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ABSTRACT

This report describes the, BRITE/EURAM project BE-519, Precision
machi ning spindles. The main purpose of “our project was to
devel op a H gh Speed Spindle with properties beyond the ones of
commercially, available spindles, to be able to produce better
grinding results’ hilips (Ei ndhoven). was the prine contractor
and the-other partners were | PT Fraunhofer (Aachen), Cranfield
precision and Carl Zeiss (Oberkochen) . For the, second half of the

- project Henbrug was the End User (chapters 1 and 2) . -
We started with an anmbitious list of specifications beyond the
ones of commercially avail abl e spindles,. That illustrates that
all partners were nore end users than. spindle manufacturers. The
project was gui ded by the strong believe that anal ysis (physical
under st andi ng plus calculation power) is needed to realise the ‘.
spi ndl e we wer e ai m ng at (chapter 3) : .
Anal ysis and design were perforned in parallel so both effected
each other in good cooperation (chapters” 4 and 5) . _
This report gives five cross sections of spindle designs at
different stages in the project showing the evaluation into a
spjng]e that can be manufactured and used for aptual high quality
gri ndi ng.
The third design was actually manufactured as first prototype ani
al ready reached the 100, 000 rPn1(chapter 6° and-7) . That prototype
crashed at 104,000 rpm after only three weeks of operation. After
a breakdown. anal ysis we found extra power | osses neglected in the
first analysis (chapter 8) . New calculations plus 'some design
I nprovenents were the basis for the second prototype that was
manuf actured. That second prototype’ went on a tour’ along al
partners and was tested extensively during a one years perio
chapter 9)
Meanwhi | e the desi%n work concentrated on manufacturing costs
reduction and user friendliness. From ‘that design four spindles
wer e manufactured, one for each partner (chapter 10)
Prelimnary tests of- this redesigned spindle are reported ir
chapter 11 s S o . .
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Preci sion Machi ning Spindl es

1. History before the project started

The need for a precision, machining spindle as devel oped in this
project became evident’at Philips during neasurements of grinding
“forces in February 1987. That work is part of a thesis fromDr

J. Franse (reference 11). Fromhis error budget (table | ) it can

be found that his. grinding spindle conpliance” was the |argest

error Source giving nore than 70% of the total error. ; i
Error source Error [rin % of Etot

x—slide notions |, 3.3 .. 1.20
z-slide nmotions 3. 8 1.38
Headstock rIun-out 20.,0 7.29
Ref erence mirror 0.5 0.18
Slide compliancies o 0.5’ 0.18
Headst ock conpliance " 0.4 . . 0.15
Laser resolution 10. 0 3.64
Thermal errors 300 10.9' 3
Laser errors (refr. index) 6. 2.19 -
Ginding spindle conpliance - 2 00 . . 72.86 ' !
Total’ (worst case) error Ecot 274.5 100.

s Table |. Formerror budget of ESDOfor a 5 mm ground mould.

- At Novenmber 04 1987 Philips Engineering departnent started to
devel op a high stiffness/high speed spindle according to their
state of the art.

Philips and | PT started’ cooperation on precision machining in

March 1988, and in May 1988 they choose a high speed grinding °

spindle as carrier for that cooperation. Wen CPE and Zeiss al so

did show interest in this subject we started the preparation of

a BRITE/EURAMsfrOposaL January 1989. That BRITE proposal dated

August 17 1989 was rejected in January 1990. An adapted proposal
ref number 4445) went through a negotiation neeting in Brussels
February 13 1991). The work progranmme was adapted into version
ated June 12 1991 and the proposal was granted to start Novenber

01 1991 (in stead of July 01 1991) for a 3.5 years period.
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A contract -BREU-CT91-0519 (RZJE) was signed between:
The European Econom c Conmunity (Brussels Bel giun)
a n
Nederlandse Philips Bedrijven BV (Eindhoven The Netherl ands)
Cranfield Precision Engineering LTD (Cranfield Engl and)
Fraunhcfer-Gesellschaft (Rachen Gernany)
Carl Zeiss Stifftung (Qoerko.then Gernany)
with Hanseatische Praezision und Orbittechnik GmbH as End User

We asked for extension of the contract and the EEC agreed August

30 1994. So the duration of the project becane 48 nonths from
Novenber” 11991 ending at 31 OCctober 1995. .

When HPO ceased. trading around md term of’ the project, Henbrug
(Haarlem Holland) becanme our End User.

2. Introduction

The’ main purpose of our project was to develop a High Spee
Spindle (HSS) with properties beyond the ones o' f comercially
avail able. spindles to be able to produce better grinding results
The | ogi cal sequence.of our project 'in work packages is first a
Prelimnary study,. then the HSS design, thereafter the Hss
manuf acturing and HSS tests includi'ng grinding experinments. A
sinplified planning, of:the whole project is given in figure 2..
After testing the prototype, another cycle fromdesign to testing

was planned to obtain optimzed spindles.

The spindle specifications we ained for were’ that high that we
could only reach themw th narrow bearing gaps: As” a consequence,

t he manufacturing costs of a prototype HSS spindle were. far nore
than planned. That nade us to concentrate on nanufactur|ng costs
reduct|on in the optimzation stage.

The ' prototype spindle did run 100,000 rpm but eras’ hed before we
could perform-all measurenents and grinding experinments. The
breakdown anal ysis showed that the estimated spindle | osses-wer
far nore than predicted and the reason for this was determ ned.

As a consequence a second prototype, is nanufactured based ‘on ne\
calculations. That second prototype perfornmed “well in the
measurements. However that was at the .expense of half a year
extension “. of the project duration. Finally four redesigned
sp|ndles were manufactured, one for each partner. Those spindles
are” designed for actual use -in production

3. Prelimnary study

3.1 Hi gh speed spindle; specifications, _
The hi gh speed spindle specifications ‘were . consolidated, see
figure 3.1. The. nost appealing ones were:

maxi num rotating speed . . . . .1. .. . . . 100,000 rpm

radi al st|ffness at cutt|ng edge .. . . 20 thm . f
axial ‘stiffness at cutting edge . . . . . 20 thm

radi al synchronous error notion . . . . . 50 nm
radi al asynchronous error notion . . . . 20 nm

thermal drift ("after 10 minutes) .’. .. 10 nm
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W did realize that sone goals were rather ambitious, so we”
included a list of Hss decision criterions jllustrating the
wei ght each partner gave to each subject.

