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Section 1
VIBRATION TESTING

PITFALLS IN RANDOM SIMULATION

Warren C. Beecher
Instrument Division
Lear Siegler, Inc.
Grand Rapids, Michigan

input wide band random g plots.

recommended.

This paper outlines certain problems in producing proper simulation of
field environmerts and specification requirements for random vibration
at the mounting points of the test specimen. These problems fall inte
two general categories: the equalization process and testing practices.
Under the first heading, two general types of equalizers (series-
connected and parallel bandpass) are discussed and four methods of
equalization by matching transfer plots are compared: constant input-
voltage swept-sine G plots, constant-output inverse-input swept-sine
plots, constant input-voltage scanning-random g plots and constant-
The last method shows consistently
good results and is the basis for automatic equalization equipment. A
new method is developed for the successful appiication of wide band
noise equalization to the series-connected peak/notch type equalizer.

Under the second heading, the effects of holding fixture design and
accelerometer mounting practices are discussed, and the significance
of notches in the fixture response curve is explored. The construction
of dummy loads is outlined, and their application is explained. Labo-
ratory experiments show the unsuitability of narrow band sweep testing
techniques for multi-degree-of-freedom test items. Some tentative
boundary selections for wide band segmented random noise tests are

INTRODUCTION

Ever since the advent of jet and rocket
propulsion, an incrensing proportion of meas-
ured environments have departed from
sinusoidal-type vibration and adhered more or
less closely to wide band random noise. There
has been some controversy in the past about
the desirability of duplicating these environ-
ments, but the practicing engineer faced with
a requirement from a military specification
has no doubt about the necessity. It has often
been assumed that after the acquisition of ran-
dom noise vibration test equipment, faithful
adherence to the manufacturer's recommenda-
tions for its use should resull in adequate sim-
ulation of the required environment. However,
it is impossible for the manufacturer to treat
the subject with this much detail in the average

instruction manual; in addition, the nature of
certain problems and their solutions are just
now becoming evident.

Continuing experiments at this laboratory
have resulted in improved practices in the twin
fields of random equalization and testing which
should prove of interest to others engaged in
these fields ~ either through corrcobcration of
their findings, or by the stimulation of further
investigation.

EQUALIZERS

The first equalizers to reach the market
consisted of several peak/notch-type filters
supplemented by general curve-shaping devices
including bandpass filtcrs, low pass filters and




"graphic'' equalizers. All filters in use are
connected in series or cascade, and only as
many filters are used as are required. Al-
though newer devices are considerably more
efficient, they also require a considerable
capital outlay, and many series-type equalizers
are still in use. In the discussion of equaliza-
tion methods, a new method is proposed which
increases the speed and accuracy of equaliza-
tion with the series equalizer.

The parallel bandpass-type equalizer con-
sists of multiple bandpass filters parallel con-
nected so as to divide the spectrum into small
bits, each adjustable in amplitude. If a second
set of parallel-connected bandpass filters is
furnished, a parallel bandpass filter analyzer
can be constructed to monitor the parallel band-
pass filter equalizer. When the equalizer is
servoed to the analyzer, the autocmatic equal-
izer results. Tt is obvious that the servoed
equalizatior is extracted from a comparison
with wide band random: noise by inherent de-
sign necessity.

STANDARD EQUALIZATION
TECHNIQUES

Two standard equalization techniques for
peak/notch equalizers are frequently mentioned
in the manufacturer's literature, each using a
sweeping sine oscillator to scan the test item
over the specification range. In the first
method the oscillator voltage is established at
a fixed point and held constant over the fre-
quency range. The resultant variations in out-
put g levels corresponding to the test item re-
sponse are plotted. The apparent disadvantage
of this method lies in the fact that rather high
g levels may be reached at the test item moni-
toring point if high Q resonances are present.
If the actual test item {(or in some cases a fac-
simile thereof) is present, damage may occur.
For this reason, a rather low input level is
usually chosen.

This difficulty is eliminated by the second
method, which frequently utilizes the same ref-
erence point as the first, but holds the g level
constant instead of the voltage. To see the
shape of the test item response, the inverse of
the amplifier input voltage is plotted. Where a
log converter is employed, it is usually possi-
ble to plot in inverse by revarsing the polarity
of the output cable plug.

The connection diagram used {or plotting
output g response curves at constant input volt-
age (Method 1) is shown as Fig. 1. The connec-
tion diagram used for plotting inverse input

voltage response at constant g level (Method 2)
is shown as Fig. 2.

The third equaiization technique utilized
involves substitution of a narrow band scanning
random generator for the sweeping sine oscil-
lator [1]. With the exception of this substitution,
the connection diagram remains unchanged.

Two types of narrow band scanning random
generators may be employed — constant band-
width or ¢onstant Q types. If a constant Q
generator is employed, a 3 db/octave power
spectral density rolloff filter must be used to
correct the amplitude level for increasing
bandwidth as the frequency is increased. This
is the method :Iat was employed at Lear Siegler,
Inc.

The fourth equalization technique that was
employed involves submitting the test item to
vibration created by a wide band white random
noise generator band limited according to the
test specification. The true root-mean-square
{TRMS) output g level was adjusted to equal the
level called out in the test specification for the
final equalized value. The connection diagram
is shown as the alternate connection of Fig. 1.

SELECTION OF i'EST ITEMS

If an equalization technique is to be ac-
counted satisfactory, it must encompass scme
of the more difficult test conditions, as well as
selected simplified cases. For this reason, a
horizontal table driving an intermediate fixture
was used. The test item consisted of a rectan-
gular plate fastened at the four corners and
suspended across a slot in the end of the main
fixture. The dimensions of the plate were made
unequal to insure that at least two degrees of
freedom would have tu ve equalized. Two of
these plates were used. Evidence collected
over a period of time seemed to indicate that
equalizing a resonance higher in frequency than
that of the driving resonance of the shaker-
horizontal table combination presented addi-
tional problems. For-this reason, Sample A
was chosen so that the resonances associated
with the lateral and lengitudinal modes fell
lower in frequency than the shaker-horizontal
table driving resonance (hereafter referred to
as prime resonance (PR). Sample B was chosen
so that the corresponding frequencies lay above
FR.

Figure 3 is a general view of the shaker as
it is coupled to the test item. Figure 4 shows

NOTE: References appear on page 14.
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Fig. 3 - General view of shaker and test
sample with intermediate fixturing
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the details of the two test samples and their
mounting provisions. It should be noted that
the test item mass was kept very low compared
to the fixture mass, so that there could be no
backdriving of the fixture by the test item
resonances.

RESULTS OF TESTING PROGRAM

Figure 5 shows actual response plots for
Samples A and B using the first three equaliza-
tion techniques. The results demonstrate dif-
ferences in both frequencies and amplitudes
between the three methods. Furthermore,
changing the input reference levels in the case
of the sine sweeps caused noticeable changes
in the shapes of the response curves, again
affecting both frequencies and amplitudes. Al-
though equipment availability at the time the
scanning random test was conducted limited the
results to only one curve with thes. iest sam-
ples, previous testing showed that scanning
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narrow band random testing behaved quite sim-
ilarly to sweeping sine, and differences nearly
vanished as the bandwidth was progressively
narrowed. For the curve in Fig. 5d, the band-
width = 0.15 £ where f_ is the operating fre-
quency for any point on the curve.

Later it will be seen that if the fourth
method of wide band random noise input is
used for the basis of an equalization procedure,
correct equalization will result. There is a
corollary to this proposition; i.e., if some other
equalization method is as good as wide band
random input, it cannot show significant devia-
tions from the same response curve that wide
band random input will produce. For this rea-
son the various response curves produced by
the first three equalizati 'n teclmigues are
compared with those prod.ccu from wide band
white noise input for Sample A in Fig. 6 and for
Sample B in Fig. 7.

These curves show that constant output g
sweeping sine (inverse input voltage) plots
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Fig. 5 - Comparison of sweeping sine response curves with each other and with narrow band
scanning random response curve: (a) Sample A with constant input voltage at 1 and 0.2 g rms
at 150 cps; (b) inverse input voltage plot of Sample A to 5 and 1 g rms constant output g sine
sweep;(c) inverse input voltage plot of Sample B to 3 and 1 g rms constant output g sine sweep;
and (d) Sample B - constant input voltage scanning random noise (ref. 1 g rms at 200 cps) vs

1 g rms constant output sweeping sine
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The basic curve for Fig. 6 comparisons is the
GJV cps response of Sample A to an input of wide band white random vibration with a meas-
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Fig. 7 - Sine v; random response curves for Sample B: (a) response at 10 g rms random vi-
bration; {b) constant voltage (ref. 3 g rms at 200 cps); (c) constant g level (inverse plot of input
voltage at 1 g rms); and (d) constant level uniform power spectral density scanning random

noise vs wide band noise. The basic curve for Fig, 7 comparisons is the G/V

cps response of

Sample B to an input of wide band randorn vibration with an output level measured at 10 g rms,

20-2000 cps.

produce slightly closer resuits than constant
input sweeping sine when compared to response
curves plotted from wide band white noise con-
stant input. Moreover, these curves show much
closer correspondence for Sample A (sample
resonances below PR) than for Sample B (sam-
ple resonances above PR). Since constant out-
put g sine sweeps are less apt to produce
damage and tend to correlate better with wide
band random, only tiiese are shown for Sam-
ple B.

In the case of Sample A (Fig. 6), the largest
deviations of the comparison were at the low
ends of the spectrum where the sine tended to
roll off more rapidly than did the random re-
sponse curves, especially for the constant input
voltage response curves. The amplitude of re-
sponse at PR was larger for sine than for ran-
dom. The excessive low-end rolloff could be
partially corrected at constant g output by in-
creasing the output level, but this did not nec-
essarily guarantee a match in resonant ampli-
tudes and frequencies. For this reason, and

for the reason that broadband white random input
was just as convenient and could produce more
accurate results, the best constant g level for
sweeping sine has not been determined. It is
probable that a best value does exist, however.

In the case of Sample B (Fig. 7), the largest
deviations of the comparison took place as a
high-end rollup of the sine curve especially in
the frequency region above PR, This was ac-
companied by a tendency for too much sine re-
sponse rolloff at the extreme low end. Heavier
level constant output g shakes tend to match
wide band white random response curves, but
the chance of finding a sine level which will
match all portions of the curves for both fre-
quency and amplitude appears to be quite re-
mote in the case of Sample B, where resonant
peaks occur beyond PR.

All of the above is of little importance un-
less it can indeed be proved that equalization
to the wide band white noise response curve
will produce a valid equalized response.




Figure 8 shows the steps in a procedure which
yields experimental proof of this proposition.
In Fig. 8a the unequalized response curve of
tice test item is obtained with constant inpu*
voltage wide band white noise in accordance
with the connection diagram of Fig. 1. The in-
put ncise level is adjusted for a voltage that
will produce the specification output level (10.0
rms g in this instance) when the input noise
bandwidth is the same as the specification
bandwidth. To equalize to this curve, the
equalization filters are connected to the white
random noise generator as in the connection
diagram of Fig. 9. The bandpass filter is em-
ployed to band limit the noise to specification
values before feeding it to the equalization
filters. Figure 8c shows the inverse response
of the filters as matched to the unsqualized re-
sponse of Fig. 8a. The closeness of match at-
tained here was limited by the number of peak/
notch filters employed and by the amount of
time available for adjusting them. Some dis-
crepancies do exist, so that the resultant equal-
ization will show some small errors. This is
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borne out by Fig. 8d which represents a close
approach to perfect equalization but with some
errors as large as +5 or +6 db. These were
the result of employing too few peak/notch fil-
ters to get perfect match in Fig. 8c, rather than
of any failure of the method.

TESTING METHODS
Sweeping Sine Tests

Random noise simulation is expensive in
both equipment and in man-hours required.
For this reason, it has been only reasonable
for industry to examine the possibility of sub-
stituting sweeping sine tests for wide band
random tests. Since we have shown that in
almost every instance the measured response
of the typical test item is going to be different
when subjected to sweeping sine than when ‘sub-
jected to wide band random noise, it is fairly
obvious that equivalence of results can be ex-
pected only in a few special cases.
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Fig. 8 - Equalizing Sample B to wide band noise response curve: (a) response at 10 g rms
random vibration; (b) inverse voltage (IV) plot of console output as modified by equalizers to
match (a); (c) comparison of (a) and IV curves showing where filters failed to give perfect
match;and (d) resultant response of Sample B as equalized by equalizer adjustment to IV curve.

The basic curve for Fig. 8 comparisons is the

V cps response of Sample B to an input of

wide band random vibration with an output level measured at 10 g rms, 20-3000 cps.
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Partitioned Random Tests

Many environmental laboratories have
equipment suitable for random noise simula-
tion, but are faced with the problem that mod-
ern test specifications frequently involve higher
specification power spectral densities than
were prevalent in the past. Often the situation
is further complicated by heavier test items.
As an alternative to purchasing equipment with
more force capability, environmental labora-
tories are considering the practicability of
substituting scanning random tests or seg-
mented random tests for a broadband random
test covering the required spectrum in one step.

