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Abstract

In this paper we measure the performance of anitgeapindles with three
guantities: the dynamic stiffness, the asynchrorests motion (AEM), and the
rotational velocity modulation. The dynamic stéfs is a measure of how well the
bearing resists shifts in the rotor axis due todsron the rotor. AEM also identifies
movement of the rotor axis, but is concerned orithh wmotion not synchronized with the
spindle rotation. The rotational velocity modubatiquantifies how much the RPM
varies around the desired RPM value. In our expanis, we found that the dynamic
stiffness of the new Seagull Hi-Capacity Biconiclaaring spindle was over double that
of the standard Seagull Biconic air bearing spirzaid the dynamic stiffness of the
standard Seagull Biconic air bearing spindles wglsdr than the competitor air bearing
spindles we tested. We were not able to measwyrsignificant difference in the AEM
nor the long-term velocity modulation between tearngs, but we did find that a disk
stack mounted on the rotor greatly degrades begenfgrmance and that fingers placed
in the disk stack significantly reduces that perfance degradation. We found that
signal modulation from an eccentric encoder digkugis velocity measurements over
the short-term, but that this signal error can dreected with Seagull’'s new low
modulation encoders.
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Introduction

The goal of this paper is to experimentally meagjuantitative values of air
bearing spindle performance that are as realistic hopefully, as meaningful to industry
as possible. Often the performance specificatyvesn for air bearing spindles are
theoretical and have never been experimentallyiedri In addition to never having been
verified, many times they are calculated assummgalistic or improbable conditions.
For example the stiffness is often listed at abdeations inside the bearing, while
bearing loads are always placed farther out albagkis where the stiffness is lower.
There is not necessarily anything wrong with ligtthe specifications in this way, it just
makes it more difficult for the end user of antaaring system to know how the air
bearing will actually perform under a given setohditions. With this in mind, we
created our performance measurement tests to hekedults as useful as possible, even
though the results often make the bearings appgaerform more poorly than historical
specifications would indicate.

Seagull Solutions, Inc. designs and manufacturdsearing spindles, so of

course, we want our products to measure up welhagdne competition. We made

every attempt, however, to keep the tests as obgeahd as representative as possible to
make an equitable comparison between all of thedégs. We put a lot of effort into
developing test setups that yield as consistentteeas possible. There is no doubt,
though, that these tests could be further refimetlexpanded. This paper is by no means
a definitive work on how to measure air bearinghdf@ performance, but we hope that it
provides some insights and perhaps some new pékggseon the subject, for in order to
improve the performance of our air bearing spindesmust first be able to measure it.

We fully encourage others to develop similar testd experimental setups and
verify or question the results we present herepefienced experimentalists may be able
to make many improvements on our testing procecamdsother facilities may have
more suitable testing equipment or environment& Wwiuld be happy to work in
collaboration with anyone interested in what thegd here to maximize the accuracy and
usefulness of these air bearing spindle performamezsurement techniques.
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Background

For most applications, an ideal air bearing sgvdbuld be one that has a
perfectly constant rotational velocity vector. @&ational velocity vector attached to the
rotor defines both the orientation of the rotorsaaand the magnitude of the angular
velocity. In order for the rotational velocity tecto remain constant, the rotor axis must
remain stationary with respect to some extern&regice frame (e.g. no wobbling, tilting,
or shifting) and the angular velocity magnitudercarfluctuate. No real air bearing has
a perfectly constant rotational velocity vectormMewer, and the performance of a bearing
can be characterized by how much it deviates fitumitiealization. A good bearing has
a more constant rotational velocity vector undgivan set of conditions than a bad one.

In this paper we measure three quantities to clerrae the deviation of an air
bearing from the idealization. The first quantgydynamic stiffness, which measures
how well the bearing resists radial shifts in tbtr axis due to the centrifugal force
created by an imbalance in the rotating spindlee 3econd quantity is asynchronous
error motion (AEM), which measures radial movenwdrthe rotor axis that is not
synchronized with the spindle rotation. The tlgantity is the rotational velocity
modulation or how much the RPM varies around tlerdd RPM value. These are the
primary performance characteristics and in thisepage measure how they change with
bearing RPM. In addition, we also keep track shesecondary variables which do not
measure the bearing performance explicitly, bugide an indication of overall system
performance; the system being composed of theeairirg, air supply, motor, encoder,
controller, and amplifier. These secondary vagalare the air flow into the bearing and
the current through the motor windings and theyp ladlicate problems and
inconsistencies in the setup.

One popular air bearing application is hard drieadhand gimbal assembly
(HGA) testing. During HGA testing, a stack of disk mounted onto an air bearing
spindle and then circular tracks of data bits arnéen onto and read from the hard disks.
Ideally the tracks should be concentric and cedtaral as perfectly circular as possible
so that the track density does not have to be deetkto prevent the tracks from running
into each other. Also, the data bits should beeapas evenly as possible to maximize
their density. The disk stack is a very repredemaeal life load condition for an air
bearing spindle. Bearings that perform well wheimising freely on their own show
very significant performance drops when subjectetthé¢ forces of such a load. Even a
slight imbalance in the disk stack can create lasgerifugal forces on the rotor at high
RPM and cause the rotor axis to shift and wobBle.air bearing’s dynamic stiffness is a
direct indication of how well that bearing can s¢$hose large centrifugal forces. The
AEM measurements indicate the potential eccenyrinithe data tracks and the velocity
modulation indicates how evenly spaced the datadaih be placed.
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Dynamic Stiffness

In this paper we use the term “dynamic stiffnessitiean the quantity equal to
the centrifugal force acting on the rotor in thdiahdirection due to an imbalance at a
given axial location divided by the radial displamnt of the rotor in the same axial
location.

