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INTRODUCTION

The Inertial Guidance Research Division of the Frank J. Seiler Research
Laboratory at the U. S. Air Force Academy employs a Seismic Isolation Pad for
use in inertial instrument testing. Ideally, the isolation pad, or "iso-pad”,
should be free of any motion caused by external influences such as building
vibrations or seismic activity of the earth. This motionless environment is
required for successful inertial instrument testing.

The iso-pad construction is shown in Figure 1 on page 11. Twenty
pneumatic actuators support a 450,000 1b concrete block. Nine concrete piers,
connected to the main block, protrude through the laboratory's false floor.
These piers serve as the test locations for experiments reaquiring seismic
isolation. The false floor is rigidly connected to the building, while the
iso-pad floats freely.on the pneumatic actuators.

Attached to the concrete block is a seismometer and tiltmeter sensor
array which detectsany motion of the iso-pad due to external disturbances.
The sensors will generate a signal which is proportional to the mechanical
motion in both amnlitude and frequency. This signal is amplified and directed
to the appropriate actuators which provide a correction to the original
disturbance. The pneumatic actuators provide low freguency motion correction
below 0.1 Hz. This cutoff frequency is determined by an electronic filter
network. Above 0.1 Hz, iso-pad motion correction is provided by eight electro-
magnetic actuators, or shakers.

PROBLEM

The upper cutoff frequency of the motion correction system has been
selected at 20 Hz by the designers as a performance trade-off. The jso-pad
block resonates at 59, 65 and 67 Hz. [If the motion correction system operates
at or near these frequencies, the seismometers will detect, and the shakers
will amplify the resonance and introduce instabilities into the system.
Therefore, the low-pass cutoff frequency must be sufficiently below these
iso-pad resonant frequencies, while at the same time be hiah enough to provide
adequate seismic isolation. The motion-controlled frequency band of DC-20 Hz
is also adequate for presently foreseen iso-pad applications, e.g., gyro and
accelerometer tests.

An Owens-I11inois Fecker Systems Division 2-axis Inertial Test Table is
Tocated on the north-center pier of the iso-pad as shown in Figure 1. The
table is known to resonate at various frequencies slightly above the 20 Hz
system cutoff frequency. Because of the close proximity of these resonant
frequencies to the system's active frequency spectrum, these resonances are
detected and amplified somewhat by the system, causing instability.

PURPOSE

The purpose of this investigation is to determine where the natural
resonant frequencies of the test table 1ie within the DC-50 Hz region, where
they occur within the structure, and whether the resonances are vertical,
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horizontal, or rotational in nature. A determination will also be made as
to whether the resonances are caused by a single component within the table
or by the composite structure of the table. If a single component of the
table is causing the resonance, an attempt to locate the source will be made.

APPARATUS

The test table vibrations are measured with matched pairs of EV22C
seismometers. (A1l subsequent references to seismometers will be to the
EV22C's.) Two vertical seismometers and two horizontal seismometers are used
in this investigation. A Random Noise Generator (RNG) is used to produce
white noise from DC-50 Hz. This signal is amplified and used to drive the
shakers which in turn cause the entire iso-pad to vibrate with random noise.
This noise is transmitted to the Inertial Test Table through the test pier.
The seismometers, mounted to the test table with cellulose-nitrate cement,
produce signals that are proportional to the amplitude and frequency of the
test table vibrations. The seismometer signals are then amplified and
equalized by a four-channel Portable Seismic Monitor (PSM). The EV22C
electrical characteristics and PSM operation are explained fully in Reference
1. The PSM output signals are fed through a 50 Hz low pass filter and input
to a Fourier analyzer. The analyzer processes one pair of seismometer signals
at a time. The analyzer averages ten signal samples for each channel and
provides a decibel relationship for channel A, channel B, and (A-B) across
the frequency spectrum from DC-50 Hz. Results of the Fourier analysis are
recorded on an X-Y plotter. The resonant frequencies of the test table appear
as peaks on the dB plots.

