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VY BCTymi BCTaHOBJICHO, IO HE3BaKalOYM HA HASBHICTH IIMPOKOI raMu KOHCT-
PYKL1H BIOpaliifHUX MalllWH (B OCHOBHOMY OJTHO- Ta JBOMAacCOBHX ), SIKI IIOBHICTIO 3a-
JIOBOJILHAIOTH TIOTPEOU MPOMHUCIIOBOCTI, Cy4acHI TEHJICHIII1 €eHepro30epe:KeHHs BIMa-
raloTh NOIIYKY HOBHUX PillIEHb Y CTBOPEHHI BUCOKOE(DEKTUBHOTO BIOPAIIHHOTO TEXHO-
JOT1YHOro o0nagHaHHg. HallOibIn MepcneKTUBHUMU I OJAJBIINX JOCIIIKEHD €
JUCKPETHI TPUMACOB1 MiXKpe30HaHCHI BiOpatiitai mamuau. [Ipore, mija gac peamizamii
BUCOKOE(EKTUBHUX MIKPE30HAHCHUX PEKUMIB POOOTH ICHYIOTH TPYAHOUI 3 MpHU-
BEJICHHSIM B PyX HAQJJIETKUX PEakTUBHUX Mac. DOpMyeThCs YCBIIOMIIEHHS TOTO, IO
JTUCKPETHI CTPYKTYPH TPUMACOBUX MIKPE30HAHCHUX MEXaHIYHUX KOJIMBAJIBHHUX CHC-
TEM BHUYEPIAJNA CBill MOTEHIlAN, OCKIJIbKH 1ICHYIOUYl METOAUKH iX PO3paxyHKy HE B
CTaHi 3a0€3MeUnTH CTIMKY 30HY KOJMBAHb JJI HAJJIETKUX PEAaKTUBHUX Mac.

Tox mouryk HOBUX CTPYKTYP 1 MIAXOAIB Y PO3paxyHKYy MIKpPE30HAaHCHUX BiOpa-
IAHUX MAIlMH, IPUBOJU SIKUX 3/1aTHI O€3MepeIiKoHO BXOJUTH B MIKpPE3OHAHCHY
30Hy Ta TMPUBOJAWTH B PyX HAJJIETKl PEaKTUBHI MacH, peaji3yloud JI€BI BUCOKO-
e(eKTHUBHI KOHCTPYKIIi, € OJHIEI0 3 NEPCIEKTUBHUX HAYKOBO-TIPUKIIAJHUX 3aJad
MAaIIMHOOYyBaHHS, JJIs BUPIIIEHHS SKOi COPMOBAHO METY Ta 3aBJaHHs MOAATBIINX
JTUCEPTAIIMHUX JTOCTIKEHb.

3 METOI0 MOUIYKY HIJISAX1B BUPIIICHHS MMOCTABJICHOI HAYKOBO-MIPUKIAAHOI 3a/1a4l
OyJ10 IPOBEIEHO JITEPATYPHUH OTJISAI CYYACHOTO CTaHy Ta HAMPSIMKIB yI0CKOHAJICHHS
BiOpaniitHux MamuH. BkoTpe OyJsio I0BElIEHO, 110 OJHO- Ta JBOMACOBI KOJUBAJIbHI
CHUCTEeMH HE3JaTHI peani30BYBaTH BHCOKOC(EKTHUBHI PEeXUMHU POOOTH, MPHUTAMaHHI

MDKpe30HaHCHUM. ToMy iX MOJanbIINii aHaJli3 BUSBUBCS HENEPCTICKTUBHHM.



[TinTBEpAKEHO, 110 TPUMACOBUM MEXaHIYHUM KOJMBAJIbHUM CHCTEMaM BJIaCTHBI
BHUCOKI KO€(QILIEHTH AMHAMIYHOCTI 1 BOHHU, 0€3 CyMHIBY, € eHeprooiaasi. I[Ipore,
MIUPOKE X MOIMUPEHHS JIHCHO OOMEXY€EThCsl HU3KOI0 YMHHUKIB. Tak, B cUCTeMax 3
CJICKTPOMArHiTHUM IMPOBOJOM HEBHPIIICHI 0 KIHIA 3a/adl cTadumi3amii aMIuIiTyau
KOJIMBaHb HAJIMalIol PEaKTHBHOI MacH, fKa B MIDKPE30HAHCHHUX PEXHUMaX MOKE
Ha0yBaTU KPUTHYHHUX 3HAYCHB, HIBEIIOYM YMOBH MIITHOCTI MPY>KHUX €JIEMEHTIB. B
cucTemax 3 e0aJaHCHUM MPUBOJIOM ICHYIOTh TPYAHOII1 0€31MpOo0IEeMHOI0 BXOIKEHHS
y MDKPE30HAHCHY 30HY, KOJIU 00epTH nebananca MOXKYTh “3aBUCHYTH Ha MEPIIOMY
BJIACHOMY PE30HAHCHOMY TiKy (HE PO3TJsgalouu Pe30HAaHCHUM TMiK, cpOpMOBAHUM
Ji€10 BIOPOI30IATOPIB).