A series of experiments was devised to
examine the effects of segmenting random noise
spectra into two or more parts covering the
total frequency range, and to attempt to arrive
at suitable dividing boundaries for the partition-
ing process. Figure 10a shows the test item
response to the unsegmented random noise
from 20 to 3000 cps. Figure 10b shows the test
item response when the high end is partitioned
at 2000 cps. 2 frequency above PR (at 1200 cps).
The shape of the response curve below the
partitioning boundary remains unchanged.
Figure 10c shows the test item response when
the high-end boundary is lowered to 1000 cps,

a frequency below PR. In this case, failure to
include the PR peak within the segment has al-
tered the frequency response within the seg-
ment, producing an excessive low-frequency
rolloff. Since it now appears that the

low-frequency segment should include PR

within its boundaries, it is necessary to know if

the same requirement applies to the high-
frequency segment. This was determined as
foliows:

Figure 10d shows the test item response

when the low-end boundary is set at 600 cps to

include the PR peak within the segment. The
portion of the response well above 600 cps is

seen to match the broadband response. Figure
10e shows the test item response when the low-

cnd boundary is set at 1500 cps, 30 as to be

above PR. Again, the portion of the response
well above 1500 cps is seen to match the broad-
band response. In this instance, it is not nec-
essary to include PR within the boundaries of

the segment.

In the case of substitution of scanning ran-

dom tests for wide band random noise tests,
one is forced to raise the question of what is

likely to be gained over sweeping sine tests. It
would appear from the evidence accumulated at
this laboratory that very little is to be gained
unless the scanning random is broadband, in-
deed. Originally it was thought that if the scan-
ning random bandwidth would include the first

two even and first two odd overtones of the
fundamental (a bandwidth of approximately
2 1/3 octaves), reasonably gooc « untization

would probably result. A giance at the results
of segnienting random noise, as dewnonstrated

above, raises serious doubt as to the validily
of any test segment below PR which does not
include PR.
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Fig. 10 - Effects of segmenting random noise, Sample B: (a) response a at 10 g rms random
vibration; (b) response a' compared with a, if high-end cutoff is reduced from 3000 to 200 cps;
(c) response a" compared with a, if high-end cutoff is reduced from 3000 to 1000 cps; (d) re-
sponse b' compared with a, if low-end cutoff is raised from 20 to 600 cps; and (e) response b"
compared with a, if low-end cutoff is raised from 20 to 1500 cps. The basic curve for Fig. 10
comparisons is the GVV cps response of Sample B to an input of wide band white random vi-
bration with a measured output level of 10 g rms, 20-3000 cps.
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Testing With Parallel Bandpass
Filter Systems

Automatic equalizers (and some manual
equalizers with parallel bandpass filters) em-
ploy parallel bandpass-type analyzers with
matching bandwidths. It is poseible for a me-
chanical resonance to have a bandwidth much
narrower than that of the filters. In this case,
it is likely that the resonance will not be prop-
erly equalized, but that the matching analyzer
will not indicate any error. For this reason, it
is wise to check new fixtures with a second
analyzer of narrower bandwidth on the first
equalization attempt. Ideally, the bandwidth
should be very narrow (of the order of 1- or
2-cps bandwidth) but such bandwidths involve
extremely long analysis times. Usually, it is
sufficient to check with an analyzer bandwidth
that is substantially smaller than that of the
parallel bandpass filter analyzer that is being
checked. Bandwidths of the order of 5 to 10 cps
are normal for this purpose. If no apparent
differenc= in results is recorded, the original
equalization should be adequate.

Systems with bandwidths of 25 ¢ps or nar-
rower are nat nearly as prone to the type of
error under discussion as are some of the
wider bandwidth types. It should be realized,
however, that narrower bandwidths are required
for equalizing low-frequency resonances than
for equalizing resonances at the oppos.te end of
the spectrum. This situation arises from the
fact that natural mechanical resonances tend to
cluster around constant Q, rather than constant
bandwidth limits, and this leads to very narrow
bandwidths at the low end of the spectrum even
if the test item resonance is of only average Q.
The majority of resonances fall within the Q
range of 3 to 30. Very few show Q's in excess
of 50.

Whether or not the user buys very narrow
bandwidth filters at the low-frequency end will
depend on his estimate of whether he will need
to equalize any large test items with low-
frequency resonances. Filters with somewhat
wider bandwidths may be employed where the
only function is general shaping. Conversely,
the user may still find it necessary to buy quite
narrow bandwidth filters at the high-frequency
end, if he anticipates test items with high Q
resonances in this frequency region. Items
with high Q resonances also require additional
dynamic range from the equalizer. Ranges of
50 db or more may be required with some tast
items, especially in the case of stepped spectral
specifications.
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Fixturing and Monitoring

The art of designing and using fixtures is
too-involved to more than scratch the gurface
in the space devoted to it here, but a few com-
ments may not be out of order.

The test item is usuaily mounted to some
basic fixture plates at three or more attachment
points. When these attachment points are dis-
tributed in such a way as to make it feasible to
use a single plate, this arrangement is desir-
able. Even when a single plate is possible, it
may be difficult to assure equal inpuis at all
mounting points. One way to improve the
chances for this desirable situation is to place
the attachment points as symmetrically as
possible on a mounting plate that is in itself
symmetrical in a plane transverse to that of
the forcing vibration function. Plates that are
circular, square, or in the form of the other
regular polygons are suitable. I, by careful
fixture design, equal inputs at all attachment
points are achieved, any location immedia.ely
adjacent to these points may be used for the
monitoring accelerometer for equalization or
for monitoring sine vibration. If this equality
is not achieved, worst-point monitoring may be
used, or the technique of averaging outputs of
accelerometers adjacent tc each attachment
point to form one electrical signal may be a
desirable substitute [2,3].

It is desirable to place all fixture resonant
frequencies substancially Lkigher than the top
frequency limit of the specification, but when
this is impossible, a satisfactory equalization
can usually be achieved if there are no pro-
nounced notches in the response curve within
the frequency limits of the specification. If
these notches occur, they do not necessarily
mean a failure on the part of the fixture to ab-
sorb energy from the shaker at the notch fre-
quencies. This condition usually indicates that
the fixture is absorbing energy in such a way
as to produce "oil-canning" or vibration in a
direction transverse to the desired direction.
Another cause of notches may be the absorption
of energy in exciting harmonic or subharmonic
modes rather than fundamental modes. The
presence of major notches in the response
curve of the fixture is a cause for real concern
until the extent and nature of the energy absorp-
tion is understood and verified to be below ac-
ceptable limits for any undesirable modes that
may have been excited. A cross-mode vibration
greater than 100 percent of the in-line mode
is usually considered to be excessive.




When equalization is first attempted on a
new fixture, it may be desirable to use a three-
axis accclerometer and to analyze the cross-
mode response., This practice is particularly
recommended when automatic equalization is
employed, as the servo will attempt to cancel
the notch if this is at all possible. If the notch
is caused by cross-moding, the test item may
be overtested or even destructively tested along
22 axis other than the test axis. The only re-
course the test engineer can follow upon dis-
covering such a situation is to place the affected
channel in the manual mode and reduce the drive
to acceptable limits. If this results in excessive
notching, he may obtain a deviation by showing
the cause of the notch, or he may alter the fix-
ture to remove the problem. Although this
problem may be more dangerous with an auto-
matic equalizer because it is more easily over-
looked, its solution must be accomplished with
any type of equalizer employed.

Since a parallel bandpass filter equalizer
with appropriate bandwidths and sufficient dy-
namic range will "equalize" almost any fixture,
there is a natural tendency to slough off the
nastier problems of good fixture design on the
basis that equalization will take place even if
the fixture is not very good. We have just seen
that what this attitude really means is that we
can excite undesirable modes in the fixture to
almost any extent and thereby invalidate the
test.

It has been pointed out that a failure to fill
a notch may be caused when the energy is being
absorbed in harmonic or subharmonic modcs.
When this occurs, the energy appears as mys-
terious "unequalizable' peaks at the harmonic
or subharmonic frequencies. These peaks can-
not be notched out unless the energy is sub-
tracted at the fundamental rather than at the
peak frequency.

An even more exotic response has been
noticed in a few cases. A fixture may act as a
highly nonlinear device. In this case, two
prominent signals of different frequencies may
mix to form sum and difference peak frequen-
cies, also "unequalizable.” In certain cases,
the sum frequency peak may lie higher in fre-
quency than the frequency of any energy being
supplied to the system. Peaks of this sort will
disappear when either of the causative frequency
components is removed. An investigation will
usually show that the causative components are
high level inputs being used in canceling notches.

It is obvious that the existence of drastic

response notches usually points to equalization
troubles and to fixture design inadequacies.
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Dummy Loads

If the test item mass is a substantial frac-
tion of, or is greater than, the holding fixture
mass, the holding fixture rescnances may shift
appreciably in frequency after the test item is
mounted in place. If the test item has a stiffen-
ing effect on the fixture, other aspects of the
fixture response curve may change as well.

For this reason, empty-fixture equalizations
should be rechecked with the test item in place.
The best solution to problems in this area is
better holding fixture design with fixture-mass
to test-item-mass ratios of 5/1 prefcrred, or
3/1 if at all possible. However, this ideal solu-
tion is not always possible. In some instancee,
it is known in advance that empty-fixture equal-
izations will be invalidated when loaded with the
test item. In this case, equalization may re-
quire that the test item be mounted on the fix-
ture. To preserve the test item from damage
during equalization, three alternatives may be
pursued:

1. The test item and fixture may be ex-
posed to 2 short burst of a few scconds of white
random noise input band limited fo the specifi-
cation limits and regulated to give an acceler-
ometer output level equal to the specification
output level. This short burst is tupe recorded
and formed into a loop for analysis. This anal-
ysis yields the plot for the unequalized response,
and the inverse of the equalizer filter output
voltages may then be matched to this plot as
previously described. This protects the test
item by limiting the time of exposure to possibly
damaging vibration.

2. The level of the white random noise in-
put may be reduced well below that of the test
specification to obtain the unequalized response
directly or from a short-bursi tape recording,
as described above. The results of cqualization
to a reduced level should always be checked at
the full level, as some discrepancies may occur
when the level is shifted.

3. The real test item may be replaced with
an inert dummy test item which has the same
mass, centexr of gravity, and moments of inertia
as the real item. By specifying an inert test
item, the intent is to construct a dummy load in
which all major resonances within the frequency
range of the specification have either been
eliminated or damped to very low levels. It is
quite difficult to construct dJummy loads with
these requirements by machining and assem-
bling solid pieces. Where the real unit has an
outside case, very satisfactory dummy loads
have been constructed by fiiling a spare case
with sand mixed with other granular materials




to provide the proper mass. Partitioning or
the addition of local masses may be required to
locate the center of gravity properly or to pro-
vide proper moments of inertia. The inert
dummy is often better than the real test item
for testing fixture loading because it eliminates
the possibility of test item resonances fceding
back into the fixture.

In all fairness to automatic equalization, it
should be mentioned that some types of auto-
matic equalizers permit a gradual increase in
gain with continual servo action to correct re-
sponse shifts as the test level is gradually
raised to the specification requirement. Pre-
calibration of the specification requirements un-
der a no-shake condition is especially desirable
in this connection. With these types of auto-
matic equalizers, the precautions used to pro-
tect the test item from unequalized shakes as
outlined above are no longer required, provided
always that the fixture does not have cross-
modes, harmonic or subharmonic modes, or
intermodulation modes.

CONCLUSIONS

Equalization to wide band white noise inputs
is the applicable method for series-type peak/
notch equalizers, as well as for paraliel
bandpass-type manual and automatic equalizers.
A satisfactory method of performing this task
for series-type peak/notch equalizers has been
devised.

The converse of the ahove proposition is
equally true — narrow band sweeping sine or
scanning random inputs are not generally ap-
plicable to all equalizations. They are satis-
factory only in some special, and usually sim-
plified, cases. In reviewing the curves in this
paper, it may appear that the region of discrep-
ancies is sniall because of the logarithmic fre-
quency scale employed, but close examination
reveals that these regions occupy 30 to 60 per-
cent of the total spectrum.

We cannot equalize satisfactorily to narrow
band input methods and cannot get correlation
between their response curves and those gener-
ated by wide band random noise; therefore,
they do not seem to be justifiable as substitute
tests for wide band random noise tests.

The only method cf reducing the bandwidth
of wide band random noise tests that seems to
hold much promise is the segmented noise test.
However, the segment boundaries cannot be
chosen arbitrarily. The lowest segment must
have an upper limit above PR. The higher
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segments do not require the inclusion of PR on
the basis of present evidence and, if more than
one segment is used, it appears that the next
boundary can be chosen on an arbitrary basis.
This approach should be viewed as highly tenta-
tive at the present time, and should be investi-
gated in considerably more detail. It is possible,
for example, that successive members of a test
item would act as a series of consecutive PR's
and would have to be treated accordingly. This
would explain why a test item such as a relay
maounted on a partition, which is part of a black
box mounted to a fixture on a shaker, gives such
radically different results when subjected to
random rather than sine vibration [4,5]. It is
hoped that mobility methods may eventually
yield exact mathematical models of the observed
phenomena.