3-.2 Program rotor-bearing dynam cs

For the calculation of rotor-bearing dynam cs we used the Philips ,.
program RODY. The design is divided into el ements like shafts,
di sks and the bearings are represented by springs and danper
The el ement properties 1ncluding gyroscopy are assenbl ed and the
“solution .is found using PC-Matlab as a tool.

For conpressible fluid bearings the original Philip’s program RODY

Is extended in cooperation wth Technical University of .Eindhoven
(references 2], 31 and 4]) into rRobv4 capable to handl e
. conpressi ble bearing coefficients (depending not only upo
“rotational speed but also upon excitation frequency) . JE

l

3.3 Hybrid bearing cal culation
Ve generated our own bearing coefficients because literature does
not provide the nunbers we need. at.a very late state we decided
that externally pressurized spiral groove bearings were favoured
over orifice type bearings.
Starting from existing FEM prograns, one, for calculating static
behaviour of spiral groove bearings with.compressible |ubricants
and one for calculating dynamc coefficients of externally |
pressurized bearings; Philips is, capable now to supply the data :
needed for the dynamc Y anal ysi s.
For the thrust bearing we extended existing’ conputer code wth
dynamic elements” to calculate stiffness (and danping) o-f
externalky pressurized spiral groove conpressible bearings.
Unexpectedly we found that such thrust bearings becone unstab?e

above a certain critical speed. H gher supply pressures have ¢
stabilizing effect.

The programs were al so adapted to calculate partially tapered ;

aps to enable us to predict the bearing properties wth axh
earing ’'clearances variations.

3.4 Conpare bearings, choose spindle configuration -
At our kick-off neeting we nade a choice of four different
desi gns out ofnine proposals for further evaluation. Qut of that
eval uation we choose the conventional design with an integrated
motor drive |ocated between the journal bearings and with a
coni cal front bearing that conbined. axial and radial support (see
figure 3.2). W choose for an integrated notor in between the
bearings because we have no better ideas than existing designs
t hat cannot guarantee precision at high speeds.
The choice for spiral groove bearings over orifice bearings is
made because of design considerations. (no separate radial supply
channel s to each restrictor needed) . One should realize that in
journal bearings the spiral grooves make the bearing stable in
concentric operation. Smooth journal bearings have a |arger |oad
carrying capacity but are 'not stable until the eccentricity i$s
nore than about half the gap height. The external pressurization
is primarily intended for contactless starting up and stopping
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~(no wear) but also results in higher stiffness and better -
~stability (because the ‘air behaves., Nbre incompressible) -
Pressuri zati on of spiral groove bearings also constitutes a
spiral groove motor, IN' our case the spindle runs at about 5,000
rpm without’ notor drive and has €nough power for dianpnd cutting
of small pieces (we used that for machining a .20 mmdianeter
al um num mast er)

3.5 Design optimzation tool
The bearing configuration of a spindle nmust neet many different
requi rement,s as good as possible. To be able to nmake a rationa
choice between different types of bearings that at first sight
| ook prom sing, an optimzation had to be carried out first fo'r
these types of Dbearings.
A constraint non-linear optimzation, problem was fornmulated ‘in
“the follow ng nmanner: . .
A* ‘Dbasic geonetry of the spindle bearing contiguration was
defined, for instance 2-bearing and 3-bearing designs.
The diameters, lengths and the bearing gaps, can be chosen to
obtain optimal radial stiffness at the cutting %ﬂge.'The radial
conpliance at the 'cutting edge was taken as™t criterion to
be mnimzed under constraints I|ike:
Total Friction |osses in the radial bearings <= 250 Watt.
Bearing gaps >= 5 pm. .°
.Shaft” diameter <= 10 mm and shaft length >= 20 mm at notor
| ocati on.
Total lenath of the rotor < “200 mm.. , _ _
To carry out this optinization, software was’ witten in pcC-
Matlab. Basically, from a guessed starting situation, the program
eval uates the stiffness and the tenperature distribution in the
system using finite element cal culations and tests” whether al
constraints are net. |f one or nore constraints are violated, the
program uUses a Sinplex method to search for adjustments of the
geonetrical paraneters SO as to CONe into the sol ution space,
where all the constraints are met. Wthin the solution space.,
.quadratic programming is than used to search for an optinal
situation..
Cal cul ations were carried out u' sing 50.000 and 100.000 rpm as
running , speeds. It was evident that the clearance constraint
becones the active constraint in nearly all cases, before’ the
power constraint.
That optim zation tool showed that hydrostatic bearings were not
a good bearing type to apply for a high speed sgindLe because. %f
heat generation and, power |oss. Externally pressurized tapere
gap bearings without restrictors could not achieve high enough
., stiffness to neet our specifications. The final choice between,
~externally pressurize coni cal gap bearings wth inlet
restrictors and externally pressurized spiral groove bearings
could not be made on the basis. of the optimzation tool because
th%i% characteristics differed |l ess than the accuracy of. the *
met hod. . L
A very “inportant characteristic of the spindle .is its dynamc
behaviour. “The lowest natural frequency of the system “should
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occur well above the running speed. A part of RODY (with conste

springs for the bearings) was added to check the | owest natural
frequency afterwards.

4. Protot ype HSS design

4.1 Design rotor and bearings .
Initially it was decided that the grinding spindle was to be a
two bearing spindle With” ‘an integrated electro notor fitted,

bet ween those” bearings. The conical front bearing was abandoned
early because of its ‘manufacturing consequences. T-he optimzation
tool showed that bending of the shaft limted the overall spindle
stiffness. Therefore a three bearing concept was worked out first
with an extra bearing situated between the thrust bearing and gt
electro notor see figure 4.1. Q
The optimzation tool showed that two types of bearings coul d bt
chosen conical gap bearings with orifices or spiral groove
bearings: Both nee-d 12 bar-air supply” pressure to achieve the
specified high stiffness. Conical gap-bearings are fairly eas
to make. Spiral “grooves are nuch nore-difficult to make but
“relatively easy to pressurize using a central air supply groove

SO mnimzing the critical distance from cooler to bearing. Such
design considerations nmade us to ‘choose for externally
pressurized spiral groove bearings.

