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Opiecckuit HalMOHAJIBHBIN MOJIUTEXHUYECKUH YHUBEPCUTET

MOJIEJUPOBAHUE MAPAMETPUUYECKHUX KOJIEFAHUI
IPU JIE3BUMHOMN OBPABOTKE IPEPBIBUCTHIX IOBEPXHOCTEM

B cmamvwe npedsioxceHa mamemamuveckas Modeb, ONUCbIBAIOWAS pacdem napamempu4eckux KoaebaHull npu
npepbigucmoM pesaruu. /Jelicmeyoujue Ha pesey 6HE3aNHO NPU/AONCEHHble CU/I08ble napamempuyeckue 803MYWeHUs!
ompuyameabHO 8AUSIOM HA U3HOC pe3yd U Kayecmeo o6pabamoeleaemoli nosepxHocmu. B mexHuueckoll aumepamype 045
onpedesieHusl ycmotvuebIX U HeycmoUi4usblX COCMOSIHULl MexXHO102U4ecKOl cucmeMbl UCNO01b3yemcst Memod CUUBAHUSL C
y4uemom ycaosuli nepuoduvyHocmu. AHaaumuveckue pacdems! amnaumyd napamempuyveckux Ko/e6aHull 8 Hay4Ho-
mexHuYecKkoll Jaumepamype npakmudecku omcymcmayiom. Paspa6omannasi mamemamuueckas Moodeab N0380./5iem
8bINO/HUMb paciemsl amMnaAumyo Kose6aHull ¢ y4emom mozo, 4mo Ha4a/abHbvle YCA08USl NPU NOCAeOYHUUX 8Pe3qHUSX U
8b1800ax UHCMpyMeHMa 3a0almcsi He NPOU3BOAbHO, d ABASAIOMCS peuleHUeM ypasHeHull Ha npedbldyuux 8pe3aHusix u
8b1x00ax, YUMo no380/51em mo4Hee 3a0a8amby yCc/108Usl CUUBAHUS.

Katouessle cno8a: pesaHue, Hazpyska, napamempudeckue K01e6aHus, ycmotiyugocms, ypasHeHus 08UNCEHUS.
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SIMULATION OF PARAMETRIC VIBRATIONS IN BORING PROCESS OF NON-CONTINUOUS SURFACES

Finishing operations grinding (boring) is often performed on holes with a discontinuous surface. Such a surface is formed in the
presence of grooves, samples, as well as at intersections of the hole being treated with others. Periodic repetition of the cutting in and out of
the tool causes, with intermittent cutting, higher-level oscillations than with continuous cutting. The discontinuity of the surface being
treated leads to a periodic rupture of the connection between the elements of the elastic system of the machine. Thus, the closed dynamic
system of the machine becomes a system with variable characteristics. If we disturb the state of equilibrium of such a system, then there will
be some kind of oscillations, they can not be called free, since one of its parameters periodically changes in the system, but they can not be
called forced, since the external action is not a disturbing force, but enter into the component part of the equations of motion. Such
oscillations can be correctly called parametric. Parametric resonance arises with an infinite number of values of the disturbance frequency,
and the ratio of the oscillation frequency to the frequency of the parameter variation (p / w) can be equal, etc. Therefore, the problem of
studying parametric oscillations is an actual problem. The article proposes a mathematical model describing the calculation of parametric
oscillations during intermittent cutting. The suddenly applied force parametric disturbances acting on the cutter negatively affect the wear
of the tool and the quality of the machined surface. In technical literature, the method of stitching is used to determine the stable and
unstable states of a technological system, taking into account the conditions of periodicity. There are practically no analytical calculations of
the amplitudes of parametric oscillations in the scientific and technical literature. The developed mathematical model makes it possible to
perform calculations of the oscillation amplitudes taking into account the fact that the initial conditions for subsequent insertions and tool
terminals are not arbitrarily set, but are solutions of the equations on previous inserts and exits, which makes it possible to specify the cross-
linking conditions more accurately.

Keywords: cutting, load, parametric oscillations, stability, equations of motion.

IMocranoBka npod.aembl. OUHUIIHBIE OMEpaly 00TauMBaHUS (pacTauMBaHMUS) YacTO BBIIOJHSIOTCS Ha
OTBEPCTHSAX C IIPEPHIBUCTOIN MOBEPXHOCTHIO. Takas MOBEPXHOCTH OOpasyeTcsi MpH HaIW4IW{ I11a30B, BBIOOPOK, a
TaKOKe MPH IepeceueHns X 00pabaThIBAEMOT0 OTBEPCTHS C IPYTUMH.