Parallel bandpass-type equalizers offer
tremendous advantages in speed and efficiency
of equalization. It is necessary for the buyer
to specify bandwidths and dynamic ranges
compatible with the characteristics of antici-
pated test items. Scme types of automatic
equalizers protect the test item during the
equalization process, provided the fixture does
not have cross-modes, harmonic or subhar-
monic modes or intermodulation modes.

Fixture design must be conscientiously
perfected for good testing. The presence of
deep notches in a fixture response curve usu-
ally indicates the presence of undesirable modes
caused by inadequate fixture design. These
modes can result in severe overtesting or even
in destructive testing.

Although automatic equalizers offer many
advantages, some precautions are necessary in
their use. They tend to conceal the presence
of notches in the fixture response, so some
check on spurious modes should be made to
aveid the dangers just mentioned. They tend to
show perfect equalization of high Q resonances
much narrower than the bandwidth of the system
filters, whether or not the equalization is cor-
rect. Some checks with a narrow band analyzer
sheuld be made under these conditions.
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VIBRATION MEASUREMENTS

R. W. Mustain
Douglas Missiles and Space Systems Division
Huntiugton Beach, Califoraia

A general discussion of desirable methods and systems for the collec-
tion of vibration information is presented, including a brief review of
previously used and presently available methods of transducing, trans-
raitting, and calibrating dynamic excitations. Vibration instrumenta-
tion techriliques applicable to flight tests and to laboratory vibraiion
tests are studied. Calibration methods and circuits are reported, with
special attention given to end-to-end calibrations of complete systems.
The usage of parallel end-to-end calibrations is recommended, and
empirical data are presented which show the effects of different atten-

measurements.

uators in parallel end-to-end calibrations.

The limitations of telemetry systems are considered. Various
telemetry systems are available for the transmission of flight data.
Because of the diverse instrumentation requirements of aircraft,
missiles, and space vehicles, no single telemetry package, with fixed
capabilitics, will satisty even a majority of applications. Several of
the telenietering systems are described. Measurement of mechanical
impedance is briefiy discussed. Impedance measuring techniques are
reported, and suggestions are given for obtaining reliable impedance

INTRODUCTION

The eminence of vibration measurements
has increased during the past decades with each
advance in aircraft, missiles, space vehicles,
and propulsion systems. For instance, the
transgition from one type of propulsion system
to newer and more powerful units has resulted
in greater flight velocities, larger payloads,
system complexities, and intensification of
dynamic environments.

The trend to greater power plants has ac-
companied the tremendous expansion of the
aerospace industry through two world wars, the
Korean War, and one major depression. World
War I provided the first real encouragement in
this rapid development as the airplane began to
revolutionize warfare. In the 1920's and 1930's,
the advent of in-line and powerful radial engines
created noticeable vibration problems and minor
acoustic enigmas. With the World War .i, the
airplane came into its own as a mighty weapon
of attack and destruction. The accelerated
developments of this second major conflict
produced manned aircraft which were complex
systems with powerful engines capable of

indvcing relatively large vibrations. Further-
more, development of delicate airborne elec-
tronics for controls and guidance created
components with low fragility levels. A notable
transition in aircraft engines occurred near the
end of World War II when the first jet-propelled
aircraft appeared (the P-59 and the P-80) to
present a new dynamic environment encompass--
ing troublesome acoustic excitations. In due
time, the dynamic engineers became acquainted
with the many pitfalls of the jet engines and
their attendant vibrations that caused failures
of equipment, systems, and structures.

It was during this period, in the 1940's,
that some of the first airborne recordings of
vibration data were obtained. It was then that
recording oscillographs with string-type
galvanometers were first utilized to collect
vibration data transduced by potentiometers,
strain gages, and variable reluctance pickups.
The potentiometer accelerometers provided
data at very low frequencies and were used
rather unsuccessfuily to record aircraft
maneuvers, landings, and takeoffs. The most
useful and meaningful vibration data were ob-
tained during this period by the utilization of




strain gages. These data consisted of structural
loads measured with bonded strain gages ard
dynainic excitations reproduced rather faithfully
by unbonded strain gage accelerometers.
Bonded strain gages were used in great quanti-
ties on various aircraft for many purposes. For
example, loads on longerons, spars, frames,
panels, landing gears, landing hooks, and
similar items were measured by the application
of strain gage elements smaller than postage
stamps. Many unique schemes were devised to
take advantage of these small devices. Bounded
strain gages were cemented to Bourdon tubes,
rudder pedal links, control sticks, and special
beams to measure pressure, rudder forces,
stick forces, and relative position, respectively,
in flight test aircraft. The unbonded strain
gage acceleroraeters (considerably larger than
the bonded gages) provided electrical signals of
semistatic aircraft motions and structural
vibrations. The useful frequency range, in
generai, of these unbonded seismic elements
ranged from dc to somewhere around 100 cps.
These unbonded strain gage accelerometers
became the first real work-horse instruments
for the definition of aircraft vibration environ-
ments.

Simple calibration techniques were the rule
of the day for these early instrumentation sys-
tems. For instance, it was accepted procedure
during the 1940's to perform only zero g, +1 g,
and -1 g stalic calibrations within the aircraft.
These static calibrations were accomplished by
turning the accelerometer around physically
while it was connected to the balancing circuit
and the recording equipment. Also, additional
calibration steps were provided by precision
calibration resistors connected across the
strain gage bridge. However, these calibrations
resulted in static or dc values only and, conse-
quently, yielded no information on the frequency
response of the system.

The last decade has seen the space age
become a reality with its multistage vehicles
and its thunderous rocket engines produc’ng
thrusts in the millions of pounds. Phasing into
the high-thrust rocket systems created severe
shock, vibration and acoustic environments.
The previous engines had produced some diffi-
culties, but these difficulties were magnified by
several degrees in the missile and space pro-
grams. These conditions enhanced the value of
defining dynamic environments. Since it was
apparent that dynamic excitations existed (both
in jet aircraft and rocket-propelled vehicles)
well above 100 cps, it became highly desirable
to develop instrumentation systems with
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high-frequency characteristics [1]. This
impetus resulted in noticeable advancements in
vibration mensurations during the 1950's. This
rapid advancement led to the popular accept-
ance of piezoelectric accelerometers with their
inherently higher irequency response. Concur-
rently, advances in electronics and recording
media augmented the piezoelectric capabilities
to create inestimable improvements in the
measurement of dynamic environments. Thus,
the 1950's and the early 1960's have seen the
profitable use of high-fidelity magnetic tape
recordings, with and without telemetry sys-
tems, to compile immense amounts of vibration
data from aircraft, missiles, and space vehicles.

Because there is a never-ending quest for
information and improvements on vibration
instrumentation, this report continues with a
general discussion on methods and systems for
the collection of vibration data. This discussion
includes a brief review of previously used and
presentiy available methods of transducing,
transmitting, recording, and calibrating dynamic
excitations. System parameters and procedures
that will prevail within the rext few years are
described and recommended.

TRANSDUCERS AND
CONSIDERATIONS

Many variegated versions of transducer
elements have been developed for the purpose of
converting mechanical motions into equivalent
electrical signz's. These elements include
strain gage, piewzdelectric, variable inductance,
variable capacitance, variable resistance, and
magnetoelectric instruments. Although most of
these elements have been used in various
instrumentation systems to measure vibrations,
the elements that have provided the most satis-
factory vibration measurements are the strain
gage bridge and the piezoelectric crystal. In
general, the bulk of vibratory measurements in
aircraft, missiles, and space vehicles has been
compiled by utilization of these two devices. In
environmental laboratories, the strain gage and
the piezoelectric sensors have been augmented
by the self-generating velocity transducer.
However, these self-generating (magneto-
electric) transducers are rapidly being replaced
in most environmental laboratories by piezo-
electric accelerometers with their inherently
higher frequency response.

Primarily, the unbonded strain gage
element owes its remaining popularity as an
accelerometer to its low-frequency response.

NOTE: References appear on page 43,




Of all the practical sensing elements, the un-
bonded strain gage accelerometer provides th.
best response in the low-frequency end, for this
element is useful down to dc. Thus, the strain
gage accelerometer, on occasion, is specified in
place of, or in support of, the piezoelectric ac-
celerometer to investigate low-frequency mo-
tions. The strain gage is defined as an element,
or group of elements, which change resistivity
as a function of applied stress. The unbounded
strain gage accelerometer consists of four {ine
wires or filaments arranged so that two wires
are stretched (tensioned) and two wires are re-
laxed (contracted) upon application of the force
being measured. The application of tensile force
to a filament increases the length, decreases the
radius, and increases the resistivity of the fil-
ament. These changes are related to Poisson's
ratio, (Ar/r)/(AL/L), where r is the radius and
L is the length of the filament. The utilization
of the stressed filament is based on the above
effects of strain on the electrical resistance of
the filament. The change in resistance AR is a
function of strain, (dJL)/L, i.e., increased re-
sistance for tension and decreased resistance
for compression. In usage, the strain gage
wires or filaments are connected electrically

to form a Wheatstone bridge. The active
elements are wired so that opposite legs of the
Wheatstone bridge increase or decrease their
resistance at the same rate for a given mechan-
ical input. The greatest censitivity of the strain
gage Wheatstone bridge is attained when two
opposite legs are in compression (decreasing
resistance) and when, simultaneously, the other
two legs are in tension (increasing resistance)
(Fig. 1). Electrically, under these conditions,
the results are additive in the Wheatstone
bridge, and thus, the four active legs, correctly
wired, provide the greatest sensitivity of the

Rs

Wheatstone bridge. In this casc, the output
voltage, E_, is a Iunction of the algebraic
factor,

AR
R
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Whereas the unbonded strain gage is used to
measure accelerations, the smaller bonded
strain gage is admirably suited to establishing
fatigue criteria on panels and structural mem-
bers. Strain-gaged paiels have been used to
study fatigue failures caused by extreme pres-
sure fluctuations associated with high-intensity
acoustic excitations from jet and rocket engines.

In 1880, Pierre and Jacques Curie founded
the science of piezoelectricity when they dis-
covered that certain crystals generated an
electric charge when compressed in particular
directions. The Curie brothers noted that the
charges were proportional to the applied pres-
sure and disappeared when the pressure was
withdrawn. They observed the piezoelectric
effect on zinc blende, sodium chlorate, boracite,
tourmaline, quartz, calaiiine, topaz, tartaric
acid, cane sugar, and Rochelle salt. Since
that time, over 1,000 piezoelectric crystals
have been identified [2]. Some of the materials
investigated for their ability to perforni as
piezoelectric accelerometers are barium
titanate, lead titanate—lead zirconate, am-
monium dihydrogen phosphaie (ADP), potassium
dihydrogen phosphate (KDP), quartz, lithium
sulfate, lead metaniobate, Rochelle salt, and
tourmaline. These materials contain crystal
domains oriented in the same direction, either
by nature or by polarization during the manu-
facturing process. When stress is applied to
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Fig. 1 - Typical strain gage circuitry




these piezoelectric materials, minute motions
of the crystal domains generate electrical

charges Q proportional to the applied force [3,4].

A strain x causes an electric polarization equal
to the strain times an appropriate piezoelectric
stress coefficient. Similarly, an electric field
causes a piezoelectric stress cqual to the elec~
tric field times the piezoelectri~ stress coef-
ficient. Figure 2 [5] shows a simplified test
circuit for the measurement of open circuit
crystal voltage. The following relationship
applies:

Qp = Ey (CotCytC+Cy) . (1)

The crystal open circuit voltage = E = Q,/Cp
and the energy = 1/2 Q E, = 1/2 C,E}
expressed in joules.

The importance of obtaining high-frequency
vibration measurements has resulted in the
general selection of piezoelectric accelerom-
eters for most aircraft, missiie, and space
vehicle applications. These self-generating
crystals have the ability to reproduce faith-
fully high-frequency excitations. The frequency
range of the piezoelectric accelerometer is a
function of the type of material, the rechanical
design, and the desired sensitivity. Elements
have been made with natural frequencies as
high as 90 ke [6]; however, most environmental
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Fig. 2 - Simplified test circuit for meas-
urement of open circuit crystal voltage
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vibration tests have been limited to 2000 cps,
and supporting field data have not greatly
exceeded this limit. A partial cause for this
limitation has been the lack of telemetry sys-
tems with responses greater than 2100 cps.
Recent developments in single sideband telem-
etry have resulted in frequency ranges from 50
cps to approximately 3000 cps. Satisfactory
magnetic tape recorders are available with FM
electronics for recording from dec to 20,000 cps.
Presently, the response range of commercially
available piezoelectric accelerometers is
indeed adequate for vibration measurements.
Piezoelectric eleinents have been developed as
integral impedance heads for the measurement
of the ""esoteric' parameter of mechanical im-
pedance. The measurement of mechanical im-
pedance is becoming a requirement throughout
the aerospace industry.

