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AHOTAIIA
Muzosuu A.B. OnTumizailis mpolecy KOHTYpHOro ¢ppe3epyBaHH1 Ha BEpcTaTax 3

UIIK. — KBanidikariitna HaykoBa mparis Ha IIpaBax PyKOIHUCY.

Hucepraitiss Ha 3700yTTS HAyKOBOrO CTyIleHs JokTopa ¢urocodii 3a
cnemianpHicTio 131 — [Ipuknanna mexanika. — HarionansHull TeXHIYHUN YHIBEPCUTET

Yxpainn «KuiBcekuit momitexHiyauil iHCcTUTYT iMeH1 [ropst Cikopebkoroy, Kuis, 2025.

Jucepraiisi npucBsYeHa ONTHMI3alli MPOUECy KOHTYPHOTO (pe3epyBaHHs Ha
Bepcrarax 13 UIIK 3 ypaxyBaHHSIM TEXHOJIOTTYHUX 1 KOHCTPYKTOPCHKUX OOMEKEHb.
3anpornoHOBaHO MaTeMaTH4YHY MOJIEb, SIKa OIMCY€ B3a€EMOMII0 IHCTPyMEHTa i
3arOTOBKHM, a TaKOXX METOAW VYIPAaBIiHHSA PEXUMOM pIi3aHHs, IO [JAIOTh 3MOTY
BU3HAYATH ONTHUMAJIbHI MapaMeTpPu 3 YpaxyBaHHIM YCiX HEOOXITHUX OOMEXEHb 1
cTabU113yBaTH NapaMeTpu MPOLIECY Pi3aHHS.

Po3pobiene mporpamMHe 3a0e3medeHHs aBTOMATHU3Y€E IMMAOIp ONTHUMAIbHUX
napameTpiB, MIJBHUINYIOUM MPOIYKTUBHICTh 30€piraroud CTaOUIBHICTH MPOIIECY.
ExcniepuMeHTanbH1 JOCIIKEHHS MIATBEPAWIN €(DEKTUBHICTD MIIX01Y, 3a0€3MeUnBILIN
CYTT€EBE CKOPOUCHHSI Yacy 0OpoOKH, 1 HaBITh 3a CKJIAJTHUX KOHTYPIB.

3MICT poOOTH CKIIAJAETBCA 3 UYOTHUPHOX PO3AUIIB, y SKUX BHUKIAIECHO Ta
OOTpyHTOBAHO OCHOBHI PE3YyJIbTaTH JIUCEPTAIlii.

Y BeTymi  OpeICTaBICHO — 3arajibHy — XapaKTePUCTHKY  JOCIIIKEHHS,
OOTIpYHTOBaHO MOr0 aKTyaJbHICTh, a TaKOX PO3KPUTO 3B’SA30K 13 HAYKOBUMHU
nporpamamu, miaHamMu 1 Temamu. CopMynbOBaHO METy Ta 3aBAaHHS pPOOOTH,
BU3HAUEHO 00 €KT 1 MpeIMeT JOCIIPKEHHS, HaBEeIEHO HAYKOBY HOBU3HY M MPaKTHUHY
3HAYYIIICTh 3J00yTHX pe3yibTaTiB. OKpeMO BHCBITIEHO OCOOMCTUH BHECOK
3m00yBada, a TakOX IMOJAHO BIJIOMOCTI MpoO ampooOariito, myOJikarli, CTpyKTypy H
o0csir poboTH.

Y nepuioMy po3aiji HaBeACHO PO3TOPHYTHH aHaji3 MPOILECYy KOHTYPHOTO
¢dpe3epyBaHHs, SKUHA 3aCTOCOBYIOTh M7 ()OpPMYBaHHS CKIAQIHUX TE€OMETPHUUHUX

MOBEPXOHbB Y PI3HUX TaTy3sX.



[IpoananizoBaHO METOAM YMpPaBIIHHSI MPOLECOM pi3aHHSI 3a amnpiOPHUMH,
MOTOYHMMHU Ta amnoCTEPIOPHUMHM JaHUMH. PO3risHyTOo MeTtoau crabimizarii
XapaKTepUCTUK Pi3aHHs, TaKl SK MBHUAKICTh BuaajieHHs Marepiany (MRR), cuna
pi3aHHS Ta TOTYXXHICTh pi3aHHS, a TaKOXX HABEJICHO iX IepeBard Ta OOMEKEHHS.
3nmiiicieHo anami3 cydacHux CAM-cucteM Ta iX MOAYdIB, WIO JO3BOJSIOTH
aBTOMAaTH3YBaTH TMPOLIEC KOHTYpHOTO (ppesepyBanHs, 30kpema iMachining, Dynamic
Motion Ta inmi. BusBieHo ixHi 0OMeXeHHs y cTalimizamii Ta omTuMiszalii mporecy
pi3aHHs, 1110 OOIPYHTOBYE MOTPEOY JOCTIHKECHHSX.

Ha ocHoBi ormsany niteparypu chopMysibOBaHO METY 1 3ajayi JOCIHIIKEHHS,
CIPsIMOBaHI Ha OINTHUMI3aIlil0 MPOIECY KOHTYpPHOro (pe3epyBaHHS Ha BepcTarax 3
UIlK.

Y apyromy po3aisii HaBEAEHO OMUC MAaTEMAaTUYHOTO anapara i allrOpUTMH JJIs
CTBOPEHHSI IM(PPOBUX MACHUBIB, AKi OMUCYIOTh TPAEKTOPIi (POPMOYTBOPEHHS, KOHTYPH
3aroTOBKM Ta JeTall, 1 € HEeoOXIIHOW TNEePEeAyMOBOIO MOJCIIOBAHHS MPOIECY
KOHTYpPHOTO (ppe3epyBaHHs.

CtBOpeHO MaTeMaTU4YHy MOJENb MPOIECy KOHTYPHOTO (Qpe3epyBaHHs, SKa
JI03BOJIIE MOJIETIOBATH KIIIOUOBI XapaKTEPUCTHKU TMPOLECY pi3aHHsS, 30KpeMa
MBUAKICTh BUaaeHHsa marepiany (MRR) 1 cunu pizanns.

3anponoHOBaHO TIPUKIAAHY IMporpamy, sKa aBTOMATHU3yE PO3PAaXyHKH Ta
BI3yalli3ye mpouec o0poOku KOHTypy. IIporpama Hajgae MOXIIMBICTH NMPOTHO3YBATH
XapaKTEPUCTUKU PI3aHHS, aHATI3yBaTH €(PEKTUBHICTh PI3HUX PEKUMIB 1 CTBOPIOBATU
JaHl JJI8 TMOJAjbINoi  cTabimizaimii Mpolecy pi3aHHs 3a KPUTEPIEM MIBHAKOCTI
BunaneHHs matepiany (MRR) ta ontumizairii mporecy oOpoOKwu.

Y TperboMy po3Aii PO3pOOTCHO ANTOPUTM YMIPABIIHHS PEKUMOM pi3aHHS,
AKUW 3a0e3reuye cTabimi3allio Mpoiecy KOHTYpHOro (pe3epyBaHHsS Ha BepcTaTax 3
UIIK 3a kputepieM mBuakocti Buganenns marepiary (MRR). HaBenenwnit anropurm
nepeadoavae ynpapIiHHS M0JAa4U€to, 10 Ja€ 3MOTY CTBOPUTH CTa0LIbHI YMOBH pi3aHHS.
Ha ocHOBI anropuTMy CTBOPEHO NPHKJIQJHY Iporpamy, SiKka TEHEpYye YIpaBistoui

nporpamu G-KOJIB 13 MOKJIMBICTIO JUCKPETU3AIIli Ta aganTailii 70 yMOB OOpOOKH.
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[IpencraBiaeHO MOAETIOBAHHS MPOIIECY KOHTYPHOTO (ppe3epyBaHHs 3a PIZHUMHU
cTparerisMu  ynpaBiiHHs, 30kpeMa SolidCAM 1 Oulbll NPOCYHYTUM MOIYJIEM
iMachining, a TakoX yNpaBIiHHSAM M0JIa4et0 32 PO3pOOJICHUM AITOPUTMOM.

Pesynbratn excriepuMeHTanbHUX JAociimkenp Ha Beperati UIIK HAAS TM-0P,
31 BCTAHOBJIEHUM OaraTOKOMIOHEHTHHUM TEH30METPUYHUM JAaTUYMKOM, 3aCBIIYHIIN
e(peKTUBHICTh HOBOTO MiJIXOTy A0 YIPaBIiHHS MPOLECOM KOHTYPHOTrO (pe3epyBaHHS.
[TopiBasino 3 mporpamoro Bif SolidCAM Ta cucremoro iMachining, po3po6Giena
CTpaTerisl YIpaBIiHHS 01a4€i0, OPIEHTOBAHA HA CTa01I13aIlii0 MIBUIKOCTI BUIATICHHS
marepiairy (MRR), cyTTeBo ckopouye vac omnepaiiii.

Y d4erBepTOMYy PpoO3diJi TpeACTaBICHO pPE3yJbTaTH ONTUMIZAINT TIPOLECy
KOHTypHOTO (pe3epyBanHs Ha Bepcratax 3 UIIK. CdopmynboBano 3amady
onTuMmizauii, fAkKa nependayae MiHIMIZAWIlD dYacy OOpOOKM TMIpu JOTpPUMaHHI
TEXHOJIOTIYHUX Ta KOHCTPYKTUBHMX oOMexeHb. lIpencraBieHo po3poOseHy
MaTeMaTHYHy MOJENb, SKa OIKMCYE B3a€EMO3B’S3KH MK KOMIIOHCHTAMH PEKUMY
pi3aHHs Ta MOro BIUIMBOM Ha Pi3HI MapaMeTpH mpoliecy 0OpoOKH Ta MOKA3HUKHU SKOCTI
MMOBEPXHEBOTO MIapy 00pOOIJIEHOT TOBEPXHI.

HaBeneHo cTBOpeHy MpUKIAIHYy Mporpamy, sKka aBTOMATH3ye MPOIEC BHOOPY
ONTUMAJIBHOTO PEXKUMY pI3aHHS.

PesynpTaTn eKCepUMEHTANbHUX JOCHIIKEHb MIATBEPAUIN  aJeKBAaTHICTh
MaTeMaTU4HOI Mojeli cpopMynboBaHOi 3adadi ontumizaiii. JloBegeHo, 1m0 HOBE
ONTHUMI30BaHE YIPABIIHHSA CYTTEBO CKOPOTUJIO IHMKJI TIPOIECy KOHTYPHOTO
dbpesepyBanHs nopiBHsIHO 3 pimeHHsIMU SolidCAM, iMachining Ta ynpaBiiHHIM IJIsI
cTabumizalii MBHUAKOCTI BUJAJCHHS Marepiany. [IpoaeMOHCTpOBaHO MOXIHBICTh
MPAKTUYHOTO BIPOBAIKEHHSI PO3POOJICHOTO MIAXOMY JIJIsi MMPOTHO3YBAHHS Ta BUOOPY
ONTUMAJIbHUX PEKUMIB Pi3aHHS.

KiarouoBi ciaoBa: koHTypHe (pe3epyBaHHS, KiHIIEBE (pe3epyBaHHS,
nporpamyBaHHs BepctaTiB 3 UIIK, ympaBnsioua mporpama, mMareMaThdHa MOJIEIb,
peXUMHU pi3aHHS, MOjJaya, MIBUIKICTb pI3aHHS, MPOLIECH OOpPOOJICHHS pI3aHHSIM,
MOJICTIIOBaHHSI TPOIECY pi3aHHs, ONTHUMI3AIlisl TMapaMeTpiB MpoLecy pi3aHHA,

HIOPCTKICTh MOBEPXHI.



ABSTRACT
Myhovych A.V. Optimization of the contour milling machining on CNC
machines.
Dissertation for the degree of Doctor of Philosophy in speciality 131 - Applied
Mechanics - National Technical University of Ukraine °‘Igor Sikorsky Kyiv
Polytechnic Institute’, Kyiv, 2025.

The dissertation is devoted to the optimisation of the contour milling process on
CNC machines with regard to technological and design constraints. A mathematical
model describing the interaction of the tool and workpiece, as well as methods for
controlling the cutting mode, are proposed, which allow determining the optimal
parameters taking into account all the necessary constraints and stabilising the
parameters of the cutting process.

The developed software automates the selection of optimal parameters,
increasing productivity while maintaining process stability. Experimental studies have
confirmed the effectiveness of the approach, providing a significant reduction in
machining time even with complex contours.

This thesis consists of four chapters, in which the main results of the thesis are

presented and substantiated.

The introduction presents a general description of the study, substantiates its
relevance, and reveals the connection with scientific programmes, plans and topics.
The aim and objectives of the work are formulated, the object and subject of the study
are defined, the scientific novelty and practical significance of the results obtained are
presented. The personal contribution of the applicant is highlighted separately, as well
as information on testing, publications, structure and scope of the work.

The first chapter provides a detailed analysis of the contour milling process,
which is used to form complex geometric surfaces in various industries.

The methods of controlling the cutting process based on a priori, current and a

posteriori data are analysed. Methods for stabilising cutting characteristics, such as
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material removal rate (MRR), cutting force and cutting power, are considered, and
their advantages and limitations are presented. An analysis of modern CAM systems
and their modules that automate the process of contour milling, such as iMachining,
Dynamic Motion, and others, is carried out. Their limitations in stabilising and
optimising the cutting process have been identified, which substantiates the need for
further research.

Based on the literature review, the aim and objectives of the study aimed at
optimising the process of contour milling on CNC machines are formulated.

The second chapter describes the mathematical apparatus and algorithms for
creating digital arrays that describe the shaping trajectories, contours of the workpiece
and part and are a prerequisite for further modelling the contour milling process.

The paper presents the developed mathematical model of the contour milling
process, which allows modelling key cutting characteristics, in particular, material
removal rate (MRR) and cutting forces.

An application program that automates calculations and visualises the contour
milling process is proposed. The programme makes it possible to predict cutting
characteristics, analyse the effectiveness of different modes and generate data for
further stabilisation of the cutting process in terms of material removal rate (MRR) and
optimisation of the machining process.

In the third chapter, we develop a cutting mode control algorithm that ensures
the stabilisation of the contour milling process on CNC machines according to the
material removal rate (MRR) criterion. The algorithm provides for feed control, which
makes it possible to create stable cutting conditions. Based on the algorithm, an
application program has been created that generates G-code control programs with the
ability to discretise and adapt to machining conditions.

The article presents the modelling of the contour milling process using various
control strategies, including SolidCAM and the more advanced iMachining module,
which also controls the feed according to the developed algorithm.

The results of experimental studies on a HAAS TM-0P CNC machine with a

multi-component strain gauge have shown the effectiveness of the new approach to
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controlling the contour milling process. Compared to the SolidCAM program and the
iMachining system, the developed feed control strategy, focused on stabilising the
material removal rate (MRR), significantly reduces the operation time.

Chapter 4 presents the results of optimising the contour milling process on
CNC machines. The optimisation problem is formulated, which involves minimising
the machining time while observing technological and design constraints. The
developed mathematical model describing the relationships between the components
of the cutting mode and its impact on various parameters of the machining process and
the quality of the surface is presented.

The developed application program that automates the process of selecting the
optimal cutting mode is presented.

The results of experimental studies have confirmed the adequacy of the
mathematical model of the formulated optimisation problem. It is proved that the new
optimised control has significantly reduced the cycle of the contour milling process
compared to SolidCAM, iMachining and material removal rate (MRR) control
solutions. The possibility of practical implementation of the developed approach for
prediction and selection of optimal cutting modes is demonstrated.

Keywords: contour milling, end milling, CNC machine programming, CNC
program, mathematical model, cutting modes, feed rate, cutting speed, machining
processes, cutting process simulation, optimization of cutting parameters, surface

roughness.
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BCTYII

AKTyajibHicTh TeMH. KoHTypHe ¢pe3yBaHHS € OJHIEID 3 HAWUOUIBII
YHIBEpCAJIbHUX 1 BHCOKONPOAYKTHBHUX oOIepariii B oOpoOjIeHHI MarepiajiB, IO
IIMPOKO 3aCTOCOBYETHCA B TaKUX Traiy3sX, SIK aepoKOCMI4Ha, aBTOMOO1IeOyaiBHA, a
TakoK y cdepl MBHUIKOTO MPOTOTUIYBAaHHS Ta BUTOTOBIICHHS IITaMIIIB. 3aBISKU
MOYKJIMBOCTI OOPOOKH CKJIATHUX MPOCTOPOBHUX (OpM, LieH Mpolec CTaB HE3aMiIHHUM
JUIST BATOTOBJICHHSI JETAJICd 13 TMIJBUIIEHUMH BUMOTAMH JI0 TOYHOCTI Ta SIKOCTI
00pOOJIEHUX MTOBEPXOHb.

[IpoTe, kOHTYpHE Ppe3yBaHHS Ma€ CyTTEBY OCOOJIUBICTh: KBa3iCTalllOHAPHICTh.
3o0kpema, kKoiu (ppesa nepexoauTh BiJl 00pOOKH MpSIMOi AUISTHKHA KOHTYPY 10 00poOKu
YBITHYTOI 4YM OMYKJIOi Jyrd, BiJOYBarOThCS TOMITHI BIIXWICHHS Y 3HAUYCHHSX
OCHOBHHMX I1apaMETpiB MpPOILECYy — HacaMIiepel, MIBUAKOCTI BHIAJIECHHS Marepiairy
(MRR), cunu Ta moryxHocTi pizaHHs. lle Moke TPU3BOAWTH N0 MOTIPIICHHS
HIOPCTKOCTI TIOBEPXHI, 3HMXKEHHS TOYHOCTI Ta 3MEHIIUTH CTIMKICTh Pi3aJIbHOIO
IHCTpYMEHTA.

BupoOHnua mpakThka CBIAYMTH, IO ISl YHUKHEHHS HETaTMBHUX HACIIJKIB
(mpunaiiB, MOJIOMOK 1IHCTPYMEHTA, BiOpalliil) TEXHOJIOTH HEPIAKO 3MYIIICHI Mia0uparu
PEXKUMH PI3aHHS, 30CEPEIKYIOUNCh Ha «HAWCKIIAIHIIINX» AUITHKaX KOHTypy. OmHak
TaKUW KOHCEPBATUBHUM BUOIp 3arajioM 301Ibliye 4ac 0OpOoOKH 1, BIATIOBITHO, 3MEHIIIY€
NPOAYKTUBHICTh YChOTO IMKIY (¢pe3epHoi omepanii. 3 ypaxyBaHHAM TOro, IO
¢(DEeKTUBHICT, BUPOOHMIITBA JEJajll YaCTIIe BU3HAYAETHCS IMOKa3HUKAMHU EKOHOMIi
pecypciB 1 dYacy, MOCTa€ HAyKOBO-TE€XHIYHA MpoOjieMa pO3pOOJICHHS TMIIXOAIB JI0
omTtuMmizaiii KOHTypHOTO (pe3epyBaHHA 3 ypaxXyBaHHSM TEXHOJOTIYHUX Ta
KOHCTPYKTOPCHKHX OOMEKEHb.

OTtxe, onTuMizalis MPoLecy KOHTYPHOTO (pe3epyBaHHs 3 METOIO IMiJIBUILECHHS
MPOAYKTUBHOCTI € HAJ3BUYAITHO aKTyaJbHOIO 3a7aucto. BupimenHs i€l 3ama4i nactb
3MOT'Y CKOPOTUTH 4YaC BUTOTOBJIEHHS BUPOOIB, 3HU3UTH COOIBapTICTh BUPOOHHUIITBA,
3a0€3MeUnTH HEOOXIHY TOYHICTh YTBOPEHOI MOBEpPXHI JeTaidl 3 HasBHUMHM Ha
BUPOOHUIITBI pecypcamu (BepcTaraMmu, IHCTPYMEHTaMH), 1[0 OCOOIMBO BAXKIIMBO JIJIS

BHCOKOTEXHOJIOTTUHHUX Tally3el 1 KOHKYPEHTOCIPOMOXKHOCTI IMiIMTPUEMCTB.
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3B’A30K po0OTH 3 HAYKOBUMU NMPOTrpaMamMu, IMJIAHAMHU, TEMAMM.

Jlucepralliss BUKOHyBajacs BIAMOBITHO 10 IJIaHy HAyKOBHX JOCTiIKEHb,
npoBeAcHNX Ha Kadeapi TexHojorii MammHOOymnyBaHHS HaB4aibHO-HAYKOBOTO
MEXaHIKO-MalTMHOOYIIBHOTO 1HCTUTYTYy HallloHadbHOTO TEXHIYHOTO YHIBEPCUTETY
VYkpainu « KuiBcbkuil moaiTeXHIuHUN IHCTUTYT iMeH1 [rops CikopchKOTO».

Mera i 3apaui gocaigzkeHHsi. Po3poOneHHss METOAMKH 1 POrpaMHUX 3ac00iB
JUTsL omTHMI3allii Ta cTabimizalii mporecy KOHTypHOTO (hppe3epyBaHHS Ha BepcTarax 3
UIIK, mo pacte 3MOry 30UIBIIMTH TPOAYKTHBHICTH (pe3epHOi omepamii Ta
3a0€3MeUnTh JOTPUMAHHS KOHCTPYKTOPCHKUX BUMOT JI0 BUPOOY.

JJist JocSIrHEeHHsI MOCTABJIEHOI MeTH HeOO0Xi/THO BUPIIUTH TaKi 3a/1a4i:

1.  Po3pobutu MareMaTH4Hy MOJIEb, IO J1aCTh MOXIIMBICTH MOJCIIOBATH
mporec KOHTYpHOTo ¢pe3epyBaHHS Ta BHU3HAYaTH XapaKTEPUCTUKY — IIBUIKICTDH
BujaneHHs marepiainy (MRR);

2. Po3pobutu cnoci6 crabimizaliii mBUAKOCTI BuaaieHHs Marepiany (MRR)
JUTS TIPOIECY KOHTYPHOTO (hpe3epyBaHHS;

3. ChopmynroBaty 3amadqy onTuMmizaiiii I MIABUIICHHS MPOXYKTHBHOCTI
MPOIIECy KOHTYPHOTO (hpe3epyBaHHS 3 ypaxXyBaHHIM HEOOX1THUX OOMEKEHb;

4. Po3poOutu anroputMu Ta NpUKIagHI IPOTPaAMU;

5. [IpoBecTu excriepuMeHTaIbHy arpoOalilo OTPUMAHUX PE3YJIbTaTIB.

O006’€eKT n0ciIzKeHHs1 — TIPoliec KOHTYpHOTO (Ppe3epyBanHs Ha Bepcrarti 3 UIIK.

IIpeamer mocJtizKeHHs1 — MPOYKTUBHICTH OIepalli KOHTYpHOTO (pe3epyBaHHs
Ha BepcTarax 3 UIIK Ta sxicTe oTprMaHOi TOBEPXHI.

Metoam nocaigkeHHs, 1110 3aCTOCOBaH1 AJIsi BUPIIICHHS MOCTABICHUX 3a/1a4:

MeTo100TIYHO0 OCHOBOIO JAMCEPTAIIHHOI pOOOTH € MOETHAHHS TEOPETUYHUX
Ta eKCIIEPUMEHTAIILHUX T1IXO/IiB.

TeopeTnuHi IOCHIIKEHHSI TPYHTYIOThCSI Ha 3arajbHUX MPUHIIMIIAX TEXHOJOTII
MalmMHOOY/IyBaHHS, TEOpii pI3aHHS MaTepialiB Ta pPI3AIbHUX 1HCTPYMEHTIB.
OnTumizaliiss peKUMIB pi3aHHs Al KOHTYpHOTO ¢pe3epyBaHHs Ha Bepcrarax 3 YIIK

633y€TBC}I Ha MAaTeMaTu4iHOMY MO,Z[GJII-OBaHHi mpouecy BSaCMOI[ﬁ 3aroTOBKMN Ta



15

IHCTpYMEHTa B 30HI pi3aHHS, CTBOPEHUX ajropuTMax cTabumizamii mporecy pi3aHHS.
[le 3a0e3neunsio oTpuMaHHs GopMyJ, aaiTOBAaHUX JUIsl YHCEILHOTO MOJICIIOBAHHS, 1
JIa710 3MOTY PO3pOOUTH PUKIIAIHI MPOTpaMu JJisi aBTOMaTHU3allil IPOLIECIB.

Cucremuuii miaxig Oyno 3aCTOCOBAHO JiIi OMHUCY CTPYKTYpH TEXHOJIOTTYHOT
MIJITOTOBKK BUPOOHMIITBA. [Iporiec miAroToBKM MPEACTaBICHO Y BUIVISAI OJOKIB, IO
JO3BOJIJIO  1IeHTU(IKYBaTH KIIOYOBI eTamu: 30ip ampiopHoi iHdopmamii Ta
BIIPOBA/PKCHHS YMPABIAIOUMX mporpaM B (G-Komax 3 ONTHMI30BAaHUMHU PEKUMaAMU
pi3aHHS.

Po3po0neni maremarnyHa MoOJEib, AJTOPUTMU W OTPUMaHI BHCHOBKHU OYyJIO
MIJKPIJICHO EKCIIEPUMEHTAIbHUMH  JTOCHIDKEHHSMH, $IKI  3aCBIIUYMJIM  BHCOKY

HAJINUHICTh Ta TPAKTUYHY MPUAATHICTH 3aIPONOHOBAHOTO T1IXOTY.

HaykoBa HOBH3HA OTPMMAHMX pe3yJbTaTiB.

Po3po6isieHo HOBUI MiAXiJ JO ONTUMI3AIll IPOILIECY KOHTYPHOTO (ppe3epyBaHHS
Ha Bepcrarax 3 YIIK, mo monsArae y momepeaniil crabimizamii, omTtumizamii 3a
KpUTEPIEM MaKCUMaJIbHOI MPOIYKTUBHOCTI 3 TOTPUMAHHIM 33JJaHUX OOMEKEHb.

Brnepie cTBopeHO MareMaTWYHy MOJIENb, SIKa BPAaxOBY€ KBa31CTAllOHAPHICTh
IpoLECy, BKIIOYAIOUM BIUIMB KPUBU3HU KOHTYpPY Ha JETEPMIHOBaHY CKJIaJOBY
HIOPCTKOCTI MOBEPXOHb PI3HUX AUISIHOK (IPSIMUX, YBITHYTHUX 1 OMYKJIHUX JIyT), @ TaKOXK
OOMEXEHHS, TOB’sI3aHI 3 TEOMETpPi€l0 BUPOOY, MOMKIMBOCTIMHU OOJIAJHAHHS Ta
iHcTpymenTta. Il momens crama 0a3or0 i aNrOpUTMIB — aBTOMAaTH3aIlii, sKi
ONTHUMI3YIOTh PEXKUMH pi3aHHs, 3a0e3neuyour CTaOUIbHICTh MPOLECY Ta BUCOKY
SKICTh OOpPOOKH.

IIpakTH4He 3HAYEHHS O/IePKAHUX Pe3yJIbTATIB.

[Ipuknagni mnporpamu 3a0e3NMe4yylOTh TEXHOJOTY-IPOrPaMICTy MOMJIHMBICTh
IIBUJIKO BU3HAYATH PEKUM Pi3aHHS, 10 MIHIMI3y€ yac 0OpOoOKHU Ta 3a0e3IeUy€e BHCOKY
AKICTh OOpOOJEHMX TMOBEPXOHb MPU BHUKOPUCTAaHHI HASBHOTO OOJaJHAHHS Ta
1HCTpYMEHTIB. BukopucTaHHs po3poOJIeHUX pIIEHb Y BUPOOHUIITBI 3HAYHO IT1/IBUIILYE
NPOAYKTUBHICTH MPOILIECY KOHTYPHOTO (ppe3epyBaHHs, CIPOILY€E MIATOTOBKY A0 HOro

34CTOCYBAHHA Ta 33663116‘1}76 aI[al'[TaHiIO A0 CydaCHHUX TEXHOJIOTITYHUX BUMOT.
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Oco0ucruii BHeCOK 3100yBaya.

PoGoTy BHKOHaHO TiJi HAyKOBUM KEPIBHUIITBOM JIOKTOpa TEXHIYHUX HayK,
npodecopa IlerpakoBa IO.B. OcHOBHI pe3ynbTatd, 00 CTAHOBISATH OCHOBY
nuceprariii, 3700yBa4 OTpUMaB CaMOCTIHHO. Y MyOJiKamisiX, MiArOTOBIECHUX ¥
CIIIBaBTOPCTBI, PO3pPOOMB MaTeMaTHMYHI MOJENI Ta TMPUKIAJAHI TPOTpaMH IS
MOJICTTIOBaHHS TIpolieciB (Pppe3epyBaHHs, cTabimizalii i onTuMisallii, 0CBOiB amaparHi
3aco0U JIJIs1 TIPOBEACHHS €KCIIEPUMEHTAIBHUX JOCIIKEHB, POBIB Ta BUKOHAB aHAIII3
OTPUMAaHUX JAHHX.

Amnpobauis pe3dyabratiB po6oTu. OCHOBHI TOJOXEHHS Ta pe3yJbTaTH
JqucepTaliitHoi poboTu Oyu IpeICTaBlIeHI i 0JIepKa CXBaJICHHS Ha:

l. MixunapoHii HayKoBO-TeXHIUHIM KoH(pepeHii «[IporpecuBHa TexHika,
TEXHOJIOT1A Ta 1HXXeHepHa ocBiTa» (M. KuiB, Ykpaina, 2023 p.).

2. BceykpaiHChKili  HAayKOBO-TEXHIYHIA KOHGEpEHIi 3 MIXHAPOIHOIO
yuacTio. «I[Iporecu mexaHiuHoi oOpoOKH, BepcTaTh Ta 1HCTpyMEHT». (M. Kuromup,
VYkpaina, 2023 p.).

IMyoaikanii. 3a pe3yabTaTamMu JAOCTIIKEHHS OMyOJIIKOBAaHO § HAYKOBHUX Ipallb,
y TOMY YHUCH1 2 T€3u JONOBIAEH Ta 5 CTAaTTl y HAYKOBUX (PaXOBUX BUAAHHIX YKpaiHU
3a crnemianpHicTIO 131 — Tlpuknagna mexaHika, 2 CTaTTi MPOIHIAEKCOBaHO y 0a3zax
nanux Web of Science Ta/abo Scopus.

Crpykrypa Ta o0car aucepramii. Jlucepramiiina poOoTa cKiIagaeTbes 3i
BCTYIy, YOTHPbOX PpO3JJIIB, BHCHOBKIB, CIHCKY BHUKOpPHCTaHHX pkepen i3 103
HaliMeHyBaHb Ta 2 JoAaTKU. 3arajibHUN oOcar poOotu 142 cTopiHOK, 3 skux 116
CTOPIHOK OCHOBHOTO TEKCTy, 11 CTOpPIHOK BHKOPHCTaHHMX JDKEpPENT Ta 2 CTOPIHKU

nonatkiB. Pobora mictutk 90 pucyskis, 1 Tabnuirto.
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PO3ILI 1
AHAJITUYHUAN OIVISII CTAHY IPOBJIEMHA
META I 3AJIAUT TOCJKEHHS

1.1 Omisax KOHTYPHOro (ppe3epyBaHHS

Haiibinpm mommpeHuM Ta YHIBEPCAJIbHUM CIIOCOOOM JIe30BOi OOpoOKH €
¢pesepyBanns. [Iponec ppesepyBaHHsS €PEKTUBHO 3aCTOCOBYETHCS JIJIsl BUTOTOBJICHHS
MOBEPXOHb 3 IIUPOKUM CIIEKTPOM F€OMETPUYHUX KOH(DIrypariii, e IpUCyTHI MPOCTI
mwiocki ¢opmu Ta ¢dopmu 3 Ouibll ckiagHow reometpiero. Cepen Oesmiui
bpesepyBanbHUX onepalliii kKoHTypHe (pesepyBanHs (anri. Contour milling) abo, sk
MOKHA 4acTO 3YCTPITH B aHINIOMOBHHUX JIKepelsax, npoduibHe (pe3epyBaHHS (aHIIL
Profile Milling) xinneBumu ¢pe3amu (puc.l.1) BBakaeTbcs OAHIEID 3 HANWOUIBII

PO3IOBCIOMKEHHUX onepartii [1,2].

Pucynok 1.1 — Kontypue dbpeszepyBanns [1]

Kontypue ¢pe3epyBanHs KiHIIEBUMH (pe3aMyd Ha BEpCTarax 3 YHUCIOBUM
nporpamauM kepyBanHsMm (UIIK) — me mporec MexaHiuHOi 00poOKH, 1€ pi3aJbHUN
IHCTPYMEHT BHJaJIsi€ MaTepiasl MepeMIIyIOYUCh BIAMNOBIAHO O TPAEKTOPIl MO JIBOX 3
TphoX JlekapToBHX Ocsx KoopAuHAT. TpaekTopis, K mpaBuiio, po3poodiserbes B CAM-
cucremi (anmt. Computer-aided manufacturing) Ta 3amucyeThcsi B yHpaBisiiouy
nporpamy st BepcrariB 3 UIIK y ¢opmi HM3bKOpIBHEBOT MOBH TIporpamyBaHHs G-

KOJIIB.
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[Ipouec  koHTypHOTO  (ppe3epyBaHHA  3aCTOCOBYETHCS  JUIsl  CTBOPEHHS
KOHCTPYKTHUBHHMX €JICMECHTIB 31 CKJIaJHOIO T€OMETPIEI0 TaKUX SK, BIIKPUTI Ta 3aKpHTI
KapMaHU, 30BHIIIHI KOHTypu Jneraned. Takok BkazaHuii BuA (dpe3epyBaHHs
BUKOPUCTOBYETHCA sl POPMYBaHHS BHYTPIIIHIX Ta 30BHIIIHIX KOHTYPIB, L0 MICTSThH
B €001, SIK IPSIMOJTIHINHI IIJISTHKH, TaK 1 TyTH.

3aBIA4YyIOuN 3a3HAYCHUM MOXJIMBOCTSM, (Ppe3epyBaHHs, SIK MPOLIEC MEXaHIYHOT
00poOKH, BUKOPUCTOBYETHCS y PI3HUX cepax BUPOOHUIITBA Ta € HAWOIIBIT BUTITHUM
Ta e()EeKTUBHUM METOJOM OOpOOKM MarepiajiB, SIK KOMIIO3UTHHX, TaK 1 METaJiB Y
aepOKOCMIYHIM, aBTOMOO151€0y/11BHIM, MAIIMHOOY/IBHIHM Ta 1HIIHUX TaTy3sX.

AepokocMiuyHa TPOMHUCIIOBICTh MICTUTH B COOl JBa HampsMH PO3BUTKY —
aBlalllfHUM Ta KOCMIYHHM, 110 A€ TOCTATHHO 0arato MOXKIMBOCTEN ISl 3aCTOCYBaHHS
dbpeszepyBanHss B 000X HampsiMkax. /[0 OCHOBHMX KOMIIOHEHTIB, 110 OOpOOJISIOTHCS
KOHTYpHUM (pe3epyBaHHAM, HaJIeKaTh €JIEMEHTH KOHCTPYKIII IJIaHepa, Takl sK
HEPBIOPHU KpUJIa, IIMAHTOYTH Ta JETall MeXaH13allli Kpuia, a TAKOX 1HII KOMIIOHEHTH,

BKJIFOYHO 3 YacTHHaMu JBuryHa [1, 2] (puc. 1.2).

Pucynok 1.2 — IIpuknagu orpuMaHux AeTanei 3 BAKOPUCTAHHAM KOHTYPHOTO

dbpesepyBaHHSIM: a) HEpBIOpA KpWJIa JiiTaka; 0) kKapkac CumiHHs [1]

[HITT  AOCHIKEHHST Cy4YacHOi aepOKOCMIYHOI MPOMHUCIOBOCTI [2] BUABWIA
TEHJICHI[II0O 70 BUKOPUCTAHHS MOHOJITHHUX KOMIIOHEHTIB JIJIi KOHCTPYKIIN IUIaHepa
JiTaka, a He TPAJAUIINHUX 30IpHUX KOHCTPYKIIIH, 110 CKIAAAI0ThCs 3 0e3Miul JpioHuX
THYTUX 1 INTaMIOBaHUX Jeraned. Taki MOHONITHI KOMIIOHEHTH, BKIIOYHO 3
HEpBIOpaMH, CTPUHTEpaMH, JIOH)XXEPOHAMH, BUTOTOBJISAIOTH 3 EKCTPYJIOBaHUX,

MITAMIOBAaHUX YW KOBAaHUX 3arOTOBOK METOJOM BHCOKOIIBHAKICHOTO (pe3epyBaHHS 3
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BunaneHusM 90 — 95% macu BuximHOTO Marepiany, npukiaan Ha puc. 1.3. OcHOBHOIO
NepeBarol0 BUKOPUCTAHHS MOHOJITHUX KOMIIOHEHTIB € JOCSTHEHHS 1/1€aJIbHOTO
OaslaHCcy M1k MIIHICTIO 1 Baroko 3a paxyHOK OJHOPIAHOCTI 3aCTOCOBaHUX Marepiaiis,
0COONMBO  amiOMiHIEBUX cIulaBiB. CTaHIapTHOIO TMPAKTHKOIO € (¢pe3epyBaHHS
KapMaHiB, K€ 3/IIHCHIOETHCS 3a JIOTIOMOTOI0 BHCOKOIIBUIKICHOT cTpaTerii o0poOKH.
Leit mpotiec BUPI3HAETHCS 3HAYHUMH OCHOBHMH Ta PajlaJbHUMH ITHOMHAMU pi3aHHS,

30LTBITICHOTO TIOJJAUEI0 Ha 3y0, a TAKO’K BHCOKOIO MIBUAKICTIO OOCPTAHHS IIITTAHES.

Pucynox 1.3 — MoHONITHUN CTPYKTYPHHUI KOMIIOHEHT JliTaka [2]

Takoxx KOHTypHE (ppe3epyBaHHsS 3aCTOCOBYIOTH JJIsi BUTOTOBJIEHHS CTPYKTYp
MIJCUICHUX pedpaMu KOpCTKOCTI. Taki CTPYKTypH HOCSTH Ha3By 130TPITHUX (AHIII.
Isogrid) Ta Bizomi CBO€O JETKICTIO 1 MintHICTIO [3]. 3a3BU4aii BOHM BUTOTOBIISIOTHCA 13
ITBHOT 3aroToBKM TuIAXoM ¢pesepyBands (puc. 1.4). Ilig wac ¢dpesepyBanHs
dbopMyeThes CiTKa 3 TPUKYTHHX KapMaHiB, CTIHKH SIKOi CIYTYIOTh pebpamMu >KOpCTKOCTI
Ta MiJICUIIIOI0TH THO KapMaHy. BUKOPUCTOBYETHCS TEPMIH 130TPiJl, OCKUIBKH CTPYKTypa
(GYHKIIIOHY€E SIK 130TPONMHUN Marepiaid 3 OJHAKOBHUMH BIIACTUBOCTSIMH B OyIb-SKOMY
HampsIMKy. ICHye Takox TmomiOHa CTpyKTypa — opTorpigHa abo BadenbHa (aHIUI.
Orthogrid a6o Waftle grid), sika Bimpi3HA€ThCS NPAMOKYTHOI (OPMOIO YTBOPEHHUX

KapMaHiB 1 Ha BIIMIHY BIJ] 130TPiHO1, MA€ Pi3HI BIACTUBOCTI il PI3HUMHU KyTaMH.
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Pucynok 1.4 — KoutypHe dbpe3epyBaHHs 130IpiIHOT CTPYKTYpH [4]

Hanpukiami 1970-x, Taki CTpykTypu Oyiu 3amaTeHTOBaHI KOMIIAHIEIO
McDonnell Douglas, sika Hapa3i € yactunoro Boeing [3]. OqHouacHO BOHM 3’ SIBHUIHCH 1
y BITYM3HSHIN aepokocMiuHiil cdepi. BoHun € moporoBapTiCHUMH Yy BHUTOTOBJICHHI.
Came TOMy iX BHMKOPHUCTOBYIOTh TIJAbKM JUIsI MIACWJIEHHS KPUTUYHHUX MICLb B
KOHCTPYKIIIi JiiTakiB (puc. 1.5, a) Ta remikonTepis.