Ilepuoaudeckue MOBTOPEHUsI Bpe3aHHs U BBIXOAAa MHCTPYMEHTA BBI3BIBAIOT NPU MPEPHIBUCTOM pPE3aHUU
koneGaHust 00Jiee BHICOKOTO YPOBHSI, UeEM MPHU HEMPEephIBHOM pe3anui [ 1-4].

IpepsiBrcTOCTS 0OpadaThIBaeMOll MOBEPXHOCTH NMPUBOAUT K IEPUOANYECKOMY Pa3phIBY CBS3EH MEXIy
9JIEMEHTaMHU YIPYro CUCTEMBbI cTaHKa. TakuMm oOpa3oM, 3aMKHYTas AWHAMHYECKas CHCTeMa CTaHKa CTAaHOBHUTCS
CHCTEMOH C TMEepeMEHHBIMU XapaKTepUCTHKaMH. Eciu HapylmIUTh COCTOSIHHE PaBHOBECUS TAaKOH CHUCTEMBI, TO
BO3HHMKHYT CBO€OOpasHble KoJicOaHMs: WX HEJb3sl Ha3BaTh CBOOOJHBIMH, TaK KaK B CHCTEME IEPUOANYECKU
W3MEHSETCS O/IMH M3 €€ MapaMeTpoB, HO MX HEJb3sl Ha3BaTh M BHIHY)KICHHBIMH, TaK KakK BHEIIHEE BO3JCHCTBIE HE
SIBIISIETCSl BO3MYIIAIONICH CHJIOH, a BXOIAT B COCTaBHYIO 4YacTh ypaBHEHHH JBWDKEHHs. Takue KoseOaHMs
Ha3bIBalOTCS NapaMerpudeckumi [1, 2]. Ilapamerpuueckuii pe3oHaHC BO3HHMKAET NMPHU OECUMCICHHOM MHOXKECTBE
3HAYCHWH YacCTOTHl BO3MYIICHHS, INPHUYEM OTHOIIEHHE COOCTBEHHOW YACTOTHI KOJEOAHWHA TEXHOIOTHIECCKON

3 5

cuctemsl (TC) k wacToTe M3MEHEHU MapaMeTpa (p/w) MOKET paBHATHCA 5;1;5; 2; E U T.I.

[TosTomy npobiema nccneroBaHus HapaMeTPHUECKUX KOJICOAHNH SIBIISICTCS aKTyaIbHOH 3ajauei.

AHaJu3 mocaeTHNX MyOJauKanuid. B TexHImueckoi mureparype, MOCBAIICHHON NCCIIEAOBAaHIIO 00paboTK
MIPEPBIBUCTHIX TTOBEPXHOCTEH, BOIPOCY YCTONYMBOCTH MPOIIECCca Pe3aHus YACICHO He JOCTaTOYHO BHUMAHUA [3, 4].

Crenmyer OTMETHTh, YTO NPHUBEICHHBICE B HHUX IAaHHBIC OOJIAAAlOT Manod HWH(GOPMATHBHOCTHIO M HE
IIOKa3bIBaeT BCEX OCOOEHHOCTEH Ipoliecca 00pabOTKH.

ITosTomy HeJbI0  MCCJIEIOBAHMS  SBISCTCS TEOPETUUECKOE MCCIEIOBaHHE BIMAHHUA (aKTOPOB,
BBI3BIBAIOLIMX SIBJIICHUE [ApaMETPUYECKOTO PE30OHaHCa IIPU TOYCHHH, HA IIMPHHY O0JacTell HEyCTOWYMBOCTH,
YCTAQHOBIICHWE BJIMSHHUS [apaMETpOB TEXHOJIOTMYECKOH CHUCTEMBbl Ha JWHAMHUKY IIpoIlecca pacTaudBaHUs
NPEPHIBUCTHIX OTBEPCTHI.
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H3105keHNe OCHOBHOI0 MatepHaia. [lapameTpryeckue KoiieGaHUs OTMCHIBAIOTCS ypaBHCHHEM XWiLia
tuna [1, 2]:
q"'pz [1—2V¢)1(t)]y20,
1 mpu iT <t<iT+AT,

t)= )
7 () Onpu iT+AT <t<(i+1)T.
K : K
rae p2:£+—p——b > 2v= pz;
m 2m 4m 2mp

¢ — ECTKOCTh TEXHOJIOTHYECKOH CHCTEMBI;

m — TpHUBeeHHas K pe3ny Macca TC;

