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ANALYSIS OF THE ACCURACY OF SPINDLE UNIT, WHEN THE PRESSURE IN THE
HYDROSTATIC BEARINGS OF SPINDLE IS REGULATED

AHAJI3 TOYHOCTI LWUNMAHZEJIbHOI O BY3J1A 1PU PET'YITIOBAHHI TUCKY B
rigPOCTATUYHUX OIMOPAX

Abstract: The main output indicators of accuracy
machine tool, as an element of the technological
complex, is a precision of working movements
formative units. In this paper experimentally
researched regularities of accuracy formation a
precision turning machine by the trajectories of
spindle movement, when the pressure in the
hydrostatic bearings of spindle is regulated.
According to the results determination of the
statistical characteristics of the trajectories
spindle a rational value of the oil pressure in the
pockets of the hydrostatic bearings, which
provides a maximum machining precision, has
been found.

Keywords: spindle, spindle unit (SU), hydrostatic
bearing (HB), accuracy, trajectory, pressure.

INTRODUCTION

A promising way to increase the efficiency of
machining is to use a hydrostatic bearings with
adjustable parameters as spindle supports of
machine tools. Possibility of regulation the
constructive and operational parameters of
hydrostatic bearings (HB) of spindle units (SU),
depending to the peculiarity of technological load,
will allow to expand technological capabilities of
machine tools, to increase the processing
performance and reduce operating costs.
Determination of rational values of adjustable
parameters hydrostatic bearing of spindle units is
one of way to increase their accuracy and actual
scientific problem.

PROBLEM STATEMENT

Determination of accuracy a SU most efficiently
to implement by the trajectories of spatial motion
axis spindle, which are the main integrated
indicators of accuracy machine tool [1]. In the
papers [2, 3] is shown, that a trajectory spindle on
HB has a clearly expressed stochastic character,
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AHomauyisi. OCHOBHUMU B8UXIOHUMU roKa3HUKamu
moyYHocmi eepcmama, SIK efleMeHma MmexHosoaiy-
HO20 KOMIIEeKCY, € MOYHICMb poboyux pyxie ghopmoy-
meoprorodux 8ysrnie. B pobomi ekcriepumeHmanbHUM
wssxom OOCIiOXEeHO 3aKOHOMIpHOCMI ¢hopMy8aHHS
moyYyHOCMI npeyusitiHo2o MoKapHo20 eepcmama 3a
OKa3HUKOM MOYHOCMIi mpaekmopiti nepemiuieHHs1
wnuHOessi npu peaynoeaHHi MUcKy 8 eidpocmamuy-
Hux oropax wrnuHdesns. 3a pe3ynbmamamu 6U3Ha-
YeHHSsI CmamuCmuYyHUX XxapakmepucmuK Mmpaekmo-
pill wnuHAenss cmaHoO8MEHO paujioHarnbHy 8efU4UHY
mucKky Mmacmurna 8 KapmaHax eidpocmamuyHux
onop, npu fkiu 3abesnedyyembcss MakcumasbHa
moyHicmb 06pObKU.

Knroyoei cnoea: wnuHdenb, wnuHOenbHUl 8y3011,
2idpocmamuyHa onopa, MOYHICMb, MPAaEeKMopis,
muck

BCTYN

[MepcnekTMBHUM HanpsiMKOM NigBULLEHHSA edeKkTy-
BHOCTi MeXaHiuHOi 0BpobKM € 3acToCyBaHHSI B SIKOCTI
LUNMHOENbHUX OMOP MeTarnopisanbHNX BepcTarTiB rigpo-
CTaTMYHMX MNiOWWNHWKIB 3  perynboBaHUMW  napa-
MeTpamu. MOXIMBICTb peryntoBaHHS KOHCTPYKTUBHUX
Ta ekcnnyaTauiiHux napameTpiB TigpoCTaTUYHNX
onop (FCO) wnuHgenbHux By3nis (LUB), 3anexHo Big
XapakTepy TEeXHOMOr4YHOro HaBaHTaXEHHs, [03BO-
NUTb PO3LUMPUTN TEXHOIOTNYHI  MOXITMBOCTI Bepc-
TaTiB, NiABULIMTM NPOAYKTUBHICTbL 0OOpobKM Ta
3HM3NTM  eKcnnyaTtauiviHi  BuTpatu. BusHayeHHs
pauioHanbHUX BENUYMH peryrnboBaHUX napameTpiB
CO LWUB € ogHUM i3 WNsxiB NigBULLEHHS iX TOYHOCTI
i aKTyanbHOK HayKoBOI 3ajauyeto.

NMOCTAHOBKA NMPOBNEMU

Ouinky To4HOoCTi LB Hanbinbw pauioHansHO
30iCHIOBaT 3a TPAEKTOPSMU MPOCTOPOBOrO PyXy
OCi WNWHAOEens, siki € OCHOBHUMM iHTerpanbHUMu
nokasHnkamu To4HocTi BepcTaTa [1]. B pobortax [2, 3]
nokasaHo, Wo TpaekTopia pyxy wnuHaens Ha [CO
Ma€e SICKpaBO BUPaKEHWA CTOXAaCTUYHUIA XapakTep,
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because she depends on the actions of many
factors, which are also the most random. Therefore
the most complete and reliable is a probabilistic
assessment of accuracy of SU, which based on
research of the statistical characteristics by the
trajectories spindle. Statistical analysis of the
trajectory parameters together with their spectral
analysis of frequency composition allows thoroughly
assess the impact of practically each operating
factors on indicators of accuracy of SU.

In work [3], on the results of numerical modeling,
established statistical regularities of geometrical
precision of turning machine in terms of the
accuracy by the trajectories spindle depending on
the pressure in the pockets of the HB of spindle,
which are different from the results presented in the
monograph [1]. Therefore there is a need
experimental  verification  regularities,  which
established in the work [3].

MAIN ARTICLE

Experimental studies of the accuracy of SU was
performed during processing of samples - products
on experimental stand based on precision turning
machine model UT16A with using information-
measuring complex means of experimental
research, which is described in detail in the work [2,
4]. The structural diagram a technique of research
accuracy of SU in terms of accuracy of the trajectory
spindle shown in (Fig. 1).