The spindle is driven bg an integrated electro notor with the
rotor fixed directly to the spindle shaft. At manufacture the
rotor. (assenbled to the shaft? ‘could be ground using the mddle

and the front bearing as a reference. This inplicated that the
back part of the spindle housing should be. fixed ‘to the mddle
part 1n’ such a way that grinding of the rotor is possible.

W choose “Boegra bronze for the housing and hardened stainless
steel for the shaft. These materials are relatively easy,
machi ne, and have” a good wear resistance in case of seizure. <!

4.2 Design machi ne nount ,
For mounting the spindle we decided toO use a spindle nount as
integral part of the spindle ‘to prevent housing deformations by
i mproper assenbly. A machine nount as interface to the nmachine
can be designed “to ones specific needs.
The front of the spindle nount was fixed directly to the nos
part of the spindle (as stiff as possible). The back of the
spindle mount is fixed to the back ‘of the middle part of the
housing using a flexible ring to allow for thermal expansion and
manuf acturing tolerances; To minimze thermal expansion effects
‘of the spindle mount itself on radial displacements we choose
invar as material’ and the mounting plane to nachine nmount at
centre-height of the spindle.
To prevent the machine from heating up by spindle heat |osses,
ours was provided Wi th cooling channels.

4.3 Design integrated cooling
The friction losses in the bearings and the power l[oss of the
electro notor nust be cool ed.
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prelimnary thermal calculations at IPT in cooperation wth
Uni versity Aachen (reference 5]) proved the need of helica
cooling channels at all bearings and for the. stator of” the
electro motor. Since the avail able space for cocling is limted.
an efficient use of the available surface’ is needed. To obtain
this the cool er channels should be mlled at the outside of the
wor kpi ece. The minimum distance fromthe bearing to the cooling
channels was set to 5 nm for enabling bearing air supply’
underneath the cooler. . .

The cooler for the front radial bearing and the front half of the
thrust bearing were integrated in the nose, part of the spindle.
The inside half of the thrust bearlng I's cool ed bg a SiQFIe
channel in the spindle housing. The mddle bearing was cooled by
a separate cooler either shrink fitted ‘or soldered in the
housing. The stator cooler was rather” straightforward. &All

cool ers had separate water outlets for ‘coolant flow adjustnent.

13

5. Prototype spindle analysis

5.1, Dynam ¢ rotor/bearing analysis ,
The optim zation tool used a sinple FEM nodel that 3SSUMeS -tye
bearings to act like pure springs. So we arrived at a natural
frequency well above the rotational speed. \Wen we implemented
real, bearings in our, rotor/bearing dynamic program RODY we found
that :the actual situation was far worse, an unstable spindle
behavi our was predicted at 100, 000 rpm.
on the basis of a one bearing one nmass system we optimzed the
journal bearings for stability” (maximumcritical nss) .small
changes in the groove paraneters gave sStable bearings at the
expense of a lower static stiffness and hi gher power loss. Also
the notor connection to the shaft turned out .to be’ critica
needing at |least an 11 mm shaft dianeter there. Neverthel ess we
calculated a stabl e spindl e behaviour beyond, the 100,000 rpm even
wth a two bearin? design instead of the original three bearing
“design. we choose tfor the two bearing design because ‘that is far
easier to nmanufacture. o ,

For “the thrust bearings we found, that the specified 20 N/pm,
stiffness’ was not enough to have the ax1alfnaﬁural.fre uenc
above the 100,000 rpm frequency. VW needed an “axial, stiffness o

70 N/pm to reach that with a shaft mass ©£. 0.6 kg. We cal cul at ed
stable bearings at 7 bar by enlarging the thrust “diameter, from
40 mm to 42 mm. .’ co : ‘

Table Il gives the calculated properties of the bearings valid
for 100,000 rpm rotating speed. The stiffness -and damping
coefficients (that vary with rotational speed. and excitation
frequenc%) are valid for 20 Hz excitation frequency.

“Around the nom nal situation some dinensions were varied to find
the tolerances allowed in the manufacturing stage. Especially the
bearing gap, heights asked for very narrow tol erances making the
manuf acturing stage nore than a chall enge as we_expect ed.

The rooy nodel (figure 5:.1) has 13 nodes and 52 degrees ‘f
freedom The cross-stiffnesses (Chv=Cvh) and cross-clanpings are
not given in the figure but inplenented in” the model. 1t are
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especially the cross—stiffness terms (displacenent not in line
with load) that determine stability of the system.

bearing | front | back | 2*thrust |

outer dinensions |¢27+27 . |$°22'24 ba2*dh27

gap height |5 5 ' 2 * 5 |um
supply pressure 12 12 7" bar a
stiffness. Cvv/Chv | 96.8/35.2 |44.6/19.8 99.0 . N/pm
danpi ng Bvv/Bvh 13.28/4.12 12.58/1.80 || Ns/mm
power | o0ss | 145.3 | 63.8 | 151.6 | w
friction torque “13.9 6. 10’ 14.4 | | N'.am
ai r consunption 135. 6 113 . 3 [183.4 cm/s
critical mass 0. 46 0 .52 infinite kg

Tabl e 11- High speed spindle bearing properties

Figure 5.2 gives the calculated deflection over the ‘spindle
| ength due to 1 N load at the spindle nose. ‘SO the stiffness.at
the spindle nose is calculated to become about 30 N/pm at the
grinding position. Figure 5.3 gives” the mode shape at the | owest
natural frequency. calculated to be 1931 Hz (well above 100, 000
rom = 1666 Hz). ‘Figure 5.4 gives the frequency dependent
conpliance at .the spindle nose, so excitation at the natural
freﬂuency still. gives a conpliance of 4.10°m/N or 25 N/um
stiffness . .

