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Abstract

Comprehensive vibration data were generated foidadstatic carriage system that carries workpidce ldigh-
Speed Milling Machine at the Machine Tool Resea@anter of the University of Florida. Machine tool
accuracy is critical if final quality of machinea@nts is of importance. In high speed machiningy easvement
of parts is also a desired feature and the usehgHeostatic bearing and guides provides a wayctoeae this.
Data was generated using experimental modal asalgsiechnique that has found wide use with vibrati
analysts. To obtain various stiffnesses withinlih@ader carriage, a series of measurement wagjtakioss the
length a breadth of the hydrostatic table, the ltesabtain depicts the dynamic behavior of workpidable
during the high speed operations. The data shows gibration characteristics of the hydrostaticrieaye.
Analysis of data in across the whole show high dyinsstiffness as expected from design. The k vahtained
for pitching is 1.3386+009N/m. The stiffness of le&dearing is k. Estimated bearing stiffness is 938®09N/m.
For the case of rolling, obtained is 1.7859+009Nmstimated bearing stiffness is 0.8925+009N/m. The
variability in stiffness may be due to unequal tatees in the bearing gaps of individual bearingsdsd
parameters of the hydrostatic table, which inclalémportant natural frequencies, modal dampingpsaand
mode shapes, were observable.

Keywords. hydrostatic carriage, experimental modal analykisamic stiffness

1. Introduction

Manufacturing strategies require high productivéigd good quality of produced parts simultaneousty.
Mechanical Manufacuturing where Milling Machine® aiso used, the demand for high quality meanstlieat
overall accuracy of the machine tool must be hiloductivity and quality are contradictory goalséese easy
movement of workpiece or tool and achieving accyrae conflicting objectives. The challenge facihg
machine tool industry is to be able to develop nehnologies to meet increasing specifications and
requirements from consumers.

High speed machining (HSM) is revolutionizing meaical production especially in the area of aircraft
manufacturing where high material-removal rate (MR& of great importance (Tlusty, 2000). The bidges
challenge to HSM is to achieve good surface qualitnachined parts with high material removal rdtee life
span of the High Speed Milling Machine must alsacomparable with a traditional or conventional typbese
demands require continued improvement of existogmment used for HSM.

Surface quality and surface integrity of machinetpare the direct results of a stable, rigid aésign and
construction for which vibration effects due to thenamics of cutting can be eliminated. When mdalinit is
highly desirable to cut with high forces, (i.e.rga depths of cut and at high speeds with minimalre to the
workpiece). For a machine tool to handle theseeldogces it must be very stiff and should have gdacdhping
characteristics. The stiffness of a machine toldwa for small vibrations under heavier forces, velas the
damping helps to dissipate excess energy gendogtdese

forces. In short, high stiffness and damping helpeduce the errors associated with machining dod/:s for
high metal-removal rates and longer tool life (Sio¢ 1992).

Undesirable attributes of a machine tool are erionsiotion and variable stiffness in different cgofations.
Many of the errors come from the manufacturinghaf inachine tool itself. Errors in form and surféiaésh of
any of the guideways can lead to undesirable erobrsnotion in the machine tool and to points in the
machinable space where the stiffness is less tbsined.

1.1 Accuracy of Machine Tools
Machine tools are made up of linear and rotary axesbined in series with the work and cutting tddachine
axes inherently have unintended motions, therelpduocing errors. The error motions of each of #xes
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combine to cause a resultant volumetric error betwbe work piece and the tool (Tlusty, 2000). Ehesn be
decomposed into six fundamental degrees of freedmmesponding with the chosen coordinate systeras@h
errors are referred to as displacement, straightrredl, pitch, and yaw for a linear axis. Displant error is
the error along the intended-motion direction @& #xis. Straightness error is in the two directipegendicular
to the motion axis of interest. Rolling, pitchiramd yawing are the rotational motions about thedioate axes.