1. Determination of displacements Ax and Ay spindle by the coordinate axes /
BusHayeHHs amiteHs wnuHoens Ax ma Ay 3a KoopOuHamHUMU OCaMU |

2. Determination of discrete values
of the magnitude of radius-vector
of spindle / BusHayeHHs1 QUCKpemHUX
3HaYeHb eNUYUHU /Dadi yc-eekmopa 4
wnuHoensi: p. = JAX +AY

5. Approximation of discrete values of the magnitude of radius-vector
by the tools of MathCAD and implementation the trajectories of spindle
in the polar coordinate system / Anpokcumauis QUCKPemHuxX 3HayeHb
8enuYyuHu padiyc-sekmopa 3acobamu nakemy MathCAD ma nobydosa

mpaekmopiti pyxy wnuHdens e nonapHit cucmemi kKoopouHam

3. Determination of statistical
characteristics trajectories of spindle /
BusHayeHHs crmamucmuyHuX
Xapakmepucmuk mpaexkmopill WiuHoens:

Mg, Og, Ag, Eg

OCKiNbKM BOHa 3anexuTb Big Aii 6aratbox gakTopis,
AKi B OiNbLIOCTi € TakoX BUNagkoBumu. Tomy Ham-
Ginbl NOBHOW i AOCTOBIPHOK € MMOBIPHICHA OLjiHKa
ToyHocTi LLIB Ha OCHOBI AOCNIAXEHHSI CTaTUCTUYHUX
XapaKkTepuUCTUK TpaekTopii wnuHaensa. Cratuctuy-
HUIA aHani3 napameTpiB TPAEKTOPIN B KOMMIEKCi 3i
CreKkTpanbHMM aHari3oM ix 4acTOTHOro ckrnagy Ao-
3BONISIE AeTanbHO OLUiHUTK BMJIMB HA TOYHICHI MOKa-
3HMKK LLIB npakTMyHO KOXHOro 3 fitoumx dakTopis.

BcraHoBneHi 3a pesynbTatammu 4McenbLHOro mMope-
noBaHHA B poboTi [3] CTATUCTUYHI  3aKOHOMIPHOCTI
¢opMyBaHHS FEOMETPUYHOI TOYHOCTI TOKApHOro Bepc-
TaTa 3a NOKA3HUKOM TOYHOCTI TPAEKTOPIN NePEMILLEHHS
WNMHOENs 3anexHo Big TucKy B kapmaHax [CO
WnNMHAEeNs Bigpi3HAIOTLCSA Big pesynbTaTiB HaBegeHUX
B MoHorpadii [1]. Tomy icHye HeobxigHicTb ekcnepu-
MEHTanbHOI MNepeBipkn BCTAHOBINEHUX B poboTi [3]
3aKOHOMIPHOCTEN.

OCHOBHUW TEKCT CTATTI

ExcnepumeHTanbHi  gocnigxeHHss TodHocTi LB
3gincHioBanu B npoueci 06pobkn 3paskie — BUpobiB
Ha eKcrnepuMeHTanbHOMy cTeHai Ha 6asi npeuusin-

HOro TOKapHoro BepcTtata Mogeni YT16A i3
3aCTOCYBaHHAM iHdbopMaUiNHO-BMMiptOBanibHOro
KOMMMeKcy 3acobiB ekcnepMMeHTanbHUX OOCHi-

[XeHb, OeTanbHO onucaHoro B poboTax [2, 4].
CTpykTypHa cxema MeTOOUKM OOCHiAXEHHS TOYHOCTI
LB 3a nokasHUMKOM TOYHOCTI TPAEKTOPIN WNUHAENs
HaBegeHa Ha puc. 1

= K j‘MWWNM‘.\'.\\U«m\in* Y

< \

“7 e
e

N B

4. Implementation of the
trajectories of spindle in
Cartesian coordinate system /
lNobydosa mpaexkmopill wiuHOens
8 dekapmoeili cucmemi koopduHam

= A ey O

6. The mathematical description of the trajectories by the Fourier series and
implementation the spectrum amplitudes of harmonics of the trajectories /

Mamemamuyre onucaHHs mpaekmopii psdom ®@yp'e ma
robydosa crniekmpy amnimyd 2apMOHIK mpaexmopiti

] el

Fig. 1 - Structural diagram a technique of research accuracy of spindle unit in terms of accuracy of the trajectory spindle /
CmpykmypHa cxema memoOuKu OOCIOKEeHHS] MOYHOCMI WIMUHOETbHO20 8y3/1a 3a MOKa3HUKOM MOYHOCMI mpaekmopitl wnuHOens

To determine the spindle displacements Ax and
Ay in a plane perpendicular to the axis of rotation
were used triangulation laser sensors model
RF603.2-10/ 2-485-U-IN-AL-CG (Fig. 2 a), the
working range of which is 2 mm, the resolution is —
0.2 mm, the maximum sampling frequency fq = 9.4
kHz. Sensors 2 were installed at 90° on a rack 3 and
in the measurements interacted with the control
surface of precision mandrel 1 (Fig. 2, b), which was
installed in a conical hole spindle of machine. The
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[nsi BU3Ha4YeHHs 3miweHb wnuHaens Ax Tta Ay B
NMOLLUMHI, NepNeHAMKYSPHINA Moro oci o6epTaHHs, BUKO-
pPUCTOBYBaNMChb TPIaHIynsALUiHI Na3epHi 4aTymkmM moaeni
P®603.2-10/2-485-U-IN-AL-CG (puc. 2, a), 3 poGoumm
gianasoHomM 2 MM, pPO34iNbHOK 3daTHICTio 0,2 MKM,
MaKCUMarbHOK 4YacToTow auckpetusadii f;=9,4 «klu.
JaTtuuku 2 3akpinnoBanucb nig KyToM 90%Ha cTinui 3iB
npoueci BUMIpIoBaHb B3aEMOZIANN 3 KOHTPOIbHUM MO-
SICKOM MpeuusiiHoi onpasku 1 (puc. 2, b), BcTaHOBREHoI
B KOHiYHMI OTBIp LWNuHOensi BepcTaTta. Peecrtpadis
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registration of signals from sensors was carried out
by the analog-to-digital converter (ADC) based on a
digital oscilloscope using interface RS 232 (Fig. 2, c).

