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BU3HAYEHHS ITIOXUBKHU ITPOLECIB IJII®YBAHHSA
TA IBUAKICHOI'O ®PE3EPYBAHHA 3 YPAXYBAHHAM
CTATUYHOI TA JUHAMIYHOI HEBPIBHOBAKEHOCTI

AKkmyanvHicmo memu 00cnionceHHA. Jlocume uacmo Onsi OMpUMants HeoOXiOHOI MOYHOCMI U20MOGIeHH s Oemarnell,
BOHU 0OPOONSIOMBCS HA KPY2LOULTIQDYSAILHUX, 6HYMPIUHbOULLIYBANLHUX, NIOCKOWLIQYBANbHUX MA Pi3bOOWLIQY8aNbHUX
eepcmamax. llonepednvo epieHosadcere uinighyéanvHe KO0 8 Npoyeci eKchiyamayii mpayac 8pieHo8ax}ceHUt cmaH i Habyeae
oucbanauc, wo 3minemocs npomsieom yacy. OOHIEN 3 NPUYUH, WO GUKIUKAE 3MIHY OUCOANAHCY, € 3HOC WAIPYBATbHO20 KOIA,
AKUT Modice Oymu HepigHOMIpHUM abo piHomipuum. HepieHomipHuil 3H0C 6UHUKAE Y 36 'SI13KY 3 PO3CIHOGANHAM MIYHOCHI pi3a-
JIbHOT NOGePXHI KOAA (VY Medcax 00H020 iHcmpymenma). Ilpu pieHoMIpHOMY 3HOCI, 30KpeMa il 30 PaXyHOK NPAGOK KOId, He8pi6-
HOBANICEHICMb BUHUKAE Yepe3 HePIGHOMIPHY WiNbHICMb, GIOXUNIEHHS PO3MIDI6, (hopmu il pO3MAULY8AHHS NOBEPXOHD.

Ilocmanogka npodnemu. V npoyeci 6UKOHAHHs WLiQy8anoHUx pobim HeoOXIOHO 6pAX0GYE8AMU Me, WO UWNUHOCLb ULli-
¢ysanvrozo eepcmama enHacniook 3Hocy uLNighyeanvbHo20 Koaa, NIOOAMAUBOCMI ONOP, 32UHANLHOT HCOPCMKOCMI Nepexooumn
V HeBPIGHOBAIICEHUTI CMAH, U0 6NIUBAE HA MOYHICMb [ AKICHb MeXaniunoi 06pobku oemaneil. Tomy eunuxae npobiema eusHa-
YeHHSI NOXUOOK NONOJICEHHS POMOPA OUHAMIYHOI CUCMEMU 3 YPAXYBAHHIM CIMAMUYHOT Ma OUHAMIYHOT He6PIGHOBANCEHOCMI,
CKAAO00BUX CUJI PI3AHHS MA NPYHCHUX 3YCUNb, U0 GUHUKAIOMb 6 ONOPAX WNUHOETbHO20 6V3Id.

AHnaniz ocmannix 00cnioxncens i nyonikauii. Y pobomi 6ynu posensinymi ocmanni nyonixayii 3 yiei memu, sxi npedcma-
8IEHO Y BIOKpUMOMY 00CMYNI, GKNI0UarOYU mepexcy Inmepuem.

Buoinenna nedocniosyceHux yacmut 3a2anvHoi npoodnemu. Bioomi 0ocniodncerHs mouHOCHI npoyecy uLiihy8anHs 6aNCKO00-
pobnosanux demaneti He 6PAX08YIONb GAIUE CIMAMUYHOI, OUHAMIYHOL MA MOMEHMHOI HEGPIGHOBANCEHOCE MEXHONOIMHOI CUCEMU
wighyeanvrozo eepcmama. OOHAK y npoyeci OYIHIOBAHHS MOYHOCH NONOXHCEHHS WNUHOES 8 NPOCMOPOBUX KOOPOUHAMAX ma mo-
YHOCMI GULOMOBIEHHSL 3A0AHOT Oemali 6 MAMeMamu4Hii MOOei npoyecy MexaniuHoi 06pooKiL HeODXIOHO 6PAX08YEAMIL NEPePaxo-
6ari pakmopu. Tomy Oari 0ocrioxHceHHA Oaromb MOHCIUBICINb KOHCIMPYKIMOPY NIOSUWUMI IMOYHICb NPOEKNTY8AHHS MeMANopi3a-
JIbHUX 6epCcmamie ullighysanvHol gpynu npu 0o6pobyi demaneti, sIKi MArONb KOHCIPYKMUGHY HEGDIGHOBANMCEHICHTb.