S, : DynamicStiffness

F. : Centrifugal Force

d : Radial AxisDisplacement
Z : GivenAxialLocation

Equation 1 : Dynamic Stiffness Definition

T

The axial location is a very important parameteewbharacterizing the dynamic
stiffness. Much of the radial displacement atvegiaxial location is due to rotor axis tilt
as opposed to parallel axis shift. For a givenwamof tilt, the magnitude of the radial
displacement increases as you move away fromlttalGrum point. In addition, for a
given amount of centrifugal force, the moment amribtor increases the farther the force
acts from the center of the bearing. So for araribg, the dynamic stiffness
measurement will be larger at an axial locatiorsetdo the fulcrum point of the bearing
than it will be at an axial location that is furtlavay.

The dynamic stiffness is not the same as the sgHrof the air film in the bearing.
The dynamic stiffness might be more properly thdwjlas a mechanical impedance.
The dynamic stiffness is a complex number thategawith rotational frequency and is
very analogous to electrical impedance, which wanigh alternating voltage frequency.
At zero rotational frequency, the dynamic stiffnessqual to the air film stiffness just as
at zero switching frequency the electrical impeaainca circuit is equal to the electrical
resistance. At non-zero rotational frequency, h@xegthe dynamic stiffness is affected
by both the inertia of the rotor and the air filandping just as at non-zero switching
frequency the electrical impedance is affected dith bhe capacitance and inductance in
the circuit. Dynamic stiffness in an air bearisgifunction of rotational velocity, rotor
inertia, and the air film stiffness and dampindieTair film stiffness and damping are
most likely variables that change with rotationalocity and radial rotor displacement as
well.
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S, = fla,!1,k(a,d),ble,d))

w: Rotational Velocity
| : Rotorlnertia
k: AirFilmSiffness
b: AirFilmDamping
Equation 2 : Dynamic Stiffness Functional Relationship

One way to predict the exact relationship betwéesé variables is to create a
dynamics model of the system and solve the equatbmotion. As a first
approximation we can make an oversimplified modéehe system by assuming that the
air film stiffness and damping remain constant bypdgnoring the rotational inertia and
tilting of the rotor. The model becomes a one-disi@nal mass-spring-dashpot system
with a sinusoidal forcing function.

— Imbalance
Rotor Axis 4
N
Total
mass > Rotor
M
.
t > Air Film

~
77— Stator

Figurel: Simplified Air Bearing Spindle Dynamics M odel

The figure above is a graphical representatiomefery simplified air bearing
spindle system mechanical model. The total massré&idresents the rotor mass and the
imbalance mass. The imbalance mass “m” is locatddtance “r’ from the axis of
rotation and spins at a rotational velocity eqodl’. The variable “x” in the figure
corresponds to an arbitrary radial direction. €aetrifugal force on the rotor caused by
the rotating imbalance mass acts as a sinusoitd@hgliforce on the rotor in the x
direction at a frequency equal to the rotating dpeehe variables “k” and “b” are the
stiffness and damping of the air film respectiveliywe solve the equations of motion for
this system and divide the centrifugal force byneximum displacement, we come up
with the following relationship between the systesniables:
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S =\/(k— sz)z +b*w?

G = tan'l [sz
k-Mw

6 : PhaseAngle
Equation 3: Solutionsto the Simplified M odel Equations of Motion

Note that at zero rotational frequency=Q), S simply equals k and the phase
angle is zero. The phase angle is the phaseddhife output sinusoid with respect to the
input sinusoid. When the phase angle is zeromidwe@mum positive displacement occurs
when the input force is in the same direction asdisplacement. When the phase angle
is 180 degrees, the maximum positive displacemerirs when the input force is the
opposite direction as the displacement. In therGgbove, the air film thickness “t” will
be smallest when the mass “m” is at the very botbbits revolution and the phase angle
is zero. When the phase angle is 180 degreesilttbe smallest when the mass is at
the very top of its revolution.

In dynamics analysis, bode diagrams are often tssegpresent the frequency-
response characteristics of dynamic systems. fBoggiéncy-response is the steady-state
response of a system to a sinusoidal input. Baalgrams consist of two separate plots,
one giving the magnitude of the response versuf¢leency and the other the phase
angle of the response versus frequency. The dynstiffness is inversely proportional
to the bode magnitude plot. Another way of detamg the relationship between system
variables would be to directly measure the frequarsponse of the system, create a set
of bode plots, then back out the transfer functioosy the shape of the plots.
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Figure 2: Example Bode Plot of the Simplified M odel

The figure above is a typical bode diagram of ihgpéified air bearing
mechanical model. The magnitude plot is shown alibg phase plot. Note that the
magnitude is plotted on a log-log scale. The maglei plot is proportional to the
reciprocal of the dynamic stiffness. So the sifrgalimodel predicts that for low RPM
the air bearing dynamic stiffness will remain camstand the phase shift will remain
zero. It then predicts that the dynamic stiffme@gsundergo a short drop as the phase
angle begins to change, then increase indefingelthe RPM rises. If we knew the exact
proportions of the plot, we could estimate valu@s'™”, “b”, and “k”.

The simplified one-dimensional mass-spring-dasihpadel is most likely too
simplified to predict any real trends in an airtieg Another thing to keep in mind is
that the simplified model considers movement ofrtiter with respect to the stator.
Often the real concern is how the rotor moves wadpect to some other reference point,
such as a capacitance measurement probe or waitkthat is attached to some support
structure. Since no support structure is perfaagig, a better model would need to take
into account the transfer function that descrilbesmotion relationship between the
stator and the real reference point. The lackeofget rigidity in the support structure
makes analysis and testing more difficult, but dalésw for the interesting possibility of
custom designing the support structure to tunertimesfer function between the rotor and
the external reference point to better meet thegdess needs. Instead of simply trying
to make the structure as rigid is possible, thegdes might be able to tune it to minimize
motion between rotor and reference point or tot statural frequencies in the system.

10
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Knowing the details of the relationship betweendpgtem variables, whether the
relationship was found theoretically, experimentatr by a combination of the two
methods, would be very useful for predicting hoe liearing would react under a set of
operating conditions. A detailed bode plot orafd@tansfer functions would indicate
resonant modes in the bearing and stability issagbhe designer of an air bearing system
could work around them. In this paper we makditsestep in the frequency-response
characterization of an air bearing by measuringiremic stiffness across a range of
rotational speeds.

