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Summary. Overview of modern methods of high-speed grinding, which are the basis of
precise processing for parts made of hard-to-process materials.

CoBpeMeHHOE BRICOKOCKOPOCTHOE NITM(OBAHUE IETUTCS Ha Pa3IMyHble METO B! (puc. 1).
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Tak coriacHoO NPUHATHIM CTaHJApTaM CKOPOCTHOE HUIM(OBAHUE JOCTUTAETCS IIPU CKOPOCTH
Bparienust kpyra 35-60 m/c, a BeicokockopocTHoe — cBbimie 60 m/c (High Speed Grinding —
HSG). Xopomio n3BecTHO, YTO MOBBIIIEHUE CKOPOCTH 0€3 M3MEHEHHS IMOJIa4H JIETaId MO3BOJISET
MOBBICUTh CTOMKOCTh HutM(poBabHOrO Kpyra B 1,5...2,5 pa3a 6maromapst yMEHBIICHUIO CpeIHEeN
TOJILIUHBI CTPY’KKM M, CJENOBAaTENbHO, HArpy3kKd Ha 3€pHO M CHHU3MTHb LIEPOXOBATOCTH
nuM@oBaHHOM MOBEPXHOCTH Ra 3a cuer yMeHbIeHHs TyOUHBI Bpe3aHUs OTIEIbHBIX 3€peH MpHU
TIOCTOSIHHOM  CheMe MeTamia.  VcecaenoBaHusl OTEYecCTBEHHBIX aBTOPOB B OCHOBHOM — OIPaHUYHMBAIINCH
3HA4YEeHUSIMU OKPYXKHOM CKOpPOCTH Kpyra B mpenenax 60...80 m/c.

Crnenyromuii BUJ 3TO yJabTpackopocTHoe mutudoBanue. JlaboparopHble uUCHBITaHUS I
KOTOPOTO MPOBOAMIIMCH U MIPOBOJATCS MPH CKOPOCTAX, focturaronmx 400 m/c. YabTpackopocTHOE
nuiMdoBaHue ceifuac cCUMTaeTcsl «PEBOIOIMOHHBIMY MTPOLECCOM, KOTOPBIM MPUBEAET K U3MEHEHUIO
BCeX, 0€3 MCKIIOYEHHUs, aClIeKTOB, OTHOCSIIMXCA K NUIM(OBAHUIO B YACTHOCTU U K IPOHU3BOJICTBY
BooOme. MexnayHapoaHas akamemusi TNpou3BoACTBeHHbIX TexHosoruit (CIRP) oTtHOCcHT
yIBTPACKOPOCTHOE HITN(OBAHUE K OHOMY U3 TIaBHEHIINX HarpaBiIeHUN uocnenopanuii B XX Beke.

[To ycTaHOBIEHHBIM 3aBUCUMOCTSIM. POCT TeMmeparypbl MOXHO BUIETh IPU MOBBILICHUH
ckopoctu numpoBanus a0 100 m/c, a nanpHeiee yBenTUUYEHHE CKOPOCTH Kpyra HMPHUBOAUT K
CHIDKEHUIO TEMIEpaTypbl. Y CTaHOBJIEHHAs 3aBUCUMOCTb MACHTUYHA JUISl Pa3HbIX XapaKTEPUCTUK
nTMOBaIbHBIX KPYroB. IIoBEpXHOCTh J1eTali He HAXOJIUTCS B TEIJIOBOM paBHOBeCHH. TerioBoii
UMITYJIbC CHayala pacinpoCTpaHseTcs MO MOBEPXHOCTH, MPEXKIE YeEM OH IMPOHUKAET B 3arOTOBKY.
Harperas moBepXHOCTh O0Jieryaer yJajeHue CIeayIoIIero 3JIeMeHTa CTPYXKKU U, TAKUM 00pa3oM,
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yMeHbIIaeT cuibl nu@oBanug. OIHAKO, TPEXAE YeM TEIUI0 MOXKET PacHpoCTPaHUThCA Ha
MOBEPXHOCTH, CIEAYIOIMIMNA 3JIEMEHT CTPY)KKH YyAajsercs, 3abupas Temwio ¢ codoi. Kpuriueckas
CKOPOCTb KpyTa, BO BpeMsi KOTOPOil 3TH 3(h(eKThl HAYMHAIOT MPOSIBIATHCA, COCTaBisieT okosio 100
Mm/c. Korma ckopocTh Kpyra NHpeBbIIIACT KPUTHUYECKOE 3HAUYEHHUE, OBICTPOE yHaleHUE CTPYKKHU
CHIDKAET TeMIlepaTypy MOBEPXHOCTHU JCTAIH.