Ilocmanoeka 3a60anna. Memoio yiei HAyK0680i pobOMuU € MOOENIOBAHHSL NOLONCEHHS, WNUHOIS ULTIQhy8anvHux ma ¢pe-
3ePHUX 6ePCMAMIB 3 YPAXYBAHHAM THEPYIUHUX 3YCUNb, SKI GUHUKAIOMb YHACIIOOK CIAMUYHOT ma OUHAMIYHOI He6pPIGHOBAM Ce-
HOCmi pOMOpPHO20 8Y314, W0 00YMOBTIOE MOUHICb I AKICMb NPOYeCy MeXaHiuHoi 00pooKiL.

Buknao ocnosnozo mamepiany. Cman 8pigHo6axiceHoCmi WNUHOETbHO20 8Y31d, 8I0DANAHCOBAHO20 3A6000M-BUL0MO6-
noeayvem, npu 0opobyi demaneil Ha MemMAaIOPi3AIbHUX epcmamax 6e3ynuHHo sminoemocs. [pu wnigyyeanni oucbanranc eu-
HUKAE GHACNIOOK 3HOULYBAHHSA | HEOOHOPIOHOI CIMPYKMYPUL 3MIHHOI IHCIMPYMEHMANbHOT 20]106KU WNIPY6anbHO20 Kpyed. Y npo-
yeci 06pobKu demaui, KA 06epPMAEMbCsL, GiH 3YMOBIEHUTE HEGPIGHOBAICEHOI 3A20MOBKOI0. [l KOMNEHCAYil petCUMHOL 3MIHU
oucOanancy i 3 Memoro nioGueH s SKocmi 06podKU, 0COONUBO HA IHIUHUX Onepayisx, 6e3 ZHUNCEHHS HOPMAMUGHUX PedCU-
MI8 pI3aHHs HA WNUHOENb 6ePCMAMA 6CMAHOBIIONMb KOPUSYEATbHI MACU, OUCKU 3 NPUBOOOM iX 810 2iOpocmamuunoi abo
2i0poOUHamMiuHOI onop.

BucHoeku 6ionosiono 0o cmammi. V pesynomami npogeoeHux 00CiioHceHb y pooomi OmpuMano MamemamuiHy Mooeisb
NONONCEHHS WINUHOCIA WNIQYBANbHO20 8epCmama 3 YpaxyS8aHHAM CKIAO0BUX CINAMUYHOT Md OUHAMIYHOT HeBPIGHOBANCEHOCM
POMOpa, sIKA GUHUKAE BHACIIOOK NOXUOOK MEXHONOZIYHOI CUCmMeMU 6epCmama ma 3Hocy wiighyeaibho2o kona. Bukopucmosy-
10UU Y10 MOOENb MONCHA NPOGOOUMU PO3PAXYHOK NOXUOOK MEXAHIYHOI 00pOoOKU, w0 euHUKaoms npu pizanni. Tarxodc ye 0oc-
JOJICEHHSL 00380JIAE YMOUHUMU GNIUG NOXUBOK Npoyecy Wiighyeants Ha sKicmo 06pobKu Oemaietl, uo 0ae MONCIUBICMb ON-
MUMIZY8AMU pedcuMu Pi3anHs i, 6i0N0BIOHO, nideuw UM epekmusHicmv npoyecy wlnighyeanus. L{a memoouxa maxosc modxce
BUKOPUCHOBYBAMUCS Ol BUCOKOULBUOKICHO20 (hpe3epysantsl, ke € albmepHaAmugoIo uiigyeanHio.

Knrwuoei cnosa: gppesepysanns; uwinighyeanns; noxubrku, moyHicme.

Puc.: 1. bi6n.: 7.