Asynchronous Error Motion (AEM)

Asynchronous error motion is movement of the rotet axis that does not occur
at frequencies that are multiples of the rotatidrequency. While the source of the error
motions may be well defined and repetitive, thegesp random relative to time, or they
repeat at a frequency that is not a multiple ofrtational frequency. AEM can be
caused by any number of disturbing forces actintherrotor. Similar to the dynamic
stiffness, much of the AEM in the rotational axgdilt, so the farther the measurements
are made from the tilt axis, the larger the motimagnitude. NRR or non-repeatable
runout refers to the same type of motion. AEMfteromeasured both axially and
radially and the radial measurements can eithérdoe a fixed direction or one that
rotates with the spindle. For the purposes offihjzer we are most concerned with fixed
radial AEM and when we use the term AEM this is twlaa imply.

Most air bearings easily measure less than onernch AEM under relatively
controlled conditions, with no load, and when theasurement is made close to the end
of the bearing. The motion magnitude increaseasfggntly, though, when a load is
placed on the bearing and the measurements are ahka axial location where activity
normally occurs. Since the numbers are on suchadl scale, even minor-seeming
environmental disturbances can increase the mdt@amatically. The vibrations from
an air compressor running on the roof of a buildiag double the AEM of an air bearing
spinning within that building. The first step &ducing AEM is to reduce the disturbing
forces on and within the system. Vibration isalaton massive system foundations are
often used to try to minimize the effects of ougsttisturbances.

The air bearing load itself can be a source dtiding forces acting on the rotor.
For example, a stack of disks in the HGA testingliaption imparts random forces in
many directions on the rotor as it spins arountde disks in the stack are separated by
layers of air. When the disks spin around at Isigéed, packets of air are ejected
creating low pressure voids in the gaps betweedigks. These voids are continually
replenished by the surrounding air to fuel furtbacket loss. The effect is similar to tiny
rocket blasts going off in the disk stack pushinglue rotor. These little pushes can
create enormous AEM in the spindle.

! Lion Precision Advanced Spindle Error Analyzer 8len 7 Instruction Manual page 51

11
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Figure 3: Disk Stack

The picture above shows a typical disk stacktight be used in an HGA
testing application. Seagull has developed a wayihimize the random air packet loss
(“puffing” as we refer to it) from the disk stack @ is spinning around by inserting
“fingers” in between the disks that comb off thgeles of air*

) i

—
e—— =+ ———

—

Figure4: Disk Stack with Fingers

The picture above shows the fingers insertedtiméadisk stack to comb off the
air layers before they have a chance to exhibipttitng phenomenon. In previous tests
we have seen very significant AEM reduction in skditack when using the fingers and
in this paper we subject them to more formal taats compare the finger effects on a
variety of bearings.

2 patent Number 6,097,568

12
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Velocity Modulation

The third performance quantity that we measut&igpaper is the velocity
modulation of the bearing as it is spinning. Tleeity of the bearing is controlled by a
negative feedback loop. The controller in the @yssenses the velocity of the rotor from
the encoder signal, compares it to the desireccitglaalculates a torque response, and
sends that information to the amplifier as a curoemmand. The amplifier sends
current through the motor windings based on theeoticommand in its own little
negative feedback loop and the motor applies totqtilee rotor.

Disturbance

Torque
Desirgd Current Amplifier Current Torque Actual
Velocity Error Comman Output Output Ve(I:oL::?ty
+
O Controller Output Motor Bearing
Current J
Sens
Measured
Velocity Feedback
Encoder

Figure5: Air Bearing Spindle System Feedback L oop

The figure above is a block diagram of the systémorder to improve the actual
velocity of the bearing, you need to both optintize design of the feedback loop (and
the individual system components) and reduce thtidiance torque acting on the
bearing.

Disturbance torque on the bearing can come dyréctin the bearing load. The
same puffing phenomenon in a disk stack that afféet AEM also acts as a source of
input forces on the bearing that fight the con&nddl goal of maintaining constant
velocity. The packets of air that continually momeand out of the disk stack and air
layer system vary the momentum of the load, inc¢féeting as disturbance torques on
the bearing rotor. The disturbance torques combittethe motor torque output to
accelerate and decelerate the rotor. Unless thteodler can sense the changes in
velocity quickly enough to help reduce them, tharbmgy will speed up and slow down,
speed up and slow down, and the velocity will fliate randomly around the desired
value. The fingers placed in between the diskddp the puffing phenomenon helps to
reduce the velocity modulation of the bearing all.we

There are several ways in which the velocity matiah might be defined and

measured. It is often expressed as a percentageiafion about the desired value. For
example you might see a performance specificatidhG91% velocity error. One issue

13
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with expressing the error as a percentage is tinat §iven amount of fluctuation the
percent error changes with the magnitude of theetbsalue. A percent velocity error at
10,000 RPM for example may not be straightforwaadignparable to a percent velocity
error found at 20,000 RPM. If the variation rensaiitonstant at +/- 1 RPM say, then the
percent error measurement will be twice as largd@00 RPM than at 20,000 RPM.

The time scale of the test is also an importantbée in velocity modulation
measurements. The velocity variation measured aviilgh sample rate over a very short
period of time might be very different than theigion measured with a low sample rate
over a long time period. Depending on the updaguency of the controller and the
input frequency of the disturbance forces, the teasurements might be quite
independent of each other. The spindle could bedipg up and slowing down at very
high frequency, but the average velocity could sgerg constant if it was examined
infrequently over a long period of time. Conveysle spindle could be going through
long cycles of slowly picking up speed, then slosliywing down, which would not be
noticed if the velocity was examined only for ahmurst.

In an attempt to reconcile these issues with thecity modulation
measurements, we examine the spindle velocity ¢mdghort-term time scale and a
long-term time scale. On the short-term scale wwasure intra-revolution velocity error
using the individual encoder pulses over a reltigshort sample time. On the long-term
scale we measure inter-revolution velocity errang®nly the encoder index pulse over
a relatively long sample time. In addition, insted taking data over a given amount of
time, we take it over a given number of spindlations, so that the data will be more
comparable across a range of rotational velocities.