Kp — xoappunueHT pesanus;

2v — koaddupeHT Bo30yKAeHHs KoJIeOaHuii;

b — koo punment nemnduposanus.
[Tonb3ysCh YCAOBUAME MEPHOTMYHOCTH PEUICHUI U CHIMBAHHS HAMH TIOJYYEHO YCIOBHE YCTOHYMBOCTH B

o0mmeM ciryyae, KOrja »ECTKOCTh CHCTEMBI M3MEHSETCS 10 KyCOYHO-IIOCTOSHHOMY 33aKOHY C ITPOHM3BOJIEHBIM
poMexyTKoM BpemeHu At [5]. Ha puc.l mpuBeneHs! pacdeTsl KoyieOaHWH CHCTEMBI W 3aIITPHXOBAHBI 00JIACTH

o 2
YCTOUMYUBOCTH, I1O OCHU X OTJIOKCHBI 3HAUCHUSA (p / a)) , 110 OCH y — yIroJl HaKJIOHA JIy4a (2\1)
I[J'ISI AHAJIUTUYICCKOIO pacydeTa aMIUIUTYy[ KOJIeOaHuU pa3pa60TaHa METOAMKA MAaTCMaTHYCCKOIO
MOACIUPOBAHUA MMAPAMETPUICCKUX KoJIeOaHuI.
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Puc. 1. AMIUIMTYABI ¥ 00,12CTH YCTOHYUBOCTH (3AIUTPUXOBAHBI) NMapaMeTPHYECKHX KoJIeOaHMii

YpaBHEHUS IBMKEHUS TIPH TIPEPHIBUCTOM PE3aHUHM MOTYT OBITh IIPEICTABIICHEI B BUE
mx+bx+(C+v,Kp)x=0, )
e vy npuHuMaet 3HadeHue 0 win | B onpeneneHHbIe HHTEPBAJIbl BPEMEHH, COOTBETCTBYIOIIHE PE3aHUIO

win 6e3 pezaHusl.
Ypasuenue (1) 3anuiiem B Buzae

mxX+bx+Cvpx=0. )

Takum oOpaszoM, Ipu pe3aHun UMeeM
mxX+bx+(C+Kp)x=0, 3)
a MpU NPOXOXKIECHUH N1a3a YpaBHEHHE IPUMET BU]
mx+bx+Cx=0.
IMapamerpsr m, b, C u Kp — U3BeCTHBL.
Pemenus ypaBHeHus (2) mpeacTaBUM B BHIE

x(t) = Ax (t)+ Bx, (t), )
rae x;(f) u x,(f) — IBa IMHEHHO HE3aBUCUMBIX PEUICHUs YpaBHEHUS (2), a A 1 B — IPOU3BOIBHEIC

MOCTOSTHHBIE.
[Toncrapnss B ypaBHeHHE (2) HCKOMOE pelIeHue Buaa exp(f), 3amuiemM
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ept(mp2+bp+Cv):0. 5)
3T0 PaBEHCTBO JODKHO OBITh TOXKICCTBEHHO IO OTHOIICHHUIO K TTApaMeTpy f.
Xapaktepuctuieckoe ypaBHeHue U HEepeHIINaTBFHOTO YpaBHEHU (2), SIBIISIOMIETOCS CIICACTBUEM
ToXkAecTBa (5), IMEET BHIT
mp2+bp+CV:0. (6)

Hatizem xopHH KBagpaTHOTO ypaBHEHUS (6)

—b+\b% —dme

2m
Konkperuzupyem popmyiy (4), it 3-X 3HaYSHUH TUCKPUMUHAHTA!
TIpY 3HAYCHUH AHCKpUMHHAHTA D=b" — 4mc>0,
x(t) = Aexp(plt)+Bexp(p2t), ®)