PROCEDURE
Investigations of the table's natural resonant frequencies in the
vertical, horizontal, and rotational modes were made. Figures 2 and 3 on
page 12 illustrate the methods of table excitation used to examine the various

vibrational modes.

Vertical Measurements

The north and south shaker arrays are actuated in phase to provide
vertical excitation as shown in Figure 2. Two vertical seismometers, labeled
“1V" and "2V", are used to measure the test table vibrations. Seismometer 1V
is cemented directly to the iso-pad pier and provides a pad-only vibration
reference signal. Seismometer 2V is located at six predetermined test points, TPI
through TP€, on the table as shown in Figure 4 on page 13. These seismometer
test locations trace the changes in frequency and amplitude of vibration
throughout the structure. The signal from the pad-mounted seismometer is
subtracted from that of the table-mounted seismometer, and the resultant
signal provides table-only vibration data.

Horizontal Measurements

Horizontal vibrations are measured with a pair of horizontal seismometers
labeled "3H" and "4H". The north and south shaker arrays are actuated out of




phase to provide a horizontal component of motion as shown in Figure 2.
Seismometer 3H is a pad-mounted reference seismometer, while seismometer 4H
is mounted at locations TP1 through TP6 on the test table. As with the
vertical analysis, the 4H-3H signal provides table-only vibrational data.

Rotational Measurements

Rotational vibrations are detected with a pair of horizontal seismometers.
The iso-pad is excited rotationally by a pair of horizontally-mounted electro-
magnetic shakers located at opposite corners of the iso-pad and actuated in-
phase as shown in Figure 3.

Because the shakers are mounted at opposite corners of the iso-pad, the
pad's center of rotation will occur at the center test pier. Ideally, the
test table should be mounted on the center pier for rotational analysis.
However, the table is Tocated on the north-center test pier, ten feet from
the iso-pad center of rotation. Therefore, the test table will travel in an
arc of ten foot radius about the center of the pad. Figure 3 shows the arc
about the center of the pad and the resultant rotational component vectors of
motion. For each shaker half-cycle, the iso-pad rotates through angle @, and
the rotational component vectors will be of equal magnitude and opposite
direction. The seismometers are mounted in the same direction with their
axes colinear with the rotational component vectors so that a half-cycle
excitation of the iso-pad will cause out of phase signals to be generated by
the seismometers. These out of phase signals, when subtracted by the Fourier
analyzer, will produce a sum signal shcwing rotational resonant peaks. The
seismometers should be insensitive to the horizontal motion component because
their sensitive axes are nearly perpendicular to the rotational arc as shown
in Figure 4. Also, any horizontal component which moves the two seismometers
equidistant in the same direction should cause the seismometers to produce
in-phase signals which are canceled by the Fourier analyzer during the signal-
subtracting process. Ideally, therefore, only rescnant peaks due to rota-
tional motion should appear in the final plots.

INITIAL CALIBRATION

Because the rotational analysis makes use of very small differences in
seismometer signals, each seismometer/PSM amplifier channel of a vertical or
horizontal pair must be closely matched to its complement. The proper PSM-
to-seismometer matching procedure is explained in Reference 1. However, the
PSM amplifier gains should be matched for each channel pair by the experimenter
because previous channel matching does not have a long shelf life. The EV22C's
are labeled 1V, 2V, 3H, and 4H, as are the PSM channels. 1V and 2V are
vertical channels, while 3H and 4H are horizontal channels. The EV22C's are
not interchangeable among PSM channels after a seismometer has been matched
to a particular PSM amplifier per Reference 1.