Another issue complicating the velocity error sguency modulation of the
encoder feedback signal. Encoders output a digitisle stream at a frequency
proportional to the rotational speed. A populgetyf encoder is the incremental optical
encoder, which consists of a rotating disk, a lgfrce, and a photodetector (light
sensor). The disk, which is mounted on the rotasimaft, has coded patterns of opaque
and transparent sectors. As the disk rotates, eserns interrupt the light emitted onto
the photodetector, generating a digital or pulgeaioutput.

Figure 6 : Optical Encoder

14
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Figure 6 shows the basic principle of an opticalosler. If the shaft rotates at a
constant angular velocity, the markings on the gesés by the light stream at a constant
rate. The encoder outputs the digital pulse sigh#ie rate that the markings pass by the
light stream. The controller then measures thgukeacy of the signal and calculates the
angular velocity, knowing how many marks are ondis&. A problem arises, though,
when the encoder disk is not perfectly centerethershaft. When the disk is not
centered, some of the markings are farther froncéimeer of the shaft than they are
supposed to be and some are closer. For a gianrstational velocity, the markings
that are too far away will pass by the light strestra higher rate than the markings that
are too close. The result is that the frequendh@®encoder output signal is no longer
constant, but modulates around the mean frequenhieg.off-center encoder disk causes
the output signal to vary sinusoidally.

The sinusoidal frequency modulation in the encadgput creates several
problems. The encoder introduces error in theldfaeklisignal. A very tight control loop
will cause the bearing to track the incorrect fesdkosignal, introducing a physical
velocity modulation that matches the error signatoiation. Even if a control loop is
loose enough to be effectively blind to the feedtbaor, the error still needs to be taken
into account when using the encoder output foraiglonodulation testing. It can be
tough, though, to separate the true velocity drmn the encoder signal error.

As a solution to the encoder frequency modulatiabiem, Seagull has
developed a special low modulation encoder witadjnstable encoder disk. With a
centered disk, the encoder no longer introducesithesoidal error into the feedback
signal and the frequency modulation is reduceds &lhows for a much more accurate
velocity measurement that can be used by the dtertfor tighter tracking or by a tester
for measuring more accurate performance parameters.

Error motion in the spindle and masking errorsteméncoder disk also introduce
errors in the encoder output. Since the encod&ridiconnected rigidly to the rotor, it
feels the effects of both synchronous and asyncduserror motion of the rotor. This
motion corrupts the encoder output signal jushaseccentricity of the encoder disk
does. Again, since most of the error motion israixis tilt, it is very important that the
encoder disk is located axially as close as passibthe center of the bearing to
minimize this corruption. Even if the encoder dislperfectly centered and undergoes
no unwanted error motion, though, slight variationthe transparent and opaque sectors
of the encoder mask can still introduce error eméhcoder output signal. It is important
for the photodetector to average the signal ovegrsd of the mask sectors to minimize
the effects of their variations or potential conitaation. Some encoders average over
more sectors than others. Seagull’'s new low mdidul@ncoders average over 9 sectors
while the old Seagull encoders only average over 5.

15
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Test Equipment

Air Bearing Spindles
Seagull:
2 Hi-Capacity Biconics (biconic geometry)
2 Standard Biconics (biconic geometry)
Competitors:
2 Brand A (bispheric geometry)
2 Brand D (planar cylindrical geometry)

Controller

Seagull P2 Controller for all bearings exceptBoand A.
(Brand A bearings use a 512 count encoder not ctinigpavith the P2 controller)

Measurement Hardware

Lion Precision Spindle Error Analyzer:

Capacitance Probe C4-D

Capacitance Probe Driver DMT-22
Data Acquisition:

National Instruments Data Acquisition board PCIEGML6E-1
M odulation Domain Analyzer:

Hewlett Packard 53310A

Software

National Instruments Labview 6.0.2
Mathworks Matlab 6.1.0
Lion Spindle Error Analyzer 7.1.0

Accessories
Stiffness Adapters:

Figure 7 : Stiffness Adapter

16
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Disk Stack Adapters:

Figure8: Disk Stack Adapter

Disksand Spacers:
9 Aluminum Hard Drive Disks 95mm Diameter x 1 mmctk
8 Disk Spacers 3mm thick

Fingers:

Figure9: Fingers
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Test Methodology

Dynamic Stiffness Measurements

The concept behind the dynamic stiffness measurenie relatively
straightforward. In order to determine how muctcéoit takes to displace the rotor axis,
we simply introduce a known centrifugal force oa tbtor and measure how far the rotor
axis shifts off-center.

We introduce the centrifugal force on the rotorirpalancing it.

— 2
Fo=mrw

Equation 4 : Centrifugal Force Dueto Rotating I mbalance

The centrifugal force on the rotor is equal toithbalance on the rotor times the
rotational velocity &’ squared. The imbalance is equal to the masiseoinhbalance
“m” times the distance “r’ the imbalance is locafemn the axis of rotation. The
dimensions of the imbalance are mass-length andithensions of &’ are angle/time.
The centrifugal force on the rotor is linearly poogonal to the imbalance magnitude. If
we double the imbalance in the rotor by either aganore mass or by moving the mass
farther from the axis of rotation, the centrifuf@ice also doubles. The centrifugal force,
however, grows geometrically with the rotationdioegty. If we double the angular
velocity of the rotor, the centrifugal force quaples. So even small imbalances can
create quite large forces on the rotor at high RPM.