5.2 Static FE anal ysis

Both the spindle optimization tool and the RODY tool incorporated
a sgatic f-inite el-enent analysis of the shaft stiffness combined
with bearing stiffness... Al further FEM cal culations were
perfornmed with the same MARC 2D FE package at Philips. So for al
cal cul ations the sane mesh was used. -

We cal cul ated the deformation due to the high 'supply pressures
(12 bare) acting on the bearing surfaces” and the defornmation of
the shaft due to centrifugal forces. Summing these deformations
(including the deformation due to thermal-effects) gives the
bearing gap correction needed for manufacturing to obtain the
proposed nom nal bearing gaps of -5 um at running conditions.

5.3 Thermal analysis _
The heat calculations for the prototype spindle were performed
with a ‘heat |oad of 125 Wat the stator part of the notor, 75 W
at the rotor part of the notor, 73 Wat the back bearing
(originally the.middle bearing), 165 Wat the front bearing and
2*79 W for both sides of the thrust bearing, so 596 Win total.
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we arrived at 98 OC maxi num shaft tenperature rise (in. the rotor
part of the motor) and 26 °C tenperature rise at the thrust of
the shaft. W found that at “the nost critical |ocation the
bearing gap clearance W Il diminish radially 3 pm W thout
cooling we expect the total spindle wll reach about 700 oC

6. Prototype mmnufacturing

6.1 Draw ng
Figure 6.1 shows 'the cross section of the final‘asqgmblﬁ draw n
of  the prototype high speed spindle equipped “with runou
measurenent facilities. , The spindle was designed using PRO
ENG NEER, a paranetric three dinmensional design package. During
this task several details were established I|ike:

I nvestigation “into tool fixtures learned that a sphere on cone
one was preferred, it was measured to have 40 N pm stiffness and
reproduces its position Within 0.6 pm. That tool fixture was
further evaluated in” reference 6].

Al though our starting point was to have the notor positiol
bet ween two bearings we chose, for a two bearing design with an
overhung notor. Dynamic cal cul ati ons showed that a three bearing
design had only.a slight advantage in properties at the expense
of a nore conplicated design. So we gained: '

. Only two bearings need to be aligned during assenbling that

still remai ned a matter of extrenely high craftsmanshi p.

The back part of the spindle housing no | onger needed 1 pm
assembly accuracy.

Bal anci ng of the shaft ‘running in its own bearings is needed
only once, SO0 only two planes-of bal ancing holes. are needed.
-“The nmotor fixing is conpletely changed. From our-supplier we
-l earned that it was not possible to shrink the notor onto the
hardened stavax shaft at 11 mm di aneter because than the magneti
| osses become very .‘high. So we- changed that into an axial
clanmping with an “inner shaft dianmeter of 7.5 mm only, not
di sturbing the magnetic field.

6.2 Manufacture, assenbly and balancing \
The manufacturing of the spindle came out to be much nore
difficult, than we anticipated at the proposal stage. Very ti
manuf acturing “accuracies were asked for, for instance the 'ths
bearing at 7 baro can become unstable at 4 pm gap height and
w Il not give the desired stiffness at 6 pm (at 7 bara supply
pressure) . The bearing gaps especially have tolerances on the gap
an not on the separate parts (shaft and housing) the gap is made
of .
The grinding of the shaft turned 'out to be the nost difficult
manufacturing challenge especially the. cone'with the three
notches in front (for positioning the tool fixture) .
We nmeasured the nomnal values to be well within specification.
Fromthe 5 um bearing clearances, for all. the bearings we found
that in worst case manufacturing ‘could”’ reduce that nominal
clearance 1 um. L
The assenbly is perforned with pressurized bearings. During
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assenbly the 3journal bearings were aligned to a concentricity of
1.6 pm so’ 0.8 pm. eccentricity. '
The bal ancing was perfornmed with the spindle nounted upon the
math’ine, nmount. That assenbly was put on its side upon a plate
resting on four weak rubbers on a heavy base. The machine nount
had two threaded holes in line with the bearing positions to
nmount acceleration sensors connected to Vibroport balancing u
(Schenck) . The rotational speed was neasured using a bl ack paint
mark at the spindle nose.

The actual balancing was performed at 45,000 rpm and 1 mg
accuracy was easily ‘achieved. Balancing at higher speeds was
tried several times but proved inpossible because we experienced
that the spindle out of balance was not constant (explained in:
section 8.1) . , o ‘

7. Prototype high speed spindle tests

During balancing several neasurenents were performed |ike bearir
flow (as an average neasure for bearing gap heights), cooling
power, per cooler (heat balance check) and free run down (bearin
power | oss check) :

Extensive thermal neasurenents on, the first prototype HSS were
made by |PT within a period of 2 weeks at the Philips Researc
Lab. in Eindhoven. At different spindle speeds (40.000 to 100.000
rpm). the thermal behaviour of the spindle system was neasured.
The tenperatures at the centre part' of the system were detected
to be nuch higher than it could be derived from the calculatic
especially close to the. thrust bearing the tenperature rises were
almost two times as ‘high as expected

Unfortunately during investigating erratic frequencies in the
radi al shaft notion (probably noise) , the spindle crashed at
104. 000 rpm The shaft and the back bearing were damaged at the
notor side. That forced us to analyse the cause of the breakdown. j
and to design and manufacture a second prototype spindle '

|

,8.” The second prototvpe

8.1 Prototype breakdown analysis

When the first prototype spindle crashed we al ready gained three
weeks of  experinental evidence from which the follow ng
concl usi ons were drawn:

- The heat balance of the spindle did not resenble the
cal culations. W found as the main cause the extra friction power
| osses due to free running of the spindle in (supply) air. That
accounts for an extra 125 WAtt [|osses conpared to 360 Watt
bearing friction |osses. That extra effective power wll also
result in higher notor |osses. The notor |osses were investigated
in a dunmmy experinent at Eindhoven University (reference 7]) .

- The first prototype spindle had a resonance at 95.000 rpm
Experinents and anal ysis showed.that the resonance was due to the
housing. Adding an- extra mass to the back of the spindle
suppressed that oproblem.