Any consideration of the application of ac-
celerometers must encompass various charac-
teristics influencing the quality of the data to
be obtained. The user and the maker of ac-
celerometers are concerned with fundamental
characteristics such as frequency response,
linearity, axial sensitivity, transverse effects,
response to acoustic excitations, temperature
effects, vacuum effects, shock fragility, and
vibration fragility. In addition, other factors
such as transducer location, impedance match-
ing, recording media, method of transmission,
method of installation, service life, storage life,
and reliability are of primary interest tothe user.

An indication of expected values of pertinent
transducer characteristics can be obtained by
examining Table 1 which gives data on some of
the piezoelectric accelerometers that are avail-
able commercially. No one accelerometer is
capable of matching the transducer character-
istics given in this table. The values listed are
the extremes of many different accelerometers
taken from commercial literature. From this
array of characteristic ranges, the transducer
best suited for the task can be selecled.

The location of sensing elements is depend-
ent on the particular environmental problem.
Pickups may be required to establish panel
fatigue criteria, to measure vibration response
of primary structure, and to measure the re-
sponse of equipment in dynamic environments.
Pane! fatigue criteria are best measured by
bonded strain gages. Responsec can be deter-
mined by the use of accelerometers.

Obviously, panel fatigue studies are best
obtained with bonded strain gages appried ai the
point of greatest stress. The exact method of




TABLE 1
Characteristics of Some Commercially Available
Piezoelectric Accelerometers

Characteristic Value
Dynamic range (g) 10-5 - 105
Frequency response (cps) 0.1 - 32,000
Temperature range (°F) -452 - +750
Linearity (%) +0.5, +1, +2
Sensitivity (Mv/g) 0.5 - 3500
Lowest resonant frequency (ke) 1.6 - 140
Transverse sensitivity (%) +0.25, +.5, +1, +3, %5
Acoustic response at 155 db SPL (g) .01 - 0.1

locating the strain gage will vary with each type
of panel. Gages should be located adjaceint to
fasteners, rivets, and boundaries of panels.
Most panel failures caused by acoustic excita-
tions will tend to propagate outward irom rivet
and fastener lines. It is also useful as a
method of monitoring panel response to place
strain gages in the middle of panels where the
greatest deflection occurs and where there are
no steep stress gradients. In laboratory tests,
this serves as a warning of impending trouble.

The determination of vibration gradients
through aircraft, missiles, and space vehicles
can be accomplished by placing accelerometers
on primary structure. Accelerometers, with a
minimum of bracketry, should be mounted on
heavy members such as spars, longerons, inter-
costals, and rigid ring frames. The location of
accelerometers on skin panels should be
avoided for this will produce data with panel
resonances. The primary structure serves as
a better reference for future investigations and
tests. Figure 3 shows an ideal installation of
accelerometers on primary structure. Ac-
cclerometer mounting blocks are not used.
Whenever possible, environmental 3imulations
in the laboratory should be referred to flight or
field measurements obtained on primary struc-
ture. The measurement of the vibration en-
vironment surrounding individual critical items
can be established by installing accelerometers
on the critical items' supporting structure.
Where equipment is mounted on flimsy struc-
ture, measurements should be obtained on both
the flimsy structure and on the nearest rigid
structure. This recomraendation is made so
that laboratory tests will correlate with flight
and field tests. Laboratory vibration tests are
difficult to control when the control acceierom-
eter measures the response of soft structures
such as skin panels. It is more desirable to
control on rigid primary structure; therefcre,
the vibration test specimen should, if practi-
cable, include rigid primary structure.

19

The selection of accelerometer locations
for optimum controi of shaker equipment
deserves additional discussion. Figure 4
displays a vibration test specimen with
numerous accelerometers. The test specimen
consists of a large fiberglass panel, with
electronic equipment, which is mounted on
special vibration isolation strips and support-
ing structure. The supporting structure con-
sists of intercostals, ring frames, and vehicle
skin. In turn, the supporting structure is
secured to a strong magnesium fixture and an
electrodynamic exciter with a force rating of
30,000 pounds. Acceleromecters have been
located to measure vibration inputs to the
isolators, transmission across the isolators,
response of the panel, and responses on scme
of the electronic equipment. If the vibration
test criteria apply to the structure side of the
isolators, where is the best place to locate the
control accelerometer? The optimum test
control occurs when all of the supporting struc-
ture is vibrating at the same vibration level.
This is difficult to achieve, for there is only
one shaker input; furthermore, the large speci-
men will display modes which will create
various levels throughout the structure. Any
method of control will provide only a compro-
mise for the ideal lest control. lmprovements
in control methods are always in order; new
measuring devices, vibration surveys, experi-
ence, and good engineering judgment will tend
to improve control conditions. With the speci-
men shown in Fig. 4, the control could be
placed at several locations on the structure.
As noted earlier, the control accelerometer
should not be placed on the skin panel, for the
response of the panel will not permit adequate
control of the test. Fortunately, this specimen
has relatively rigid boundaries: the ring
frames and the intercostals. The test was
conducted satisfactorily by controlling at the
left upper corner {(acceleromeler No. 1)
where Lhe intercosial and the ring fraimne con-
nect.
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Fig. 3 - Ideal installation of accelerometers
on primary structure
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Fig. 4 - Accelerometer locations on typical
complex vibration test
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Commercially available maximum ampli-
tude and averaging control circuits were not
used during the above vibration test because
limitations were found in both of these instru-
mentaiinn systems during previous tests. The
maximum amplitude control circuit selects the
largest of several (1 to 5) accelerometer sig-
nals for controlling the shaker servo system,
The limitation of this particular system is the
slow switching time of the electrical components
which causes the shaker to generate harmful
transients. Similarly, the averaging system
causes transients in the shaker system when
out-of-phase signals from the accelerometers
add to an algebraic sum of zero. This zero
signal has occurred with as many as four ac-
celerometer signals being averaged. It is
recommended that the maxirnum amplitude and
averaging systems be improved electronically
to eliminate their limitations. These improve-
ments are a simple design problem for any com-
petent electronic engineer. Transistor switch-
ing circuits are available which can provide the
fast switching needcd for the maximum ampli-
tude control circuit, and rectification circuitry
can be used to provide an absolute value for the
averaging circuit. If it is desired to use the
present averaging system without modification,
odd numbers of accelerometers should be used
to avoid the out-of-phase problem and the ac-
celerometers should be placed on the specimens
where known in-phase amplitudes occur.

AMPLIFIERS

Signals from dynamic transducers are
transmitted to magnetic tape recorders either
directly or through telemetry systems. Addi-
tional support is provided by amplifiers designed
to match transducer impedances. The recording
oscillograph, formerly the primary recording
medium, has been delegated the role of display-
ing playbacks of magnetic recordings for exam-
ination of signal fidelity and dynamic time
histories.

Amplifiers designed for dynamic instru-
mentation place certain limitations on the trans-
mitted signal. The term "amplifier' includes
cathode followers (primarily matching devices)
and electronics used to increase the dynamic
signals to levels satisfactory for transmission
and recording. These units are available in
miniaturized and transistorized versions with a
range of characteristics. Table 2 shows the
range of characteristics found in some of the
presently available accelerometer amplifiers.

Since telemetry systems are used to trans-
mit vibration data in most missile and space
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TABLE 2
Char.cteristics of Some Available
Accelerometer Amplifiers

Characteristic Value
Input impedance (megohms) 0.1 - 1000
Gain 0.90 - 500
Frequency response {cps) 1 - 100,000
Output impedance {(ohms) 10 - 10,000
Linearity (%) +1 - 15
Gain stability (%) £0.25 - 5

vehicle applications, it is appropriate to present
the specifications of an amplifier which produces
the required 5-volt peak-to-peak signal for
telemetry. Subminiature "charge' amplifiers
suitable for telemetry have been developed by
several of the accelerometer/amplifier manu-
facturers. The specifications for one of these
amplifiers are as follows:

Source impedance: not less than 50 M

Output impedance: 500 ohms
Bias: +2.5 £5% vdc with
100 K load

Maximum linear ac
output voltage: +2.5 v, nominal.
Instantaneous out-
put limited at O v
+0.05v/-0.00vand
5.50 v z0.15 v.

100 X or more

2 to 20 mv output/
picocoulomb input

Load impedance:
Charge gain:

Frequency response: +5%, -10%; 3 to 10ke
+5%; 5 to 10 ke

Linearity: +29,

Warmup time: 30 sec, maximuin

Power: 28 + 4, -8 vdc ar 20

ma, maximum
1x 1.115 x 2.165 in.
95 grams nominal

Dimensions:
Weight:

Phase shift data on accelerometer ampli-
fiers are displayed in Fig. 5 [7]. The upper
curves represent the phase shift found in a
typical cathode follower under no load and full
load conditions. The lower curves are phase
shift data for amplifiers with gains of 10 {solid
line) and 100 (dashed line). It can be seen that
the cathode follower with its impedance match-
ing properties deviated less from ideal zero
phase shift conditions. Response spectra of
some amplifiers are shown in Figs. 6 and 7 [7].
Figure 6 shows the response for a galvanometer
amplifier with an output of 110 ma into 10 ohms.
The amplifier is flat from 15 to 1500 cps; how-
ever, this amplifier, with proper calibration
techniques, can be used to encompass the fre-
quency range from 5 to 10,000 cps. Figure 7
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depicts the response of a laboratory amplifier
used to obtain voltage gains of 1 and 10 with no
loads duwn to 2500 ohms. The left side of the
graph shows the effeci of load on the low-
frequency response of the amplifier. The am-
plifier's response rolls off with increased load
below 30 cps. The right side of the graph
shows the effect of gain on the high-frequency
response of the amplifier. The amplifier's
response rolls off with increased gain at fre-
quencies above 30 kc. The no load/gain of 1
curve is essentially flat from 1 cycle to 500 kec.
On the other hand, the 2.5-K load/gain of 10
curve rolls off rapidly from 30 to 2 cycles on
the low end and from 30 to 300 kc on the high
end. In spite of this, it is felt that usable data
can be obtained from 5 to 150,000 cycles under
these 2.5 K-load/gain of 10 conditions.

TELEMETRY

Whereas transducers and amplifiers have
been discussed briefly, the next logical step is
consideration of the advantages and limitations
of telemetry systems. Various telemetry sys-
tems are available fcz rhe transmission of flight
data. Because of the diverse instrumentation
requirements of aircraft, missiles, and space
vehicles, no single telemetering package with
fixed capabilities will be satisfactory for all
applications; however, the FM-FM system has
been used widely to compile dynamic data.

Following are some of the telemetering systems’

that are available:
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FM Frequency modulation
FM-FM Frequency modulation—
frequency modulation
SSB-FM Single sideband—frequency
modulation
DSB-FM Double sideband—frequency
modulation
PCM-FM Pulse code modulation--
frequency modulation
AM Amplitude modulation
AM-AM Amplitude modulation—
amplitude modulation
FM-AM Frequency modulation--
aniplitude modulation
PAM Pulse amplitude modulation
PAM-FM Pulse amplitude modulation—
frequency modulation
PCM Pulse code modulation
FSK-PCM Frequency-shift keying—pulse
code modulation
PSK-PCM Phase-shift keying—pulse
code modulation
PACM Pulse amplitude code modula-
tion
PACM-FM Pulse amplitude code modula-
tion—frequency modulation
PDM Pulse duration modulation
PDM-FM Pulse duration modulation—

frequency modulation

The FM-FM system is the workhorse of
aircraft, missile, and space vehicle telemetry;
however, advancing missile and space vehicle
data acquisition and transmission requirements
will result in the utilization of other telemetry




systems. Recently, the PAM-FM system was
used by one of the missile contractors to pro-
vide eight vibration channels of 2-kc response.
The PACM combination has frequency re-
sponse capabilities to 10 ke, according to its
backers. The FM-AM system has been used
for years by British engineers to supply 10- to
10,000-cps information over six simultaneous
channels. A system is presently being used
which employs the SSB-FM techniques. A new
development is a DSB-FM telemetry system
which provides wide band {dc tu 3 kc) response.
Most of the telemetry equipment used today is
analog, but digital systems should play an im-
portant role in the future.