We use the stiffness adapter to apply the imbalémthe rotor for the stiffness
tests. The adapter bolts onto the end of the anidrhas a setscrew hole drilled through
it radially. As mentioned in the background, tik&hlocation is a very important
variable when measuring and specifying the dynatifiness. We chose to use an axial
location 2 inches from the top of the bolt headslimg the adapter onto the rotor, since
this is a typical load location for many air bearspindle applications. The setscrew can
be moved radially to change the amount of imbalamt¢lee adapter. The setscrews in
the adapters (we need a different adapter for @mepmpatible bolt hole pattern in the
bearings) have mass of around 2.5 grams. Thereetscan be moved as far as 0.18
inches from their balanced positions, so we camdhice as much as 0.45 gram-inches of
imbalance (mixing English and metric units). ltwanot be difficult to have this much
imbalance in a haphazardly placed hard drive dsgksn an HGA tester. At 30,000
RPM that relatively small amount of imbalance agplbver 25 Ibs of force on the rotor,
So it is very important that the bearing is stifbegh to resist those high forces if you
want to run at high speed. One approximation wkenisithat the imbalance remains
constant during the tests, even though it changgglyg with the rotor axis displacement.
We ignore this change, though, since it is sevan@rs of magnitude less than the initial
imbalance distance from the axis of rotation.
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So after we have introduced a known amount of larizz into the rotor, the next
step is to measure how far that imbalance displdeesotor axis as the rotor spins at
speed. We find the location of the rotor axis kgrmaining the runout of the adapter with
a non-contact capacitance probe. The probe meathealistance between the probe tip
and the side of the adapter.

Figure 10: Dynamic Stiffness Test Setup

The picture above shows a typical setup for theadyao stiffness tests. Note that
because the setscrew hole punctures both sidée aefdapter, the probe cannot be placed
at the exact same axial location as the imbalarcause the holes would interfere with
the runout measurements. So we chose to plageabe at a slightly greater axial
distance from the center of the bearing than thslance. This makes all of the stiffness
measurements slightly lower than they would baefprobe measured the same location
as the imbalance. We made sure to keep this distiie same on all of the bearings,
though, so the results could be compared propdrhe Lion Precision capacitance
probes can be used in two ranges: Hl and LO. Thamhtje measures at a higher
resolution over a shorter distance, while the LAgeameasures a lower resolution over a
larger distance. We use the Lion Precision capacé probes in LO range for the
dynamic stiffness tests to give ourselves plentypaice between the probe tip and the
adapter. We do not want the adapter to hit thbgwhen the runout is large.

To measure the runout of the adapter and compatedation of the rotor axis,
we wrote several programs in Labview and Matlabddhe data acquisition and
manipulation. The Labview data acquisition progfast finds the rotational velocity
from the encoder, then determines the sample estessary to measure the runout in 40
locations around the circumference of the adaptée.chose 40 samples per revolution
because that was the maximum number that couldKea toy the data acquisition card
while the spindle was spinning at 30,000 RPM. ptagram then waits until it sees the
index pulse from the encoder, then takes the 40utumeasurements and stores them
into an array. It does this for 20 revolutions aéi@rwards it has 20 runout measurements
at each of the 40 circumferential locations arotiedadapter. The Labview program
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then sends this information to the Matlab prograrhe Matlab program takes the
median value of the 20 samples at each of the@Hiitms and calls that the runout for
that spot. (We make multiple measurements at paictt to minimize the corrupting
effects that the AEM and the velocity modulationédnan the tests.) So now the program
has 40 runout measurements equally spaced aroamirtumference of the adapter. It
then scales the data by subtracting the smallesutumeasurement from all of the runout
measurements. The smallest runout measuremdrd gsrtallest gap size from the probe
to the adapter, which is not necessarily constatwéen bearings. So after all that we
are left with 40 scaled runout measurements eqsptged around the circumference of
the adapter, with the first measurement correspanii the index pulse.

A perfectly balanced, perfectly cylindrical, pesfly centered adapter would
leave the programs above with 40 scaled runout uneagents all equal to zero. If we
plotted these data in polar coordinates, we woufghly see a single point at the origin.

Furead Polar Fioi: Parfec: Sdepim
i

Figure 11 : Runout Polar Plot for a Perfect Adapter

The runout polar plot for the perfect adapter isvayy exciting. All of the points
are on the origin. If the cross-section of thepaelawas square shaped, however, instead
of circular, but still perfectly balanced and ceatk the runout polar plot would look a
little more interesting.
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Figure 12 : Runout Polar Plot for a Square Adapter

The four points at the origin of the runout polastpvith the square adapter
correspond to the four corners of the square. aNatf the points are on the origin this
time, but the plot is still centered about the origNow if we take the square adapter and
simply move it off center from the axis of rotatiohthe bearing, the runout polar plot
changes again.

Pumcat Pofar Pl Eqpar Adapler @iy Offeat
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Figure 13 : Runout Polar Plot of a Square Adapter with Offset

The plot above shows the runout polar plot of aasgadapter with an offset of
magnitude 50. Now the plot is no longer centetmaliaithe origin. To find the
approximate center of the data, we can do a leastrss circle fit to the data and find the
location of the center of the best-fit circle.wié do least squares circle fits on both of the
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runout polar plots and take the difference betwbertwo centers of the circles, we can,
in effect, measure the offset of the adapter.

Dreomcamam=43

ni b ] 101 L] 1 31 . ] i = T}

Figure 14 : Offset M easur ement for the Square Adapter

The barely visible circular dotted lines in thetpbove are the best-fit circles to
the two data sets. The centers of both of thefitestcles are shown on the plot along
with a line that connects them. The length of tmatnecting line is approximately the
magnitude of the adapter offset. In this simulatithe offset of 50 was measured as 48.

We use the same technique for measuring the despkact of the rotor axis
during the dynamic stiffness tests. In the tegtsuge a cylindrical adapter, centered with
a dial indicator, and take runout measurements both when it is balanced and when it
is unbalanced. The difference between the cenfdysth data sets is the displacement of
the rotor axis of the bearing due to the centrifdigece caused by the imbalance.
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Air Bearing Dymamic Stiffness Test
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Figure 15 : Typical Dynamic Stiffness M easurement Polar Plot

The figure above shows a typical dynamic stiffreesisurement for a spindle
running at 10,000 RPM. The small data set andHitestcle are the runout
measurements when the adapter was balanced. Asanagee on the plot, the adapter is
not perfectly round, nor perfectly centered, othsevall of the points would be on the
origin. If the adapter was perfectly round andteerd, then we would not need to take
the initial balanced runout measurements every, timeecould simply assume the initial
adapter center was at the origin. Taking theahitieasurements improves the accuracy
of the tests in light of the imperfect conditioriBhe large data set and best-fit circle
correspond to the runout on the adapter whenumlmlanced. The center of the adapter
did not change with respect to the center of theryoather the rotor axis shifts with
respect to the axis of rotation. The programudates the centrifugal force on the rotor
knowing the imbalance magnitude and the rotatiwahdcity, then divides the force by
the rotor axis displacement to find the dynamiffratiss.