AKTyaJbHicTh TeMH. JIOCHTB 9acTo I OTPUMaHHS HEOOXiTHOI TOYHOCTI BUTOTOBIICHHS
nerasieil BOHU 00poOIISIOTHCS Ha KPYTJIoNUTi(hyBabHUX, BHYTPIITHBOILT(DYBaTbHUX, IJIOCKO-
nutigyBaTbHUX Ta pi3kO0NLTiyBATBHEX BepcTaTax. [lomepeTHbO BpiBHOBaKEHE MIUTIPyBaTTbHE
KOJIO B IpoIIeci eKCIuTyaTallii BTpayae BpiBHOBa)XXEHUH cTaH 1 HabyBae nucbaiaHe, 1o 3MiHIo-
€ThCS TIPOTATOoM 4acy. OJIHI€I0 3 MPUYHH, IO BUKIIMKAE 3MiHY JHUCOANaHCy, € 3HOC NutidyBa-
JBHOTO KOJIa, SIKKI MOKe OyTH HepiBHOMiIpHUM abo piBHOMipHUM. HepiBHOMIpHUH 3HOC BUHU-
Kae y 3B'A3Ky 3 PpO3CIIOBaHHSIM MIITHOCTI pi3ajbHOI IMOBEpXHI Koja (B MeXaxX OJHOTO
incrpymenTa). [Ipu piBHOMIpHOMY 3HOCI, 30KpeMa i 3a paxyHOK PaBOK KOJIa, HEBPiBHOBaXe-
HICTh BUHUKAE Yepe3 HePIBHOMIPHY IMUIBHICTE, BIIXUICHHS PO3MipiB, (POPMH 1 po3TaIyBaHHS
noBepxoHb. KpiM Toro, 3MiHa HEBPiBHOBAKEHOCTI MOXE OYTH BHKIMKAHA HAKOIMUYEHHSM Y
KOJIi BiIXOJIiB IITi(hyBaHHS Ta MAaCTHILHO-OXOJIOKYBAIBHOI PITAHU Y 3B’ SI3KY 3 HEOJHOPIJI-
HOIO MOPUCTICTIO NUTihyBaIbHOTO KOJTa. Tomy mporiecu OanaHCyBaHHS JOIITEHO BUKOPUCTO-
BYBAaTH Ha BepcTaTax NuUTi(QpyBaIbHOI IPYIH Ta BepcTaTax Juls IMIBHIKICHOTO ()pe3epyBaHHS.
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ITocTanoBKka nmpodaemu. Y mporeci BUKOHAHHS HUTI(PyBaTbHUX poOIT HEOOXITHO Bpaxo-
BYBATH Te, IO IIHH/EIb NUTI(YBAILHOTO BepcTaTa BHACHIIOK 3HOCY MUTi(hyBaIbHOTO KOJIa,
iIATIIABOCTI OITOP, 3THHAIBHOT )KOPCTKOCTI MTEPEXOANTh Y HEBPIBHOBAKCHHM CTaH, IO BILIH-
Ba€ Ha TOYHICTD 1 IKICTh MeXaHI4HOT 00poOKH JreTaeil. ToMy BHHHKAE MpoOIeMa BU3HAYCHHS
MOXHOOK TIOJIOKEHHSI POTOPa TUHAMIYHOI CHCTEMH 3 YpaXyBaHHSM CTaTHYHOI Ta TMHAMIYHOI
HEBPiBHOBAYKEHOCTI, CKJIAZIOBUX CHJI Pi3aHHs Ta MPYKHUX 3yCHJIb, [0 BHHUKAIOTHh B OIOpPaXx
IIITAHIETFHOTO BY3JIa.

AHAJII3 0CTaHHIX JOCTIKeHD | my0Jtikamiii. Y po6oTi [1] po3risiHyTo cydacHi TeXHOJIOTIT
BUTOTOBJICHHSI BUCOKOTOUHHMX JieTallell pisHUMH MeToiamu. HaBeieHo MaTreMaTHyHy Teopiro Ipo-
TieciB (piHIMHOT MeXaHiYHOT 00poOKH MaTepialiB Ta chopMyTHOBAHO MPAKTUYHI PEeKOMEHIAIi
1010 BITPOBAKEHHS IIPOIPECUBHUX TEXHOJIOT1H MeXaHIYHOi 00pOOKH Yy BUPOOHUITBO. Y pobo-
Tax [2; 3] mpoBeaeHO TOCTIKEHHS KPYTJIOro IUTi(hyBaHHS IEPEPHUBUACTUME KPYTraMH i TTOKa3aHO
I IBHIIICHUH piBeHb 0OPOOJICHHS TIOBEPXOHh KOYCHHS B IOPIBHSIHHI 3 TPAJIUIIIHHAMHI METOIaMH
nutipyBanHs. Takox BU3HAYEHO OBEMIHKY IIITAHIEIIS LTI yBaITEHOT OA0KH TP 3MiHI JKOPCTKO-
CTi OTOp JUIsl pO3POOKK aBTOMATUYHOI CHCTEMH cTalui3allii BETMUMHY 3a30pY B IiIPOCTATHYHUX
T IIMAITHAKAX JUTS TIBUIIEHHS CTAIOCTI Tporecy mnntidyBanHs. Y [4] po3IIITHYTO METOJT BH/Ti-
JICHHS 3 YaCOBOTO PsITy TIEPioIMYHOI CKIIa0BOI BiOparriiiHoro mporecy. [IpencrasieHo excrepu-
MEHTATGHUM MPOTOTHIT CHCTEMU BUMIPIOBAHHS BIOpaIliii JAJIsl MIPOMHUCIOBOTO HUTiI(hYBAIBHOTO 00-
JagHaHHg. Y poOoTi [5] po3risHyTO mpoOJIeMy IOBHOIO OallaHCyBaHHS OaraTOYallKOBOIO
aOpa3WBHOTO IHCTPYMEHTY, PO3pO0JICHO I'padivuHy MOEh IpoIiecy OaaHCyBaHHS.