TIpH 3HAYCHAN AHCKpuMuHaHTa D=b" — 4mc=0,

P12 = (7

x(1) = (A+ B)exp(py1), ©)
IpY 3HA4eHUM JuckpuMuHanTa D<O0,
x(t) = e™ (Acos St + Bsin fr), (10)
riae

pra—ak i, =ty g ezt

2m’ 2m
st onpenenenus mocTosHHBIX A, B B ypaBHeHue (10) Mo HayambHOMY YCIIOBUIO X(Z) 3aIHIIIEM
x(ty) = e®0 (4 cos Pto + Bsin ft), (11)

[IpowusBoxHas mist BepaxkeHus (10) mveeT Bug

x(1) = e® (Acos Bt + Bsin ft) + e™ (—ABsin Bt + BS cos fr),
s ompeneneHust mOcTOAHHBIX A, B B ypaBHenue (10) mo Ha4dambHBIM YCIOBHSIM JAJISI HEM3BECTHOTO
perieHus ypaBHeHHUs (2), 3aMEHIM f Ha ¢y B BRIPaXXCHUU JIJIs IPOU3BOIHOM:

x(tg) = ™0 [A(acos Bto — Bsin Bry) + B(asin Bty + Beos fry) (12)
Pemast cucremy ypasuenuit (11) u (12), onpenensis nepemenHsle 4 1 B 10 Ha4yaJbHBIM YCIIOBHSM IS
pemenns (10), 3anumem 3To penieHue A1 IEpPBOro HHTepBasia Mpy pe3annu (v=1):

A =exp(-aqty ){X(fo)cosﬂlfo —IBLI(XUO) — a1 x(t))sin ﬁﬂo},
(13)

B =exp(-at ){X(to)Sin pitg + L()'C(fo ) — o x(tg ) cos Syt }
By

Jnst manpHeHInero moCcTpOSHUI MAaTEMAaTHIECKOH MOJIEH BaKHO OTMETHTH CIIEAYIOIIee 0OCTOSTENBCTBO.
[lpn u3ydeHUH yCTOIYMBOCTH NPH NPEPHIBUCTOM PE3aHUM IS NMEPEMEINCHUH W CKOPOCTH PEIICHUs CIIMBAIOT
BHayajie Kaxaoro uarepnana (mpu =(0+i), roe i=0,1,2...), a Takke BHYTpH KakJI0OTO HHTEPBaja B 3aBUCUMOCTH OT
IIPOMEKYTKOB BPEMEHH € pe3aHueM U 0e3 pesaHus, npuieM 1 Iepuoa MHTEpBala paBeH BpeMEHH OJHOro obopoTa
HHCTPYMEHTa WM 3aroTOBKH. B HacToOsAmMI Monenu Ui IOJMY4eHHS PEIIeHHH IPU IPEepPHIBUCTOM pPE3aHHH
3a/1a10TCSl HAyallbHBIC YCIOBHS B Havale Mpolecca, a B KOHIE KaXKIOrO0 WHTEpBala BPEMEHH, INle MPOUCXOAUT
mepexoa OT KoJeOaHWi MpH pe3aHrH K CBOOOIHBIM KojcOaHuWsM Oe3 pe3aHus (M HaoOOpOT), ONpPEACSIOTCS
HavyalbHBIC YCIIOBHS W3 DCIICHHH, MOMYYeHHBIX Ha MpeAbIAyNIeM HHTepBaje. TakuM o0pa3oM, Ha KaXIoM
MOCIIEIYIOIIEeM HHTEPBaJle U BHYTPH HETO BBEIYUCISIOTCS] COOTBETCTBYIOIIME HAYATbHBIC YCIOBHSI.

Taxum o6pazom, no anayoruu ¢ (13), kak u npu pemernu cuctems! (11) wmu (12), momydaem

Alcl =exp(—ay i, ){x(tn)cosﬂvto _ﬂi(x(tn)_ o, x(t,))sin Byt }
14

(14)
L Gltn) - oty x(t,)) cos Bty }
B,

Beipaxxenue (14) oTpaxaroT pa3Hble HHTEPBAJIbl HAMYUS PE3aHUs WU €r0 OTCYTCTBHSI C TIOMOIIBIO HHICKCA
V, & CHMBOJIOM 7 OTPa)XEH HOMEp Mapbl CMEXHBIX HHTEPBAJIOB, MPHUYEM HAa KaXIOU Mape pacroiokeH OJHH
WHTEPBAJ C PE3aHUEM U OJIMH HHTEepBal Oe3 pe3aHus (Ha OJHOM UHTEpPBAJle BHIHYKICHHBIC KOJICOaHM S, a HA IPYTroM
— cBOOOIHBIE KOJIEOAHMS).