BusiieHo, 1o TpuMacoBi MiKpe30HAHCHI KOJIMBAJIbHI CUCTEMU BUYEPIIAIu CBiid
NOTEHII1aJI, OCKIJILKH 1CHYIOUl METOAMKH iX pO3paxyHKy HE B CTaHi 3a0€3MEUYUTH CTiii-
Ky 30HY KOJIUBAaHb JUIsSl HAJUIETKUX PEAKTUBHUX Mac, aMIUNITYAHO-4acTOTHI XapakTe-
PUCTHUKH SIKUX CTPIMKOMOAIOHI. ToXX OJHUM 3 NIISAXIB MO BIOCKOHAJICHHIO MIXKPE30-
HAHCHUX B1OpaliiHMUX MaIIUH € MOUIYK M1JX0/1B Y CHHTE31 HOBUX CTPYKTYP, Ha OCHOBI
KX MOXHa OyJie po3poOHTH Jli€BE BUCOKOC(PEKTUBHE BiOpaIriitHe 001aTHaHHS.

BinzHaueHo, 1mo y BUCOKOE(hEKTUBHUX MIXKPE30HAHCHUX CHCTEMaX PEaKkTHBHA
Maca Ta >KOPCTKICTh BIAMOBIAHOIO MPY>KHOTO By3Ja MOBHHHI OyTH BIJIIMOBIIHO Haj-
JIETKUMU Ta HaIMaTUMU. TakuMu BIACTUBOCTSIMU MOKE BOJIOIITH THYYKE TLIO (TLJI0 3
PO3MOIIICHUMH ITapaMeTpaMu ), TOOTO KOHTHHYalIbHA JUTSTHKA, STKa ONTUMAIIBHO TIO€T-
HYy€ y co0l IHepIIiiiHI Ta KOPCTKICHI MapaMeTpHu.

Ha ocHOB1 pe3ynbTariB JiTepaTypHOro oOrisiay Oyina chopmysiboBaHa ifes,
MOKJIMKaHa PO3B’A3aTH TMOCTaBIEHY HAYKOBO-TIpUKIAAHY 3aaady. BoHa momsrae y
MOETHAHHI JUCKPETHUX Ta KOHTUHYAIbHUX KOJHMBAIHHUX CHUCTEM, CHHEPTISl SKUX B
riOpuIHUX CTPYKTypax 37aTHA HAJaTH BIOpalifHUM MalllMHaM HOBUX BJIACTUBOCTEU
1o eekTuBHOCTI (DyHKIIIOHYBaHHs. ['inoTe3a, sika 3abe3neuye BUKOHAHHS TaHO1 17€f,
3BeJlach J0 BBEJEHHS B JAMCKPETHY KOJUBAJIbHY CHUCTEMY TUIa 3 PO3MOIUICHUMHU
napamMeTpamMu (KOHTUHYaJIbHOI IIISHKH Yy BUIJISIAL CTEPXKHS, TUIACTUHU TOIIO), SIKE

OJIHOYACHO HAJIIJICHE HAJUIETKUMHU THEPUIMHUMU Ta HAAMAJIUMU KOPCTKICHUMU Hapa-



MeTpamu. Pe3ynbraTu nucepTaiiiiHuxX JOCI1KEHb, K BUSBUIIOCH, TOBHICTIO MIATBEP-
JIAJTU TIPaBUJIbHICTh 3aKJIaJ€HUX 17e1 Ta T1IoTe3H. Ix peanizailis 3a0e3neunsia sKiCHUN
PO3BUTOK EHEPTOOIATHUX MIKPE30HAHCHHUX BIOpAIIMHUX MAaluH, siKi €()EeKTHUBHO
3a0€31euyI0Th BUCOKOS(PEKTUBHI PEXKUMHU POOOTH, peai3oByIOYH BY3bKY MIKPE30-
HAHCHY 30HY 3 HAaJIBUCOKMMU KOe(pIiliEHTAMH TUHAMIYHOCTI.

3 orfsiay Ha 1€ akleHT poOoTH OyB MOCTABJICHHUM HA pO3pOOJIEHHI CTPYKTYPHOI
CXEMH MEXaHIYHOI KOJMBAJIbHOI CUCTEMHU BiOpallIiHOI MAIlMHU 3 KOHTHHYaJIbHOIO
JUISTHKOIO (TIJIOM 3 PO3MOJIJICHUMHU TTapaMeTpaMu, HaOLIbIIT HMOBIPHO CTEPKHEM),
BCTAHOBJICHH1 ii mapameTpiB, IOCHIPKEHHI i1 BIACTUBOCTEH Ta TMO€AHAHHSA 11 3
JTUCKPETHOIO MOJICIUII0. Y pe3ysbTaTi HOCHIKEHb BUSBJICHO, 110 HANOUIBII MPUIAT-
HUM 00’ €KTOM JTsl peai3allli KOHTUHYaJIbHOI TUISTHKY € CTeP)KEHb, SIKU BOJIOIE TOC-
TaTHBOIO THYYKICTIO (MaJIOI0 >KOPCTKICTIO) Ta HE3HAYHUMHU 1HEPIIHHUMU MapameT-
pamu. CTeprKHI 3/1aTHI pO3BUBATU 3HaYH1 aMIUTITYI4 KOJIUBaHb, 3a0€3M€4y04Hd YMOBH
MIITHOCTI, IO € I[IHHUM II1J] 9ac peai3ailii By3jia peakTuBHOI Macu. OOIpyHTOBaHO,
0 HAWOUTBII JOIIILHO TPUBOAWTH B PYX JUCKPETHO-KOHTHHYAJIBHY CHCTEMY
KPUBOIITUITHO-IATYHHIM MEXaHI3MOM.