- Balancing was not easily perfornmed. D sassenbly of the rotor
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from the shaft showed that the rotor couldrotateonthe shaft. ¢

" In conclusion after adding up the consequence of extra heat |oss
to manufacturing errors- and to assenbly errors we coul d inagine
that nost of the 5 um nom nal back bearing gap height could be
consumed. So we were rather confident that we |earned enough to
manuf acture a better second prototype spindle. \

8.2 Design changes -
The-desi gn of the second prototype (see figure 8.1) resenbles the
first prototype’ very much. The “main design changes after spindle
breakdown were: -
-1 adapting. the air bearing gap heights for the higher, heat

| osses so a new FEM heat run, was perfornmed. -
-2 Stiffening the flexure “ring to shift a housing resonance

beyond maxi mum rotating speed.
-3 Redesign of the motor fixture to inprove bal anci ng procedure.
-4 Adapt the cone in front of the shaft for easier manufacture.
-5 Separate ‘air ‘supply for all bearings to have a check of
average bearing cl earance (specifically the back bearing) by flow
nmeasur enents per bearing.

To manufacture a second prototy%% sPindIe we used pre-machined
“parts fromour: first prototype.’ started with fini'sh grinding

two shafts from mﬁlch we chose the best. Although the
straightness of the front journal part from one shaft was out of
tolerance we preferred to use that one because that error fitted
~with the calculated gap correction. Ginding the cone for the
tool fixture was nmuch easier now. because the three notches are
set free fromthe, cone. Machining the nose part and the housing
resulted in good parts. All bearing gap heights were realized
within the required accuracy.

A probl em arose when the outer dianeter of the notor rotor was
machi ned. It appeared that our supplier changed their “process so
It was, not |onger possible to machine the rotor to the opti num
0.1 mm gap. After sone delay we got parts from an old batch that
‘could be used.

The assenbly went on smoothly ‘and resulted in a better prototype
than the one before. W were able to run the spindle at 100, 000
rpm without an extra'' mass added. The neasured air consunption of
the front bearing was higher than calculated but we localised a
leakage in the jnternal air suPPly circuit, that explains the’
difference. we  found that balancing was inproved by the shrink
fit of the rotor but further inprovenment’ was still ‘needed there.

r
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Second prototype spindl e neasurenents

9.1 Grinding experiments

In close cooperation with “a grinding wheel manufacturer (Wnter)
we choose to” start with a 6. mm tool shaft’ with a 3h5 wheel
nmounti ng dianeter.

Based upon prelimnary grinding experiments we’ choose for two
resilient bond grinding wheel’s (K+888 and K730E) and one
extremely hard bronze bond wheel’ (BZ 387) . -Winter not only helped
us with the selection but delivered the grinding wheels as free

sanpl es.

9.1.1 Ginding experinents (CPE)

At CPE first the aluminum ' test naster for error notion
nmeasurenents was dianond turned on the spindle running on its
“spiral groove notor”, so at 5000 rpm ‘The resulting “surface
guality was found to be. 3-4 nm Ra. The Rt %Peak to Valley)
roughness” was found to be greatly affected by the quality of the
aluminium ‘nmaterial but still 10.9 nm was found. Experience at CPE
tells that this was a good indication of the small radial error
notion of the spindle.

CPE alsc performed the first grinding tests were. The Brite
grinding, spindle perfornmed wthout any difficulties whilst
grinding at 100,000 rpm

Sanpl e | Feed Wor k Wieel ,* [ WKO TOPO | Taly- M cro- map
nunber’ |rate speed | speed 3D . surf ,* | 512
mi rev rpm rpm Ra/Rt in nm
1 0. 020 300 |[100,000 6.1 10.9 4.7--7.1
. 58.6 96, " 48-- 67 J‘
2 “0.008 300 100, 000 ‘3.5 8 . 3| 4.7--5.3
45.1 “221 67--170
3 0. 025 100 10’ 0, 000 4 . 1| 1013 4.8--4.9
3.7.2 , 92, 56- - 85
4. 0. 060 100 100, 000 24. 1 2 2 23--25
120 230 122--169
Table 111 Surface quality test sanples grinded at CP.
Table 111 shows the evaluation of CPE's grinding results in terns

of surface roughness. The WYKO and Talysurf measurements are from
CPE and. the Micromap neasurement is from Zei ss.

The surface quality produced was in-line with CPE S previous
experience given the specification of the grinding wheel. At such
an early stage the flatness of the sanples ass very encouragi ng.

The total applied depth of renoval was very close to that

actual ly renoved.
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9.1.2 Ginding experiments (Zeiss\”

Zeiss (grinded 9 steel sanples. with two different resin. bound
grinding wheels delivered by the conpany Wnter. Two’'g |ass”
samples Were grinded With their own resin bound wheel of 20 nmm

in diameter. The grinding results are’ tabulated in table IV

sample | Feed VWork | Wheel Tool Flat- | Rough- |[Rough-
rate speed [speed ness | ness ness

e [mmrev [rpm rpm nr um- |Ra nm |R nm
1 0. 09 90 100, 100 | ¢7 . 6R 0.3 6 8 3 6 8
2 0. 045 180 100, 100. | $7. 6R 0.5 “ 21 252
3 0.018 180 100, 100, | $7. 6R 0.9 5. 3 67
4 0. 036 90 100, 100 | $7. 6Rr 0.4 8.6 86. 4
5 0. 09 90 92,000, | $7.0A 0.5 " 45 226
6, 0. 045 180 92, 000 (b7 .A 1. 4 11.5 ~‘149 .6
7 0.018 | 180 .| 70,00,0 [¢7. A | 1.2 60 60.0
8 -0.018 180 92,000 | $7. 05| 1.8 5,9, 59. 4
9 ‘0.09 |3 6 100,100 |$7.6R | 0.3 6 7 271
Gl 0. 045 180 53,000 | $20.2 2.2 .2.0 | .,45.8
& “0. 045 .180 53, 000. | $20.2 2.2 2.5 74.5

Table IV Results. from grinding tests at Zei ss

Ginding, with the bronze wheel from Winter did not” produce a
surface worthwhile to evaluate further. ‘The surface roughness
achieved with the glass sanples were conparable with the best
grinded surfaces made at Zeiss until now. Figure 9.1 shows a
tangential Micromap track of a glass sanple grinded with the 2l
" mm wheel. ce

9.1.3 G&Ginding experlments (Philips),

Philips grinded with “three types of gri ndi ng wheel s (K+733E
K+888 resin bound wheels and BZ 387 bronze wheel) on BK7 glass
and stavax (hardened steel). Philips experienced "a. large
i mpr ovenent in grinding results: ,

- The’ grinding nmarks are very regular because of the. constant
speed of the spindle. '
-, The high stiffness of this spmdle changed the formerror from

a conpliance dominated error (resulting in a convex shape i nstead
of flat) into a wear dom nated error (concave shape) Al so
sparking out did not occur.