Both vertical and horizontal amplifier matching are accomplished through
the same process, and only the vertical matching procedure is described. The
paired seismometers to be used in the experiment are mounted side by side on
a glass plate. The glass pivots about two steel balls at one end and is
activated by an electromagnetic shaker at the other end. The electromagnetic




shaker is excited by an audio oscillator at 8 Hz and 32 Hz separately. The
signals from the two PSM channels are fed to a differential amplifier, and

the subtracted signal is displayed on an oscilloscope. The EV22C's naturally
resonate at 8 Hz. This resonant peak is attenuated by placing a resistor of
proper value across the seismometer terminals, providing an RL damping network
with the seismometer coil. The seismometers used in this investigation had
been previously damped and matched at 8 Hz. The 8 Hz test revealed that the
seismometers were still adequately matched with respect to damping after a
shelf life of approximately one year. The amplifier gain matching was
accomplished at 32 Hz. The gain potentiometer of one PSM channel in each pair
is adjusted to its center of rotation. The gain potentiometer of the comple-
mentary channel is rotated until the signal from the differential amplifier
displayed on the oscilloscope shows a minimum amplitude. At this point, the
amplifier gains should be as closely matched as practicable. As a final check
for proper channel matching across the entire frequency spectrum, the RNG is
used to excite the shaker with white noise from DC-50 Hz. The plot of the
2V-1V signal across the frequency spectrum is then compared to the plot of

the 1V signal alone to determine the degree of channel matching. The PSM
channel matching results are shown in Figure 5 on page 14.

The vertical channel matching error is under 8% while the horizontal
error is under 1.1% with respect to voltage level in the 20-50 Hz band.
Although the mismatch error is higher at lower frequencies, the vibrational
analysis only focuses on the 20-50 Hz band. The norizontal channel matching
is the more critical of the two because the rotational vibrational analysis
relies on closely-matched horizontal seismometers.

IS0-PAD REFERENCE SIGNALS

The vertical, horizontal, and rotational pad-only reference signals are
presented in Figure 6 on page 15. The vertical and horizontal signals are
each generated by a single seismometer cemented to the pad, while the rota-
tional signal is the difference between the two signals generated by seis-
mometers arranged as shown in Figure 3. The three plots in Figure 6 show no
significant peaks in the iso-pad itself across the frequency spectrum. There-
fore, any peaks which appear in the test table plots will indicate test table
resonant frequencies.

VERTICAL TEST DATA

The plots of the vertical test seismometer signals are presented in
Figure 7 on page 16. The plots presented are of the reference signal
subtracted from the test signal, or the "corrected" signal. Refer to Figure
4 to trace the progression of the test procedure. TP1 through TP3 indicate a
consistent resonant frequency at 22 Hz throughout the main test table
supporting structure. TP4 through TPA also indicate a strong and consistent
resonant peak at 22 Hz, as well as minor peaks at 31 Hz and 34 Hz. Because
the 22 Hz peak is consistent throughout the entire test table structure, it
is suspected that this resonant frequency is a function of the composite test
table structure. However, because the 31 Hz and 34 Hz peaks appear only at
TP4 through TP6, the resonant source is suspected to be somewhere within the




center section of the test table, and a possible source is the bearings which
allow the structure to rotate about axis C-C shown in Fiqure 4.

HORIZONTAL TEST DATA

The plots of the corrected horizontal test signals are presented in
Figure 8 on page 17. As with the vertical signals, a large resonant peak
occurs near 22 Hz. However, unlike the vertical signals, minor resonant
peaks occur at 31 Hz and 34 Hz throughout the entire test table. Once again,
the consistent 22 Hz peak throughout the structure indicates the possibility
that this resonant frequency.is a function of the composite test table struc-
ture. However, the 31 Hz and 34 Hz peaks appear to be strongest at TP4,
which indicates that these peaks could possibly be caused by the counterweight
structure. :

ROTATIONAL TEST DATA

The plots of the rotational test signals are presented in Figure 9 on
page 18. A pair of plots is presented for each test point. The plot on the
left is of the 3H signal only, which is very similar to the 4H signal plot.
The plot on the right is the 4H-3H signal. The resonant peaks due to rotation
are determined by comparing the 4H-3H plot to the 3H-only plot. The peaks
which appear significantly larger in the 4H-3H plot than in the 3H plot are
peaks due to rotation. Peaks which appear unchanged or smaller in the 4H-3H
plot are due to horizontal motion. This signal evaluation method is described
under "Rotational Measurements" on page 5. A rotational peak appears consis-
tently at 34 Hz from TP1 through TP5. A minor peak also appears at 32 Hz at
the same table Tlocations. Vibrational analysis in the rotational mode is very
difficult due to the horizontal components introduced into the testing which
are of much greater magnitude than the rotational components. An ideal method
of performing a rotational analysis on the test tabie would involve mounting
the test table on the center pier, so only rotational motion would be present.