OCKUTBKH KJIFOYOBUM €JIEMEHTOM T1OpUTHOT CTPYKTYPU MEXAHIYHOT KOJIMBAIBHOT
CHUCTEMM CTajla KOHTHUHYaJIbHA JIJIIHKA Yy BUIJISAMI CTEPXKHS, OKPEMUM PO3I1JIOM
chopMOBaHa METOJIOJOTISI MOTO JIOCTIKEHb, SKa € HEOOXiTHUM MaTepiaioM IS
BCTAHOBJICHHS 0a30BUX aHANITHYHHX 3aJIEKHOCTEN, HaTa€ PO3yMiHHS (D13UKH MPOIECY
Horo KoimBaHb Ta (POPMyE METOAOJOTIYHE MIATPYHTS MOMATBIINM JUCEPTAIlIHHUM
JTOCTIKEHHSAM. TaK, po3riasiHyTo nudepeHiiialibHe pIBHSHHSA 3ITHYTOI OC1 CTEPXKHS, 3
SIKOTO OTPUMAHO B1JIOMI1 aHAIITHYHI 3aJ1€KHOCTI 3rMHAJIBHOIO MOMEHTY Ta MONEePEeYHO1
CWJIM, HEOOX1/THI JIsl BCTAHOBJICHHSI OTO MOTMEPEYHUX MPOTUHIB. Po3risHyTO MeTo-
UKy hopMyBaHHS TU(EPEHIIATbHOTO PIBHSIHHS 3THHAJIbHUX KOJIMBaHb CTEPIKHS, SKa
JI03BOJISIE OMUCATH MOTO BUMYIIICHUHA PyX Ta BU3HAYUTH HOTO BJIACHI YACTOTH KOJIH-
BaHb. OKpeciieHo MeTo Penes-Pitna, skuit 103B0JIsI€ HAOIMIKEHO BUZHAYUTH BJIACHY
4aCTOTY CTEP>KHS, BCTAHOBUTH MOTO 3BEJIEHI Macy 1 )KOPCTKICTh, SIK1 3a/1isiH1 B KOJIH-

BaJIbHOMY IpOILIECi. 3aPOIIOHOBAaHA METOIMKA IMOUTYKY 3BEJAEHOI INBUIKOCTI CTEPKHS



— TOYKH, B SIKY BJAacHE 1 3BOASATHCS HMOro 1HEPIIMHO-)KOPCTKICTHI mapameTpu. Ipo-
aHaJII30BaHO METOOJIOTII0 BCTAHOBJICHHS MapaMeTpiB TUCKPETHOI TPUMACOBOI MiX-
PE30HAHCHOT KOJWBAJIbHOI CUCTEMH, SK €TAJIOHHOI JJIA aHalli3y JUCKPETHO-KOHTH-
HYaJIbHOL.

Sk mouYaTKOBUHM eTam y CHUHTE31 AMCKPETHO-KOHTUHYaJIbHOI MIKpPE30HAHCHOI
BiOpariifHoi MamMHU OOIPYHTOBAHO 1HEPIIMHO-)KOPCTKICHI Ta CHUJIOBI MapameTpu
BUCOKOE(EKTUBHOI JUCKPETHOI TPUMACOBOI MIXPE30HAHCHOI KOJMBAJIBHOI CUCTEMU
BiOpaIlifHOTO TpaHCHOpTEpa-cemaparopa — sIK €TaJOHHOI MOJIeNi, MapaMeTpH SKOi
IPUIMAaIOThCS BUSHAYAIbHUMH 171 (DOPMYBAaHHS JUCKPETHO-KOHTUHYAJIBHOT CUCTEMHU
1 IOBUHH1 OyTH peasi3oBaHi B Hii. BCTaHOBIIEHO OCHOBHI TE€XHOJIOT1YHI Ta KOHCT-
PYKTHBHI MapaMeTpH €TaJOHHOI CUCTEMH, a caMe: OOTPYHTOBAHO JOIUIbHICTh BUKO-
PUCTaHHS HU3BKOYACTOTHUX PEXKHUMIB POOOTH; BU3HAUYEHO 1HEPIIMHI MMapaMeTpH aK-
TUBHOI Ta MPOMIXKHOI KOJMBAJbHUX Mac; 3 METOI0 3a0e31e4eHHs] He0OX1JHOro 10aT-
KOBOT'O JUHAMIYHOTO MiJICHJIEHHS KOJMBAaHb BUOPAHO PO3TAIyBaHHS BJIACHUX PE30-
HAHCHHMX ITiKiB; BCTAHOBJICHO 1HEPIliliHE 3HAYCHHS PEAKTUBHOI MacH Ta KOPCTKOCTEH
JIBOX PE30HAHCHUX MPYKHUX BY3J1iB. BiacHe iHepIliiiHe 3HaYeHHS peaKTUBHOT MacH Ta
YKOPCTKICTH BIJIMOBITHOTO 1 MPYKHOTO By371a MOEAHYIOTHCS Y KOHTUHYJIbHIH JTUISHII
BiOpariitHoi MamuHu (CTEPKH1) 1 € KIIYOBUMHU MiJ 4ac ii peamizamii. Po3risHyTa
MaTeMaTU4YHa MOJIeTTh €TAJIOHHOI JUCKPETHOI KOJIMBAIBHOI CHCTEMH, TTPOAHAIII30BAHO
il aMIUTITY THO-4aCTOTHI XapaKTEPUCTUKU Ta MEPeXiaH1 peKUMHU poOOoTH. BecTaHoBIEHO
edeKTUBHICTh PYHKITIOHYBaHHS €TaJJOHHOI TPUMACOBO1 TUCKPETHOT CHCTEMHU MOPIBHS-
HO 3 2JICKBATHOIO JBOMACOBOIO PE30HAHCHOIO. BU3HaUueHO mapifiaibHy 4acTOTY KOJIH-
BaHb PEAKTUBHOI MaCH, SIKa € BU3HAYAJIBHOO M1J] Yac Mi100py KOHTUHYAJIbHOI JUISTHKA
(cTepkHs).

