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Abstract. The grinding wheel is a key factor which should dmnsidered in the process of
predicting the dynamic performance of the high-gpg@ndle system. Currently, most research is
mainly focuses on shaft and bearing using Timosbisrikeam and Jones’ bearing model. In this
research, considering the effect of grinding whaelthe dynamic behavior of the high-speed
motorized spindle system, a dynamic model of sgirsyistem has been established by utilizing
the finite element method (FEM). The model is imaa by optimizing the relevant parameters
of spindle system and validated by measuring FR¥gumpact hammer test. The reported results
are well matched (maximum error is 5 %). Usingithproved model, the effect of grinding wheel
on the critical speeds, mode shapes, centrifugeéfand gyroscopic effects of spindle system are
analyzed. In addition, the impact of different deters, materials and fixed methods of grinding
wheel on the dynamic property of spindle systemedse carried out. The result shows the affect
of grinding wheel and design guideline of the spgrahd grinding wheel.

Keywords: grinding wheel, dynamic performance, high-speemhdip system, improved FE
model.

1. Introduction

High-speed machining (HSM) technology has been hyidsed in aerospace, automotive,
electronics and many other industries to incredeiency and reduce production costs. This
technology is mainly limited by the dynamic perf@mece of the spindle system, which has a great
influence on the machining accuracy [1]. So itngportant to accurately obtain the dynamic
performance of the high-speed spindle system.

Early spindle research mainly studied the dynanhiaracteristic of bearing-shaft system
through different theory and FEM methods [2-4]. RBhwas one of the earliest researchers who
use the finite element method (FEM) to model ratgstems for predicting the stability and
unbalanced response. His model included transhtinartia and bending stiffness, but neglected
rotational inertia, gyroscopic moments, shear de&dion and axial load. Nelson [6] employed
the Timoshenko beam theory to establish the systatrices for analyzing the dynamics of rotor
systems with the effects of rotary inertia, gyrggcanoments, shear deformation, and axial load.
The bearings are modeled as linear springs. Chah |1 presented a model which contains the
spindle and the bearings to determine the respofrsspindle system at high speeds by applying
an analytical method. Current research is expandeshiodel the spindle system to gain the
dynamic property of the spindle system by combirsirgulation with experiment [8-10]. The
general models outlined by Yusuf Altintas [11] éBlduyun Jiang [12], which consist of spindle
shaft, angular contact ball bearings and housiagetbeen experimentally verified. But these
studies neglected the dynamic affect of the madisioke Yuzhong Cao [13] presented a integrated
model of the spindle-bearing and machine tool systepredict mode shapes, frequency response
function (FRF), static and dynamic deflections gldhe cutter and spindle shaft. A dynamic
high-speed spindle system model, which includesitiikng head, is elaborated by F. Forestier
[14] on the basis of rotor dynamics predictions aatidated by comparing the numerical FRF
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with experimental results.

However, the research about the effect of gringdvhgel which plays an important role in the
dynamic performance of high-speed spindle systemarisly studied. This study sets up an
improved finite element model of spindle systemakhtontains the shaft, bearings, rotor and
grinding wheel to analyze the effect of grindingegh The shaft and rotor are modeled as
Timoshenko’s beam by including the centrifugal #&o@nd gyroscopic effects. The bearing is
modeled as Jones’ bearing model that includesehgitugal force and gyroscopic effects from
the rolling elements of bearings. The grinding wheenodeled as a rigid disk which is fitted on
the shaft by bolts. The finite element model waglaséed and improved by measuring FRF using
impact hammer test. The reported results showttieahccuracy of improved model increase by
10 % compared with the initial one. Through the rioyed model, the dynamic performance of
the spindle system is studied. The effect of grigdivheel on the critical speeds, mode shapes,
centrifugal force and gyroscopic effects of spirgllstem are analyzed. And, the effect of different
diameter, material and fixed method of grinding alten the dynamic property of spindle system
were also carried out. The result shows the affepgarameter and fixed method of grinding wheel
and design guideline of the spindle and grindinge¥h

