-i=0,1,...,1,...,s,...,9,n=12,....p, ..., q,..., 14. The fixed
base (terrain) is numbered by i = 0 and the base machine is numbered by i = 1. Point 1
relates a fixed Cartesian coordinate system {0} whose axes are horizontal and vertical.
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¢ Algorithm for force static analysis of the kinematic chain

Fig.8.3 Geometrical layout of the digging manipulator with Tripower system

The main purpose of force static analysis is to determine the reactions in the joints under
the influence of the digging force applied to the bucket, as well as the supporting reactions
between the wheels and the terrain. Digging force is assumed to be applied at the tip of the
bucket tooth and is set by its value and direction. The direction of the digging force is con-
stant with respect to the digging trajectory and is defined by an angle y with respect to the
tangent at the current point of the trajectory of motion. The normal P, and tangential P
components of the digging force P are defined in the coordinate system {P}, which is at-
tached to the tip of the bucket tooth and the axes and is directed along the tangent and
normal to the trajectory at the current point.

Static equilibrium equations are written by applying equation (8.23) to each of the links -
Fig. 8.17. The solution of the resulting system of 27 linear equations represents static reac-
tions in all relationships. In order to determine the normal and tangential terrain forces be-
tween the wheels and the terrain, the resulting vertical and horizontal reactions in tries 1
and 2 are additionally projected along and perpendicular to the terrain.
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¢ur.8.17. Layout of the forces, acting on the links

8.3.2 Developing a Web-based environment for static forces determination

Algorithms for geometric and static analysis of static forces have been developed in a
Web-based environment. Figure 8.18 shows a block diagram of the Web-based environ-
ment.

CtpaHa Ha CtpaHa Ha
notpeburtens cbpBbpa
Cb3gaBaHe 1 . 3anuc Ha XML U
penakuys Ha XML HTML*;’(?\;I’ES"”"” PHP+XML reHepupaHe Ha Web
Mozen Ha MmexaHusma CcTpaHuua
Mony4aBaHe n
npeseHTauums Ha HTML+Canvas+ . . MN3uyncneHuns n
. JavaScript Functions
pesynTtatute oT JavaScript+XML nsobpassBaHe
aHanusa

Fig.8.18 Structure and technologies used in the Web-based environment

8.4 3D Virtual Environment for simulating work and planning the location of ma-
chines on an earthmoving Site
8.4.1 General description of the virtual environment

The main purpose of the developed virtual environment is to visualize the location of
the machines of the site. As the movement of the links of the hydraulic excavator and its
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positioning in different places, as well as of the vehicle is possible, it is possible to plan
and test the mutual position of the machines and to evaluate their compatibility by geo-
metric parameters - working range, height and and others. The virtual environment is use-
ful in deciding such issues as the suitability of a particular excavator to perform excavation
work at specified geometric dimensions of the excavation, how appropriate it is to load or
unload a particular vehicle, to what extent a certain sequence of unit movements is suita-
ble for avoiding existing obstacles, what are the distances between objects, etc. Figure
8.20 shows a scene of the virtual environment and its components.

8.5 Conclusions

The development and testing of algorithms and software tools to automate engineering
work in the design and study of hydraulic excavators allows us to draw the following con-
clusions:

e The CAD systems developed allow for a large number of what-if scenarios to be
played in a short time and to make an adequate decision based on the results obtained.
In the presence of software, even with such an irrational method as a trial-and-error ap-
proach, if not optimal, at least suboptimal about certain criteria can be achieved relatively
quickly. Improving the performance of virtual prototypes reduces the time spent on full-
scale machine testing and reduces the time and cost of implementation.

e General purpose CAD / CAE environments (especially the used Autodesk Inventor
Simulation) have extensive capabilities for modeling and exploring the kinematics and
dynamics of a variety of mechanisms, but do not allow specific tasks in the field of hydrau-
lic excavator design, such as the interaction hydraulic and mechanical systems;

e Web environment is very suitable for implementation of software tools for automa-
tion of engineering work, especially when solving particular problems. The large amount
of programming, computing, visualization and animation technologies make it possible to
create competitive products that further leverage the benefits of the global network.