The British system, known as the Bristol
High Frequency Telemetry System, is a FM-AM
system which provides six continuous channels
with a response from 10 cps to 10 ke with
proper cailibration. The calibration is neces-
sary, for there is some falling off in response
outside the 50- to 2000-cps band. The Bristol
system has an accuracy of +5 percent for only
the telemetering equipment. Bristol engineers
have used barium titanate accelerometers with
+5 percent accuracy (separate from the telem-
etry accuracy) and inductance transducers with
2 percent accuracy. The frequency of the

Bristol system is within one percent. Gne

drawback of this British system is the limited
range of 20 miles. The range can be increascd
by approximately 50 percent by reducing the
usable bandwidth and by using only two chan-
nels. The range can be increased by 100 per-
cent with the addition of low-pass filters atten-
uating above 2000 cps. Ia this system the
subcarrier signal of each channel is FM mod-
ulated and the mixed subcarriers are used to
amplitude moduiate a 465-Mc transmitter |31,

The single sideband technique is being
used presently on space vehicles. Basically,
the SSB-FM system consists of 15 single side-
band subcarriers summed into a composite
signal to modulate a FM carrier. The data
signals are fed to a balanced (first) modulator
with a 455-ke carrier (Fig. 8). The 455-kc
carrier is modulated by 0.G5- io 3.0-kc data
input signals which produce sidebands near the
carrier frequency. Following the first mod-
ulator is a two-stage amplifier and a bandpass
filter which passes only the upper sideband of
455.0 to 458.0 ke and rejects all others. Next,
the upper sideband signal is sent to the second
modulator with a carrier frequency selected to
place the difference signal at the desired loca-
tion in the 15-channel passband. The cutputs of
the second modulators provide 15 evenly spaced
frequencies: 1.74 to 4.74 kc (Channel 1), 6.48 to
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9.48 kc (Channel 2), .. . 68.10 to 71.0 kc (Chan-
nel 15). Thus, each of the 15 data channels
contain a first modulator (455-kc carrier) and
a second modulator with a selected carrier
frequency. All 15 signais from the second
modulators are combined in a linear mixing
network with an amplitude and frequency ref-
erence tone (75.83 kc). The composite signal
is passed through a 100-kc low-pass filler and
amplified prior to modulating the FM signal in
the FM telemetry transmitter. The composite
signal to the transmitter is 50 to 75,833 cps.
Figure 9 is a simplified block diagram of the
SSB demultiplexer. The demultiplexer reverses
the frequency transposition process of the mul-
tiplexer. Input signals to the demultiplexer are
provided by a standard telemetry receiver or 2
suitable instrumentation tape recorder. The
multiplexed signal (50 cps to 75.83 kc) passes
through a 76-kc low-pass filter which prevents
entry of extraneous high-frequency information
into the demodulating channel units. Next, the
haseband signals are attenuated and isolated by
a splitting network for injection to the 15 indi-
vidual channel units. From the splitting net-
work, the signals enter the first demodulator
with the same selected carrier frequency used
in the multiplexer. The sidebands produced by
the carrier tone and baseband frequencies fall
within the ranges of 461.48 to 464.48 kc and
458.0 to 455.0 kc. The first modulator is

followed by a two-stage amplifier with a 455.0-
to 458.0-kc bandpass filter. The second step of
demodulation uses a phase split demodulator.
The 455.0- to 458.0-ke information signal is
demodulated into the frequency range from 0.05
to 3.0 kc. Finally, the data signal is passed
through a 3.0-kc low-pass filter, amplified, and
presented to a data recording device [9]. The
15 channels of the SSB/FM systems have band-
widths from 50 to 3000 cycles. Empirical cal-
ibration data recorded over 15 channels of a
SSB/FM telemetry system show a 10 db
decrease at 50 cps (Fig. 10); therefore, FM-
FM channels are required for lower frequency
vibration data.

Although various techniques havc been
utilized to apply modulations, the most reliable
and commonly used method is the FM-FM
telemetry system. In the FM-FM system, the
transducer signal modulates a subcarrier fre-
quency which is mixed with other subcarriers
to create a coniposite signal that, in turn, fre-
quency modulates the main carrier frequency
(usually from 215 to 260 Mc). A study of FM-
FM telemetering characteristics requires an
examination of the main units that comprise
the FM-FM systems. M2ajor units include sub-
carrier oscillators, radio-frequency transmit-
ters, amplifiers, bandpass filters, radio-
frequency receivers, and subcarrier
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Fig. 9 - Block diagram of single sideband demultiplexer
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SSB/FM telemetry system
discriminators. FM-FM channels are stand-

ardized according to Inter Range Instrumenta-
tion Group (IRIG) specifications. Eighteen
subcarrier frequencies are available for +'M
modulation. The intelligence freguency which
can be transmitted by individual subcarriers is
proportional to the subcarrier bandwidth in
cycles. Table 3 gives the IRIG subcarricr
bands; Table 4 gives a proposed expansion of
IRIG specifications.

Sample information on the characteristics
of FM-FM telemetry is displayed in Figs. 11
through 15. Figure 11 shows linearity data

from a 40-kc (Channel 16) subcarrier oscillator.

The curve of Fig. 11 (input signal vs frequency
deviation) shows that the subcarrier oscillator
hag excellent linearity. Subcarrier oscillators
are available commercially that maintain this
linearity with negligible sensitivity shift over
the temperature range from 75 to 150°F. Re-
sponse curves, based on actual field calibra-
tions, tor Channels A (22 kc +15 percent
deviation) and C (40 ke +15 percent deviation)
are given in Figs. 12 and 13.- These data were
obtained from end-to-end calibrations of the
telemetry system. The calibration signal was
inserted across 100 ohms in series with a
piezoelectric accelerveicr inslalled in a miis-
sile. The calibration signal passed through a
charge amplifier, a low-pass filter, a voltage-
controlled oscillator (VCO), a wide band am-
plifier, a FM transmitter, antennas, a2 FM
receiver, tape recorders, a discriminator, and
a Gaussian filter. The calibrations were
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performed at the band edge of the voltage con-
trolled oscillators (5 volts peak-to-peak).
Figures 12 and 13 show data passed thiough a
1200- and a 2100-cps low-pass Gaussian filter,
respectively. The data in these two figures
indicate that the better frequency response is
obtained with thc 2100-cps low-pass Gaussian
filter, however, the S/N ratio is decreased and
the noise floor is raised (4 to 10 db) with the
higher filter. To assure intelligent transmis-
sion in FM systems, interchannel modulation
can be kept at a minimum by keeping the output
potentials from transducers and amplifiers
between 0 and 5 volts dc. This can be ac-
complished by the addition of limiting circuits
that prevent any higher-than-anticipated vibra-
tion signals from exceeding the 5-volt range
and causing undesirabie intermodulation.
Various limiting circuits are available; one is
described in Ref. 1. The radio frequencies
generally used for FM-FM transmission lie in
the range from 215 to 260 Mc. Other frequen-
cies (108, 378, and 960 Mc) have been used for
space probe telemetering systems with low-
frequency subcarrier bands, IRIG Channels 1
to 6. The FM-FM telemetry signals may
occupy a bandwidth from 75 to 500 kc. IRIG
specifications call for the rf carrier frequency
to be stable within +0.01 percent of the carrier
frequency. The relationship between noise ard
rms error in a receiver with a bandwidth of
500 kc is exhibited in Fig. 14 [10]. The rms
error, an average of 8 subcarrier bands,
approaches one percent for signal-to-noise
ratios of 12 or greater. The rms error as a




TABLE 3
IRIG Subcarrier Bands

Center Lower Upper Max. Frequency
Band Frequency Limit Limit Dev. Response

(cps) (cps) (cps) (%) (cps)

1 400 370 43 7-1/2 6.0

2 560 518 602 7-1/2 8.4
3 730 675 785 7-1/2 11
4 960 888 1032 7-1/2 14
5 1300 1202 1398 7-1/2 20
6 1700 1572 1828 7-1/2 25
7 2300 2127 2473 7-1/2 35
8 3000 2775 3225 7-1/2 45
9 3800 3607 4193 7-1/2 59
10 5400 4995 5805 7-1/2 81
11 7350 6799 7901 7-1/2 110
12 10500 9712 11288 7-1/2 160
13 14500 13412 15588 7-1/2 220
14 22000 20350 23650 7-1/2 330
15 30000 27750 32250 7-1/2 450
16 400C0 37000 43000 7-1/2 600
17 52500 48560 56440 7-1/2 790
18 70000 64750 75250 7-1/2 1050
Ax 22000 1870 25300 15 660
B 30000 25500 34500 15 900
C 400090 34000 46000 15 1200
D ' 52500 44620 60380 15 1600
E | 70000 ! 59550 80500 15 2100

Based on maximum deviation and deviation ratio of 5.

*Bands A through E are optional and may be used only by omitting adjaceni bands as follows:

Band Used

Hoaos>

function of rms carrier deviations for a 300-kc
bandwidth is displayed in Fig. 15 [10]. This
curve indicates that values of 100-kc deviation
or less are desirable; however, most FM-FM
systems in use today are set for carrier devia-
tions of 125 ke. Hecewer bandwidths from 200
to 500 ke with rms carrier deviations from 60
to 125 ke are considered o be practical sys-
tems. Accuracies of 2 to 3 percent rms arc
considered to be reasonable in FM-FM telem-
etry syvstems (aside from transducer and am-
plifier accuracies).

Proposed uses for space telemetry include
the uiilization of new spectra: 136 to 137 Mc
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Omit Bands

15 and B
14, 16, Aand C
15, 17, Band D
16, 18, Cand E
17 and D

(replaces 108 Mc), 400 to 401 Mc (takes over-
flow from 136 to 137 Mc band), 1427 to 1429 Mc,
1435 to 1535 Mc and 2225 to 2300 Mc. The 2290
to 2300 Mc band wilil be used for primary telem-
etry and tracking for deep space. This is con-
sidered to be the nearly i eal frequency for
present 85-foot antenna dishes; use of this band
permits high gain and narrow beamwidth. Con-
centrating all doep space research into this
nearly ideal frequency area will result in
economy [11]. Telemetry is supposed to move
into the 1435 to 1535 and 2200 to 2300 Mc bands
by 1970. The overcrowded 215 to 260 Mc band
continues to be used extensively because there
has been a lack of components for use in the
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TABLE 4

Future Expansion of 1RIG Standards

Channel Center Intell. Frequency (cps)
No. Frequency (kc) =5 3
(a) 7-1/2% Dev.
18 70 1,050 5,250
19 92 1,380 6,900
20 120 1,800 9,000
21 160 2,400 12,000
22 210 3,150 15,750
23 280 4,200 21,000
24 370 5,550 27,750
25 490 7,350 36,750
26 650 9,750 48,750
27 860 12,900 64,500
28 1,100 16,500 82,500
(b) 15% Dev.
F 120 18,000
G 210 31,500
H 370 55,500
J 650 97,500
K 1,100 165,000
(¢) 30% Dev.
N 10.5 3,150
P 20.0 9,000
Q 70.0 21,000
R 160.0 48,000
S 370.0 111,000
T 860.0 258,000
(d) 40% Dev.
W 14.5 5,800
X 70.0 28,000
Y 220.0 88,000
7. 750.0 300,000
(e) Base Bands
HH 320 100,000
J 650 - 917,500
KK 1,100 100,000
i

bands and because engineers prefer *o use
familiar workhorse equipraent. Some equipment
is available commercially to cover the addi-

tional telemetry bands. An advanced VHF/UHF

215 to 270, 430 to 500, 1435 te 1535, and 2200
to 2300 Mc bands. Thus, a gradual transfer to

receiver accepts frequencies from 55 to 2300
Mc. This receiver has nine tuners: 55 to 260,
135 to 155, 215 to 260, 215 to 315, 370 to 410,
920 to 1000, 1435 to 1535, 1700 to 1850, and
2200 to 2300 Mc. Solid state telemetry trans-
mitters are presently available that cover the
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the higher telemetry bands can be expected.

Future developments in the transmission of
dynamic data encompass the use of dizital tech-
niques with high sampling rates (PCM ..nd
PACM), satellite relays, on-board reduction
and analyses of data, higher frequency FM sub-
carriers, and the transmission of vibration
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analyses (in the form of X-Y plots) by tele-
vision. In the far distant future are telemetry
systems that use ultraviolet waves (photomul-
tiplier sensors) and cohercnt light (laser am-
plifiers).

MAGNETIC TAPr RECORDERS

Since magnetic tape recordings provide the
optimum storage of dynamic data, a brief dis-
cussion on magnetic tape recorders is in order.
Basically, magnetic tape recorders fall into
three general classes: direct (AM), frequency
modulated (FM), and digital recorders. The
direct recorders do not have the ability to re-
produce low-frequency signals, but have an

excellent high-frequency response; consequently,

AM recorders are suitable for recording com-
posite and rf telemetry signals. In the direct
recording process, the signal to be recorded is
amplified, mixed with a high-frequency bias,
and presented directly to a recording head as a

31

varying electric curreit. No coding or modula-
tior. are used in the AM recorders. Variations
in the signal level arc recorded directly as a
magnetic-signal level on the tape. The FM tape
recorders are ideal for recording vibration and
acoustic signals. The FM recording technique
overcomes the two basic limitations of the AM
recorders, i.e., the inability to record very low
frequencies and the instability caused by tape
dropouts. Using FM recording techniques, it is
possible to multiply or divide the frequency of
an FM carricr without affecting the modulation.
An FM tape may be played back slower or
faster than it was recorded, changing the time
base without changing the absolute or relative
amplitude of the data. This time base expansion
and contraction permits the frequency com-
ponents of a given signal to be scaled up or down
by large factors. For example, high-frequency
data can be analyzed on low-frequency readout
devices. Most FM tape units provide frequency
responses from dc to 10,000 cps at tape speeds
of 60 ips. Several FM recorders are available




presently with responses from dc to 20,000 cps
at tape speeds of 60 ips. A modification of the
FM recorder is the wide band (multi-megacycle)
recorder for radar, video, and high-frequency
pulse techniques. In the wide band method, the
carrier is frequency modulated by the data, but
the modulated carrier is recordea transversely
across the entire width of the {ape. The
recorded signal is similar to the FM carrier
signal except that much higher frequencies are
accommodated. Wide band recorders are avail-
able with frequency ranges from 10 cycles to

4 Mc [12,13]. The digital recorders have fast
stop and start features and are utilized to record
pulse data where the magnetic tape is either
saturated or nonsaturated. Digital recording is
accomplished by magnetizing the tape to satura-
tion in either of its two possible directions

(+ or -) at discrete points along its length.
Thus, there is only one of two states of magne-
tization at any point on the recorded tape;
namely, saturation in one direction (+) or satura-
tion in the opposite direction (-) [12]. Pulse
code modulation signals are recorded on the
digital tape units. Other recording techniques
such as pulse duration modulation are used

also for recording pulses. The AM recorders
which are used to record composite telemetry
signals are, generally, ground-based units.
Some airborne AM units are being used to
record composite tclemetry signals during
re-entry biackouts and flame attenuation black-
outs of rf signals. Flame attenuation blackouts
can be caused by firing of retro and ullage
rockets. Antennas are normally designed for
optimuin coupling into the characteristic imped-
ance of free space, 377 ohms. The engine
exhaust products are highly ionized and thev
alter the dielectric constant of the surrounding
medium which may be translated into a change
in characteristic impedance. Thus, the total
available energy is not radiated. The portion
radiated is attenuated by the collision of charged
particles, chiefly electrons [14]. Aside from
these limited uses of airborne AM recorders,
most airborne recordings of dynamic data are
made on FM airborne recorders. Also, a'l
hardwire recordings on ground installations
utilize FM magnetic tape recorders.