Bl'/l = exp(—ay 1, ){x(tn)smﬂvtn +
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Takum o6pa3om, BeipakeHue (10) ¢ yaeToM orpaHUYeHNs YKa3aHHBIX BBIIIC ITap MHTEPBAJIOB C HOMEPOM ‘1’
Harpy>keHHOCTH W HEHArpyKEHHOCTH MOXKET OBITh 3aIIMCAaHO TaK:

x(t) = (4] cos B,t+ B} sin B,t)exp(er, t). (15)
W3 (15) nerxo nomy4yaeM OCHOBHOE aHAIUTHYECKOE PEIICHHUE
x(t) = (4B)}) exp(oy,t)sin(p]) + B,1), (16)
2
b J 4m(c+VvK ,)—b 0— aNoudAcaiea,
e @y =-———; Py = » V= o xg e amn
2m 2m 1 — 140 Odcaiey.

Bripaxxennst (17) mnomydensl u3 npuBelneHHBIX Bbie Gopmyra (9), (10) u (11), onHako 31ech umeeTcs
NPUBSI3KA K MHTEPBAJIaM Harpy3Kd U €€ OTCYTCTBUSI.
B mporiecce npeobpaszoBanus Beipakenus (15) u npuBeaeHus k suay (16), moxyuaem:

(AB)! = xz(zn)+#(x(tn>—avx<rn>)2 ,

n_ By x(t,)
b ) —aya(ty)

x(t,)u Xx(t,,) obo3HAaYeHbI HAYAIbHBIC YCIOBHS IS PELICHHS

(18)

B Bepaxenun (18) cumBomamu

ypaBHeHH (2) Ha JIeBOM KOHIIE KaXI0TO U3 CMEKHBIX HHTEPBAJIOB (pHC. 2).
Ha puc. 2 npuBesneHs! pemienus ypasHenus (18), onpenensironyie aMIuMTyAbl KolieOaHui pesiia.

LNy ' ] T ———
- - - Fia Ed e Iger stop  Window | | Help =
Qa2 aE - e b NSOG8 el
ik I
I
=
gomslbbr o] el edE
Croboannie Cnobocmnie ‘ = "
Pt?[‘:" Kotebamn, | [elamme reebanna, Pesanme e Pesanme Ceofoamie
- ,l': I'E :: IJ:‘. lm.'x_f‘?:a HHHA, I';‘. lm.'xe?:am_.
| | i T
T=1=zlo, T=2nle, T=2nlw, T=1nla,
a) 0)

Puc. 2. AMIUIHTY ABI KOJIe6aHuii (pacyeT) NPH pe3aHHH ¢ OAHH Na30M, IpH 3Havenusx napamerpos TC: n = 3600 I'u, m = 0,00004
kr-cXmm, ¢ =300 kr-mm™, Kp = 0,700 kr-mm™, b = 0,001 kr-c-mm™ (a) m b = - 0,001 kr-c-mm™ (6)

Ha puc. 2 BugHO M3MEHEHNE TPACKTOPUH IBIDKEHUS pe3lia H3-3a N3MEHEHUS (ha30BBIX YTIIOB.

Takum o0pa3oM, THaBHAsS WAEAd MPEUIOKEHHOTO MaTeMaTHYeCKOTO MOJCITUPOBAHUS mporiecca
MIPEPBIBUCTOTO PE3aHHsI COCTOUT B TOM, YTO HadalbHOE yCJIOBHE JJIS CIEAYIOUIEr0 WHTepBala pacCUMUTHIBACTCA Ha
OCHOBE HCIOJB30BAaHUS DPEIICHUS YPaBHEHUS Ha JaHHOM HMHTEpBaje. OTO HYXHO IMOHHMATh TaK, YTO I
OTIpeJIeTICHUs] HAUYaJIbHBIX YCIOBHHU JUTS KaXJOro CIEAYIOIIEro HHTepBaia HeoOXOIMMO HCIIOJIb30BATh BBIPAKEHHE
(16) Ha TekyIIeM WHTEpPBAJIC U PUMECHUTH METOJI CIIIMBAHUS PEIICHUI Ha CME)KHBIX HHTEPBAJaX C YYETOM YCIOBHUIMA
MEPUOTUYHOCTH.
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