Haii6inpmn BUKOPHCTOBYBaHMM € KOHTypHE (pe3epyBaHHS caMe B KOCMIYHIM
texHimi. [Ipukinanom mporo ciayryroTh HEpIil CTyNeHi pakeT ciMmeincrpa: [lensra [5],
ATtnac [6] Ta yacTuH mnepuioi cryneHi CUCTeMHM KOCMIYHMX 3alyckiB [7], 1 amanTepa
MDK paKeTOl Ta KOCMIYHMM Kopabmem OpioH, IO TEX 3aCTOCOBYE B CBOIH
KOHCTPYKIIIi OPTOTOHANIbHY CTPYKTYypy (puc. 1.5, 0).

-
Fuel (LNG] Tarik
Fanel Milling

B _=w e

Pucynok 1.5 — HepBropa kpuiia nitaka A330neo a) [8] Ta maHens nMajiuBHOTO OaKy

paketu Bynkan 0) [9]

Ak 1 aepokoCMiYHA TPOMMCIIOBICTh, aBTOMOO171eOyIiBHA MPOMHCIIOBICTh HE

MoOXe 00iiiTrcs Oe3 BUKOpUCTaHHS (ppe3epyBaHHSA, 30KpeMa KOHTYPHOTrO. AJDKe IS
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rajiy3p mpartHe A0 ONTUMIi3alii Ta MPHUIIBUIAIICHHS BUPOOHHYMX MPOLECIB, IO €
BUPIIIAJIBHUM JJISI BEJIMKOCEPIMHOTO BHUPOOHUIITBA, JI€ HEOOXIJHI BUCOKAa TOYHICTH 1
akicTh. KoHTypHE (pe3epyBaHHs BiAIrpae KJIHOUOBY POJb y 3a0e3MedYeHH] 1IUX BUMOT,
Ta moTpedye pyXy IHCTpyMEHTa 3a CKJIQJHOIO TPAEKTOPIEI0, MO 3a0e3MedyeThes
3aBIsiku BukopuctanHio BepceraTiB 3 UIIK. Ile mo3Bomisie eheKTUBHO CTBOPIOBATH SIK
BEJIMKOCEPIiHI mapTii AeTane, Tak 1 yHIKadbHI MPOTOTHIIH.

Po3mipu maprtiit y aBTOMOO17€0yayBaHHI YacTO BHUMIPIOIOTHCS MiTbHOHAMU
Jeraneii. buIblIicTh AeTallel BUTOTOBISAETHCS METOIOM JIUTTS HiJ THCKOM. Jlami geraii
NIAAalThCd 00poOLl, BKIIOYAIOYM KOHTYpHE (pe3epyBaHHS i 3HATTA KUIBKOX
MIJIIMETPIB IPUITYCKY 3 TIOBEPXOHbB, SIKI KOHTAKTYBaTUMYTh 3 IHIIUMU KOMIIOHEHTaMHU.
TouHiCTh € BUPIMIAJBHOIO CKIIAJOBOIO NI TAKMX KOMIIOHEHTIB, SIK OJIOK JBUTYHA,
TOJIOBKa OJIOKY IMIIHAPIB, CUCTEMa MPHUBOAY, KOpIyc KopoOku mepenad (puc. 1.6),

3UCTUICHHS Ta 1HII BaKuB1 enemeHTH [10].

Pucynok 1.6 — [lerani aBromo6isist: a) Koprryc kopoOku nepenad aBromo611st Renault
Captur 2017 [11];

6) @pesepyBaHHS 30BHIITHLOTO KOHTYPY KOPIycy KopoOku nepenad [12]

Kontypne dpesepyBanns Ha Bepcrarax 3 UIIK 3abe3neduye HU3KY TiepeBar st
aBTOMOOLIBHOI ~ ITPOMHMCIIOBOCTI, BKJIIOYAIOYM  IIBHJKICTH, AaBTOMATH3aIlll0  Ta
MOBTOPIOBaHICTh BUPOOHMIITBA. [leli mpoiiec A03BOJIsIE aBTOBUPOOHUKAM HE TUIBKU
MIBUJKO aJaNTyBaTUCA OO 3MIH y KOHCTPYKIII Ta BUMOrax 10 MNPOAYyKIii, ane i

rapaHTyBaTH BUCOKY AKICTb 1 TOYHICTh BUTOTOBIICHUX JIETAJICH.
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VY cdepi mporoTunyBaHHS KOHTYypHE (pe3epyBaHHS JO3BOJISE CTBOPIOBATH
Tr€OMETPUYHO CKJIaJHI MOBEPXHI JIeTallel 3 PI3HOMAHITHUX MarepiajiB, SK-OT METau
Ta IUIACTMAcCH, 110 BUKOPHUCTOBYIOTBCS K yCEpEAMHI, TaK 1 330BHI aBTOMOO1L1B. Take
MIBUKE TPOTOTUITYBAHHS € KJIIFOUOBHUM JUISI PO3POOKH HOBHUX MOJENCH, JO3BOJISIFOUN
TECTyBaTH Ta BIOCKOHATIOBATH KOHCTPYKIIIO Tepea  IMOYaTKOM  MacOBOTO
BUPOOHUIITBA.

[TpukinagoM MOXYTh CIIyTyBaTH TMPOTOTHUITA, BUTOTOBJICHI 3 AFOMIHIIO JIUTTAM
1] TUCKOM 13 MOAQJIBIINM 3aCTOCYBaHHSIM KOHTYPHOTO (ppe3epyBaHHs, SIK MOKa3aHO

Ha puc. 1.7.

Pucynok 1.7 — IIporotun aBromMo01IbHOI eTai [12]

Takox, BapTO 3a3HAYUTH, L0 y CYYaCHOMY CBITI BHPOOHMIITBO TOBApIB
MacoBOIO CIIO)KMBAHHS Ta BEJIMKUX CEpi JeTanedl HEMOXIJIMBO YSABUTU 0Oe€3
BUKOpHUCTaHHS mnpec-popM. Lli IHCTpyMEHTH BIiAIrparOTh KIOYOBY POJib Y CTBOPEHHI
NpeAMETIB 31 CKJIAJHOI TEOMETPI€l0, IO 3HAWIIIM CBOE 3aCTOCYBaHHS B PIZHHUX
rajiy3six MPOMHCIIOBOCTI: aBTOMOOUIbHIN, ae€pOKOCMIYHINA, BUPOOHHUIITBI CHOMKUBUUX
TOBapiB, TA 1HIIIL.

[Ipec-bopmu  po3poOISIIOTECA 3 ypaxyBaHHSAM — crienuPiuHMX —IiIed  iX
BUKOPHUCTAHHS 1 MOXYTh BapilOBaTHCS 3a TUIMOM 1 npu3HadyeHHsM. Cepen HaOUIbII
PO3IMOBCIOMKEHUX MOKHA BUJIIJTUTH HAcTymHI [13]:

— kommpeciiai  mpec-popmu  (anm1. Compression molds):  dopmyroTh
BUpOOM 3 TOJIMEpIB UUISIXOM IPECyBaHHS, BUKOPHUCTOBYIOTHCS Yy BUPOOHUITBI

PI3HOMAaHITHUX IJIACTMACOBHUX JIeTajiell y 6araTrbox rainyssx;
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— npec-popmu g THYTTS (aHm1. Press mould): BUKOpHUCTOBYIOTBCS NSt
dbopMyBaHHS JeTajeil 3 JIMCTOBOTO MeTala (Hampukiaa, Ky30BH, JBEpi, KalloTH),
IITUPOKO BUKOPHUCTOBYIOTHCSI B aBTOMOOIBHIN TPOMHCIIOBOCTI;

— dbopmMu mms JUTTA g THCKoM (aHmI. Die casting): maroTh 3MOTY
OTPUMYBATH BHUCOKOTOYHI JieTajll 3 MeETaliB 1 TOJIMEPIB MIIAXOM BBEJICHHS
PO3IIIaBICHOTO Marepiany B GopMy IiJl THCKOM;

— mramnu s KyBaHHs (aHmi. Forging Die): dopmyroTh 3arotoBky 3a
JIOTIOMOTO0 yAapy ¥ BUMaraloTh BUCOKOI TEPMIYHOI Ta MEXaHIYHOI CTIMKOCTI.

BuroTtoBiieHHs1 Takux ITaMIIB BKJIO4ae oOpoOKy MarepiajiiB Ha Bepcrarax 3
UIIK 1o nocsaraeHHs He0OX1aHOT hopMHu.

[Tin yac yopHOBUX ormepalliii KOHTYpHE (Ppe3epyBaHHS BUKOPUCTOBYETHCS IS
BUJIAJIEHHSI 3HAYHOI KUIBKOCTI Marepiajly 3a JOIMOMOTOK BHCOKONPOAYKTHBHHUX
peXUMIB pi3aHHs, (HOPMYIOUM TPU IOMY CTYMIHYACTY CTPYKTYpy IOBEPXHi, IO
M1JITOTOBIIOE (POPMY JIsl MOJATIBIIIOT OOPOOKH.

Ha cranii yucToBHX omepariiii mei mporec J03Bojisie copMyBaTH HEOOX1IHI
KOHTYPH Ta JIOMOTTHCS BUCOKOi TOYHOCTI rpec-popmu, 1o 3ade3neuye BUCOKY SIKICTh

KIHIIEBOTO MPOIYKTY.

Pucynok 1.8 — Kontyphe dbpesepyBanus hopm misi: @) TUTTS mia TUCKoMm [ 14];

0) mramyBaHHs [15]

1.2  Oco0auBOCTI KOHTYPHOTIO (ppe3epyBaHHS

Y po6oti [16] po3misHYyTO 3araibHHM MIAXiA OO0 KOHTYPHOTO OOpOOSIEHHS

pPI3HUMHU 1HCTpYMEHTaMH, 30kpeMa ¢pe3amu Ta nutidyBaibHUMU Kpyramu. OCHOBHY



24

yBary NOpUIUICHO CHJIOBIA B3a€MOii MK 1HCTPYMEHTOM Ta 3aroTOBKOIO, a TaKOX
METo/laM ONTHMIi3alii Mpoluecy Ais JOCATHEHHS BHCOKOi TNPOAYKTUBHOCTI TPH

30€peKEHHI SIKOCTI 00pOOJICHOT MOBEPXHI.

1 &) K 11 2) K

Pucynok 1.9 — [Ipukian ynpapiiHHS IpU KOHTYpHI 00po611i [16]

Ha (puc. 1.9, a) nogano npuxiaa KOHTYpHOTO (pe3epyBaHHs 3 €KBIIUCTAHTHUM
npunyckom (JMiHiS 2) Ta TpaekTopiero (OpMOYTBOpEeHHs 3. ABTOp 3aCTOCOBYE
MEXaHICTUYHUIN MiIX1A JUIsi OIHKM CHJIOBOiI B3a€EMOJIi MK IHCTPYMEHTOM 1
3aroTOBKOIO. 3MIHM JIOBXKWHU YW KOHTaKTy AB BIIMBAaIOTh Ha CHIIy pi3aHHs F'y
ommHl YOX, a mBUIKICTh BUJIANICHHsT MaTepiany O 3MIHIOETbCS 3aJI€KHO BiJ MICIIS
IHCTpYMEHTa Ha TpaekTopii (puc. 1.9, 0).

Jlns  crabimizamii () aBTOp NPOIMOHYE YOPaBISATH TMOJAa4el0 fe B3JIOBXK
CKBIIMCTaHTH, IO 3MEHIIy€ KOJMBAHHS XapakTepucTuk pizanHs. Ha (puc. 1.9, B)
MOKAa3aHO TIEPEBEICHHS I[bOI0 3aKOHY IM0Jadi J0 ONTUMAaJbHOTO PIBHS fo, SIKUMN
MiHIMI3ye yac oOpoOku. [IpoTe HaBiTh micis cTabumizaiii MBUAKOCTI BHJIAJICHHS
MaTepiany cuia pi3aHHS JUIIAEThCS HECTAOUTBHOIO Yepe3 3MIHY HampsiMy BEKTOpY F
ta aedopmallli B TEXHOJIOTIYHIA OOpoOJISItOUld cucTeMi, MO0 MOTpeOye KOpeKIlii

TPAEeKTOPii 1HCTpPYMEHTa. ABTOpP PEKOMEHJye€ OaraTOKpOKOBMHM MiAXIA: CIHOYATKY
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ctalimizyBaTu Q, Aaji 3MEHIIUTH Yac Ha OMEpaIil0 ONTHUMI3YBABIIN PEXUM PI3aHHA 1
HiCTsl HOTO 3a0€3MEeUNUTH SKICTh, YPAXOBYIOUH KOPCTKICTh CUCTEMHU JIJIsl 3MEHILICHHS
MOXHOKH 0, 1110 BUHHUKAE TIpH ii Aedopmariii.

Y [16] HaBemeHO MOCHITOBHICT, TEXHOJOTIYHUX PIMICHb MJIs 301IbIICHHS
MPOAYKTUBHOCTI OOPOOKH pi3aHHIM:

1. Crabinizauniss yMOB pi3aHHsl: MITPUMaHHA CTa0UILHUX YMOB pI3aHHS €
nepuoueproBuM 3apaaHHsM. lle Bkirouae 3a0e3mneueHHS PIBHOMIPHHX MapaMmeTpiB
poliecy, TaKuX SIK MIBUJIKICTh BUAAICHHS MaTepiany.

2. OnTumizanis npouecy pi3aHHs: micis cralurizamii yMOB HEOOXIIHO
ONTHUMI3yBaTH Tpolec Uil MiHIMI3allil yacy oOpoOku. Lle Moxe BKIIIOUaTH KOPEKIII0
MIBUIKOCTI pPi3aHHA Ta TMOJAaul JUIsl JOCATHEHHS HaWKpaioi HpOAyKTUBHOCTI 0e3
BTpaTH SIKOCTI.

3. Kopekuiss ¢(opmMoyTBOPIOIOYOI TPAEKTOPIii: OCTaHHIM KpPOKOM €
KOPEKI[isl TPaeKToOpii pyxy IHCTPYMEHTa, JJisi 3a0e3MeyYeHHs TOYHOCTI Ta SKOCTI
00poOIIOBaHOi MOBEPXHI, KOMIICHCYIOUM TPYXHI aedopmariii Ta iHIIN BIUIMBH, SKi
MOKYTb MIPU3BECTH JI0 TTOXHUOOK.

Takum uyuHOM, [16] pOOUTH BaXKIMBHUI BHECOK Y PO3YMIHHS OCOOJIMBOCTEN
KOHTYpHOTO (pe3epyBaHHs, MPOMOHYIOUH MPaKTHUYHI peKoMeHaaIi s crabim3arii

Ta ONTUMI3allil IpoLECY.

1.3 MeTonu ynpapjiHHs PpoLecaMu Pi3aHHS

Teopis aBTOMAaTW30BaHOTO YIpPaBIIHHSA BHUIUIAE JABa NpUHUMOM 11 (3a
MOMUWJIKOIO, 3a 30ypeHHsSM) 1 TpU METOAM YMPaBIiHHS (ampiOpHUM, MOTOYHHIH,
anoctepiopauii) [17]. Tomy HEOOXiZHO PO3IJIIHYTH MPHUKIAAM iX 3aCTOCYBAaHHS, SIK
HAyKOBIIAMH, TakK 1 po3poOHukamu CAM-cuctem Ta MOAYJIIB IO HUX:

YupasJiinHg 3a anpiopHorw inpopmaumiero. Y [17, 18] onucano meron, sikui
0a3yeThCcsl Ha MOMNEpeAHiX (anplOpHUX) JAaHUX 1 HE MOTpedye BTpyHaHHS B poOOTY

BepcTara (AaT4ukiB, KOHTpoJepiB). [IopiBHIHO 3 ynpaBiIiHHAM Ha OCHOBI MOTOYHOI YU
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aroctepiopHoi iHGopMmamii (M0 BHMAaraloTh OINEpPaTHBHUX BUMIpIOBaHb a0o
BU3HAYCHHSI )KOPCTKOCT1 TEXHOJOT1YHOI CUCTEMHU ), TAKUM MiAX1]T € TPOCTIIITNM.

Mertor ympaBiiHHS 3a anpiopHoo 1HGOpPMAIlIE€0, HAMpUKIad, MOXe OyTH
ctabimizalis mBuaKocTi BuaaaeHHs matepiary (MRR) [18].

VY 3aMKHEHI TeXHOJOTIYHIA CUCTEMI PO3TISIAI0Th NepeaTHI PYHKIIT IpoIecy
00pobneHHs W, 1 eKBIBalIEHTHOI NpyHOi cucteMu W,.. BukopucroByroun anpiopHi
JaHl TPO 3aroTOBKYy, IHCTPYMEHT 1 TPA€EKTOPit0, 3aMa0Th OakaHy IIBUAKICTH

BUJAJIEHHS MaTepiany Q,;, AKy NOPIBHIOKOTH 13 pakTuuHOO Oy (puc. 1.10) [18].

______________________________

Pucynok 1.10 — Cxema ynpaBiiHHS 3a anpiopHoro iHpopmaiiero [ 18]

BiamoBigHO 10 CXEMH, MAEMO:

W,
qu—ngWanm. (1.1)

Heo0ximHO BBECTH KOPUTYIOUHMH €JIEMEHT 13 IepeaaTHo0 GyHKIie W,

Q3] :ng (12)

[Tincrapnsitoun (1.1) y (1.2), orpumyemo:

/4

0, =Q3W. (1.3)

enc

100 3abe3neuntu Qp=0;, NTpUIMA€ETHCS YMOBA!

w. =]+Wan (1.4)

enc
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ITepenatna ¢ynkuis (1.3) umoctpye 3’eaHaHHsA eneMeHTiB Ha puc. 1.10. s
peaizallii MeTory MoTpiOeH KOPUTYIOUU eJIeMEHT 1T yac OopMyBaHHS YIIPaBIISIOUO1
nporpamMu 3 ypaxyBaHHSAM pyxy IHCTpyMeHTa. OCKUIBKH IIi CHCTEMa KepyBaHHS
PO3IMKHEHa, pe3y/IbTaT 3aJeKUTh Bl TOYHOCTI anpiopHux AaHux [18].

YnpapiiHHs 3a noTO4YHOI0 iH(popManiero. Merton crabimizamii mporecy
pi3aHHs 3a MOTOYHUMH JaHUMU Oyio anpoooBano me y 1980-x [19], omnak OpakyBaio
TEXHIYHUX PECypciB Il MPOMHCIOBOTO BIpoBa/keHHs. CydacHUM TpuUKIan —
Omative System [19], ne nmoka3HUKU (HANPUKIIAJ, MOTYXXHICTh JBUTYHA IIMUHICIS)
GbIKCyI0Th y pealbHOMY 4Yaci, ¥ BIAMOBIIHO KOPUTYIOTh MOAa4y. 3aBISKH I[bOMY
CHepIly 3a7al0Th MOCTIMHY IMO/avy, a B MPOIIECl pi3aHHS BOHA 30UIBIIYETHCS, SIKIIO
HAaBAaHTAKEHHSI MEHIIE O4iKyBaHOro abo HaBnaku. Cucrema cymicHa 3 YIIK xommnaHii
Siemens, Fanuc, Heidenhain.

Cxoxuit meton HaBelneHo B [18], Ae cmemiaJbHO PO3pOOJIECHUM KOHTPOJEP
CIyryBaB  KaHaJOM  3BOPOTHOTO  3B’SI3Ky  JJIi  QJalTUBHOTO  YINPaBJiHHS.
®dyHKIiOHANIbHA cxeMa Takoi cucteMu (puc. 1.11) mepenbauae BUKOPUCTAHHS TIEBHOT
3MIHHO1 BepcTara (Hanpukiaa, NoTykHocTi P) sk uini kepyBanHs. Cama x nogada (F)
aBTOMATUYHO KOPUTYETHCS, 100 cTabiIi3yBaTu 0OpaHuii mapaMeTp Ha 3aJlaHOMYy PiBHI

i yac oopoosienns [18].

) -
. ~ Iporpava ﬂa:l"_IHKﬂ lel Mpueix
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! -
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Pucynok 1.11 — ®ynkuionansHa cxema [19]

broku, BuaiaeH! MYyHKTHUPOM, pealdizoBaHl y BUIISAAI  MPOTPAMHOTO

3a0e3MeueHHs, SIKe B3aEMOJIIE 3 BEPCTATOM Uepe3 CTaHIapTHUH iHTepdeic, moaioHo 10
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py4YHOTO KepyBaHHS MaxoBUKOM. OIHAK TaKWil MiJXiJ BUMarae BTPy4YaHHS B OyIOBY
Bepctata 3 UIIK 1 Mae OyTu 3acTOCOBaHMI O KOXKHOTO BEPCTATy OKPEMO, TaKui
X1 € TPYIOMICTKUM Ta HE YHIBEPCATbHUM.

Yupasiainag 3a anocrepiopHorw indopmauier. Takuit Meton 37Ae0LTBIIOTO
3aCTOCOBYIOTh  JUIsl  MIJABUINEHHS  TOYHOCTI  3aBISKH  KOPEKIl  TpaeKkTopii
dbopmoyTBopernst [18]. ['omoBHuM uymHHMKOM ToxuOkm Ha Bepcrarax i3 UYIIK e
nedopwmariiss  TexHosorigaoi o0podHoi cucremu (TOC), Toxk y UBbOMY MiaX01i
BU3HAYAIOTH ii BIUIMUB 32 MIJICYMKaMU BJK€ BUKOHAHUX orepaiiii. OTpumaTi TOYH1 JaHi
npo xkopcTtkicte TOC 6e3nocepeHbo Mijl Yac 00pOoOJIeHHS CKIagHO, TOMY KOPEKIIIIO
TpPaeKTOpii BUKOHYIOTh Ha OCHOBI BHMIPIOBaHb IOTOBHX a00 YaCTKOBO OOPOOIEHHX
nerajnei. CrpoleHi MeTOIU KOPEKIlli «Ha pagiycy» TyT He miaxoasaTs [18, 20].

CrpykrypHa cxema kepyBaHHs (puc. 1.12) Ha skomy Hy — QaxTuyHa mmbuHa
pizanns, H, — 3amana, H,; — ckoperoBaHa, oH — BHUMAaJKOBa CKJIaJI0OBa, 0 — MpPYXKHA
nedopmaliisi B €KBIBaJEHTHIN MPYKHIA CUCTEMI, IO Ma€ mnepenatHy QyHKUier W,
Ha SKy JIl€ BIAMOBIAHA CKJIag0Ba P CHUJIM pi3aHHS, 110 BUHHUKJIA B PE3YJIBTATI MPOIECY
pizaHHs 3 mnepenatHo0 QyHkuiewo W,,. B Takili cuctemi 3ami3HEHHS 3alUCye€TbCA
nepeaaTHoro PyHKIIE 7 — Yac MUKy, be-¥, ne b — koePIleHT KOPEKIIii, 1110 BKII0YAE

B cebe 00poOKy Ta BUMIpIOBaHHS jertaii, s — oneparop Jlamnaca [18].

be™
A

¥

Pucynok 1.12 — Cxema ympaBiiHHs 3a anoctepiopHoto iHpopmartiero [18]

CyTh 1BOTO METOAY TMOJSTaE B TOMY, IO BUMIPSHY TICIs OOpOOICHHS
KoopauHary Hy MopiBHIOIOTH 13 3a1aHot0 H; (3rigHO 3 KpeciaeHHsIM uu 3D-Monentio)
yepe3 nepenatHy ¢yskmiro 3amizHeHHs (1.5). Ha ocHoOBI BusBIEHOT MOXHOKH

KOPUTYIOTh HACTYIHY MO3UII0 iHCTpyMeHTa [20].

H,=(H,-Hj,)be " +H, (1.5)
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Takuii MeTo MOXHaA peallidyBaTh BpyUHY a00 B aBTOMAaTUYHOMY pexumi [18].
OpHak 1eit MeToJ| CyTTEBO 3aJICKUTh BiJl EKCIIEPUMEHTAIbHUX JAHUX, [0 pOOUTH HOTO
JIOBOJII BUTPATHUM 1 TPYOMICTKHM.

[3 pO3MIIHYTHUX METOMIB YIPABIIHHS MPOIECOM Pi3aHHS HAWJIOUUIBHIIINM JIJIs
onTuUMi3alii KOHTYpHOTO (pe3epyBaHHS BHUSBUJIOCS KEPyBaHHS 3a aIlpiOpHOIO
iHpopmariero. el miaxix mae 3Mory BU3HAYUTH BaXKJIMBI MMapaMeTpH Ie Ha eTari
MIJTOTOBKM YIPABJISIIOUOl MpOrpaMu, Oepydyd 3a OCHOBY BiJIOMI T'€OMETPUYHI Ta
TEXHOJIOTIYHI XapaKTEPUCTHKHU. 3aBISKA IIbOMY 3a0€3IeIy€ThCS ONTUMAITBHIN PEKUM
pi3aHHs, IO 3HAYHO MiJBHUILYE MPOMYKTUBHICTH 1 AKICTH 00poOIeHHs 0e3 moTpedu y

JO0AAaTKOBHX JaTYHMKaX 4YM CKJIaJHUX BI/IMipIOBaHHHX y HpOHCCi pO6OTI/I.

1.4 YnpapiiHHA pe;KMMAaMM pPi3aHHS JAJI cTa0iaizanii npouecy

Sk Bimomo, KOHTypHE (pe3epyBaHHS BUKOHYyeThcs Ha Bepcrtarax 3 UIIK mo
po3pobieHux yrpasisounx nporpamax B CAM-cucremax. 3apa3 Bci CAM-cucremu
31aTHI TOYHO MPOEKTYBaTH T€OMETPUYHI TPAEKTOPii Ta MEPEBIPATH HA BIACYTHICTb
HEOOpOONICHUX MUISHOK YW TOTCHIIMHMX 3i1TKHEeHb. OpHak OUIBIIICTE 3 HHUX HE
BPaxOBYIOTh JIMHAMIYHI 3MIHM YMOB pi3aHHs, SIKI BiOyBarOThCS NpH IEpEeMILIECHH]
bpe3u B310BK TpaekTopii (hopMoyTBOpeHHS. ToMy BUOIp pEeXUMIB pi3aHHS, TaAKUX SIK
1ojiavya Ta IMIBUJIKICTh pi3aHHs, MIOBHICTIO JIATa€ Ha IJIeUl TeXHoJora-mporpamicra. Llei
MIJX1J] ONMUpaBCsl Ha JIOCBIJ TEXHOJIOra-Iiporpamicra abo peKkoMeHpaallli BUPOOHHKIB
IHCTpYMEHTIB, 1 He Oepe MO0 yBaru 3MIHM YyMOB pi3aHHS TI0 TPAEKTOPIi
dbopMOyTBOpeHHS, 0COOMMBO mTpu (OPMYyBaHHI CKIQTHUX TTOBEPXOHb JIeTaJe.
3a3Buyail — 11¢ TPU3BOAUTH J0 BUOOPY PEXUMY OOpPOOKH, ONTUMAIBHOTO JIMIIE JJIS
“HaliTipmioro BUMAAKy  HA BCIM TpaekTopii, IO HETaTUBHO BIIMBAE Ha
MPOAYKTUBHICTH 00poOKu [21].

HeedexTuBHICTh TAaKOro MIAXOQY CIOHYKA€ 10 PO3BUTKY HOBUX TEXHIYHUX
pillieHb, sKi O JO3BOJSUIM aBTOMATHU3yBaTH HAJAIITYBAHHS PEXUMY P13aHHS, BUXOISUU

3 0e3Iocepe/IHbO MapaMeTpiB pi3aHHA Ta OCOOJMBOCTEH OOpPOOJIFOBAHOI MOBEPXHI.
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Po3pobka cuctem, 10 AO3BOJISIIOTH ABTOMAaTMYHO KOPHUTYBATH PEXHUM pI3aHHS B
3QJIEKHOCTI Bl 3MIH Yy XapaKTEPUCTHUKAX TMpollecy OOpoOKH, cTajla BaXKIMBUM
HanpsiMKoM y mnokparnieHH1 edextuBHocTi BeperaTiB 3 UIIK. CydacHi mocnigpkeHHs B
i cepl MOKa3ylOTh, IO YIPABIIHHSA pEXUMaMH pi3aHHS (HailyacTilne Mojayecio)
MOXKe 0OaszyBaTHCsi Ha TPbOX OCHOBHHMX XapaKTEpUCTHUKaX IMpoIecy pi3aHHsS abo ix
KOMOIHAITi1:

Crabinizauis mBuakocti BuaajdenHs wmartepiaany (MRR). IBuakicts
BujaneHHs matepiany (Material Removal Rate, MRR) € ki1t040BOI0 XapakTepuCTHKOIO
IPOJYKTUBHOCTI Mpoliecy pizaHHs. YuM BOHA BHILA, TUM MEHILE Yacy MOTPIOHO st
3aBEpIICHHS MeXaHiuHOi oOpoOku aerami. [lg xapakTepucThka BHU3HA4Yae 00’ €M
Matepiany, SKUi BUJAISETHCS 3a OJIMHUIIIO Yacy (3a3BUuYail BUMIPIOIOTh Y MM?/XB), 1
CIIyI'y€ TOKa3HUKOM €(EeKTUBHOCTI 00paHOro pexumy pizaHHs. Llell mnokasHuk
(puc.1.13) BKJIIOYA€E CKIIAJIOBI PEXKUMY Pi3aHHSA — XBWIMHHY nojady (f) Ta mapameTpu

NPUIYCKY: rMUOuHa (ay) , UpUHA pi3aHHs (a,) [17, 18]:

MRR =a,a f (1.6)

Tubuna pizanns

Xeununna
nooaua

Hlupuna pizanus
Pucynok 1.13 — Cxema Bu3HaueHHs IIBUAKOCTI BuaieHHs: matepiainy (MRR) npu

dbpesepyBanHi [17]

Y  nmocnipkeHHi [24] 3ampornOHOBAHO YMOPABIIHHSA TOJA4€r0 B MpoIeci
dbpesepyBaHHs, 3aCHOBaHE Ha MOJETIOBaHHI. [OJIOBHOIO METOIO € 30UTBIICHHS
MPOIYKTUBHOCTI (ppe3epyBaHHs dYepe3 PeryaroBaHHS IoJa4yi Ha OCHOBI IHIBHJKOCTI

Bunanenns marepianry (MRR). ABTopu cTBEpIXKYyIOTh — 1€ J0O3BOJISIE 3HU3UTU 4ac
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00poOKM Maiike B I’ATh pasiB, 30epirarouu CTabUIbHICTh cuil pi3aHHA. OCHOBHOIO
MepeBaroi0 1bOro METOAY € HOro 3[aTHICTh TOYHO MOJENIOBATH IMPOIEC BUIATICHHS
MaTepially, BpaxOBYIOUM TeoMeTpit0 00pobieHoi mnoBepxHi. OnHaK, HETOJIKOM €
BHCOKa MOTpeda B 00YMCITIOBATILHUX pecypcax Ta HeOOX1AHICTh Y MOMaIbIIii Baigarii
MOJIeJIl Ha BUPOOHUYHUX JIAHKWX 1 T€, 110 CHJIM Pi3aHHSA HE MAIOTh JIIHINHOT 3aJIe’)KHOCTI
31 mBUAKICTIO BuAaneHHs matepianry (MRR), mo Moxke mpusBecTH 10 3HIKEHHS
SIKOCT1 YTBOPEHOT MOBEPXHI.

Hocnipkenust  [25, 26] po3KkpuBalOTh BIUIMB YIPABIIHHS I[Oa4€l0 Ha
cTaduI3allo MBUAKOCTI BUAaieHHd marepiany (MRR) ta cuny pi3aHHs, IpOnoHyOUn
OOMEXHUTH TOoAady /i 3arnoOiraHHs HAJAMIPHO BHUCOKUM 3HAYEHHSIM CHUJIM pi3aHHS.
ABTOpH TPEACTABISIOTh CTPATETii0 IUIAHYBaHHS IMMojadi it oOpoOKM MOBEPXOHb
CKJIaAHOi (opMHU, CHPSAMOBaHYy Ha MIABUIIEHHS HPOAYKTUBHOCTI Ta IMOKPALICHHS
SKOCT1 0OpOOKH.

Takok BOHM MOPIBHIOBAJIIM JBa IMIAXOAW: YMPABIIHHS [OJAa4€l0 HAa OCHOBI
mBuAKOCTI BunaneHHs: marepiany (MRR) Ta cunu pizanHs. YnpaBiiHHS MMOAa4er0 Ha
OCHOBI IIUX MIAXOMIB 300pakeHo Ha puc. 1.14, ne 1 — ympaBiiHHS momadero Ha 6asi
mBUIKOCTI BupaideHHs Marepiary (MRR); 2 — ympaBniHHS mnogadero Ha 0asi
mBUAKOCTI BunaigeHHs matepiany (MRR) 3 oOMmexxeHHsIM Mo 1mojiaqi 3a MaKCUMAaJIbHOIO
CWIOKW; 3 — ympaBliHHA Mojayero Ha 0a3i cuiM pi3aHHs; 4 — TOCTIHA Mojaya.
ExcriepumMeHTanbHl AOCHIIKEHHS MPOBEAEHI B LUX poOOTax IOKa3ylOTh 3HAYHE

3MEHIIICHHS Yacy Ha orepariito o0pooku Ha 63%.

Elhpss Gaometiry (Fesdialée Strategss)

== MR bated srrnbsted
— A e s
«+s Fosgw based

— w4l el

X axs [|'||'|:

Pucynok 1.14 — I'padik, 1110 nmoka3ye 3akOHH yIpaBIiHHS nogadeto [24, 25]
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ABTOpPH BiA3HA4YaOTh, IO YIPABIIHHSA TIOJA4€I0 HA OCHOBI MIBUIKOCTI
BunaneHHss Mmarepiany (MRR) 3a0esneuye HaliMeHmuii yac oOpoOkuM cepes ycix
PO3IISTHYTUX METOIB yHpaBiliHHS nofaudeto. OnHaK 1ed MiIxij He 3aBXK]IU BPaXOBY€
BCi (Di3UYHI BJIACTUBOCTI TPOIECY pi3aHHS, M0 MOXKE MPHU3BECTH 10 HECTAOITLHOCTI
CWJI pi3aHHA mia 4ac oOpoOku. SIK mpukiaz, HABOASTHCS YTBOPEHI MOBEPXHI MICIS

3aCTOCYBaHHS PI3HUX MOJIENICH yIpaBiIiHHs mogadeto (puc. 1.15).

Pucynox 1.15 — [ToBepxHst miciist 00poOKU 3a pI3HUMHU MOJIEISIMU YIIPABIiHHS

MOJIa4€I0: @) CUJIOK0 pi3aHHs, 6) MBUIKICTIO BuaaneHHs marepiany (MRR) [24]

[ame pocmimxenHs [27] mnpeAcTaBise METON YHPABMIHHS TONAYCH0  JUIS
dbpesepyBaHHS BIAKPUTHX TIOBEPXOHB, IO 0a3yeThCS TAKOXK HA OCHOBI crabimizarii
mBUIKoCTI BuaaneHHs marepiany (MRR). MeToro 11boro 10CiiyKEeHHS € MiBUILICHHS
¢(hEKTUBHOCTI YOPHOBOTO O0OpOONCHHs, 3a0e3redeHHs CTabUIBPHOCTI pi3aHHSA Ta
BHUCOKOi €()EKTUBHOCTI BUAAJICHHS MaTepialy.

3a3Buyail uia 3anoOiraHHs HAAMIPHO BHMCOKHMX CHJI pI3aHHS, SKI MOXYTh
NPU3BECTH 10 LIBUIKOTO 3HOCY IHCTPYMEHTa, BiOpalliil Ta HU3bKOI SIKOCTI YTBOPEHOI
MOBEPXHI, BUKOPUCTOBYEThCS TMOCTIMHA mojada. OgHaK 1€ 3HMXYE €(PEKTUBHICTH
pizanHsa. 1100 BupimuUTH 110 IPOOIEMY, aBTOPH MPOIOHYIOTh PETYJIIOBATH M0/1adyy Ha
OCHOB1 aHaJory MBHUAKOCTI BuaaleHHs wmarepiany (MRR), (mmomii KoHTakTy
IHCTpyMEHTa 13 3aroTOBKOIO). 3a JIONOMOTOI JHMCKPETHOTO  MOJIEIIOBAaHHS

BU3HAYAETHCS IJI0I1Ia KOHTAKTY (puc. 1.16).
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Pucynok 1.16 — MoaentoBanHs BumaneHHs Matepiany [27]
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Pucynok 1.17 — I'padiku: a) xapakrepucTHKa pi3aHHs MIPH MOCTINHIN Mojayl; 6) 3aKoH

yIpaBIiHHS MOAAYECI0; 8) XapaKTEPUCTUKA Pi3aHHS MPH YIpaBIiHHI moxadeto [27]

ExcniepuMenTanbHl BUNpoOyBaHHA noka3anu (puc. 1.17), mo 3anpornoHoBaHUR
METO/l YHNPABIIHHS MOJAYCI0 MOXE 3MEHIIUTU Yac oO0poOku Ha 23%. Xoua aBTOpHU
CTBEP/KYIOTh, 10 YIPaBIIHHSA TOJauel0 MPHU3BENIO M0 cTabumizalli MBUAKOCTI
BunaneHHss marepianty (MRR), MoxkHa criocTepiraTé 3MiHM CHJIM Pi3aHHS 1 KPYTHOTO
MoMeHTy. L1 xapakTepHCTUKH Mpoliecy pi3aHHsS Ta iX BIUIUB Ha YTBOPEHY IOBEPXHIO
HE PO3IVISIAI0THCS B JIOCIIKEHHI.

Crabinizanis cuiam pizanHs. Y pobGotri [25] po3risgaeThcs CTpaTeris
IUTAHYyBaHHS 1Mojaul Jyisi 00pOoOKH CKJIaJIHUX MOBEPXOHb, OPIEHTOBAHA HA ITiIBULIICHHS
MPOJYKTUBHOCTI Ta TMOKPAILECHHS SIKOCTI. ABTOpU MPOINOHYIOTH METOJ YIpaBIiHHS
nmojaueto Ha ocHOBi cuiM pizanHs (aHri. Force-Based Feedrate Scheduling, FFS),
AKUN MATpUMY€E CTAOUIBHICTh CHJIM Pi3aHHS, PETYNIOYM IMOoAauvy 3aJIeKHO Bin ii
MUTTEBUX 3HAYEHD.