2. Spindle model
2.1. Structure of the high-speed spindle system

The high-speed spindle system with a maximum mgagpeed of 11000 rpm experimentally,
is shown as Fig. 1. It is mainly composed of sgn@hclude shaft, rotor, bearings) and grinding
wheel and other major component parts with ratedepatl.5 kW. The material of the shaft is
42 CrMo; ceramic, silicon sheet and 45 steel aspaetively used for bearings, rotor and other
parts. The CBN type grinding wheel, whose basalhsdnade of 45 steel, is fitted on the shaft
by 12 bolts in circumferential array. The shafsigported by the preloaded bearings, i.e. two
pairs of parallel front bearings and one pair ofaial rear bearings. Here, the type of front
bearings is HCB71924-E-P4S and the rear bearigpe’'is HCB71913-E-T-P4S. The preload of
the front bearings is 212 N, while 55 N for therrbaarings.

Front Bearing Stator Rear Bearing

Grinding Wheel
Fig. 1. Structure of the high-speed spindle system

2.2.Equations of motion of spindle and grinding wheel

Due to the size of the rotor portion of spindleclide shaft and rotor), shear deformations
must be taken into account. The Timoshenko beaoryhghich includes the shear deformations
( in Fig. 2) and rotational inertia effects is udednodel the rotor portion, making it suitable
for describing the behavior of shaft and rotor. Bxync equations were obtained by using
Lagrange formulation associated with a numerigatdielement method.

The motion of each FE node is described by theaestational (, , ) and two rotational
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Fig. 2. Timoshenko beam degrees of freedom

Considering the centrifugal and gyroscopic effettts equations of motion of the rotor portion
can be attained in matrix forms by using Lagranggisations associated with the FE method [11]:

! " (2)
where and are the stiffnress and mass matrices of rotor qurti is the
skew-symmetric gyroscopic matrix, is the mass matrix for computing the centrifugaté,

is the rotating speed, ! and " are the external exciting force vector (e.g. agtforce)

and constant load force (e.g. gravity force).
The grinding wheel mounted on the front of shafnizdeled as a rigid disk, and the equation
of motion is:

# # ! # ) # (3)

where 4 is the mass matrix of grinding wheel, 4 is the gyroscopic matrix,! 4 and
" 4 are the external exciting force vector and coridtad force.

2.3.Rolling bearing model

The spindle shaft is supported by six ball angatartact bearings. The Jones’ bearing model
[15], which considers both centrifugal and gyroscogffects on the balls, is used. When the
high-speed spindle system operating at high speEsdition of deformation of the bearing under
the load from the rotor can be expressed as:

_lolo tlol1 *1ol2 * 1030 /031 g
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where: is force vector on the bearing from rotprand are stiffness and deformation matrix of
bearing. Here the stiffness of bearing inand free degrees are not considered for their
minimal impact. The stiffness of bearing in, and free degrees are obtained by derivative
in corresponding deformation.
By assembling equations of the grinding wheel, rqiortion and bearing, the following
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general nonlinear dynamic equations of the spiagétem can be obtained:

< !

# < = #> < (5)

where <? is the structural damping which should be obtaineah experimental modal analysis.

The motion of spindle system is considered as theerposition of rigid and elastic body
displacements. The dynamic spindle system modélik up by coupling the rotor portion,
grinding wheel and bearing by using finite elemmethod (Fig. 3). The small holes, small shaft
shoulders and angle of chamfers are neglectedsmtbdel to simplify the FE model of spindle
system. The interfaces between shaft and rotoft ahd inner rings of bearings are assumed to
be rigid. In order to get better accuracy, the neshof grinding wheel and shaft are much smaller
than other parts. The spider node (orange poinigiwtigidly connects every node of inner rings
represents the inner ring of bearing. The outey oinbearing is fixed in the housing and assumed
to be completely restraint (shown in A-A in Fig. 3he balls of bearing are treated as springs in
@ A andB directions. The 12 bolts between the grinding Wizeel shaft are treated as beams
(show in the bottom picture of Fig. 3).