Rotational errors are due to inadequate stiffnedbe entirety of a machine tool bed. In traditiotesign of a
machine tool, bearings with mechanical contact betwelements are used as intermediaries between the
moving parts of the machine and the stationary .base bearings, supporting a carriage, ride along a
accurately machined way and act as springs bettteemoveable carriage and the stationary wayseRpHck,
re-circulating ball, and sliding element are exaspbdf bearings that use mechanical contact as hoohetf
supporting as well as stiffening the machine t¥dhile mechanical-contact bearings can be madeldavdligh
stiffness between the carriage and the base, tteegusceptible to the before-mentioned errors énfoihm and
surface finish of the ways they ride on.

1.2 Hydrostatic Bearings

An alternative to mechanical contact bearings ésube of hydrostatic bearings. Hydrostatic bearuggsa thin
film of high-pressure fluid to support a load (mstcase the carriage). Hydrostatic systems on imadbols are
evolving as next-generation designs to achievedifiisult task of high surface finish. They aredwn to have
such properties as high geometric precision, higted of response, suppression of ‘stick-slip’ effgclow
speed, minimum friction factor, low heat intakerahility, high stiffness, high vibration dampingdarunning
accuracy (Peterson, 2000). This research deterrttieestiffness of a hydrostatic carriage, bearimg) guideway
on a High Speed Machine tool.

2. Methodology
2.1 Experimental Modal Analysis

Experimental modal analysis, basically, is a procedf “experimental modeling”. The primary purpaseo
develop a dynamic model for a mechanical systemguskperimental data. The data generated is afset o
response properties such as measured frequencgnsesiunctions. Generally a modal model consistifig
natural frequencies, modal damping ratios and nxidgpe vectors is obtained from the frequency respon
functions. Complex vibrating systems usually cansfscomponents that possess distributed energggtoand
energy dissipative characteristics. In these systethe inertial, stiffness, and damping propertiesy
(piecewise) continuously with respect to the spadtieation. Consequently, partial differential etjoas with
spatial coordinates, e.g. Cartesian coordinatey,(zx) and time t as independent variables, aressy to
represent their vibration response.

A distributed (continuous) vibrating system candpproximated (modeled) by an appropriate set ofpkon
masses properly interconnected using discrete g damper elements. Such a model is called pddm
parameter model or discrete model. An immediate aathge resulting from this lumped-parameter
representation is that the system equations beardigarily differential equations. Often, linearrgsgs and
linear viscous damping elements are used in theskeln The method is based on the fact that thesdized
systems (models) have preferred frequencies anthefeic configurations (or natural modes), in whitiey
tend to execute free vibration. An arbitrarily reape of the system can be interpreted as a lirmabination of
these modal vibrations; and as a result, its aiglyan be conveniently done using modal technigaes,
important tool in vibration analysis, diagnosissida, and control. In some systems, mechanicalunetfon or
failure can be attributed to the excitation of th@ieferred motion such as modal vibrations andmasces. By
modal analysis, it is possible to establish themtxand location of severe vibrations in a systéon.this reason,

it is an important diagnostic tool. For the samason, modal analysis is also a useful method fedipting
impending malfunctions or other mechanical probler8¢ructural modification and substructuring are
techniques of vibration analysis and design, whaighbased on modal analysis. By sensitivity ansiysthods
using a “modal” model, it is possible to determimkat degrees of freedom of a mechanical systemmast
sensitive to addition or removal of mass and &g elements. In this manner, a convenient an@ragsic
method can be established for making structuralifications to eliminate an existing vibration prebi or to
verify the effects of a particular modification. large and complex system can be divided into sévera
subsystems that can be independently analyzed.dahanalysis techniques, the dynamic charactesisti the
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overall system can be determined from the subsystdammation. This approach has several advantages,
including:

(1) subsystems can be developed by different msthodh as experimentation, or other modeling teghas

and assembled to obtain the overall model,

(2) the analysis of higher order system can beaedlto several lower-order analyses; and

(3) the design of a complex system can be doneebigding and developing its subsystems separdfiggal
control, a technique that employs modal analyssquite effective in the vibration control of corepl
mechanical systems.