B nocmimkenH1 cvm pi3aHHS 3HAXOASATHCS MEXaHICTHYHUM METOJIOM Ha OCHOBI

reoMeTpii mpu B3aeMoii ¢pe3u 13 3aroroBkoro. Jist chepruuHoi Pppe3r BU3HAYAETHCS
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MUTTEBA HenedopMOBaHA TOBIMIMHA CTPYXkW (puc. 1.18) 3a momomororo

TEOMETPUYHOTO CI1oco0y po3pobieHoro B fociimkenti (1.7) [28]:

(t.), =t,sin(0)sin(y )cos(a )+t cos(y )sin(a), (1.7)

ne (t.)r — e TOBUIMHA CTPYXKKHU (MM), f, — momada Ha 3y0 (Mm/3y0), 6 — KyT

pizanHs (Tpax), ¥ — KyT TMOJOXKEHHS PLKY4YOro eneMmeHnrta (rpam), 1 a — KyT HaXWiy

(rpam).

Feed
direction
e

Pucynok 1.18 — Cxema ck1aloBUX CUK pi3aHHsA [25]

[1noma koHTaKTy (hpe3u 13 3aroTOBKOIO BU3HAYAETHCSI HACTYITHUM YMHOM (1.8):

d4, =(t.).(dz),. (1.8)

3 miomi KOHTakTy dA. (MM?) BU3HAYAOTHCS CHJIM DPi3aHHS B PaliaJbHOMY,

OChOBOMY Ta TaHTEHIIIMHOMY HarpsiMKax (7 v, t), HacTymHuM 4uHoM (1.9):

dF =K dA +K, dz
dF, =K,dA, +K,dz (1.9)
dF =K dA +K dz

ne Ky, Ky, K, — 1€ pagianbHi, OCbOBI Ta TaHI€HLIaJbHI KOE(ILIEHTU CHJI

pisanns (H/mMm?), a K., Kye, K — Lle KoeQillieHTH CUI Ha pi3aJbHUX KPOMKax
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Bimnosimno (H/mm?). Cumu pisanHs Ta KoeQiLieHTH A8 pPi3agbHUX KPOMOK
BU3HAYAIOTHCS 32 JIOTIOMOTOI0 MEXaHICTUYHOI MpOIeAYpH KadiOpyBaHHS, IIPHU sAKIH 111
KOe(DIII€EHTH 3MIHIOIOTHCS B3/IOBXK OCl IHCTPYMEHTA.

3BiCH PO3PAXOBYIOThCA CHJIH pizaHHs 1o ocsiM X, Y, Z (1.10):

dF, dF, —sin(y )sin(0) —cos(y )sin(0) —cos(6)
dF, |,,= Al dF, |, A=| sin(y)cos(0)  cos(y)cos(8) —sin(0)|,, . (1.10)
dF, dF, cos(y ) —sin(y ) 0

PerymoBanHs mojaui 311MCHIOETHCS 3a 1oromMororo gopmynu (1.11):

I e (1.11)
2,0 Li

ne i=1,2...C, C — 3arajgbHa KUIbKICTb TOYOK Ha SIKI TOJAUIEHA TPAEKTOPIs
IHCTpyMEHTa, f; — IOYaTKOBa TMOCTiHA mopada, (MM/XB); f> — OyIb-KWUW ILUIHMA
MHOXHUK f;, 00 OTpUMAaTH JIiHIWHE CIIBBIIHOMICHHS IS i-01 TOUKH TpaekTopii. F; —
MaKCHUMaJlbHa pe3yibTytoda cuia, (H) npu nonaui f;, > — MakcuMalibHa pe3yibTyroda
cuna (H) npu nomaui f>,1 fim; OTPUMYETHCS, SIK HOBa 3aljlaHOBaHa Iojaya Jisl i-0i
TOYKH TpaekTopii. Takuii miaxXia 103BOJsiE€ CTA0TI3yBaTH CUITY pi3aHHS 3a JJOTIOMOTOIO

YIOPAaBIIIHHS MOAAYEI0 Ta 3MEHILUTHU Yac oneparlii (puc. 1.19).

400 —+— Before

| rrreTT—— — After

350
| After Feedrate |
0 scheduling

250 | i 41.8sec (B3 %)

2007 g

Cutting Foroe [M]

150 |
100

Before Feedrate | ey
& Scheduling

0 10 20 30 40 50 g0 70

Time [Sec.]
Pucynoxk 1.19 — IlopiBHsIHHS cuJT pi3aHHs Ta 4acy 0OpOOKH 10 1 MICTS PEryIIOBaHHS

moaaui [25]
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Y HacTymHOMYy JAOCHIKEHHI [26] aBropu pO3IMPHIN CBOI pe3yJbTar,
npencTaBlieHl B poOoTi [25], 1oAaBIIKM O MAaTeMAaTUYHOI MOJIENI MPOrHO3YBAHHS CHII
pizanHsa Mojenil aedopmMarliiii IHCTpyMeHTa, 3a JIOMOMOTOIO SIKOi mepei0ayaroTh BIUIMB
BiOpalliif Ha YTBOpEHY MOBEPXHIO MIics Ppe3epyBaHHs ckiagHuX ¢popM. Boru Takox
npoAoBXKuiau BukopucToByBaTH FFS 1is 3HM)KEHHS TKOBUX HABaHTaXEHb 1
CTaO1IBHOTO TIPOIIeCY 0OPOOKH 3a CHUJIOK0 Pi3aHHH.

VY pocmimkenHi [29] mochHigHUKA PO3POOMIM MaTeMaTHYHY MOMAETb IS
MPOTHO3YBaHHS CHUJI pi3aHHS MiJ dYac M'ATHOCHOBOTO (pe3epyBaHHs CHEepUIHOIO
dpesoro. Il Moaens 103BOJISIE 3 BUCOKOKO TOYHICTIO BHU3HA4aTU OOJIACTh B3a€MOJIIi
IHCTpYMEHTa 3 MarepiajoM 1 MPOTHO3yBaTH BIAMOBIAHI CHJIM PI3aHHS Ha OCHOBI
MeTony rpanudHoro (anmi. Boundary representation) mosmentoBaHHsS. Xoda MOJENb €
€(DEKTUBHOIO 3 TOYKHM 30py OOYMCIIIOBAIIBHOI MOTYKHOCTI, BOHa HE Mependadae
CTparerii ympaBiIiHHS IMO/Ia4ero, 1[0 MOMIO O cTallIi3yBaTH MPOLEC 1 CKOPOTUTH Yac
00pOOKH.

Ha ocHOBI pe3yasraTiB 1IbOTO JOCHiKEeHHS, y podOori [30, 31] Oyna
Mpe/ICTaBlieHa TOKpalleHa METOIWKA YMPaBIIHHS IMONA4YEI0 JJIsi YOPHOBOI 0OpOOKHU
CKJIQJHUX TOBEPXOHb y I’ SITHOCHLOBOMY (ppe3epyBaHH1 ISl AeTan Tumy immenep. L
METOJIMKA JI03BOJISIE PETYIIOBATH TOJIauy ISl KOKHOTO KaJpy YIIPaBISIO40i MPOTpaMu,

110 MPU3BOAUTH 10 3HMKEHHS Yacy OOpOOKH MOPIBHAHO 3 MOCTIHHOIO Mojavero (puc.

1.20).

300 T
| —Scheduled Feed (Experiment)

B, I == Constant Feed (Experiment)
= -- Constant Feed (Estimated)

[ . — Scheduled Feed (Estimated)
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Pucynok 1.20 — BumipsiHi Ta 3M0€1b0BaH1 3yCHIIIS pi3aHHs JUIsl MOCTIMHOI Ta

3artaHoBaHoi mogayi [31]
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[Ipote, aBTOpM BiA3HAUAIOTh, 110 BUKOPUCTAHHA JHILE CHJIW pI3aHHSI, SK
OCHOBHOTO TapameTpa [JIsi YIpaBIiHHSA MOJauel0 MOXKe OOMEKyBaTH MOTEHIIIal
3MEHIIIEHHS 4Yacy omepallii, OCKUIbKM IIBUIKICT, BuaajeHHs Marepiany (MRR) €
KIIIOYOBUM (PaKTOpOM MPOAYKTUBHOCTI. Lle migkpecnioe HEOOXiAHICTh KOMIUIEKCHOTO
MIIX0AY, SKUi OM BpaxOBYBaB sIK CUJIM Pi3aHHS, TaK 1 IIBUJIKICTh BUIAICHHS MaTepialy
(MRR).

Y  nmocmimxenHi [32] mpeacTaBIeHO KOMIUIEKCHY CTpAaTeTii0 yIpaBIiHHS
MoJlauero, ISl MIABUIIEHHS MPOAYKTHUBHOCTI, 110 BPaxoOBY€ AMHAMIYHI OOMEKEHHS
IPUBOJIIB BEPCTaTy Ta MEXaHIKY Ipolecy pizanHsa (puc. 1.21). Bukopucranns moxeni
B3a€EMOJIIT IHCTPYMEHTA Ta 3arOTOBKHU JIO3BOJISIE MIABUIIUTH TOYHICTH MPOTHO3YBAaHHS
CWJI pi3aHHS 1 3a JOIMOMOTOI0 YympaBiiHHA mnogadeto Ha ocHoBl FFS cxoporutu uac

onepaiiii Ha 16%.
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Pucynok 1.21 — 3aranbpHa cxema yrnpaiiiHHS nojadero[32 ]

Xoua meron € edeKTHUBHUM, MpoTe 3actocyBaHHs FFS 3amicTe MIBUIKOCTI
BunaneHHs marepiany (MRR) Buknukae cymHiBu. OCKIJTBKM MIBUAKICTH BUIAJICHHS
matepiany (MRR) € ki1t040BOIO XapakTEPUCTUKOIO MPOLyKTUBHOCTI MTPOLIECY Pi3aHHA.

Cxoxuii miaxiJi MOJAEIIOBaHHS OOpOOKHM Ha OCHOBI BOKCENIB ISl J€Tall THUILY
iMrieniep OyB BuKopuctanuii y po6oti [33]. Takoxx B 1iii poOOTI aBrOpu HOAAIN
OOMEKEHHSI Ha MaKCUMaJbHO MOXJIUBY mnojady. Lle 103BoMiIo0 JOCHITHUKAM TOCATTH
NOJIOHUX PE3yNbTaTiB CKOPOUYEHHA yacy Ha oOpoOky Ha 16,2% — mio miaTBepmxye

pare3 aTHiCTh aHAIOTTYHOTO METOy 3ampornoHoBadoro B [30, 31].
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Iame mocmimkenns [34] crabimizye mporiec 00poOku ckiaagHuX (opM 3a
JIOTIOMOTOI0 yIPABIIHHSA pPEXKUMaMH pi3aHHS (0O0epTaMu IMMUHACIS Ta IO0Jadeio).
3aBIsSKM I[bOMY BIAJIOCS JOCATTH CTAOUIBHOCTI cuil pizaHHsA. EkcrnepumeHTanbHi
JTOCITIDKEHHS  MIATBEPAWIN  €(EKTHBHICTh I[OTO METOAY JUIA  IiJBUIIEHHS
CTabUIBHOCTI TIpollecy (Ppe3epyBaHHS CKIAIHUX KOHTYpiB. OAHAK HE 3pO3yMINIO, SIK
TaKe yMpaBIiHHS PEKUMOM pi3aHHS BIUIMBAE HA SIKICTh OTPUMAHOI TOBEPXHi, CTIUKICTD
IHCTpYMEHTa Ta BUpOOHUYE 00JIaTHAHHS.

Hocnigauku B po6oTi [35] BopoBaauian 0OMEKEHHS B CBiil METOJ yIPaBIIIHHS
nonayero, noaioHo no [30]. ¥V ixHil cucremi, sika HazuBaeThesa «Po3ymMHa cucrtema
o0poOku» (anm1. Smart Machining System), ympaBiiHHS Tofadero 0Oa3yeTbCs Ha
KOHTpOJII CWJIM  pi3aHHid. MakcumallbHa Ta  MiHIMajibHa CWJIM  pi3aHHS
BUKOPUCTOBYIOTHCSI SIK OOMEXEHHS: SKIIO Cuja pi3aHHS TEPEBUILYE TMOPOrOBE
3HAYEHHs, TMoja4a 3MEHIIYEThCS, a SKI0 CHla HUX4Ya HEOoOXITHOI, Tmojada

30UTBIIY€ThCS JIJIS1 MiHIMI3alli yacy oOpoOku (nuB. puc. 1.22).

Force & F_ - fifeedrate)
call
. Threshold force

V\ AF, = fifeedrate)

> - / Reference AF, = fifeedrate)

force

— Reducing feedrate

Fap=flleedrate) _, Increasing l';:draw

Time

Pucynok 1.22 — Cxema yripaBiiHHS OJIa4u€t0 P BUKOPUCTaHHI OOMEKEHb Ha CHITY

pizanHs [30]

[eit miaxia TakoXK CIPSIMOBAHWN Ha 3MEHIIEHHS 4acy OOpOOKH Ta IMiJABUIIECHHS
e(eKTHUBHOCTI, M0 MOKa3aJdl EKCIEPUMEHTAIbHI pe3yabTaTu, e 4ac oOpoOku OyIo
3HUKEHO Ha 26%.

Craoinizaniss mory:xHocti pizanHs. OCHOBHOIO MeTOI [36] € mMmiJABUIICHHS
edeKTUBHOCTI (pe3epyBaHHs Yepe3 cTadlIi3alio MOTYKHOCTI mmuHaems. Po3pobiena

MO/IeJIb MPOTHO3YE MOTYKHICTh M PEryJIoe Nolauy Tak, 100 yTPUMYBAaTH MOTYX HICTh
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mexax +£10% Bl mEeBHOro MUILOBOTO 3HAYEHHA. lle miABUINMIO MPOIYKTUBHICTH
y

00poOku Ha 26,88% (puc. 1.23) y nmopiBHSHHI 3 Ppe3epyBaHHs 3 TOCTIHHOIO MO1aY€ElO.

Milling power PAW)
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Pucynok 1.23 — [1oTyXHICTb pi3aHHs TP PI3HUX 3aKOHAX YMPaBIiHHA Moaa4ero [36]

Opnak o0poOOBaHAa MOBEPXHsS HE Majla KPHUBOJIHIMHUX JUITHOK KOHTYpY, a
TITBKM  PI3KI  3MIHM TOpUOYcKy. Tomy 1ieii MeToa ToTpedye IMOAabIIoro
JOOTIPAIIIOBAHHS.

VY [37] ommcaHO ymOpaBiiHHS MpouecoM (pe3epyBaHHS 13 BUKOPHUCTAHHIM
mTy4Hoi HedpoHHoi Mepexi (ANN), ska mnependayae TOTYKHICTh pI3aHHS 3
ypaxyBaHHAM INMHUOUHU, IIUPHHM, TOAAY1 i IBUAKOCTI pizaHHs. CucTeMa aBTOMaTUYHO
pETyIIoe TMojaavy, 3arnoodirae mepeBaHTAXKEHHIO 1THCTPYMEHTA W JJa€ 3MOTY CKOPOTHUTHU
gac oOpoOKH, X0oua i HE BpAaXOBY€ 3MIHM MapaMeTpiB MPOIECy pi3aHHS MpH 0OpoOIIi
CKJIQJHUX KOHTYPIB.

BucnoBok. Awnamiz poOIT CBIIYUTH, M0 HaWEDEKTUBHIIIUM CIOCOOOM
NIJBUIIUTH TPOAYKTUBHICTh KOHTYPHOTO (pe3epyBaHHS € cTaOumi3alis MIBHIKOCTI
BunaneHHss marepiany (MRR) Ha makcuManbHO MOKIMBOMY PiBHI, OCKUIBKH IIeH
napameTp Oe3mocepeH0 XapakTepu3ye NpOoAyKTUBHICTH. Cralimizaiisi 3a CHIIOIO
pi3aHHA Ja€ MEHIIE 3pOCTaHHS TMPOAYKTHBHOCTI, 3are 3abe3meuye crajne
HABaHTAXKEHHS HAa IHCTPYMEHT Ta KpaIly SKICTh 00p0o0IeHOT MOBEPXHI (3MEHIITYIOThCS
BiOpallii Ta nporuH iHcTpyMeHTa). Cradiiizalis MOTYKHOCTI Pi3aHHS TEX HE TapaHTye
MOBHOI  CTaOUIBHOCTI CWJIM 4Yepe3 HeJIHIMHI  3alle)KHOCTI, TMPOTE  CIpUsE

eHeproe)eKTUBHOCTI.
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1.5 Anani3z npoBigaux CAM-cucrem i ix Moay.1iB

Posymiroun  HEOOXiAHICTH  YINpaBIIHHSA  MPOIECOM  pi3aHHSA, MPOBIAHI
TEXHOJIOT1YH1 KOMIMAaHii po3poOMIM TMPOrpaMHI MPOAYKTH SIKi, SK CTBEPIKYETHCH,
MOXXYTh aBTOMAaTHYHO BHM3HAuaTH ONTHUMAJIbHI pexuMu pizanHa. [Ipore, ixHi
MOYKJIMBOCTI BCE III€ MalOTh MEBHI 0OMEXEHHS. 30KpeMa, 1i MPorpaMu 3ajekaTh Bif
JIOCBITy 1H)KEHEpa-TEXHOJIOTa Ta PYYHOTO BBEICHHS HUM IMapaMeTpiB oOpoOKH, 4acTo
HE BpAxOBYIOUM 3MIHHI YMOBHU pi3aHHS TpH oOpoOIll CKIAAHUX KOHTYpIB, IO HE
JTIO3BOJISIE€ JOCSATTH MaKCUMaJIbHO MOXKJIMBOI MIBUAKOCTI BUAaieHHs: Matepiany (MRR).

Kpim TOrO, OUTBIIOCTI 3 IUX Mporpam Opakye T€OMETPUYHHUX MPOLEAYp IS
OTpUMaHHs BaxJIMBOi 1H(MOpMAIl JUIsi MOJETIOBaHHS, a TaKOX MEXaHICTHYHUX
CWJIOBHX MOJI€Neil, HEOOXIAHUX JUIsi MPOTHO3YyBaHHSA (I3UYHHUX XapaKTEPUCTHK 1
MOJIAJILIIIOMY BHOOP1 PEXKUMY Pi3aHHS.

Buiie HaBeaeHi mpoOiemMu HaMararoTbest BUpIUTH HacTynHi CAM-cucremu i
iX MomyJIi:

— Monyns Vortex y ckmani Autodesk PowerMILL cTBOproe TpoxoinanbHi
TpaekTopii, MO0 MATPpUMYBaTH 3afaHUi KyT pizaHHs [38]. Po3poOHUKHU 3asBISIOTH
PO CKOpOYCHHS Yacy o0poOku Ha 60% 1 301JIBIICHHS CTIMKOCTI IHCTPYMEHTA 3aBISKH
TOMY, 110 Ha MPSAMOJIIHIMHUX JIUISTHKAaX KyT 3MIHIOEThCS BiJ 46° 1 MOXE JTOXOIUTH J0
91° Ha BHyTpilHIX KOHTYpax (puc. 1.24) [19]. Ile nae 3mory 301bIIYyBaTH MoAavy Ta

IMOUHY pi3aHHS (3T1HO 3 PeKOMEH Al MU BUpOOHHKIB) [39].

Pucynox 1.24 — 3mina kyTa pizanHs npu oOpoOsIeHH1 KOHTYpy aetai [19]

SAxmo kyT mnepeBunrye 91°, crpareris NepexXoAUTh Ha TPOXOiAAIbHY

TPAEKTOPIIO, IO 3a3BHYall 3aCTOCOBYETHCS y YOPHOBIM 0OpoOI ¥ Ja€ BHCOKY
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MIBUAKICTh BumaieHoro marepiany (MRR), 306epiraroun kyT pizaHHs y mMexax 46° —
91° [40]. IIpoTe crabimizalisg KyTa HE rapaHTye CTaOILHOCTI CHJIM Ta TOTY>KHOCTI
pi3aHHA, OCKUIBKM MK KyTOM 1 CHJIOIO pi3aHHS HEMae IMPOMOPIINHOI 3aJekKHOCTI.
Kpim TOro, TpoxoiganbHi IepeMilieHHs! MOXKYTh MOTIPIIyBaTH MIOPCTKICTh MOBEPXHI,
a JIesIKl BepCTaTH He 3/1aTHI peali3yBaTh TaKl TPAEKTOPii yepe3 0OMEeKEHHsI IIPUBOIIB.

JIis mpHUCTOCYBAaHHSA AITOPUTMY 10 KOHKPETHHX BEpCTaTiB OYyJO0 CTBOPEHO
Machine DNA [40], sxa micias JAWHAMIYHMX BUINPOOyBaHb HAJa€ JIaHl s
TPOXOiJaNbHOI TPAEKTOPIi i PEKOMEHY€E PEKUM PI3aHHS.

BukopucTtaHHs 3HA4HOi KUIBKOCTI MHPOrPAMHHMX MPOJIYKTIB JUJIi CTBOPEHHS
YOPaBISAIOUUX MPOrpaM, a TaKOXK iX HEJIOCKOHAIICTh ICTOTHO YCKJIAQIHIOIOTh
IPAKTUYHE BUKOPUCTAHHS IPOIIOHOBAHOI TEXHOJIOTI.

— Vericut (CGTech, CIIIA) nepeBipse G-xkoau Ha BIPTyaJbHOMY BEpCTaTI,
BUSIBJISIIOYM MOXJIMBI TIOMMJIKM Ta 3ITKHEHHsS iHCTpyMeHTa [41]. Monyns OptiPath
Kepye TMO0Jayero, CIHPAIOYMCh HA NPHHIMIN «4YUM OUTbIIMA 00’€M BUIATIEHOIO
Matepiaixy, TUM MEHINa Mo/1auay, po30MBal0UN TPAEKTOPIIO 3 YIIPABJISAIOUO] MPOTrpaMu
HAa CErMEHTH W TpHU3HAYalOYW Il HUX HOBI 3HadeHHs mnogadi (puc. 1.25). Tak
30epiraeTbCsi OpUriHAIbHA TPAEKTOPISl IHCTPYMEHTA.

Opnak anroputmu OptiPath 3anumaroTbest 3aKpUTUMH, a OMYOTIKOBAHUX JaHUX
npo Horo epeKTUBHICTh HENOCTATHHO JUIsl MOBHOI OLIHKU. J[0 TOro X mporpamHe
3a0€3MeUeHHs] HE HaKJIaJa€e J0JAaTKOBUX OOMEXEeHb (Ha MaKCUMAJIbHYy CHUJTYy P13aHHS,
MOTYXHICTh, CTIAKICTh 1HCTPYMEHTA, TOIIO), TOX IOBHA Oe3meKa W BiJAMOBIIHICTH

BUT'OTOBJICHOT J€TaJll KOHCTPYKTOPCHKUM BUMOI'aM He rapaHToBaHi [19].
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HZAIGH 1%-3. D5MIF 10, HZAIGH 183 . I5F 16

M264R-3.0730v 11,8504 MZ6AR-3.073v11.B504F18.
HZG5Y A . 5669 HZ65Y A . 5663

HZbGE -2, 4057 HZBGH -2, 4057

HZ6TR-7 . 4048Y5. 2756 HZ6TH-2  404B¥5. 2756F38 .
H268X-2. 39195, 3937 H268X-2 . 3919v5.3937F36.

HZGIR -2 . J741¥5. 4724 HZGIR -2 . J7A1¥5 . A72Z4FI2.
HZP0R-2 . 348379, 5512 HZF0R -2, 348375, 55 12F2H
M27 1R-2.3137v5. 6200 M2 1R-2. 31375, 6209F26 .
H2ZT2H-2 . 2626Y5.7191 H2ZT2H-2 . 2626Y5.7191F24.
HE?IH-2. 2 12075, 7674 HZ738-2. 2 126Y5. PE74F22 .
HZT48-2 . 144575 . 8627 HZTAR-2 . 144575 BR2TF20.

Pucynox 1.25 — [lo 3actocyBanns OptiPath ta micns [41]

— Texnonoris iMachining peanizoBana B CAM-cuctemax Siemens NX,
SolidCAM [42] Tta ¢opmye cknaani Mopdinr-cmipani (puc. 1.26), BiAMIHHI Bif
TPOXOimanbHUX TpaekTopiii Vortex. CTBEpIKY€ThCS, MIO TAKUM MIAXiA IIiIBUILYE
MIBUIKICTH BUAaeHHd Marepiany (MRR) Ta 301bl1ye CTIHKICTh IHCTPYMEHTA 3aBASKA
aBTOMAaTUYHOMY PETYIIOBAHHIO TMOaul il 30€peKeHHs TOMYCTUMUX KYTiB pi3aHHS B

niarma3oni Big 10° — 80° [43].

Pucynok 1.26 — Tpaekropii pyxy iHCTpyMeHTa MOp(]IHT cripai [43]

Maiictep-moayns iMachining BpaxoBye mMaTepian 3aroTOBKH W XapaKTEPUCTUKH
BepcTara, 0a3yloyuCh Ha amnpiopHid 1HQOpMAIIl MPO >KOPCTKICTh TEXHOJOTTYHOI

cuctemi (puc. 1.27) [19].
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Pucynox 1.27 — Maiictep-monynb iMachining [42]

JIIst MOCATHEHHS ONTHMAJIBHUX PE3yJbTATIB TepeadadyeHo BUOIP OMHOTO 3
JEKUIBKOX PIBHIB JKOPCTKOCTI, IO TMOTpeOye eKCIepuMEeHTaabHOl mepeBipku. Ha
MPaKTUIll 1€ MOX€ 30UIBIIUTA MPOAYKTHUBHICTH [21], yTIM BHUKIIOYHO CTabOimi3aiis
KyTa pi3aHHs He 3a0e3redyye piBHOMIPHOT CUJIM Ta MOTY>KHOCTI, aJ)Ke CUJIa Pi3aHHS He
€ TPSMOMIPONOPIiiHOI KyTy. KpiM TOro, MOpQiHT TpaekTopii 4acoM MOTIPUIYIOTh
HIOPCTKICTh, @ JESKI BEpPCTAaTH HE MOKYTh BUKOHYBAaTH IMOAIOHI MEPEMIIICHHS Yepe3
TEXHIYHI 0OMEKEHHSI IIPUBO/IIB.

— FeatureCAM Bin Autodesk [44] BHUKOpUCTOBYE NpPOCTHH MIAX1J 0
YOPABIIIHHS TOAAYEI0: MOJIEIIOBAHHS TPAEKTOpli Pyxy ¢pe3u i BHUMIPIOBAHHS
HABAaHTAKEHHS HA ITHCTPYMEHT (CHJIM pi3aHHs) Ta BUPIBHIOBAHHS I[bOTO HABAHTAXCHHS
NUISIXOM peryiatoBaHHs mnoaadl. Ha rpadiky mnpaBopyd, Ouna jiHig BigoOpaxae
MOYaTKOBE HABAHTAXKEHHS Ha 1HCTPYMEHT, a YOpHA JIIHIS MMOKa3y€e CHIIYy pi3aHHS MICIs

KOpUTYBaHHS Tofadi [45], sik mokazano Ha puc. 1.28.

et \,.,-\er“ o W
Before =
——— Affer 1:26.9 1.402 HP Setkings. ..

Pucynox 1.28 — I'padik cunm pizanus B mporpamuomy mpoaykti FeatureCAM [45]

Po3poOHuKN 3asBISIOTH, IO 1€ YIPaBIIHHS JO03BOJISIE CTAOUTI3YyBaTH CHITY

pi3aHHA Ha TPAEKTOpii (OPMOYTBOPEHHS, 3MEHIIUTH 3HOC, SIK IHCTPYMEHTa, TaK 1
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BEpCTaTa, a TAKOK HANAIITYBaTH MMOJavYy 1HAUBIAYaIbHO JJIS KOXKHOTO Kajapy. OnHak,
BUKOPUCTAHHS CUJIU Pi3aHHs, SIK KPUTEPIO JIJIsl YNPaBIIHHA MOJaydeto, He 3a0e3neuye
MaKCHMAJIbHOI TPOJYKTHUBHOCTI MPOIECY pI3aHHSA B IMOPIBHSAHHI 3 MIJXOJaMH, IIO
0a3yI0ThCsl Ha BUKOPUCTAaHHI MIBUAKOCTI Buanenns marepiany (MRR) [45].

— VegaCNC DATA-Optimize [46] — ue mnporpamHe 3a0e3MeueHHs, SKe
yIOpaBJsie peKUMaMU pi3aHHS HAa OCHOBI IIBHIKOCTI BuAaneHHa marepiary (MRR) i
OJHOYACHO aJanTy€e YIpaBIAIOYy MporpaMy 10 JWHAMIKU TPHUBOAIB BepcTaTta.
BuxopucroByroun mnponec «3D-BEKTOPHOrO aHalizy», IporpaMa CTBOPIOE HOBY
yHOpaBJsAiody Tporpamy 0a3ylounch Ha XapaKTePUCTHKAaX MPHUBOAIB BEpCTaTy, IO
3a0e3nevyroTh IUIaBHY pPOOOTY BepcTara Ta BHCOKY TOUHICTh MO3MIOHYyBaHHs. Ha
puc. 1.29 tpaekropist pyXy IHCTpyMEHTa Ma€ Pi3HUHN KOJIpP, YEPBOHHUIN CUMBOJIIZYE Kajp
YOPABJIAIOUOI MPOrpaMH 3 HAaWMEHILIOK BEIMYMHOKO MMOJadi, TOAl SK CHUHIA Kaap 3

HaioOinbIIo0 [45].

Pucynok 1.29 — Intepdeiic VegaCNC DATA-Optimize [47]

Xo4a 3anponoOHOBAHUI MPOrpaMHUN MPOAYKT BUKOPUCTOBYE OOMEXEHHS, IS
CTBOPEHHSI YNPABIIAIOUYMX MPOTpaM, BIH HE BPAXOBYE TaKUX XapaKTEPUCTHUK IMPOLIECY
pizanHs, sk cuiaa pizadas. [1{o mMoke mpuszBecTH M0 AEPEKTIB YyTBOPEHOT MOBEPXHI

HaBITh 3 BUKOPUCTAHHIM JUHAMIYHUX 0OMEXEHb BEpCTaTa.

Formtec NCSpeed [48] — e mporpamHa cucTemMa JJII MOJCIIIOBAaHHS Ta
NEepeBIPKA TPU Ta I'SITU KOOPAMHATHOI OOPOOKHM, 110 MOKpAIIy€e MPOILEC PI3aHHS 3

TOYKM 30py 3MEHIICHHS 4Yacy Ha omnepaiito Ta Oe3neku. IIporpama po3Boisie
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BepHU(IKyBaTH 1 MEPEBIPATH TPAEKTOPIIO PyXy (pe3u. BUkoprcTOByIOUM MOJETIOBAaHHS
JUTsL aHai3y mporuecy pizanHsa, moaylib NCSpeed po3paxoBye 00’eM Marepiaiy, KU
BUJIAISIE PIKYUUH 1THCTPYMEHT, 1 BIIMIOBIHO PETYIIOE MOJauy: YuM O1JIbIIe MaTepiany,
TUM TOBUIbHIIIA ToAava, 1 HaBmaku. Tak, Ha puc 1.30 mokasaHa TpaeKTOpis PyXy
IHCTpyMEHTa, PI3HI KaJpW Ha HIA BUILIECHI PI3HUMH KOJILOpaMH, IO BIJNOBIJIAE
Ha3HAY€HUM TI0fa4aM, YEpBOHHM KoJip — B Kajapi Oyne BUKOPUCTOBYBATUCH

MaKCHUMAaJIBHO MOXKJIMBAa I104a4a, TOI[i SK IIPpU CHHbOMY, ITOAa4a 6YI[6 3HA4YHO 3HHKCHA

[45].

Min Max Feed

Pucynok 1.30 — Inrepdeiic Formtec NCSpeed [49]

HenomnikoM € Te 1o nmporpama He BU3HA4Ya€ CUJI Pi3aHHS Ta HEMA€E HEOOXiTHUX
OOMEKEHb JJIsi BUTOTOBJICHHSI MMOBEPXOHb BUPOOY BIAMOBIIHO O KOHCTPYKTOPCHKHUX
BHUMOT.

— BobCAD-CAM [50] rooBHMM YMHOM 3MEHIIIEHHS 4Yacy Ha OTMEpaIliio
MEXaHIYHOI OOpOOKM 3MIMCHIOETHCS 32 PaxXyHOK MPUCKOPEHHSI XOJOCTUX PyXiB Ha
MaKCUMaJbHO MOXJIMBI mojadi. Takox mopauya mij 4yac pi3aHHS PETYIIOEThCS, 1100
TpUMAaTH MBHUIKICTH BuaaaeHHs marepiany (MRR) na neBHomy piBHi [45].

Xoda pO3pPOOHUKH 3asBISIOTH MPO MOXJIIMBICTH YIPAaBIiHHSA MOJa4yer0, HE
3pO3yMiJIO, SIK BOHM BHU3HAYAIOTh TMEBHHUM PIBEHb IIBUAKOCTI BUJAJICHHS MaTepiany
(MRR), i sk Take ympaBIliHHS MTO/Ia4€0 BILUTMBAE HA CHUITY Pi3aHHS 1 SKICTh YTBOPEHHUX
MOBEPXOHb.

— Predator CAM-cuctema [51] BUKOpHUCTOBYE CIOCIO TBEPAOTIIHLHOTO
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MOJIETIIOBaHHs Ta OyieBi omepartii Jyisi OUTBIIT TOYHOTO BH3HAYEHHS KUTHKOCTI 3HSITOTO
Matepiany. Lle 103Bosse BU3HAUUTH MIBUAKICTH BUAaneHHs matepiany (MRR) mpu
MOCTIMHIN TI0/1a4i, a MOTIM CTBOPUTHU HOBHUM 3aKOH YIMPABIIHHS MOJa4ero, IO JacTh
MOKJTUBICTh TPUMATH 3HAYEHHS IMBUAKOCTI BUaaeHHs Marepiany (MRR) Ha neBHOMY
piBHI TIpu 00pooOIIi [45].

Opmnak, He3BaXKaloyW Ha Te, IO MporpaMa YIpaBise IMOAAYet0 Ha OCHOBI
mBUAKOCTI BunaigeHHs Marepiany (MRR), Bona He BpaxoBye q01aTKOBI OOMEKEHHS,
Ha IIOPCTKICTh YTBOPEHOI MOBEpXHI ab0 ii TOYHICTH OOPOOKH, MaKCUMalIbHY CHITY
pi3aHHs, CTIMKICTh IHCTpyMeHTa. Lle MoXe mpu3BeCTH 10 HEBIAMOBIIHOCTI OTPUMAHHUX
BUPOOIB 33JJaHUM KOHCTPYKTOPCHKHM BUMOTAM.

— VISI Machining 3D [52] 1 NCG CAM [53] ynoBuIbHIOE MOAa4Yy MpH
BX0J1 (hpe3u B 00JacTh, B SIKIM 30UIBLIYETHCA 00’€M BHUIAJIECHOTO MaTepiainy — Iie
JI03BOJISIE THKEHEPY-TEXHOJIOTY Ha3HA4yaTH OUIBII MPOIYKTUBHI PEKUMU pPi3aHHS IS
BCli€i TpaekTopii popmoyTBOpeHHs [45].

Opmnak, 3pO3yMiJIo, IO YMHOBUIBHEHHS IMOAadl HE TPHU3BEAE 10 301IbIICHHS
MPOAYKTUBHOCTI IMPOIECY pi3aHHs, X04a 1 BHUpIIIyE ACSAKI 3 MPOOJEeM CTBOPEHHS Ta
BUKOPUCTAHHS YIPABISIIOYMX Nporpam Ha Bepcrarax 3 UIIK.

BucnoBok. Icnytoui CAM-cucremu Ta iXx MOyl MarOTh OOMEXKEHHs: HE BCl
BpPaxOBYIOTh 3MIHM YMOB pi3aHHs (IIBUIKICTh BUJAJIEHOTO MaTepiia, cujia pi3aHHs) i
3HAYHOIO MIPOI0 MOKJIAAI0ThCS Ha JOCBIJ 1HXKEHEpa-TeXHoyora. Xoua Jesiki CUCTEMU
MIJBUINYIOTh MPOAYKTHUBHICTh, IM Opakye MaTeMaTHYHUX MOJENICH misa cTabimizarii
MOKa3HUKIB Tporecy pizaHHs. CTBOPEHHS MOJENI IS BU3HAYCHHS Ta PETyJIFOBAHHS
mBUAKOCTI BuganeHas marepiany (MRR) macte 3mory aBTomMatusyBaTH cTa0iIi3aIliio
W TIOaNbITy ONTHUMI3AIlII0 MPOIECY pi3aHHs, 3MEHIIIUTUA POJIb JIOJCHKOTO (akTopy i

M1JBUILIUTH TPOLYKTUBHICTb.

1.6 OnTumizaunis npouecy KOHTYpHOro ¢ppesepyBaHHs

VY cydacHOMY MalvMHOOYyBaHH1 ONTHMI3AIlisl POLIECIB MEXaHIYHOT 0OOpPOOKH €

OJIHIEIO 3 KJIFOUOBHUX 3a/1ay, 110 CIPHUs€ MIABUILEHHIO €()eKTUBHOCTI BUPOOHUIITBA Ta


http://www.ncgcam.com/
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SAKOCT1 KiHIIEBOi mpomaykiii. OcoOnmMBOi BaXJIMBOCTI HAOYBAIOTh JOCIIKEHHS
30cepeKeHl Ha OnTUMI3allii mpoiieciB 00poOKH, 30KkpeMa KOHTYpHOMY (ppe3epyBaHHI,
K1 BU3HAYAIOTh YCIIX B 00poOIl ckiamHux aertaned. [lompu 3Ha4YH1 JOCATHEHHS
HAYKOBIIIB y BJOCKOHAJIEHHI METO/IIB YIIPaBIIHHA MpOIIECaMy pi3aHHs W cTadimizarii
bpe3epyBaHHs, a TAKOXK MPOBITHUX TEXHOJOTIYHUX KOMITaHii y po3pobienHi CAM-
CHUCTEM, JIOCI 3aJMINAIOTHCS BaXJIWBI HEBHPINIEHI TUTAaHHA MIOJ0 BUOOPY
ONTUMAJIBHUX TapaMeTpiB oOpoOku. OaHI€I0 3 KIIOYOBUX MPOOIEM € HEOOXITHICTDH
pO3pOOKH  METOMIB, 5Kl JO3BOJISIIOTH aBTOMAaTH3yBaTH IMpOIEC ONTHMI3allii,
MIHIMI3yBaTy BIUIMB BUIAJAKOBUX 30ypeHb 1 3a0€3MeUnTH CTaOUIbHI YMOBH OOpOOKHU
[17].

IHocTanoBka 3agaui onTuMi3alii Ta KpuTepii

3aranom Mmij 3a/a4yer0 ONTUMI3alii pO3yMiIOTh MOIIYK HAWKPAIIOro PO3B’S3KY
cepell yCiX MOXJIMBHUX 3a OJIHUM YU KUTbKOMa Kputepismu (i iX MiHimizamii ado
Makcumizamii). Y KOHTEeKCTI (hpe3epyBaHHs HaWyacTille KpUTEpli OXOILTIOIOThH
NPOAYKTUBHICTE [63, 66, 69, 72, 74-79], criiikicte iHCTpymeHTa [55, 58, 70],
IIOPCTKICTh 00po0IIeHol moBepxHi [57-58, 69-70, 74, 79-80] Ta eHeproeeKTUBHICTh
[59, 73, 77]. Sk npaBuno, OOCHIJIHUKH BKJIIOYAIOTh y IUIbOBY (DYHKIIIO TakKi
napameTpH, SIK Mojaya, MMBUJKICTh pi3aHHA, TIMOWHA ¥ mHpuHa pi3aHHs [55, 58-59,
66, 69-70, 73-74, 77].