- “A very good surface quality is achieved, gri nd| ng stavax Wth
K+888 wheel produced “’' | apped” surface_ quality.
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These experinments showed that the spindle is no |onger the
weakest point in their grinding process. A theory based on a wear
dom nated grinding process, cane up with a nodel” to. predict from
errors during grinding that could be used for ‘feed forward

conpensati on.

9.1.3 Analysis” of grinding results,
The sanmples grinded by CPE (4 steel sanples) and Zeiss (9 steel, -
sanples and 2 glass sanples) are analyzed for surface roughness.
The roughness 1n feed direction is found to be mainly dependent
on feed rate and radius of the. grinding wheel. The neasurec
val ues agree with calcul ated theoretical values with only” 10%
deviati on.
The surface roughnesses in ‘the valley of a feed” mark shows a
periodical pattern with a wavel ength corresponding exactly to the '
feed for one revolution of the grinding wheel (figure 9.2) . The
peak to valley of “this roughness is a good indication of the
error notion of the spindle plus roundness .of the grinding wheel
At low feed rate a roughness 5 nm ra was neasured. The gl ass
sanples grinded at Zeiss with .a 20 rnm dianmeter wheel even
a' thieved 2 nm Ra roughness; o
The anal ysis of the roughness neasurenents “for the samples
grigFed by Zeiss. and CPE shows the high potentials of our
spindl e, .

9..2 Thermal' measurements {(IPT)

. The thermal  neasurenents were focused = on. (therml)
di spl acenents. During speeding up the axial, z-deviation”of about”,

15 pm is dom nant see figure 9.3. The deviation in the vertical
-y-direction stays in the range “of 3.5'um. As the displacement of"
the” nmount support is part of that vertical shift, “a reduction
“shoul d, be possible by cooling that nount. The horizontal x-

di spl acenment stays in the sub mcron range. The spindle reaches. 2
‘rapidly a thermally stable situation after each speed change. !
At constant speed the thermal displacement in axial z-direction
anounted ‘0.5 pum/deg and in horizontal x-direction far |less. The

axi al z-displacement directly depends on cooling water
temperature (figure 9.4) with very short response time (seconds)
The vertical y-direction shows a constant growh rate of 0.1
pm/min, mainly caused by thermal drift of the nmount. Wth an
accurate cooling water temperature control (to 0.02" deg C needed)
plus.a cooling of the nmount the thermal behaviour of this spindle

wll be within the 10 nm specification

9.3 Dynam cs stiffness neasurenents” (IPT) '

The dynam ¢’ spindle stiffness was neasured by machining an ¢
aluminium master on the HS-spindle at different spindle speeds.
During the cutting. process, the tool was excited with a white
noi se signal and a dynamc force Was inplied to the spindle.
Sinul taneously, the deviation of the master was nmeasured. The’
anal ysis” of the force and deviation signals was executed using
a Fourier-anal yzer.

The spindle stiffness could be clearly determned as a “function
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of. the spindle speed between O and 65000 rpm (figure 9.5).
hi gher spindle speeds, the increasing dynamic 'forces prevent
further measurenments with the chosen net hod. The sti ffni
changed from 5,6 N/um at zero-speed to 15,6 N/Mm at 65000 rpm.
From the obtained results it can be deduced that the aspired
stiffness of 30 NNpm at. 100000 rpm will be achieved. The

measurenent results of the low frequency stiffness match t
cal cul ati ons done by Philips.

9“. 4 Error notion measurements (CPE) _
CPE devel oped its own software to measure the spindle error
notions up to’ nmaxi num speed of 100,000 rpm. That concerns ‘ bot
radi al and axial, synchronous and asynchronous, error notions
with nmresolution. The software was tested on the error notion
of a standard running spindle. * _ _
The ADE measurement probes were calibrated against a Hew ett
Packard Laser System The systemis first tested with |ower speed’
spindl es and proved .to operate to expectations.

The final phase of error notion neasurenents was performed by CPE

at Philips location. The naster piece was first turned round.
Measur enment of the surface roughness of that in situ ‘dianond
turned master on a Wko gave 4.9 nm Ra or 30.5 nm peak t0 wvall
out of four measuring configurations the best one was, chosen
that gave minimal noise (typically ,2.2 nm synchronous noise and
5.6 nm asynchronous noise).

The neasurenents were perforned under four conditions. First when

the spindle was free running at its own 5000 rpm driven by the

air supply acting on the ‘spiral grooves in the bearings. Next a
series of three speeds’ 50,000 75,000 and 100, 000 rpm, driven by-
the two pol e asyrichronous notor’.

spindl e error notion measurement results
speed :
nmeasured error error after correction
synchronous | asynchronous, | synchronous | asynchronous
5,000 - 8.56 , 10.56 23.58 |, 10.45
50, ®O0 41.59’ _39,.73 | ‘2R3555 | 3989713
75,000 | 90.81 68.57 | 74.85 68.8757 ,
100,000 | 52,08, “39.18| 73.33 w3044 .

N
|

Tabl e V Error notion neasurenent results

The neasurements with the free running spindlée gave excellent
“figures close to the noise of the nmeasurenent system ‘
We experienced the worst behaviour at 75,000 rpm and at higher
speeds the error nmotion decreased but remains above our
specification (synchronous error 50 nm and asynchronous 20 nn) .
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W found a two | obed shape of the errors (probably the two poles
of the motor drive) that rotates several degrees per revolution
(probably the slip between nmagnetic field and rotor speed) as can
be seen in figure 9.6. So the amount of asynchronous error very
much depends upon the nunber of revolutions “considered. In other
words all the errors becone asynchronous “error wth long
observation time. .
The master was carefully calibrated afterwards on a sperate set-
up. That calibration gave an “error nmgnitude of 26 nm. The shape
‘of that error was mainly elliptical. Next step was to subtract
‘nunerically that naster error fromthe neasured data ‘to ‘obtain
a corrected error notion of the spindle. That resulted in the.
orrected dat a. y

Finally an effort was nade to elimnate the phase shift per
revol ution. fromthe neasured data to get an indication what error
Wil ‘result with a synchronous notor drive at 100,000 rpm That *
numerical “calculation” came up with an synchronous error of 45.07
nm (within the spec of 50 nm,.

