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Opecckuil HallMOHAIBHBIN OJUTEXHUYECKUHA YHUBEPCUTET

MOJEJUPOBAHUE MAPAMETPUUYECKHUX KOJIEFAHUI
IPU JIE3BUMHOMN OBPABOTKE IPEPBIBUCTHIX IOBEPXHOCTEM

B cmambe npedsoxceHa Mamemamuveckasi Modeab, ONUCLIBAIOWAS pacyem napamempuyeckux KosebaHuill npu
npepolgucmoM pesanuu. /Jelicmeyowjue Ha pe3ey 6HE3aNHO NPU/AOICEHHble CU/A08ble napamempuyeckue 803MYWeHUs!
ompuyamebHO 8AUSIOM HA U3HOC pe3yd U Kayecmeo o6pabamelieaemMoli nosepxHocmu. B mexHuueckoll aumepamype 045
onpedesieHUsl yCmMoUu4uU8bIX U HEyCMoU4YUBblX COCMOSIHUL MexXHO102U4ecKol cucmeMbl UCN0/1b3yemcsi Memod CUUBAHUSL C
y4uemoMm ycaosuil nepuoduvHocmu. AHaaumuveckue pacdemus! amnaumyd napamempuyveckux Ko/e6aHull 8 Hay4Ho-
mexHUYeckoll Jaumepamype npakmudecku omcymcmeyiom. Paspabomannasi mamemamuueckass Modeab Nn0380./5iem
8bINOJIHUMb paciembsl amMnaumyo Ko/ebaHull ¢ y4emoM mozo, 4mo HAa4a/bHule YCA08Usl NPU NOCAeOYHWUX 8Pe3qHUSX U
8b1800ax UHCMpyMeHMa 3a0armcsi He NPOU3B0AbHO, d AGASOMCS peuwleHUeM ypasHeHUll Ha npedbldyuux 8pe3aHusix u
8b1x00ax, Mo no360./151em mo4Hee 3a0asamv ycA08Usl CUUBAHUS.

Katouesble cno8a: pesaHue, Hazpy3Kka, 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.

IMocTanoBka npodaembl. OUHHUIIHBIE ONEpaly 00TauMBaHUS (pacTauMBaHMWS) YacTO BBIIOJIHSIIOTCS Ha
OTBEPCTHSAX C MPEPHIBUCTOM MMOBEPXHOCTHIO. Takas MOBEPXHOCTH OOpasyeTcsi MpH HaJWYMK 11a30B, BBIOOPOK, a
TaKKe MPH NepecedeHuIX 00pabaThIBAEMOT0 OTBEPCTHS C IPYTUMH.

[Tepnoandeckue MOBTOPEHHs Bpe3aHMs M BBIXOJA MHCTPYMEHTA BBI3BIBAIOT IIPU NPEPHIBUCTOM PE3aHUU
KoneOaHusi 00Jiee BBICOKOTO YPOBHSI, UEM MPHU HENPEPhIBHOM pe3anui [ 1-4].

I[IpeprbiBuCTOCTS 00pabaThiBaeMOIl MOBEPXHOCTH HNPUBOIUT K NMEPHOIUYECKOMY pa3phIBY CBA3EH MexIy
JJIEMEHTaMHU YNPYTroH CUCTeMbl cTaHKa. Takum oOpa3oM, 3aMKHyTas AWMHAMWYECKas CHCTEMa CTaHKa CTAHOBHUTCS
CHUCTEMOM C NEepeMEHHBIMU XapaKTepUCTHKaMH. EciaM HapymUTh COCTOSIHME PaBHOBECUS TAKOH CHUCTEMBI, TO
BO3HHMKHYT CBO€OOpa3Hble KoJieOaHMs: WX HEJIb3sl Ha3BaTh CBOOOAHBIMH, TaK KaK B CHCTEME MEPHOANYECKH
U3MEHSETCA OMH U3 €€ MapaMeTPOB, HO MX HENIb3s HAa3BaThb M BBIHYXACHHBIMU, TaK KaK BHEIIHEE BO3JECHCTBUE HE
SBISIETCSl BO3MYIIAIONIEH CHJIOH, a BXOIAT B COCTaBHYIO 4YacTh ypaBHEHMH JBIDKeHHs. Takue koneOGaHums
Has3bIBatoTCsl Mapamerpudeckumu [1, 2]. Ilapamerpuuecknii pe3oHaHC BO3HUKAET MpPU OECUMCICHHOM MHOXKECTBE
3HAYCHWH YacCTOTHl BO3MYIIEHHS, MPHUIEM OTHOIICHHE COOCTBEHHOW YACTOTHI KOJEOAHWHA TEXHOIOTHYCCKON