[Tocnenqaue 30 nmeT akTHUBHO pa3BUBAECTCS HOBBIM BuA HUIM(OBaHHS — OBICTPOXOIHOE
uutudosanue (Speed-Stroke Grinding — SSG), mo3Boustioniee, ¢ OAHONH CTOPOHBI, 00pabaThIBATh
HOBBIE MaTEpUabl, C APYroi, CyIIECTBEHHO MOBBICUTH 3()()EKTUBHOCTH Mpoliecca Ipu 00padoTke
TPaJAULMOHHBIX cTaned u ciuiaBoB. [Ipomeccom ObicTpoxogHoro nuiMGoBaHUS MpeiaraeTcs
Ha3BIBaTh MPOIIECC, XapaKTSPU3YIOLIUICS BRICOKON CKOPOCTHIO TIepeMenieHus ctona, 10 200 m/mMuH
npu yckopenun jao 50 m/c2, riyoune pesanus 0,001...1 mm m ckopoctu kpyra 30...200 wm/c.
dakTUYeCKH MPEICTaBICHHBIN poIece ABIseTcss KoMOuHupoBaHHbIM ¢ HSG, mosToMy HEKOTOpBIE
uccaenoBarenu coueranue BunaoB muiudoBanus SSG m HSG Ha3piBalOT HOBBIM METOAOM —
BBICOKOCKOPOCTHBIM ObicTpoxoubIM numnpoanueM (High-SpeedStroke-Grinding — HSSG). Ipu
IJIOCKOM OBICTPOXOJHOM HUTM(OBAHUM COCTABIIAIOIIAs CUJIbl pe3aHusi Py B n1uamazoHe ckopocteit
nuudosanus 30...120 m/c cHUXKACTCS ¢ yBETUYEHUEM CKOPOCTH CTOJIA MPH IMTOCTOSTHHOM YIECITbHOM
cbeme Qyn. Hanmenbime 3Hauenus Py nocturarores mpu ckopoctu nundoBanbHoro kpyra 120 m/c.
BonpmmHCTBO HCcIeaoBareneid 000CHOBAIM MperMyIecTBa ObicTpoxoaHoro nutndoBanus SSG,
o0patuB 0co00€ BHUMaHKE Ha TOT (DaKT, 4TO B JIAHHOM TPOLIecce (hopMUPOBAHKE CTPY>KKI HAYMHACTCS paHbIIIe, YeM
npy TpaavIHoHHoM nuidoBaany. COOTBETCTBEHHO 3TO MPUBOIUT K YBEIUYEHHUIO TONIIMHBI CPe3a,
COOTBETCTBEHHO [0 CPaBHEHHUIO C TPAAMIMOHHBIM NUIH(POBAHHEM H3MEHSIETCS COOTHOIIECHUE
MEXIy IUIACTHYECKON m ympyroi nedopmanumsmu. [Ipomecc crpykkooOpa3oBaHusl 00JeryaeTcs.
Tpenue B 30HE 3epHO—MaTepHall CHIKAETCS, YTO HApSAYy CO CHIDKEHHEM BpPEMEHU KOHTAaKTa
CHIDKAET YHEPreTUUYECKYIO U TEIJIOBYIO HAIIPSHKEHHOCTh Mpoliecca.

CFG-mporiecc—3T0 XOpOIIO M3BECTHBIM B HHKXEHEPHOH MPaKTHUKE MPOIECC IIyOMHHOTO
nUTM(OBaHUs, HCIONB3YEMbIH, Kak MpPaBWIO, IS BPE3HOTO NUIM(OBAHUS PA3IUYHBIX Ma30B,
BBIEMOK U AHAJIOTMYHBIX Mpoduieil B a9pOKOCMUYECKOM U CTaHKOCTPOUTEIHHOM MPOU3BOICTBE.
CFG-miporiecc mMeeT psJi HEOCTIOPUMBIX MPEHMYIIECTB MEpe]] TPAAUITHOHHBIM IITH(OBAHUEM.