Sk HaMOUIBII paIllOHATLHOI CXEMOI JJI peaiizaiii KOHTUHYaJbHOI JTIJISTHKH
BHUCOKOE()EKTUBHOT MI)KPE30HAHCHOI BIOpaIliiHOT MallMHU BUOpaHO TUIO 3 PO3MOJi-
JICHUMU TapaMeTpaMu Yy BUTJIAI CTEP>KHSA, IO BCTAHOBJICHUI Ha JBOX IIApHIPHUX
Oropax, OJIMH 3 KIHIIIB SIKOTO KOHCOJIbHO 3aKpIIJICHUH, a APYTUil IPUBOJUTHCS B PyX

BiJl EKCIICHTPUKA. BiiacHe HasBHICTh KOHCOJT1, KOJTUBATLHUN PYyX SKOT HEOOMEKYETHCS



HIYMM, SIK BUSIBUTHCS Jai, 3a0€3MeYUTh MOKIIMBICTh HAKOTIMYEHHS HEOOX1IHUX 1HEP-
LIAHUX CUJI B PEAKTUBHOMY BY3J11 (KOHTUHYaIbHIN IIISHII), TAK HEOOX1THUX JJI IPU-
BCJICHHS B PYX yCl€i MEXaHIYHOI KOJIMBAIBHOT CHCTEMH.

Po3risiHyTO BiIBHI 3rHHANIbHI KOJWBAaHHS KOHTUHYAJIbHOI JUISTHKA 3 BUKOPHC-
TaHHAM (QyHKUIA KpuiioBa 1 BCTaHOBJIEHO ii Mepily BiIacHy 4acTOTY KOJIMBaHb, SKa
MPAKTHYHO TIOBHICTIO 30Ira€ThCsl 3 BIJAMOBIIHOIO MAapIiaIbHOK YacTOK €TaJoHHOT
JTUCKPETHOT Mojem. Po3rissHyTo BUMYIIICHI KOJWBAaHHS KOHTHHYaJIbHOI JAUISHKH Ta
c(hopMOBaHO Ha OCHOBI KOJIOBUX Ta TimepOoniuynux (pyHkiiit Kpumosa matemaTudHy
MOJIeJIb y BUTJIAJIl CUCTEMHU PIBHSAHD, 10 OMUCYE 11 pyX. BuaiIuBimm 4acToTHY MaTpH-
110, BKOTPE MIATBEPKEHO 3HAUCHHS IEPIIOi BIACHOT YaCTOTH KOJIMBaHb KOHTHHYAJIh-
HO1 AutstHKUA. ChOpPMOBAHO MATEeMAaTHYHY MOJIENb JUCKPETHO-KOHTUHYAIBHOI KOJIH-
BaJIbHOT CHUCTEMH B1OpALIIITHOT MAIIMHMU, B SIK1/ Yepe3 peakilii B onopax KOHTUHYaJIbHO1
TUISTHKY TIO€THAHO TUCKPETHY YaCTUHY CUCTEMH 3 KOHTHHYalbHOW0. Bru3HaueHo 3Ha-
YeHHs TOCTIMHUX MapaMeTpiB Ta peakiii B omopax. [loOygoBaHo aMILTITYIHO-4ac-
TOTHY XapaKTEPUCTUKY TUCKPETHO-KOHTHHYAJIbHOI KOJUBAJILHOI CUCTEMH, sKa TOB-
HICTIO y3roJujach 13 XapaKTEpPUCTUKOIO €TAIOHHOI TUCKpeTHOI TpuMacoBoi. Lle 103-
BOJIMJIO CTBEP/IXKYBATH MPO HASIBHICTh Y CHHTE30BaHI CTPYKTYp1 MapaMeTpiB Ta Biac-
THUBOCTEH €TaJTOHHOI AUCKPETHOI cucTteMu. [1o0y10BaHO cXeMy MPOTUHIB KOHTUHYaJIb-
HOT JUISHKHU, pO3paxoBaHO ii Ha MIIHICTh. BiacHy 4acToTy KOJIMBaHbL MEPEBIPEHO
HaOMmKkeHNM MeTo oM Penes-Pitia. 3 BUKOpHUCTAaHHSM IIBOTO K METOAY BCTAHOBIICHO
3BEACHY Macy Ta 3BEICHY JXOPCTKICTh KOHTHHYAJIBHO! JUISSHKH, SIKI MPAKTHUYHO
MOBHICTIO Y3TOJMIINCA 13 PO3PAXyHKOBUMU 3HAUYCHHSIMH.