2.1 Experimental Set-Up

The experiment setup included a computer, an I@Rlammeter, two amplifiers, and an instrumentepaiah
hammer together referred to as dynamic analyzes.cBbmputer ran on the TXF software. The TXF 98ivars
developed by Manufacturing Laboratory Incorporates used. It is specifically designed for modatitgsof
machine tools using impact test methods. It uilidata acquisition and computing routines to predutransfer
function in 10, 5, 2.5 KHz ranges. TXF monitors taignals to produce transfer functions when theaichfis
made on the table with the hammer; a high impedahegge signal is generated by the piezoelectrisisg
element. The hammer provides a simple means ofiegdhe table into vibration. It has a set of €iffnt tips
and heads, which serve to extend the frequencyand level ranges for testing a variety of stroesu Integral
with the impacting end of the hammer is a forcagdaicer, which detects the magnitude of the fdedeby the
impact end, which is assumed to be equal and ofgptwsthe force experienced by the table. The ntadeiof
the force applied is determined by the mass oht#ramer and the velocity with which it is moving whg hits
the table. The TXF 98 has an inbuilt program tecejmpacts that resulted in an overload.

An accelerometer is a linear seismic transduceictwproduces an electric charge proportional toapplied
acceleration. A simple model of an accelerometsh@wn in

A mass is supported on a piece of piezoelectriamgr crystal which is fastened to the frame ofttla@sducer
body. Piezoelectric materials have the property ithéney are compressed or sheared, they prodncaetric
potential between their extremities, and this elegiotential is proportional to the amount of comgsion or
shear. As the frame experiences an upward acdelelitiglso experiences a displacement. Becausenss is
attached to the frame through the spring-like péearic element, the resulting displacement itezignces is
of different phase and amplitude than the displagnof the frame. This relative displacement betwte
frame and mass causes the piezoelectric crysthdetcompressed, giving off a voltage proportionalte
acceleration of the frame.

The Machine Tool Research Center has a wide rahgeaelerometers with varying sensitivities. Sewisjt

ranges are from 5.30mV/g(1851m/s2/V) to 1086mVagen/s2/V). High sensitivity is desired to get aetar
readings of frequency response functions. The hitffeesensitivity the heavier and larger the traosd and the
more space required by the accelerometer. Afterestast using different accelerometer, an acceleiemud

101.3 mV/g (98.7m/s2/V) was selected because afdtsl response in the frequency range of vibradiotine

table.

In order to determine the dynamic characteristithef hydrostatic bed, transfer functions were takeng and
across the entirety of the bed. A transfer functtoa function that represents the cause and efféationship of
a force and the vibration it creates. A transferction can either be a direct transfer functiormaross transfer
function. A direct transfer function is obtained &gplying a force to a point and measuring theatibn at the
same point. A cross transfer function is obtaing@bplying a force at one point and measuring ésponse at a
different point. When the impact is made on thdealith the hammer, a high impedance charge signal
generated by the piezoelectric sensing elemens iBhthen converted by the built-in electronicsthie ICP
accelerometers into usable low impedance voltaggats that can be readily transmitted over ordirtaxy wire
or co-axial cables. The electronics within the I&&telerometers require excitation power from a tzons
current regulated, DC voltage source. So one D@ugelsupply is provided to each accelerometer.cHindes
then run into the FFT analyzer where the compuggfopms a Fast Fourier Transform (FFT) on both aigin
Then a double integration is performed on the @&oebeter signal in order to convert from accelerafim/s) to
displacement (m). The displacement signal is dividg the hammer signal to give the transfer fumctoross a
specified frequency range. The real and imaginary @f the transfer function is plotted againstjfrency. The
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natural frequency of the system can be read dyrdéicdm the transfer function plot. By reading pgakints of
the imaginary value the natural frequency for vasionodes of vibration is obtained. The differenegneen the
frequenciesAf of the two peaks of the real part of the trandterction along with the natural frequency can be
used to calculate the damping ratip ¢f the mode.