Many commercial versions of airborne and
laboratory magnetic tape recorders are
presently on the market. Recently, a small
recorder was developed for recording during
blackouts in space vehicles, and for later play-
back during favorable transmission periods.
This airborne recorder has a recerd or playback
time of 3 minutes at a tape speed of 60 ips. The
frequency response of this recorder is +3 db or
tess from 300 cps to 125 ke. Composite telem-
etry signals can be recorded during the blackout

and played back {on command) into the FM
transmitter. The power requirement for this
small recorder is less than 40 watts at 28

+4 vdc, and the weight is approximately 8
pounds.

A ruggedized FM recorder, suitable for
airborne operations, has been developed for
high-g sled test operations. This recorder has
14 FM channels and can be operated at tape
speeds of 3-3/4, 7-1/2, 15, 30, or 60 ips. The
recording time of this recorder is 4 minutes
20 seconds at 60 ips and the power requirements
are either 115 volts, 400 cycles, or 24 vdc. The
input impedance is 100 K and the sensitivity is
0 to 5 volts or +2.5 volts for full-scale deviation.
The frequency response is dc to 10 ke at 60 ips.
The drift of this sled recorder is +1 percent in
center frequency and +2 percent in bandwidth
over the temperature range from -20 to +185°F.
Linearity of this recorder is +2 percent.

The specifications for one of the popular
airborne magnetic tape recorders are as
follows:

Tape speeds: 1-7/8, 3-3/4, 7-1/2, 15, 50
and 60 ips

Tape specifications: 1/2- or 1-in. tape,
10-1/2-in. reels

Heads: Interchangeable, plug-in, referenced
by precision base-plate

Track configurations: 7 analog or 8 digital
on 1/2-in. tape; 14 analog, 16 or 32 digital
or a combination of 7 analog and 16 digital
for 1-in. tape

Recording: Direct, FM-carrier, PDM and
NRZ digital

Frequency response: Direct—100 to 100,000
cps +3 db with 34-db signal-to-noise at G0
ips; FM-carrier—dc to 20,000 cps at 60 ips
with 0.5-db total

Weight: 120 pounds

Volume: 1.9 cubic feet of space

Power requirements: 200 watts, 28 vdc

The finest magnetic tape recorders are
those that have been developed for iaboratory
operations. Excellent tape units with many
desirable ancillary functions have been
marketed. These include ""Cadillac" systems
with 14 channels of recording at tape speeds to
120 ips and frequency response to 1.5 Mc.
These precision instrumentation recorders are
ideal for predetection recording of telemetry
signals which has becn developed within the past
five years and is steadily growing in popularity.
The popularity of this recording method is due
to its many advantages over conventional re-
cording methods. Predetection recording con-
sists of hetcrodyning the intermediate frequency




carrier of a receiver so that a new i-f carrier
and its sidebands fall within the passband of a
recorder. Then, this new i-f carrier and side-
bands can be easily recorded and reproduced on
magnetic tape recorders. Predetection equip-
ment cousists of a telemetry receiver, a pre-
detection recording converter, and a wide band
recorder; all are available commercially. The
advanced vhi/uhi receiver described in the
section on telemetry can be obtained with a
predetection recording converter that has a
range of i-f center frequencies. These center
frequencies are 112.5, 225, 450, 600, and 909
ke. During predetection data colle~tion, the i-f
of the telemetry receiver is heterodyned by the
predetection ceonverter to the center {riguency.
The ""Cadillac' tape recorder with a-response
to 1.5 Mc and a 1.2 Mc bandwidth is suitable
for predetection recording. Basically, prede-
tection recording stores information as a
cpectrum before the information is detected.
In this manner, the data signal is stored for
detection at a later time. Predetection re-
cording has many advantages:

1. A single predetection system can handle
several data formats: FM/FM, SSB/FM, PCM/
FM, PAM/FM, and PDM/FM.

2. Predetection recording almost totally
eliminates the detrimental effects of dropouts.

3. High-quality third or fourth generation
copies of criginal tapes can be reproduced.

4. Excellent linearity and amplitude
stability are attained in predetection systems.

5. There is less signal-to-noise degrada-
tion in predetection recordings.

6. Predetection recording methods offer
simplified operation, reliability, and reduced
maintenance {15,16].

SYSTEM CALIBRATIONS

The optimum vibratior instrumentation
system will provide accurate data only when
competent calibrations are made of the complete
system. These calibrations must be supported
by satisfactory transducer calibrations. Most
laboratory calibrations of vibration transducers
are referenced to secondary laboratory stand-
ards calibrated by the National Bureau of
Standards (NBS). Secondary laboratory stand-
ards can be calibrated by NBS from 10 to
20,000 cps. The NBS calibrations from 10 to
2000 cps are periormed on electrodynamic
vibration standards previously calibrated by the
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reciprocity method [17,18,19]. Dynamic cali-
brations between 2000 and 20,000 cps are per-
formed on piezoelectric vikration exciters at
NBS [20]. Satisfactory calibrations of trans-
ducers are suppliedwith each accelerometer by
accelerometer vendors. These calibrations are
usrally supplemented by additional laboratory
calibrations conducted by accelerometer users
prior {o and/or after laboratory viration tests
and field or flight tests. Actual system cali-
brations for laboratory vibration tests can be
accomplished on complete vibration measuring
systems by using vibration exciters to provide
a mechanical input as the calibration stimulus.
The use of vibration shakers in field and flight
tests is rarcly practical, although it is possible
to provide a partial systein check by using
small shakers in field and flight test vehicles.
A small portable device which provides a 60-cps
10-g rms sinusoidal moticn to accelerometers
is described in Ref. [21].

The strain gage circuit shown in Fig. 1 and
modifications of that circuit were used by the
author in the 1940's to obtain strain gage data
from flight test vehicles. The circuit of Fig. 1
is suitable for both bonded and unbonded strain
gages. For an unbonded accelerometer, the
unbalance produced by a given calibration may
be determined by the formula:

6
R, {N(IZK) - O.S} R. (2)
where
R. = calibration resistor (ohms),
R = bridge resistance (ohms),
N = g equivalent to bridge unbalance, and
K = sensitivity factor (microvoits open

circuit output per volt input per g
input).

The strain gage circuit of Fig. 1 provides
output signals satisfactory to drive low-current
devices such as sensitive galvanometers which
operate with microamperes of current; conse-
quently, this circuit requires amplification for
transmissions via telemetry. Figure 16 shows
a strain gage carrier system developed in the
eariy 1960's toc provide signals from 0 to 5 vdce
for telemetry. Included in the amplifier are
balancing and gain potentiometers. The ac-
celerometer is fed a 10-kc square wave carrier
of 5 volts {nominal) peak-to-peak. Capacitor C;
is selected to obtain an optimum signal wave
shape across pin F and ground. Calibration
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unbalance is provided by R_. This accelerom-
eter system may be calibrated in the iaboratory
by turning the accelerometer around physically,
by connecting R_ across the strain gage bridge,
or by vibrating the accelercmeter on a vibra-
tion exciter. All three of these methods should
be used and correlated for field and flight cali-
brations. Sample calibrations of a strain gage
carrier system are shown in Figs. 17 and 18.

A 2-g turnover calibration which utilizes the
earth's gravitational field as a calibration
standard is plotted in Fig. 17. Plus 1-g,

and minus 1-g static calibrations are shown
with and without the calibration resistor, R_, in
the circuit. The calibration data of Fig. 17 are
augmented by the calibration data of Fig. 18
which were obtained on a vibration exciter. The
dvuatnic calibration data of Fig. 18 correlate

fairly well with the static calibrations of Fig. 17.

[t must be noted that the amplifier output of

Fig. 17 is given in volts dc, and that the ampli-
fier output in Fig. 18 is given in volts rms. The
data frum Fig. 18 must be increased by 1.414
for comparison with the data of Fig. 17.

An ideal piezoelectric accelerometer sys-
tem is displayed in Fig. 19. This system has
provisions for end-to-end calibrations of six
accelerometers simultaneously by the insertion
method. This common insertion recuces cali-
bration time in the field. Each accelerometer
circuit contains either a 100-ohm resistor or a
i0C-ohm resistor plus a 62-picofarad capacitor
in series with the piezoelectric crystal. The
input calibration voltages are inserted across

7ero-g,
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the six 100-ohm resistors in parallel. The
optional 62-picofarad capacitor is used only
when additional attenuation is required in the
instrumentation system. System noise is
minimized by mounting the calibration resistor
and capacitor in shielded containers. Also, thc
calibrators should be installed near the trans-
ducers to lessen cable capacitance, and
laboratory shaker calibrations of the accelerom-
eters should include the complcte system.
Charge amplifiers are used in the system of
Fig. 19 to optimize impedance matching. The
insertion voltages may be determined from the
following relationships [22]:

2 @)

wliere
E;, = calibration voltage sensitivity (peak
volts/peak g),
Q, = transducer charge sensitivity (peak

picocoulombs/peak g).
C, = transducer capacitance (pf), and

€, = external capacitance (pf) betwcen
accelerometer and point of calibra-
tion voitage insertion.

Also
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where

|

P ¢

known voltage sensitivity (peak volts/peak g)
with an external capacitance, C_.

An empirical investigation was conducted
in the loboratory to study the effects of cali-
brators on six parallel circuits. Data from
typical vibration exciter calibrations of a
piezoelectric accelerometer system are
exhibited in Figs. 20 and 21. The calibrations
were conducted on a system such as that dis-
played in Fig. 19. The data in Fig. 20 present
empirical values of input voltage E, vs ire-
quency for 5-, 10-, and 15-g peak inputs fromn a
vibration exciter. The vibration input was
appiied to one accelerometer while it was con-
nected electrically to its associated amplifier
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and five other systems as shown in Fig. 19.
Data are given in Fig. 20 for two different sys-
tem ecalihrations: one with six of the 100-ohm
calibrators (Type 2944.1) and the other with six
of the 100-ohm plus 62-pf calibrators (Type
2945.2) in the circuits. The input calibration
voltage E, was measured across the calibra-
tors. Thus, in this calibration, E,  was
actually an output voltage across the calibrator
caused by the mechanical input. These data
were in reasonable agreement with calculated
values of E,, based on Eq. (4). Additional data
on the effects of calibrators on accelerometer
systems are presented in Fig. 21. This figure
displays the output of an accelerometer ampli-
fier vs acceleration (g peak) for different cali-
brater configurations: no calibrators in the
system, six 100-ohm shielded calibrators (Type
7944.1) in the systems, six 100-ohm pius 52-pf
shielded calibrators (Type 2945.2) in the sys-
tems, six unshielded 100-ohm resistors (denoted
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on the graph as 16.5 ohms) in the systems, and
six unshielded 100-ohm resistors in the systems
with an unshielded 62-pf capacitor in the circuit
of the accelerometer being vibrated. An exam-
ination of the data shows that the largest devia-
tions are displayed by the data obtained with
unshielded resistors in the systems. This is
probably due to electrical noise pickup in the
laboratory by the unshielded portions of the
circuit. Itis concluded that the use of shielded
calibrators for end-to-end system calibrations
is desirable, practical and most satisfactcry.

This section has presented a brief descrip-
tion of some calibration techniques used on
strain gage and piezoelectric accelerometer
systems. Of these techniques, the end-to-end
system calibrations provide the most accurate
data acquisition. In the past, many aircraft,
missile, and space programs have obtained

vibration data without using end-to-end calibra-
tions. It is recommenaed that all vibration
measurements be obtained with ac end-to-end
system calibrations. End-to-end system cali-
brations include the complete instrumentation
system from the transducer through the re-
cording media and the data reduction system.