3amauy MoxHa (OpPMYIIIOBATH, SIK OJHOKpUTEPiaibHY a00 OaraToKpUTEpialibHY.
VY nepmoMy BUIAIKy aKIEHT pOOUTHCS Ha JOCATHEHH1 HAMIIMIIIOr0 3HAYEHHS OJIHOTO
MOKAa3HUKA, HEXTYIOUU 1HIIUMU (HANPUKIIAI, MaKCHMIi3allis MIBUIKOCTI BUJAJECHHS
Matepiany abo MiHiMIi3allisl 3HOCY 1HCTpyMeHTa). [IpukiagamMu OgHOKPHUTEPIaTLHOTO
MIIX0My CIyTyoTh [55, 57-59, 66, 69, 75-76], ne koxHa poOoTa (OKyCYeThCA
BUKJIFOYHO Ha oJlHOMY (akTopi. HatomicTs y GaraTokpurepiaabHOMy (HopMyJItOBaHHI
[37, 56, 60-62, 67-68, 70, 72-74, 77-80] 1OBOANTHLCS OJJHOYACHO BPaXOBYBaTH KUIbKA
MOKa3HUKIB, 10 YCKJIAHIOE MOITYK KOMIIPOMICIB.

Ha npakTumi JO0oCUTh MOMIMPEHUM € OJHOKPUTEpIabHUN Mmiaxiag 13
MakcuMizaiiero ob0csary 3uATTs npunycky (MRR), Tomi sk mopcTkicTh, 3HOC

IHCTpyMEHTa 4Yd BUTPATH EHEPrii po3risjgaloTh K OOMEXeHHs. SKIo moTpiOHe
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OJTHOYACHE MOJITIIICHHS KUTBKOX XapaKTEepUCTHK, 3aCTOCOBYIOTh

daraTokpurtepiajbHi METO/IH, K1 3HAXOIATh KOMIIPOMIC MK PI3HUMH BUMOT'aMHU.

OcHoBHI KpuTepii B onTuMisauii ¢ppesepyBaHHs:

— [IponykTuBHicTe. Y mparsx [66, 69, 75-76] OCHOBYy CTaHOBUTH
30UIBIICHHS IIBHJAKOCTI BHJAJIGHHS Marepiany. Aje y OararokpurepiaibHUX
nociaimpkeHnusax [37, 56, 60-63, 67-68, 72-73, 77-80] 3HauHe IIiIBHINCHHS
MPOAYKTUBHOCTI TMOTpeOye KOMIPOMICIB 13 TAaKMUMH TOKa3HUKAMH, SIK CTIMKICTh
IHCTpYMEHTA 4M BUTpaTu eHeprii. HaltuacTime nieit kpurepii € HalJOIUIBHIIINM came
B OJIHOKpUTEpPIATbHUX 3a/1a4aXxX 3a HASIBHOCTI JOAATKOBUX OOMEXKEHb.

— [opctkicte 00pobieHoi moBepxHi (Ra). ¥ pobGorax [57-58, 69, 71]
MiHIMI3y€eTbesl Ra gk equnuit kputepiid, Toai sk [70, 74, 79-80] noennyioTs #oro i3
3HOCOM 1HCTPYMEHTA Ta MIBUAKICTIO BuaaeHHs: Marepiairy (MRR). ['onoBHMiT Hegomik
Ra sk kputepito mossirae B TOMY, 110 MIOPCTKICTh 3a3BUYail 3aJlaHa KOHCTPYKTOPOM,
TOK 1I HE 3aBKIW NOTPIOHO MIHIMI3yBaTH JO TpPAHWUYHUX 3HA4Y€Hb. Tomy
parioHabHiIIe BBakatu Ra oOmMexeHHs M 1] yac GopmyimroBaHHS 3a1a41l ONTUMI3aIlLi.

— Criiikicth 1HCTpyMeHTa. Y [55] me emunuii kpurepiid, tomi sk [70]
JIOJJaATKOBO BPAXOBYIOTH IIOPCTKICTh MOBEPXHI M MPOAYKTUBHICTb. Ha BUPOOHUUTBI
IHCTPYMEHT 4acTO PO3MISIIAI0Th KPi3b MPU3MYy OOMEXEeHHS (YHUKHEHHS HaJMIPHOTO
3HOCY), @ HE SIK CAaMOCTIMHUN KpUTEpPid, 110 HEPIAKO MPU3BOIUTH O 3BY>KEHHSI TOJIS
MOIITYKY 3a IHITUMU TOKa3HUKaMH.

— EneproedexruBHicte. Y [58] OCHOBHMII KpuTepii — MiHIMI3aIlsA
CJIEKTPOCIIOKMBaHHs, a B [60-62, 73, 77, 79] ii noeaHyOTh 13 MPOAYKTUBHICTIO M
SKICTIO TOBEepxHI. BTiM, CyKynmHEe BHUKOPUCTAaHHS  €HEProeeKTUBHOCTI 3
IPOAYKTUBHICTIO € CYNEPEWIMBHUM, /K€ 3MEHILIEHHS €JIEKTPOCIOKMBAaHHS 3a3BHUail
HETaTUBHO BIUIMBA€ Ha MIBUAKICTH OOPOOKH, IO 3PEIITOI0 MiJIBHIINYE COOIBAPTICTD.
Tomy eHeproeeKTUBHICTh MOIIBHINIE pO3TIAIATH SK OOMEXeHHs, o0 He
NEPEeBUILYBATH KOHCTPYKTHBHI JIIMITH €JIEKTPOJIBUTYHA IIMUHACNIS YU MPUBOAIB

rmojaui.
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OO0MekeHHS B 3a1a49aX ONTHMI3aIil

3riIHO 3 aHaJi30M JociKeHHsIMu [58, 62, 68, 75, 78], npu ¢popmyBaHH1 3aaa4i
onTtuMizalli Qpe3epyBaHHs HEOOXITHO BpaxoOBYyBaTU: TOTYXKHICTh OOJIaHAHHS,
MaKCUMaJbHO JOMYCTUMY CHUJIy pi3aHHs, CTIAKICTh IHCTPYMEHTa, BUMOTH IIOJAO
IIIOPCTKOCTI TTOBEPXH1, KOHCTPYKTHBHI OCOOJIMBOCTI BepCTaTta.

[lopymienHss 1uMx oOOMEXeHb 37aTHE TMPHU3BECTH [0 HAJIMIPHOTO 3HOCY
1HCTpPYMEHTA, OIIKOKEHHs 00JIaIHaHHS i MOTIpIIEHHS SIKOCTI BUPOOYy .

CyuacHi MeTOAH BUPilICHHS 3324 ONITHUMIi3awil

Ontumizamisi  (Qpe3epyBaHHA € KPUTHYHOIO JUIsi 3a0e3MeYeHHS BHUCOKOI
MPOYKTUBHOCTI W HAJIEKHOI SIKOCTI B MAIIMHOOY 1yBaHHI. [CHYIOTh pi3H1 MAXOH, 1110
JAI0Th 3MOTY 3MEHIIYBaTU €HEPrOBUTPATH, MOKpAIlyBaTH TOYHICTH Ta MiHIMI3yBaTu
3HOITYBaHHS IHCTPYMEHTA.

l. [tyyni weiponni mepexi (ANN). EdexkTuBHO po3B’sI3yl0Th CKIIAIHI
HEJHINHI 3a/1a4dl, MOJIECTIOIYHN 3aJIEKHOCTI MIK OCHOBHHUMHM MHapameTpamu (Iojaya,
IIBUJIKICTh P13aHHS TOIIO) Ta pe3ybTaTaMu (IIOPCTKICTh, cuiu pizanus). Y [37] ANN
BUKOPHUCTAHO JJIsI OaraToKpuTepiaabHOT onTUMI3allli 9opHOBOTO (ppe3epyBaHHs, y [54]
— JIJIs. IPOTHO3YBAHHSI CUJIM pi3aHHS Ta KEpPyBaHHs Tojaudeto, a B [55], [56] — mus
3MEHIIICHHS 3HOIIYBaHHS W eHeprocmnokupaHHs. Jlocmin [57] neMOHCTpy€E MO€THAHHS
ANN 13 renernynumu anroputMamu (GA) mjis pO3MIMPEHHS MOUIYKY TIJIOOaIbHHUX
ontumyMiB. Henonik mnonsirae B morpedi BEIUMKUX O0’€MIB JaHUX, PH3UKY
nepeHaBYaHHs i CKIaJHOMY HaJlalllTyBaHHI.

2. ['enetnyni anroputmu (GA). Hacnigyrouu eBOIONIHI MEXaH13MU, BOHU
no0pe mpaiioTh y OaraTOKpUTEpiallbHUX 3aadax 1 JONoMaraloTh yHHUKATh
JokanbHUX ekcTtpemyMiB. Y [57] GA moemnamm 3 ANN s minimizanii Ra, y [58] —
ONTHUMI3yBaJIH BHUCOKOUIBUJIKICHE cyxe bpe3epyBaHHs 3 MEHILINM
eHeprocnoxkuBanHsM, y  [59]  BukopucroByroun  NSGA-II  momimmmim
E€HEepProePeKTUBHICTh 3a IEBHOTO 3HWKEHHS NPOIYKTHBHOCTI, a B [60] 3HaWuumM
OajlaHC M)XK €KOHOMIYHOIO BHUTOJIOI0 Ta MpPOAYyKTHBHICTIO. Jocmia [61] Bukopucras

GA nans onTuMizanii €eHEeprocroXUBaHHS, MIOPCTKOCTI W MPOAYKTHBHOCTI, a B [62]
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3MEHIIWIA BUKUAM ByTiemo. GA BUMaraioTh 3HAYHUX OOUYMCIIOBAIBHHUX PECYpCIB i
qacy.

3. Meton bokca-Bincona (RSM). Merogomnoris BiATyKOBOI MOBEpXHI
(Response Surface Methodology) — 1e cratucTHUHMA MiAXiA IS MOJCTIOBAHHS
B3a€MO3B’SI3KIB MIXK TapaMeTpaMH Ta pesyJibratamu. Y [63] Horo 3actocyBaiu IS
MOKpAIIEHHS IIBUIKOCTI BUJAJCHHA MaTepiany mia dac oOpoOku ctami AISI P20, y
[64] — nns eneproedextuBHOCTI. PoboTta [65] interpye RSM i3 meromom Tarywi,
JOCSITAI0YM 3HUKEHHSI BUTpAT MpU 30epekeHH1 sIKOCTi, a [66, 67] OepyTh A0 yBaru
OaraTokpuTepiajibHy ONTUMI3AII0 CUJ Pi3aHHS, IMIBUIKOCTI, €HEPrOCIOXUBAHHS M
touHocTi. Hemomik RSM — HEoOXIAHICTH y HU3II E€KCIEPUMEHTIB, IO 30UIBIIYE
BUTpATH.

4. Jliniine nporpamMyBaHHs Ta KOMOIHOBaHI aiaroputmu. JliHiliHe
nporpaMmyBaHHsI €(eKTUBHE, SKIIO IIb0BAa (QYHKIIS W OOMEKEHHS MalOTh JIHIHHY
dbopmy (Hampukiaa, MiHIMi3alliss BUTpaT ab0 MakcuMizalis HPOAYKTUBHOCTI). Y
CKIAJHIMIMX BHIMaJKaxX 3acTocoBYIOTh riopuani metoau (PSO, ANFIS Tomo). ¥V [65]
noeaHanu Meron Taryui, RSM Tta PSO gns minimizamii eHeproButpaT, y [68]
PO3pOOMIIM MOJIEIB, IO PO3PAXOBYE CUITY Pi3aHHS Ta ONTUMI3y€E MBUAKICTH 1 M0/1a4y,
a B [64] 3amisum JiHINHE TpOrpaMyBaHHs, a0W 3HU3UTH €HEPTrOBUTPATH 0€3 MOMITHOT
BTpaTH SIKOCTI.

[lepeBaroto MHIHOTO MNPOrpaMyBaHHsS € HOro MPOCTOTa, €PEKTUBHICTh Ta
MOXJIMBICTh ONTHUMI3AIlli HA OCHOBI MOJICIIFOBAaHHS IIPOIECY Pi3aHHS, IO CYTTEBO
€KOHOMUTH 4ac 1 pecypcu. Y TO# ke 4ac KOMOIHOBaHI ajJrOpUTMH, HE3BaXKAIOUM Ha
CBOIO 3JaTHICTh BHUPILIYBaTH CKJIQJHI HEJNIHIWHI 3a/ladl, YaCTO BUMAaralTh BEJIHKUX
00CATIB EKCIEPUMEHTAIbHUX JaHUX Ta € CKIAQQHINMMHU Yy BIpoBa/pKeHHI. [le
YCKIIQIHIOE 1X BHKOPHUCTAHHS y BHUPOOHWYMX yMOBaX, J¢ KPUTHYHO BaKIIMBHUMH €
MPOCTOTA 3aCTOCYBAHHS, OMEPATUBHICTh Ta €KOHOMIYHA €()EeKTUBHICTh. TaKUM YHHOM,
JUIsL  onTUMi3alii  mpoueciB  (gpe3epyBaHHS B MPOMMCIOBOCTI  JOIJIbHIIIE
BUKOPUCTOBYBATH JIIHIMHE MpOorpaMyBaHHs, sike 3a0e3rneuye He0OX1IHY e(PEeKTUBHICTh

IPY MEHIIIMX BUMOTaX 10 KITHKOCTI JaHUX.
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1.7 BucHOBKH, MeTa i 3a71a4i J0CTiKeHHSA

3a pesyinbTaraMu MPOBEJACHOTO aHaJI3y JITEPaTYpHUX JKEPEN, MPUCBIYCHHUX
KOHTypHOMY ¢pe3epyBaHHI0O Ha Bepctarax 3 UIIK, BcranoBieno, mo 1meil mporec
3aJUIIAE€THCS BAXKIMBOIO CKJIQJ0BOI0 y BHUTOTOBJICHHI JeTaneil 31 CKJIaJHOI0
reOMETPi€0, OCOOJMBO B TaKUX Taly3siX, SK aepoKOCMiyHAa, aBTOMOOLIbHA,
MaIlMHOOYAIBHA, a TaKOX Yy BUPOOHHUITBI mpec-GopM, /€ BHUMAara€TbCcsi BHCOKa
TOYHICTb Ta SIKICTh IOBEPXOHb OTPUMAHMX JETaIeH.

PoGotu nmocmimHuMkiB y cdepl crabumsaiii  IOKa3ylOTh HEOOX1THICTH
3aCTOCYBaHHSI OOMEXEHb JIJIsl BpaxXyBaHHs BCIX HEOOXITHUX KOHCTPYKTOPCHKUX BHUMOT
OCKUJIBKM caMa CTalLIi3allisl Mpolecy pi3aHHs 3a MIBUAKICTIO BUIAAJICHOTO Marepiay,
CWJII 4YM TIOTY’KHOCTI pi3aHHS HE Tpu3BeAe 10 30UIbIICHHS MPOAYKTUBHOCTI YU
MOKpAIICHHs SKUXOCh IMapaMeTpiB BHUIOTOBJIEHOI JeTanl. B cBorwo depry icHyroul
CAM-cuctemu 37aTHI TPOEKTYBATH TEOMETPUYHI TPAEKTOPIi Ta TEPEeBIPSITH Ha
BIJICYyTHICTh HEOOPOOJIEHUX [IISHOK, ajleé HE BPAXOBYIOTh JAMHAMIYHI 3MIHHU YMOB
pi3aHHs, 10 3HWXKYyE MNpOoAyKTUBHICTH. HaBith B mepemoBux CAM-cucremax, sk
NpaBUJIO BIJCYTHE MOJCIIOBAHHS TMPOIECYy pi3aHHsA, a00 HE BPaAXOBYIOTHCS
KOHCTPYKTUBHI YW TEXHOJOTTYHI OOMEXKEHHS.

Ile mpu3BOAMTH O HEOOXIMTHOCTI PO3POOKM HOBHUX MIiAXOMIB JO cTabimizarii
Ipoliecy pi3aHHA Ta aBTOMATH3allli MPU3HAYEHHS peXUMY pi3aHHA. JlOoLUIBHO s
TaKoi cTad1i3a1li BAKOPUCTOBYBAaTH METOJ YIIPABJIIHHS PI3aHHSIM Ha OCHOBI alplOpHOi
iHdopwmartii. Ile nmependbavae MomentoBaHHs, JJIS SIKOTO HEOOX1THO BpaxyBaTH BiaoMi
reOMETPUYHI MapaMeTpu JeTaji, IHCTPyMEHTa 1 MNPU3HAYEHUN pEeXUM pi3aHHS.
OCHOBHOIO XapaKTEPUCTUKOIO TMPOIIECY Pi3aHHS € MIBHAKICTh BHUJIAJICHHS MaTepiary
(MRR), sxa BkIJIfOUa€ BCi €HEPreTUYHI MOKa3HUKU — CUJTY, TIOTYXKHICTh, TEMIIEPATypy
To110. ToMy JAOLUIBHO cTab1II3yBaTH caMe 3a I[I€I0 XapaKTEPUCTUKOIO.

[Ticns crabimizamii mpoiecy 3a MBHUAKICTIO 3HIMaHHS Matepiany (MRR),
JIOTIYHUM, HACTYITHUM €TaIrlioM € OMTHUMI3allis MPOoIecy JJIsl MOAAIbIIOT0 MiABUIICHHS
MPOAYKTUBHOCTI. PO3MISIHYTI MeTOIM BUPIIIEHHS 3a/1a4 ONTUMI3aIlli, TaKl sSIKk HEHPOHHI

MEpeXi, TeHETHYHI ajaroputMu, Meron bokca-Bincona, a Takoxk KoMOiHOBaH1
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aJITOPUTMH, MAIOTh CBOI MEpeBary, aje He 3aBKIu MIAXOASATh AJS PO3B’SI3aHHS 3a]a4y
JUHAMIKH 1711 IPOLIECY KOHTYPHOTO (hpe3epyBaHHs. IX OCHOBHI HEJIOMIKHU HOJIATAIOTh y
CKJIQJIHOCT1 peaiizalii, 0OMEXEHHAX Yy MPAKTHYHOMY 3aCTOCYBaHHI Ta HEIOCTaTHIN
e(eKTHBHOCTI TPU BpPaxyBaHHI AWHAMIYHUX 3MiH y Tporieci oOpoOku. OCKIIbKH,
METOJ JIHIMHOTO MpOoTrpaMyBaHHs 1030aBJICHUM BHIIE HAaBEACHUX HEIOMIKIB HOTro
JOLTFHO BUKOPUCTOBYBATH ISl PO3B’SI3KY 3a7a4l ONTUMI3allii.

[Ipu ¢dopmyBaHHI 3amadi oONTHUMI3alii CIiiI BUKOPUCTOBYBATH KpUTEPIiid
MPOAYKTUBHOCTI, TOOTO MiHIMI3yBaTu 4ac (pe3epHoi omeparii. Takox 3amada mae
OyTu c(opmynbOBaHa, IK OJHOKPUTEPIAIbHA JJI1 YHUKHEHHS KOMIIPOMICHHX PIIIEHb
MK KOHKYPYIOUUMH KPUTEPISIMH.

JlonaTKkoBO, CTBOPEHHsSI MPUKIAAHOI TporpamMu 3a0e3MeurTh aBTOMATH3alIIo
npoliecy craduli3alii Ta onTUMi3alli Ipouecy KOHTYpHOro ¢ppe3epyBaHHs, U0 3HAYHO
M1JBUIIUTH TPOAYKTUBHICTH Ta CIPOCTUTDH MPAKTUYHE BIIPOBAI>KEHHS.

Buxonsiuu 3 pe3ynbrariB aHamizy JiTeparypu Oyia copMyiboBaHa MeTa 1 3aj1a4i
JOCITI)KEHb.

MeTta po60oTH — po3pOo0ICHHS METOIAMKY 1 MPOrPaMHUX 3ac0o01B JJis1 cTabim3arii
Ta oNnTUMI3aIlli Npolecy KOHTypHOTo (pe3epyBaHHs Ha Bepcrarax 3 UIIK, mo nactsb
3MOT'Y 30UTBIIMTH TMPOAYKTHBHICTH (pe3epHoi omeparlii Ta 3a06e3NeunuTh AOTPUMaHHS
KOHCTPYKTOPCBHKHX BUMOT 710 BUPOOY.

/i 1OCATHEHHsI MOCTABJIEHOI MeTH HeOOXiIHO BHMPILIMTH TaKi OCHOBHI
3agaui:

— Po3pobutn mMaremMaTH4Hy MOAETh, IO AACTh MOMKJIMBICTH MOJETIOBATH
mpoiec KOHTYpHOTo ¢pe3epyBaHHS Ta BHU3HAYaTH XapaKTEPUCTUKY — IIBUIKICTH
BunaneHHs marepiany (MRR);

— Po3pobutu cnoci6 cradimizamii mBUAKOCTI BuajgeHHs: marepiainy (MRR)
JUISL TIPOLIECY KOHTYPHOTO (hpe3epyBaHHS;

- CdopmynroBaty 3aiady ONTUMIZAINT JJIs TMIJBUIICHHS MPOJTYKTHUBHOCTI
MpoIIeCy KOHTYPHOTO (hpe3epyBaHHs 3 ypaxyBaHHIM HEOOX1THUX OOMEKECHB;

— Po3pobutu anropuTMu Ta MpHUKIaIHI IPOrpaMu;

— [IpoBecTu excriepuMeHTaIbHY arpo0allilo OTPUMAHUX PE3YJIbTaTIB.
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PO3JILI 2
BU3HAYEHHSI XAPAKTEPUCTUK KOHTYPHOT'O
®PE3EPYBAHHS

2.1 IlepeaymMmoBH MO/Ie/IIOBAHHS NMPOLECY KOHTYPHOTO (ppe3epyBaHHS

Kontypue ¢pesepyBanHs BukoHyeThesi Ha Bepcratri 3 UIIK 3a ympansiiouoro
porpaMoro, po3podisieHor B Oyab-akii CAM-cucremi. TakuMm 4YWHOM, BHUXIJTHUMH
JAHUMU JJI1 MOJEIIIOBaHHs, cTadUII3alli Ta MOJaNbIIOl ONTUMI3alli TPOLIECY pi3aHHs
€ ympaBisitoya nporpama B G-kojmax. OCHOBOIO CTBOPEHHS HOBOI YIPaBIIsOUOi
porpamu, ska BpaxoBYye cTallTi3alliio MBUAKOCTI BuaaneHHs marepiany (MRR) ta
ONTUMI3AIII0 MpoIecy, € U(poBe MOJETIOBaHHS B3aeMOAll (pe3u 13 3arOTOBKOIO B
30H1 pi3aHHsA. HeoOxiHO MepeTBOPUTH TpaeKTopito, 3amucaHy B (G-Kojax BUXIIHOI
IporpamMu, y MacuB TOYOK, a TAKOX CTBOPUTU LU(POBI MACHUBH JJIsl OMHUCY KOHTYPIB
3aroToBKM Ta Jetani. lle 103Bojise BHUKOHAaTH YHMCEIbHE MOJICIIOBAHHS,
MPEICTABIIAIOYN KOHTYP 3arOTOBKH Y BUTJISIII IBOBUMIPHOI BOKCENbHOI Mojeni [81].

V¥ cucremax UIIK (DIN 66025/ISO 6983) TpaekTopii nepemilieHHs 3a3BUYail
OMKCYIOTHCS JBOMA THUIIAMH TE€OMETPUYHHMX €JIEMEHTIB: MPSMUMH BIIpi3KaMu Ta
nyramu ki, Ha puc. 2.1 HaBeeH1 BCl MOXKIIUBI €JIEMEHTH KOHTYPY, 110 3alMUCYIOThCS
B YNpaBJIsIO4vii mporpami st kepyBanHs BepcraroMm 3 UIIK. Jlns 3pydHOCTI mogaHHs
BCl TpU THUIH TPAEKTOPI TPEACTaBIICHI B OJHIM CHUCTEMI KOOPAMUHAT, MPUYOMY

noyYaTok (Touka A) 1 KiHelp (Touka B) NUISIHOK MO3HAY€HI OAHAKOBO [82].
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Pucynok 2.1 — I'eomerpist koHTYpY [82]

[Tin yac Bukonanus komana GO1, G022 abo GO3 ueHTp dpe3u nepeMimyeTbes
MDK ToukamMu A 1 B. TlpsiMoiiHIiHI IUISHKK TPAEKTOPIli BU3HAYAIOTHCS HA OCHOBI

TaKHUX 3aJICKHOCTEN [82]:

X/[i] =x,+hiCos(a)
Y[i] =y, +hiSin(a) * 2.1
1€ X4, V4 — KOOPIAUHATH [TOYATKY, /i — KPOK PO3PaxXyHKY.

3BIIKK 0 — KYT HaXWIy TIPSMOJTIHIMHOL IJITHKA TPAEKTOPIT pO3PaXOBYETHCA, SIK:

a =arctan22—4 . 2.2)

Xp — Xy
1€ Xp, V5 — KOOPJIMHATH KIHIIS TUISTHKH,

Po3paxyHOK Ma€ BUKOHYBATUCh 10 YMOBHU I < Iy
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e round((\/(xA Y+, -1 ) )/h) 2.3)

[Ilo6 cTBOpUTH MACHBH TPAEKTOPIM Ui Oyr KoJja, HEOOXIJHO BH3HAYUTHU
KOOpAMHATU iX HEHTpY. BUKOpHCTOBYIOUM TeOMETpHYHI CIiBBIJIHOIICHHS, HABEICHI

Ha puc. 2.1, MOXXKHA OOYHCIUTH KOOPJAUHATH LEHTPY Ayru s o0ox Bumaakis (GO2 i

GO03):

{xo = x. + COCos(y)

, 2.4
YO:yCiCOCOS(V) 24)
3HaK «+» g komangu G02, 3Hak «-» 11 komauau GO3.
Xz —X,
y =arctan ———— (2.5)
Y= Va4
ne Xc=(xs+x4)/2; ye=(va+yp)/2; CO=+R*~(4B/2) , 4B=(x, )

MacuBu [UISHOK Jyr BU3HAYAIOTHCS 3a (QopMysamMH, BUKOPHUCTOBYHOUH

KOOPJIMHATU LEHTPY AYTU Ta KyT ¢, JUIsl BIATIOBLAHOIL JUISTHKH:

Q= arctan 24— 2¢C (2.6)
X, =X
X[i] =x, +RCOS(¢O +5i)
o . N, 2.7)
Y[i] =y, + RSin(¢p, + &)

ne 0=h/R - KpoK B3JIOBXK PO3PaXyHKOBOTO KyTa.

Po3paxyHOK BUKOHYETBCS 10 YMOBH [ < Iy

i = rouna{(arctanM - %j/é] . (2.8)

Xp — Xc
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[lepmuM eTamoM MOJAETIOBAHHA IMPOLIECY KOHTYPHOTO (pe3epyBaHHS €
CTBOPEHHS aJITOPUTMIB Ta iX peaiizailis y BUIJISII MOJYIIB MPUKIAIHOI MPOTPAMH.
Kir04oBMM KOMIIOHEHTOM MPOrpaMHM € MOAYJb 3YMTYBAaHHS BMXIJHOI yIPaBIIAIOUOi
nporpamu s Bepcrata 3 UIIK y dopmari G-xomiB. Y 1IbOMy MOy «CJIOBa» Ta
CUMBOJIY, 3alIUCaHl B IPOrpaMi, aHaII3yIOThCs Ta MEPETBOPIOIOTHCA HA T€OMETPUYHI
00’ €KTH: TIpsiMI JTiHIT @00 Tyru Koja, sIKi MOXKYTh OyTH CIPSIMOBaHi 3a TOJUHHUKOBOIO
cTpinmkoro uu Tmipotu Hei. KoxkHoMy 0O0’€KTy MPHCBOIOIOTHCS aTpuOyTH, IO
BIJNIOBIIAI0Th NTapaMeTpam, 3a3HaueHUM y (G-Ko/ax, BKIIIOYAIOUM KOOPAUHATH, paalyc
1 HapsIMOK pyxy [82].

Ha ocHOBI1 po3p00sieHOr0 MaTEMaTUYHOTO arnapaTy CTBOPEHO MEPIIUN MOIYJb —
OPUKIAJHY Nporpamy, SIKUH JEMOHCTPY€ CBOIO (DYHKUIOHAJIBHICTh Ha MPUKIIAAIL
pO3paxyHKy HU(GPOBOr0O MAaCHBY TpaekTopli (HOPMOYTBOPEHHS, MPU3HAYEHOI s
¢dpe3epyBaHHsl KOHTypy. Taka TpaekTopis CKIagaeTbcs 3 MPSAMUX JUISHOK 1
COPSDKEHUX YT KOJja, SIKl CIOIY4YaroThCsl MK cO0010. /[ CTBOpEHHs yNpaBisitouoi
nporpamu BUKopucTtano mpoony Bepcito CAM-cuctemu SolidCAM [83].

VY3aranbHEHUN aJITOPUTM, 3a SIKUM IpPalo€ IPUKIagHa MporpaMa, NoKa3aHo Ha
puc. 2.2. Ynpapnstoua nporpama B G-Kojax, 3aBaHTaXYEThCS, K TEKCTOBUN (aiii
(*.txt). B ympaBnsitounx mporpamax Jjisi KOHTYpHOTo (pe3epyBaHHs, K 3a MPaBUIIO,
Mmictatbest koau npsmoi (GO1) abo/ta ayru kona (G02, GO3). Ilpu BusABIECHHI LMX
napameTpiB KOXEH psJOK (Qailly MNepeBIpsAOTh Ha HasABHICTh, ab0 BIJCYTHICTh
TEKCTOBHX 3MIHHMX (sf7) 1 y BHNAAKy, SKIIO BOHH 3HAiCHI, MPOBOJATH
iaeHTudIKalio 3a QOpMOI0 TPAEKTOPIl, AKIIO Hi, TOJI NEPEBIPSIETHCS HACTyMHUUN
PSAIOK, TUIAXOM JoJaBaHHS 10 HoMmepy k 1 T.a. DyHKIIOHYBaHHS aJTOPUTMY
BBAXKAETHCS 3aKIHYEHUM TpU YMOBI k>N, ne N — KinbKicTh psiakiB y daiimi. [Ipu
1AeHTHdIKaIll IPsSMO1, MPOXOJAUTh BUSHAUYECHHSI HACTYHUX KOOPAMHAT: MOYATKY X4/j/,
valj] Ta xiHus xgfj], ys/j], konu nyra Koja, TO JaHi AOMOBHIOIOTH paaiycoMm R[j]. [le j

— HOMep 11eHTU(DIKOBAHOI IUISHKH TpaekTopii [83].
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< IToyaTok >

\ 4

3aBanTaxxeHHsa G-KOiB
YIPABISIIOYOI IPOrpaMHu

A 4

IlepeBipka TEKCTOBUX JaHUX
YOPaBJISIOUOl MPOrpamMmu

Str=G01 or GO2
or GO3?

\ j=i+1
KoopuHaT modarky Koopautati novatky
xalj].valj] i sz Xalj]valj], i
xB[j],yB[/] HpHMOT xB[]],yB[]] 1 paaycy
R[j] nyru

\ 4

Po3paxyHok macuBy

x[.il.ylj.i]
|
mak A Hi
r k>N?

y
< Kineus >

Pucynok 2.2 — Anroput™m niporpamu [83]

Ha (puc. 2.3, a) HaBeqeH1 pe3yJbTaTH MO 3aKiHYEHHIO aHIMAIlli CIPOEKTOBAHOL
ynpasisitouoi mporpamu. @pesepyBaHHS KOHTypy | geranmi  3AiMCHIOETbCA 3
MPSIMOKYTHOI 3aroToBku 2 3a jgomoMoror ¢pesu 3. Tpaekrtopis pyxy ¢pesu sk
poboya, Tak 1 xoznoctra mno3HaudeHl jdiHIAMA 4. ChopoektoBany y CAM-cucremi
SolidCAM ympasistouy nporpamy y G-kojmax OyJio 3aBaHTaXEHO y poO3poOJieHY
nporpamy y BUJl TeKCTOBOro (aitiny. B pe3ynbrari cTBOpeHO (haiii B SIKOMY 311 ICHEHO

3alliC PO3paxoBaHUX IMUPPOBUX MaCUBIB (HOPMOYTBOPIOIOUUX TpaekTopiid. Jlis
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Bepudikalii Taki MacuMBU TMOKa3aHi B TpadiuHOMY BHII B aHAJOTIUHIA cHUCTEMI

koopauHar (puc.2.3, 6) [83].

X 1 e 3
A RN i
W
SN H\Q. 3

—

v

a) 0)
Pucynox 2.3 — Pesynbpratn mogemntoBanss: a) CAM-cuctema SolidCAM;

6) TpaeKTOpIi 3a CIPOEKTOBAHUMHU IU(PpOBUMH MachBamu [83]

[TopiBHSIHHA pe3yJbTaTIB 13 TPAEKTOPIIMH, 3aMMCAHUMU B YIPABISAIOUY
mporpamy, MiATBEPIKYE 11 KOpeKTHE (PYHKIIIOHYBAHHS.

Jl7iss BUKOHAHHS MOJEIIOBAHHSI MPOLIECYy KOHTYPHOTO (hpe3epyBaHHsA HEOOX1IHO
CTBOPUTH LKM(POBI MaCUBU TOYOK, IO OMUCYIOTh KOHTYpPH JeTasi Ta 3arotoBku. Lli
MacuBU (POPMYIOTbCS Ha OCHOBI T€OMETPUYHUX XapaKTEPUCTHK IHCTPyMEHTa Ta
MIPUITYCKY, 30KpeMa giaMmeTpa (ppe3u 1 TIMOUHM PIBHOBIIAJICHOTO APy MPUITYCKY.

CTtBOpEeHHS MacuBY KOHTYpY aetaii (Xy, Yi):

Xd[i]=X[i]—-R Sinc,
{Yd[i ]=Y[i] - R, Cosa,’ 29)

ne R, - pantyc ¢pesn, o; - KyT HAXWUIIy KOHTYpY.
Ta 3arotoBku (Xw, Yw), 5K eKBIZUCTAaHTHUH KOHTYp JO Tpa€eKTOpIi

(OpMOYTBOPEHHS:
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Xwli]=Xd[i]+ HSing,

Yw/i] = Yd[i] + HCosa, ’ (2.10)

ne H — mpunyck.

Ha ocHOBI po3po0ieHHX airopuTMiB 1 IpoOrpaM CTBOPEHO HOBY MPHUKIAIHY
porpaMmy B CepeloBHINI 00’€KTHO-OPIEHTOBAHOTO IporpaMmyBaHHs (puc. 2.4), sika
aBTOMATHU3Y€ PO3PAXYyHOK yCiX HEOOXIIHMX MACHUBIB. YTPaBJISAOUY IPOrpaMmy MOXKHA

3aBAHTAXUTH 4CPC3 KOMAHIY «3aBaHTaXXUTH G-KOI[I/I» Yy T'OJIOBHOMY iHTep(beﬁci.

N =B
Load file G-code ‘ / _ . End mill
Step of aray. mm EE _
| Pocess | i Cutting pass
Save array digital I'“'E

Exit | Help | Workpiece /

contour

Pucynox 2.4 — Inrepdeiic mporpamu MoIeTIOBaHHS Ha TIOYaTKy mpoiiecy [81]

OT1xe, CTBOpEHHS LU(PPOBUX MACHBIB TPAEKTOPIH POPMOYTBOPIOIOUHX PYXiB Ta
KOHTYpPY 3aroTOBKU 1 JIeTalll HaJla€ MOXJIMBICTh 3MIMCHUTH MOJICTIOBAHHS MPOIIECY
KOHTypHOTO (pe3epyBanHs. Jle, B CBow depry, Oyae peajli3oBaHO MOMKJIHMBICTh
BU3HAYCHHS MapaMeTpiB B3aeMoii (pe3u 13 3ar0TOBKOIO Ha KOXKHOMY KPOIIl TPOIIECY,
i yac 3MIHA KOOPJWHAT LEHTPY (pe3u 3a po3paxoBaHUMHU MUGPOBHUMHU MAaCHBAMU
TpaekTopii hopmoyTBOpeHHs. OCKUIbKM 3a3Ha4€HI MAaCHMBH, CTBOPEHI 3a JOMOMOTOIO
yHOpaBisitouoi mporpamu, ska Oyae B MOJAJBLIOMY BHUKOPHCTOBYBaTHCH IIpU
dbpe3epyBaHHI KOHTYPY Ha BEPCTaTi, 3 SABJISETHCSA MOXKJIUBICTh 3MIMCHUTH yIIPaBIiHHS

pPEXUMOM pi3aHHA (MOAavero Ta/abo 4yacTOTO OOepTaHHS LIMUHACNS Pa3oM), Ke 3a



60

pe3ylnbTaTaMd MOJEIIOBAHHS Yy OKpeMid NpHUKIagHid mnporpami 3abe3nednThb

cTa01Ti3aIlio MPOIECY 3 MOKIIUBICTIO MOJAIBIIOTO 3IIMCHEHHS HOTO ONTUMI3aIIii.

2.2. MaTteMaTn4Ha MOA€Jb BUSHAYCHHA HapaMeTpiB KOHTYPHOI'0

(¢peszepyBanus

VYci oTpuMaHi 1aHi € HEOOX1THUMH W TOCTAaTHIMU JIsl BUKOHAHHS MOJICTIOBAHHSI
IpoLECy pi3aHHA. Y XOJ1 MOJEIIOBAaHHS, /ISl BU3HAUEHHS T€OMETPUYHHUX MapaMeTpiB
B3aeMoJlli (pe3n 13 3aroTOBKOIO, 3aCTOCOBYIOTHCA 3a3JalIerib CTBOPEHI LU(DPOBI
MacuBU. Po3paxyHKHM 3IIHCHIOIOTBCS JUIsl KOXKHOI TOYKM MAacCUBY, IO ONHCYE
TPaeKTOPit0 (HOPMOYTBOPEHHSI, BIAMOBIAHO O PO3POOJIECHOTO aIrOpUTMYy (IUB. PHC.
2.5). 3 ypaxyBaHHSAM IOCTIMHHUX 3MIH Yy KOH(Iiryparii 3aroToBku, ii KOHTYp Ha
KOXXHOMY KpOIll MOJICIIOBAHHS MPEACTABICHUIN K JIiHIsL, 10 BKIIOYAE: 00poOIeHUN
KOHTYp, KOHTYp YacCTHHH IMOBEpPXHI (pe3u, a TakoK (PaKTUUHUA KOHTYpP 3arOTOBKH,
yTBOpPEHUI Ha nonepeaHboMy npoxozi. Ha ocHOBI ux qaHuX, po3paxyHOK KyTa JyTu

pi3aHHS Ha KO’)KHOMY €Tarll MOJIETIOBaHHSI MPOBOAUTHCS 3a (hopmyrioro [82]:

(ve) - (v/i]),
(xp), —(x/i]),

(vs), = (Y/i]),
(x5), = (X /i),

* arctan

@, = arctan (2.11)

ne X/[i], Y[i] — xoopauHATH PIBHOBIAJAJIECHUX TOUOK; 3HAK «+», KOJIU Xs<X/i] 1
xg>X][i], 3HaK «-» y IPOTHIIEKHOMY BUNAJKY.