Fig. 3. Finite-elemeni model of the high-speed spindléssys
3. Experimental characterization and model improvement

Because of the geometrical and physical complettiymaterial properties of the spindle and
the grinding wheel cannot be precisely known. Theeatricity ( ) should be defined when
analyze the dynamic performance of the spindleesysiThe recognition of the damping which
represents the dissipative properties in Eq. (%njgortant to improve the model of the spindle
system.

An improved procedure is proposed to adjust thealbr above in order to make the model
consistent with experimental. Least-squares typeobkfunction is used when updating the
parameters. The optimization goal is minimizing e between the measured and analyzed
acceleration of grinding wheel node FRF (frequenesponse function) (Fig. 4). Process of
experimental determination of the dynamic charésties of the spindle system is carried out by
an impact hammer test (Fig. 5). The accelerateddspéthe front shaft node was recorded using
an accelerometer (sensitive of 100 mv/g, frequeange of 0.5-6000 Hz). The impact hammer is
hammered on the grinding wheel imA-direction. The signals from the accelerometer #ned
hammer are collected by LMS whose measurementdrayurange is set from 0 to 1080 Hz.

The Rayleigh viscous equivalent damping which makgsossible to regard the damping
matrix <’ as a linear combination of the mass ma@iand the rigidity matrix is used to
modeling the damping of the spindle system. ThesmmaatrixC is the mass of spindle. The
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rigidity matrix; contains the spindle rigidity matrjx of spindle and the rolling bearing rigidity
matrix; of bearing.

Fig. 4. Procedure of numeric model update

Fig. 5. Experimental‘sjé.t up

Initial and updated value of the parameters absghow in Table 1. For the rotor portion, the
updatedDis larger andE is smaller because the numeric model is simplifigdgnoring holes,
small shoulder.

Table 1.Initial and updated parameters of spindle system
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Fig. 6. Experimental, initial and updated FRF of frontfsimade
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For the grinding wheel, the updat®BdndE are both smaller because the material of whole
part of grinding wheel is regarded as steel iridhinodel. The initial is eccentricity without
grinding wheel from direction of spindle. The impeal is measured by SBS. The initial value
of F, G, are defined by experience and improved by LMS. ffbiet shaft node FRF from the
numeric model and experiment are show in Fig. & iffproved analysis result generates a good
correspondence in a bandwidth of 200-900 Hz. Theimmam error of the improved model is
about 5 %, while it is about 15 % for the initiabdel.

4. Dynamic analysis

Based on the updated model above, the FEMAP witirbiais used to analyze tbgnamic
performance of the High-speed grinding motorizethdlp system. The parameters of the
high-speed motorized spindle are listed in Table 2.

Table 2. Parameters of the spindle system

Length of the spindle 715 mm
Front bearing HCB71924
Axial preload of front bearing 212N
Rear bearing HCB719138
Axial preload of rear bearing 55N
Diameter of the grinding wheel 400 mm
Maximum rotating speed of the spindle 10000 rpm

4.1.Dynamic performance analysis

For a rotor system, when the system rotates aspeeds equal to its synchronous whirl
frequencies, it will resonate due to the amourresfdual unbalance which could not be avoided
in manufacturing and assembling; these speedsedited as critical speeds. In this study, the
first four critical speeds are 15300, 23400, 42808 51000 rpm, respectively; and corresponding
mode shapes are given in Table 3. It is shown bi€l'a that the first mode shape is located at the
front of shaft and grinding wheel, which will graaffect the accuracy of machining; the second
is mainly the twisted mode of the grinding whealuardA axis and bending mode of the rotor;
the third is twisted mode of the grinding wheellard @axis; and the fourth is the bending mode
of the grinding wheel. So the grinding wheel iagtive part to impact the dynamic behavior of
the spindle system.