BuaisieHHs HeT0CTI/IKeHHX YACTHH 3araJibHOI mpodaemMu. Bigomi mociiKeHHS TOYHOCTI
nporiecy 1utipyBaHHsT BaXKKOOOPOOITIOBaHHX JIeTaleil He BpaXxOBYIOTh BIUIMB CTATHYHOI, JTMHA-
MIYHOI Ta MOMEHTHOI HEBPIBHOBa)XEHOCTI TEXHOJIOTIYHOI CHCTEMH ILTi(PYBaIHLHOIO BepcTaTa.
OnHax y mporieci OIiHIOBaHHS TOYHOCTI ITOJIOKEHHST IMITHH/IEIS B TPOCTOPOBUX KOOPMHATAX Ta
TOYHOCTI BUTOTOBJICHHS 3aJ]aHO1 JeTali B MaTeMaTHUHIi MOJIelli Iporiecy MexaHiuHoi 0OpoOKu
HEoOXiJTHO BPaxOBYBAaTH MepepaxoBaHi (hakropu. ToMy JaHi JOCHIPKEHHS JTAFOTh MOKJIHBICTh
KOHCTPYKTOPY TiIBUIIIUTH TOYHICTh MPOEKTYBAHHS METAIOPI3aIbHUX BEPCTATIB ILTi(PYBaTHHOI
TPYIH Ipu 00poOIIi JeTaeil, sSiKi MatoTh KOHCTPYKTHBHY HEBPIBHOBAXKCHICTb.

IMocranoBka 3aBaaHHst. MeToo 1€l HAYKOBOT pOOOTH € MOJICITIOBAHHS TIOJI0)KEHHSI IIITH-
HJICIIB MUTIQyBaTBHUX Ta (Ppe3epHUX BEPCTATIB 3 ypaXyBaHHSIM iHEPIIIHHUX 3yCHIIb, SIKi BUHH-
KalOTh YHACIIJOK CTaTUYHOI Ta JUHAMIYHOI HEBPIBHOBAXXEHOCTI POTOPHUX BY3JIiB BEPCTATIB,
10 3yMOBJIIO€ TOYHICTb 1 SIKICTh MPOIECY MeXaHIuHOT 0OpOOKH.

Bukiiax ocHoBHOro marepiaay. Ctan BpiBHOBa)KEHOCTI IIITMHJICIIEHOTO BY3J1a, Bij0OaiaH-
COBAHOT'O 3aBOJIOM-BUTOTOBIIIOBAYEM, ITpH 00pOOITi AeTajieil Ha MeTalopi3alIbHAX BepcTarax Oe-
3yNUHHO 3MiHIOEeThCs. [Ipu mutidyBanHi AucOananc BUHUKAE BHACIIIOK 3HOIIYBAHHS 1 HEOTHO-
PITHOI CTPYKTYpH HUTipyBalIbHOrO Kpyra. Y mporeci oOpoOKH Aeraii, sika 00epTaeThesl, BiH
3YMOBJICHHI HEBPIBHOBAKECHOO 3ar0TOBKOIO. JJ1s1 KOMIICH AITiT peXKMMHOT 3MiHH JTucOanancy i
3 METOIO Mi/IBUINEHHS IKOCTI 00pOOKH, 0OCOOIUBO Ha (iHIIIHUX Omepaiisx, 6e3 3HUKEHHs HOp-
MaTHBHUX PEKUMIB Pi3aHHS Ha IITUHJIEb BepCTaTa BCTAHOBIIOIOTH KOPUTYBAIBHI (HEBPIBHO-
BaxkeHi) Macu (KM), [6] aucku 3 IPUBOJIOM X BiJT TiIPOCTATHYHOI 200 TiIPOIUHAMIYHOI OTIOP.
ITo oKpyY>KHOCTI TUCKIB 3 OOKY TOPIIEBUX MTOBEPXOHB IMPOCBEPIIICHO Z) OTBOPIB, OCI AKUX IMapa-
JenpHi oci mmuHens. YacTrHa 0TBOPIB 3aOBHEHA CBUHIIEM (Z<Z/2) my1st nonanHs KM neBHOTrO
3HAYCHHS AUCOaIaHCy, IO KOMIICHCY€E BEKTOp TUCOaIaHCiB HEBPIBHOBAKEHOTO TIITHH/ICIIS.