B 1994 r. B 'epmanuu ObLTH TIPOBECHBI TIEPBBIE OMBITHl KOMOMHUPOBAHUS TPEX MEPEAOBHIX
TexHoJoTui: ynpasisieMbix koMmmbiotepamu CNC crankos-aBToMaToB, O0opa3zoHoBeix CNB-kpyros
u HEDGrexnomommit. KomOuampoBansplii mporiecc monydmn HazBanue Quick-Point Grinding(QPG)
(TOYeyHOE CKOPOCTHOE NUIM(OBAHKE) U UCIIONIB3YETCS IPU KPYTIOM NUIM(OBAHUU BAJIOB U JIMCKOB.

IIpu QPG ock kpyra noBepHyTa IO OTHOIIEHHIO K OCH BpAIllEHUS 3arOTOBKH TaKUM
oOpazoM, 4TO (QOpMHUPYETCS Malblid, «TOUYEYHBIIN» KOHTAKT Kpyra ¢ 3arotoBkoid. B pabotax
nmokaszaHo, yto cxemMa QPG Bechbma rubOkas (3a cyeT ympaBleHHUS YIJaMd HaKJIOHA Kpyra u
pa3MepaMM IUIOIIAJKHA KOHTaKTa «Kpyr—3aroToBKa»), MPOM3BOAMTENIbHAS U IO3BOJIAET JOOUTHCS
BBICOKOW CTOMKOCTH Kpyra MpU CHUKEHHH CTOMMOCTH omepanuu. ['pynmna «DonpkcBareH-Kuraii»
oOpabaThIBaeT pacnpeeTeibHbe Bkl agTomoomiel kpyravu CNB. Ipumvenstrores MuOoTOKpyTroBsie CNC-
CTaHKU pPa3IMYHBIX HeMenkux ¢upMm. Kaxnapiii xymauok oOpabaThiBaeTcsi OTIENBHBIM KPYTOM.
Yacrota Bpamienus mnuuaens 4300...4500 00./MuH, npu 3TOM CTOWKOCTb KPYTOB MEXKY MpaBKaMu
cocrasiseT 3000xeranei.

B nmanpHe#eM BBICOKOCKOPOCTHOE IuTH(oBaHUE OyACT elle aKTHBHEE Pa3BHUBATHCS. DTO
XOpOIIO BUAHO U3 pOCTa YMCIA MyOJUKAIMA 1O BBICOKOCKOPOCTHOMY HuTH(oBaHHIO (pHC.2).
Haubonee nepcrneKkTUBHBIM OyA€T yIbTPACKOPOCTHOE HUTH(OBAHUE, KOTOPOE aKTUBHO TECTUPYETCS
B JjabopaTopusx. YCIEIIHOe BHEIPEHHE HOBBIX METOZO0B 00paboTkH, TpeOyeT palnroHaIbHO
moA00paHHBIX MOJICUCTEM CTaHKa, T (oBabHOTO Kpyra, cucteMbl COXK 1 TeXHOMOrvz 00paboTKy.
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Summary. To avoid stick-slip vibration, one of the most important forms of self-excited
vibrations in deep hole drilling, this paper studies the stability a drill system based on a two-
degree-of-freedom discrete model. It is a state-dependent delay model that could describe the non-
linear dynamic characteristic of drilling systems more accurately, compared with the traditional
constant delay models.

Keywords: stick-slip vibration; self-excited vibration; state-dependent delay

1. Introduction

Delay differential equations often appear in various fields of science and engineering, such
as control systems, lasers, neuroscience and cutting process dynamics. For cutting dynamics, the
cutting effect of tools can cause vibrations in the cutting system, resulting in accelerated wear of
tools and influencing the cutting process in machines (turning, milling and grinding), coal seam
mining, geological prospecting and oil drilling.

In this paper, a two-degree-of-freedom model considering axial and torsional vibration was
established, and the linear stability and the characteristics of Hopf bifurcation of the drilling system
were studied by using the method of multiple scales.

2. Dynamic Model of Drilling System
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Figure 1. Dynamic model of the drill string system.
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The dynamic equations of the drill string system for the SDD model and CD model can be
written as:

mZ(t)+ B2 (t)+k,z(t)=-¢saN {z(t)— Z, —V—°(¢(t)—¢r) (1)
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