3 5

cucreMmsl (TC) k gacToTe m3MEHEHU MapaMeTpa (p/®) MOKET paBHATHCS 5;1;5; 2; E U T.J.

[TosTomy mpobiemMa uccieroBaHus NapaMeTPUUECKUX KOJICOAHNH SIBIISIETCS] aKTyalbHOH 3ajauei.

AHaTu3 mocJaeIHNX MyOoauKanuid. B TexHIUecKoi muTeparype, MOCBSIICHHON HCCIIEAOBAaHIIO 00pabOTKI
TIPEPBIBUCTHIX TTOBEPXHOCTEH, BOTIPOCY YCTOMIUBOCTH TIPOIECCa Pe3aHUs YICICHO HEe JOCTATOYHO BHUMAHUA [3, 4].

Crenyer OTMETHTh, YTO NPUBEICHHBIE B HHUX JaHHBIC OONamaloT Majlod HMHGOPMATHBHOCTHIO M HE
MOKa3bIBaeT BCEX OCOOCHHOCTEI mporecca 00paboTKy.

[TosTomy HeJbI0  MCCIIENOBAHMSI  SBISCTCS TEOPETHUECKOE MCCIECIOBAHUE BIMAHMA (HaKTOPOB,
BBI3BIBAIOLINX SIBJICHUE MAapaMETPUUYECKOTO0 PE30HAHCA NMpPHM TOYEHUH, Ha IIUPUHY OOJacTel HeycTOoHuMBOCTH,
YCTAQHOBJICHHE BJIMSHHUS I1apaMEeTPOB TEXHOJIOTMYECKOH CHUCTEMBl Ha JWHAMHUKY Mpollecca pacTaudBaHUs
MPEPBIBUCTHIX OTBEPCTHIA.
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H3no:xeHne 0CHOBHOTO MaTepHaja. [lapamerpudueckne KoeOaHWs OMMCHIBAIOTCS YpaBHEHHEM XHILIa
tuna [1, 2]:
q+p2 [1_2V¢1(t)]y:0 >
1 opu iT <t<iT+AT,

t)= 5
w0 Onpu iT+AT <t<(i+1)T.
2
m 2m 4m 2mp

€ — )KECTKOCTh TEXHOJIOTUYECKON CUCTEMBI;

m — npuBeleHHas K pe3iy Macca TC;

Kp — xoapduimenT pesanus;

2v — k03 duiueHT BO30YKICHUS KOJICOaHU;

b — koo punment nemnduposaHus.
[Tonb3ysCh YCAOBUAME MEPHOTMYHOCTH PEUICHUI M CIIMBAHHS HAMHU MOJYYEHO YCIOBHE YCTOWYHBOCTH B

obmeM cirydae, KOrja >XeCTKOCTb CHCTEMBI M3MEHSETCS M0 KyCOYHO-TIOCTOSHHOMY 33aKOHY C ITPOHM3BOJIHBIM
TIPOMEXYTKOM BpemeHu At [5]. Ha puc.l mpuBeneHsl pacdeTs! KoieOaHWH CHUCTEMBI M 3allTPUXOBaHbI 00JIaCTH