To minimize the systematic error of the spindle
rotation caused by deviations form the control
surface of precision mandrels, fine finish control
surface was carried out on this machine tool, and
after processing mandrel was remained invariably
fastened in the spindle for the entire series of
experimental studies. It made it possible to provide
radial beat of control surface within the limits of 1.0
microns.

In conducting experiments sampling frequency of
the signal to the ADC varies in proportion to
frequency of rotation a spindle within the limits fq =
200-2500 Hz, to ensure for each sensor 50
measurements during one revolution of the spindle.
Such accuracy constructing trajectories is allows
thoroughly analyze their statistical characteristics.
Preliminary statistical analysis of the experimental
data was carried out according to the standard
method [5].

Ay

Ax

curHanis 3 gaTyunkiB 3aircHioBanacsa 3a [A0MOMOror
aHarnoro-undgposoro nepetsoptoBava (ALI) Ha 6Gasi
umdcppoBoro ocumnorpadga yepes iHTepdenc RS 232
(puc. 2, ¢).

3 MeTo MiHiMi3aLii cucTtemMaTuyHOI CKNagoBoi No-
Xnbkn obepTaHHsA LWnuMHAensi, obyMOBMEHOI BigXu-
NEeHHAMM POPMU KOHTPOJSTbHOIO Mosicka MpeuusinHoi
onpaBku TOHKY 0B6pPO6GKY KOHTPONBHOrO MOsicka MpOoBO-
Ovnu Ha gaHomy BepcTarti, a nicns obpobkm onpaska
3anuuanacb He3MiHHO 3aKpinneHow B  LNUHAENI
NPOTArOM BUKOHaHHSI BCIi€l cepii ekcnepMMeHTanbHux
pocnipxkeHb. Lle nano 3mory 3abesneuntu pagiansHe
OMTTS KOHTPONBHOIO Nosicka B mexax 1,0 Mkm.

B npoueci npoBegeHHs €KCMEepPUMEHTIB 4acToTy
auckpeTtusadii curHany Ha AU 3miHoBanu npo-
NopuiiHO 4YacToTi 0DOepTaHHsa LWNMHAENs B Mexax
fy =200-2500 'y, 3 po3paxyHKy 3abesneveHHs
KOXHUM Aatymkom 50 BUMipOBaHb 3a oAuH 00epT
wnuHaensa. Taka TOYHICTb MOGYyOOBWM TpaeKTopin
[O03BONISE TPYHTOBAHO MpoaHanidyBaTu iX CTaTtucTu-
YHi xapaktepuctuku. [lonepegHs cTaTMcTuUdHa 06-
pobka ekcnepuMeHTanbHUX AaHux 3aicHioBanach 3a
TMMNOBOI MeToAuMKo [5].

1 2

\

P

b)

Interface / IHmepcpelic ‘
RS 232
1
Digital oscilloscope /
Lugbposuti ocuunozpacgh
IRIS

1

el Control belt /
KoHmpornbHuUtl NOSICOK =

e

<)

Fig. 2 — Laser triangulation sensor a) general view of scheme fixing b) and structural diagram of measuring the trajectories of
spindle c) / TpiaHaynsuitiHul asepHUl Gamyuk a), 3a2anbHull 8uarnsid cxemMu 3akpinneHHs1 b) ma cmpykmypHa cxema
sumiprosaHHs1 mpaekmopiti wnuHdens ¢): 1 — precision mandrel / npeyusitiHa onpaska ; 2 — laser sensors / nas3epHi damyuku;
3 —rack / cmitika; 4 — plate / nnuma

The stochastic character of trajectories spindle
on HB is made it necessary to assess their
parameters by statistical characteristics of the
radius-vector R. Discrete values of the radius vector
is determined by the formula:

R = /A% + Ay? [mm]

CTOXacTMyHMIA XxapakTep TPaEeKTopin LWnuMHaens
Ha [CO 3ymOBMB HeEOOXIOHICTb OUIHIOBaHHA iX
napameTpiB 3a CTaTUCTUYHUMWU XapakTepucTukamu
pagiyc-Bektopa R, [OUCKPETHIi 3HA4YeHHs SKOro
BU3HA4anu 3a 3anexHicTio:

@
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Checking on the basis of criterion Xz Pearson [5]
the hypothesis of normal distribution of the values
of the radius-vector of trajectories are not always
confirmed. This may be is caused by presence of
systematic errors, which give rise an asymmetry Agr
and kurtosis Er normal distribution curve. In such
cases, the hypothesis testing about the proximity of
the distribution values of the radius-vector of
trajectories to the normal law was performed
additionally. For this purpose a ratio values Ag, Er
and mean-square deviation (MSD) of the
asymmetry and kurtosis oa og was evaluated [6]. It
should be noted, that fulfilment of conditions

|Ag/op<3and ‘ER/OE‘ < 3in almost all cases are

met, which enables to conclude, that the
asymmetry and kurtosis are not significant and the
distribution of the random variable radius-vector of
trajectories close to the normal law. The proximity of
the random variable radius-vector of trajectories to
the normal law, as well as stationary and ergodic
random process vibrations a spindle is allows for the
assessment accuracy of SU used statistical
characteristics of the value of the radius-vector of
trajectories spindle: mathematical expectation mg,
mean-square deviation or, asymmetry Agr and
kurtosis Erg.

The mathematical expectation mgr value of the
radius-vector of trajectories is determine the
displacement a spindle in the coordinate system
XOQOY under the action of technological loadings and
operational parameters of the HB and characterizes
the deviation from the nominal size of the treated
surface.

Mean-square deviation or of the radius-vector of
trajectories allows us to estimate the dispersion
spindle position under the action of technological
loadings and operational parameters of the HB
spindle and affects to the limit of the radial size of
the treated surface.

Asymmetry Ar and kurtosis Er is determined
skewness and peakedness of the distribution curve
the value of the radius-vector of trajectories and
characterized the degree of closeness of scattering
curve of the provisions the radius-vector to the
normal distribution law.