BimmnentpoBa cuia, CTBOpIOBaHa OJTHUM CBHHIIEBUM IHJIHIPOM IPH 00EePTaHHI IITHHIEIIS
3 KYTOBOIO IMBHJIKICTIO @ , JOPIBHIOE:

2
F :Mcu a) Rcu,
ne M., — Maca CBHHIICBOTO AIIHAPA; Ry — pajiilyc pO3MIIIeHHS CBUHIIEBOTO IMITIHIpA.

[Tpu oMy yMOBa KOMIIEHCAIIT HEBPIBHOBAYKEHOCTI 00pOOIFOBAHOT 3ar0OTOBKH OTPHMAaHa
B pobori [6].
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[Tpu 00poOITi CKITaIHUX 1 BAXKKOOOPOOTIOBAHUX JeTallel MOXHOKH 00pOOKH, 10 BHHHUKA-
IOTh YHACIIJIOK Jie(hopMaIliif TEXHOJIOTIYHOI CUCTEMH Ta 11 €JIEMEHTIB € JIOMIHYIOUMMH B CyMa-
pHi ToxXuOI 00poOKu. J[st IXHBOTO BU3HAYCHHS MPOBEAEMO JHMHAMIYHI JOCITIDKEHHS CHUC-
TEMH LINHUH/ENb — HeBpiBHOBa)KeHa 1UTi(hyBasibHa rojioBka (puc. 1).

X dX

Puc. 1. Jlo suznauenns noxubku o0pooKu. a — cxema 0is GUSHAYEHHS NPUBEOCHOT
macu cucmemu; 6 — po3pAxyHKo8a cxema OUHAMIYHOT cucmemu
3ruHaIBPHAN MOMEHT Y TIepeTHHI muHeI (puc. 1, @) BU3HaYaeThes 3a GopMyIIoro:

M, =P(Z—x)+L2x)2, (1)

ne P — Bara notidyBajgbHOI TOJIOBKH; ¢ — TOTOHHA Bara IITTHH]IEIS.
PiBHsIHHS TpY>KHOT JTiHIT pOTOpa Ma€ BUTIISI:

d’y o -x)’
EJW:P(Z_X:)-FT. (2)
[HTETpY€EMO NBIUl OTpUMAEMO:
)3 A\
y 2= Um0 o p 3)
6LJ 24EJ

[TocTiini inTerpyBarss C u D 3HaiAeMO 3 MOYATKOBUX YMOB 1pu X = 0, y = 0:

x=0; y=0;, @ =0.
X
[Ticns migcTaHoBKH B [3] o1epKUMO:

- 1 [P(l X)) qU-x) +lz[p+q_ljx_l_(1>+q—lﬂ. 4)
YV IE 12 2 3 4

Ilpu x=LY,. =Y;:

Y, L 13(P+q—lj—l—(13+q—lj :
2EJ 3 3 4
Bupaxaroun Y, uepe3 Y, sHalinemo:
3 4
{bf (P+‘§lj{’;(}>+qz)—ql’;}}1f
. &)

(2P+qul3
374

3akoH 30epeKeHHs €HEePrii 71 JMHAMIYHOI CHCTEMH Ma€ BHUTJIS;

Yx:
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e 72
mY
T= j dT, +—¢ (6)
0 2
ne JdT :ﬂ Y? — KIHETHYHA EHEepris eJeMeHTa MEXaHIYHOI CHUCTEMHU JTOBXKHHOIO dX;
x M

2q
T= MYZ — KiHETHYHA €Hepris BCiei cucTeMHU.

Saminastoun 7’1 dTy IXHIME 3HAUYCHHSIMHU, 1 ITHTETpyIOUd BUpa3 (6), 0AepKUMO GOPMYITY JUIS
BU3HAYCHHS HaBEJICHOT Mach poTopa:
_(0,104P% +0,08Pql +0,016¢*)P ™

ml’l 1 b
0,6+ qgl*
( 17 )

ne g = (/I — moroHHa Bara IImuHes; P — Bara nnti)yBaJbHOI TOJIOBKH; / — JIOBXKHHA KOHCOJTI.

Jlani B poOOTI TOCTIKYyEMO 3MYIIIEH] KOJIMBAHHS CUCTEMH 3 YpaxXyBaHHSM CTaTHYHOI 1 U~
HaMI9HOi HEBPIBHOBA)KEHOCTI, a TAKOXK 3 YpaXyBaHHSAM JIii CKJIQJIOBUX CHJI pi3aHHS Px 1 P-, a
TaKOX MPYKHHUX CHJI Iy MACTHIIFHOTO MaTepiaity MiAIHUITHAKA (OChOBa CKJIaI0Ba CUIIN Pi3aHHS
HE BpaxOBY€ETHCS Uyepes il Maie 3HAaYCHHS).