IMPEDANCE/ADMITTANCE
MEZASUREMENTS

Within recent years there has been a
gradual increase in the number of studies and
experiments dealing with mechanical impedance
and ad:iittance parameters. The application of
impedance/admittance techniques to dynamic
problems will result in improved performance
and greater reliability of aircraft, missiles, and
space vehicles. Admittance measurements of
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sources are essentialtothe sclection of optimum
dynamic designs. Proper application of admit-
tance source data can produce designs wherein
fragility levels safely exceedthe dynamic envi-
ronment levels. Admittance source data allow
the calculation of transmissibilities of equip-
men? mounted directly to the source or installed
on iv.lator/source combinations. A procedure
for such a dynamic design has been developed
by the SAE G-5 Committee on Aerospace Shock
and Vibration [23,24,25,26].

The G-5 procedure requires measurements
of source mechanical admittancc, the motion of

the source, and fragility levels of thc equipment.

In this case, the sourcc is considered to be the
supporting structure and the equinment is
considered to be the receiver. Thc mechanical
admittance of the source is the ratio of the
complex amplitude of velocity to the complex
amplitude of the driving force producing that
velocity, both quantities being measured at the
structural support of thc equipment. The me-
chanical admittance of the source Y_ is equal
to A+ jB, where A_ and B, are the real and
imaginary parts of the admittance, rcspectively.
The reciprocal of admittance is the mechanical
impedance Z_ which is equalto R_+ jX_ whcre
R. and X, are the rcal and imaginary parts of
the mechanical impedance, respectively. At
iirst, the G-5 procedure was based on the
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utilization of mechanical impedance; however,
it was found advantageous to use the mechan-
ical admittance because the isolator-source
combination produces a modified source whose
admittance is the sum of the admittance of the
source and of the isolator.

It is apparent that the measurement of
mechanical admittance (or its reciprocal, im-
pedance) is essential to thc accomplishment of
suitable dynamic designs and analyses. The
coverage of all the problems associated with the
measurement of mechanical admittance is
beyond the scope of this paper; nevertheless, a
few notes on admittance/impedance measure-
ments will bc presented (see [23,27,28,29,30,31,
32,33] for detailed coverage). The instrumenta-
tion engineer is called upon to develop and em-
ploy special transducers and supporting cir-
cuitry designed to obtain measurements of
mechanical admittance (synonymous with "mo-
bility'). The success of future dynamic progress
degends on the utilization of mechanical imped-
ance heads and force gcnerators with improved
recording media which provide accu. ate meas-
uremernts of force, motion, and phase relation-
ships. Transducers for obtaining mechanical
impedance or admittance data are available
commercially. In the past, numerous measure-
ments were obtained with separate force and
motion transducers. Furthermore, most




nieasuremcnts and resultant analyses were
made without measurements of phase angles
between force and motion signals. Today,
there is an increasing use of integral instru-
ments containing both the force sensing and
motion sensing transducers. Several versions
of these integral instruments have been devel-
oped that are ideal for measurement of driving
point admittance. When the velocity and force
are referenced to the same point and in the
same direction, the resulting quantity is called
the "mechanical driving point admittance."
When the velocity and force are referenced to
different points, the resulting quantity is called
the "mechanical transfer admittance." The
measurcment of impedance or admittance re-
quires an input force to drive both the imped-
ance head and the structure being investigated.
Electrodynamic vibration exciters are, gener-
ally, used to supply the input driving force
necessary for the impedance or admittance
measurements. Satisfactory head-driver com-
binations should provide driving point capability,
high-frequency response, high sensitivity,
center mounting, minimum relative phase shift
between transducers, and a high stiffness for
suitable admittance or impedance measure-
ments. Dynamic characteristics of three pres-
ently available impedance heads are given in
Table 5.

Many instrumentation systems have been
devised to measure mechanical impedance and
admittance. The trend in impedance measuring
instrumentation has been from manual systems
to efficient automatic systems. These systems
have run the gamut from simple meters requir-
ing tedious manial measurements to complex
automatic equipment with graphical and digital
outouts. The simplest systems consist of im-
pedance heads, force generators, amplifiers,
oscillators, power supplies, voltmeters, and

phase angle meters. In these simple sysiems,
the motion, force, and phase angles are obtained
by visual observations and are tabulated by
hand. Variable bandpass filters may be added™
to this array of equipment to eliminate harmon-
ics and noise from tie transducer signals. Ad-
ditional equipment may include oscilloscopes to
monitor signal quality and to assist in the deter-
mination of phase angle relationships, eput
meters to establish signal frequencies, and
special electronics such as mass cancellation
circuits. The automatic systems may include
additional items such as tracking filters, log-
arithmic voltmeter converters, sweeping oscil-
lators, X-Y, Y! recorders, analog to digital
converters, and digital printers. One system
computes mechanical impedance digitally from
tape-recorded analog signals [32]. This system
is composed of analog recording equipment,
playback equipment which converts analog data
to a digital format, a computer program to
determine the mechanical impedance digitally,
and automatic digital data plotters. The out-
standing advantage of using this digital system
(or any similar system) is that large volumes
of data can be conveniently handled and proc-
essed in computational routines to solve a
variety of dynamic problems.

It is obvious that the use of taped data and
large computers offers the greatest versatility,
however, inexperience and technical problems
associated with magnetic recorders and com-
puters in the acquisition of impedance data have
delayed the wide acceptance of digital computer
systems for the measurement of mechanical
impedance or admittance. Thus, there is pres-
ently an increasing utilization of automatic im-
pedance measuring systems which provide
analog plots of motion/force ratios (or their
inverse) and phasc angle relationships. One of
these popular automatic mechanical impedance

TABLE 5
Dynamic Characteristics of Impedance Heads
Value
Characteristic

Model #1 Model #2 Modeil #3
Accelerometer sensitivity (mv/g) 25 200 70
Force gage sensitivity (mv/1b) 400 200 52
Frequency range (cps) 1-10,000 1-4,000 2-4,000
Mass below force gage (1Lb) 0.065 0.35 0.3
Stiffness (Ib/in.) 6 x 106 5 x 108 3 x 108
Relative phase shift (degrees) +1 x1 +1
Maximum acceleration (g) 1,000 1,000 2,000
Maximum load in compression (1b) 500 20,000 22,000
Matching force generators (lb) 0.75 1.5 1

21In mv/g.
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measuring systems contains the following
equipment: an automatic vibration exciter
control, integral impedance heade, force gen-
erators, a two-channel tracking filter, a car-
rier generator, a constant output level adapter,
two log voltmeter converters, a precision phase-
meter, two high impedance accelerometer
amplifiers, a dc power supply, a X-Y, Y! re-
corder, and an 80-watt monophonic power am-
plifier. The system incorporates also a control
panel with artificial integration, mass cancella-
tion, system calibration, and signal monitoring
jacks. The automatic vibration exciter control
provides a 5- to 5,000-cps signal, in a continu-
ous logarithmic sweep, to the 80-watt power
amplifier. The e2xcilter control supplies also a
dc voltage proportional to the logarithm of the
excitation frequency for driving the X axis of
the X-Y, Y! recorder, and a dc voltage utilized
in the artificial integrator. The 80-watt power
amplifier drives the force génerator that, in
turn, drives the impedance head and the struc-
ture being investigated. The signals from the
force and motion transducers are conditioned
by the accelerometer amplifiers and the track-
ing filters. The filters track to the excitation
frequency and eliminate the noise and distortion
from the force and motion signals. The constant
output level adapter takes a signal from the
vibration exciter control and maintains it at a
constant level for input to the carrier generator.
Next, the carrier generator drives the tracking
filter at the system excitation frequency. The
logarithmic converter performs a logarithmic
conversion of the linear input signals and pro-
vides a visual check, on meters, of the input
levels over a 70-db dynamic range. Since each
channel has a 70-db dynamic range, the result-
ing dynamic range of any ratic is 140 db. The
precision phasemeter sends a signal to the Y!
axis of the X-Y, Y! recorder which is propor-
tional to the phase angle between the motion and

force signals over a range from 0 to 180 degrees.

The force and motion signals pass from the
logarithmic voltmeter converters to the artificial
integrator, are converted to select ratios or
functions, and are sent to the Y axis of the X-Y,
Y! recorder for final plotting.

This system automatically provides X-Y,
Y! plots of various amplitude ratios and the
phase angle that the acceleration leads the force
vs frequency. On selection, any of the following
ratios can be plotted as a function of frequency:

1. Force/accezleration, effective mass or
apparent mass;

2. Force/velccity, mechanical impedance
or immobility;

3. Force/displacement, dynamic or ap-
parent stiffniess;

4. Acceleration/force, inertness;

5. Velocity/force, mechanical admittance
or mobility;

6. Displacement/force, dynamic flexibility
or compliance; or

7. Acceleration/acceleration, transmissi-
biiity.

In addition, individual curves of displacc-
ment, velocity, acceleration, and force can be
plotted as a function of frequency by this system.
The determination of the real, A_, and the imag-
inary, B_, parts of the admittasce can be ac-
complished by automatically recording |v_|, the
rdtio of the velocity amplitude to the force am-
plitude, and the phase angle that the acceleration
leads the force. It then becomes a simple cal-
culation to use the admittance amplitude, |Y |,
and the phase angle, ¢, to determine the real,
A,, and imaginary, B_, parts of the admittance:

A () = |Y()] sin 6, (D)

and

B (£)

[Y ()] cos @. (6}

Figures 22, 23, and 24 present some data
recorded on the automatic system described
above. Figure 22 shows three calibrations of
the system obtained by using the weight below
the iorce gage as a calibration weight. This
type of calibration does not require any infor-
mation on the sensitivities of the force and
motion transducers. The impedance head used
during these sample calibrations had a mass
below the force gage of 0.065 pound. Actually,
the upper curve represents two different cali-
brations that were equal and identical. These
two identical calibrations were made with the
driver-head combination oriented vertically,
facing upwards, and vertically, facing down-
wards. The lower curve on Fig. 22 was ob-
tained by a third calibration with the driver-
head combination in a horizontal position. On
the basis of these data, it is rccommended that
admittance/impedance measurements be ob-
tained with the driver-head combination oriented
in a vertical direction. Furthermore, this
eliminates cantilever torques created by hanging
driver-head combinations horizontally on struc-
tures. Figure 23 shows the effect of the mass
cancellation circuit in the automatic impedance
measuring system. One curve shows data
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obtained without mass cancellation, and ancther
curve shows data obtained with mass cancella-
tion. Mass cancellation is an electronic method
of cancelling the effect of the weight below the
force gage. In the automatic system, mass can-
cellation is accomplished by subtracting from
the force signal a feedback from the accelera-
tion channel equal to the force signal being
developed by the mass below the force gage.
This cancellation (Fig. 23) is effective as long
as the impedance head and adapter (in this case,
1.625 pound) display mass characteristics. As
seen in Fig. 23, the mass cancellation: actually
increases or adds to the impedance value when
the impedance head and adapter exhibit stifiness
characteristics. Since structural impedances
display many peaks and valleys and correspond-
ing changes from mass to stiffness character-
istics, it is recommended that systems be cali-
brated with weights (as in Fig. 22) and without
mass cancellation. This recommendation is
supported also by the results presented in Ref.
[30]. Figure 24 displays mechanical impedance
measurements of a structure recorc -d with
three different system gain settings. These
three sets of data agree reasonably well and
show stiffness controlled characteristics below
the first resonance of 400 cps, antiresonances
at 500 and 3,500 cps, and mass-like character-
istics above 1,200 cps.

This section has presented a short discus-
sion and explanation of mechanical impedance
measurements. It is predicted that practical
applicaticns of mechanical impedance and
admittance measurements to the solution of
dynamic problems will greatly increase during
the next decade. In addition, it is recommended
that impedance and admittance measurements
be obtained on more aircraft, missile, and space
programs; and that these data be applied to
solve dynamic structural and equipment designs.

CONCLUSION

Information on vibration transducers, am-~
plifiers, telemetry systems, magnetic tape
recorders, and impedance measurements has
been given herein. The scope of this report
has limited the discussion to salient detailis;
thus, each subject has received but minimum
coverage. It is felt that many improvements are
desirable in vibration instrum entation svstems.
and that the science of vibration measurements
will expand and advance with each new aircraft,
missile, and space project. An adequate defini-
tion of dynamic environments can be obtained
by careful attention to the techniques of trans-
ducing, transmitting, recording, and reproducing
dynamic signals.




Finally, the compilation of reliable
dynamic data requires more than perfunctory
calibration techniques. Complete system cali-
brations are a definite necessity to produce
valid dynamic information. This calls for end-
to-end system calibrations wherein a full range
of frequencies and amplitudes are injected into
the transducer end of the instrumentation sys-
tem, transmitted through each unit in the chain,

and recorded on magnetic tape for final data
reduction and analysis.

ACKNOWLEDGMENTS

The author is greatly indebted to A. G.
Fritz, Jr., K. E, Elliott, and H. R. Smith of the
Douglas Missile and Spacc Systems Division
for their contributions to this paper.

REFERENCES

1. R. W. Mustain, "Dynamic Instrumentation
for Establishing Environmental Criteria on
the SM-62 Missile," Shock, Vibration and
Associated Environments Bull. No. 25,
Part II, pp. 117-136 (Dec. 1957).