For each realization an experiment
determining the statistical characteristics of
trajectories was performed on three samples of 500
discrete values of the spindle position that
corresponds to its 10 full turns and meets
significance level a = 0,05 and the relative error in
the determination of the mathematical expectation
Am = 0,01 [5].

After that, was carried the calculation relative
error of determining the value of the radius-vector of
trajectories AR for each of the experiment, the value
of which generally does not exceed 7.7%.

For analytical description of trajectories of the
radius-vector the interpolation its discrete values by
cubic splines is carried out. For this purpose was
used the function cspline and interp package
MathCAD. Spectral analysis of trajectories is made

of
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lMepeBipkolo Ha OCHOBI KpUTEpItO xz MipcoHa [5]
rinotesa Mpo HOPMAamnbHICTb 3aKOHY po3noginy
BENMYUHW pafiyc-BeKTopa TPaEKTOPil He y BCiX BU-
nagkax nigTBepaxyeanaco. Lle moxe 6yTu 3ymoBne-
HO HasIBHICTIO CUCTEMAaTU4YHUX MOXMOOK, BHACMIOOK
SAKNX BUHMKAE acumeTpia Agr i ekcuec Er KpuBOi HO-
pManbHOro posnoginy. B Taknx Bunagkax 4ogaTkoBo
nepesipKy rinoTe3aM npo HabnwxeHicTb OO0 HopMma-
NBHOMO 3aKOHY pO3MNoAiny BEenuYMHU pagiyc-BekTopa
TPaEKTOPIN 34iNCHIOBANN, OLHIOKYM CMiBBIAHOLLEHHS
BennumH Agr, Er Ta cepegHbokBagpaTuyHe
BioxuneHHsa (CKB) acumetpii oa i ekcuecy og [6].
Cnig BiA3HAuUMTU, WO BMKOHAHHS YMOB ‘ARIGA‘ <3

Ta ‘ER/OE‘<3 NnpakTUYHO B yCiX BuMNagkax

3a[10BOJILHSANOCH, WO AO3BOSSANO0 3p06UTM BUCHOBOK,
LLIO acumeTpida i ekcuec He € CYTTEBUMM i po3nogin
BMMAAKOBOI BENMWYMHU pafiyc-BEKTOpa TPAaEKTOpIi
HabnMXeHnn 0O HopmarnbHOro. HabnuxeHicTb pos-
noainy BMMNagKoBOi BENUYMHWU pafiyc-BeKTopa Tpae-
KTOpili O HOPMarnbHOro 3aKOHY, a TakoX cTauioHap-
HICTb Ta €proauMyHiCTb BMMNAAKOBOro MpoLecy KOomu-
BaHb LWNMHAENS O03BOMSIE NpuW ouiHUi ToyHocTi LB
BMKOPUCTOBYBaTU CTATUCTUYHI XapakTepucTuKM Be-
NNYNHU pafiyc-BeKTopa TPAEKTOpIl LNMHAEeNs: ma-
TeMaTUYHE CMoAiBaHHS Mg, CepenHbOoKBaApaTU4HE
BiAXUIEHHS ORr, acumeTpito Agr Ta ekcuec Er.

MaTtemaTuyHe cnopfiBaHHA Mg BENWYUHW pagiyc-
BEKTOpa TPAEKTOPIN BU3HAYa€E 3MilLEHHSA LUNMHAENS
B cuctemi koopaguHaT XOY nig gieto TeXHOMOoriyHmMx
HaBaHTaXkeHb Ta ekcnnyarauiiiux napameTpis FCO i
XapaKkTepuaye BiAXWMNEHHS Bi HOMiHANbLHOro po3Mipy
0b6pobnioBaHoi NOBEPXHI.

CepenHbokBagpaTU4He BIiOXMIEHHS Or pagiyc-
BEKTOpa TPAEKTOPIN Aa€ 3MOry OLHUTU PO3CilOBaHHA
NOSIOXKEHHSA WNUHAENa nig  Aielo  TeXHOMOrYHMX
HaBaHTaXkeHb Ta ekcnryaTauinHnx napametpis [CO
WNMHAEeNss Ta BNNMBae Ha [JONyck pagianbHoro
po3mipy 06pobneHoi NoBepXxHi.

AcumeTpia Ar Ta ekcuec Er BuM3HavawTb
CKOLLEHICTb Ta KPYTICTb KPMBOI pOo3nofiny Benu4mMHu
pagiyc-BekTopa TpPaeKkToOpii Ta XapakTepusylTb
CTynMiHb HaBNMXEeHOCTI KpUBOT po3citoBaHHs
NnonoXeHb pafiyc-BeKTopa A0 HOPMaribHOro 3aKoHy
posnogainy.

Ona KoxHOi peanisauii ekcnepuMMeHTy BU3Ha-
UYEHHSI CTaTUCTUYHUX XapaKTEePUCTUK TPaEKTOPIN
3gincHioBanM 3a Tpboma Bubipkamm ob’emom 500

OUCKPETHUX 3Ha4yeHb MONOXEHHS LWNUMHAENs, LWo
Bignoeigae woro 10-Tm noBHMUM obepTam Ta
3a[10BOMbHSAE  PiBHIO  3HaumMmocTi  «a=0,05 npwu
BiAHOCHIN MOXuOLi BM3HAYEHHA MaTemMaTU4yHOro
crnofiBaHHs Ay = 0,01 [5].

Micns LbOro nposoannocs obuncneHHs
BiHOCHOI MOXMOKM BM3HAYEHHS BENUYMHU pagiyc-
BEKTOpa TpaekTopii Ar Ans  KOXHOI  peanisauii
eKCNepuMEeHTy, BenuyuHa $§IKoi  3aranom  He

nepesuvwysana 7,7%.

Ona aHaniTM4HOro onucy TpaekTopin pagiyc-
BekTopa R 3[4ifiCHEHO iHTepnonsauilo Noro guckpeT-
HUX 3HayeHb KyOiyHMMKM cnnanHamu. [Ons uboro
BUKOpUCTOBYBanucs dyHkuii cspline Ta interp nakety
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by the results of the mathematical description of their
form of Fourier series according to standard
techniques [6].