In addition to finding the distance between theteenof the data sets, we might
also find the direction. The direction of the moéxis shift corresponds to the phase
angle. If we knew the location of the imbalancéhwespect to the index pulse of the
encoder, plus we knew of all the time delays indat acquisition system, we could use
the direction information to map the phase angtessca range of bearing speeds to get
the second half of the bode plot of the frequemsponse for the system. We noticed, by
matching polar runout plots with physical markimgsthe adapters, that there is indeed a
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significant time delay from the index pulse sigtwathe time it takes the data acquisition
system to take the first measurement. This mdaatghe zero degree angle does not
necessarily match up with the index pulse. Fongxa if there was a 1 ms time delay in
the data acquisition system, then at 20,000 RPMg/8otation), the bearing will have
spun 1/3 of a rotation between the time the encodgaut the index pulse and the time
the software was able take the first runout measent with the probe. The software
continues to take the forty measurements, so isarea over an entire revolution of the
spindle, but the first measurement does not exaoilycide with the index pulse. With a
constant time delay, the angle between the indése@nd the first measurement will
change with RPM. We found this to indeed be tlsecalhis angle change would make
a phase angle calculation more difficult, but deesnecessarily corrupt the dynamic
stiffness measurements. It is another reasongthoushy we need to take initial runout
measurements of the adapter while it is balancegetty RPM increment, before we take
the imbalanced runout measurements at the sameiRi?dments.

Another assumption we make with these dynamicngt# measurements is that
the dynamic stiffness does not change with radractdon. We arbitrarily choose a
radial location when we place the probe. It isstas for the dynamic stiffness to be
slightly direction dependent, though. For exang#ightly out of round stator might
affect the air film properties creating changethim dynamic stiffness. Along these same
lines, we also assume that the air properties regw@istant between the capacitance
probe and the adapter. An out of round adapterereste air flow patterns that change
the air capacitance and slightly corrupt the capace probe readings, but we assume
these effects are negligible.

AEM Measurements

We use the Lion Precision Spindle Error Analyzastvgare to make the
asynchronous error motion measurements. We ussathe Lion capacitance probes and
drivers as for the dynamic stiffness tests, bug tinne we use the probes on the HI range
setting, since the magnitude of the AEM is muchlemand we need more accurate
readings. The Lion software automatically subsaett the synchronous error motion
when making the asynchronous error measuremenishwhould minimize the effects
of any imbalance in the target. The software &iggers its measurements from the
encoder pulses, so that should minimize the carrgffects of the velocity modulation.
The measurements are on such a small scale, hgwleatethe condition of the probe
target is very critical for accuracy. The targetunted on the bearing spindle needs to be
as round and centered and have the best surfaske fiossible to sense very delicate
motions of the rotor.

For these tests we use the disk stack adaptehatéat. Again, the axial location
of the measurements is a very important varialoleyes chose a distance of one inch
from the top of the bolt heads holding the adapigo the rotor. This spot gives us
enough room to leave the probe in place and pusttek of disks and spacers on the
adapter. Since the probe is closer to the ceffitdtwedearing than the disks, the AEM
measurements will be best-case readings. We wwawd preferred to have the probe in
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a location that would have given us worst-caseingsdso we could estimate the motion
of the top disk, but we found that difficult to paff procedurally.

Figure16 : AEM Test Setup (Probe and Adapter with Disk Stack and Fingers)

The picture above shows a typical disk stack siEiumaking the AEM
measurements. We take the measurements overeaaspindle speeds with disks and
fingers in place, with only the disks and no firggeand then without disks or fingers. We
use nine disks in the disk stack since that isrtagimum number of disks that the model
of the disk stack adapter could hold.

The Lion Spindle Error Analyzer software measures @omputes the AEM
measurement by taking readings over 25 spindlduggas. The software continues to
take measurements every 25 revolutions or so aplays the latest AEM value. The
AEM values vary slightly from measurement to meament, so to find a representative
value we sample 20 AEM measurements in a row dqedttee mean.

Velocity Modulation Measurements

For the velocity modulation measurements we agséthe disk stack adapters
just as we did for the AEM measurements. Agairtakke the measurements over a range
of bearing speeds with disks and fingers in plagt only the disks and no fingers, and
then without disks or fingers.

Table 1: Velocity Modulation Test Setups

Bare

Fingers
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This time, though, instead of using a capacitamobeto look at the rotor runout,
we use a modulation domain analyzer to look abtitput of the encoder to figure out
how the velocity of the spindle changes with time.

Figure 17: Modulation Domain Analyzer HP 53310A

The modulation domain analyzer has two inputsfrgguency signal input and
an optional trigger. The modulation analyzer measuow the frequency of the input
signal changes with time. It can display the infation in two ways: 1) Cartesian
coordinates with frequency on the dependent axsuggtime on the independent and 2) a
histogram of the distribution of measured frequesciThe analyzer computes the mean
() and standard deviatioo) of the distribution of frequencies. The unitdluése
numbers are hertz and we use them to compute thergevelocity error. We
approximate the range of the distribution as o the total variation about the mean is
plus or minus 8.