KoHCTpyKTOpChKO-eKCIIEpUMEHTalbHa YaCTHHA JHUCepTallii MpUCBSYEHA OCTa-
TOYHOMY (POPMYBaAHHIO Ta JOCIIKEHHIO TUCKPETHO-KOHTUHYATBHOI MIXKPE30HAHCHOT
BiOpaliiHO1 MallMHU. 3HAaYyHa yBara MNpHUJAUIEHa CTBOPEHHIO KEPOBAHOTO KpPHBO-
HIMITHO-IIATYHHOT'O MPHUBOJIA, SIKAW BIAPI3HAETHCA BIJ ICHYIOUHMX BIOp030yaKyBayiB
MOJKJIMBICTIO B IIMPOKOMY Jiama3oHi 3MIHIOBAaTH BEJIMYHMHY EKCIEHTPHCHUTETY Ta
IUTABHO KEPYyBaTH 4acTOTO 30ypeHHs. [lepepaxoBaHi nepeBaru 3a0e3neuyrorh 0e3-

NEPEHIKOIHE BXO/KCHHSI OOEpTIB KPHUBOILIMINA Yy MDKPE30OHAHCHY 30HY, 00XOAsS4u



edexT 3oMMepdenbaa; CIPOIIYIOTh MPOLIEC PEryIIOBaHHS PeKUMIB poOOTH BiOpalriii-
HOTO 00JIaJIHAHHS BIAMOBIAHO JI0 3MIHHUX TEXHOJIOTTYHUX a00 BUPOOHUYUX YMOB.
OOrpyHTOBaHO KOHCTPYKTHBHI Ta EKCIUIyaTalliifHI MapamMeTpu 3ampONOHOBAHOTO
KEPOBAHOTO KPUBOIIMUITHO-IIIATYHHOT'O MEXaHI13My. 3a JI0MOMOT0I0 METO/1y 3aMKHEHUX
BEKTOPHUX KOHTYpIB OMHMCAHO KIHEMATHKy MEXaHI3My, Ha OCHOBI HYOIO OTPUMAaHO
aHATITHYHI BUPA3HU, K1 OMUCYIOTh 3JICKHICTh 3MIHU €KCLIICHTPUCUTETY BiJl IepeMi-
HIEHHS KepoBaHOro nop3yHa. [1o0ynoBano BianoBiaH1 rpadiku. [IpaBuibHICTE OTpH-
MaHUX BUPA3iB Ta Pe3yJIbTaTiB YUCEIHHOTO MOJICTIOBAHHS OYJIO0 MiATBEPKEHO iMiTa-
IAHUM MOJICNIIOBaHHS PyXy MexaHi3My. Onuparoyuch Ha MPOBEICHUN aHATI3 MeXa-
HI3MY, pO3pO0JIEHO KEPOBAHUI KPHUBOILIUITHO-IIATYHHUN MPUBOJL 1 peaiai3oBaHO MOro
y BiOpaIiitHoMy TpaHCHIOpPTEPi-cemapaTopi.

Po3pobiieHo cxemy po3MillleHHs Ta KPITUICHHS IPYKHUX €JIEMEHTIB, 1110 3’ €IHY -
I0Th MK COOOI0 aKTHUBHY Ta MPOMIXKHY MacH BIOpallifHOro TpaHCIOpTepa-cenapa-
Topa. [IpoBefeHO aHATITHYHI PO3PaXyHKU X KOPCTKICHUX TapaMeTpiB, sIK1 Y3TOJIU-
JIUCH 3 JUCKPETHOIO MaTEeMAaTHYHOIO MOJICIUTIO. BCTaHOBIIEHO TeOMETpUYHI ITapaMeTpH
MPY)KHUX €JIEMEHTIB Ta aHAJTITUYHO PO3PAaXOBAHO HATIPYKEHHS, 1110 BAHUKAIOTh B HUX.
[TpoBeneHo KOMII’ IOTEpHE MOJIEITIOBAHHS MPYKHOTO €JIEeMEHTa METOJOM CKIHUEHHHX
eneMeHTiB. Lle 103BoNMIIO MEepeBIpUTH pe3yJIbTaTh aHATITUYHUX OOpPaxyHKIB KOPCT-
KOCTI Ta MaKCUMAJIbHUX HANIPYXEHb, IKI BAHUKAIOTh Y HHOMY.