. 2
YCTOHUMBOCTH, IO OCU X OTJIOXKEHBI 3HAUCHHUS ( p/ a)) , TI0 OCH ) — yroJI HaKJIOHA Jiy4a (2v).
Jdns  aHanmuTHYeckoro pacdera aMIUIMTY KojieOaHMH pa3padoTaHa METOJMKAa MaTeMaTHYecKOro
MOJIETUPOBAHMS TIApaMETPHUECKUX KOJIeOaHNH.
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Puc. 1. AMIUIMTYABI ¥ 00.1aCTH YCTOHYHBOCTH (3aIUTPUXOBAHBbI) NMapaMeTPUUYECKHUX KoJ1eOaHuii

YpaBHEHUSI ABIKCHUS TPU TIPEPHIBUCTOM PE3aHUU MOTYT OBITh ITPEACTABICHBI B BH/IE
mx+bx+(C+v,Kp)x=0, (1)
e Vo npuHuMaet 3Hauenue 0 win 1 B onpe/esieHHbIE HHTEPBaJIbl BDEMEHH, COOTBETCTBYIOIUE PE3aHHIO
i 0e3 pe3aHusl.
Ypasuenue (1) 3anuiem B Buzae
mX+bx+Cvyx=0. )
Takum 00pa3om, pu pe3aHur UMeeM

mxX+bx+(C+Kp)x=0, 3)
a IIpU IMPOXOKIACHUHU I1a3a YPaBHCHUC ITPUMET BUJ
mi+bx+Cx=0.

[Mapamerpsr m, b, C u Kp — U3BECTHBI.
Pemenns ypaBHeHus (2) npeacTaBuM B BUIC

x(t) = Axy (£)+ Bx, (t) 4
rae x;(f) u x,(f) — IBa TMHEHHO HE3aBUCUMBIX PelIcHUs ypaBHEeHUs (2), a A 1 B — MPOU3BOJIBHEIC

MOCTOSTHHBIE.
[Toxcrasinss B ypaBHeHHE (2) HCKOMOE pelIeHue BUIA exp(t), 3amuIieM
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ept(mp2+bp+Cv):0. %)
910 PaBE€HCTBO JOJIKHO OBITh TOXACCTBCHHO IO OTHOLICHHWIO K MapaMeTpy t.

Xapakrepuctuieckoe ypaBHeHue T (HEepPeHITMATBFHOTO YpaBHEHU (2), SIBISIONIETOCS CIISCTBHEM
ToXIecTBa (5), IMEET BH

mp2+bp+CV:0. (6)

Hatinem xopuu kBagpaTtHOTO ypaBHEeHHUS (6)

—bi\/b2 —4mc

= . 7
P12 m (N

Konkpernszupyem popmyiy (4), s 3-X 3HAYCHUH TUCKPUMIUHAHTA!
IIpH 3HAYCHNHN TUCKpUMHHAHTA D=b" — 4mc>0,
x(t) = Aexp(plt)+Bexp(p2t), (8)

TIpH 3HAYCHNH TUCKpuMuHaHTa D=h" — 4mc=0,

x(t) = (A4 + B)exp(pyt), ©)
IIpU 3HA4YeHUH JuckpuMuHaHTa D<O0,
x(1) = e (Acos Bt + Bsin fr), (10)
rae
2,0,5
_ b (4mc—-b")"
pp=atjfoa=—— f=r—"—.
2m 2m
st onpenenenus MocTosHHBIX A, B B ypaBHenue (10) mo HayambHOMY YCIIOBUIO X(Z)) 3amiIIeM
x(ty) = e™0 (Acos Bty + Bsin By, (11)

IIpownsBoxnas mst Beipaxkenus (10) mveeT Bux

x(1) = e® (Acos Bt + Bsin ft) + e™ (—ABsin Bt + BS cos f),
s ompeneneHust mOCTOSHHBIX 4, B B ypaBHeHue (10) mo HayaapHBIM YCIIOBHSIM AJISI HEU3BECTHOTO
permieHus ypaBHeHHS (2), 3aMEHUM { Ha ¢y B BBIPQXCHHUHU JIJIs IPOU3BOTHOM:

x(ty) = ™0 [A(acos Bto — Bsin Bty) + B(asin Bty + Beos Pro)), (12)