[IpescTaBuMoO MeXaHIYHY CHCTEMY B TPUMipHOMY IpocTopi. CucTeMa Mae 0ChOBY iHEpIIito,
00epTaeThes 3 KYTOBOKO IMBHJIKICTIO @ Ha JIBOX ornopax A i B 3 koedirieHTaMu X0pcTKOocTi C;
i C2 (puc. 1, 6). Bubepemo Hepyxomy cucteMy koopauHat OXYZ tak, mo0 ii moyaTok 30iraBcst
3 JIIBOIO OTOPOIO B MOJIOXKEHH1 piBHOBAru. Jlogamo cucreMi Malie mepemimeHHs, To1i KOopIu-
HaTtu onopu A OyayTe Y;; Z;1, a xoopawHatu ortopu B — Y2, Z> Ilpu 1iboMy, TUHAMIYHI TTOXHOKH
00pOOKHM BU3HAYAIOTHCS SIK PI3HHII KOOPAUHAT KIHIIEBOTO i IIOYATKOBOTO TIOJIOKEHHS CUCTEMHU
Yo-Yi, Zo— 7.

["on10BHUIA TIEeHTpATBLHUI OCLOBUIT MOMEHT 1HEpIlii BU3HAYAETHCS 32 GOPMYIIOL0:

1 1
I,=—MR +=M,R’, (8)
2 2
ne M; 1 M>— maca mimuH eI 1 T (hyBaIbHOI TOJIOBKH, BITIOBIIHO; R 1 R — pajiyc MIMTAHICIIS
1 T yBaIbHOT TOJIOBKH.
MoMeHT iHepIIil BiTHOCHO OCi, IEPIIEHIUKYJIIPHOL IO Oci 00epTaHHS pOoTOpa, 3 ypaxyBaH-
HSIM 3MIIEHHS IIIMTAHENS ITi]T Ji€10 TeXHOJIOTIYHOro AucOanancy Oye:
R I R I
J=M|—+— [+M,| ~—+1|. )
4 3 4 3
KyT MiX mpoekIriero oci MIMmuHEs Ha MIIOMUHY XY 1 BicCIo X MO3HAYMMO [, a MiX BicCIO
HIMTAHENS 1 11 IPOEKIIi€r0 Ha IUIONIMHY X) TO3HAYUMO Y. 3allUIIeMO KOOPIMHATH IICHTpa Baru
C 3a popmynamu:

[ / [ [
V=Y 24Y, 07, =-Z 247,
/ / L [
Toni kytu f1 yOyayTh BUpakaTUCs yepe3 KOOpAUHATH [ = hoh sy = 2 =2, .

/ /
ExcrenTpucurer Balty mo3HauuMo 4epes e. ['0JI0BHA BiCh 1HEPIIil yTBOPIOE 3 Biccio 00ep-
TaHHA KyT O. [lmomuHa, y SKiif JeKHATh KYT O, 1 IUIOIIMHA Xy YTBOPHTH KYT (@f — £), ie &€ — KYT
BIJIXFUICHHSI OC1 BiJI BEpTHKai, @ — KyTOBa IMIBUIKICTE OOESPTAHHS TOJIOBKH. 3 ypaxXyBaHHSIM
BHIIE3a3HAUEHOTO, IEHTPH 1HEPIIil V¢ 1 Z., BIAXUIICH] Ha BETUYHHY €, BU3HAUAIOTHCS 3 BUPA3y:
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Y =-Y —ecos a)t}

[4

Z.=7+esin ot

(10)

3 ypaxyBaHHSIM KOOPJIMHAT IIEHTPIB Baru X 1 Zc, KyTiB £ 1 % a TaK0oX MiaTINBOCTI OTIOp
poOTOpa B MOMEPEUHOMY HANPSIMKY, PIBHSHHS HA0YAyTh TAKOTO BHUTJISTY:

M (9,0, —1,3) + ey, + ¢,ly, = Melw® coswt + P 1 - Q1
M (3,0, - L,Z) +c|lz, + c,lz, = Melw’ sin wt + PP — Q I
Joo(¥, =) —=J(Z,=Z)+ellz, +c,lz, =(J,—J)x
x5 sin(wt — )+ (P, — F.)HI — O.L.l; ’ (an
Joo(Z,=Z)=J (3, =y +elly, +c,Lly, =(J —J,)x
x*16 cos(wt — €)+(F, - P)LI- QO Ll.

ne Oy Ta Q- — mapaMeTpH Bard IIITHHJIEIS 110 KOOPAWHATAX ) 1 Z.