The error notion neasurenents learned that the shape of the
profile rotates a few degrees per revolution. Thi s can k
explained by the theory from R Belmans (reference 8] , 9] ar
-101). It could be caused by” the homopolar magnetic field that
results in notor forces’ that rotates with twice the slip-
frequency’ at a dynamic eccentricity. In future designs one needs
electro nmagnetic expertise to suppress this effect.

10. Final spindle redesian

10.1 Design changes

A part of this task was already perfornmed .when we designed the

second prototype spindle. That spindle was used extensively and

gave good confidence in its potentials. It was evident however

that this prototype spindle was not suited for production '

gri ndi ng. !

The manufacturing costs reduction was di scussed extensively. The

design with its tight tolerances resulted into” very high

manufacturing “costs. The spiral groove bearings can not be

reduced in accuracy or conplexity. They. are one of the main

surfaces for proper function of the spindle. W al so experienced

that sensor hol der and nmachine nount were adapted by each partner

so we decided that such parts. do not longer belong to the spindle

itself. The thin shaft dianmeter at the notor |ocation nmade the

grinding of the shaft difficult.

It was a Pleasure to learn that Hembrug put, nmuch effort in

analysing the drawings of the Brite spindle. W did benefit a |ot

from this work hidden in the following consolidated cost

reduction design proposals: .

-1 The notor fixture will be performed by ‘a long thin bolt
pressing the rotor against the back of the shaft.

-2 Integration of notor cooler, and stator cooler was pursued as
major part in the spindle redesign

-3 We learned that a standard spindle has only -a nmounting face
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and threaded holes at the back (the user can design his own
specific flexible support) . So the invar spindle nmount plus
expansion ring were no longer integral part of the, spindle for
more flexibility.

-4 All supply and return channels should preferably be axially”
connected at the back of ‘the spindle.

-5 we preferred to use 6 in stead of 8 holes in the nose plane
| eavi ng nore space for the supply and return channels. At the
backhthe 4 locations for flexible nounting could be’ mnimzed
to three.

-6 W& choose a sinple tool fixture conprising only a bolt that
is centred in the shaft. The small dinmension of the bolt wll
not cause unbal ance problens | arger than fromthe grinding
wheel itself. o

In conclusion we felt that we found a good conbi nation of

manuf acturing costs reduction and inproved spindle design. The .

consolidated changes will also result in a spindle that is better

suited” for production use.

10.2 Anal ysis of the redesigned spindle

For. the redesigned spindle new cal culations were perforned to
arrive at the gap corrections needed to manufacture the housing
bores from the neasured shaft dinmensions. -The cal cul ated gap
corrections for the redesi?ned spindle are given in figure 10.1.
The g%P corrections, result frompressure deformations (0.5 pm)
pl us deformation due to centrifugal forces ‘(2.5-2 pm) plus
thermal deformations (2.5-2 pum).The total deformation is
approxi mated by straight |ines (constant over the spiral grooved
part ‘of the bearing surface) . o
AOFEPSS “section of the redesigned spindle is given in figure
10. 2. o

Figure 10.3 shows, the calcul ated tenperatures plus the nmesh used
for, calculation (3419 elements with 3795 nodes) ., The w ndings of
the notor becone the highest’ tenperature rise of 120 degrees cC,
and we find a ‘considerable tenmperature drop across the air
bearing gaps. Input for the heat cal culation were 75 Wfor notor
rotor, 200 Wfor motor ‘stator. and 145 Wfor the front bearing,
64 Wfor the back bearing, 76.6 Wfor” each side, of the thrust
bearing’ and 125.8 w distributed | osses around the no bearing
parts of the shaft.,

10-.3 Manufacturing
The manufacturing. of-four optimzed spindles was perforned at the
research workshop of Philips. The rotors fromthe notor were
shrink fitted “to the shaft and that assembly iS ground to final
di mrensions” with better roundness and squareness as for the
prototype spindles. Figure 10.4 shows sone manufactured parts,
nose, housing and cool er bushi ng.
The critical phase of the ‘assenbly of the Philips spindle was
attended by the specialists from CPE, |PT and Zeiss.’, An assenbly,
nanuih was witten. Figure 10.6 shows the assenbl ed redesigned
spi ndl e.
Tﬁe bal anci ng was performed in two steps only. 'First bal ancing
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was performed at 40,000 rpm where, 28.5/47.6 ng was neasured to
be renoved in both neasurenent planes. (alnost 'in line with the
radi al bearings) . That was a |arge anount because the weight of
a single balancing screwis about 80 reg.. Thereafter we bal anced
again at 75,000 rpm and had to renove only a few mg's. In

conclusion we feel that the redesigned motor clamping nmde the
bal anci ng nmuch nore. easier than with the prototype spindle. °.
An assenbled spindle with user dependent accessories (piping,
spi ndl e nmount and nachine nmount) can be seen in figure 10.5. In
the machine nmount are two cooling channels that provide’ thernma
isolation between spindle and nachine.

11. Optimzed design_tests

11.1 Measure thermal behaviour g
At IPT a set of neasurenents on thermal stability of the spin
were performed ‘similar to the prototype spindle measurenments.