Y
o,

where fn is the natural frequency of vibrationtod mode.
The dynamic stiffness, k is found from the imagynpeak value, H, referred to as a dynamic flexipili

1
k= ——

The first set of experiments captured modes ofatibn along the bed of the hydrostatic table. HSkhy@raulic
system was turned on and allowed for flow of otbithe four bearings supporting the table. Theutating
pressure was recorded as 55 bar and some time lleage for steady conditions to be achieved. The oi
temperature was also recorded as 780F.

The accelerometer was placed at one end of the &atul the impact hammer was applied at five diffepoints
along the table. It includes one direct transfercfion and four cross transfer functions. The tiocaof the
accelerometer was changed to the other end ofable and an impact was made at an arbitrary point t
determine whether a mode has not been recorded.eXpknation to this is that if the accelerometer i
positioned at or very close to a node of one orentdrthe table’s mode, it will be difficult to malee effective
measurement of that particular mode.

The second set of experiments was performed atiedsed of the hydrostatic table. Three impacteweade.
The position of the accelerometer was placed inlitiee of impact to capture as much modes of vibrags
possible. transfer functions were obtained foreghtre table to capture coupling modes presertiénvibration
of the table. Each result was stored in the conmgdateanalysis.

3. Results and Discussion

Results are in the form of a frequency responsetims and show plots of imaginary and real valagainst
frequency in the range of vibration of the tabldeTfirst three frequency response functions aresfes
functions of experiment about the X-axis. Modal graeters that is stiffness and modal damping raies
calculated for each result. These are summarizeal tiable below each figure. The next frequency arse
functions show results of experiment that inveségahe transfer functions across the table indthection of
the Y-axis.
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Figure 3-1 Transfer function of the hydrostatic ladahg the table.
Table 3-1 Modal damping ratios and stiffness oftifidrostatic.
Imaginary Natural
Real magnitude magnitude frequency Damping ratig Stiffness
fn ¢
Max (Hz) Min (Hz) H (m/N) (Hz) K (N/m)
208.66 176.24 -2.36E-09 190.73 0.08498922 ORH9
658.42 708.77 -2.59E-09 683.21 0.03684814 45tP9
S ‘I7X1O
3.8778 K \
g il
; 0.0012 \ o e o et o R s S 1 =
- |
-3.8753
= 16750 ’I[I)O 260 360 460 560 S(I)O 760 860 960 1000
Frequency, Hz
2.15371075
iR e ]
%,1_0932 —\ o BN - -
'$-1.9047
E 27163 \
-3.5279 7
D29 160 260 360 4El)0 560 660 760 860 950 1000