C. CONTRIBUTIONS OF THE DISSERTATION THESIS
The following contributions have been made as a result of the theoretical and experi-
mental research carried out to achieve the goal of this dissertation thesis:

Scientific contrubituions:

1. A new generalized mathematical model of the hydromechanical system of a hydrau-
lic excavator slewing mechanism has been developed, taking into account the elasticity
of the digging manipulator in the horizontal direction and the gap in the kinematic chain,
which allows a detailed study of the dynamic processes in the jointly acting mechanical
and hydraulic subsystems as well as the subsequent synthesis of an automatic slewing
control system. New analytical equations on the position of the center of gravity and the
mass moment of inertia of the digging manipulator have been obtained as a function of
the relative angles of rotation of the links by which dynamic processes throughout the
workspace can be investigated;

2. New mathematical models of the hydromechanical system of construction and lifting
manipulator have been developed. The differential equations of the spatial motion and of
the reactions in the joints of a hydraulically driven lifting manipulator are obtained, which
investigates the joint dynamic behavior of the mechanical and hydraulic subsystems of
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the manipulator for the spatial motion of the payload. The models allow to take into ac-
count the elastic suspension of the base to the ground and the inertial characteristics of
the links of the driving mechanisms forming closed kinematic contours;

3. A new comprehensive system of measures for the quantitative assesment of the
functionality of construction and lifting manipulators has been developed, upgrading and
improving the system used so far, which consists of geometric, kinematic and force indi-
cators for evaluating the digging efficiency in the workspace. The additional system of
measures makes it possible to evaluate the individual characteristics of the machines and
to compare machines of the same class.

Scientific-applied contributions

1. A kinematic and dynamic model of a slewing mechanism has been developed, by
which the kinematic, force and power characteristics of the mechanism for a particular
machine during rotation according to the preset laws of motion have been investigated
and optimized. Kinematic, force, power and ergonomic criteria are proposed for choosing
the type of platform rotation law and its defining parameters, and new analytical depend-
encies for determining the rotation time are obtained,;

2. A new approach is proposed for the optimum selection of components of the slewing
mechanism for objective functions “minimum of the mass” and “minimum of the price”
under imposed force and kinematic constraints. The number of possible alternative design
solutions to the mechanism has been expanded by obtaining multiple suboptimal solu-
tions;

3. New mathematical relations have been derived to determine the kinematic charac-
teristics of the operator's seat under different rotation laws and a methodology has been
developed to estimate the vibration load on the operator caused by the platform's rotation
according to ISO 2631-1: 1997;

4. Generalized mathematical models of excavators for hydraulic excavators with kine-
matic structures R |R|| R|| R and R FR|| R }T | R are derived, which solves the forward
and inverse problems of kinematics and dynamics at the level of geometry, speeds and
accelerations. The models allow for multi-segment trajectory planning, with driving times
determined according to preset maximum speed limits and acceleration. The obtained
geometric relations are used for the synthesis of the geometrical parameters of the work
equipment depending on the preset characteristics of the workspace by solving the prob-
lem of single-criteria conditional optimization;

5. A kinematic and dynamic model with four degrees of freedom of a three link hydraulic
excavator digging manipulator for carrying out lifting operations was developed, by which
the payload swinging during motion along a vertical straight-line trajectory and a given law
of motion was investigated;

6. Kinematic models of digging manipulator of construction manipulators with redun-
dant degrees of freedom and kinematic structure R |-R T |R and R|| Rl| R|| Rl| R have
been obtained, based on solving the inverse problem of kinematics by finding the pseudo-
inverse matrix;

7. A methodology for identification of the numerical values of the elastic and damping
coefficients of elastic elements is proposed, based on the comparison of the experimen-
tally determined and theoretical characteristic polynomials.
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Applied contributions

1. Based on the geometric relations obtained for a planar digging manipulator with kine-
matic structure R|| R|| R, a program working in an Internet browser has been developed
that can visualize the full workspace and the workspace for a certain orientation of the work-
ing tool. The program calculates the geometric characteristics of the workspace- the mini-
mum and maximum achievable points in the vertical and horizontal, the areas of the work-
space, as well as their ratio;

2. Methodologies and software tools have been developed for the CAD during solving
particular tasks arising in the design of construction and lifting manipulators:

(a) Methodology for investigating the kinematic and force characteristics of a hydraulic
excavator in a CAD / CAE system of general application. The methodology was used to
investigate a Tripower mine excavator;

b) Web based environment for analyzing the static forces in the joints of a hydraulic ex-
cavator running in any browser. In addition to the static forces, the environment allows for
a geometric analysis of the hydraulic excavator's digging manipulator;

¢) 3D Web based virtual environment for simulating the operation and layout of the ma-
chines at an earthmoving site. The environment allows planning and testing of the mutual
arrangement of the machines and evaluation of their compatibility by geometric measures
- working range, height, etc .;

3. "Earthmoving Channel II" stand was constructed, which examined the power and kin-
ematic characteristics of the hydraulic excavator's digging manipulator in the course of ex-
cavation operations. A “Lifting manipulator” stand was improved, which examined the char-
acteristics of payload liting when carrying out freely suspended payload manipulations.
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Short summary of the dissertation
Title: Development of the theory for designing, modelling and research of construction
and lifting manipulators
Author: Rosen Peshev Mitrev

The present dissertation thesis is devoted to the development of the theoretical basis
of the design, modeling and research of construction and lifting manipulators.

The process of the designing and testing of the construction and lifting manipulators
has a wide variety of technical aspects that should be taken into account by researchers
and designers of this types of machinery. In the most cases, these aspects are not inde-
pendent of each other but are interdependent, and the effects generated determine the
performance of the machine and its technical characteristics. The development of both
theoretical methods and software over the last two decades provide new opportunities for
improving the approaches, concepts and technical tools for the effective and competitive
implementation of activities in the design cycle.

The development of the modeling and research theory of this type of machines is also
motivated by the wide variety of technological processes in the modern construction,
which has transformed a part of the construction manipulators and especially the hydraulic
excavators into multifunctional machines working with multiple interchangeable working
tools. Easily attached to the standard work equipment, they provide the ability to perform
a variety of technological operations in different working conditions, resulting in a reduc-
tion in the amount of specialized machinery at the work site and, as a final result, in in-
creasing the economic efficiency of the system. Opportunities and, accordingly, the variety
of kinematic schemes of the machines have also grown from the needs of consumers that
have led to mass customization in the recent years. The massive introduction of automatic
or semi-automatic digging systems led to an increase in the accuracy of the work done,
as well as to facilitating the work of the operator and reducing occupational diseases. The
tendency for partial or complete automation and robotization of the construction machines
is particularly evident in the development of machines designed to work on the Moon and
Mars, with an increase in development of this type.

An important aspect in the design of hydraulically driven construction and liting manip-
ulators is the consideration of the interaction of the hydraulic and mechanical sub-systems
of the machine, leading to the need for their mathematical modeling. This need is further
enhanced by the great variety of external forces arising from technological operations and
which should be taken into account when designing and testing the machinery. Tipically
there are periodic, impact, vibrational, etc. loads that greatly influence system perfor-
mance and enhance the effects of interaction between the two subsystems. The thesis
has developed a number of new mathematical models and methodologies as well as im-
proved ones, whose main purpose is to allow complete and comprehensive research and
development of competitive machines, taking into account the presence in most cases of
limited information, financial and technical resources. The developed mathematical mod-
els and software tools mainly deal with the following technical aspects: 1) Methods, ap-
proaches and concepts in the design and study of construction and load handlers; 2)
Methods, approaches and concepts for kinematic and dynamic modeling of the rotation
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mechanisms and work equipment of construction and lifting manipulators; 3) Indicators
used to assess the functionalities of construction and lifting manipulators; 4) Concepts
and instrumentation used for computer aided design and study of liting and construction
manipulators; 5) Methods for the synthesis of the parameters of the workspace and the
geometric parameters of the links; 6) Ergonomic characteristics of the slewing mecha-
nisms of the construction manipulators and their evaluation according to the applicable
standards; 7) Experimental methods and tools for the study of lifting and construction ma-
nipulators.

65



	AvtoreferatBulgarian
	Zaglavna_bul
	Avtoreferat_end_Bulgarian

	AvtoreferatEnglish
	Zaglavna_eng
	Avtoreferat_end_English