POSSIBLE RESONANT SOURCES

The vertical and horizontal resonant peaks at 31 Hz and 34 Hz, which only
appear in the center of the test table structure, indicate that the counter-
weight structure or the A-A and C-C rotational axis bearings may be the
resonant sources. Refer to Figure 4 for the following investigation. The
counterweight structure appeared to be a probable source of resonance. The
nuts were tightened on the counterweight bolts and an increase in frequency
of the 31 Hz and 34 Hz peaks was expected. However, the resultant plots
revealed no change in resonant frequency. Half of the counterweights and
finally all of the counterweights were removed. Again, the 31 Hz and 34 Hz
peaks remained unchanged. A removal of the counterweight bolts from the
structure also caused no changes in the plots. The 22 Hz peak also remained
constant throughout the test.




As a second measure, the air pressure, normaliy at 90 PSI, was completely
removed from the air bearing along the A-A rotational axis. Again, the 22 Hz,
31 Hz, and 34 Hz peaks remained unchanged.

Finally, the center section of the test table was rotated through 90° to
a horizontal position in an attemnt to isolate the mechanical bearings along
the C-C axis as a resonant source. Once again, the resultant plots showed no
changes when compared to the plots of Figures 7, 8, and 9. The resonant
peaks, then, because of their constant freauencies throughout the test table
and throughout alterations to the structure, must be a function of the
composite test table structure. The test table mounting structure was
suspected to be a resonant source because of the constant frequency of the
resonant peaks despite structural alterations.

"TEST TABLE MOUNTING STRUCTURE

Refer to Figure 4 for the following description of the test table
mounting structure. The test table, weighting 1500 pounds, is supported by
three 5/8 inch leveling bolts. The normal exposed length of the threaded
portion, or shaft of the bolt is typicaliy one inch. The test table is
secured to the pier with three 14-1/2 inch hold-down bolts which are fastened
at the top with nuts and are threaded into the mounting ring. The mounting
ring is rigidly fixed to the test pier. The hold-down bolts were both
tightened and loosened completely, but the resultant plots showed no changes
in resonant frequency.

Finally, the effect of the leveling bolts on the resonant frequency was
investigated. The test table, resting on the three bolts, forms a spring-
mass system, with the table being the mass, and the leveling bolts serving as
the spring. The natural resonant frequency of a spring-mass system, wps 18
given by the equation w, = / %, where k is the spring constant and m is the
mass of the system. By lowering the test table, the effective shaft length
of the leveling bolts is shortened to 3/4 inch. This procedure would raise
the spring constant, causing w, to increase. Therefore, by lowering the test
table, the resultant plots should show an increase in the natural resonant
frequency. The test table was lowered and the effects were recorded at TP5,
which provides a representation of the effects on the entire test table.

Figures 10a and 10b on page 19 show that the 22 Hz peak has shifted to
25 Hz upon shortening of the leveling bolts. The 31 Hz and 34 Hz peaks have
not shifted but have decreased in amplitude to nearly insignificant levels.

Figures 11a and 11b on page 20 also show the same increase in frequency
of the resonant peak from 22 Hz to 25 Hz. A minor peak also appears at 20 Hz
as a result of the change. This minor peak appears inconsistently throughout
the testing process and is suspected to have been possibly transmitted through
the iso-pad from a separate source on another test pier within the laboratory.
Finally, Figures 12a through d on page 21 show an increase in rotational
resonant frequency from 34 Hz to 38 Hz upon lowering of the test table. The
plots also reveal that the rotational peaks are more easily discernable from




the horizontal peaks during rotational testing when the mounting bolts are
shortened.