%Error = 2 x100%
7]

Equation 5: Velocity M odulation Percent Error

We examine the standard encoder output for the-s&rm intra-revolution
velocity modulation and the index pulse from theazter for the long-term inter-
revolution velocity modulation. As mentioned irethackground, the frequency variance
depends heavily on the time scale that the frequesnmeasured over. Somewhat
arbitrarily we chose to examine the intra-revolntielocity error over 3 revolutions and
the inter-revolution velocity error over 1000 rewidbns. So at each RPM, we had to set
the modulation analyzer time scale so that thegaogresponded to the number of
revolutions we wanted to measure over. The standiariation also depends on the
number of samples, so we fixed the number of sasee test at 20,000. The intra-
revolution measurements are somewhat flawed inttiegt depend on the encoder count,
but all of the encoders used in these tests had @®2nt encoders, so at least they were
consistent. We did not include the Brand A spiaditethe velocity modulation tests
since they use encoders with 512 counts and siedead to use another controller to
spin them.
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Test Results

The first step of the testing was to design setiigsyielded repeatable results.
There were many sources of potential corruptiontarg all needed to be controlled or
at least minimized. The air flow and motor currer@asurements were valuable for
diagnosing system problems. We found that sontkeomost influential variables were
the air supply pressure, the electrical groundgt#itoughout the system, the bearing
support structure, and the probe holders. Sontieedbearings with very high flow
caused the air supply pressure to fluctuate, sadded air tanks to act as air supply
capacitors. This allowed the spindles to all rigadily at their rated air supply pressures.
Good electrical grounding in the system was cruoafeliable capacitance probe
readings. It was especially important that thenostay properly grounded. At high
bearing speeds the imbalances used in the dynaiffiess tests created very large
forces throughout the entire support structureerfahing in the support structure had to
be as rigid and held as securely as possible tomze unwanted motion. Since we were
trying to measure the motion of the rotor with mspto the stator, the probe holders
needed to be as rigid and as lightweight as passiominimize the amount of motion
between the probe tip and the stator. Any probdédndnas natural frequencies and
resonant modes, however, so the transfer funceédween stator and probe tip might
always affect the frequency response tests, depgiaii the frequency ranges.

Dynamic Stiffness

The first relationship between variables that veamtgd to check with the dynamic
stiffness tests was how the dynamic stiffness danih the radial displacement of the
rotor axis. We assumed that the dynamic stiffmegght both be a function of bearing
RPM and the radial displacement of the rotor afiBis could mean potentially having to
examine the data three-dimensionally, with dynastiftness as the dependent variable
and both the RPM and the radial displacement aspildent variables. Since it is more
convenient to examine the data two-dimensionally decided to first check how the
dynamic stiffness varied with radial displacemerd aonstant RPM value, on the chance
that the variation would be small and we could assit to be negligible.
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Dynamic Stiffness vs. Radial Displacement at 10,000 RPM

6.0E+04

5.0E+04

4.0E+04 /\’\’—"_—’

3.0E+04 -

Stiffness (Ib/in)

2.0E+04

1.0E+04

0.0E+00

0 10 20 30 40 50 60 70 80
Radial Displacement (uin)

Figure 18 : Dynamic Stiffness vs. Radial Displacement at 10,000 RPM

The plot above shows how the dynamic stiffnesgesawith radial displacement
for one of the bearings at 10,000 RPM. Each daitat pepresents a unique imbalance
introduced into the stiffness adapter. The dynastiftness seemed to remain very
constant with radial displacement, so for the oéshe dynamic stiffness tests we only
measured the dynamic stiffness with a single imizdanagnitude (0.3 gram-inches). As
an additional check, we also examined how the tieof the displacement changed
with the various imbalance amounts at 10,000 Rlgsuming that the phase angle
remains constant at a given rotational velocityt (recessarily true if the air film
properties change with rotor radial displacemehs,displacement should always be in
the same radial direction, regardless of the amotimhbalance.
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Rotor Axis Displacement Polar Plot
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Figure 19 : Rotor Axis Displacement Polar Plot

The plot above is a polar plot of the rotor axidg dow it moves with the varying
magnitudes of centrifugal force acting on the rotBxcept for one outlying point, the
rotor axis seems to move repeatedly in the samal @idection. The point closest to the
origin is the location of the adapter axis whendHtapter is balanced. The points move
away from the origin as the imbalance, and theeefioe centrifugal force, increases.
Note that the balanced location does not coincitle thre origin. The distance between
the balanced location and the origin is the amthettthe stiffness adapter axis is off
center from the rotor axis.

The next step in the stiffness testing was toquetfthe stiffness tests for each of
the eight bearings over a range of speeds.
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Dynamic Stiffness
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Figure 20 : Dynamic Stiffness vs. RPM for All Air Bearings Tested

The plot above shows the results of the dynanfiness tests for the bearings.
The dynamic stiffness is plotted on the dependeist\ersus the RPM on the
independent axis. Each color represents one tiypeawing (4 types in total), there were
two bearings of each type (8 bearings), and eaahrigewas tested twice (16 tests in
total). Brand A measured between 10,000 and 13[§)#0and the Seagull standard
Biconic measured between 15,000 and 20,000 Id/he two Brand D bearings showed
very different results. The one with the highéifretss had almost twice the air flow of
the one with the lower stiffness, so perhaps thesevbuilt differently or one was
damaged in some way. The new Seagull Hi-Capadtggric air bearing spindle was
designed for high stiffness and high speed andeats show this to indeed be true.
The stiffness of the Hi-Capacity Biconic was oweice that of the standard Biconic and
was measured all the way up to 28,000 RPM, limatel¢ by the amplifier supply
voltage. We had to limit the maximum speed ofdtieer bearings because we either
reached their maximum rated RPM or because the daplacement was too large to
measure under the load.

AEM

We found that the AEM measurements are very seasa external conditions.
Any vibrations transmitted through the foundatioonfi the outside world showed up in
tests and increased AEM. With our setup, we wetehle to measure any significant
differences in AEM magnitude between the bearingsey all measured comparably
with similar external conditions to the accuracyaf experimental setup. We were,
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however, able to measure significant differencab@AEM with changes in the disk
stack for all of the bearings.