On Fig. 3 shows graphs of the mathematical
expectation a) and MSD b) the value of the radius-
vector of the experimental trajectories spindle from
the pressure in the pockets of the hydrostatic
bearing. The processing of samples - products was
performed a lathe feedthrough tool with plate of hard
alloy T15K6, at different values of spindle rotation
frequency, cutting depth t=0,6 mm, feed S¢=0,115
mm/turn, with constant static imbalance Dst
4360x10° kg-m.

With increasing pressure in the pockets of the HB
of spindle in the range 2-3.5 MPa the mathematical
expectation of the radius-vector of the trajectories
spindle decreases to 1.25 - 1.45 times and with
growth of spindle rotation frequency the influence of
pressure on the value of the mathematical
expectation of the radius-vector of the trajectories
decreases. The increase oil pressure in HB in the
range 3,5 - 45 MPa on the value of the
mathematical expectation of the radius-vector of the
trajectories has virtually no effect.

5 ms, microns

n=2400 min-’

n=1500 min""

n=600 min-'

, P, MPa

25 3 4.5

a)

MathCAD. CnekTpanbHui  aHania  TpaekTopin
30iICHEHO 3a pe3ynbTaTaMu MaTeMaTU4YHOro onucy
ix dopmu psagom Pyp’e 3rigHO 3aranbHOMPUAHATUX
MeToauk [6].

Ha puc. 3 npuBegeHO 3anexHocTi manemaTtud-
Horo cnopiBaHHs a) Ta CKB 6) BenuuuHn pagiyc-
BEKTOpa eKCrepuMMeHTanbHUX TPAeKTOPIN LWNMHAENs
Big Tucky B kapmaHax CO. O6pobky 3paskiB-BUpO-
0iB 34iMCHIOBaNM TOKApHUM MPOXIiAHMM pi3LeM 3 nna-
CTMHOIO 3 TBepaoro cnnay T15K6, npu pisHnx Benu-
YMHaX YacToTK 0BepTaHHs WNUHAens, rmnbuHi pisa-
HHs t=0,6 MM, noaadi, Sp=0,115 mm/00, 3a HasABHOCTI
crtatudHoro ancbanaHcy Der=4360-10"° krm.

Mpn 36inbweHHi Tucky B kapmaHax [CO
wnuHaens B Aianasoni 2-3,5 Mlla matematunyHe
CMoAiBaHHS BENWYUHW pafiyc-BeKTOpa TPaeKTopin
wnuHaens 3meHwyetbca B 1,25 1,45 pasn,
npuyomy 3i  3pOCTaHHAM  4acToTu 0bepTaHHA
WNMHOeNnsa BMMMB TWUCKY Ha BEeNUYMHY Martema-
TMYHOTO CMnodiBaHHA pafiyc-BeKTopa TpaeKTopin
3meHwyeTbes. 36inbleHHs Tucky mactuna B FCO B
pianasoHi 3,5 — 4,5 Mla Ha BenuuuMHy MaTema-
TMYHOTO CMnodiBaHHA pafiyc-BeKTopa TpaeKTopin
NPaKTU4HO HE BMIMBAE.

Or, Microns
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Fig. 3 — Mathematical expectation a) and MSD b) the value of the radius-vector of the experimental trajectories spindle, when
the pressure in the hydrostatic bearings is regulated / MamemamudyHi criodisaHHs a) ma CKB b) eenu4uHu padiyc-eekmopa
eKkcriepuMeHmarsnbHUX mpaekmopit wnuHoesns npu peaynosaHHi mucky e kapmaHax [CO

Adjusting the pressure in the pockets of the HB
affects on the MSD the value of radius-vector of the
trajectories spindle at rotation frequency of more than
1500 min™.  With increasing of spindle rotation
frequency increase the pressure in the pockets of the
HB more intense effects on reducing the MSD the value
of the radius-vector of the trajectories spindle, which
increases the machining accuracy in terms of the size
tolerance of workpiece.

The comparison of experimental (cross-hatching
line) and received in the work [3] theoretical
dependences of mathematical expectation (Fig. 4, a)
and MSD (Fig. 4, b) the value of radius-vector of the
trajectories from the pressure in the pockets of the HB

at n=const=1500 min™ shows their qualitative
consistency.
The  maximum  difference  between the

experimental and theoretical values of mathematical
expectation radius-vector of the trajectories, which
received from a mathematical model taking into
account the deviations form of bearing surfaces does
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Ha CKB BenuuuHu pagiyc-BekTopa TpaekTopin
WNUHAOENST  PerynioBaHHS  BENUYMHOK  TUCKY B
kapmaHax CO BnnuBae npu yactoTax obepTaHHsi
noHag 1500 xa™. Mpun ubOMYy 3i 3pOCTaHHSIM YacTOTH
obepTaHHa  wnuHOensa  30iMblUEHHA  TUCKY B
kapmaHax CO iHTEeHCUBHiLLE BNAMBAE Ha 3HWKEHHSI
CKB pagiyc-BekTopa TpaekTopii LWNUHOEns, Lo
Crpusie NiABULLEHHIO TOYHOCTI 0B6POOKM 3a MOKa3HM-
KOM [oMNyCcKy po3Mipy 06po6nioBaHOi MOBEPXHI.

MopiBHAHHA ekcnepuMeHTanbHUX (LTpUxoBa
niHiA) Ta oTpumaHux B poboTi [3] TeopeTuyHMX
3anexHocTer MaTeMaTUYHOro crnofiBaHHs (puc. 4,
a) ta CKB (puc. 4, 6) BenuuuHu papgiyc-Bektopa
TpaekTopii Big Tucky B kapmaHax [CO npu
n=const=1500 xs8™* nokasye ix sIKiCHy y3rogXeHicTb.