A preliminary conclusion is drawn that the mounting structure plays a
significant role in introducing test table resonant frequencies. To further
verify this claim, the test table was mounted on three 4 in. x 4 in. x 2 in.
wooden blocks, allowing no contact to be made between the leveling bolts and
the mounting ring.

Because the wood blocks are a much softer material than the leveling
bolts, the soring constant should be Tower, resulting in a decrease in wy,.
Figure 10c shows that the vertical peak has shifted from 22 Hz to 14 Hz when
a wooden mounting structure is used. The 38 Hz peak has shifted down into
the DC-50 Hz range from a previous freaueacy above 50 Hz. Very minor peaks
at 30 Hz and 34 Hz are still present, indicating that they most likeiy are
not functions of the mounting structure.

Figure 11c indicates that the horizontal resonant peak at 22 Hz has
shifted to 14 Hz when the test table is mounted on wood blocks. Again. this
resonant peak appears to be a function of the mounting structure.

Figures 12e and 12f indicate that the rotational peak at 24 Hz has
shifted to 25 Hz when the table is mounted on wooden blocks. The data
presented in Figures 10, 11, and 12 indicate that the 22 Hz resonant peak
is a function of the test table mounting structure, while Figure 10 indicates
that the 31 Hz and 34 Hz peaks are possibly independent of the mounting
structure.

CONCLUSIONS

The test table naturally resonates at 22 Hz throughout the entire
structure both in vertical and horizontal modes when the Tength of the
leveling bolt shafts is one inch. Under the same conditions, a 34 Hz rota-
tional resonant frequency occurs consistently throughout the table. Minor
resonant frequencies occur at 31 Hz and 34 Hz in the vertical modes from TP4
through TP6. However, these minor resonant peaks appear consistently through-
out ;29 test table in the horizontal vibrational mode, but appear strongest
at TP4.

Various alterations to the test table structure produced no perceptible
changes in resonant freauency in any of the three vibrational modes. How-
ever, when the Teveling bolts were effectively shortened to 3/4 inch by
lowering the test table, the vertical and horizontal resonant peaks shifted
from 22 Hz to 25 Hz, while the rotational resonant peak at 34 Hz shifted to
38 Hz. Mounting the test table on wooden blocks lowered the vertical and
horizontal resonant frequencies from 22 Hz to 14 Hz, while the rotational
resonant frequency shifted from 34 Hz to 25 Hz. The 31 Hz and 34 Hz peaks,
however, were not significantly affected by the alterations to the mounting
structure.




The test table forms a spring-mass system with its natural resonant
frequency a function of the mounting structure. The minor peaks at 31 Hz and
34 Hz possibly originate from within the test table. They most likely are
not transmitted to the table via the iso-pad from a remote structure on
another pier because no peaks at 31 Hz nor 34 Hz appear in the pad-cnly
reference signal plots in Figure 6. The transmission of these two frequencies
through the pad is possible, however, because the iso-pad motion correction
system is only effective up to 20 Hz.

RECOMMEMDATIONS

Various types of mounting structure materials should be substituted in
place of the wooden blocks and the various effects on the table's natural
resonant frequencies should be investigated. Materials such as aluminum
or steel would not be subjected to changes in density due to compression over
a length of time, as is the wood. Therefore, the frequency-damping character-
istics of these materials would remain constant.

A1l of the seismometer test points used in this investigation are
external test table locations. Seismometers should be placed inside the
center portion of the test table structure in an attempt to locate the source
of the 31 Hz and 34 Hz resonant peaks.

Finally, an investigation into the iso-pad itself should be conducted to
determine if the 31 Hz and 34 Hz resonant frequencies are transmitted through
the iso-pad to the test table from a remote location on the isc-pad.

REFERENCES

1. Simmons, Bill J. Portable Seismic Monitor User's Guide, Frank J. Seiler
Research Laboratory Report No. SRL-TR-74-0006, March 1974.
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