Takuil migxig Aa€ 3MOry Ha KOXKHOMY €Tarll MOJICJIFOBaHHS OI[IHIOBATH MPOILIEC
pi3aHHS 3a TMapaMeTpamMud KyTa JYyrd pi3aHHS ¢ Ta IHIIUMU KIIOYOBUMH
XapaKTEPUCTHUKAMHU, 30KpeMa MBHIAKICTI0O BupaneHHs marepiany (MRR) i cunoro
pi3aHHS.

Busnauenns ananora mBuakocTi BuaanieHHHs Martepiany (MRR) BukonyeThes
3a 3aJeXKHOCTSIMH, OTPUMAHMMH 3 aHaJizy TeOMETpUYHOI B3aeMoxdii Qpe3m Ta
3aroToBKH, K mioma Gpirypu A;B;4,B>2, 10 YyTBOPIOETHCS TIPU MEepeMillieHHl (pe3u 3a

TPAEKTOPIEIO €KBIIUCTAHTH Ha BEJIMUYMHY mojadi Ha 3y0 (f) (puc. 2.5). OueBuaAHO, IO
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ionia Takoi girypu nopisHroe ol gpirypu A;CDA,, sika Moxe OyTH BU3HA4YEHA, SIK

PI3HULIA IUTOIT CeKTOpiB [81]:

_SOA1A2 +Socp =—5—— , (2.12)

\) A,CDA,

ne R. — paaiyc KpuBU3HU KOHTYPY, R, — paaiyc ¢bpe3u, H — rnubuHa pizaHHs.

BpaxoByroun, mo f;<<R,, riubuHa pi3aHHS MOKe€ OyTH BU3HAuU€HA uyepe3 KyT
pizanua ¢: H=R,(I-cosp), a xkyt cexropa: a=f/(R=+R,). Y (2.12) 3HaK « — » s
YBITHYTOT'O KOHTYPY, 3HaK « + » JJI OIMyKJIOro KOHTypy [81].

VY pesynbTaTi HECKIAQTHUX aireOpaiuyHux MEepeTBOPEHb OYJI0 OTPUMAHO
dbopmyily miig aHajmora MBHUAKOCTI BupaneHHs martepiany (MRR), mo Binmosimae

o ¢irypu 4,;B,4:B; [81]:

2R.R (I-C FR(I-C ?
MRR = SAIBIAZBZ = ‘ m( OS(;)])eftiR m)( OS(¢)) ft

(2.13)

AHani3 oTpumaHoi (QopMyNH MATBEPKY€E ii YHIBEpCaTbHICTh, OCKIIBKH BCl
napameTpH, 110 10 Hei BXOASATh, MOXYTb OyTH OOYMCIIEHI B MPOIECI YHCEIbHOIO

MOJICTIOBaHHSI KOHTYPHOTO (Ppe3epyBaHHs.

Pucynok 2.5 — Bzaemonis ¢pesu Ta 3arotoBKu: @) — 00poOKa yBIrHYTOI MOBEPXHI;

6) — 00poOKa onykJ10i moBepxHi [81]
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[Ting gac 0OpoOKM MPSAMOJIIHIKHUX KOHTYpIB 3HaUY€HHSI R.—00,, 110 IPU3BOIUTH
JI0 BUHUKHEHHS HEBH3HAUCHOCTI TUITy oo/oo y (opmymi (2.13). s ycyHeHHs i€l

HEBU3HAYEHOCTI 3aCTOCOBYETHCS IPaBUIO JIOMiTas, MiC/Ist Y4Or0 OTPHUMYEMO:
MRR = SAIBIAZBZ =R, (] - COS(¢))ﬁ ; (2.14)

IO BIAMOBiga€e BioMill (GopMmyri Uis OKpPEeMOro BHMAAKy OOpOOKH MpsSMOIIHIAHOL
JUISTHKA KOHTYPY.

Ockinibku miporiec (pe3epyBaHHs 3a CBOEIO MPUPOAOIO € YPUBYACTUM, TO YMOBU
pi3aHHs AOLUIBHIIIE OLIHIOBATH 3a CEPEAHBOIO CUJIOI Pi3aHHS, IO KOPEIIOEThCA 31
MBUJIKICTIO BUaaiaeHHs maTtepiary (MRR).

Taxuil miaxig A03BOJSE BUZHAYUTH CKIIAJOBY CHIIM PI3aHHS FYy, KA 3aJIEKUTH

B1JI IBUAKOCTI BUuaasnieHHs matepiany (MRR) [82]:

F,=C,(MRR)" (2.15)

Xy

ne kxoedimienT Cp 1 MOKa3HUK 7 CTYNEHS BHU3HAYAIOTHCS 3a METOIUKOIO,
MIPEJCTaBICHOIO B POOOTI [84].

OCHOBOIO MOJICTIOBAHHS JJIsI BH3HAUCHHS IIBHJIKOCTI BHIAJCHHS MaTepiaity
(MRR) mig yac koHTypHOro (hpe3epyBaHHS € alIropuT™M 1AeHTU(IKAIli B3aeMOIli

dbpe3u 13 3aroToBKOIO (pHC. 2.6) B 30HI pi3aHHS.
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i=i-1 xe=(Xwfil)i || xs=(Xwfi])i i=it]
ye=(Wfil)i || ys=(wfi])
_, k=1; i=inax

Y

Pucynok 2.6 — Anroput™m B3aeMoii (ppe3u 13 3aroTOBKU B 30H1 pi3aHHs [82]

3rilHO 3 aNrOpUTMOM, Ha KOXHOMY KpOLl MOJENIOBaHHS (i — HOMEpP KpOKY)
OOYHUCITIOETHCS 3HaUeHHs Ri, 110 BIANOBIJAA€ BIACTaHI BiJ LEHTPY (pe3n 10 KOXKHOI
TOYKH MAaCUBY KOHTYpY 3aroToBku. [Ipm k=0 BinOyBaeThCsi MOPIBHAHHS 3 PajlyCcoM
dpesu Rm 10 MOMEHTY BHKOHAHHS 3aJaHOi YMOBM. li BMKOHAHHS aBTOMATHUYHO
BU3HAYa€ KOOPJAMHATH TOUYKHU S, SKa € MOYaTKOBOIO TOUYKOIO AyrH pizaHHs. [ani, komu
k=1, TpuBa€e MOPIBHSAHHA 3 pajalycoM (pe3u A0 BUKOHAHHA HACTymHOi ymoBH. Lle
JI03BOJISIE ABTOMATHYHO BU3HAYUTH KOOPAWHATH TOYKH E, 10 € KIHIEBOI TOYKOIO

JyTHU pi3aHHS.
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-

Tpaembpiﬂ

Pucynox 2.7 — Inutepdetic mporpamu MOJICIIOBAHHS Ha MOYATKY MPOIECy

V 3aranpHii YaCTHHI aIrOPUTMY MOJEIIOBAHHS OTPUMaH1 KOOPJAUHATH TOYOK S
1 £ mepenaroThCsi KOHTYPY 3arOTOBKH, SIKUH (POPMY€ETHCS BHACIIOK BHIAJICHHS IIapy

npunycky (aus. puc. 2.7) [82].

2.3 Mope/il0BaHHA CHJIM Pi3aHHS IPH KOHTYPHOMY (ppe3epyBaHHi

Kontypae ¢pesepyBaHHg 3aiimMae BaKJIMBE MICIIE CEpel  TEXHOJOTIYHUX
omepaliii oOpoOKku jAeTanei, 30KpemMa y BHUCOKOTEXHOJOTIUHHUX Taly3sX, TaKuX SK
aBialliiHa Ta aBTOMOOUIbHA MPOMHUCIOBICTh. OpHAK TMIABUIICHHS 1HTCHCHUBHOCTI
IpOIeCy HEPIIKO CpUUMHSIE HeOakaHl sBHINA, 30KpeMa BiOpallii, MpUCKOPEHUH 3HOC
IHCTpyMeHTa ab0 HaBiTh MOTr0 TMOIIKOKEHHS, 110 HEraTUBHO BIUJIMBAE€ Ha SIKICTh
YTBOpPEHOI MOBepXHI. ['0OJOBHOIO MPHUUMHOIO TakuX MpOOJEeM € cuja pi3aHHs, sKa
BIUIMBA€E Ha OOpOOHY cHCTEMy Mij 4dac mporecy. BoHa crpuyuHse 3MIHM B YMOBax
pi3aHHA, (QOpPMYIOUM 3aMKHYTY CHUCTEMY B3a€MOJIl MK 1HCTPYMEHTOM 1 HPOIECOM
[85].

MogentoBaHHs CHJI pi3aHHS BiJirpae KJIOYOBY pOJIb Yy MPOTHO3yBaHHI
CTaOUTRHOCTI MPOILECY Ta ONTHMI3alli pexumiB 00poOku. Lle 0co6nmBO BaXXIMBO IS

omepaliii KOHTypHOro (pe3epyBaHHs, 1€ YMOBHM Pi3aHHS MOCTIMHO 3MIiHIOIOTHCS
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3aJIe)KHO Bi TpaekTopii opMoyTBOpeHHsA. Cuiia pi3aHHs € BOXIMBUM (PAKTOPOM, IO
BIUIMBAE Ha SKICTh YTBOPEHOI MIOBEPXHi, TOMY i1 TOYHE MPOTHO3YBAaHHS Ma€ KIOUOBE
3HAQYCHHS JUIS TIOKpaIlleHHS CTaOUIBbHOCTI Mpoliecy pi3aHHS Ta 3a0e3MeueHHs
HAJIEKHUX YMOB 0OpOOKH, 0COOIUBO Mia Yac poOOTH 3 TOHKOCTIHHUMH ACTaNsIMU Ta
MaTtepiajlaMH 13 MaJIOIO JKOPCTKICTIO [85].

Po3poOka maremaTH4HOi MojeNi, siIka JO03BOJIsiE€ TepeadavaTH 3HAYCHHS CUJ
pizaHHs Ta ii CKJIAaIOBI 32 OCAMH, € KIIOUYOBHM €TallOM Yy MOJCITIOBAaHHI IMPOIECY
KOHTYpHOTro (pe3epyBaHHsA. Taka Mozenb 3a0€3MEYUTh TOYHE MPOTHO3YBAaHHS CUJI
pi3aHHS, 10 € OCHOBOIO JJIsi BUOOpPY ONTUMAJIBHUX PEXUMIB OOpPOOKH, IMIJBUILEHHS

CTaO1ILHOCTI MIPOIIECY Ta AKOCTI 0OPOOIEHUX ACTajCH.

2.3.1 MaremaTu4Ha MOAeJIb BU3HAYEHHS CKJIAJOBUX CIJIM Pi3aHHS

MareMatnuHa MOJeNb Tporecy dpe3epyBaHHS MOBHHHA OyTH ToOyjoBaHa 3
ypaxyBaHHAM MEXaHICTUYHOTO TMIIXOMy JO PO3PAaXyHKYy CHJIM pi3aHHS [UISIXOM
BU3HAYCHHS T€OMETPUYHUX IMapaMeTpiB Hele(POPMOBAHOT CTPYKKHU KOKHUM 3yOOM T10
JTOBKHMHI Horo pizaHHsA. [IpomoHyeThCS CKJIACTH  MOJETh T'C€OMETPUYHUMU
CIIBBIJIHOIIEHHSIMU CXEMH Ha PHUCYHKY 2.8, Ji¢ MOKa3aHO PO3rOpHEHHs Jie3 ¢pe3u

B3JI0BJK OCbOBO1 KOOpAUHATH [85].
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Pucynok 2.8 — Cxema nj1s1 BU3HAYEHHS] T€OMETPUYHOTO 3a4eryieHHs 3y0iB (ppesu Ta
3ar0TOBKH [85]
Ha cxemi mokaszaHo MojoKeHHS pi3aJIbHUX KPOMOK (hpesH, sika Ma€e YOTUPH 3y0a
1o mupuHi pizanusa B - minii 1, 2, 3 1 4. Jle3a B3aeMoAi10Th 13 3arOTOBKOIO B Jliana3oHi
nyTu pizanng [85]:
R

m

Prnax = ArCCOS (2.16)

m
ne R, - paniyc ppesu; H - rmubuna pizaHHs.
Ha posroptii 30Ha oOMesxeHa JiHiero 5 Ha BiactaHi h.=R,Cos(p) Bl mo4aTKy
pi3aHHs.
[Tonoxenus 3y0iB Ha pO3rOPTII 3MIHUTHCS, KOJIM (Ppe3a Oyjie MOBEpHYTa HA KYT
@, a pi3aJibHI KPOMKHA BU3HAYAIOTHCA BIJICTAHHIO BiJl JIiHIT A-A MOYaTKy 3arOoTOBKH IO

mupuHi B [85]:
b, =(0+0.j— )R, /18(B), 2.17)
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e ¢. — KyT MiX 3yOusmMu ¢pesu; f — TBUHTOBUN KyT HaxXwiy KaHABOK; j —
KUTBKICTh 3yOIliB.

Ha pucynky 2.7 Taki Bijactani ajisa gppesu 3 yotupMa 3ydbamu mo3HaueHi b;, by, b;
i by JInd BU3HAYCHHS CUJIM pi3aHHS Ta ii CKJIQJ0BUX JOLLIBHO BHUKOPHCTOBYBATH
(GopMyHM YMCENBbHOTO iHTETpyBaHHS. TakuM YMHOM, OKpY>KHA CHJIa pi3aHHS MOXKe
OyTH BH3HAYEHA SIK CyMma CWJ, IO AIIOTh HA pi3ajbHI KPOMKH 1 32 KOXKHOIO KPOMKOIO

Ha eJIEMEHTApHUX BIJICTAHAX 0B Ta i CKIaJ0BHX IO OCIX KoopauHart [85]:

F = Z ZC 5BC0S((0+(0J 7=P). (2.18)

F. = Z ZC 5BSln((0+(DJ Y= ﬂ) (2.19)

ne Cp, k — emnipuyHi KOe(IIIEHTH Ta €KCIIOHEHTH; @; — TOBIIMHA CTPYKKH Ha
IUISHOL 3y0a ¢pe3u; 0B, — mHUpHHA €IeMEHTapHOi NUISHKH; y — NEpPeIHId KyT
pi3aJIbHOT KPOMKH; Z — KIJIBKICTh PI3AJIBHUX KPOMOK; 71 — KIJIBKICTh JIUISTHOK IO IIHPUHI
dbpe3epyBaHHS.

3a HaBeJCHOI HIDKYE (HOPMYJIOI0 BU3HAYAETHCS TOBIIMHA CTPY>KKH Ha KOXKHIM

JUJTSTHITL

= /,Sing, (2.20)

1e f; - momayda Ha 3y0 ppesu; ¢; - KyT AyTu pi3aHHs y BIAMOBIIHOMY Tepepisi.
Tyt yMOBHO, 3 1OCTaTHBOIO TOUYHICTIO, IyTra Pi3aHHs 3aMIHIOETHCS TYTOI0 KOJIa
pagiycoM R, ¢pe3u. Tomy BenuunHa KyTa Iyrd pi3aHHS B KOXHOMY Iepepisi
3aJIeKUTh B KyTa TMOBOpOTy dpe3n. Pexum pizaHHS T0pu  MOJEITIOBaHHI

PO3TISIAETHCS B 3aJIC)KHOCTI Bi:

/. -, (2.21)

ne f — mojada XBWIMHHA;, ng — 4YacToTra oOepTaHHs ¢pe3u. Emmipuynuii

koedimieHnt Cp Ta ekcrioHeHTa k B ¢popmyinax (2.18) ta (2.19) 3anexars Bijg Marepiainy
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3aroToBKH. J[s1 MiABMINEHHS aJeKBaTHOCTI Il JaHI MOXYTh OyTH CKOpPUTOBaHi 3
ypaxyBaHHIM IeOMETpii pi3aibHOI KPOMKH.

OCKITbKM  3alpONIOHOBAHUM MiAX1J Nependadae 3acTOCYBaHHS YHCENIbHUX
METO/IIB, /1711 BAKOHAHHSA PO3paxyHKIB OyJ0 po3po0ieHo anroputm (puc. 2.9), skuit €
OCHOBOIO TMPUKIIAAHOT MPOTpaMHu MOJIETIOBAHHA. AJITOPUTM CIIPSIMOBYE PO3pPaxXyHKH
Ha OCHOBI aHaji3y MO3HAYKU BIACTaHI b y MBOX HANpsSMKaXx, /€ BUKOPHCTOBYIOTHCS
dbopMynu s BU3HAUEHHS CKIAJOBHUX CHIIM DPi3aHHS, ajieé 3 PI3HUMHU 3HAYCHHIMHU
napameTpiB [85].

Anroput™m 3a0e3nedye MoJeNOBaHHS (pe3epyBaHHs fAK IOMyTHE, TakK 1

3yCTpIYHE 3 IICHTUYHUMHU 32 CTPYKTYPOIO MPOIETyPaAMHU.

Pestcum pizanns, ceomempin ¢ppesu
Jm: =fm-+dfi

>

Po3zpaxynox bfj], (2)

L
Hi Tax
* b[i]<0 *
fip: =fih, B1: =B fi: =fi-dfi
v v
fip: =fip-dfi Pospaxynox Fxl[i],
4,* Fyli], (2,3)

Pospaxynox Fx[i], Tax Hi
Fyli], (2,3)

Hi fip<0 Tax
fip: =0;
B1:=BI+dB

|

Hi Tax
<t
 J

Pucynok 2.9 — Anroput™ MojieItoBaHHs CUIIM pi3aHHs [85]
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Takuii miaXia 10 MOJCTIOBAHHS JTO3BOJISIE PO3TIISAATH BIUIUB (Ppe3u Ha MpoIiec

dbpe3epyBaHHS K 3MIHY TJTMOWHU p13aHHS 3a TAPMOHIMHUM 3aKOHOM [85]:

H, = H —6hSin(p), (2.22)

Iie oh — BenuunHa OUTTS.

B anroputmi mpUMHATI JNAaTUHCHKI TO3HAYEHHS 11EHTHU(IKATOPIB 3MIHHHUX
3aMICTh TPELbKHUX, SIKI BUKOPUCTOBYBAIUCH y (hopMyJiax: fim — KyT MOBOPOTY dpes3u;
dfi — KpOK 3MIHHU KYTa; fi — KyT, III0 BU3HAYa€ MEXI1 po3paxyHKiB ipu b/i]<0; fip — KyT,
[0 BU3HA4Ya€ MeX1 po3paxyHKiB npu b/i] > 0; fih — KyT, 10 BiJNOBIJA€ TIUOWHI
pi3aHHS Ha JIOBXKUHI; dB — KpOK PO3paxXyHKY JOBKUHU KPOMKH Ha TOBKHUHI.

AJTOpPUTM TIPEACTaBISE PO3PAXyHKH, SKI BUKOHYIOTHCS TPH MOJEITIOBAaHHI
3ycTpiuHOrO (Ppe3epyBaHHs. AHaNOriyHi fii  mepeadadeHi T MOJICITIOBaHHS
CKJIQJIOBUX CHJIM p13aHHS MPpU NOMyTHOMY (pe3epyBaHH1. [[j1s1 aBToMaTH3alii npouecy
MOJIETIOBaHHsI OyJI0 CTBOPEHO MPHKIATHY Mporpamy, iHTepdeic SKoi MpeacTaBIeHO
Ha pucyHKy 2.10. BuxigHi naHi, 1110 BU3HAYAIOTHh PEXKUM Pi3aHHS 1 mapameTpu dpesu,
BBOJSATHCA Yy BIAMNOBIAHMX BiKHax 1HTepdeicy. MaTepian 3aroToBKM Ta 1HCTPYMEHT
BUOWPAIOTHCS 3 BUIAJAIOUOTO CIHCKY y BIKHAX B HWXKHIA 4YacTHUHI BOYIOBAaHOTO
BIpTyaslbHOTO ociiorpada. B pe3ynpTaTi MOJENIOBaHHS Yy BIKHI BIPTYaJbHOTO
ocumiorpada TMOCTYNOBO 3’SBISIIOTHCS Trpaiku CKIAJOBUX CHUJIM pI3aHHSA B
3aJIeKHOCT1 BiJ] KyTa MOBOPOTY, 3 BUKOHAHHSM PO3PAaxXyHKIB Ha OCHOBI 3MIHU KyTa
NOBOPOTY (Pppe3u. 3a xapakTepoM 3MiHU IpadikiB 1 pi3HUIICIO Y POPMI CKIIAJOBUX CHIIU
pizanHs npu (ppe3epyBaHHi, 3yCTpiUHE 1 TOMyTHE, MOXKHA CTIocTepiratu OUTTs (pesu

[85].



B =10l x|
- Cutting mode 1~ End mill
Spindle speed, rpm  [900 Diarnetr. mm 12
oot i [0 Tomnmeer [
Rake angle, degrees 10
Depth. mm 5.8
Mill runiout, frim 0.006
Thickness. mm 2 Helix angle. degrees 45
1200 : :
1000 F, !
S 600 ]
(=]
[T

200

A
i

F,
4 . \/.«\1 /‘f‘ VoA i
o R._./A'-LJ \_.-K b '-ILJ{‘_‘.\—-J.-' 'u"';
0

s

100 200 300 400 500 GO0 00
Rotation angle, degree

Crane 60 = |PEMS 1

1200

10001

Force, N

|

- & ZUSHE

AANSMAAASN

100 200 SEIIl:I 400 500 600 700
Rotation angle, degree

0)

70

Pucynox 2.10 — IaTepdeiic mporpamMmu MoeOBaHHS: a) — Ppe3epyBaHHS 3yCTPIUHE;

0)

— (bpezepyBaHHs nommyTHE [85]

Crig 3a3HaunTH, IO emOipuyHuil koedinieHT Cp Ta eKCHOHEHTa k' y dopMynax

CKJIaioBUX cuiin pizaHHs (2.18)-(2.19) Bu3Hauanucs 3a JOBIJIKOBUMHU JTAaHUMU 1 OyJH

aJanToBaHI aHAJIOTTYHO [85].
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2.3.2. Anpobanisi pe3yJIbTATIiB MO/JI€JTIOBAHHS CUJIH Pi3aHHA

OcraTouHe MIATBEP/KEHHS OTPUMAHUX PE3YyJIbTATIB OyJI0 OTPUMAHO IiJ 4Yac
eKcrepuMeHTy. BiamoBigHi exkcnepuMeHTH Oyiud TpoBeAeHI Npu  (Ppe3epyBaHHI
3arotoBku 31 craii 50 kiHueBoio ¢peszoro P12 MM, matepiann P6MS 3 mokpuTTsim
TiAICrN, tBepaicts HRC 65. dpesa mae qotupu criipajibHi KaHaBKH 3 HaxuioMm 45°.
3arotoBka OyJia 3aKkpimieHa Ha CTOJI1 TpUKOMIOHEHTHOro AuHamomeTpa MCS 10-005-

3C nimenpkoi Gpipmu HBM (puc. 2.11) [85].

Ji"J__ MCS 10-005-3C

Pucynok 2.11 — PoGouya 30Ha ekcriepuMeHTy[85]

TPUKOMIIOHEHTHI JTUHAMOMETPUYHI JATUYUKW TMIAKIIOYEH] J0 TiJICUIIOBAYiB
HBM ClipX BM40, nix’eqnanux g0 11K 3 BiAMOBIAHAM MTporpaMHUM 3a0€3MeUEHHSIM
Juis 3anucy curHaiiB. Excriepumentu npoBoauiucs Ha BeperaTi XYZ VMC 1010 3
cuctemoro UIIK Siemens 810D. ExciepumeHnTH MPOBOAMIMCS Mif Yac Pppe3epyBaHHS
3aroTOBKM 3 4acToToro oOepranHsa mmuuaens 900 o6/xB 1 420 o6/xB. [lpuuomy
mupuHa 1 rmMOuHa (pe3epyBaHHsS TapaHTYBaIM OJHOYACHE PI3aHHS JIeKiIbKOMa
pi3aJbHUMH KpPOMKaMHU MAJi1 MEPEBIPKH aJeKBATHOCTI (DYHKIIOHYBaHHS CTBOPEHOIO

anroputMy (ppezepyBaHHS Ha THX ke pexumax [85].
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JI7is TOpIBHSIHHSI OTPUMAHUX EKCHEPUMEHTANIbHUX 1 MOJENbHUX Pe3yJIbTaTiB
obuaBa nudpori Qaitnu Oynu 3aBaHTa)XeHI B CIICIIaIbHY Iporpamy, B SKii HUISIXOM
3MIHM EKCIIEPUMEHTAJIbHUX OCHUJIOTpaM Ha HEOoOXigHuW KyT Oysio 3a0e3nedeHo

MaKCcHUMaJbHHI 30ir rpadikiB 3a ¢azoro (puc. 2.12).

1100

1000l . Feexperiment Fosimulation

Force, N

001 experiment I, simulation

!

0 o0z o004 O0D6 008 0.1 012 014 016!
Time, 5

Pucynok 2.12 — Po3paxyHKOBI Ta €KCIIEpUMEHTAJIbHI CKIIAJ0B1 CHJI P13aHHS PU

noaadi 100 MM/xB Ta yactoTti ooepranns ppe3u 900 06/xB [85]

E[ Oscilloscope
1400 : F, simulation

1200 N .

1um o Wi - ' ¥ I'._' \
) B A
o o . . !
5 . Fexperiment F,simulation

400 i
WA vy . .
2001/ SR & e #
. ~F experiment )- g
0 005 01 015 02 025 03
Time, 5

Pucynok 2.13 — Po3paxyHKOBI Ta €KClIEpUMEHTaIbHI CKIIAJ0B1 CHJI PI3aHHS PU

nogavi 75 MM/XB Ta gactoTti odepranus ¢ppesu 420 06/xB [85]
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[Ipn Takux wMaHIMyJSIMiAX aOCoONMIOTHE 3HAYEGHHA 1 QopMa OCIIOrpaM
3aJIMIIAIOTECS HE3MIHHUMHU Ui 30€peXEeHHST aBTEHTUYHOCTI EKCIEePUMEHTAIbHUX
naHux. KpiM Toro, BIANOBIZHO JO PEXKUMY Ppi3aHHS, TOPU3OHTAJbHA IIIKala
MEPETBOPIOETHhCS HA YacoBy. Ha pucynkax 2.12 i 2.13 mokasani rpadgiku CKIag0oBUX
CHUJIM P13aHHS JJIsI IBOX 00epTiB (pe3u.

AHami3  OTpUMaHUX  pe3yibTaTiB  MMOKa3ye  JOCHTH  J0Opwid  30Ir
EKCIICPUMEHTAILHUX 1 TEOPETHYHO MPOTHO30BAHMX CKIIAIOBUX CHUJIM pi3aHHS Ha
PI3HUX PEXKHMax, IO B IUUIOMY IMiJTBEP/UKY€E aJIeKBATHICTb PO3POOJIECHOT MOJIENI.
CepenHi 3HauY€HHsI CKJIAJOBUX CHJM pi3aHHS 3a JaHUMU EKCIIEPUMEHTIB 1
MOJICTIOBaHHSI TIOBHICTIO 30iraloThCs, IO MMATBEPKYE IPABHIBHICTE BHOOPY
emmipudHoro koedirienta Cp Ta eKCIOHEHTH k' 'y dopmynax (2.18) 1(2.19) [85].

Po3pobiena monens 3a0e3nedye HOBUM MIiAXiA JO MOJIEIIOBAHHS MPOIECY
KOHTYPHOTO (pe3epyBaHHs, BPaXxOBYIOUH KIIOYOBI I€OMETPHYHI Ta TEXHOJOT1YHI
napameTpu. 3aBASKH IHTErpalii Cy4yaCHUX METOJIB PO3PAXYHKY, MOJEIb J03BOJIAE
aHaI3yBaTU CUJIM DPI3aHHS B PI3HUX yMOBax oOpoOKH, 3a0e3Mneuyroud TOYHICTH 1
YHIBEPCAIBHICTD JJIS IIUPOKOTO CTIIEKTPa 3aCTOCYBAHb.

BukopucranHs ~— MPUKIATHOTO  MPOTPAMHOTO  3a0E3MEUeHHS  JO3BOJISE
MOJICJIIOBATH TMPOIECH pI3aHHS 3 BHUCOKOIO JICTANI3AIEl0 Ta BpaxyBaHHSIM
cnenuIYHUX YMOB, XapakTepHUX g KOHTypHOro ¢pesepyBanHs. BOynoBani
THCTPYMEHTHU JJIs Bizyallizallli pe3yJibTaTiB COPUSIIOTh KPaloMy PO3YMIHHIO TPOIIECY
Ta HAJAI0Th MOXJIUBICTH OTIEPATUBHOTO KOPUTYBAHHS MTapaMeETPIB.

Pe3ynbpTaTi mMiATBEPIKYIOTh MEPCHEKTUBHICTh PO3POOJIECHOTO MiAXOQY Ta MOro
3HAUYIIICTh JUIsI ONTHMI3aIlii TEXHOJOTIYHUX MPOIIECIB Y MPOMHUCIOBOCTI, /Ieé BUCOKA
TOYHICTh 1 SIKICTh 0OPOOKHU € KpUTUIHUMH. MOIeTTb CTBOPIOE OCHOBY JIJISl TOAIBIITNX
JOCITIKEHB 1 BIIOCKOHAJICHHS TEXHOJIOT1H pi3aHHS.

Otxe, po3poOiieHa MaTeMaTWyHa MOJIE]b CUJM pi3aHHS TPU KOHTYPHOMY
dbpe3epyBaHHI J03BOJISIE MOJCIIOBATH MPOLIEC 3a PI3HUX PEXKUMIB pI3aHHS Ta
reoMmeTpii 3aroroBku. CTBOPEHO NPHUKIAAHY MpOTrpaMy, IO TPOTHO3YE TPOIEC
dbpesepyBaHHS 3 ypaxXyBaHHSIM CHJIA PI3aHHS ISl YHUKHEHHS aBapiid, TaKUX SIK 3J1aMU

IHCTpYMEHTA. 3apONOHOBAHUI aNTOPUTM MOJICTIOBAHHS MOXK€ OyTH BHUKOPUCTaHUMN
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JUIsL CTBOPEHHsI IMHaMIYHOI Mojeini mpouecy ¢pesepyBanHsa. OTpuMaHi pe3ynbTaTu

M1ITBEPPKEHO KOMIT FOTEPHUM MOJICTIOBAaHHSIM Ta €KCIIEPUMEHTOM (hpe3epyBaHHS.

2.4 MoaeroBaHHS NPOLECY KOHTYPHOTO ¢pe3epyBaHHA

[Ilo6 peanizyBatu po3poOJieHy MaTeMaTHYHy MOJIeTb Il BU3HAUCHHS
mBUAKOCTI BupaneHHs wmatepianmy (MRR) 1 cepemnboi cwimm pi3aHHs, a TaKOX
anropuT™Mu (OopMyBaHHS LIUPPOBUX MACUBIB, OYJI0O CTBOPEHO NMPUKIAAHY ITporpamy. B
SAKOCT1 TPUKIATY 3aCTOCYBaHHA I[1€i TPOrpaMH B3ATO KOHTYp 13 JBOX MPSIMHX
BIJIPI3KiB, TOEMHAHMX Ayroro koia. Ha puc. 2.14, a mokazaHo po3paxyHKOBO-
TEXHOJIOT1UHY CXEeMY, sIKa BiJIoOpaxkae TpaekTopito ¢ppe3u i yac 0OpoOKH KOHTYPY 13
IPSAMOTIHIMHUMH UTITHKAMH, 3’ €THAHUMH KOJIOBOIO Ayroro. TOBIIMHA TPHITYCKY Ha
3arOoTOBIIl 3aJUIIAE€THCSA (€KBIAMCTAHTHOI) piBHOMIpHOIO (3 MMm). B ympaBmnstouiit
nporpami (puc. 2.14, 6), cdopmoaniii mis Bepcrata 3 UIIK, 3acTocoByroThCA
KOOpPJIMHATU LUISIXIB pyXy HEHTPY (pe3u Ta peKOMEHJOBaH1 pexuMu 00poOku 3 [81]
st ppesn P20 MM, sKa MpU3HAYEHA IS BYTJIEIEBOI CTalll 3 MPUITYCKOM 3 MM 1
MOYaTKOBOIO TOBIIMHOKO 10 MM. 3TiHO 3 IUMHU JaHUMH, HIMUHACIb MA€ YacTOTY

obepranus 2000 06/xB, a mogavya ctaHoBUTH 450 MM/xB [81].

20, 38 5 X %
o " 010000

End Mil N10 G20 G90 G40 G17 G94 GO0 G49 GBO

-|. R=10 G98 G64 G54

( TOOL DATA : T1 END MILL D 20 )}

NZ0O T1 M6

( OPERATION : PROFILE CONTQURING )
Cutting pass N30 GO XZ20. Y10. S2000 M3

- N40 G43 Z10. H1

N50 G1 2-10. F750.

33 ———— N60 Y30.

Allowance N70 G3 X25. ¥35. I-5. J0

4 N80 Gl X45.

N90 X50. F1500.

N100 GO 230.

N110 M30

] o

a 3]

Pucynok 2.14 — Kontyp nerani jyis ppe3epyBaHHs: a — pO3paxyHKOBa CXeMa;

L

6 — TEKCT yIpaBIIsIO40i iporpamu [81]
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3rigHo 13 po3pobiieHnM anropuTMoM Oyio chopmoBaHO ITU(GPOBI MacHBH, SKi
OIMHCYIOTh SIK TPAEKTOPit0 (POPMOYTBOPEHHS, TaK i KOHTYPH 3aroTOBKH Ta aeTaii. Lle
Ja€ 3MOTY BHWKOHYBaTH IIOBHOIIIHHE MOJICITIOBAHHS KOHTYpPHOTO (hpe3epyBaHHS.
3aBASKH YUCEIBHOMY MiAXOAY MpOorpaMa Ha KOXXHOMY KpPOIll MOJICNIIOBaHHS BU3HAUAE
00J1acTi IepeTHHy MK ITU(PPOBOIO MOJICIUTIO 3aTOTOBKU M IHCTPYMEHTOM, aHATI3YIOUH
nporec GopMOYTBOPEHHS B JUHAMIIII.

U smobtion =10l

-Load data initial
Time= 50 s
Ck I
Cutting pass
Control el
= Off “On
End mill
Py
Process ﬁ’ause :I
Bit | Reset | Hep | %
& Oscilloscope 1

~ Oscilloscope 2

El Oscilloscope 1 EE}
: : Force 700 £
0.8 / 600 E
o - Feed i > E
E o6 sxradassagpdianst o A by crazaress 252 £500 o
E-_ 1! ~ . 400 §
@ 04 | TR TR e SRR 300
| e e e S 100 §
0 L 0 &
0 5 10 15 20 25 30

Length of cutting, mm

Pucynok 2.15 — Intepdeiic nporpamu MmozentoBanHs [81]

JIist BiICTE)KEHHS 4acy MOJCIIOBAHHS, 110 HAOJMIKEHO BIATOBINAE peasibHIi
TPUBAJIOCTI omepalii, iHTepdeldc MICTUTh chemianbHuil 1HauKartop. Ilinm dac
BI3yaJIbHOTO BIJITBOPEHHS MpoIecy (pe3epyBaHHS OJHOYACHO JAEMOHCTPYIOTHCS Ha
ociuiorpadi OCHOBHI MapaMeTpH, 30KpemMa MBUAKICTh BUAaneHHsa Marepiany (MRR) 1
CepelHsl Cujia pi3aHHs, SKI PO3PAaXOBYIOTHCS 3TIHO 3 PO3POOJIEHOI MATEMATHYHOIO

moxaemmo. B mpuknami (puc. 2.15) o6pobka mpunuHseTscs yepe3 6,4 ¢, mMCas 40To
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KOPUCTYBa4 OTPUMYE 3MOTY 30€perTd po3paxoBaHl MOKA3HUKH, 30KpeMa IIBHIKICTh
BunasieHHHs wmatepiany (MRR), 1o € KiI04oBOHO BEIMYMHOIO JJIS OI[IHIOBAHHS

e(heKTUBHOCTI pi3aHHS B MOJAIBINIKX eTamax [81].

BUCHOBKHA

1. Po3po0OneHo MaTeMaTHYHUII amapar Ta QJIrOPUTMH JJIsi CTBOPEHHS
U pPOBUX MACHBIB, SIKI OMUCYIOTh TPAEKTOPII0 (POPMOYTBOPEHHS, KOHTYpP 3arOTOBKH
ta neram. Lli mMacuBM € mepenyMOBOIO Ui MOJEIIOBAHHS MPOILECY KOHTYPHOTO
dpe3epyBaHHs, 3a0e3MEUyIOYH TOYHE IMPEACTABICHHS TEOMETPUYHHUX TapaMeTpiB
B32€MO/IIi IHCTPYMEHTA Ta 3aTOTOBKH.

2. CTBOpeHO MaTeMaTHYHy MOJENb MPOLECY KOHTYPHOTO (pe3epyBaHHS,
sKa J03BOJIIE MOJEIIOBATH OCHOBHI XapaKTEPUCTUKH Pi3aHHSA, BKIIOYAIOYU HIBUAKICTD
BunaneHHs matepiary (MRR) Ta cunu pizanns. L{sg monens 6a3yeTbest Ha OTPUMAHHUX
nupoBUX MacuBax 1 3abe3neuye HaJAIiHYy OCHOBY JJIS aHAIII3y MPOLIECY.

3. Po3pobneno Mopenb, 31aTHy nepeadadatd CHIIy pi3aHHs, 110 3aCHOBaHA
HAa MEXaHICTHYHOMY Tiaxosl. Pe3ymbrat MopentoBaHHS TOPIBHSIHI 3 pealbHUM
eKCIIEPUMEHTAJIPHIMH  3HAUEHHSMH Ta  TOKa3aJld  BUCOKY  €(DEeKTHBHICTH
IPOrHO3YBaHHS.

4. Po3pobneno mpukiagHy mporpaMmy, ska aBTOMAaTU3Y€ PO3pPaxXyHKH Ta
Bi3yanizye mporec ¢opmyBaHHS KOHTYpy. Ilporpama 103BoJisie NPOrHO3YyBaTH
XapaKTEPUCTUKU PpIi3aHHS, OIIHIOBATH €(PEKTHUBHICTh PI3HUX PEXKUMIB OOpOOKH Ta
CTBOPIOBATH JaHi IS TOJAIBIIOTO TPOEKTYBAaHHS TMpOrpaM s yNpaBIiHHSI

poilecoM KOHTypHOTO (ppe3epyBanHs Ha Bepcrarax 3 UITK.
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PO3ILI 3
CTABLII3AIIS IIBUAKOCTI BUJIAJIEHHS MATEPIAJTY IS
MMPOIIECY KOHTYPHOTI'O ®PE3EPYBAHHS

3anponoHOBaHO HOBY KOHIIEMI[II0 TEXHOJIOTIT cTabini3alii mpolecy KOHTYPHOTrO
dbpesepyBaHHs, SKa BKIIOYAE CTPYKTYPY YIPABIIHHS, CIPSIMOBAaHY Ha 3a0e3MeueHHs
cTalbimpHOCTI 00poOKu. OCHOBOIO 1€l CTPYKTYpH € CTBOPEHHS YIPAaBISAIOUOi

nporpamu B G-kojaax, 10 J03BOJISIE CTa01I13yBaTH Mpoiiec pizaHHs (puc. 3.1) [82].