Buxoasuu 3 ymMoBH MiHIMI3AIll Tiepeayl AMHAMIYHUX HaBaHTaXeHb Ha QyHa-
MEHT OyJyia BUOpaHa HE0OXiJIHa YacTOTa BJIACHUX KOJHMBAaHbL CUCTEMH Ha BIOPOi30IIs-
TOpax, Ha OCHOBI YOTO TIPOBEJICHO 1X PO3paxyHOK Ha *KOPCTKICTh Ta MilHICTb. JlocTo-
BIPHICTh OTPUMAHUX PE3YyJIbTATIB OYyJO MIATBEPIKEHO KOMIT FOTEPHUM MOJIEIIOBAH-
HSM METOJIOM CKIHYCHHHX €JIEMEHTiB. lle 3aBepmmio KOHCTPYKTOPCHKY YacTUHY U
HAJaja0 BCl BUXIJHI JaHl JUIsl CTBOPEHHS E€KCIIEPUMEHTAIBHOTO 3pa3ka JUCKPETHO-
KOHTHUHYAJIbHOTO MI>)KPE30HAHCHOTO BiOpalliitHOTro TpaHCIopTepa-cenaparopa.

ExcrniepuMeHTanbHO BCTAHOBJIEHO MapIliayibHY YacTOTY KOJIMBaHb KOHTUHYalb-
HOT JIIJISTHKH, 110 JO3BOJIUJIO OMOCEPEIKOBAHO IMiITBEPAUTH HASABHICTh B HiW 1HEPIIiNi-

HO-)KOPCTKICHUX MapaMeTpiB, 3aKJIAJCHUX MiJ 4yac po3paxyHKy. Ha oCHOBI 3HATHX



YaCOBHX 3aJICKHOCTEM PyXy aKTHMBHOI Ta MPOMIXKHOI Mac, €KCIEPUMEHTAIbHO Mij-
TBEP/KEHO HASBHICTH 3aKJIaICHUX PO3PAXYHKOBUX aMILTITYJHO-4aCTOTHUX XapakTe-
PHUCTHK, III0 3arajJoM BKa3ajo Ha MPaBUJIBHICTH pO3po0OJIEHOT METOMOJIOrIi AucepTa-
MIHHUX JTOCHIKeHb. EKCIIEepMMEHTaNbHO MIATBEPKCHO Oe3MEepeIIKOIHUNA BXia Y
M1KPE30HAHCHY 30HY KEPOBAHOTO KPUBOUIUITHO-IIATYHHOTO MIPUBO/IA, IO TO3BOJIUAIIO
CTBEP/KYBaTU MPO OOIPYHTOBAHICTh BUKOPUCTAHHS 3alPONOHOBAHUX CTPYKTYP Mij
4yac CTBOPEHHS BUCOKOE(PEKTUBHUX MI)KPE30HAHCHUX BIOpAIliHUX MAILIKH.

Ha ocHOBI KOHCTPYKTOPCHKOI YacTuHHM Oysia chopmMoBaHA METOJOJIOTIS TOOY-
JIOBU JTUCKPETHO-KOHTUHYAJILHOTO MIKPE30HAHCHOTO BiOpaIlifHOTO TpaHCIopTepa-
cenaparopa, A€ BIleplIe 3aCTOCOBAHO IOpHIHI (IUCKPETHO-KOHTUHYAJIbHI) CTPYKTYpH
KOJMBAJIBHUX CUCTEM, BIIMIHHICTIO SIKHX € BBEJICHHS Y SIKOCTI TPEThOi (PEaKTUBHOT)
Macu KOHTUHYaJIbHOI IUISHKH, HAA1JIEHOT Ha MEepIIiil BJacHIM 4acTOTI EBHOIO 3Bejie-
HOIO JKOPCTKICTIO Ta 3BeAeHOI0 Macoro. lle mo3Bonmino epekTuBHO 3abe3nedyBaTH
MDKPE30HAHCH1 PEeXUMHU pOOOTH, PO3KPUBIIH MPUXOBAHUM MOTEHITIAT CHHTE30BAHUX
CUCTEM, OOYMOBIICHHI CHHEPTi€l0 TUCKPETHOI Ta KOHTHHYAJIhbHOI KOJIMBAaTbHUX
CHCTEM.

Kuio4oBi cjioBa: muCKpeTHO-KOHTHMHYallbHa MEXaHIYHA KOJMBaJIbHA CUCTEMA,

BiOpaliiina MalInMHa, Mi>KpE30HaHCHUM PEXUM poOOTH, BIaCHA YaCTOTa KOJIUBAHb.

ABSTRACT

Kachur Oleksandr Yuriyovych. Synthesis of energy-efficient discrete-continuous
inter-resonance vibratory machines with controllable crank drive — Qualifying
scientific hearing on the rights of the manuscript.

The dissertation on competition of a scientific degree of the doctor of philosophy
(PhD) on a specialty 131 — Applied mechanics. Lviv Polytechnic National University,
Ministry of Education and Science of Ukraine, Lviv — 2021.

In the introduction it is established that despite the presence of a wide range of
designs of vibrating machines (mostly single- and two-mass), which fully meet the

needs of industry, modern energy conservation trends require finding new solutions in



creating highly efficient vibrating technology equipment. The most promising for
further research are discrete three-mass inter-resonant vibrating machines. However,
during the implementation of highly efficient inter-resonant modes of operation there
are difficulties with the propulsion of ultralight reactive masses. There is an awareness
that discrete structures of three-mass inter-resonant mechanical oscillatory systems
have exhausted their potential, because the existing methods of their calculation are
not able to provide a stable oscillation zone for ultralight reactive masses.