MakcumanbHa po3bixkHICTb MiX ekcrnepumMmeHTa-
NbHUMMW Ta TEOPETUYHUMU 3HAYEHHSIMU MaTemaTu-
YHOrO CrnoAiBaHHSA BENMWYMHM pafiyc-BekTopa Tpa-
€KTOpIN, OTPUMaHUMKM 32 MaTEMaATUYHOK MOAENIIO
3 BpaxyBaHHAM BIiOXWNEHHA OpMM  OMOPHMX
nosepxoHb CO He nepeBuwye 16,7%. MopiBHAHO
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not exceed 16,7%. Compared with the values of
mathematical expectation radius-vector of the
trajectories obtained by mathematical model with an
idealized bearing surface, experimental values differ
on average in 1,45 times, it shows the importance of
taking into account the forms of bearing surfaces in
the study of HB precision spindle units with bearers of

3i 3HaYEHHAMM MaTeMaTU4HOro CnofiBaHHA pagiyc-
BEKTOpa TPAaEKTOpil, OTpUMaHMMM 3a mMaTemMaTtuy-
HOK MOZennw 3 igeanizoBaHMMM  OMOPHUMU
noepxHamn [CO ekcnepumMeHTanbHi 3Ha4YeHHs
Bipi3HAOTbCA B cepedHbomy B 1,45 pasu, wo
CBiAUMTb NMPO BaXMMBICTb BpaxyBaHHS BiOXWNEHb
dopmMun onopHux noeepxoHb MCO npu gocnigXeHHi

this type. To4yHoCTi LLIB 3 onopamwu Takoro tuny.
fiic hilorons 5 _Or microns
20 1 1
> o
\ 8 i e L /’,
18 A NS s A .__ ¢ P
1 e
'~ 7 g
] 2 1 .
16 oy ~3
\\.‘ s ~
14 - 3 6 1 ~ 2
b \_,// o
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a) b)

Fig. 4 — The comparison of experimental and theoretical dependences of mathematical expectation a) and MSD b) the value of
radius-vector of the trajectories from the pressure in the pockets of the hydrostatic bearings at n=const=1500 min™ / [TopigHsHHS
eKcriepuMeHmarsbHUX ma meopemuyHuUx 3anexHocmelt MameMamu4yHoeo criodigaHHs1 a) ma CKB 6) eenu4uHu padiyc-
sekmopa 8id mucky 8 kapmaHax 'CO npu n=1500 xe&™: 1 — experimental dependences / excriepumeHmarbsHi 3anexHocmi;

2 — dependence, which received from a mathematical model taking into account the deviations form of bearing surfaces HB /
3anexHocmi, ompumaHi 3a MamemMamu4HO MOOEsIIH0 3 8paxy8aHHsIM 8iOXUNEHHS hopMu OrnopHuUX nosepxoHb [CO;

3 — dependence, which received from a mathematical model with idealized bearing surface HB / 3anex+Hocmi ompumani, 3a
MamemamuyHor MoOessio 3 ideanizogaHumu ornopHUMuU nosepxHsamu FCO

The maximum  difference  between the
experimental and theoretical values mean-square
deviation of the radius-vector of the trajectories
obtained taking into account the deviation form
bearing surfaces does not exceed 14,3%. The
difference between the value of mean-square
deviation of the radius-vector of the trajectories
obtained numerical modeling with idealized bearing
surface of hydrostatic bearings and experimental
values of mean-square deviation does not exceed
13,8%. Quantitatively, interrelation of theoretical and
experimental dependence was assessed using
coefficient of pair correlation, the results of which
determination and evaluation their reliability are
shown in Table 1.

The results of calculation coefficient of pair
correlation, which are listed in table 1, indicates a

high degree of consistency experimental and
theoretical dependences of the mathematical
expectation value of the radius-vector of the

trajectories from the pressure in the pockets of
hydrostatic bearings of spindle.

Due to the low value and unconfirmed reliability
determination of coefficient of pair correlation for the
values mean-square deviation of the radius-vector,
obtained theoretically and experimentally to assert
about their close relationship impossible.

This is because that, mean-square deviation of
the radius-vector of the trajectories at a spindle
rotation frequency n = 1500 min™ from the regulation
of pressure in the range of 2 — 4,5 MPa practically
independent: the difference between the maximum
and minimum experimental value of mean-square
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MakcumanbHa po3biKHICTb MiXX ekcnepuMeHTa-
NbHUMKU Ta TeopeTU4yHMMN 3Ha4veHHsMK CKB Benu-
YMHW pafiyc-BeKTOpa TPaEKTOpi, OTpUMaHUMK 3a
MaTeMaTU4yHOK MOAENN, B SKiM BpaxoBaHO
BiAXUNEHHSA copmmn onopHMx noeepxoHb MCO He
nepesutye 14,3%. BigmiHHicte CKB Benuuunm
pagfiyc-BekTopa TPAaEKTOPIA, OTPUMAHOro 4Yncenb-
HUM MOZENOBAHHAM 3 igeanisoBaHMMM OMOPHUMM
noeepxHsamu MCO Big ekcnepMMeHTanbHUX 3Ha4YeHb
CKB He nepesuwye 13,8%. KinbkicHO B3aemMo3B'si-
30K TEOPETUYHUX Ta EKCNEePUMEHTamNbHNX 3anexHo-
CTel OuiHIOBanu 3a A4ONOMOrow KoedilieHTy napHoi
Kopensauii, pesynbTaTtu BU3HAYEHHS SIKOrO Ta OLiHKK
Oro 4OCTOBIPHOCTI HaBeAeHo B Tabnuui 1.

Pesynbtatn pospaxyHky koedilieHTy napHoi
Kopensuii, HaBedeHi B Tabnuui 1, BKasywTb Ha
BMCOKMI CTYNiHb Y3ro4>KeHOCTi eKCnepuMeHTanbHuX
Ta TEOPeTUYHUX 3anexHoCTen MaTemMaTuyHOro
CroAiBaHHS BENWYUHW pafiyc-BeKTopa TpPaeKTopin
Bifg, TUCKy B kapmaHax [CO wnuHgens.

BHacnigok HeBMCOKOro 3Ha4yeHHs Ta Henia-
TBEPI)KEHOI [JOCTOBIPHOCTI BU3HA4YeHHs1  koedi-
uieHTa napHoi kopensuii ana 3HavyeHb CKB pagiyc-
BEKTOpa, OTPMMaHMX TEOPETUYHUM Ta eKkcrepume-
HTaNbHUM LUNSAXOM CTBEPOXXYBaTW MNpPO X TiCHUN
B3a€EMO3B’'I30K HE MOXHa.