The simulated dynamic stiffness from the FE modetha front shaft node of different
rotational speeds is shown in Fig. 7. It shows thatdynamic stiffness of the spindle system
decreases with the increase of rotation speed becaflli the rise of centrifugal force and
gyroscopic moment. When the spindle rotates atrtheimum working speed (10000 rpm), the
dynamic stiffness is about 93 % of the static S&§s.

Fig. 7. Simulated dynamic stiffness at the spindle nose
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Fig. 8 shows an impact force which is applied amftiont shaft node in the radial direction.
The impact force which is 100 N changes as sinetfoim and lasts 0.005 s (shown in Fig. 8(a)).
The radial displacement time response historig¢setlifferent parts of spindle system are shown
in Fig. 8(b). The grinding wheel node has the latgemplitude which is 8.5x10m. After
0.0225 s, the amplitude decreases to less tharl075w. The amplitude of middle shaft node is
2x10” m and reduces to less than 0.5% b0 after 0.0113 s. The rear shaft node has theleshal
amplitude which is 0.7xt0m, and the amplitude only needs 0.0075 s to rdas& than
0.5x10” m. From the analysis above it can be seen thagrihding wheel is the most sensitive
part of the high-speed spindle system for impaateio

a) b)
Fig. 8.Impact response in the radial direction at difféigert of the spindle system:
200 Hz sine function a) and b) radial displacentiem¢ response histories

4.2.Comparison and discussion

To obtain the effect of grinding wheel on the dyi@aperformance of the spindle system, a
comparative study has been done between the smgdtem with and without grinding wheel.
The first four critical speeds and their correspngdnode shapes of spindle system with and
without grinding wheel are listed in Table 3. Indae seen that the first critical speed of spindle
system without grinding wheel is 28260 rpm. It isah higher than the critical speed of spindle
system with grinding wheel, which is only 15300 rphtne second to fourth critical speeds of
spindle system without grinding wheel is 54060, I8tB and 135900 rpm, respectively. These
critical speeds are also much higher than the spomding speeds of spindle system with grinding
wheel.

The first mode shape of the spindle system witlgpintding wheel is mainly located at the
rotor which is in the middle of the spindle syst&@ompared with the spindle system with grinding
wheel, this model shape will not affect the accy@anachining directly. The second mode shape
is the bending mode of the shaft in the front &f $pindle system. The third is the bending mode
of both the front and rear part of the shaft arelftiurth is the bending mode for the front, rear
and middle part of the shaft. These critical spesutd mode shapes are quite different to the
spindle system with grinding wheel. In summary, ghieding wheel has great influence on the
critical speeds and mode shapes.

In order to check the influence of centrifugal fend the gyroscopic moment of the spindle
system on critical speeds, a comparative analyasshie done between the spindle system with
and without grinding wheel. Fig. 9 shows the ratateffects from the spindle system with and
without grinding wheel on critical speeds. Both tentrifugal forces and gyroscopic moments
have a greater influence on the first critical shekthe spindle system with grinding wheel than
without grinding wheel. For the spindle system wgttinding wheel, the gyroscopic moments
affect more than the centrifugal forces, for examplt the speed of 30.000 rpm, the first critical
speed drops 9.8 % and 11.8 % due to the centrifogads and gyroscopic moments, respectively.
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While for the spindle system without grinding whebk gyroscopic moments affect less than the
centrifugal forces, such as, at the speed of 30rp@0 the first critical speed drops 4.5 % and
2.8 % due to the centrifugal forces and gyroscamenents, respectively.