Therefore, the search for new structures and approaches in the calculation of inter-
resonant vibrating machines, the drives of which are able to freely enter the inter-
resonant zone and drive ultralight reactive masses, implementing effective high-
performance structures, is one of the promising scientific and applied problems of
mechanical engineering. further dissertation research.

In order to find ways to solve the scientific and applied problem, a literature
review of the current state and areas of improvement of vibrating machines was
conducted. It has been proved once again that single- and two-mass oscillating systems
are incapable of realizing the highly efficient modes of operation inherent in
interresonance. Therefore, their further analysis was not promising.

It is confirmed that three-mass mechanical oscillating systems are characterized
by high coefficients of dynamism and they are, without a doubt, energy-saving.
However, their wide distribution is really limited by a number of factors. Thus, in
systems with electromagnetic wire, the problem of stabilizing the amplitude of
oscillations of ultrasmall reactive mass, which in inter-resonant modes can acquire
critical values, leveling the strength conditions of elastic elements, is unsolved. In
systems with unbalanced drive, there are difficulties of trouble-free entry into the inter-
resonance zone, when the speed of the unbalance can "hang" on the first own resonant
peak (without considering the resonant peak formed by the action of vibration
isolators).

It was found that three-mass inter-resonant oscillatory systems have exhausted
their potential, because the existing methods of their calculation are not able to provide

a stable oscillation zone for ultralight reactive masses, the amplitude-frequency



characteristics of which are rapid. Therefore, one of the ways to improve inter-resonant
vibration machines is to find approaches in the synthesis of new structures, based on
which it will be possible to develop effective high-performance vibration equipment.

It is noted that in highly efficient inter-resonant systems, the reactive mass and
stiffness of the corresponding elastic node should be ultralight and ultrasmall,
respectively. Such properties may have a flexible body (a body with distributed
parameters), ie a continuous section that optimally combines inertial and rigid
parameters.

Based on the results of the literature review, an idea was formulated to solve the
scientific and applied problem. It consists in a combination of discrete and continuous
oscillatory systems, the synergy of which in hybrid structures is able to give vibrating
machines new properties in terms of efficiency. The hypothesis that ensures the
implementation of this idea was reduced to the introduction into a discrete oscillatory
system of a body with distributed parameters (a continuous section in the form of a rod,
plate, etc.), which is simultaneously endowed with ultralight inertial and ultra small
stiffness parameters. The results of dissertation research, as it turned out, fully
confirmed the correctness of the ideas and hypotheses. Their implementation has
ensured the high-quality development of energy-saving inter-resonant vibration
machines, which effectively provide highly efficient modes of operation, implementing
a narrow inter-resonance zone with ultra-high coefficients of dynamism.

With this in mind, the emphasis was on developing a block diagram of a
mechanical oscillating system of a vibrating machine with a continuous section (a body
with distributed parameters, most likely a rod), establishing its parameters, studying its
properties and combining it with a discrete model. Studies have shown that the most
suitable object for the implementation of the continuum is a rod that has sufficient
flexibility (low rigidity) and low inertial parameters. The rods are able to develop
significant amplitudes of oscillations, providing strength conditions that are valuable
during the implementation of the node of the reactive mass. It is substantiated that it is

most expedient to set in motion a discrete-continuum system by a crank mechanism.



Since the key element of the hybrid structure of the mechanical oscillatory system
was a continuous section in the form of a rod, a separate section formed the
methodology of its research, which is a necessary material for establishing basic
analytical relationships, provides understanding of the physics of its oscillations and
forms the methodological basis for further dissertation research. Thus, the differential
equation of the bent axis of the rod is considered, from which the known analytical
dependences of the bending moment and the transverse force required to establish its
transverse deflections are obtained. The method of forming the differential equation of
bending oscillations of the rod is considered, which allows to describe its forced motion
and to determine its natural frequencies of oscillations. The Rayleigh-Ritz method is
outlined, which allows to approximate the natural frequency of the rod, to establish its
reduced mass and stiffness, which are involved in the oscillatory process. A method
for finding the consolidated velocity of the rod - the point at which its inertial-stiffness
parameters are actually reduced - is proposed. The methodology of establishing the
parameters of a discrete three-mass inter-resonant oscillatory system as a reference for
the analysis of a discrete-continuum is analyzed.

As an initial stage in the synthesis of discrete-continuum inter-resonant vibrating
machine, inertial-rigid and force parameters of high-efficiency discrete three-mass
inter-resonant oscillatory vibration conveyor-separator system are substantiated as a
reference model, the parameters of which are determined to form discrete-continuum
systems. The basic technological and constructive parameters of the reference system
are established, namely: expediency of use of low-frequency operating modes is
substantiated; the inertial parameters of the active and intermediate oscillating masses
are determined; in order to provide the necessary additional dynamic amplification of
oscillations, the location of its own resonant peaks is chosen; the inertial value of the
reactive mass and stiffness of two resonant elastic nodes is established. The actual
inertial value of the reactive mass and the stiffness of the corresponding elastic node
are combined in the continuous section of the vibrating machine (rods) and are key
during its implementation. The mathematical model of the reference discrete

oscillatory system is considered, its amplitude-frequency characteristics and transient



modes of operation are analyzed. The efficiency of functioning of the reference three-
mass discrete system in comparison with the adequate two-mass resonance one is
established. The partial frequency of oscillations of the reactive mass is determined,
which is decisive during the selection of the continuum section (rod).