The neas-urenments taken at 40,000 rpm show a sinilar thermal
behaviour of the IPT spindle. in ‘conparison to the prototype
spindl e. The displacements. in Xx- and y-direction stay below 0.3
pum during the-whole” period. ‘'The deviation in z-direction 'is
mai nly influenced by the water cooling system The waves w th an
anplitude of about 0.4 'um in the z-deviation curve follow
directly the tenperature of the cooling water (0.7 Kwave’
amplitude). '

To prove the application of the cooling system for the spindle
mount, the measurenents at a spindle speed of 70,000 rpni were
taken. The prototype spindle was running at 100,00,0 rpm wi thout
this cooling system Fromthe obtained curves it can be seen that
the nmount cooling, reduces the thermal drift in (vertical) y-
direction. On, the other side, the influence of the water cooling
cycle can be found in a wavy- structure of the sane displacenent

curve, . '

11.2 Grinding tests _

The second prototype’ spindle was tested at Zeiss with a
production, nmachine for precision grinding under workshop
conditions. The achieved results with test pieces nade of steel
are very exciting, because we never expected to get %pod ground
surface of steel wth dianond grinding wheels. he ground
surfaces of glass were the best Zeiss ever made. Al of these are
good indications for the good behaviors (error notion and
stiffness) of the high speed spindle. We expect that the

redesi gned spindle should nake at, least the sanme or. better
results.

11.3 Measure error notions
At | PT run-out neasurenents of the HS-spindle were nmade with a
mast er —cyl i nder whi ch was nmachined on the H S-spindle. Due to this
t he synchronous error of the spindle run-out can not be detected
but balancing is much easier. As the noise 'level (asynchronous
error) resulted to about 150 nmthe set-up has to be optim zed.
More nmeasurenents will be performed after, the project ends.
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11.4 Measure dynam c behaviour . .

IPT measured the zero speed stiffness to be 10 Npm so higher
than the 7 N pm of the prototype spindle. he conpliance
measured did not reach .the static value for frequencies up to
1900 Hz. Over the whole range no 'sharp peaks were found. The peak
at about 1200 Hz.was found to-originate from the spindle nount.

A wel | danped resonance. frequency at about 150”0 Hz was determ ned °
to bexthenpirst bendi ng node of the shaft plus rotor assenbly.

12. Concl usi ons

The new design of the motor fixture made bal ancing nuch easier.
The thermal properties of the spindle are good but can still be
i mproved by a nore accurate tenperature control of the cooling
fluid. The dynamic behaviour (stiffness) of the spindle is'better
t han specified. The runout of the spindle is that good that
electro magnetic noi se prevents us for stating an accurate val ue.
The only drawback is the. seizure of the spindle .at Philips, so
limiting the maxi num speed to 90, 000, rpm is advised. The grinding
results of the prototype spindle were already excellent. The
redesigned spindle is expected to produce at least simlar
results with a far nore user friendly design.

The properties of-our spindle are’ summari sed bel ow.

Maxinumrotating speed . . . . . . . .. 90, 000r pm
Radial stiffness at cutting edge . . . . . . . . . . . . . .. . > 30 N/pm
Axial stiffness at cutting edge (calculated) . . . . . . . . . . 60 N/pm
Error motion asynchr. + synchr. . . . . . . . . . . .. L 120 mm
Thermal drift at 70,000 rpmiwith axial . ... 0.8 pm
0.7 K coolant tenperature variations ‘. | vertical. . . .* 0.4 pm
horizontal. . 0.3 pum
Thermal time constant * . . . . . . . ... ... ... ... ... ... =10 sec
Grinding performance . . . . . . . . .. very good

It is evident that -many persons collaborated” to achieve this
result. Several changes in personnel occurred during the project
but the least | can do is to acknow edge the project |eaders that
made it to the project end. S

Cranfield Precision Cranfield : Keith' Carlisle

Fraunhofer |PT Aachen - . Hans-Bernd Schroder

Carl Zeiss oerkochen . Dr Yaolong Chen

Philips. Research Eindhoven . Peter Holster
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Figure 2.1 Tine chart of, the project
Sbeed !
Maxi mum rotating speed 100.00. 0 rpm
Accur acy-speed control; 1. s
Stiffness, nmeasured at cutting edge position
Radi al stiffness (at rotating speed) 20 N/pm
Axial stiffness (at rotating speed) 20 N/pm
Tool specification
Small grinding wheels (with shaft nounting)’
Wheel di aneter 6- 20 mm
Mounting reproducibility” 1 m
Mounting stiffness 20 N/
Large "grinding 'wheels (with internal nounting ), '
Wheel di aneter " 20-.50 mm
L 0 a d )
Maxi mum | oad at cutting edge position ’ 1 - N
Resolution measuring facility for axial and’
radi al | oad 01 N
Balancing - .
Resol ution dynam c bal ancing 05 ‘N
Error motions .
.Radial ’'synchronous error notion 50 nm
Radi al asynchronous error nmotion , 20 nm
Axial. total error “notion 20 nm
Resol ution radi al (two pl anes) and axial
position neasurenent (during val uation) 1 " nm
Thermal drift in radial and axial direction
(to be neasured after 15 mnutes) * , 10 rim

Figure 3.1.High Speed Spindle specifications
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Figure 3.2 Prelimnary design chosen for further evaluation
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Figure 4.1 Three bearing design
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“ Figure 5.1 RODY nodel for rotor bearing dynamics
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+Figure 5.2 Calculated spindle deflection over its length
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Figure 8..1 Second prototype design
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Figure 9.1 Roughness in the valley of a feedmark
from Zeiss sanple G2

Radius = 8 mm Radius =4 mm

1 revolution of
the workpiece

Feed Direction

100pm | 1revolution of the  Tangential Direction
grinding wheel

Figure 9.2 Ginding marks from CPE sanple 4
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Figure 9.3 . Thermal deviation at speed Up
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'Figure 9,4 Thernmal deviation -at constant speed
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Figure 9.5 Stiffness measurement set-up
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Figure 9.6 Stiffness neasurenents at cutting position
Left: Dynamic conpliance at stand still
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Project: UP20871
Customer: brite

Serial Number: 002‘

Location: Philips ’ " -
Date: 13-CM-94

1 150

By:Jack & Paul .

Measurement: Radial - X Direction

Spindle Speed 9.595e+004 rpm

180
Asynchronous E'rrovr. 38.04nm
Synchronous Error: 73.33 nm
Number of Cycles: 5 210 ‘
Points per revolution: 250 .

Filter: 60 UPR

Figure 9.,7 Typical error motion profile at 96,000 rpm
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Figure 10.1 Gap corréctions
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Fi gure’ 10.2 Redesi gned spindle

-Figure 10.3 Calculated temperature distfibutién_
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and cooler bushing

Figure 10.4 Spindle” nose, spindle