Table 3.Critical speeds and mode shapes of spindle sysigimanwd without grinding wheel
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Fig. 9. Rotation effect on first critical speeds: with gting wheel a) and b) without grinding wheel

The critical speeds of spindle system with différdiameter, material and installation mode
have been analyzed to further study the effectiofiing wheel on the dynamic performance of
the spindle system. The diameter is from 200 torb@ the materials of basal body of grinding
wheel are 45 steel and Al. The installation modesshown in Fig. 10. Additionally, the material
of the second installation modes is configureddfisteel (Fig. 10(b)).
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a) b)
Fig. 10.Different installation modes of grinding wheel: hdut flange a) and b) with flange

Fig. 11 shows the first four critical speeds of gpndle system with different diameter,
material and installation modes of the grinding @lh&he horizontal axis is the diameter of the
grinding wheel. The vertical axis is the criticpkgds of the spindle system. The black line stands
for the critical speed of spindle system with stesdal body grinding wheel. The red line expresses
the critical speed of spindle system with Al bdsady grinding wheel. The blue line is the critical
speed of spindle system with the second instaliatiode. For the 1st critical speed (Fig. 11(a)),
all the three lines decrease as the diameteredajrihding wheel increase. The black and red line
fall slowly within 375 mm and go down quickly withb375 mm. Besides, the red line is always
above the black line. The blue line falls down ghabetween 275 mm and 450 mm.

a) b)

c) d)
Fig. 11.First four critical speeds of the spindle systejntst critical speed, b) 2nd critical speed, c) 3rd
critical speed and d) 4th critical speed
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For the 2nd, 3rd and 4th critical speeds, the @dseref red lines are accordant with the 1st
critical speed. The black line in Fig. 11(b) falswn quickly within 300 mm and beyond 400 mm,
while between 300 mm and 400 mm it falls smoothhe black lines in Fig. 11(c) and Fig. 11(d)
have the same trend as the Fig. 11(a). The chamging of the two blue lines in Fig. 11(b) and
Fig. 11(a) are accordant. The blue lines in Figclland Fig. 11(d) are also nearly the same.

In summary, these four critical speeds of spindistesn decrease as the increase of the
diameters of the grinding wheel. The four critispeeds of the spindle system with Al basal body
grinding wheel is always higher than the spindigtem with steel basal body grinding wheel. For
the second installation mode of grinding wheel, dggamic performance is better than the first
installation mode in some range, because the effent flange changes as the diameters of
grinding wheel increase. When the diameter is snttal mode shape is mainly located at the
middle of shaft. The installation of flange increaghe stiffness of the spindle system. So the
second installation has better dynamic performamdhis case. While as the diameter rises up,
the mode shape transfers to the grinding wheel.dyhamic performance of the spindle system
without flange is better because of the largefr&#s of the connection. When the grinding wheel
is larger than 500 mm, it will be very flexible.tlms situation, the flange will increase the skffs
because of larger connect surface. For this spBydiem whose grinding wheel fitted on the shaft
directly without flange, its dynamic performancégtter when the diameter of grinding wheel is
400 mm.

5. Conclusion

In this paper, an integrated finite element mod&tNl) of high-speed motorized spindle
system which contains the grinding wheel is devetbpThe FEM is verified and updated
experimentally to characterize the dynamic behawiothe spindle system. With the updated
model, the dynamic performance of spindle systeuh the effect of grinding wheel on the
dynamic performance of spindle system are analykke.results showed that:

1. The dynamic stiffness of the spindle system eksms as the rotation speed increases
because of the centrifugal force and gyroscopic exdnirhe grinding wheel node is the most
sensitive part to the exciting force.

2. The grinding wheel has a great effect on thiécafispeeds and their corresponding mode
shapes of the spindle system. The grinding whealldhbe taken in to account when analyzing
the critical speeds and their corresponding modeeh of the high-speed spindle system.

3. The spindle system with grinding wheel has laogatrifugal force and gyroscopic moment
than without grinding wheel. For the spindle systeith grinding wheel, the gyroscopic moments
affect more than the centrifugal forces. For thedle system with grinding wheel, it is opposite.

4. The spindle system with Al basal body grindinige@l has higher critical speed than the
spindle system with steel basal body grinding widedn the diameter of grinding wheel is same.
In the diameter range of 300 mm to 400 mm, thealladton mode without the flange has better
performance.
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