G-koau
CAD = CAM — Bepcrar 3 UIIK

-+ MopemoBanua > Hosi G-koau > Bepcrar 3 UIIK

Pucynok 3.1 - CtpykTypa niiroTOBKH BUPOOHUIITBA [82]

KiltouoBMM KOMITOHEHTOM CTPYKTYpH € IIpOLieAypa MOJEIIOBaHHSA, sKa
J03BOJISIE BU3HAYATH OCHOBHUU MapaMeTp MPOLECy pi3aHHs — MIBUAKICTh BUIATICHHS
matepianry (MRR). Ha ocHOBI pe3ynbTaTiB MOAENIOBaHHA (POPMYEThCS LU(PpOBUIA
MAaCUB, 1110 IEPETBOPIOETHCS HA HOBY yIIPaBIIsAOUy nporpamy s Beperara 3 UIIK. 1s
nporpaMa peaiizye COpOEKTOBAHE YMPABIIHHS IUISIXOM PEryJIrOBaHHS Mojadi Ta/ado

JacTOTH 0OepTaHHS IIIMUHACIS BIMOBIIHO 10 YMOB OOPOOKH.

3.1 IIpoexkTyBaHHSI HOBOI YIIPABJISIIOYO0I POrpaMu

BianoBigHo A0 iCHYHOYO1 TEXHOJIOTIT MiATOTOBKM BHPOOHMIITBA HA BEPCTaTl 3
UIIK, mpencraBieHl NaHi € KIHIEBUM pE3yJIbTaTOM, SKUH Mepefadadae Mmoaaibiiie
BUKOHAHHS omepallii y BUpOOHMYMX yMoBax. ToMy Taki JaHi, a came yNpaBlSIOqy

nporpamy B G-ko/iax, HEOOXIJIHO B3ATH 32 BUXIJHY 1H(POpPMAILIIO JJISl MPOEKTYBAHHS



78

HOBOI yHpaBJIsitouoi nmporpamu Takox B G-konax, mo 3ade3neuye cTabinizaiio yMOB
00poOKu 110 KOHTYpY [81].

Ha puc. 3.2 nokazano ¢parmeHTu ¢aiay, 30epekeHOro B pe3yJbTari
MOJICITIOBAHHS TPOIeCy KOHTYpHOTO (hppesepyBanHs. Daitn Oyno chopmMoBaHO TIij] Hac
MoetoBaHHs 3 KpokoM 0,05 MM B370BX TpaekTopii (OpMOYTBOPEHHSI, a OCTaHHIH
CTOBMUMK (hailly MICTUTh 3HAYCHHsS IBUIKOCTI BuAaieHHHsS Martepiany (MRR),
pO3paxoBaHi MiAg Yac MojentoBaHHS. JlJis y3TO/KEHHS OTPUMAHUX pPE3yJbTaTiB 3
JIOBIIKOBUMH JTaHUMU [86] M1 MOMANIBIINX PO3PaXyHKIB OyJI0 MPUWHATO OJUHUYIHY
mupuHy oO0poOku. ToMy 3HaueHHd mWBUAKOCTI BujaieHHs Marepiany (MRR),

3anucaHe y (aiii, B 5 pasiB menie [82].

138.000 [Mopaua =
822.000 O6eptv wWnuHaens

1699 KinbkicTb
[oBxuHa xe ye MRR

3.450 46.500 78.650 0.063
3.500 46.500 78.600 0.063
3.550 46.500 78.550 0.063

22.100 46.610 61.067 0.146
22.150 46.616 61.045 0.147
22.200 46.621 61.022 0.145

53.200 70.925 57.815 0.042
53.250 70.994 57.804 0.041
53.300 71.063 57.793 0.041

84.950 84.500 26.550 0.051
85.000 84.500 26.500 0.051 |
85.050 84.500 26.450 0.050

¥ o

Pucynox 3.2 — ®parmenT ¢aiiiny MOAETIOBaHHS MPOIIECY

KOHTypHOTO (ppe3epyBanHs [82]

[le#i aiim BUKOPUCTOBYETHCS, SIK TMOYATKOBHH, Yy CHEIIaIbHO PO3POOJIeHii
mporpami JUIs CTBOPEHHS NMEPBUHHOTO ITU(POBOTO YMPABIIAIOYOTo (haifiry, mo ciyrye
OCHOBOIO JIJIsl TPOEKTYBaHHS HOBOI ympaBisitodoi nmporpamu B G-konax. st po3pooku

Takoro ¢ainy 3 ynpaBiaiHHSAM OyJI0 CTBOPEHO MPHUKIAIHY Mporpamy, iHTepdeic skoi



79

HaBeZieHO Ha puc. 3.3. Bona 3a0e3neuye crabimizalfito mpolecy pi3aHHs MO BCbOMY
KOHTYpYy. Y po3aun «DopMyBaHHs YNpaBIiHHA» MepeadaueHa MOXIMBICTE BUOODPY
PO3IOIIY YIPaBIIHHSA MDK CKIQJIOBUMH PESKHMY pI3aHHA: IMOJadyero Ta oOepTamMu
mmuHaens. Takuil miaxig 3HAYHO MIABUILY€E THYYKICTh y TPU3HAYEHHI PEXKUMY

pi3aHHs, 110 JI03BOJISIE MAKCUMAJILHO BPaxOBYBaTH BC1 BUPOOHUYI OTPEOH.

l= CTBOpEHHA ynpaBniHHA _ o -
3aBaHTaXuTV hann ‘ Ouckpetusauin

N\ .

MRRMM"Z E

2 10
8
®opmyBaHHA ynpasniHHA g .
MNogaua Obeptn © B
'—
] ol T S S S TR Sy NUVONS S
21-t----- P R qe O  Lnr TETTETE PEPEET
100 Ok | [0 8 i 5
2 —— ——— i
: 10 20 30 40 50 60 70 80
Buxia Help ‘ [oBXuHa pizaHHA, MM

Pucynox 3.3 — Intepdetic mporpamu mpoeKTyBaHHS KOMaH]I YIIPaBIIHHS

@aitn, MO yTBOPEHUN TICIS TPOBEICHHS MOJCIIOBAHHS 3aBAaHTAXYETHCS B
nmporpamy, BUOUPAETHCS KPOK UCKpeTu3allii. ¥ rpadignoMy BikHI mporpamu rpadik 1
MpEJCTAaBIIsAE€ 3aBAaHTAKCHUM (paiim mMojaentoBaHHs, a rpadik 2 — daill po3paxyHKy
YOPaBIIHHSA TICIS JUCKPETU3aIli 3aBaHTaXKEHOTO (pailly BIAMOBIIHO 7O OOPaHOTO
kpoky auckperuzauii (10%) [81]. Ilotim dopmyeTbes ynpaBiaiHHS 1 pe3yiabTaT MOXKE
OyTu 30epexkeHuid y Burisal mudposoro ¢aimy, GparMeHT SKOro rnokasaHa Ha pHC.
3.4.

Cra0inizaiis mpouecy pi3aHHs 3a KPUTEpPIEM IIBUAKOCTI BUAAICHHS MaTepiainy
(MRR) 3a0e3neuyeTbcs ynpaBiaiHHAM [0Aa4Y€I0, MACUB 3HAYEHb KO PO3PAaXOBYETHCS

B MEBHIM TOYII 3a popmyJioro [82]:

MRR

ﬁ=ﬂ7@af, (3.1)
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ne f. — mojmaya (MM/XB), 3aJaHa y BUXIIHIA ympasistouid mporpami UIIK,
MRR,,,, — MakCUMaJIbHE 3HAYEHHS M1 YaCc MOJIEIIOBAHHS (MMZ), MRR; — noTouHe
3HAYEHHS I1iJ] 9aC MOACIIOBaHHS (MM?).

[Ipn 3acTrocyBaHHI pO3MOAUTY YHOPABIIHHA MIDK KOMIIOHEHTAMH PEXUMY
pi3aHHs: mojadyero Ta o0OepTaMy IIMHHAENS BUKOPUCTOBYETHCS  HACTyIHA
MIOCJTi IOBHICTD.

Pospaxynku BimOyBaroThCsi Ha ocHOBI (hopmynu (3.1). [list Bu3HAYEHHST HOBOTO

PCKUMY pi3aHHH CKOpHUI'OBaHa ImoJa4da po3paxoBYy€TbCA:

Je. =1, =Nk, (3.2)

1e f; — mepiiie 3Ha4YeHHs 3 PO3PaXxOBAHOIO MACHUBY f;, k. — KOe(DIIIEHT KOPEKIIii
nojayl, U0 3aJa€TbCs Yy Mporpami NOB3YHKOM, Af;=f; — fi — BIAXWJEHHS BIiJ
CEepEAHBOTO 3HAUYCHHS MOayi.

Hogi 3HaueHHs 1J11 00epTIB MITUHJIEIS PO3PAXOBYETHCS 32 (OPMYJIIOO:

_ J&MRR;S,
"="MRR_f - (3.3)

ne S, — o0epTH, 3a7aH1 y BUXIJIHIA yIpaBisitodii mporpami (006/XB).

®parmMeHT cTBOpeHOro Qaiiny HaBeaeHO Ha puc. 3.4, 1€ MpeacTaBlICHI
KOOpJAMHATH TOYOK IMEepeMHUKaHHS (xe, ye) Ta BIJNOBIAHI 3HAYEHHS MMOJayl B IUX
Toukax. B mpoMy mpuKiaai yactota oOepTaHHS IIMUHJIETS 3aUIIAETHCS HE3MIHHOIO.
KinbKiCTh TOYOK TMEpEeMHUKAHHS BU3HAYAETHCS OOpaHUM KPOKOM JUCKpeTH3allii. Y
chOpMOBaHOMY MAaCHBI MOXHA BHJUIATH MAaKCHUMajbHI Ta MIiHIMaJdbHI 3HAYCHHS
nogavi (Ha puc. 3.4, BOHM MO3HAYEHI EIINCaMM), SIKI Y3TOKYIOThCS 31 3MIHAMHU

HIBUAKOCTI BugaineHHs matepiany (MRR), oTpuManumu mijg yac MoI€TIOBaHHS.
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i
|»

Xe ye Mopayva Ob6epTun
46.500 79.350 519.513 822.000
46.500 79.050 453.393 822.000
46.500 64.300 383.640 822.000
46.500 63.250 315.653 822.000
46.500 62.400 246.897 822.000
46.504 61.812 822.000
49.590 58.105 249.366 822.000
50.194 58.012 315.653 822.000
50.573 58.000 383.640 822.000
66.673 58.000 453.393 822.000
67.673 58.000 519.513 822.000
68.639 57.999 (593.729 822.000
84.469 42.993 519-513 822.000
84.500 42.089 453.393 822.000
84.500 26.550 519.513 822.000

¥ o

Pucynox 3.4 — ®parmenT daiiiny /uisi IpOEKTYBaHHS YIPABIIHHS Hojavyero [82]

[Tim wac 3amycKy mporpaMd B TIOJi TIOYATKOBHX JaHUX aBTOMATHYHO
3’ABJISIETbCSI MaKCUMallbHE 3HAYeHHsS IBHUJKOCTI BupaineHHs warepiany (MRR),
3alucaHe B 3aBaHTaXXeHOMY (ailyli MojeNtoOBaHHS (BUILICHO YEPBOHUM EJIIIICOM Ha
puc. 3.4). lle 3Ha4ueHHS MOKHA 3MIHIOBATH, 301IBIITYI0YH 200 3MEHIITYIOUH IIBUIKOCTh
BunaneHHs marepiany (MRR) B mopiBHsHHI 3 6a3oBuM. OTpuMaHi pe3yJbTaTH €
OCHOBOIO IS TPOEKTYBAaHHS yNpaBisitodoi mporpamu B (G-KoaaX, OCKUIBKHM BOHHU
BU3HAYAIOTh TOYKHU TEPEMUKAHHS PEXUMY pi3aHHS, M0 3abe3nedye cTabiiizalliio

MPOIIECY pi3aHHs 32 KPUTEPIEM MIBUAKOCTI BUuAaneHHs: Mmarepiary (MRR).

3.2 MoaenrwBaHHS KOHTYPHOIo (ppe3epyBaHHAM NPH Pi3HUX

YIPaBJIIHHAX

OpmHuM 13 IepIIuX eTariB MAroToBKku 00pooku Ha Bepctati 3 UIIK € ctBopeHHs
uudponoi moaem aeram B CAD/CAM-cuctemi. Ha ocHOBI 11i€i Mojieni GpopMmyeThest

yOpaBisitoya mporpama, siKky MOXHa MOTMEPEeTHhO MPOTECTYBAaTH B CIICIIAII30BAHOMY
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IPOrpaMHOMY CEpPEAOBUII IS MOJEIIOBAHHS MPOIECY, a 3rOJOM IIePeBIpUTH
eKCIIEPUMEHTAIHHO Ha peaJIbHOMY OOJIaTHAHHI.

JIns OpIBHAHHS PI3HUX MIJIXOAIB OyJI0 00paHO KOHTYp, IO MICTHTh MOBHUM
Ha0lp eNeMEeHTIB: MpsMi IIISTHKU, OMyKJl Ta yBIrHyTi cermeHtu (puc. 3.5). Ilogibna
TE€OMETPIsl OXOIUIIOE YBECH CIIEKTP MOKIIMBUX TPAEKTOPIH, ocKibkU OinbiicTh CAM-
CHCTEM IHTEPIOIIOI0Th CKJIaJH1 KOHTYPH 3a JOMOMOTOI0 CYKYITHOCTI MPSIMUX BiJPi3KiB
1 IyT KiJIL.

OmuiHoBaTd  €(dEKTUBHICTh PO3POOJICHOTO YMPABIIHHSI W 3ICTaBISATH MOTO
pe3yabTatu 3 «po3yMHOI0 00poOkor» (SolidCAM, Siemens NX) pouuibHO came y
3raJlaHoMy THporpamMHoMy 3a0e3mneueHHl Juid MojentoBaHHS. BoaHowac ciifg
HAroJIOCUTH, 1110 OCTATOYH1 BUCHOBKHU 0a3yIOThCS MEPEBAKHO HA MIJICYMKaX HAaTYPHHUX
eKCIIEPUMEHTAIBHUX JOCIIIHKEHb, OCKUIBKU JIUIIE BUPOOYBAHHS B PEalbHUX YMOBaX

Aa€ IIOBHC YABJICHHA IIPO HpaI_I€3I[aTHiCTI> Ta IICPCBaAru o6paHoro piHIGHHH.

N

58.0
62.0
80.0

Pucynox 3.5 — Kontyp aerani myist o6pooku [82]

st orpumanHs Takoi aetani B cepenoBuilli SolidCAM Oyno po3pobiieHo
yrpasisirody nporpamy, mo Mictuth komanau GO01, GO2 1 GO3, mpusHaveHi s

3aJJaHHS] TPAEKTOPIi MepeMillleHHs IHCTpyMeHTa. PexxuM pizaHHs — mogada i dyactora
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oOepTaHHs IIMUHACIS, BCTAHOBJICHO BIAMOBIIHO J0 PEKOMEHMAIlid BUpOOHMKA [82]
st KiHueBoi ¢pesun D12 mm (P6MS, dotupu 3yOu, cmipaibHuii kyT 45°), ska
3acTocoByeThest st ppesepyBanHs craini Ct 3. Came mi G-KoJIu 3 HE3MIHHUMH
napaMeTpaMH pi3aHHS Ha BCIH TOBXKHHI KOHTYpY OyJI0 B3TO 32 0a30BUil BapiaHT IS
31CTaBJICHHS PE3yJbTaTIB PI3HUX CTpaTerid ympaBiiHHS TIiJ] Yac KOHTYPHOTO

dbpesepyBanHs (nuB. puc. 3.6).

%
01000

G90 G17 G40 G80 GO0
MO6 T1 ()

GO0 G54 G90 X46.5 Y80. s822 MO3
G43 H1 270,

S822

Z50.

z2.

GOl z-5. F138.

GOl Y62.

G02 X50.5 Y58. R4, |
GOl X68.5

GOl Y24.

GO0 Z50.

MO5

GO0 G28 G91 z0

GO0 G28 G91 x-15.0 YO.
G90

MO6 T1

Pucynox 3.6 — Ynpasnsitoua nporpama B G-koji, po3pobiena B SolidCAM [82]

Ilin d4ac MomemtoBaHHS Yy BipTyalbHOMY ocuuiorpadi (puc. 3.7)
B1JI00paKar0ThCsl 3MIHM OCHOBHHUX IMapaMeTpiB 0OpOOKU: 3HAUYEHHS XBUJIMHHOI MoAayl
(138 MM/xB) Ta wactoTu 0OepTaHHs mmuHaeNs (822 06/xB) mo3HaueHo JiHiaMu 1 1 4
(mpaBa mikana), a mMBUAKICTh BuganeHds matepiany (MRR) ta cuna pizanus — niHisMu
2 1 3 (mBa mkana). Y Xoal MOJENIOBaHHS (pe3a pyXaeTbCcs B3JIOBX 3aJaHOl
TPAEKTOPIi, MOCTIAOBHO 3HIMAIOUM MPHUITYCK 13 3aroToBKW. Ha 1iii TpaexTopii (IuB.
puc. 3.7) mo3Ha4Y€HO KOHTPOJIbHI TOYKH, IO BIAMOBIAAIOTh MOYATKY Ta 3aBEPILICHHIO

KOXKHOT'O KaJIpy YIpaBJsii0o4oi mporpamu, 3amnucanoi y G-kogax.



84

% Mopentosannsa npoliecy KOHTYpHOTO dbpesepyBaHHa - ] X
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JoBxuHa TpaekTopii, Mm

Pucynox 3.7 — PesynbTaTil MOJIeIIOBaHHS MpOIieCy Ppe3epyBaHHs, po3po0IeHoi B

SolidCAM

AHaji3 OTpUMaHMX OCHUMJIOrPaM 3aCBITYMB 3HAUYHY HECTAL[lIOHAPHICThH MPOIIECY:
Ha YBITHYTHX BIJIpI3KaX KOHTYpPY CHJa pi3aHHS Ta IIBUAKICTh BUAAJICHHS MaTepiany
(MRR) 3poctaroth y 2,4 pa3a, a Ha ONMyKJIMX — 3MEHIIYIOThCA B 1,4 paza BiTHOCHO
OpsIMUX AUIAHOK. Taki KOJMBaHHS HEraTMBHO BIUIMBAIOTh Ha SIKICTb OOpOOIIOBaHOI
MOBEPXHI ¥ 3MYIIYIOTh 3HWKYBATH PEXKUMU Pi3aHHS MO BCiM JOBXKHHI KOHTYpY, IO
JIOBOJIUTH HEOOXiHICTh cTabimizamii MRR Ha kokHOMY ertari 0OpoOKu.

B nonanbimiomy 3amporoOHOBAHO OIUHUTH TMpolec (pe3epyBaHHS 3alaHOTO

KOHTYPY 13 BUKOPHMCTaHHSAM YIIPABIIIHHS TOJAaY€l0 3a JOMOMOTOK TEXHOJOTIH, 110
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o0’eTHaH1 MiJ 3arajpHOI0 Ha3Bow 1Machining. J{ns MozAentoBaHHS 3aCTOCOBYBajacs
ynpasisitoya nporpama B G-xomax (puc. 3.8), CTBOpeHa B OCTaHHIM Bepcii
nporpaMHoro 3abesnedeHHs 2024 poky, i3 3adikcoBaHuM dacom o06poOku 18,4 c. Ak
BuHO (puc. 3.9), xapakrep 3MiH MBUAKOCTI BuaaieHHs Marepiany (MRR) ta cwm
pi3aHHA 3a3HaB 3MiH, MPHYOMY Jlialla30H KOJHWBaHb IiJi 4Yac KOHTYPHOTO

¢dpe3epyBaHHs CYTTEBO 3MEHIIMBCS (OPIBHAHO 3 puc. 3.3).

% , o X50.5 Y-58. R4. F140.454
01011 (iMachining) GO1 X65.3696 F309.186
G21 (mm) X67.7174 F311.474
GO0 G17 G40 GSO GOO 8.5 F312.784
GO3 X84.3994 Y-43.7914 R16. F481.
Mo6 T6 (TOOL 6 - DIA 12.) X84.5 Y-42. R16.
GOO G54 G90@ X46.5 Y-100.0 S822 Gol1 Y-27.6991 F309.186
MO3 Y-24.00 F162.292
G43 He 7100. GOl X96.5 Y-24.
5822 Geo 7100.
750. Mes5
72. G90 GOo X0. YO.
GOl Z-5.5 F138. G9@ GOo Z0.
GO1 X46.5 Y-100.0 F309.186 M30
Y-64 %
Y-63. F308.
Y-62. F305.
GO2 X48.8932 Y-58.3369 R4.
F136.979

X49.5181 Y-58.1224 R4. F133.843
X50.1697 Y-58.0137 R4. F133.826

Pucynok 3.8 — Ynpasnsitoua nporpama B G-kozi, pozpodieHa B SolidCAM iMachining

Opnak, pu 3axo/1 (pe3u Ha YBITHYTY AUISTHKY 1 BUXO/[Il 3 OMYKJIOTO KOHTYPY,
MPOIIEeC pi3aHHs BTpadae CTaOUIBHICTD: Y MUX 30HAX MIBUAKICTh BUIAAICHHS MaTepiany
(MRR) 1 cuna pi3aHHs CYTT€BO TNEPEBUIIYIOTh IMOKA3HUKH, XapakTepHi s

IPSMOJIIHIMHUX JTUISHOK [82].
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Pucynok 3.9 — Pe3ynpTaT MOzieNItOBaHHsI mpoiiecy Gppe3epyBaHHs 3 BUKOPUCTAHHSIM

texHozorii iMachining Bix 2024 poky

Takox 3HauHE 3HM>KEHHS IHTEHCUBHOCTI (ppe3epyBaHHs MPU BUXO/I1 3 YBITHYTOI
IUISHKA HE MOYKE BIAMOBIIATH 3asiBJICHIA KOHIENIi cTadi3arii.

3icTaBlIeHHS OJiep KaHUX JAaHUX 13 MOMEPEIHhOI0 BEPCieto Tiel K mporpamu [21]
CBIJTYUTH IIPO T€, IO AITOPUTM MNPOEKTYBAHHS, IKUH BBAKAETHCA «HOY-Xay» KOMIIaHIi,
OyB CyTTEBO MOJICPHI30BAHMI MOPIBHAHO 3 MOYATKOBUMHU peai3allisiMHi, OCKUTbKH Ha
MPAKTUIll MPU3BOIUB 10 3HAYHUX BIIXWICHB MPOIECY Pi3aHHs BiJ 3aJaHOTO 3HAYEHHS
CWIM pi3aHHA. Y monepenHiil Bepcii ympaBiiHHSA (OpMYyBaloCs BIANOBIAHO JI0
reoMeTpii TpaekTopii (popmyBaHHs, 32 KpUTEPiEM cTabimi3aiii Tak 3BaHOT «KOHTYPHOI

nmogaui» [82, 87].
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Jlnst omiHKKM €(EeKTUBHOCTI TOMEpPEaHIX BEpCiii anropuTMy OyJo TpOBEICHO
JTOCITIDKeHHS, COpsiIMOBaHe Ha aHaiiz pobotu iMachining 3paska 2019 poky. lle
JIOCIIIJIPKEHHSI OXOIUIIOBAJIO aHali3 aJrOpUTMIB 3a JOTMOMOIOI0 SKUX CTBOPIOETHCS
yHOpaBiHHS TmpolecoM pizanHs B iMachining. Metoio Oyio BHSBICHHS KIIOYOBHX
BIJIMIHHOCTEH Ta MOTEHIIMHUX HEIOJIKIB paHHIX BEPCIM aJIrTOPUTMY.

VY pamkax mociimKkeHHs OyiIu MpoaHali30BaH1 3asiBJICHI BIACTUBOCTI TEXHOJIOT1i
iMachining 3a 10OMOTO!0 BIpTyaJbHOTO €KCIIEPUMEHTY, 10 BKIIIOYAB MOJICITIOBAHHS
KOHTYpHOTO (ppe3epyBaHHsI 3arOTOBKH, KOHTYp SIKOi CKJIQJA€EThCS 3 JBOX MPSIMHX,
MOEHAHUX AYrot Kojia. OCKUIBKM TEXHOJIOTiS BUKOPUCTOBYE METOJ YIPAaBIIHHA,
3aCHOBaHMI Ha amnpiopHidl iH@oOpMaIlli, OCHOBHOIO METOI EKCIEPUMEHTY OyJo
OTPUMAaHHS XapaKTEPUCTHUK MPOIECY Pi3aHHS MIJISTXOM MOJCIIOBAHHA Ta iX MOJaJIbIIa
omiHKa. MO/IEMIOBaHHS MPOBOAMIIOCS YMCETHbHUMH METOJaMHU 1 BU3HAYAJIO OCHOBHY
XapaKTEepUCTUKY Mpolecy ¢dpe3epyBaHHs — MIBUAKICTh BuAaneHHs matepiany (MRR)
Ta CEPEHIO CUITY pi3aHHS.

st ekciepuMenTty Oyia Bukopucrana npoona Bepcis SolidCAM i3 moxynem
iMachining. 3a g0moMoOro 1LOT0 MOy Oysia po3poOiieHa mporpama yrpaBiIiHHS
dbpesepyBaHHsIM KOHTYpy netam 1 ¢pesoro 2 (puc. 3.10, a), a TakoXX CTBOpEHI

BianoBigHi G-koau (puc. 3.10, 6) [21].

%
- 01000 (CKPYTNEHHA-E)
v NLOO (COMPENSATION-WEAR)
. N102 (REV-0.70)
s N104 (APR-25-2020-5:3B8:55PM)

N106 (TooL 1 - DIA 30.)
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N108 MO6 T1 ()

N110 (irough-contourl)
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N122 GO3 X-6.4903 v64.1347 z-11. I4.3835 J4.3537 F1866.
N124 GO1 X-6.4902
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NIZE GO3 X0.05538 ved 1124 TI0.0102 13. F2053.
N130 GO1 X76. 9651

N132 X79.8323

IN 4 GO3 XB89.5263 v¥71.6576 I0. J10. F922.59 |
6 X89.8323 v74.1124 1-9.694 12.4549 FO27.48
N138 G601 vid44.7318 F2053.

N140 ¥147.5947

N142 XE9.812 Y155.9206

S N144 x89.81 v156.4902

i N146 GO3 X87.9856 Y160.8527 Z-10.92 I-6.1782 1-0.0211
N148 GOO Z25.

N150 MO5

N152 GO0 G28 G91 z0

N154 GO0 G28 G91 x-15.0 YO.

N156 GO0

N158 mMO&6 T1

N160 M30

E4

Pucynok 3.10 — Pe3ynpTaTn Npo€eKkTyBaHHS Ta CTBOPEHHS YIIPABIISIIOYO1 TPOTPaMH B
iMachining SolidCAM: a) inTepdeiic moaentoBanns; 6) G-KOJ, M0 MICTUTHCS Y

nporpamu ynpasiiHas [21]
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Bubpano BuxinHi gani: 3arotoBka — wmatepian Crame 30, paaiyc KOHTYpPY
3aroToBKU 25MM, mpunyck 1,5MM, ToBmmHa 10MM, kiHieBa dpesza O30mm, 6 3yOIiB,
KyT Haxuity Jie3a 30°, cyminbHa Solid carbide A20.

Pesynbrati MonentoBaHHS MOKa3yloTh, 110 3MIHM B yMOBaxX pi3aHHS, SKi
NPOBOKYIOTh BIAMOBIJHY pEaKiil0 CHJIOBUX XapaKTePUCTHK, HE 30iratoTecs 3
T€OMETPUUYHUMU XapaKTEPUCTUKAMHU, 32 SIKUMHU PO3po0JIeHa ympasisitoua mporpama y
Moxayni 1Machining. 3miHa yMOB 00poOKM BiAOyBaeTbCs paHille, HDK LEHTP
IHCTPYMEHTa NOYMHAE pyXaeTbes 3a ayrowo (puc. 3.11). I, sk BUIIMBae 3 nmporpamu
ynpasiiaHsa iMachining y G-kogax (auB. Puc. 3.10, 6), came 11 TOYKHA MPUIMAIOTHCS

K KOHTPOJIbHI TOUKH MpU po3pod1i nojaayi [21].
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[LOBXWHE TPAEKTORIT, MM

Pucynok 3.11 — Pe3ynbpTaTi MojiemroBaHHs mpoliecy (hpe3epyBaHHS 3 KOHTPOJIEM

mojadi 3a JormoMoror TexHojorii iMachining [21]

[Iporpama ympaiiHHS Tiepedavae pi3ke 3MEHIICHHS 3HAYCHHS TMojadi B
kagpax N 134 (muB. puc. 3.10, 6) 3 2053 mm/xB 10 922 MM/XB, a TOTIM pi3Ke ii
30UTbIIEHHS. 3pO3YMLJIO, IO MNPUBOJAM BepCcTaTa BUKOHYBATUMYTh TaKli KOMaHJIU
BIJIMOBITHO 0 iX AWHAMIYHUX XapakTepucTuk. Illo0 Bu3HauWTH (akTUUHY 3MiHY
nojavyl Ha BEpCTaTi, MOXXHA YSIBUTH MOJEIb MPHUBOAY y BUIVISIAL amnepioJUYHOIO

€JIEMEHTA Meporo nopsaxy [21]:

k
W (s)=
(s) Tor ]’ (3.4)
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ne s - onepatop Jlamnaca, k - koediuieHT migcuneHHs, 1 - mocTiiiHa 4acy.
Peax1iiss Takoro mpuBOAY Ha CTYMIHYATWUH CUTHAN YIpPaBIiHHS NpPEICTaBICHUN

MepexiHOI0 XapaKTepUCTUKOIO 3MIHM mojayl F(z) [21]:

t

b

ne AF — 3MiHa noaui.

Pyx mo TpaexTopii popMyBaHHSI BU3HAYAETHCS IHTETPATIBHOIO 3aJIEXKHICTIO [21]:

L(f)=IF(f)df. (3.6)

CninbHe pimeHHst piBHAHB (3.5) Ta (3.6) mae 3aleXHICTh 3MIHU IIBUIAKOCTI
noAayi BiJl PyHKIIT KOOpJAUHATH [ IEPEMIIIIEHHS B3I0BX TPA€KTOPii (HOPMOYTBOPEHHS.
PimienHs 3py4yHO BUKOHYBaTH uuceiabHO.P pesynbraTu mpezacrasieHi Ha puc. 3.12.
[ToeTanna 3Mina nmojayi y daitni yrnpasiainas G-kojoMm BiOyBaeTbes B Toukax A 1 B, a
(dakTH4Ha 3MiHA, BpaxoByrouu AuHaMiKy npusoxy npu T = 0,03 c, mo3HayaeThes 1.
PesynbraT MOJIEIIOBaHHS y CTBOPEHIM MporpaMi 3 IUM €JIEMEHTOM YIIpaBJIiHHS
nokasaHi Ha puc. 3.11, ne npuiHATI OJHAKOBI MO3HAYEHHS TpadikiB 3 MONEPEIHIMU

[21].

Feed.
mm{min

2000 | (
Yl

<

1000

Sntmm

A Length of trajectory B

Pucynok 3.12 - I'padik paxtuunoi 3minu nojxayi [21]
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3rigHo 3 pe3ydapTaTamMu MojemtoBaHHS (puc. 3.12), momiGHuil miaxiy A0
VIpaBJiHHS TIPOLIECOM pi3aHHS HE TapaHTye HWoro crabumizaimii: Ha JIUISHKaXx,
MO3HAYEHUX EJIINCaMH, CIOCTEPIraloThCs PI3Kl KOJMBAHHS CHIJIA PI3aHHA, IO B
pealbHUX YMOBaX MOXYTb 3yMOBUTH JeekTr Ha 00pobneHiit moBepxHi. [Ipuunnoio €
BUOpaHa cTpaTeris, sKa IMPUB’SA3y€ OYIKyBaHI 3MIHM yMOB pi3aHHS BUKIIOYHO 0
reoMmeTpii TpaekTopii. BomHovac, aHami3 MOJETIOBaHHS CBITYUTH, IO TOI0OHI 3MIHU
MOYMHAIOTHCS PaHIIIe i TPUBAIOTH JAOBIIE, HIXK NepeadaueHo anroputMom [21].

Crpareriss iMachining cmpsiMmoBaHa Ha pO3B’A3aHHS 3raJlaHUX MPoOsIeM,
HAJal0yu TEXHOJIOTY-IPOrpaMiCTy 3MOTy BHOMpPATH PIBEHb arpeCHBHOCTI 0OpOOKHU 3
ypaxyBaHHAM peajbHUX yMOB BUpoOHuiTBa (puc. 3.13). Lle pimeHHs 103BOJISIE
BPaxOBYBaTH OPCTKICTh TEXHOJIOTIYHOI CHCTEMH, ajié BOJHOYAC BHMAarae
ITEepaliitHOr0 MiI00py ONTUMAIBHOIO PiBHSI OOpOOKM Ha OCHOBI pEe3yJIbTaTiB

eKcIiepuMeHTaIbHO1 00poOKku Ha Bepcrarti 3 UIIK.

Shep down Machining level
& Automatic ) Lser-defined X

i 5
.IIHII il

Mo. steps | Step down | ACP |
1 23.0000 0.0

Cutput Cutting Data
@ View 1 TiView 2
5 {rpm): 056
F {mm fmin): .00
Siep ower (max)i 0650

Step ower (min): 0.0%0

Pucynok 3.13 — BpaxyBaHHS )KOPCTKOCTI TEXHOJIOTYHOT 0OPOOHOT CUCTEMU MPHU

MIPOEKTYBaHHI YNPaBIIsA040i mporpamu [21]

3MEHIIEHHSI PIBHS «arpecUBHOCTI O0OpoOku» [21] mpU3BOAUTH 10 3HUKEHHS
pexuMiB oOpoOKH, a oTxe, 1 nojaayi. lle HeraTMBHO BIJIMBAa€ Ha MPOJYKTHUBHICTH,
OCKUJIBKH 3pocTae dYac oOpoOku. TakuMm 4YHHOM, OCHOBHHM 3aBIaHHSM, IIPH
BUKOPHUCTaHHI TexHoJorii iMachining, € mouryk onTHMaJIbHOTO CIIBBITHOIIIEHHS MiX

CTaOLIBHICTIO MPOIIECY Pi3aHHS Ta MIATPUMAHHSAM BUCOKOI MPOTyKTUBHOCTI.
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OueBuaHO, 0 ynpasiiHHA po3pobiene B iMachining 2019 poxy npus3BOIUTH
70 3HAYHWX BIiAXWICHb CWJIM pi3aHHSI Ha TIMOYATKy BXOAY B YBITHYTY YacTHHY
noBepxHi. Taki HEIOMIKU CIIOHYKAJIM KOMIaHII0 PO3POOUTH JIESIKI 3MIHU KPOKY Tepe
Bx010M (ppe3m B Taki munsHKH (muB. puc. 3.9) B iMachining 2024. Takum yuHOM,
MOJKHA TIOTIEPEIHBO KOHCTATyBaTH, IO AQJITOPUTM TPOEKTYBAHHS «PO3YMHOTO)
YOpaBIiHHSA KOMIIaHii, BCEe IIe HE mepeadadyae MOJCTIOBAHHS TMPOIECY 3HATTA
MPUIYCKYy, IO TPOMOHYETHCS B JAaHOMY JOCHTI/DKCHHI, 1 HE JO03BOJIIE JOCSTTH
cTabimi3ali mpouecy pizaHHs Mo BCiit TpaekTopii [82].

o6 omiHuTH €(dEeKTUBHICTh PO3POOJICHOI TEXHOJOrIi, HacaMrepea MOTpiOHO
CTBOPUTHU yIIpaBisitouy nporpamy B G-koxax. Lleit mporec peanizyroTh, CIUPAIOYUCh
Ha OTPUMAaHI pe3yJIbTaTH B CIEI1ai30BaHOMY IIPOrpaMHOMY 3a0e3nedeHHi (iHTepdeiic
noka3zaHo Ha puc. 3.3, a BianoBiaAHUM tudpoBuit ¢aitn — Ha puc. 3.4). Ha erami
MPOEKTYBAHHS 3pYYHO OJIpa3y MEPEeBIPATU PE3yJIbTaT, 3aBAHTAXYIOUU CTBOpeHui G-
KOJl, BHKOHYIOUHM MOJICITIOBAaHHS Ta BHOCSYM KOPEKTHBH B KOOPJIWHATH TOYOK

nepeMuKaHHs ad0 B yIPaBIsiOYl CUTHAIW — MOoAady 4d 0O0epTH IIMUHJENS (IUB. PHC.

3.14).
% GO2 X50.5 Y-58. R4. F334.
01013 (KPI-F100-160-4) GO1 X66.876 Y-58. F387.

G909 G17 G40 G800 GOO GO1 X68.5 Y-58. F494,

G21 (mm) GO3 X83.5 Y-47.568 R16. FG80.
Mo6 T6 (TOOL 1 - DIA 12.) GO3 X84. Y-45.969 R16. FG583.
GO0 G54 G99 X46.5 Y-10@. S822 MO3GO3 X84.35 Y-44,186 R16. FG540.
G43 H6 7100. GO3 X84.5 Y-42. R16. F450.
S822 GO1 X84.5 Y-25. F387.

Z50. GO1 X84.5 Y-24. F305.

Z2. GO1 X96.5 Y-24,

GO1 7-5.5 F138. GOo 7100.

GO1 X46.5 Y-100.06 F305. M@5

GO1 X46.5 Y-79.1 F3@5. G990 GO X0. YO.

GO1 X46.5 Y-64.45 F387. G900 GOO 70.

GO1 X46.5 Y-63.3 F322. M30

GO1 Y-62.55 F248. %

GO1 Y-62. F198.

GO2 X48.5 Y-58.536 R4. F162.
GO2 X49.5 Y-58.127 R4. F198.
GO2 X50. Y-58.031 R4. F262.

Pucynok 3.14 — Ynpagnstoua nporpama B G-Ko/ii 3 YIIPaBIIHHSIM 10/1a4€l0
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PesynbraTty MomentoBaHHS MPOIECYy KOHTYPHOTO (hpe3epyBaHHS 3 YNPaABIIHHIM
nojayvero, peasii3oBaHUM 3a Po3poOJICHOI0 TEXHOJIOTIE0, TpeACcTaBiieHl Ha puc. 3.15.
[To3HaueHHs1 ocUUIOTpaM aHAJIOTIYHI THM, II0 BUKOPUCTOBYBAJIMCS Ha IMOMEPEIHIX
pucyHKax. MaxkcuManpHI Ta  MIHIMaQIbHI  3HAQ4eHHS TOJa4l  BIAMOBITAIOTH
PO3paxyHKOBHUM JaHUM, MpeACTaBiIeHUM Ha puc. 3.4 (mo3Hayeni emnircamu). Jlinisg 1
BiOOpaXkae pO3paxOBaHWM 3aKOH YIMPaBIiHHA MOAAQYCI0, a JiHIA 2 — IIBUAKICTH

BunaneHHs matepiary (MRR) y nporieci pizanHs.