Lle nosicHoeTbcst TUM, Wwo CKB pagiyc-BekTopa
TpaekTopin npu 4acToTi obepTaHHs LWNMHAENS
n=1500 x8™ Big peryntoBaHHsi TUCKY B Adiana3oHi 2 —
4,5 MMa npakTM4HO He 3anexuTb: PIHUUSA MiX
MakCUMarnbHUM i MiHIManbHUM eKcnepumeHTarnb-
HUM 3HayeHHsaMm CKB papgiyc-Bektopa CTaHOBUTb
10,6%, a mMakcumanbHe Ta MiHiManbHe 3Ha4YeHHs
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deviation of the radius-vector is 10,6%, and the
maximum and minimum values of mean-square
deviation of the radius-vector of the trajectories
obtained under the same conditons on a
mathematical model differ only by 4,5%.

CKB pagiyc-BekTopa TpaekTopii OTpuMaHi npwm
TaKMX caMuX yMOBax 3a MATEMAaTUYHOK MOAENSIO
BiAPI3HATLCS nuwe Ha 4,5%.

Table 1

BusHauyeHHA KopensuinHOro 3B'A3Ky eKCnepuMeHTanbHUX Ta TEOPETUYHMUX 3aNeXXHOCTEN MaTEMAaTUYHOIO cnoAdiBaHHA
Ta cepegHbOKBaApaTUYHOIO BigXMNEHHA BeNIMYUHM padiyc-BeKkTopa Big TUcKy B kapmaHax FCO / Determination of the
correlation connection of experimental and theoretical dependences of mathematical expectation and mean-square
deviation values of the radius-vector from pressure in the pockets of HB

pressure mathematical expectation / pressure mean-square deviation /
in the HB / MamemamuyHe crodigaHHs1 Mg in the HB / cepedHboKksadpamuyHe 8iOXUIIEHHS, Or
muck e 'CO, mathematical model / experiment / muck e ['CO, mathematical model / experiment /
p, MPa Mamemamuy4Ha Moderb, eKcriepumMeHm, p, MPa mamemamuyHa Modernb, |  eKcrnepumMeHm,
Mg1, UM Mgz, UM ORr1, MM Or2, UM
2,00 16,71 20,05 2,00 7,19 8,39
2,50 16,02 16,98 2,50 6,90 7,74
3,00 14,76 15,67 3,00 6,97 7,81
3,50 14,30 14,94 3,50 6,87 7,75
4,00 14,36 14,98 4,00 7,11 7,49
4,50 14,54 15,10 4,50 7,20 7,55
Coefficient of correlation / Koegbiuienm kopensauir e = 0,959 Coefficient of correlation / KoegbiyieHm kopensuii o = 019
The error of correlation coefficient / The error of correlation coefficient /
., A=0,032 L A=0,393
lMoxubka koedgpiyieHma Kopensuii lMoxubka koedgiyieHma Kopensauyii

r

Mg1,Mg2

A

r

0955
0,032

-299>4

r

OR1:9R2 _

A

"

0191
0,394

=0,484<4

The influence of adjustment pressure in the pockets
of HB to asymmetry Ar and kurtosis Er value of the
radius-vector of the trajectories spindle shown graphically
in Fig. 5. Dissipate value of the radius-vector of the
experimental trajectories spindle, when the pressure
in the pockets of hydrostatic bearings is regulated has
asymmetry and kurtosis in the range of 2-4.5 MPa,
the latter being appears more significantly.

Bnnue perynioBaHHsA TckoM B kapmaHax FCO Ha
acumeTpito Ar Ta ekcuec Egr BenuuuHu pagiyc-
BEKTOpa TPaeEKTopin wnuHaens rpadidyHo Bigobpa-
XeHo Ha puc. 5. PoscitoBaHHS BenuuuHmM pagiyc-
BEKTOpa eKCrepMMEHTarbHUX TPAEKTOPIN WnuHaens
npw perynoBaHHi TUCKy B kapmaHax [CO B gianasoHi
2-4,5 MIlla mae acumetpito Ar Ta ekcuec Eg,
NPUYOMY OCTaHHI NPOSIBNSAETLCS GinbLU CYTTEBO.
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Fig. 5 — Asymmetry and kurtosis (dashed lines) of dissipation value of the radius-vector of the experimental trajectories
spindle, when the pressure in the hydrostatic bearings is regulated / Acumempis ma ekcuecc po3citogaHHs1 enuduHU padiyc-
8eKmopa eKkcrnepuMeHmarbHUX mpaekmopil whnuHOess npu peaynoeaHHi mucky 8 kapmaHax [CO

Within the limits of pressure 3 — 3,5 MPa, at a
spindle rotation frequency n = 600 min™ the dissipation
provisions of radius-vector is very close to the normal
distribution law, as evidenced by the minimum absolute
values of asymmetry and kurtosis. Changing the
pressure almost no effect on the asymmetry of the
distribution curve at a spindle rotation frequency 2400
min™ and 600 min™. At a rotation frequency 1500 min™
regulation pressure in the pockets HB practically does
not influence on the value of excess Er. Increasing the
pressure in the pockets of HB from 2 MPa to 4,5 MPa

50

B mexax Tucky 3-3,5 MMa, npu yactoti obe-
pTaHHa n=600 xg™ PO3CitoBaHHA MONOXeHb pagiyc-
BEKTOpa MakCMManbHO HabnumxeHe OO 3aKOHy HO-
pMarnbHOro po3noAiny, Npo o CBiaYaTh MiHiMarnbHi
abconoTHI 3HayeHHs acumeTpii Ta ekcuecy. 3MmiHa
BEMNWYUHM TUCKY MPaKTUYHO He BMNNMBAE Ha acu-
METPIl0 KPUBOI pOo3Mnoginy npy 4actoTi obepTaHHSA
wnmHaens 2400 xs™* Ta 600 x8™. Mpu yacToTi 06e-
pTaHHa 1500 xg™ perynoBaHHA TUCKY B KapmMaHax
FCO npakTU4HO He BMMMBAa€E Ha BEMUYMHY EKCLIeCy
Er. NigBuweHHa tucky B kapmaHax NCO 3 2 Mla
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reduces Kkurtosis of distribution curve at a rotation
frequency 2400 min™,

By means of the package MathCAD was carried
spectral analysis of experimental trajectories of
spindle (Fig. 6, 7).

microns
1

£o 4,5 MlMNa cnpusie 3MeHLIEHHI0 eKcLecy KpuBOi
posnoainy npu 4YactoTi o6eptaHHsa 2400 xg™.