AEM
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Figure 21 : Typical AEM vs. RPM Test Results

The chart above shows typical AEM results forltkarings. With just the disk
stack mounted on the rotor, all of the bearingsv&tbaround half a micro-inch AEM. In
reality this number is probably somewhat lower thuprobe noise and external
vibrations. The probe noise was measured arodwificro-inches. The numbers
shown in the chart are the raw measurements witogsort of noise correction. The
AEM increased dramatically when the disks were gaflagn the adapter and seemed to
increase linearly or perhaps quadratically with RPMhen the fingers were placed in
the disk stack, the AEM reduced significantly. Shuggests that the puffing
phenomenon in the air layers between the disksarstack is a major source of
disturbance motion in the rotors. Another obseovedve made was that the motor
current doubled with the disks on the adapter. mbeor current increased by another
20% with the fingers in the stack. This extra eatrcan create thermal issues in the
amplifier and the bearing, so Seagull’s Hi-Capaaitybearing spindle uses an ironless-
coreless low induction motor, to reduce the motorent consumption.

Velocity Modulation

Intra-Revolution

We found that the frequency modulation of the ¢gbencoder output was so
large that we were unable to distinguish the vé&jogariation from the encoder distortion
for the short-term intra-revolution tests. Thddualing table shows our results for these
tests, both with the special Low-Modulation (LM)ceder with the centerable encoder
disk used on the Hi-Capacity Biconics and the tgpéncoders used on the others.
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Table 2: Encoder Frequency Modulation vs. Time

Encoder Frequency Modulation Versus Time
RPM: 10,000 Encoder Count: 1024 Sample Timee®@oRitions

F-I:I

[

- = BE, .o = J
Typical Encoder Adjusted LM Encoder
170.666kHz +/-300Hz 170.666kHz +/-36Hz
+/- 0.18% error +/- 0.02% error

Ideally the graphs above should be straighizontal lines. For a given RPM, the
encoder pulse output frequency should be a sirgistant value. The typical encoder
output varies like a sine wave, though, becauseptieal disk is off center. Within the
revolution, some of the encoder pulses are tooafadtothers are too slow. The optica
disk on the LM encoder can be centered, howevein@ia much more constant
frequency output. The frequency modulation ofltMeencoder is over 8 times less than
that of a typical unadjusted encoder.

Table 3 : Encoder Frequency Modulation Histograms

Frequency Histogram

Adjusted LM Encoder

These two graphs show the distribution efftlequency output from both encoders
The unadjusted encoder has a large frequency raitigenost of the values jumping
back and forth between the two frequency extremedouble-peaked histogram is
typical of a sinusoidal variation. The frequendcstidbution of the LM encoder, howeve

is very tight and centered about the correct vaiitty most of the variation due to
random noise.

U7

=

Note: All of the images from the modulation domaivalyzer are shown on equal scales
for comparison.
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Inter-Revolution

The long-term inter-revolution velocity modulatitests were not affected by the
encoder modulation, since only the index pulse ftbenencoder was examined. The
controller used for these experiments calculatesatational velocity by averaging the
encoder output over several bearing revolutions, isceffectively blind to the encoder
modulation within each revolution. This means thatencoder modulation does not
show up as velocity error, but unfortunately tHsaneans that the controller cannot
correct short-term velocity error either. The ratesentially coasts under open loop
control over the time it takes the encoder to deitee the rotational velocity. Ideally
controllers should be able to make short-term ctioes in the velocity error, but with
such a tight control loop, the encoder modulatidhaffect velocity error unless a low
modulation encoder is used.

As with the AEM experiments, we were unable to sue@ much variation in the
long-term velocity modulation between the spindl@$so, the velocity modulation is
very controller dependent, so it is not practicatdmpare the bearings in this test since
the controller we used was optimized for the moioithe Seagull air bearing spindles.
Again, though, just as with the AEM experiments,wege able to measure a very
significant difference when the disks were placedre adapter for all of the bearings.

Inter-Revolution Velocity Modulation
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Figure 22 : Typical Inter-Revolution Velocity Modulation vs. RPM Test Results

With the adapter alone, the inter-revolution veloerror was well under 0.001%.
With the disks on the adapter, however, the vejanibdulation increased to over
0.005% for all of the bearings tested and increagddRPM. With the fingers installed,
though, the velocity modulation decreased to alrtttsssame level as just the bare
adapter. Again the puffing phenomenon seems tmbimg a very significant influence
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on the spindle performance. The histograms o¥/éhecity distribution are also very
telling as to the effect of the disks and the fisge

Table 4: Velocity Distribution Histograms

[T
N T

10 e = A
= W — - :ﬁm

Disks Fingers

The histograms are screen shots from the moduoldbonain analyzer. All of the
histograms are shown on the same scale for prapeparison. The bare adapter shows
almost no variation in the velocity and most of theasurements occur at the correct
velocity value. When the disks were placed orditi@pter, on the other hand, the
velocity measurements show a large amount of randwomation. The distribution is
Gaussian, as typical for random phenomenon, and shdwing that the values occur
over a broad range. With the fingers in the diskls however, the distribution returns
to almost as narrow of a peak as the bare adaptez.a
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Conclusion

The three parameters tested in these experimeaits ®© be very valuable for
guantitatively measuring the performance of airineg and their support systems. We
found Seagull’'s new Hi-Capacity Biconic air beartndge over twice as stiff as Seagull’s
standard Biconic air bearing, which itself had leightiffness than the competitor
bearings we tested. We were not able to measyrsignificant difference in the AEM
and the velocity modulation between the spindleswe did find that a stack of disks
mounted on the rotor greatly reduces spindle perdoice and that fingers placed in
between the disks in the stack almost negatesdbative effects of the disks. We found
that we were not able to measure the short-terocitglmodulation of the spindles
because the frequency modulation of a typical eeciitoo large. We were, however,
able to reduce the encoder modulation almost éptivith Seagull’'s new low modulation
encoder, which will be critical for control loop provements in the future. The dynamic
stiffness tests were valuable for measuring beagtifigpess, but they also have potential
to provide a great deal of information as to tlegfrency response characteristics of the
air bearing spindle and the surrounding suppauttire. Detailed frequency response
tests would indicate natural frequencies and regamades in the system and give clues
about the relationship between variables in théegysand the approximate magnitude of
various system parameters. We here at Seagutidritecontinue to improve the
performance of our spindles and the support syst&ng these tests, and improvements
of these tests, as a guide. We encourage othansgomilar experiments and to work to
refine them so the entire industry can benefit fiomprovement through testing and
experimentation.
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