" MogaenioBanns npoLiecy KoHTypHOTO dpesepysanHs - ] X

BUXIOHI OAHI
~®Ppesa
HiameTtp, mm |12
KinekicTe 3y6iB 4
~3aroToBKa
Mpunyck, Mm 1.5
ToBLWMHA, MM 5 3
(Crank CT3 N
3apaHTaxuTi | KpecneHux |
MopgentwoBaHHA
Ctpat | Ckuhytu| Maysa|

Buxia | Hel
] 2

Ocuunorpad 3
‘ : ‘ ‘ 900 ©
800 &
o 1 1700 o
P 1600 =
= H
H 1500 =
o 1400 ©
= 1300 &
| : 1200 2
: : 100 - -
0 . ‘ . ‘. ‘ : : ; 0 j;
0 10 20 30 40 50 60 70 80 X

[oB:xuHa TpaekTopii, MM

Pucynok 3.15 — Pe3ynbpTaTu MojiemtoBaHHs npoiiecy ¢hpe3epyBaHHs 3 YIIPABITIHHSIM

IIoJa4cro

[IpoexTyBaHHS YNpaBisioUu0i MPOrpaMu 3a 3alpONOHOBAHUM METOJOM BUMAarae

J04aTKOBUX 00YHCIIEHD AJIs1 BU3HAYCHHA KOOPJAMHAT TOYOK IICPCMUKAHHA. 30erMa,
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€ BKJIIOYAE pO3PAXyHOK TE€OMETPUYHUX KOOPAMHAT TOUOK Ha JAy3l TpaekTopii
(GbOpMOYTBOPEHHSI, SIKI MOTIM KOPUIYIOTHCS Ha OCHOBI pPe3yJIbTaTiB MOJIEIIOBaHHS.
KonuBaHHA XapaKTepUCTUK IMPOIIECY 3yMOBJICHI CTYMIHYACTOIO 3MIHOIO I[OAaui,
3alpOrpaMOBaHOI0 y CIPOEKTOBAHIN YIPaBIISAIOUii Mporpami 3rifHO 3 BUOpaHUM Tif
4yac MPOEKTYBaHHS KPOKOM JHMCKpeTH3alli. Po3paxyHkoBUil Yac BUKOHAHHS orepartii

CTaHOBHTE 14,5 c.

3.3 IliaroroBKa 10 NPOBEICHHS EKCIEPUMEHTY

J1Jist TpoBeICHHST €KCIIEPUMEHTIB BUKOPHUCTOBYBas ¢pe3epHuit Beperart 3 UIIK

HAAS TM-Op. 3oBuimHiii Burisia Bepctaty UIIK naBepenmit (puc. 3.16), itoro

TOJIOBHI XapaKTepUCTHKHU B Tabmui 3.1.

Pucynox 3.16 — Bepcrat UIIK, Haas TM-0P (Toolroom Mills) [88]



Tabmuusa 3.1 — Xapakrepuctuku Bepcrata 3 HIIK HAAS TM—0Op

[Tapametp 3HaYeHHSA
[Tepemimenns mo oci X 762 MM
[Tepemimmenns o oci Y 305 mm
[Tepemimenns mo oci Z 406 MM
Posmip cTomy (JI % 111) 863 x 260 MM
MakcumalnbHe HaBaHTaKEHHS CTOJTY 136 kr
Konyc mmunpaens ISO 40
Jliarma3oH MBUIKOCTEH IIMTUH/ICIIS 0-6000 06/xB
MakcuMainbHa NOTYXKHICTh ImuHAeHsS | 5,6 kBT

Tun 3MiHU IHCTPYMEHTA

[HTErpoBaHuii KapycenbHUI (OMIIis)

KinbkicTh mo3uiiiil y Mara3uHi (OmIis)

10

Cucrema UIIK

Haas

[Mabapurtu (/[ x I x B)

1524 x 1397 x 2092 MM (1ipuGAN3HO)

Maca (3a1eXuTh BiJl OTIIIiA)

~907 xr

MakcumanbHa MBUIKICTH POOOUOT 10,2 m/xB
nojaut

[Buaki nepemimenss (X, Y, Z) 10,2 m/xB
Maxkcumanbha Tsra npuBoaiB (X, Y, Z) | 8896 H

94

Ha puc. 3.17 HaBeneHo 3arajibHUM BUTJISA €KCIIEPUMEHTAIBHOI YCTAHOBKHU: Ha

poOOYOMY CTOJII BepCTaTa 3aKpIirIeHO OaraTOKOMITIOHEHTHUH TEH30METPUYHUN JATYHK

HBM (Germany) MCS

10-005-3C,

Ha SAKOMY pO3MIIlIEHa 3aroToBKa.

Taka

KOMIIOHOBKA Jla€ 3MOry (IKCyBaTH CHUJIM Pi3aHHA MiJ Yac MPoLecy KOHTYPHOIO

dbpesepyBaHHS.
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Pucynok 3.17 — 3arotoBka ta Tenzomerpuunuid naruuk HBM MCS 10-005-3C na
croii Bepcrata 3 UIIK [82]

JIsi MiACWICGHHS CHUTHATY 3 TEH30METPUYHOTO JaTYMKa BUKOPHCTOBYBAIU
nigcwiroBaul HBM (Germany) ClipX BM40 (puc. 3.18) npueanani 10 oceld, 3a SKUMU

MIPOBOAMIIOCH BUMIPIOBAHHSI BIJIITOBITHMX KOMIIOHEHTIB CHJIM P13aHHS.

Pucynok 3.18 — I[lincumoBaui curaany HBM ClipX BM40
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OTprMaHi CUTHAIU 3 AMHAMOMETpA MepelaBaIiCh 0 MiACUIIOBAYiB, a 1ajl — Ha
HOYTOYK (puc. 3.19) ta 306epiramuck y dopmati Excel. Takuii migxig HE BuUMaraB
CIelIaJIbHOTO KaliOpyBaHHs, ajpke 3anucu y (aitnax Excel BiamoBigaloTh peaqbHUM

3HAYCHHSIM CHJIU Pi3aHHS.

Pucynok 3.19 — HoyTOyk 13 mporpaMHUM 3a0e3MeUeHHSM JIJIs peecTparltii Ta
30epexenHs Fx i Fy
Jist  omiHkk  €(EKTUBHOCTI  YMPaBISAIOUMX TPOrpaM IPOBEACHO CEPiro
EKCIIEPUMEHTIB 3 (pe3epyBaHHS KOHTYPY 3aroTOBKH, YTBOPEHOTO TMPSIMUMH,

YBITHYTHUMH Ta ONYKJIUMU Ayramu ki (puc. 3.20)

Y

“I:’\' pos
I ora. oy

o80

75 65:02

75

65:0.2

&
o
A

Pucynok 3.20 — ExkcriepuMeHTalIbHa 3ar0TOBKA 3 €KBIIUCTAHTHUM MIPUITYCKOM
(H=1,5 mm)
Taka ¢opma KOHTYypy OXOIUTIOE BCl MOXIIMBI KOHTYPH pEaJbHUX JeTalleH.

®dpe3epyBaHHS BUKOHYBAJIOCh Ha CIELIAJIbHO IIJATOTOBJICHIA 3aroTOBINl  JJIS
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3a0e3MeyeHHs] PIBHOBIAATIEHUX TPHUIYCKIB MO BChOMY KOHTYpY, IO 3a0e3rnedye
OJIHAKOBI YMOBH pI3aHHs B €KCllepUMeHTax. s 1poro ¢gpesepyBaHHS B KOXKHOMY
EKCTIIEPUMEHTI MPOBOJUIOCH 3a JiBa mpoxoau [82]. V mepmoMmy mpoxojl oOpoOka
BUKOHYBaJIach (pe3oto I8 Mm, 4 3y0a, KyT HaxXwiIy CIipalbHOI KaHaBKH 35° s
HiATOTOBKHU PIBHOBIAIAJICHOTO NpUIycky (H=1,5 mm), a micas 3MiHU 1HCTPYMEHTa Ha
bpesy D12 mm, 4 3yba, KyT HaXWiay TBHHTOBOI KaHaBkH 45°, wMatepian
mBUAKOpi3anbHa cTainb POMS, 3 wnamunenusm TiAICrN (puc. 3.21) KoOHTYp

00poOJIsIBCS 32 PO3POOIICHOIO MPOTPaMOI0 O€3 3HITTS 3arOTOBKH 31 CTOITY.

Pucynox 3.21 — Kinnesa ¢pe3sa, Burisia: a) 3miBa 6) 3 Topiis

OckibKM BUPOOHHMK HE HAJaB 1HIIMX TEOMETPUUYHHMX XapaKTEpUCTUK (pesH,
Oyno mpoBeaeHo BumiproBaHHA: Ilepenniii kyt (y): Ha puc. 3.22 mnpeacraBieHO

BUMIPIOBAHHS MEPEAHBOTO KyTa IHCTPYMEHTA, SIKU CTAHOBUTH 6°.

Pucynok 3.22 — BuMiproBaHHs niepeHLOTO KyTa (y) KiHIEeBOI ppe3u



98

3anuiii kyT (a): Ha puc. 3.23 moka3aHo BHMIPIOBaHHS 33aJHBOTO KyTa, SIKUH

ckiamae 6°.

Pucynok 3.23 — BuMiproBaHHS 33JIHROTO KyTa (o) KIHIIEBOT hpe3n

CkpyriieHHs pi3asibHOI KpoMkH (7) (puc. 3.24), cranoButs 0,01 mm.

Pucynok 3.24 — BuMiproBaHHs pajiiyca CKpYTJEHHS pi3ajibHOI KPOMKH KIHIIEBOI (Ppe3u

Cucrema KOOpAWHAT JIeTajll BUCTABIISETHCS, TIO epeTuHy 3 miomuH (puc. 3.25).
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Pucynox 3.25 — [IpuB’s3ka cucteMr KOOpIMHAT JI0 3aTOTOBKH Ta JCTaTi

Ile 3abe3meumsio TPHUB’SI3KY YOPABIAOYOI mporpamMu 10  (PaKTHUIHOTO
po3TalnlyBaHHS 3aroTOBKM 1 TapaHTYBaJIO pPIBHOBLITATICHUN (€KB1IMCTAHIIIMHMI)

MPUITYCK B €KCTIEPUMEHTI.

3.4 ExciepuMeHTaIbHE JOCTIKEHHS Ta aHAJII3 pe3y/bTaTiB

OckUTbKH cujla pi3aHHS OE3MOCepPEeHBO OB’ sI3aHA 31 MIBUAKICTIO BUIAICHHS
matepiary (MRR), BupinieHo OmiHUTH CTabUIBHICTh TPOLIECY PI3aHHA 32 CEPEIHBOIO
TOPU30HTAIBLHOIO CKJIaJ0BOIO CUJK pi3aHHsA. Ha pucyHky 3.26 HaBeeHO OCHIIOrpaMu
ckiIanoBux Fx Ta Fy cwin pizaHHs miJ 4Yac (pe3epyBaHHsS KOHTYpy JAeTajil 3a
nporpamoro, po3pobisienoro B SolidCAM. IlomiTHa 3HadHA HECTAOUTHHICT CKIIAJIOBHX,
a B 30H1 00pPOOKM yBITHYTOI YaCTUHU KOHTYPY (BUJILICHA MPSIMOKYTHUKOM Ha PUCYHKY
3.27) ocuumnorpaMu CKJIaJ0BUX, HE3BAKAIOUM HA Majy IIMPUHY pi3aHHA (5 MM), He

A0CATarOTh HYJIA.
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Ocuunorpa
1000 EI-I p} ®
T
= 500
T
3
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[(v]
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O -500
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Yac, ¢

Pucynox 3.26 — Ocuunorpamu 3i ckiialoBUMu Fx 1 Fy cuiin pi3aHHs i yac

KOHTYpPHOTO (ppe3epyBaHHs 3a gonomoroto mporpamu SolidCAM [82]

['opuszoHTanbHA CKJIQ0Ba CUJIM pi3aHHS MokazaHa Ha puc. 3.27. Bona Oyna

po3paxoBaHa sk cuia Fxy 3a GopMyIioro:

F,=(E)+(F) (3.7)

ne Fx, Fy - 3HaueHHs CKJIaJ0BUX CHJIM Pi3aHHS.

Ocuunorpadg

800
600
200 -

o

Cwuna pisaHHsa, H

TN
S o
S O

Yac, ¢

Pucynok 3.27 — Ocuunorpamu cuiu pizaHHst FXxy mijJ yac KOHTYpHOTO (ppe3epyBaHHS

3a monomororo nporpamu SolidCAM
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Ha mpsmoniniiiHux ninsHkax KOHTYpy 1 (puc. 3.27) cmocrtepiraioTbes 3MiHU
CWJIH pi3aHHS, SIK 11€ BUHO 31 301IbIIIEHOT0 (hparMenTa ocipiorpamu (puc 3.28). Cuiia
pi3aHHs JocsArae MaKCHMMalbHOTO 3HaueHHs Omm3bko 390 H, micis goro mocTymoBo

3sMmeHIyeThest Maiixke 10 0 H. Ie mosicHtoeTbest po60oTor0 01HOTO 3y0a hpesu.

Ocuunorpacdcp
400 :

200
100

Cwuna pizaHHs, H

o

556 558 56 562 564 566 568 57 572
Yac, ¢

Pucynok 3.28 — Ocuunorpama cuiiy pi3aHHs Ha OPSIMOJIIHIMHUX AUISIHII KOHTYPY

[Tin yac oOpoOKM YBITHYTOI AUISHKH KOHTYpY 2 (puc. 3.27) 3HA4YCHHS CUIU
pI3aHHS CYTTEBO 3pOCTa€: MakcuMaibHe — gocsarae 620 H, a miHIManbHE CTaHOBUTH
npubmuzHo 350 H (puc. 3.29). Taki 3mMiHu TOB’si3aHI 3 KPUBU3HOKO OOPOOIIOBAHO1
MOBEPXHI, 110 30UIBIIYE IUIONY KOHTAKTYy KOXHOTO 3y0a (pe3u 13 3aroTOBKOIO, a

TaKO0X 13 OJJHOYACHOI pOOOTOIO KUIBKOX 3y0iB (Ppe3u.

Ocuunorpacdc

103 1035 104 1045 105 1055 106 1065 107
Yac, ¢

Pucynok 3.29 — Ocnuiorpama cuiiy pizaHHs Ha yBITHYTIH AUISHII KOHTYPY

[ToBHuMi MK 00poOKHM CTaHOBUTH 38 ¢ mij yac dpe3epyBaHHS YIPABISIIOYOIO

nporpamoro po3pobisieHoro B SolidCAM. B momaneiiomMy IOIUTHHO MTOPIBHIOBATH Pi3HI
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YIOPaBIiHHS 32 CEpPEeIHIM 3HAUCHHSM CUIHU pi3aHHsA. Po3paxoBaHe 3HaU€HHS CepeaHbOI
cwi pizaHHs (Fxy,,) I yHOpaBisAw4oi mporpamu, po3pobienHoi B SolidCAM

HaBeJeHo Ha puc. 3.30.

Ocuunorpad

600
T 500

0 5 10 15 20 25 30 35 40
Yac, ¢
Pucynox 3.30 — Ocuunorpama cepeiHbOi TOPU30HTAIBHOI CKJIa/I0BOT CHIIH P13aHHS

Fxyq, ipu KOHTYpHOMY (Dpe3epyBaHH1 3 BUKOpUCcTaHHIM nporpamu SolidCAM [82]

OTpumaHi  eKCIepUMEHTAJIbHI  pe3yJbTaTH  MOBHICTIO  MIATBEPIKYIOThH
3aKOHOMIPHOCTI IIPOLECYy KOHTYPHOTO (hpe3epyBaHHs, BUSBIICHI M1 4aCc MOJACIIIOBAHHS
(muB. puc. 3.2). 3po3yMiJIo, IO TaKUi MPOLIEC HE MOXKE BBAXKATUCSH CTAOUIBHUM 1
MPU3BOJUTH 10 HEOOX1THOCTI MOT0 cTadii3aii.

Hactynnuii excniepumeHT OyB BUKOHAaHUW NpH KOHTYpPHOMY (ppe3epyBaHHI 3
BukopuctanuiM CAM-nporpamu cuctemu SolidCAM y Bepcii iMachining Bix 2024
poky. Ha (puc. 3.31, a) HaBeneHO ocMJIOTpaMU CKJIAJIOBUX CHJIM pi3aHHs, a Ha (puC.

3.31, B) — cepellHE 3HAUEHHSI TOPU30HTAILHOT CKJIA/IOBOI CUJIN Pi3aHHS.

1000 : : :
500{ - Ex ~— | | T ——
. | j
-500
-1000

Ocuunorpacp

Cwuna pi3zaHHsa, H

2 4 6 8 10 12 14 16 18 20
Yac, ¢
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Ocuunorpac
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0)

Cuna pisaHus, H

Pucynox 3.31 — Pe3ynbratu KOHTYpHOTO (Ppe3epyBaHHs 3 BUKOPUCTAHHSIM ITPOTpaMu
iMachining: @) ocrunorpamMu CKJIaIoBUX CHIIM pi3aHHS; 6) OCIUIOrPaMH CHIIA PI3aHHS

Fxy; 6) octiiniorpaMa cepeiHbOi TOPU30HTATBHOT CKIIA0BOI CUITH Pi3aHHS FXV gy

OueBHIHO, 1110, HE3BAXKAIOUW Ha 3HAYHE MiABUIIEHHS MPOAYKTUBHOCTI 00pOOKU
(gac ukiy 18 ¢), He BHamocs 3a0e3neynTH cTabiIi3alliio MpoIecy pi3aHHs 10 BCHOMY
KOHTYpY. TyT TakoXk CHOCTEpIraEThCs aJIeKBATHICTh PE3yJIbTaTiB MOACIIIOBAHHS.

Ha puc. 3.32 naBeneHo pe3ynbratu (pe3epyBaHHS KOHTYpPY JI€Taji 3a HOBOIO
POrpamMor0, CHPOEKTOBAHOIO 32 PO3POOJIEHOI0 TEXHOJIOTIEI0, 110 MAa€ YIpPaBIiHHS

[IOJav€ero.
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Puc. 3.32 — Pe3ynbTaTi KOHTYpHOTO (hpe3epyBaHHs 3a HOBOIO MPOTPAMOIO:
@) OCIUJIOTPAaMH CKJIQJIOBUX CHIJIH PI3aHHS; ) OCIIUJIOTPaMU CHIIH pi3aHHs FXxy;

8) ocrusorpama cepeHb01 TOPU30HTAIBHOI CKIIAIOBOT CHIIA Pi3aHHS FX) 4,

OdyeBuHO, MO BAATOCS CYTTEBO CTaOLTI3yBaTH MPOIEC KOHTYPHOTO pi3aHHS,
3a0€3MeUnTH CTaOUTbHICTh CEPEIHBOI CUIIM Pi13aHHS Ta CKOPOTUTH 4Yac UKy 10 14 c,

10 MepeBuILy€e po3pooku iMachining maitke B 1,3 pasu.
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BUCHOBKHA

1. Po3po6iieHo anropuT™ yIpaBiiHHS PEKUMOM pi3aHHs, KU 3a0e3neuye
cTalbiizallio npoiecy KOHTypHoro ¢pesepyBanHs Ha Bepctarax 3 UIIK 3a kpurepiem
MaKCUMaJbHOTO 3HAUEHHS IIBUAKOCTI BupaneHHs Matepiany (MRR). Anroputm
nepeadayae yrpaBJiHHS MTOa4YeIo Ta 00epTaMu IMITTWHJEIS 111 CTBOPEHHS CTaOUIBHUX
YMOB pi3aHHSI.

2. PeanizoBaHo po3poOieHuii anroput™M y BUDNISII MPHUKIAIHOT MPOTrpamu,
sgKa J03BOJISIE HA3HAYaTH PI3HI CTparerii ympaBiiHHSA. Pe3ynasratd MojenroBaHHSA
IPOJEMOHCTPYBAJIH, 10 YaC BUKOHAHHS Omepallii Ckiaxae: mporpaMa, po3podiaeHa B
SolidCAM, 3a6e3neuye yac mukiay 36 ¢, iMachining — 18,4 ¢, ynpaBiiHHS MOAa4€r0
3a PEJCTaBICHUM aJrOPUTMOM CKopouye vac 1o 14,5 c.

3. [IpoBeneHi AOCHIKEHHS 3 pealbHUM (pe3epyBaHHSAIM KOHTPOJIBHOTO
KOHTYpY TMOKa3aiaM, 110 cTalumi3aimis mBUAKOCTI BupaineHHs marepiany (MRR) 3a
JIOTIOMOTOI0 HOBOI YIIPABIISIFOUOi MPOTpaMy Ja€ HAMKpallui pe3yabrar: dac IHKITY
ckopouyeThes 10 14 ¢, Tobto B 1,3 paza menme, HiXx nipu iMachining (18 ¢), 1 B 2,5
paza menme, HiK y SolidCAM (36 c¢). Takum 4YMHOM, PO3pOOJIEHA TEXHOJIOTIS
HIATBEPIXKYE CBOIO €()EKTUBHICTh HA IPAKTHIL.

4. [IpencraBienuii miaxXii CTBOPIOE OCHOBY JJIsl MOAAJIBIIOTO ONTHUMI3AIi
MpoIeCy KOHTYPHOTO (hpe3epyBaHHS, CIPSIMOBAHOI HAa MiABUIIEHHS MPOAYKTUBHOCTI

Ta JOTPUMaHHS HEOOX1JHUX TEXHOJOTTYHUX Ta KOHCTPYKTOPCHKUX OOMEXKEHD.
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PO3JILT 4
ONITUMIBAILIS TIPOLECY KOHTYPHOI'O ®PE3EPYBAHHSI HA
BEPCTATAX 3 YTIK

[Tonepenus craGimizaiisi MpoOIECy pi3aHHS HA OCHOBI IMIBHUAKOCTI BHUIAJICHHS
matepiany (MRR) nae 3Mory He auiie iCTOTHO 3MEHILIUTH KOJUBAHHS XapaKTEPUCTUK
pizaHHs, a ¥, 3a MOTpeOH, MIJABUIIUTH MIBUAKOCTI BUaaneHHa matepiany (MRR) mo
MEBHOTO PIBHS, IO MOKE MIJIBUIIUTA MPOAYKTHUBHICTh KOHTYPHOTO (hpe3epyBaHHS.
Opnak, 1 OUIBIIICTD TOCTIAHUKIB, 1 cydacHl CAM-cuctemMu 3 «pO3yMHUMU» MOIYJISIMU
3/1€OUIBIIOTO 30CEPEKYIOTHCSI Ha OKPEMUX acleKkTax (Hampukiaa, cTtaduiizaiii KyTta
Yl CWIM a0o0 TOTYKHOCTI pi3aHHsA), 1 HE OepyTh 1O yBark BCIO CYKYIHICTh
KOHCTPYKTOPCBKUX 1 TEXHOJOTIYHMX OOMEXEeHb, MOTPIOHUX [JIi BHU3HAYCHHS
ONTUMAJIbHUX DPEKUMIB pi3aHHsA. ToMy 3amumaeTbecsl psii MpoOJeM, MOB’A3aHUX 13
JOTPUMAHHSIM KOHCTPYKTOPCHKMX BHUMOT, OOMEXEHb Ha 1HCTPYMEHT Ta O0JIa/IHaHHS,
10 BUKOPUCTOBYIOTHCSI Y BUPOOHHUIITBI.

Otxe, HaBITH MICJS BIPOBAKEHHS YIPAaBIIHHS I cTaOuLmi3aili mporecy
pi3aHHs iCHY€ MOTEHINia JJIs TIOAaJIBIIOTO IIIBUIICHHS MPOJTYKTUBHOCTI HA OKPEMHUX
IUIsTHKaxX 00poOku. Lle MOXIMBO 32 YMOBM BpaxyBaHHS BIANOBIIHUX OOMEXKEHb, SIKI
JO3BOJISIIOTH  Q[AaNTyBaTH PEKUAMU PI3aHHS JI0 HAsSBHUX BUPOOHUYUX YMOB a0o

3MIHIOBATH iX BIJIIMOBIJHO 10 KOHCTPYKTUBHUX BUMOT.

4.1 @opmy/JaOBaHHA 3a/1a4i ONITUMIi3allii MPoOLECY KOHTYPHOIO

(ppesepyBaHHs

OnTuMizaniss pexuMy KOHTYpHOTro ¢pe3epyBaHHS MoOxe OyTH BHU3HA4eHa, 5K
3aJlaya MOUYKY HaWKpalluX 3HA4eHb [MapaMeTpiB YNpaBIiHHA — MOJa4l XBUIUHHOI f 1
4acTOTH oOepTaHHS wWnuHAENAs S, SKI BIANOBIIAIOTH YCIM TEXHOJOTIYHHUM 1
KOHCTPYKTUBHUM OOMEXKEHHSIM Ta 3a0e3MeuyroTh MIHIMaJbHUM Yac BUKOHAHHS
TEXHOJOTT4HOT onepauii fo. Takuii miaxix BITHOCUTHCSA A0 OJHOKPUTEPIAIbHUX 33134

omTuMi3aiii, s PO3B’S3aHHS SKUX OIIIFHO 3aCTOCOBYBATH METOJU JIHIAHOTO
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nporpamyBaHHs. [Ipu oMy, GopMyBaHHS CHCTEMH 0OMEKEHb 1 CTBOPEHHSI 3pyYHOTO
Ta e(PEKTUBHOTO 1HCTPYMEHTY IS peaizallii TakuxX 3agad € OJHUM 13 KIHOYOBHX
BUKIIMKIB CY9acHOTO BUPOOHHIITBA.

MatemaTnuyHa MOJENb, SKa BHUKOPUCTOBYETHCS Ui BUPIIIEHHS i€l 3amaui,
pO3pOOIIAETECS HA OCHOBI KIACHYHUX 3alleKHOCTEH Teopii pizanHsa. Bona
IPE/ICTaBICHA y BUTIISAI CUCTEMHU PIBHAHD 1 HEPIBHOCTEMH, SIKI OMUCYIOTh 3B’ SI3KH M1k
YOPaBISIOUYUMH  TApaMeTpaMH, TEXHOJOTIYHUMH OOMEXKEHHSAMU Ta OOpaHUM
KpUTEpiEM OonTUMaiIbHOCTI. Takui MiAXiJ TO3BOJISIE BPaxOBYBaTH OCHOBHI ACIEKTH
nporiecy ¢pe3epyBaHHs, BKIOUYAIOYM OOMEXKEHHS Ha MIIHICTh 1HCTPYMEHTA, SIKICTh
00poOII0BaHOI TOBEPXHI Ta JOIMYCTUMY MOTY>KHICTh 00JIaJHAHHS, 110 POOUTH MOJIEITh
e(eKTUBHUM THCTPYMEHTOM JIsl ONITUMI3AIIIT peKUMiB pizaHus [17].

OTtxe, cpopMybOBaHa 3a7a4a ONTUMI3ALT MA€ TAKUN BUTIISIA:

Kpurepiii: mpoayKTUBHICTh MPOLIECY KOHTYPHOTO (hpe3epyBaHHsI Ha BEpCTari 3
YIIK.

OrniHo4Ha (QYHKITIS JUISE KPUTEPII0 MAaKCUMAaIIbHOT TIPOTyKTUBHOCTI:

f =S f —>max, (4.1)

OCKUIbKH OCHOBHHI yac 00poOku to=L/(f; S n)—min, ne L — noBxuHa 00poOKH,

1 — KUIBbKICTB 3yOiB.

BBeneni oOMexxeHH:

OO0MexeHHs 32 MAKCMMAJIBHO JONYCTHMOI0 CHJIOK0 Pi3aHHA.

ITlin gac ¢pe3epyBaHHs, OCOOJHUBO MPU KOHTYpPHOMY OOpOOJICHHI, HEOOX1THO
OpaTy 70 yBaru CWJIM pi3aHHS, [0 3MIHIOIOTHCS 4Yepe3 KPUBH3HY OOpPOOIFOBAHOTO
KOHTYpYy. BaxmBuM OOMEXEHHSM y TaKMX YMOBaX € MaKCUMAJIbHO JIOMyCTHUMa CHUJIa
pizanHs F, max. JloTpumaHHs 1pOr0 OOMEXKEHHS AAa€ 3MOTY OJHOYACHO 3amoO0IirTu
MOJIOMKaM 1HCTPYMEHTa, nedopmaliisiM TOHKOCTIHHMX 3aroTOBOK 1 3a0e3NeuuTu

Oe3IeyHe 3aCTOCYBaHHS BUMIPIOBAJIbHUX MPUIIAJIB (TEH304aTYUKIB TOIIIO).
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Crmparounch Ha piBHSHHS (2.17) 1 (2.18), MOXkHA BUSHAYUTH KOMIIOHEHTY CHJIA
pizanHsa Fy,. [lns 3MEHIIEHHS TPOMI3IKOCTI PO3pPaxyHKIB 3pyyHO MOAaTH ii Yy

CIIpOIIIEHIH dhopmi:
F, =C,fSin(p)b. (42)

ne mwmpuHa cTpyxku b=B/Cos(y), B — mupuHa pi3aHHS, ¥ — KyT HaXuiIy
I'BUHTOBOI KaHaBKU (ppe3u.
3BiicH OOMEXEHHS Ha MAaKCUMAJIbHY CWIIy pi3aHHA [, max MOKHa BHPA3UTH,

AK:

1
%
FW max

Sin(p)f C b | - (4.3)

/=

O0MeskeHHS 32 MAKCHMAJILHO IOITYCTUMOIO NMOTYKHICTIO (ppe3epyBaHHS.

[Inunaens BepcTaTa Mae 3a0e3MEYUTH JOCTATHIM KPYTHUH MOMEHT IS
e¢(eKTUBHOTO Ppi3aHHSA, MPOTUCTOAYM TAHTCHINANBHINA CKIAJOBI CHJIM pi3aHHS.
MutteBuii kpyTHuii MomeHT M (H/M) BpaxoBye TanreHuianbHy cuiy [21, 87], mio aie
Ha KOXXEH 3y0 1HCTpyMeHTa. Bin oOuuciroeTscsi sik cyma MoOyTKiB pajaiyca (pesu i

TaHTCHINABHOT CHITH JIJI KOJKHOTO 3y0a:

M =R,F, (4.4)

m>- t s

ne Rm — paniyc ¢pesu, F; — TaHTeHIlabHa CUjla pi3aHHs 1 HAOJUIKEHO CKJIAIae
Ft:0, 7*ny.

BenuunHa KpyTHOTO MOMEHTY Ba)KJIMBa ISl TOYHOTO BH3HAYCHHS HEOOXiTHOI
NOTYXHOCTI pizanHs P (kBT), mo 3HaxomuThcs 3 AOOYTKY KPYTHOTO MOMEHTY 1

4acTOTH OOEpTaHHS:
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2aMS'n
P=——" (4.5)
60000 ° '
ae S —yactoTta 00epTiB mmnuHaeNs (06/XB), 7 — KOe(ILi€HT €PEeKTUBHOCTI.
[TincraBuBmu (4.4) B (4.5) MOXKHA OTpUMATH:
275 R, 07F, 1
- (4.6)

60000

3BiAcKM Tpu mijacTaHoBLl (opmynu (4.2) MOXKHa OTpUMATH OOMEXEHHS Ha

MaKCHMAaJIbHY HOTY)KHiCTI) IMIMTUHACIIA Pmax:

60000P,, 1
27R C, b Sin(p) 0.7 | - (4.7)

SY, =

OO0MeskeHHs 32 BUBHAYEHOI0 IIOPCTKICTIO MOBEPXHi.

Peanbuuii mpodine mnoBepxHi, chopmoBaHui micis ¢dpe3epHOi omepaiiii,
CKJIa/Ia€ThCS 3 IBOX OCHOBHHUX CKJIQJIOBHX: JETEPMIHOBAHOI, SIKy MOKHa pO3paxyBaTH
r€OMETPUYHO, Ta BHUIIAJKOBOI, IO 3aJIEKUTh B1A TakuX (akTopiB, gK BiOpari
TEXHOJIOT1YHOT 00pOOIIIOBATIBLHOI CUCTEMH, YTBOPEHHS i BIIPUB HAPOCTIB Martepiaiy,
3HOLIEHHS pi3ajbHUX JIi€3 1HCTpyMEHTa Ta IHIIMUX BIUIMBIB [17]. YUepe3 ckiIaaHICTh
NPOTHO3YBaHHSI BHUMAJAKOBUX CKJIQJOBUX 3alpOTIOHOBAHO BHUKOPHUCTOBYBATH, SK
OOMEKEHHS B 3aJa4l ONTUMI3AIlI] JUIIE JEeTEPMIHOBAHY CKJIAJOBY IIOPCTKOCTI, Iaji
Rz. Takuil miaxigy MOXe€ Yy TEpPCHNeKTHUBI J03BOJUTH MPOTHO3YBATH IIOPCTKICTh
YTBOPEHOI MOBEPXHI MiJ] Yac BIPOBAKEHHS TaK 3BaHUX «Oe3BIOpaIiitHUX)» PEKUMIB
pizanHs [89].

[Ipu3HaueHHs «6e3B10paliiHUX» PEKUMIB PI3aHHS JA03BOJIMTH 3MEHIIIUTH BIUIMB
BUMAJKOBUX CKJIQJI0OBUX HA YTBOPEHY IIOPCTKICTh MOBEPXHI, poOmsun ii Oiibin

nependoayyBanoro [89]. Ile cTBOpro€ MOXIMBICTh 3aCTOCYBaHHS E€MIIIPUYHUX
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MOTIPaBOYHUX KOE(IIIEHTIB, IO IMITYIOTh BIUIUB BUIIAKOBO1 CKJIAIOBOI. Y MO€THAHH]
3 JIETEpPMIHOBAHOIO CKJIAJIOBOIO, Taka METOJIMKa 3a0e3MeUnuTh MAKCUMAaJIbHO TOYHE
HaOJIMKEHHS J10 peajbHOI MOPCTKOCTI MmoBepxHi. Lle macte 3Mory ¢opmyBaTH OLIBIIT
TOYHI Ta OOTPYHTOBaHI OOMEXEHHS IS 3a7a4l ONTUMI3aIlii.

ITin gac ¢pesepyBaHHS BIIOYBaIOTHCSA JBAa OCHOBHUX PyXH: OOepTalbHUN Ta
NOCTyNAIbHUN. Y pe3ynbTaTi TOYKU pi3asIbHUX Je3 POpPMYIOTh TPAa€EKTOPii, IKI MAIOTh
BUTJISIA TpoXoimu — wMoaudikoBaHoi Bepcii mukimoinm [69]. Bucota Tpoxoinu
BIIMOBI A€ 1aMeTpy dpesu, a BiICTaHh MIXK i1 BUTKAMH BU3HAYAETHCS MIISIXOM, SIKUM
MPOXOJUTH 00pOOIIOBaHa JAeTalb 32 OJUH 00epT Ppe3u.

Kosxen 3y0 dpesu 3amuiiae CBOIO TPAEKTOPIIO, sSKa 3MIIIEHa BiJI MMONEPEIHbOI Ha
BENMYMHY TMojadi Ha 3y0 (f). 3a yMOB BHMCOKOi 4YacTOTH OOEpTaHHS IIMUHACIS
Tpoxoina HaOyBae (opmu, OJIM3bKOI 0 IyrH KoJjia. Y TakuX BUNAAKAX il MOXKHA
anpOKCUMYBATH KOJIOM, JIlaMETp SAKOTO JIOPIBHIOE J1aMeTpy (ppesu.

Bucora nika HEpiBHOCTI, 1110 BU3HAYAE AETEPMIHOBAHY CKJIAJJOBY IIOPCTKOCTI Rz
MOBEpXHI 1M Yac (pe3epyBaHHS, pPO3PAXOBYETHCSI HA OCHOBI T'C€OMETPUYHHX
criBBigHOMIeHb. Lli criBBiIHOINIEHHS BimoOpakeH1 Ha pucyHkax 4.1, 4.2 ta 4.3, ne

MOKa3aHO 0OPOOKY MOBEPXOHb 13 PI3HOK KPUBHU3HOIO.

Pucynok 4.1 — Cxema BU3HAU€HHA JE€TEPMIHOBAHOI YACTUHU MIOPCTKOCTI HA OMYKIIIH

JIyTi

BpaxoByroun, 1mo 1eHTp ¢Gpe3u Ciiaye 3a 3aJaHOl0  TPAEKTOPIEH 13

BCTAHOBJICHOIO XBHWJIMHHOIO IMOAA4YCHO, TO IMOAAYY Ha BY6 MO’KHA HAOJIHKEHO YABUTH,
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K IPSMHNA BIAPI30K, MK LIEHTpamMu ¢pesu, mo pyxaerbes O;0; (puc. 4.1, 4.2 Ta 4.3).
Take npumnynieHHs € TPUUHATHUM 3aBASKA Mallii BEJIMYMHI mojavi Ha 3y0. OTxe,
JIeTepMIHOBaHa CKJIaJ0Ba MIOPCTKOCTI MOBEPXHI Rz, KA YTBOPIOETHCA MIC/IsI 00pOOKHU

OIYKJIO1 IyTH, MOXHA BU3HAUYHTHU SIK TOBXUHY BiApi3Ka AB:
AB=0C—-0A—-BC, (4.8)

ne Bipizku OC, OA ta BC Mo)XHa 3HAUTH SIK:

0C=\(00,) ~(0,C) =\(R-+R, Y ~(£,/2) .

OA=R_,

BC=(0,8) -0, =(r,} ~(1,/2) ;

3Biacu:

Re=\(R.+R,} ~(f,/2) =R ~J(R,} =(£,/2) . (9

ne, Rm — paniyc ppesu, Rc — paayc KpUBU3HU.

Pucynok 4.2 — Cxema BU3HAUEHHA J€TEPMIHOBAHOI YACTUHU MIOPCTKOCTI HA YBITHYTIN

yTi
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AHaJOTIYHUNA TIAX1J] BUKOPUCTOBYETHCS [JIsl BHU3HAYEHHS JE€TEPMIHOBAHOI
CKJIaJIOBOI IIOPCTKOCTI Rz Ha YBITHYTUX Oyrax, sIK MOKa3aHo Ha puc. 4.2, ne Rz

BU3HAYAETHCS K JIOBXKUHA BiapizKa AB:
AB=—0C+OA—- BC, (4.10)

ne Biapizku OC, OA ta BC:

0C =(00,f ~(0,CY =(R.~R,} =(£,/2) .

OA=R,,
BC=4(0,B) —(0CY =\(R,) ~(£,/2) ;
3B1ICH:

(4.11)

Pucynox 4.3 — Cxema BU3HAUCHHS JIETEPMIHOBAHOT YaCTUHU IMOPCTKOCTI HA TIPSAMIN

JUISHIL KOHTYPY

VY Bunagky npsiMoi JUISTHKH 00pOoO0II0BaHOTO KOHTYPY JeTepMIHOBaHa CKJIaJoBa
HIOPCTKOCTI Rz 3HaXOAUTHCS, sIK 3HaUYeHHsI Biapizka AB (Puc. 4.3):
AB=AC-BC, (4.12)
ne Binpizku AC 1 BC:
AC=R _,
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BC=fAC"-(0,C) =R ~(f,/2),

3BigcH:

Rz=R,—R’>—(f/2) (4.13)

[IpoBiBmu anredpaiudi neperBopeHHs Gopmyn (4.10), (4.11) 1 (4.12), moxHa
BU3HAUUTH ToAauy Ha 3y0 (firz), IO BIAMOBIJA€E TEBHOMY 3a/JlaHOMY 3HAYCHHIO
JIeTePMIHOBAHO1 CKJIAJI0OBO1 IIOPCTKOCTI RZ:

— JUTSL OITYKJIOT IUIIHKU KOHTYPY:

fRZ=2 RZ_[(Rc—i_Rm)z_ert_(Rz—i_Rc)zjz

2(R.+R.) 419
— JUISL YBITHYTOL IUITHKA KOHTYPY:
fiz =2,|R, —((RC _RZ);&fél_gZ(I;C ) T’ (4.15)
— JUISL TIPSIMOT JIIJISTHKU KOHTYPY:
fing=242R R —R’, (4.16)

[le mo3BoJIslE BCTAaHOBUTH OOMEKEHHS Ha mapameTp Rz il pI3HUX CErMEHTIB
TpaekTopli (PopMOyTBOpEHHs, 3a0e3Ieuylourd BIAMOBIIHICTh SIKOCTI 0OpOOIIOBaHOI

MOBEPXHI:

JE< fiar (4.17)
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OO0MexeHHsI 32 BU3HAYCHOIO CTIMKICTIO IHCTPYMEHTA.