3acobamu nakety MathCAD 3gincHeHni cne-
KTpanbHW aHania ekcrnepvMeHTanbHUX TPaekTopin
wnuHaens (pwc. 6, 7).
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Fig. 6 — Spectrums of harmonic amplitudes of the trajectories spindle, when the pressure in the HB is regulated / Cnekmpu
amrimyd 2apMOHIiK mpaekmopili wnuHdens npu peayntoeaHHi mucky e kapmaHax 'CO: a) p=2,5 MPa, b) p=3,5 MPa, c) p=4,5 MPa
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Fig. 7 — Mathematical expectations of amplitudes of harmonics Ne1-8 by spectrums of experimental trajectories spindle, when
the pressure in the HB is regulated at n=const=1500 min™ (number of curve corresponds to the number harmonic of spectrum) /
MamemamuyHi criodieaHHs1 amrnimyd 2apMoHik Nel1-8 criekmpie ekcriepuMeHmasnbHUX mpaekmopit wnuHoesns npu
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(Homep Kpueoi 8idrnosidae HOMepPY 2apMOHIKU CrIeKmpy)
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The spectral analysis experimental trajectories
spindle has allowed to establish the following
regularities. Increasing pressure in the pockets HB in
a range from 2 MPa to 3,5 MPa leads to a shift
spindle axis in the direction of the geometric center of
HB, as evidenced by a decrease on 20,6%
mathematical expectation of first harmonic of
spectrum trajectories, but with increasing pressure to
45 MPa is observed a slight increase the
mathematical expectation of radius-vector and 1st
harmonic. Mathematical expectation amplitudes of
harmonic Ne2-8, also tends to decrease an average
of 45%, when the pressure in the range from 2 MPa
to 3.5 MPa increases and the growth in average 35%
with increasing pressure in pockets HB of spindle
from 3,5 MPa to 4,5 MPa.

CONCLUSIONS

The analysis of experimental results allowed to
set regularities formation geometric accuracy of the
machine tool in terms of accuracy trajectories of
spindle, depending on the oil pressure in the HB at
presence of the static imbalance:

— rational value of the pressure in the pockets of
the HB, at which ensures minimum mathematical
expectation and mean-square deviation values of
the radius-vector of the trajectories is in a range of 3
— 3,5 MPa, which is about 65 — 75% of maximum of
the working pressure range in the HB of this type;

— comparing the experimental and theoretical
dependence the statistical characteristics of the
radius-vector of trajectories spindle from oil pressure
in hydrostatic bearings shows their qualitative
consistency, the maximum difference between
theoretical and experimental data does not exceed
16.7%.
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CnekTpanbHUN aHani3 ekcrnepumeHTarnbHUX Tpae-
KTOPIN WNUHAENs1 AO3BOMNMB BCTAHOBUTU HACTYMHI 3aKO-
HoMipHocTi. 36inbleHHs Tucky B kapMmaHax 'CO B pgia-
nasoHi 2-3,5Mla npusBoguTb A0 3MilLleHHS OCi
WNMHAENsA B HanpsiMKy reomeTpudHoro ueHtpy CO,
npo WO CBIig4YNTb 3HMWKEHHA Ha 20,6% mMaTemaTU4HOro
crofiBaHHsi 1-01 rapMOHIKU CNeKTpy TpPaekTopin, npoTe
npv nigBuweHHi Tucky o 4,5 Mla cnoctepiraetbcst
He3Ha4yHe 3pPOCTaHHs MaTeMaTU4HOro CrnofiBaHHsA pa-
aiyc-BekTopa Ta 1-i rapmoHikn. MatematuyHe cnogisa-
HHsi amnnitya rapmoHik Ne2—8 Takox mae TeHOeHLilo
00 3HWXKEHHS B cepefHboMy Ha 45% npu nigBULLEHHI
TUCKy B Aiana3oHi 3 2 MlMNa go 3,5 MlNa Ta 3pocTaHHsA B
cepegHboMy Ha 35% npu  30iNblUEHHI TUCKY B
kapmaHax [CO wnuHaens 3 3,5 MIMa go 4,5 MlMa.

BUCHOBKU

lMpoBeneHun aHania ekcnepuMeHTanbHUX pe3yrb-
TaTiB 4O3BOMMB BCTAHOBUTM 3aKOHOMIPHOCTI hopmyBa-
HHS FTEOMETPUYHOI TOYHOCTI BepcTaTa 3a MOKa3HMKOM
TOYHOCTI TPAEKTOPIN LINUHAENS 3anexHo Big TUCKY
mactuna B NCO npu HasiBHOCTI crtatudHoro amcba-
naHcy:

— pauioHanbHa BenuynHa TUCKy B kapmaHax [CO,
npu sikin 3a6e3neyyroTbCA MiHIManbHi 3HaYEHHs MaTe-
MaTnyHoro cnogisaHHa Ta CKB BenuuvHu pagiyc-
BEKTOpa TPAaEKTOPI 3HaxoouTbCcA B Aiana3oHi 3-3,5
Mla, wo cTaHoBUTb NpMGIM3HO 65—75% MaKkCUMAnb-
HOro 3HauyeHHsi pobouyoro piana3oHy Tucky B [CO
Takoro Tuny;

— MOPIBHSAHHA eKCNepuMMEeHTanbHNX Ta TeopeTuy-
HUX  3anexHOCTeN CTaTUCTUYHMX XapaKTepUCTUK
pagiyc-BekTopa TpPAaEKTOpIA WNWHAENs Big TUCKY
mactuna B [CO nokasdye ix SKICHY Yy3romgKeHiCTb,
MakcumarnbHa pPoO30OiKHICTb MK TeopeTU4HMMKU Ta
eKcrnepuMeHTanbHUM1 AaHuMn He nepesulye 16,7%.
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