Pemast cucremy ypasuenmii (11) u (12), ompenensis nepeMeHHble 4 U B 110 HadalbHBIM YCIIOBHSAM IS
pewenns (10), 3anumem 3To penieHue 11 IepBOro HHTepBalia Mpu pezannu (v=1):

A= eXP(—alfo)[X(fo)COS Bito —ﬂ%(fc(fo) — o x(tp))sin Byt }
(13)

B= eXP(—Ollto)[x(fo )sin pitg + L(J'C(fo) —aqx(tg))cos fitg }
By

Jnst najpHeHIero mocTpoeHnsT MaTeMaTHYeCKOH MOJEIN BaKHO OTMETHTH CIIEAYIoIIee 00CTOSTENBCTBO.
[Ipn m3ydeHUH yCTOHYMBOCTH NPH NPEPHLIBUCTOM pPE3aHUH UL MEPEeMEINCHUH W CKOPOCTH PEIICHHUS CIINBAIOT
BHavaje kKaxuaoro uarepnana (pu =(0+i), roe i=0,1,2...), a Taxke BHYTpU KaKJIOT'0 MHTEpBaia B 3aBHCHMOCTH OT
IPOMEXKYTKOB BPEMEHHU C pe3aHHeM U 0e3 pe3aHus, npuueM I IepHoj HHTepBajla paBeH BPEMEHU OJHOTO 000poTa
MHCTPYMEHTA WM 3arOTOBKHM. B HacTOsSImMil Monenw Ui TOJNYYeHHS PEIUeHUH IPU IPEPHIBUCTOM pPE3aHHH
3aIal0TCSl HAvallbHBIC YCIOBHS B Hadvaye Mpolecca, a B KOHIE KaXKIOr0 WHTEpBaja BPEMEHH, I/le MPOUCXOIUT
Mepexoa OT KoJicOaHWM MpH pe3aHHuH K CBOOOIHBIM KojcOaHHsM Oe3 pe3aHus (M Hao0OpOT), OMPEACISIOTCS
HaYyalbHBIC YCIIOBHSI W3 DCIICHU, MOMYYEHHBIX Ha MpEAbIAyIIeM HHTepBaie. TakuM o00pa3oM, Ha KaxIoM
MOCIEAYIOEM HHTEPBale U BHYTPH HEr0 BBIYUCIIFOTCS COOTBETCTBYIOLIHME HAYaIbHBIC YCIIOBHSL.

Taxum o6pazom, no ananoruu ¢ (13), kak u npu pemennu cucrems! (11) wmu (12), momydaem

Ay =exp(-oyt, )[x(tn Ycos Bty — ﬁi(fc(tn )— o, x(t,))sin B¢, },
Y (14)

. 1 .
Bl’} =exp(-ayt, )|:x(tn )sin By, + ﬁ_ (X(ty) — o, x(ty,)) cos Pyt }
v
Bripaxkenue (14) oTpaxkaloT pa3Hble HHTEPBAIbI HATMYHS PE3AHHS WK €r0 OTCYTCTBUS C TIOMOIIBIO HHIEKCA
V, & CHMBOJIOM 71 OTP&XEH HOMEp Mapbl CMEKHBIX WHTEPBAIOB, NMPHUYEM HA KAKIOW Mape pacIoNOKeH OIHH
HWHTEPBAJ C pe3aHNEM W OIWH HHTEPBAT 0e3 pe3aHus (Ha OJHOM WHTEpBAJe BHIHYKACHHBIE KOJICOaHHs, a Ha IPyTroM
— CBOOOIHBIC KOJICOaHMS).
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Takum o6pa3om, Beipaskerue (10) ¢ yaeToM orpaHNYeHNs YKa3aHHBIX BBIIIE TIap HHTEPBAJIOB C HOMEPOM “n”
Harpy>k€HHOCTH W HEHarpy>KeHHOCTH MOXKET OBITh 3aIIMCaHO TaK:

x(t) = (4] cos Bt + B} sin B, t)exp(ar, t). (15)
U3 (15) merko mosry4aeM OCHOBHOE aHAJIUTUYECKOE PEIIeHHe
x(t) = (AB)} exp(ey, t)sin(g)) + B, 1), (16)
2
b J 4m(c+VvK ,)—b 0— aNodAcaiea,
e &y, =-———; Py = » V= o xg onrie (17
2m 2m 1 — 140 dacaiey.