Frequency, Hz

Figure 3-2 Transfer function of the hydrostatic ladémhg the table.
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Table 3-2 Modal damping ratios and stiffness ofttipdrostatic bed.
Imaginar
y Natural
magnitud frequenc| Damping
Real magnitude e y ratio Stiffness
Max (Hz) | Min (Hz) | H (m/N) f,(Hz) C K (N/m)
0.137024
200.27 150.30 9.26E-10 182.3%4 24 3.94E+09
-1.09E- 0.189467
440.22 311.28 09 340.27 18 2.43E+09
-1.67E- 0.036630
712.59 662.23 09 687.41 25 8.17E+09
0.135868
594.33 451.28 1.01E-09 | 526.43 07 3.63E+09
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Figure 3-3 Transfer function of the hydrostatic la¢@long the table.
Table 3-3 Modal damping ratios and stiffness ofttipdrostatic bed.
Imaginary Natural Damping
Real magnitude magnitude frequency ratio Stiffness
nf ¢
Max (Hz) Min (Hz) H (m/N) (Hz) K (N/m)
0.1565150
206.38 149.54 2.57E-09 181.58 35 1.24E+09
713.35 663.76 -7.06E+00 677.87 0.03657781 1.94E+10
0.0245752
886.92 844.19 -5.17E-10 869.37 67 3.94E+10
0.0491639
1165.80 1052.90 7.76E-10 1148.2 09 1.31E+10
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Figure 3-4 Transfer function of the hydrostatic laedoss the table along Y-axis
Table 3-4 Modal damping ratios and stiffness oftipdrostatic bed along Y-axis.
Imaginary Natural
Real magnitude Magnitude frequency Damping Ratio Stiffness
nf C
Max (Hz) Min (Hz) H (m/N) (Hz) K (N/m)
158.69 129.7 -2.36E-08 140.76 0.102976698 2.05E+08
566.48 530.24 +8.70E-09 540.92| 03349848: 1.72E+09
862.12 811.77 -2.97E-09 836.94 0.030079815 5.60E+09
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Figure 3-5 Transfer function of the hydrostatic laedoss the table along Y-axis
Table 3-5 Modal damping ratios and stiffness oftipdrostatic bed along Y-axis
Imaginary Natural
Real magnitude magnitude frequency Damping ratig Stiffness
nf ¢
Max (Hz) Min (Hz) H (m/N) (Hz) K (N/m)
158.31 129.70 -2.11E-08 140.38 0.10190198 3488
617.98 574.87 1.26E-09 592.8 0.036361336 E+Q9
865.94 822.83 -2.03E-09 840.76 0.0256375[18 62B+t09
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Figure 3-3 Transfer function of the hydrostatic laedoss the table along Y-axis
Table 3-3 Modal damping ratios and stiffness oftipdrostatic bed along Y-axis
Imaginary Natural
Real magnitude magnitude frequency Damping ratio Stiffness
nf C
Max (Hz) Min (Hz) H (m/N) (Hz) K (N/m)
158.69 130.80 -2.69E-08 140.76 0.099069338 1.87E+08
562.29 529.86 -7.45E-09 540.54 0.02999778  .24E+09
853.73 817.87 -3.88E-09 839.61 0.021355153 6.03E+09

Also modal damping ratios and stiffness were caleal for these set of experiments and summarizéabies
preceding figures. They were obtained when the anpammer was applied across the bed. The pieeotriel
accelerometer was placed at the end of the beddaposition along the bed to capture as much fraguef
excitations as possible. These experiments werferpezd to have a full data of vibration charactassof the
entire hydrostatic bed. The intent of the studipoigdentify the modal parameters of the hydrostttiie. These
include all important natural frequencies, modamgag ratios and mode shapes. The mode shapes of
hydrostatic are drawn for each natural frequentsoshe mode shape vector is determined.

A dominant mode at a frequency of 185Hz was obskaleng the bed in the direction of the X-axidgslhoted
from the graph that a bending type of vibratiorpigesent. Modal stiffness ranges from 1.24E+09 Nid a
5.99E+09 N/m. Damping ratios are in the order @50The mode shape vector with normalization at mant
on the table is
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-0.91
0.36
1
0.63
-0.41

A second distinct and dominant mode was found @8& Hz. along the bed in the direction of the XsaxA
vibration form of the pitching type is identified this mode of vibration. Calculated stiffnessnghe range of
8.17E+09 N/m and 3.94E+10 N/m. Modal damping raéics in the magnitude of 0.03.The modal shape vecto
with normalization at mid-point on the table is gjivas

3.66
2.38
1
-2.31
-1.95

Three frequencies were distinct in experiment (bere the hammer was applied across the bed inittaetidn
of Y-axis. A dominant mode at a frequency of 140kzs observed along the bed in this direction. it ba
inferred, that a translational type of vibratiorpigsent. Stiffness ranges from 1.87E+08 N/m aB88Et08N/m.
Damping ratios are in the magnitude of 0.1. The ensithpe vector with normalization at point 2 onttige is

1.12
1
1.27

The second dominant mode in the direction of thexi¢- across the bed is at 540Hz. A vibration forfnthe
rolling type is identified in this mode of vibratioabout the x-axis. Calculated stiffness is in thage of
1.72E+09 N/m and 2.24E+10 N/m. Modal damping ragéigesin the magnitude of 0.03. The modal shapeovect
with normalization at point 2 on the table is

6.91
1
-9.9

A third distinct and dominant mode was found at 88 along the bed in the direction of the Y-akigure 6-5
shows the mode shape at this frequency. A vibretom of the translational type is identified inghmode of
vibration. Calculated stiffness are in the rang&.60E+09 N/m and 9.62E+09 N/m. Modal damping satice
in the magnitude of 0.03.The modal shape vectdr mdrmalization at mid-point on the table is givgn

1.46
1
1.92
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The hydrostatic system has high damping valuescespeat low frequencies. In some modes a modaiflag
ratio of 0.15 is obtained which is about four tinteat obtained on a mechanical bed. Overall theadsgdtic
system has a better damping characteristic tham#whanical bed.