Po3p’s3anns piBasiHHES (11) TpoBOAUTHCS BiIOMUMH MareMaTuyHUME MeTtomamu Ha [1K.
PesynbraTe 103BOJISIOTH OJIEpKATH IHCHY KapTHHY NEpeMIilleHb, IIBHIKOCTI 1 IPUCKOPEHHS
poTopa B IepeXiTHOMY PEXUMIi 3 ypaXyBaHHSIM YTOYHEHUX KOOPIAMHAT €JIEMEHTIB IIITHHICIIS.
3MiHIOIOUH KOOPIUHATH Y 1 Z MOXHa yIpaBIIATH piBHEM BiOpallii poTOpHOiI CHCTEMH i, B OCTa-
TOYHOMY MiJICYMKY, HapaMeTpaMH SIKOCTI MeXaHIYHOi 0OpOOKH.

[Tepemori ¢ipmu Schiess koop Ta Junker (Himeuunna) a1t 00OpoOKH CKIIATHUX ITOBEPXOHD
3 KpUBOJIIHIKHHUM mpoderieM BukopucToBYIoTh Bepcrat 3 UIIK, B sxux mporecu ¢pesepy-
BaHHS Ta NUTiI(yBaHHS BUKOHYIOTHCS ITOCIIOBHO HA OJHOMY BEpCTaTi.

®ipma Schiess koop Brepie 3ampornonyBaia ppe3epyBaHHs Ta NUTiQPyBaHHS KYJIadKiB po-
3MOAUTFYAX BaJIiB JBUTYHIB BHYTPIIITHBOTO 3rOpaHHS 3 TIOCITIIOBHAM BBOJIOM iHCTPYMEHTAIh-
HUX 0a00K y 30HY 0OOpOOKH.

[HCTpyMEHTaTbHA ITOBEPXHS, SIK TIOBEPXHs 00epTaHHS TUCKOBUX IHCTPYMEHTIB ILTiyBa-
JHHOTO KoJ1a i (hpe3u OMHUCYETHCS OHUM PiBHSIHHSIM, MATPHYHHHA BAPa3 sIKOTO HaBEJIEHO B PO-
6orti [7]. Lle mae 3mory nipu ¢pe3epyBaHHi Ta nUTIQyBaHHI OMICYBATH €KBiIICTAHTH OJTHUM pi-
BHSHHSIM, 3 ypaXyBaHHSM JiaMeTpa iHCTPYMEHTa, IO CHpOINYE MpPOIECH YIPaBIiHHSI
nutipyBaHHSIM Ta ppe3epyBaHHSM.

Konctpyxkiist BepcrariB Schiess koop BKitouae /1B pOTOpHI CHCTEMH: CHCTEMA «IIIUHIEb-
JeTalb) Ta «IIMAHACTb-IHCTPYMEHT ((pe3a, nutidyBanbHuit Kpyr)y. Iy 3a0e3neueHHs mocTiii-
HOTO 3HSATTS IPUITYCKY 32 KOOPAMHATOI 0OPOOKH JIeTasIh ITOBUHHA 00EPTATHCS 31 3MiHHOIO YacTo-
TOO0 OOEpTaHHS, IO BUKJIMKAE JMHAMIYHI HABAHTAXKCHHS HA TEXHOJIOTIYHY chcTeMy. JIs 3MeH-
IIEHHS MOXUOOK «TE€XHOJIOTIUHOI CIaJKOBOCTI» Ipoliecy (pesepyBaHHs Ha Ipoliec HuTipyBaHHS
3aCTOCOBYIOTH IBHJIKICHE (Dpe3epyBaHHS 3 BUKOPUCTAHHSIM iHCTPYMEHTY, OCHAIIICHOTO Helepe-
TOYYBAaHMMHU IJJACTUHKAMH 3 HAJITBEP/IMX MaTepialiiB (€T-00pOBHUX Ta METAIOKEPAMITHHUX ).

BucHoBkH BianmoBiaHo 10 cTatTi. Y pe3yibTari IpoBeIeHUX JOCHIKEeHb Y pOoOOTi OTpH-
MaHO MaTeMaTH4HYy MOJIEJb MTOJIOKEHHS IIHH/IENS IUTi(hyBabHOTO BepcTaTa 3 BpaXyBaHHIM
CKJIQJIOBUX CTAaTUYHOI Ta JTUHAMIYHOI HEBPIBHOBKEHOCTI POTOPA, sIKa BAHUKAE BHACIIIJIOK T10-
XMOOK TEXHOJIOTIYHOI CHCTEMHU BepcTaTa Ta 3HOCY HUTi(yBaJbHOrO Kojia. BukopucroByroun
IF0 MO/IENIb MOKJIMBO MPOBOJAUTH PO3PAXYHOK MMOXMOOK MEXaHIYHOI 00pOOKH, IO BUHUKAIOTh
IpH pizaHHi. Takox Iie JOCHIKSHHS JI03BOJISIE YTOUYHUTH BIUTHB ITOXHOOK IMPOIECy MUTidy-
BaHHS Ha SKICTh 0OPOOKH JieTalleld, 1o JJa€ MOYKITUBICTh ONITHMI3yBaTH PEXKUMHU pi3aHHS 1, Bij-
MOBITHO, MABUIIUTH €(EKTUBHICTD MPOIleCy ITi(pyBaHHS.