A body with distributed parameters in the form of a rod mounted on two hinged
supports, one of the ends of which is cantilevered, and the other is driven by an
eccentric, is chosen as the most rational scheme for the implementation of the
continuum section of a high-efficiency inter-resonant vibrating machine. In fact, the
presence of a console, the oscillating motion of which is not limited by anything, as it
turns out, will provide the possibility of accumulation of the necessary inertial forces
in the jet node (continuum), so necessary to drive the entire mechanical oscillating
system.

The free bending oscillations of the continuum section using Krylov functions are
considered and its first natural frequency of oscillations is established, which almost
completely coincides with the corresponding partial frequency of the reference discrete
model. The forced oscillations of the continuum section are considered and a
mathematical model in the form of a system of equations describing its motion is
formed on the basis of circular and hyperbolic Krylov functions. By selecting the
frequency matrix, the value of the first natural frequency of oscillations of the
continuum is confirmed again. A mathematical model of a discrete-continuous
oscillatory system of a vibrating machine is formed, in which a discrete part of the
system is combined with a continuous one due to reactions in the supports of a
continuous section. The values of constant parameters and reactions in the supports are
determined. The amplitude-frequency characteristic of the discrete-continuous
oscillatory system is constructed, which is completely consistent with the characteristic
of the reference discrete three-mass system. This allowed us to assert the presence in
the synthesized structure of parameters and properties of the reference discrete system.
The scheme of deflections of the continuum section is constructed, its strength is
calculated. The natural frequency of oscillations was checked by the approximate

Rayleigh-Ritz method. Using the same method, the consolidated mass and the reduced



stiffness of the continuum section were established, which almost completely agreed
with the calculated values.

The design and experimental part of the dissertation is devoted to the final
formation and research of the discrete-continuum inter-resonant vibration machine.
Considerable attention is paid to the creation of a controlled crank drive, which differs
from existing vibrators by the ability to change the value of the eccentricity in a wide
range and smoothly control the frequency of perturbation. The listed advantages
provide unobstructed entry of turns of the crank in an inter-resonance zone, bypassing
Sommerfeld's effect; simplify the process of regulating the modes of operation of
vibrating equipment in accordance with changing technological or production
conditions. The design and operational parameters of the proposed controlled crank
mechanism are substantiated. Using the method of closed vector contours, the
kinematics of the mechanism is described, on the basis of which analytical expressions
are obtained that describe the dependence of the change in eccentricity on the
movement of the controlled slider. Appropriate graphs are constructed. The correctness
of the obtained expressions and the results of numerical modeling was confirmed by
simulation modeling of the motion of the mechanism. Based on the analysis of the
mechanism, a controlled crank drive was developed and implemented in a vibrating
conveyor-separator.

The scheme of placement and fastening of elastic elements connecting the active
and intermediate masses of the vibrating conveyor-separator is developed. Analytical
calculations of their stiffness parameters were performed, which agreed with the
discrete mathematical model. The geometrical parameters of elastic elements are
established and the stresses arising in them are analytically calculated. Computer
modeling of the elastic element by the finite element method is carried out. This
allowed us to verify the results of analytical calculations of stiffness and maximum
stresses that occur in it.

Based on the condition of minimizing the transfer of dynamic loads to the
foundation, the required frequency of natural oscillations of the system on vibration

isolators was selected, on the basis of which their calculation for rigidity and strength



was performed. The reliability of the obtained results was confirmed by computer
simulation by the finite element method. This completed the design part and provided
all the initial data for the creation of an experimental sample of a discrete-continuous
interresonant vibration conveyor-separator.

The partial frequency of oscillations of the continuum section was experimentally
established, which allowed to indirectly confirm the presence of inertial-rigid
parameters laid down during the calculation. On the basis of the removed time
dependences of the motion of the active and intermediate masses, the presence of the
laid down calculated amplitude-frequency characteristics was experimentally
confirmed, which in general indicated the correctness of the developed methodology
of dissertation research. The unobstructed entry into the inter-resonance zone of the
controlled crank drive has been experimentally confirmed, which allowed to assert the
validity of the use of the proposed structures during the creation of highly efficient
inter-resonant vibrating machines.

On the basis of the design part the methodology of construction of the discrete-
continuous inter-resonant vibrating conveyor-separator was formed, where for the first
time hybrid (discrete-continuous) structures of oscillatory systems were used, the
difference of which is the introduction as a third (reactive) mass of the continuum.
consolidated stiffness and consolidated mass. This allowed to effectively provide inter-
resonant modes of operation, revealing the latent potential of the synthesized systems
due to the synergy of discrete and continuous oscillatory systems.
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