Beipakenust (17) momydeHsl U3 npuBeneHHBIX Bbie Gopmyra (9), (10) u (11), onHako 31ech UMeeTcs
IpUBA3Ka K UHTepBalaM Harpy3kH U €€ OTCYTCTBHSL.
B mporiecce npeodpa3zoBanus Beipakenus (15) u npuseaenus k Buny (16), monyvaem:

(AB)! = x2<tn>+ﬂ—12(x<rn>—avx<rn>)2 |

no_ By, x(t,)
b= ) —ayxt)

x(t,)u Xx(t,,) obo3HAYCHBI HAYAIbHBIC YCIOBHS NS PELICHHS

(18)

B Breipaxenun (18) cumBomamu

ypaBHeHH (2) Ha JIeBOM KOHIIE Ka)I0TO U3 CMEKHBIX HHTEPBAJIOB (pHC. 2).
Ha puc. 2 npusenens! pemenus ypasaeHus (18), ompenessiomniye aMImInTyAbl KoieOaHui pesna.
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Puc. 2. AMIUIMTYABI KoJIebaHuii (pacyeT) NPH Pe3aHHH ¢ OAHH Na30M, NpH 3Havyenusx napamerpoB TC: n = 3600 I'u, m = 0,00004
kr-¢>mm™, ¢ =300 kr-mm™, Kp = 0,700 kr-mm™, b = 0,001 kr-c-mm™ (a) u b = - 0,001 kr-c-mm™ (6)

Ha puc. 2 BugHO M3MEHEHHE TPACKTOPUH IBIDKCHUS pe3lia n3-3a N3MEHEHNS (ha30BhIX YTIIOB.

Takum oOpa3zom, THaBHas wWAes TMPEUIOKEHHOTO MaTeMaTHYECKOTO MOJSIAPOBAHUS mporecca
MIPEPBIBUCTOTO Pe3aHMsl COCTOUT B TOM, YTO HadaJbHOE YCIOBHE AJIS CIEIYIOIIEro MHTepBala PacCUUTHIBAETCS Ha
OCHOBE HCIIOJNBb30BAaHMU DPEIICHHUS YpPaBHEHHS Ha [aHHOM HHTEepBaje. OTO HYXHO IMOHMMATh TaK, YTO JUIA
OTIpeNleIeHUs] Ha4albHBIX YCIOBHU IS KaXKJOTO CJIEAYIOIIEro MHTepBaja He0OOXOAMMO HCIIOIB30BAaTh BRIPAKEHHE
(16) Ha TekyIIeM WHTEpBAJIC U IPUMECHUTH METOJT CIIIMBAHUS PEIICHUI Ha CMEXKHBIX HHTEPBAJIaX C Y4STOM YCIIOBHIMA
TEPUOIUYHOCTH.

BuiBoabI

AHaNM3UPys MOyYeHHBIE B pa00Te TCOPETUYECKHE 3aBHCUMOCTH ycToitumBocTd TC mpH MpephIBUCTOM
pe3aHuU, MOXKHO cliejaTh BBIBOJ, YTO NPEJIOKEHHAs MOJIENb TO3BOJISIET MMOBBICUTh TOYHOCTh PACUETOB aMIUIUTY L
KOoJeOaHWH W YCIOBHI CIIMBAaHUS ypaBHEHHWH C Y4eTOM TOTO, YTO HAdYalbHBIC YCJIOBHS IIPH MOCIEIAYIOIIHX
BpE3aHISIX ¥ BEIBOJAX HHCTPYMEHTA SIBITIOTCS PEIICHIEM YPaBHCHNH Ha MPEIBIAYIIAX BPE3aHUAX U BEIXOJaX.
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