Bell Everman Spindle Motion Error Testing
Supplemental Information

Equipment Used

LVDTs: Macro Sensors Model BBP 375-040

LVDT amplifiers: Macro Sensors Model LPC-2100

Data Acquisition system: Measurement Computing Model USB 1608-FS

Test Artifacts: Bal-Tec div. of Micro Surface Engr. Inc.; Model 100-B Grade 10 4#a(sta
balls. Grade 10 means these balls were specified to have 10 inch or better sphericity

The balls were epoxied to the dished ends of stainless steel posts mounted in aluminum
plates that were in turn mounted to an interface plate that was mounted to the staggstinder
The construction of the shorter post is shown in Figure 1.

The post lengths were set to place the center of the balls at 1.5 inches and 4.5 inches above
the mounting reference plane of the stage.

Figure 1. The short post test artifact (Z = 1.5 inches)

An elaborate superstructure was built over the spindle to hold the LVDTs. See Figures 2
through 4.
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Figure 2. The test setup with the short post in position.
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Figure 3. Detail of two of the LVDTs and the short post.

Figure 4. The test setup with the long post in position.

The test setup was enclosed with a foam board box during warm up and while data were
taken to eliminate air currents and to minimize temperature fluctuations.
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The LVDT amplifiers and data acquisition system were set up to provide  0.010 inches full
scale, giving a distance resolution of 0.305 microinches. Each data channel wasdaiieat
its full operating range using a Starrett micrometer head.

Data Handling

Data were gathered only on the radial error motions of the spindle. Data at the tvgoovalue
Z were gathered on different runs; this means that asynchronous tilt error motioasohtle
were not determined.

Two pairs of sensors were opposed along each of the X and Y axes. This enabled
determination of changes in the artifact's diameter along those axes witatihgea reversal
of the artifact. The diameter changes observed were less than 10 microincheasasaland
usually less than 5 microinches, consistent with the specifications of theqdiadis. These
diameter changes were otherwise ignored for the purposes of these tests.

The stage angular encoders were not used during these tests because thetpstfoweed
before electronics to process the encoder signals were available. Thus, thetomdata
analysis used the artifact decenter signal to determine the angular positierspindle. In
general there was approximately 250 to 500 microinches of decenter betweenabiezatifthe
spindle rotation axis and that amount of decenter gave satisfactory results.

The actual decenter of the artifact was estimated and subtracted fromItkerdotanotion
before the synchronous and asynchronous error motions were calculated. Thus, the Polar Chart
(PC) center referred to in the summary reports is entirely appropriatg@éoting the
asynchronous error motions. However, it turns out to be not quite correct for reporting the
synchronous error motions; this issue is discussed further below.

Data were acquired in sets of about 20 turns. It turns out that the decenter of the artifac
sometimes drifted a detectable amount due to the artifact mounting hardware ungdargoi
residual tilt motion as the motor continued to warm up as data were being acquiredor&éheref
the decenter was always calculated over subsets of 4 contiguous motor turns, whefeheac
subsets was shifted by two motor turns from the adjacent subset. In this way ther degente
estimated at 9 times within each set of 20 turns. The total variation of these desemates
was generally about 5 microinches or less over each set of 20 turns.

Nine of these 20-turn data sets were combined to give the full 180 turns of data referred to on
the test summary. The data were very consistent between data sets as dexthamstigures 5
through 8. These plots show the standard deviation of the asynchronous error motions over each
individual turn in the data set. Note the difference in character of the resultebehegwo
stages. The reason for this difference has not been determined.
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Figure 5.
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Spindle 21A; Consistency of data, Z
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Figure 6.
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Spindle 21B; Consistency of data, Z
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Figure 7.

4.5 inches

Spindle 21B; Consistency of data, Z
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Figure 8.
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On the SUMMARY REPORT there is a plot of the average peak to peak asynchronous error
motion as a function of the number of turns averaged. Obtaining those results was my primar
reason for performing these tests. The value plotted at the left edges of thesetipbopeak to
peak error motion for an “average” turn. In other words, this is the average of the peak to peak
values observed during each of the 180 turns in the dataset.

Comparison with the Standard

My analysis of the radial error motion of these stages is not exactly theasahmanalysis
described in the relevant standard, American National Standard ASME B89.3.4-2010, “Axes of
Rotation: Methods for Specifying and Testing”. My analysis tends to give largesvar the
error motions than does the standard, as will now be discussed.

Just as specified in the standard, | calculate the asynchronous error motion as¢h®tota
motion minus the synchronous error motion, where the synchronous error motion is just the
average of the total error motion over a specified number of spindle turns. As mentioned
previously, | calculate asynchronous error motion values with respect to the polgP¢hart
center rather than with respect to the least squares center (LSC) th&neg@iey the standard.
Since the LSC center is specifically intended to minimize the error motion vajyuealculation
gives a larger number, thus is more conservative.

The standard defines a single asynchronous error value as the maximum peak to peak error
observed over a number of turns, where the peak to peak value is specific to a single (the worst
case) angular position of the spindle. In my case, | am defining the basic peak to peak error
the peak to peak over a whole spindle revolution, that is, considering all angular positions at
once. Clearly, over any specific number of turns, the peak to peak determined withoutoregard t
spindle angular position will be greater than the peak to peak determined at any fuded ang
position, thus my numbers tend to be more conservative.

| do not report a peak to peak error motion determined over a number of turns because this
value is not stable with the number of turns — it will tend to increase as the number of turns
increases. | report instead an average (or a standard deviation, in the plots above) —b#ts num
is characteristic of the spindle and if done correctly it will not systeailgtiocrease as the
number of turns increases. So, while it is conceivable that peak to peak error motion values
determined according to the standard might exceed the peak to peak values thaté calitua
that in almost all cases, the numbers | calculate are larger than numbelet@slaccording to
the standard.

My synchronous error plots are correct because they were calculated by avéragatal
error motion data. However, the standard specifies that a Least Squares Cerddreshisatl to
determine numerical values for synchronous data motion, rather than the Polar CheentBeC
that | used. The difference is that the peak-to-peak values of the synchronous motion edor woul
be slightly smaller if | used the LSC that the standard specifies. Thus, my nardEnger
than what they would be if | strictly followed the standard. You can see that the curve is
decentered a bit on the polar chart in the case of Spindle 21A. | haven't changed this because the
difference is of the same level as is ignoring the artifact error, somellainghtave also done
and which also tends to increase my quoted error figures.
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Going Beyond the Standard

ASME B89.3.4 was originally written when obtaining extensive data on the performance of a
spindle was difficult and expensive. Now it is relatively easy to obtain much maeréhdatis
contemplated by the Standard. In my case, | present these plots that give a much more
comprehensive picture of the asynchronous motion errors of the spindles:

Spindle 21A: Histogram of Asynchronous Error Motion Measurements -- X axis, 180 turns
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Spindle 21A: Histogram of Asynchronous Error Motion Measurements -- Y axis, 180 turns
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Spindle 21B: Histogram of Asynchronous Error Motion Measurements -- X axis, 180 turns
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Spindle 21B: Histogram of Asynchronous Error Motion Measurements -- Y axis, 180 turns
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