3a 3anponoHOBAHOI0 MOAEIUTIO MOKHA ONITUMI3YBaTH apaMeTpH POTOPHUX CUCTEM «IIITUH-
JIeTh-JIETATb) Ta CIIHH/ETh-IHCTPYMEHT» Ta TEXHOJIOTIYHOT CHCTeMH 3arajioM. BoHa jae 3Mory
pO3paxyBaTH YacTOTy OOepTaHHS JeTalll Ta peKUMHU (pe3epyBaHHs 1 HUTI(QyBaHHS 32 KOOpAWHA-
TOIO 00pOOKH, siKa 3abe3nedye HeoOXiTHY TOUHICTh Ta SIKICTh 0OpOOIIIOBAHOT TOBEPXHI.
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DETERMINATION OF ERROR OF GRINDING AND SPEED MILLING
PROCESSES TAKING INTO ACCOUNT STATIC AND DYNAMIC IMBALANCE

Urgency of the research. Quite often, in order to obtain the necessary precision in the manufacture of parts, they are
processed on circular grinding, internal grinding, surface grinding and thread grinding machines. The previously balanced
grinding wheel loses its balanced state during operation and acquires an imbalance that changes over time. One of the reasons
for the change in imbalance is the wear of the grinding wheel, which can be uneven or even. Uneven wear occurs due to the
variation in the strength of the cutting surface of the wheel (within the same tool). With uniform wear, including due to wheel
edits, imbalance occurs due to uneven density, deviations in size, shape and location of surfaces.
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Target setting. In the process of performing grinding work, it is necessary to take into account the fact that the spindle of
the grinding machine, due to wear of the grinding wheel, pliability of supports, bending stiffness, goes into an unbalanced
state, which affects the accuracy and quality of machining of parts. Therefore, the problem arises of determining the errors of
the rotor position of the dynamic system, taking into account the static and dynamic imbalance, the components of the cutting
Jforces and elastic forces arising in the supports of the spindle assembly.

Analysis of recent research and publications. The work considered the latest publications on this topic, which are pre-
sented in the public domain, including the Internet.

Uninvestig atedpart sof general matters defining. Known studies of the accuracy of the grinding process of difficult-to-
work parts do not take into account the influence of the static, dynamic and moment imbalance of the technological system of
the grinding machine. However, when assessing the accuracy of the position of the spindle in spatial coordinates and the
accuracy of manufacturing a given part in the mathematical model of the machining process, the listed factors must be taken
into account. Therefore, these studies enable the designer to improve the design accuracy of metal-cutting machine tools of the
grinding group when processing parts that have a structural imbalance.

The research objective. The purpose of this research is to model the position of the spindle of grinding and milling ma-
chines, taking into account the inertial forces that arise due to static and dynamic imbalance of the rotor assembly, which
determines the accuracy and quality of the machining process.

The statement of basic materials. The balanced state of the spindle assembly equilibratedby the manufacturer, and when
processing parts on metal-cutting machines, it continuously changes. When grinding, imbalance occurs due to wear and the
uneven structure of the grinding wheel. In the process of machining a rotating part, it is due to an unbalanced workpiece. To
compensate for the mode change in imbalance and in order to improve the quality of processing, especially at finishing oper-
ations, without reducing the standard cutting conditions, correction masses, discs driven by hydrostatic or hydrodynamic sup-
ports are installed on the machine spindle.

Conclusions. As a result, of the research carried out in the work, a mathematical model of the position of the spindle of a
grinding machine was obtained, taking into account the components of the static and dynamic imbalance of the rotor, which
arises due to errors in the technological system of the machine and wear of the grinding wheel. Using this model, it is possible
to calculate the machining errors that occur during cutting. In addition, this study makes it possible to clarify the effect of
errors in the grinding process on the quality of processing parts, which makes it possible to optimize cutting conditions, and
accordingly increase the efficiency of the grinding process. This technique can also be used for high-speed milling, which is
an alternative to grinding.

Keywords: milling; grinding, error, accuracy.
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