To determine the stiffness of the bearings, thel digpdy motion of the table is studied. The rigmdly motions
of the hydrostatic table are at frequencies 54Gahit 685 Hz. All four hydrostatic bearings have shene size
with equal volumetric flow of damping oil, implyintpat the total bearing stiffness of the tabledsaat to the
sum of individual stiffness of each bearing.

The rotational plus translational motion of thel¢ails considered. Here two rigid modes are of aggrthe rigid
mode due to pitching of the table and the modetdumlling. Analysis of such motion was discussedtie
experimental set up.

The equation
k1+k2—mvv2 _(lel_k2L2) =0
_(k1|-1 - ksz) k1|—21+ k 4—22_ Jw?

Since the table is rigid and symmetrical in thisa@gpn with equal stiffness, that is

k,=k,=kandL,=L,=L /2

Where k = measured stiffness of bearings
And L = distance between two bearing support paifithe table.
A new determinant is obtained as

2k —w’m 0
=0
0 KI2/2-w?J

And that: (2K ~Wm)(KI?/2-w?0)= 0

or 2k??/2- &w?J -kl w’m /2+w*Im= C
(Imw* — (2kJ + K 2m/ 2)w? +k3 2= 0

— * 2
J=m*(a’+ bz) /12 where a= thickness of table and b = length ofetabl

The J calculated is the moment of inertia of taddtng the table and determines the natural frequanthe
pitching mode. J is also determined for the cagelbhg motion.

Measured pitching frequency = 680 Hz.
Measured rolling frequency = 540 Hz.
From the relation

_ 2 w21 —
(2k Wzm)(kl [2-w'J)= 0, from which the stiffness of the each bearing etedmined, and measured
table values and calculated table properties arndoelow.

a=0.0762,b = 1.016, m = 280, ¢ = 0.7112.
J, =m*(a’+b%/12, 1,=0.8128,1,= 0.5588],=m #+b* )/1

The stiffness k is obtained from the rotationalt pdithe equation
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(2k-Wm)(K?/2-WD)= 0 oo

(K2/2-w2)=0 .

2w2J

| 2

k =

The k value obtained for pitching is 1.3386+009N/he stiffness of each bearing is k. Estimated ibgar
stiffness is 0.6693+009N/m. For the case of rollioigtained is 1.7859+009N/m. Estimated bearindngt#s is
0.8925+009N/m. The variability in stiffness may dee to unequal tolerances in the bearing gapsdfidual
bearings.

4, Conclusion

Results obtained with experimental modal analysivgd to be qualitatively and quantitatively exestl The
dynamic parameters of the hydrostatic table as'ohted are good, that is the k value obtained ftehmg is
1.3386+009N/m. The stiffness of each bearing Bdtimated bearing stiffness is 0.6693+009N/m. Rerdase
of rolling, obtained is 1.7859+009N/m. Estimatedafireg stiffness is 0.8925+009N/m. The variability i
stiffness may be due to unequal tolerances in ¢laeiig gaps of individual bearings. the informatcontent of
excitation and response signal is abundantly seffic the reliability of modal parameter extractioethods is
accepted, the table’s constraints respond to gamdhhanalysis practice requirements. It was obsktivat both
High speed milling machine with hydrostatic bed Hagh stiffness, good damping values and stableemod
shapes to support production operations. The dynassponse expected for a hydrostatic system, whibfgh
stiffness and damping has been confirmed. The teesaldtained from the calculation of stiffness ire th
hydrostatic bearing are acceptable.
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