3HOC IHCTpYMEHTa CYTTE€BO BIUIMBAE Ha SKICTh OOpOOJIEHOT MOBEpPXHI Ta
3arajbHy €QeKTUBHICTh Imporecy. JlJIs KOHTPOIIO KPUTUYHOTO 3HOCY 3a3BUYai
BU3HAYAIOTh KPUTEPIN CTIMKOCTI IHCTPYMEHTA, SIKUH BUMIPIOETHCA TPUBAIICTIO HOTO
edekTrBHOI poboTu. CydacHi eMIipUYHI MOJIE OI[IHIOBaHHS CTIMKOCTI 0a3yrOThCs
HacamIiepea Ha aociimkeHasx Openepika B. Teitnopa [90], omy6nikoBanux me 1907
pPOKy. Y #ioro po60Ti OyJI0 BCTAHOBJICHO KJIFOYOBY 3aJICKHICTh CTINKOCTI IHCTPYMEHTA
BiJl IIBUAKOCTI pi3aHHS. 3roJlOM IO 3aJIEKHICTh PO3MIMPIOBAIM Ta YTOYHIOBAIIH,
JOJAl0uM  JIOJATKOB1 3MIHHI (HANpUKIaA, mojady, MHOWHY pi3aHHS a0 aHajior
TOBIIUHU CTPYkKH) [91-95].

[IpoBenenHs: BUNMpoOyBaHb HA BU3HAYEHHS CTIMKOCTI 1THCTPYMEHTA Ta KpUTEpii
3HOCY periiameHToBaHo cTaHgaptoMm [SO 8688 (wactunu 1 ta 2) [96-97]. BianosigHo
JI0 IILOTO CTaHJAApTy OCHOBHUM KPUTEPIEM BBAXKAIOTh JIOCATHEHHS Ha 3aH1I TOBEPXHI
IHCTPYMEHTa MaKCUMaJIbHOTO 3HOCY VBmax = 0,3 MM 1o BCiii OCbOBIM TJIMOMHI
pi3aHHs.

VY nocmmkennsax [98] iiaeTses npo dpesy 3 mBUAKOPI3aIbHOL ctam POMS 6e3
MOKPUTTS, MPOTE B 11l poOOTI 3aCTOCOBYBAaTUMETHCS (ppe3a 3 MOKpUTTIM TiAICrN, sike
3/1aTHE 3HAYHO TOJIIIIUTH CTIHKICTh Y TIOPIBHSIHHI 3 aHAJIOTOM 0€3 TTOKPUTTSL.

HagiTh npu koHTypHOMY (pe3epyBaHHI BHUPIIIAIBLHY POJIb Y 3HOCI 3a3BUYail
BIJIIFpa€ IIBUJKICTh pi3aHHA. BogHouac cmig Opat 0 yBaru 1 3MiHy poOOYMX
XapaKTEPUCTHK Ha JIJSHKAX 3 PI3HOI0 KPUBU3HOK (HAMpUKIAI, Mpu (pe3epyBaHHI
IyT). Y TakuX BHUIAIKaX JOIIIHHO KOPUCTYBATHUCS MOKa3HUKOM TOBIIMHH CTPYXKKH /c,
KWW BigoOpakae 3MIHM yMOB pi3aHHS Ha PI3HUX CETMEHTax KOHTypy. Tak mis
KOPEKTHOTO BH3HAYEHHS 4Yacy CTIHKOCTI MiJ Yac KOHTYPHOTO (ppe3epyBaHHsS BapTO
BUKOPUCTATU MOAU(PIKOBAHY EMIIPUYHY 3aJIEKHICTH [99].

3rigHo 3 pesyiabratamMu gociimxkeHsb [98-100], koedimienTn y moaudikoBaHiii
dbopmym Teismopa IOIIIBHO JEIIO BIAKOPUTYBaTH, 100 BpaxyBaTU 3MiHHI, SKi
BUHUKAIOTH 1]l 4aC 0OPOOKM MOBEPXOHB 31 3MIHHOIO KPUBU3HOIO, a TAKOXK €(EKT BiJl

nokputts TiAICrN.
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Vh' T"=C, (4.18)

ne V — mBuakicTh pizaHHas (M/XB), /. — TOBIIMHA CTPYXKKH (MM), T — CTIAKICTh
iHCTpyMeHTa (xB), C, m, p — eMIipu4Hi Koe(ili€HTH.
[ligcTaBuBIIM 3HAYEHHS, IO BIJAMOBIIAIOTH MIBHUAKOCTI pi3aHHS Ta TOBIIWHI

CTPYKKH, OTPUMYEMO OOMEKEHHS 3a CTIUKICTIO IHCTPYMEHTA:

C Sin(p) (zD)" ’”LP

St =
/. 1000™"T

(4.19)

OO0MesKeHHS 10 TOYHOCTI 32 MAKCUMAJILHO JOIYCTUMMM MPOTHHOM (ppe3u B
MeiKaxX J0MyCKY.

[lin yac ¢pe3epyBaHHS Ha IHCTPYMEHT BIUIMBAE€ CHUJIA PI3aHHSA, KA 4YacTO
OpU3BOAUTH 0 Horo mnporuHy. lle Moke HEraTMBHO BIUIMHYTM Ha TOYHICTh
00po0JeHO0i MOBEpPXHI, BHOCSYM 3HA4HI MOXUOKM y (hopmy BupoOy. Taka mpoOiema
O0COOJIMBO aKTyaJbHa TIiJI Yac KOHTYPHOTO (ppe3epyBaHHs, KOJIM 3MiHA KOHTYpPY
0OpOOKH MPU3BOAUTH /IO 3MIHUA YMOB Pi3aHHS, BKIIFOUAIOUYH CUITY P13aHHS.

BaxnuBicTh po3paxyHKy MOXHMOKH, IO BHOCHTHCSI MPOTMHOM IHCTPYMEHTA,
3pocTa€e TMiJ Yac ONTHUMI3alii KOHTYpHOro ¢pe3epyBaHHs, J€ BCTAHOBIOIOTHCA

O0OMEKEHHS Ha TOUYHICTh YTBOPEHOI MOBEPXHI.

v

A
Onpaska
iHcmpymenma ®pesa
/
Cuna pisanns,ff |
Fr v
REi
v Do
—’I—l‘—

Pucynok 4.4 — Cxema po3paxyHKy IpOTUHY (ppe3u
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Cxema, sika BUKOPUCTOBYETHCS ISl pO3pPaxXyHKY MPOrHHY (pe3u 300pakeHa Ha
puc. 4.4. ®pe3y 3a3BuUaill po3TiIsAIal0Th, SIK KOHCOJIBHO 3akpimieny 6anky [101, 102],
gKa MIAJAAEThCA BIUIMBY HOPMaJIbHOI CKJIQJIOBOI CHJIM pi3aHHS Fn Ha KIHII,
HaWBIIaNEHIIIOMY BIJ TOYKH KpiruieHHs (ompaBku) /. B 1bOMy KOHTEKCTI,
YKOPCTKICTh OMNPAaBKU Ta IMIMUHICIS NPUITYCKAEThCS 3HAYHO BHUIIOIO, TOMY iXHIN
IPOTHH 3a3BUYail HE BPaXOBY€ETHCS B PO3PaXyHKaX.

[Iporun ¢pe3un 6 mMoxke OyTH poO3paxoBaHUU 3a AOMOMOro (OpMyIH s

CTaTU4YHOI'O HaBaHTAXXCHHS KOHCOJIbHO SaKpiHHCHOI OaKku:

F I
 3EI

(4.20)

ne Fn — HOpMmanbHa KOMIOHEHTa cuiu pizanHsa, (H), [ — Bijmcranb Bii TOYKHU
NPUKIAJACHHS CHJIM JO TOPLSL ONMpaBKH, B AKIM 3akpimieHa ¢pesa, (M), £ — MoayIb
FOnra marepiany inctpymenta, (Ila), / — MOMEHT iHepIlli MOMEPEYHOrO Mepepizy
IHCTpYMEHTA.

JIsist BpaxyBaHHsSI TBUHTONOIOHUX KaHABOK y (hpe3i Mpu BU3HAYEHHI MOMEHTY
1HEepIliT MOTEPEYHOT0 Tepepi3y 3HAXOAUTHCS €HEKTUBHUN JiaMeTp, IO CKiamae 75-
85% Bin 3oBHIHbOro [13, 103]. B TakoMy BuIaAKy MOMEHT IHepuii Oyne

PO3paxOBYBATHUCH:

_z(0.8D)
64

I 4.21)

Hust popmyn (4.20) 1 (4.21) 3anmcaBmuM BCi KOHCTAHTH B OJHY 3MIHHY
oTpuMaeMo k=64/(3 7E). BianoBiiHO BpaXxOBYIOUHU 3a/1aHi KOHCTPYKTOPOM OOMEKEHHS
Ha BIAXWJIEHHS (QOpMH, SIKI MOKHA 3B’S3aTH 3 HAHOUIBIIMM JOCTYIHUM MPOTHMHOM

THCTPYMEHTY Opqx, MOKHA OTPUMATH:
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3

o=k (0;—D)4 <0 . (4.22)

[TincraBuBim Gopmyiy maiig 3HaxXopkeHHs Fn=0,3Fxy oTpuMyeMO OOMEKEHHS

JUTsI TIoJ1adi Ha 3y0:

P s, (08D) 3zE |*
“ | 64sin(p)Cbrr03 ) - (4.23)

Excnuryaraniiini oOMexeHHs.

Meranopi3ajibHHid BepcTaT, 10 BUKOPHUCTOBYETHCSA ISl OOpOOKH, HAaKIIaIa€e
MEBHI KOHCTPYKTHBHI OOMEXEHHS Ha IMapaMeTpu pi3aHHS, SKI MOXYyTh OyTH
BUKOpHUCTaHI mig 4ac oOpoOku. Lli oOMekeHHA BU3HAYAIOTHCS XapaKTEPUCTUKAMU
BEpCTaTa Ta HOro MOKJIMBOCTSMH 1 BKJIIOYAIOTh:

— Jliara30H MOB3IOBKHIX 1ojad (MM/XB):

Jufl S (4.24)

€ fmin — MIHIMabHA JOMycTHUMa Tonada (MM/XB), fmax — MaKCHUMaJbHa
JoMmycTUMa roaayda (MM/XB).

— Jlana3oH 4acToT 00epTaHHs MWIUHAENS (00/XB):

Smm < S S Smax ? (425)

1€ Smin — MIHIMAJIBHA JOMYCTUMA YacToTa 00epTaHHs IMUHACHS (00/XB), Smax —

MaKCUMaJibHa JIOMyCTHMa YacToTa o0epTaHHs mmuHens (00/XB).
4.2 ABromMaru3aiisi BUPilIEHHS 3a1a4i ONTHMI3aIil
Ha ocHoBi cpopmoBaHoi 3a1a4i onTuMizalii Ta BCix GopmyJ1 1 HEpIBHOCTEM, 1110

BUKOPUCTOBYIOTHCS JIJII BBEJIEHHS OOMEXEHb, po3poOjieHa MpHUKIagHA Mporpama

iHTepdeiic skoi HaBeZeHO Ha (puc. 4.5).
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™ CnTwmizauin PEAMMY PIIAHHA NpW COHTYEHOMY GpeiepyBasHi = ko
MNapaMeTpn BEpCTaTy ONTHMATHHHNA PEAM PIIAHHA
MoTy=HicTE, KBT l-lﬂ_ ILiBngsicTe pidssn, Mixe 385 NoTy=xicTe piadss, BT 1 400
Yacrora obepranss wnengens, offxe MNogasia, Muicn 3353 Cina poanss Fxy, H 14
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Pucynok 4.5 — Inrepdeiic mporpamu A ONTUMI3aLii MPOLECY KOHTYPHOTO

bpe3epyBaHHs

[Iporpama BimoOpakae 31iBa PO3AUIH B SIKI BHOCUTBCSI BX1JHA 1H(QOpMaIid, 1€
«ITapameTpu BepcTaTty», JO HUX HAJIEKUTh MAKCUMaJbHO JOMYCTHUMA IMOTYXHICTb
HIMUHAEIA, TAKOXK EeKCIUTyaTalliiHi OOMEXEeHHsI BepcTara: MaKCUMaJIbHI 1 MIHIMaJIbHI
3HAa4YeHHS MOJadi CToJia BepcTara Ta 00epTH IIIMUHICIIS.

Hwxue nHa intepdeiici 3naxonutbest obnactey «Ilapamerpu mporecy pizaHHS»,
i0 BKJIIOYae B cede 1H(OopMaIliio mpo 1HCTPYMEHT: JiaMeTp, KyT HaXWiy TBHHTOBOI
KaHaBKH, KUTBKICTh 3y0iB (pe3u, JOBKUHA Pi3aJIbHOT YACTHHH (PpE3u BiJl TOUYKU 30HU
pi3aHHS 10 30HU 3aKPIIUICHHS B OMPABII].

[TapameTpu mpunycky: mMOWHA pi3aHHs (BapTO 3a3HAYMTH, 1110 JIJIsI BUSHAYEHHS
MIMOWHU pi3aHHS Ha JUITHKaX IOYT KOHTYpPY, IO OOpOOSETHCS BUKOPHUCTOBYETHCS
bopmyna H=Rm—(1—cosp), ne ¢ — KyT pi3aHHS, L0 TMOMEPEIHbO 3HAXOAUTHCS 3a

JIOTIOMOTOF0 PO3POOICHOT MPOLEAYPH YUCEIBHOTO MOJICTIOBAHHS) Ta IIUPHUHA Pi3aHHS.
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Hactymaumu imyTh 3HAYeHHs, M0 BHUKOPHCTOBYIOTHCS IS BCTAHOBJICHHS
OoOMEXEHb, TaKl SK: CTIMKICTh IHCTPYMEHTA, 3HAYEHHs JETePMIHOBAHOI CKJIaJIOBOi
IIOPCTKOCT1 YTBOPEHOI MOBEPXHI (715 1i pO3paxyHKy BBEJEHI pajlyCcH, IO OMUCYIOTh
KpUBH3HY OOpOOIIOBAHOTO KOHTYpPY), MAaKCHMaJbHO JOMyCTHMa CHJIa pI3aHHS Ta
MaKCHUMAJIbHO JIOITYCTUMUM MPOTUH 1HCTPYMEHTA.

Takox, HEOOXiTHO BBECTH Marepiai ()pe3u Ta 3aroTOBKH, IO AACTh MOXKJIUBICTD
BU3HAYATH HAWOIIBII TOYHI 3HAYEHHS CUJI PI3aHHSA Ta MOTY>KHOCTI HIMHHIAES MpH
CTBOPEHHI OOMEXEHb.

[Ticyist BBOY HEOOXITHUX JAHUX 1 HATUCKAHHS «3aCTOCYBATHU JIaH1», 3’ IBIISAE€ThCS
rpadik 3 OOMEXEHHSIMH B SIKOMYy oOci Y BIAMNOBiJa€ 3HAYEHHS YacTOTH OOEpTIiB

IITTMH/IETS BepeTara, a X rmogaya Ha 3y0 (puc. 4.6).

5, 00/x8
\ 6 3
o O 8
A 9 \< 1 2
7 T —
0 ft, Mmizyo
S =1023,0 obixe ft= 0,082 mmizyG

Pucynok 4.6 — CtBopenuit rpadik mpuKIaTHOIO MPOTPAMOIO

Ha rpadiky (puc. 4.6) minii BianmoBigaoTh oOMexeHHAM: 1, 2 — nerepMiHOBaHA
CKJa/Ji0Ba HIOPCTKOCTI Ha YBITHYTIH Ta MOpAMIA AUISHII KOHTYpY, MKM; 3, 4 —
MaKCUMaJibHI 1 MiHIMaJIbHI 00€pTU IIMUHAEIS, 00/XB; 5 — MakCMMaJbHa CUjla pi3aHHS,
H; 6 — MakcuMaJIbHO JOITYCTUMUM TTPOTHUH IHCTPYMEHTA dmax, MM; 7, 8 — MiHIMaJIbHA 1
MakcuMaJjibHa rojada, MM/XB; 9 — moty>kHocti, KBT; 10 — CTIHKICTh IHCTpYMEHTA, XB.

[Ipsimi 1 rimepbonu Ha rpadiky BIACIKAIOTH 00MacTe A, MO € 00JacTio

JOMYCTUMHX 3HA4eHb MpU BHUOOpPI YacTOTH OOEpTaHHS INMUHAENS 1 moAa4l Ha 3YO.
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BiamoBimHO BuUpimeHHSM 3a7adi ONTHMI3AIii, a caMe 3aJI0BOJICHHS KPHUTEpII0 Ha
MaKCHMaJIbHY MPOMYKTUBHICTh MPOIECY KOHTYPHOro (hpe3epyBaHHS MpPHU BpaxyBaHHI
BCIX HEOOX1THUX OOMEKEHB € TOYKA, 1110 HAMOUIBI BijilajieHa BiJl MOYaTKy KOOpAUHAT
rpadika i TakoK Ma€ HalBHUIIE 3HAYEHHS 1O oci Y (auB. puc. 4.6).

BignoBigHo BHOpaBIIM Taky HaWOLIBII BiJaJeHy TOYKY BiJ IIOYaTKY
KOOPAMHAT B 00JACTi JOMyCTUMHUX 3HA4CHb A, MOXHAa BU3HAYUTH OINTHMAJIbHUN
peKUM Ppi3aHHA, MO 1 € PO3B’SA3KOM 3ajladi ONTHUMI3allii MpoIecy KOHTYPHOTO

dbpesepyBanHs (quB. puc. 4.7).

ONTHMATHHHA PEAHM PI3AHHA
WengncTy pagrns wxe 3.5 NoTysicTy poassa, BT 1,400

MNogasa sw'ne 3352 Cuna paamma Fxy, H 1214

S.06ixn

\
LN

[~

b,

~——— ]

s °:,uf

5 =1023.0 obixm ft= 0082 umiyyh

Pucynok 4.7 — Po3B’s130K 3a/1a4i OnTUMI3AIll1 11 BU3HAYCHHS ONITUMAJIbHUX PEKUMIB

pi3aHHs

[Ipuknagna mporpama y BikHI «ONTHUMaJIbHUM pPEXUM pI3aHHS», BU3HAYAE
HIBUIKICTh Pi13aHHS, MOAAYy XBWIMHHY Ta 3HAY€HHS MOTYXHOCTI pi3aHHs (kBT) Ta

cw pizarss (H).

4.3 3acTocyBaHHSI IPOTPAMHOIO pillieHHS ISl ONTUMIi3allil pe:KuMiB pizaHHA

Jist  mpukiangy, 3acToCyBaHHS — po3poOJ€HOi  MporpaMu  BUKOPUCTAHO

yIOpaBJsouy Mporpamy, 1o 3anucaHa B (G-komax, sika Mae€ YNpaBiIiHHS MOAAYeI0 Ta

cTabimi3ye mBUAKICTh BunaieHHs: Marepiany (MRR) Ha neBHoMy piBHi (puc. 3.13).
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Jlnst  kokHOTO Kampy Takoro (G-komy 3acToCOBaHa —ONTHMI3AIis, IS
MPU3HAYCHHS PEKUMIB pi3aHHA, 110 3a0e3redyarb HAWMOUIbIIY MPOMYKTHUBHICTH MpU
BpaxyBaHHI ycix oOMexeHb. Hirkye HaBelleH1 pUKIaad 3aCTOCYBaHHS MPOTrpaMu JJist
OCHOBHHUX JUISHOK OOpOOSIOBAHOTO KOHTYpPY: HPSAMOI, AYT'M YBITHYTOI Ta OMYKJIOi

(muB. puc. 4.8)

TH Onmamizaygas pesoauy plaanss Nps CoHTYRHROMY Speaepysasyi — =,
NapanaTps BepcTaTy ONTHMATHHHA PEAIM PISAHHA
MarysicTi, kBT 45 LUBHAECT POAHHE, IR 0 MeTyscTy paamsa, BT 0,974
YaeTora obepTanHe mnw-gens, of /o Flogasa, uatxe 4z Cana piassnn Fxy, K 8673
Memayw |EI] NarcHeEyw D) % obin
Mopasa, Wajm I
Moo [0 Maeownw [200 | 1
e
%
MapaeT pil NPOLECY [ | !
DpaaseTp Speiu, MM ['2 |
EyT naxeny chipani, rpag 45
e ¥ : || M""\\_‘\
Mraifirmd §pestsy RaNNS, Wik 1.5 I'u h
LUmsiinl GeleryBlnnn Mag 5 1Y i &
CTRESTS HCTEMENTY. X8 20 \'\\_H T ——
-
LU T T NOBE i FLZ sk |2I]
M
MacHUETEHD CHNA poaHHE H 1063 L ]
S=8220 obm A= 0,135 uiifayl
Page yBamyTai gyme, uu 10
Pagyc onyens gyme, ww |'I:|
Mg METEyMEHTE, Nl .2
DaEoeena [isy 0l YACTHHA, M 45
|':‘l.|'|h Inc ;l Exit | Heﬁ: | RcTocysama qami Raset
[Feus =
a)

ONTHMAIBHHM PEAHM PI3AHHA ONTHMATRHHHA PEAHM PISAHHA
LUBWEKICTE pizaHHA, MIXEB 31,0 MNoTy®HICTh pizanHA, kBT 0,996 LWisMakicTb pisaHHA, MXE 31,0 MoTymmicTo pisatnA, kBT 0,965
MNogaua, Mmixe 1999 Cuna pizanns Fxy, H 530 & Mogasa, MMixs 6691 Cuna pisanta Fxy, H 558,3

S, obixB S,06/xs

LA -\
AN

|
S
\ ]
e T — I ——
0 ft, Mmizy6 0 ft, mmisys
5=8220 obixe ft= 0,061 Mm/zyB 5=8220 oblxs ft= 0,203 mmizyd

6) 6)
Pucynok 4.8 — BuznaueHHs! ONTUMANBHUX PEXUMIB Pi3aHHS 7S AUISTHKA KOHTYPY:

@) MpsiMOi; 6) YBITHYTO1; 8) OMYKJIO1
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[Ticast BU3HAUEHHS ONTUMATIBHUX PEXKUMIB pi3aHHS AJIs BCIX KaJpiB, HA OCHOBI

HOBOTO YITIPaBJIiHHS, CTBOPEHO YIpaBisitody nporpamy B G-komax (puc. 4.9).

%

01014 (KPI-F-opt) G2 X58.5 Y-58. R4. F363.
621 (mm) GOl X66.876 Y-58. FA443.
M6 T6 (TOOL 6 - DIA 12.) GO3 X83.5 Y-47.568 R16 F670.
GOO G54 G99 X46.5 Y-100. S822 M@30@3 X84. ¥-45.969 R16. FO18.
43 He 7100. GO3 X84.35 Y-44.186 R16. F583.
<827 GO3 X84.5 Y-42. R16. F495.
o GOl Y-24. FA43,
. GOl X96.5 Y-24.
Gol Z-5.5 F138. oon 2108
GOl X46.5 Y-100.8 F392.

G90 GOO Xo. YO,
GOl X46.5 Y-79.1 F392. 090 0o 70
GOL X46.5 Y-64.45 FA443. 130
GOL X46.5 Y-63.3 F333. o

GO1 Y-62.55 F253.

GO1 Y-62. F220.

GO2 X49. Y-58.292 R4. F200.
GO2 X49.5 Y-58.127 R4. F242.
GO2 X50. Y-58.031 R4. F286.

PucyHnok 4.9 — Ynpasinsitoua nporpama 3anucana B G-kogax 3 ONTUMI30BaHUMHU

peKUMaMu pi3aHHs

Ax MokHa Oa4MTH, 3aCTOCYBaHHS ONTUMI3AIlli 301IBIIICHO 3HAYCHHS ITOadl B

yCIX KaJipax yrnpasistodoi nporpamu B G-kojax.

Ha ocHOBI wi€i ynpaBisirouoi Mporpamu,

3anucanol B (G-kojax, MPOBEICHO

MOJICTIIOBAHHSI 32 JIOMOMOTOI0 TOTEPETHBO PO3POOJIECHOT MPHUKIAAHOI MPOTPaAMU,

1HTEepdeiic skoi HaBeneHo Ha (puc. 4.10).

B nopiBusiuas 3 (puc 3.14), 3HadueHHs Ha ocuuiorpadi 2 — MBUAKOCTI

BUJIAJICHOTO Marepiaqy Ta 3 — CWIM pi3aHHsS 30UIBIIMIIOCA, XO04a ¥ MOMKHA

KOHCTaTyBaTH, 1110 TaKe 301IbIIICHHS BIAMOBIA€ 3aJaHUM OOMEKCHHSIM.
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Pucynok 4.10 — Pe3ynbratu MoAentoBaHHs mpoliecy (hpe3epyBaHHA 3 ONTUMI30BaHUM

YIPABITIHHIM

MopaentoBaHHS yIIpaBIIsiiouoi mporpamu, 3anucatoi B G-kojax 3 ONTUMaJIbHUMU
peKUMaMU pI3aHHSA, MOKa3ye 30UIbIIEHHS MPOAYKTUBHOCTI, a/pKe B MOPIBHSHHI 3
VIpaBIiHHSIM TIO/Ia4Y€l0 Yac Ha orepaniro 3MmeHmuBcs B 1,17 pasza BiANOBIAHO Ta
ckianae 12,4 c. Bapro 3a3HauuTH, 110 Y MOPIBHSHHI 3 YHPABIiHHAM PO3pOOICHUM B
SolidCAM Tta wmomym iMachining OCHOBHUN MalIMHHUN Yac omeparlii 3Ha4HO

3MEHIITUBCS BIJMOBIIHO Maitke B 2,9 Ta 1,5 pasis.
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4.4 ExcriepyMeHTAJILHA NepeBipKa ONTUMI30BAHOT0 YIIPABJIIHHS

[Tim ywac eKkcmepuMEHTAIBHOTO MAOCTIPKEHHS KOHTYpHOTO ¢pe3epyBaHHS, 3

ONTUMAJIBHUM PEKUMOM pi3aHHs, 31 cTiliku Bepcrata 3 UIIK (puc. 4.11) dikcyBanucs

JlaH1 PO MOTYXKHICTh Pi3aHHS.

Spindle Spead: 0 RPM
[Bpindle Load: 0.0 KW |
Surface Speed: 0 FPM
Overrides Chip Load: 0.00000
Feed: 100% Feed Rate: 0.0000
nindle:  100% Active Fead: 0.0000

i 100

Spindle Load(s%) [ | on

S TeecpwocoNRe
Pucynox 4.11 — Intepdeiic ctiitku Bepcrara 3 UIIK Haas TM-0P [105]

i mani BimoOpaxkanucs B pealbHOMY 4Yaci, a TaKOX 3amucyBaiucs y dopmarti
BiZeo. Jlnmg aHamizy OTpUMaHMX BIJIOMOCTEH OYJI0 BHKOPUCTAHO CIEIiaIbHO
pO3po0JIEHY KOMIT'IOTEpHY Mporpamy, sika Aajia 3Mory posmudpysatu 3i0paHy

iHpopmariito (puc. 4.12).

Frame Timestamp (s) |Load (%) |P (kW) |5 (rev/min) [F (mm/min)
frame_0354.png| 11,B0264775 37 1.3 221 203
frame_0355.png| 11,83598856 37 14 221 203
frame_0356.png| 11,86932938 37 14 821 205
frame_0357.png| 1180267019 37 14 821 203
frame_0358.png| 11,936011 37 14 821 203
frame_0359.png| 11,96935182 38 14 222 203
frame_0360.png| 12,00269263 38 14 222 203

Pucynok 4.12 — ®parment posmmdpoBanoi iHdopMaliis 3 Bieo

Ha ocnoBi otpumanoi iHdopmaiiii Oyino ctBopeHo rpadik (puc. 4.13), mo

UTIOCTPY€E 3MIHY MOTYKHOCTI pi3aHHs PU 3aCTOCYBAaHHI ONITUMI30BAHOTO YIIPaBIIHHS.
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Pucynok 4.13 — Pe3ynbpTaTl KOHTYpHOTO (Ppe3epyBaHHs 3a MPOTPaMoro 3

ONTHUMI30BaHUM YIIPABIIHHIM

OCKUIbKH TIOTY>KHICTh pi3aHHS TICHO TMOB’Si3aHA 13 CUJIOIO pi3aHHs, OI[IHIOBATH
CTaOUIbHICTh MPOIECY MOKHA 1 3a UM TOKa3HUKOM. Takui miaxiag He moTpedye
OKpEMHUX BHUMIPIOBAIBHUX NPWIAMIB, K€ BIJAMOBIJHI JaHl HaJa€e cama CTiika
BepcTata 3 UIIK.

Ha mnaiicknagnimiil AuisHOI TpaekTopii (YBITHyTa jayra) MakcHUMalbHa cuja
pizaHHs, 3aikcoBaHa ITHHAMOMETpoM, cTaHoBwiIa 943 H, Tomi Sk 3a ymnpaBllIHHSIM
po3pobnerum wmoxayinem iMachining, Bona csrama 1154 H (puc. 3.31, 6). lle
NIATBEPAKYE €(EKTUBHICTh PO3POOJIEHOI YIPaBIsAOUOi MPOrpamMu 3 ONTUMAJIbHUM
PEKUMOM pi3aHHS, aJpKe Yac IMUKIY CKOPOTUBCS MpuOIM3HO B 1,4 pa3u MOPIBHSHO 3
iMachining.

Takum 4YHHOM, ONTHMI30BaHE YIPABIIHHSA JO3BOJIMJIO CYTTEBO 3MEHIIUTH
3arajbHy TPUBANICTh omepaiii. 3a pesynbraramu ekcriepumeHty (puc. 4.13), Bechb
UK 00poOKku TpuBae jumie 12,3 ¢, a BEIUYMHU CHJIM Ta TMOTYXXHOCTI pi3aHHS HE

MEPEBUIITYIOTh BCTAHOBJICHUX 0OMEXEHb (IUB. pHC. 4.8).

BUCHOBKH
1. ChopmynboBaHO 3ajady ONTUMI3AIli IS TPOLECY KOHTYPHOTO
dbpesepyBanHss Ha Bepcratax 13 UIIK. Kpurepiem onTtumizaiii BU3HAYEHO

MaKCUMaJIbHY MPOJYKTUBHICTh 3 ypaxXyBaHHAM TEXHOJIOTTYHHUX 1 KOHCTPYKTOPCHKHUX
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oOMexeHb. Po3po0iieHO MareMaTW4yHy MOJENb, 110 Ja€ 3MOTYy OOHpaTH PEeKUMH
pi3aHHs, SIK1 3aI0BOJIbHSIIOTH YC1 BCTAHOBJICHI BUMOTH.

2. CtBOopeHO  anropuT™MH Ta TOpUKIaAHI nOporpamu. Ha  ocHOBI
chopMynbOBaHOi 3a7adi ONTUMI3allli pO3pOoOJIEHO TPUKIATHY Mporpamy, sKa
aBTOMAaTHU3y€ MPOIEC BUOOPY ONTUMAIILHUX PEKUMIB pi3aHHSA. 3aBAsSKUA iHTepdeicy
IporpaMu MO>KHA BBOJWUTH BXIJHI MapaMeTpu i 0OMEKEHHS Ta OTpUMYBaTH TpadiuHe
BiTOOpa)keHHS JOMYyCTUMHX OOJacTei isi MOAANbLIIOr0 BH3HAYEHHS ONTHUMAJIbHOTO
HaOOpy MmapaMeTpiB.

3. MopnentoBaHHs NOPOAEMOHCTPYBaIO €(EKTHUBHICTh  3alPONOHOBAHUX
pimieHb. BuxopuctanHs po3po0sieHOT HporpaMu CYTTEBO CKOPOUYY€E TPHUBAIICTh
oreparii 1 JOTPUMY€EThCS HAKIAJACHUX OOMEKEHb.

4. ExcrieppumMeHTanbHl ~ JOCHIIKEHHS  ONTHUMI30BAHOTO  YIIPaBIiHHS
MIATBEPAWIIM, 10 4Yac OOpoOKM MokHa ckoporutu a0 12,3 ¢ (3amicte 36 c y
SolidCAM uu 18 ¢ B iMachining). I{e npubauzno B 3,09 pa3u mBuaIle, Hi>XK 0a30BUI
npoiiec, 1 B 1,46 pa3u mBuaiie, Hix 3actocyBaHHs iMachining. BogHowac nokasHuku
CWJIM Ta TOTYXHOCTI Pi3aHHS 3aJMIIAIOTHCS B JOMYCTUMHUX MeXaX. BincyTHICTh
CKJIQJHUX BHUMIPIOBAJIBHUX CHUCTEM (30KpeMa, 3aBASKM MOHITOPUHIY MOTY>KHOCTI
pi3aHHsS) CIPOINY€E BIPOBA/KEHHS METOAUKH Yy BHPOOHHUITBO. EKcrmepumeHTanbHI
JOCITIHKEHHS TAaKOX JIOBEIH Y3TOMKEHICTh PE3yabTaTiB MOJCTIOBAHHS 3 pealbHUMHU
yMOBaMH OOpOOKH, HIO MIJKPECIIOE YHIBEPCATBHICTh 1 NPAKTUYHY €()EKTUBHICTh

PO3p00IEHOT MOJIEITI.
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3ATAJIBHI BUCHOBKHA
VY aucepraniifHiii po60TI po3p0o0IEHO KOMILIEKC METO/IB Ta MPOorpamMHi 3acoou
JUTSL OTITUMI3aIlii MpoIecy KOHTYPHOTO ¢pe3epyBaHHS 3a KPUTEPIEM MaKCUMAIbHOT
OPOAYKTHBHOCTI, IIO0 Ja€ 3MOTy CYTT€BO CKOpPOUYYyBaTH TPHUBAIICTh OMeparli,

JTOTPUMYIOUHCH YCIX HEOOX1THUX OOMEKEHb.

OTtpumaHi pe3yJpTaTH B JUCEPTaLIiHINA POOOTI:

l. Po3po0iieno maremMatnyHy MOJENb, sika BpaxoBye cienudiKy KOHTYPHOTO
(bpe3epyBaHHs. Mozienb 103BOJISI€ TOUHO 1IEHTH(IKYBaTH MPOLEC IPH PI3HUX YMOBAX
pi3aHHs, OIIHIOBaTH MMIBUAKICTh BupaneHHs warepianry (MRR) Ta nporunosysaru
OCHOBHI1 CHJIOBI XapakTepucTuku. Peamizaiis wmojeni B MNPUKIAAHIA Mporpami
JI03BOJIMJIA aBTOMATU3yBATH MPOIEC MPOEKTYBAaHHS HOBOTO ONTUMAJIHHOTO yIPaBIiHHS
JUIs cTablmi3altii mporecy dhpe3epyBaHHS.

2. 3anpornoHOBaHO HOBUM MiAX1JA A0 CTaOUII3allli MIBUAKOCTI BUIAJICHHS
MaTepiany, SKuil 0a3yeThCs Ha ympaBiiHHI nopavero. Llei miaxim J03BOJIMB 3HU3UTH
KOJIMBaHHS CHJI pi3aHHs, 3a0e3Meuyroun cTablIbHICTh XapaKTepUCTHK O0OpPOOKH, 110 €
KPUTUYHO Ba)XJIMBUM I ONTHUMI3alli npoiecy. PeanizoBaHi anropurmMu cradimizarii
IHTETpOBaHI B KOMIUIEKC TMPUKIATHUAX TPOrpaM, IO aBTOMATU3YIOTh MPOIIEC
YIOpaBIiHHSA PeKMMaMU pi3aHHSA. 3aCTOCYBaHHS YIPAaBIiHHS MOJAYEI0 CKOPOTHIIO Yac
UKy onepauli Ha 64% nopiBHAHO 3 SolidCAM 1 Ha 22% nopiBHsHO 3 iMachining.

3. ChopmoBaHO  OFHOKpHTEpialibHy  3aJady  ONTHUMI3aIli  MpoIecy
KOHTYpHOTO (pe3epyBaHHsS 3a KpUTEpIEM MPOAYKTUBHOCTI. BBemeHi oOMEKeHHs
BPaxOBYIOTh KOHCTPYKTOPCHKI BHMOTH JIO BUpPOOy Ta TEXHIUYHI MOXIHUBOCTI
BUPOOHMUOTO OOJIAHAHHS ¥ IHCTpyMEHTA. 3ajada BUPIMIYETHCS METOAOM JIHIHHOTO
nporpamyBaHHs. JlJis MpakTUYHOI peani3allii 3aJa4i CTBOPEHO MPUKIAHY Mporpamy,
sKa aBTOMATH3y€ BHOIp ONTHMAILHOTO PEXUMY pi3aHHs. Taki peKuMH 3a0e3MeUniiu
CKOpOYeHHs yacy o0poOku Ha 67% y nopiBHsHHI 3 SolidCAM, Ha 31% y nopiBHsIHHI 3
iMachining, Ha 12% y mNOpiBHAHHI 3 YHOPABIIHHAM TOJAYel0 JUisl cTadumi3anli
mBuaKkocTi BumaneHHs warepiany (MRR) (14 ¢). lle 3HauHo miABHUIIKIIO

MPOYKTUBHICTh OOPOOKH.
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4. Po3pobneno anroputmu crabimizaiiii Ta onTUMI3alii IpoIecy KOHTYPHOTO
¢dpe3epyBaHHs, iHTErpoBaHi y TpuUKIanHI mnporpamu. llporpamu 103BOJNSIOTH
aBTOMATHYHO BU3HAYATHU PEXHMHU Pi3aHHSA, 110 3a0e3Meuy€e 3pydHICTh Y MPaAKTHYHOMY
3aCTOCYBaHHI Ta HaJla€ MOXKIIMBICTh BIIPOBAKEHHSI pO3pOOJIECHUX PIllIeHb Y BUPOOHUY1
HPOIIECH.

5. ExcnepuMeHTanbHO  MIATBEPHPKEHO €(PEKTUBHICTH  3allPOIIOHOBAHUX
pimeds. OTpuMaHi pe3yabTaTH €KCIIEPUMEHTIB MIATBEPIUIN TPOTHO3M MaTEMaTUIHHIX
Mojenel. 3acTOCyBaHHS ONTUMI30BaHOTO PEKUMY PI3aHHS J03BOJIMIIO CKOPOTUTHU Yac
00poOKHU, 3a0e3Mneuyoyu Mpy 1bOMY JIOTPUMAaHHS BCiX HEOOXiAHUX BHUMOT JIO JIeTall

Ta cTabUIBHOCTI IIPOIIECY.
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