2. W. G. Cady, Piezoeleclricity, Vols. 1 and 2
(Dover Publications, 1964).

3. W. Bradley, Jr., "Performance of Three
500° ¥ Crystal Accelerometers,' National
Telemetering Conf., El Paso, May 1957.

4. W. D. Hancock, "Primer on Piezoelectric
Accelerometers,” Environ. Quarterly
(Oct. 1959).

5. E. H. Mullins, ""Charge and Open Circuit

Voltage as a Function of Very Large Com-
Forces,'" NBS Report 2654, Proc.
of Symposium on Barium Titanate Accel-
crometers, Washington, D. C., May 14-15,
1953.

e v Tros

PLEODOAY O

6. T. A. Perl and C. W. Kissinger, "A Barium-
Titanate Accelerometer with Wide Fre-
quency and Acceleration Ranges,' NBS
Report 2390 (April 1963).

7. W. Bradley, Jr., "Electronic Design Con-
siderations in the Application of Piezo-
electric Transducers,”" Part 9, 1956 IRE
Convention Record.

8. T.C.R.S. Fowler, "A Six-Channel High-
Frequency Telemetry System,” IRE Trans.
on Space Electronics & Telemetry, Vol.
Set-6 (June 1960;}.

]

L. Wilson and R. Hess, "Development of an
Air to Ground Single Sideband FDM
Telemetry System,” Phase I, Final Sum-
mary Report, Lenkurt Electric Co., Inc.
(April 1960).

43

10. "Telemetry System Study,’" Aeronutronic
Publication U-743, Vols I, IT and I (Nov.

1959).

"Policy Planninyg for Space Telecommunica-
tions," Staff Report, U. S. Senate Committec
on Aeronautical and Space Sciences (Dec. 4,
1960).

12. P. J. Weber, "The Tape Recorder as an
Instrumentation Device," Ampex Data
Products Co. (1959).

13. Readout, Vol. 3, No. 6, Ampex (Aug.-Sept.
1961).
14, A. H. Bartels, "Telemetry Signal Strength
Evaluation of the S-IV-6 Flight," Douglas
Aircraft Co. Memorandum (June 1964).
15. G. N. Johnson and W. R. Johnson, "A Pre-
detection Recording Telemetry System,"
Part 5, 1961 IRE International Convention
Record.
16. J. D. Williamson, "Advantages of Storing
Data Before Detection,"” Electronic Ind.
(Aug. 1964).

17. M. Harrison, A. O. Sykes, and P. G.
Marcotte, "The Reciprocity Calibration of
Piezoelectric Accelercmeters," J. Acous.
Soc. Am., 24(4): (July 1952).

18. H. M. Trent, "The Absolute Calibration of
Electromechanical Pickups,' Ann. Meeting,

ASME, Atlantic City, N. J., Dec. 1-5, 1947,

19. S. Levy and R. R. Bouche, "Calibration of
Vibration Pickups by the Reciprocity
Method," Res. Paper 2714, J. Res. NBS,
57(4):227-243 (Oct. 1956).




20.

21;

22.

23.

24.

25.

R. R. Bouche and J. A. Miller, "National
Bureau of Standards Calibraticn Service
for Vibration Pickups," Shock, Vibration
and Associated Environments Bull. No. 27,
Part IV, pp. 127-131 (June 1959).

E. Rule, F. J. Suellentrop, and T. A. Perls,
"A Pick-up to Read-Out Calibrator for
Vibration Channels,' Shock, Vibration and
Associated Environments, Bull. No. 27,
Part I, pp. 215-219 (June 1959).

J. E. Rhodes, ""Piezoelectric Transducer
Calibration Simulation Method Using Series
Veltage Insertion,' Environ. Quarterly
(March 1962).

"Design of Vibration Isolation Systems,"”
Advances in Engineering, Vol. 3, SAE
Committee G-5 Aerospace Shock and Vibra-
ticn (1962).

""A Rational Procedure for the Design of
Vibration Isolation Systems,'" SAE Paper
SP-223, SAE Committee G-5 Aerospace

Shock and Vibration (Oct. 1961).

R. W. Mustain, "The Role of Mechanical
Impedance Measurements in Reducing
Vibration Environments," Instrument Soc.
of Am., Fall Instiuments Automation Conf.
and Exhibit, Los Angeles, Calif. Sept.
11-15, 1961.

R. W. Mustain, ""Application of Mechan-

ical Admittance Data to the Solution of a
Practical Problem," Bull. No. 30, Shock,
Vibration and Associated Environments,

Part II, Jan. 1962.

44

21.

28.

29.

30.

31.

(7]
N

33.

J. W. Young, Jr., and R. O. Belsheim,
"Experimental Measurement of Mechanical
Impedance,” NRL Report 5458,

R. Plunkett, '""Experimental Measurement
of Mechanical Impedance or Mobility,” J.
Appl. Mech., 21(53):25C-256.

E. L. Hixson and A. F. Wittenborn, "The
Measurement of Mechanical Impedance and
Its Applications,’ SAE National Aeronautic
Meeting, Los Angeles, Calif., Sept. 30-Oct.
5, 1957.

R. R. Bouche, '"Instruments and Methods

for Measuring Mechanical Impedance,' Bull.
No. 30, Shock, Vibration and Associated
Environments, Part I1, Jan. 1962.

J. E. Smith, "Portsmouth Naval Shipyard
Automated Mechanical Impedance Measuring
Instrumentation System,’” Test Branch,
Design Div., Portsmouth Naval Shipyard
(Sept. 1962).

F. J. Benedetti and D. Brown, "'A Digital
System for Mechanical Impedance Measure-
ment," SAE National Aeronautic and Space
Eng. and Manuf. Meeting, L.os Angeles,
Calif., Sept. 23-27, 1963.

F. Schloss, "Recent Advances in the Meas-
urement of Structural Impedance,"” SAE
National Aeronautic and Space Eng. and
Manuf. Meeting, Lcs Angeles, Calif., Oct.
9-13, 1961.




FORCE-CONTROLLED VIBRATION TESTS: A STEP TOWARD
PRACTICAL APPICATION OF MECHANICAL IMPEDANCE

John V. Otts
Sandia Corporation
Albuquerque, New Mexico

The Vibration Division at Sandia Corporation is experimenting with,
and in some cases testing under, a test concept whereby the test item
is allowed to affect its own environment as it does in the field. This
test concept includes controlling the vibratory force input below a test
system which consists of the test item and a mass representing that of
the foundation. Results from this type of vibration test are presented
and compared with the test results where the input to the test item is
motion controlled. In addition, the methods used in deriving and con-
trolling the force input levels, and the mass magnitude representing

the foundation are discussed.

INTRODUCTION

Vibration tests, as they are presently con-.
ducted throughout the country, rarely (if ever)
simulate the environmental conditions for which
they are intended. Conseguently, the true envi-
ronmental response characteristics of the test
item are seldom determined or even approxi-
mated. The test results often force designers
to concentrate on unrealistic problem areas
and/or overlook those that are potential prob-
lems.

The two basic reasons for unrealistic vi-
bration tests are constant motion control of the
input to the test item, and the methods used in
deriving motion-irput specifications. The first
requires the false assumption that the founda-
tion has infinite mechanical impedance. Con-
sequently, the test item is not allowed to affect
its own environment. Unfortunately, test spec-
i{ications are sometimes arbitrarily selected
without reference to any applicable field data.
However, it is just as unfortunate that those
specifications derived from field data consider
only the peak responses of the foundation,
neglecting the characteristic valleys. Again,
the test item's environmentzl effects are
neglected. When the above practices are
combined iu a vibration test, overtests as high
as 100:1 can result at some frequencies. At
other frequencies, the test item may not be
tested sufficiently.
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A few individuals have insisted for years
that we are basically wrong in utilizing the
constant-motion/input-control philosophy. At
the same time, it has been suggested that the
ultimate solution lies in the complete incorpora-
tion of the mechanical impedance concept.
Unfortunately, there are factors which prevent
this concept's immediate practical application.
Some of these factors are the lack of field data
from which to derive test specifications, the
practical inexperience in applying the mechan-
ical impedance concept, and the complexity of
the concept.

In the past, we have been somewhat like the
man who lost his billfold in a dark alley and
hunted for it under a streetlight. Most people
involved in vibrations will admit to the fallacies
of our present test methods. However, the ease
with which accelerometers can be used and the
complexities involved in changing over to force
transducers create some resistance to the
change.

We in the Vibration Division at Sandia
Corporation, with support of the Dynamic Stress
Group, have begun to utilize a form of the me-
chanical impedance councept—thus inserting
more meaning into test results. The area in
which we are now working comprises controlling
the mechanical impedance of the foundation at a
finite value and controlling the force input below
the simulated foundation.




The intentions of this paper are to illustrate
the fallacies that exist under the constant-
motion/input-control concept, discuss the ad-
vantages of force-input control below a simulated
foundation, and consider some of the methods
used in applying this concept.

DISCUSSION

Vibration tests naturally differ in their
objectives and complexity. Thus, to be specific
in this presentation is impossible. Although
this discussion is limited to considering simple
systems and constant sinusoidal inputs, the
ideas apply to complex systems and inputs as
well.

Mechanical impedance zZ is the complex
ratio between an applied force (sinusoidal) and
the resulting velocity. Effective mass M, is
the complex ratio of an applied sinusoidal forre
to the resulting acceleration. Thus, the rela-
tionship between z and M, is expressible as
«M, = Z, where « = 2nf. There is also a 90-
degree phase difference between M_ and z.
Since M_ is directly related to acceleration,
this term will be used throughout this discus-
sion rather than the more commonly used
term z.

INFINITE M, TEST

Constant motion control of the vibration
input to a test item i1s equivalent to assuming
that the foundation's motion is independent of
the test item. This is physicaily possible only
if the foundation M, is nearly infinite compared
to that of the test item. Thus, this type of test
is classified as an infinite M, test.

The system in Fig. 1 represents a test
item m; mounted on a foundation mg. The
spring and damper are representative of the in-
herent characteristics of the test item and/or
the connection between m; and mg. In this
discussion, all equipment above the control
point is assumed similar to that in the field.

For a constant sinusoidal acceleration in-
put at Point 2, the force required below mg and
the acceleration responses of mg and m; are
as shown in Figs. 2a, 2b, and 2c, respectively.
The following discussion is based on these
response characteristics. Although the test
concept implies that mg is infinite, it is finite
in any test setup. In this particular illustra-
tion, mg is representative of the shaker arma-
ture and test fixture mass located below the
intercomnnector.

Fig. 1 - Vibration
system

Fig. 2 - Response to in-
finite M, test: fa) force
below mg, (b) accelera-
tion of mg, and (c) ac-
celeration cf mp
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The test item, my, is not allowed to affect
its own environment. This is obvious, since the
foundation motion is not variable over the fre-
quency range (Fig. 2b}. Thus, the true anti-
resonant and resonant responsc amplitudes are
not allowed to occur. Antiresonance of the
complete system (Fig. 1) is defined as:

1 k 1
fl'l] = 2__" ‘El; . ( )

Resonance is defined as:
£ = (2)

.i /k( my + msz

2m ERES -

The important results of not allowing my to
affect its own environment are discussed below.

At f ., alarge amount of force is required
to maintain the input motion of mg at the speci-
fied magnitude (Fig. 2a). The resulting re-
sponse of my is thus extremely high, which
leads to overtesting.

In the true cnvironment, and where the
system is light} {amped, m; is more suscep-
tible to a high response at f _, than at any
other frequency; i.e., applying the same level
of sinusoidal force input (F,) across the fre-
guency test range, the response of m, is many
times greater at f_, than at any other fre-
quency (even f_,}. The low response of mg
(at f,,) caused by thc severe notching of the
force is radically unrealistic compared to the
condition that exists in the lield. Consequently,
the test results are vulnerable to undertesting
at this frequency.

Unfortunately, a design engineer conirols
the frequencies where high force requirements
occur during testing by physically changing m,
k, and c. Also, these extremes will shift in
frequency due to test items and/or intercon-
nectors having different properties, even though
they are fabricated from the same design.

In summary, infinite M, testing causes
excessive overdesign due to overtesting 7' f_,,
and in all probability results in a low safety
factor or undertest at f,,.

TEST SPECIFICATIONS

The faults of the infinite M_ testing, specif-
ically the overtest at f_,, are further magnified
by the methods used in deriving test specifica-
tions. Input specifications are usually derived
from field data obtained under one of the follow-
ing conditions:
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1. The foundation response is monitored
while the test item is mounted;

2. The foundation response is monitored
without the test item being mounted;

3. The foundation response is monitored
with a different test item mounted; and

4. Input specifications are arbitrarily
selected without reference to any applicable
field data.

The field data are analyzed intc an ampli-
tude vs frequency spectrum. Unfortunately, the
highest peaks from this spectrum are some-
times encompassed, and this level is called out
as the constant motion input.

What is wrong with these practices? Con-
dition 1 disregards the antiresonant frequency
(f,,), where the foundation motion has a tend-
ency to be low. The test item's influence on its
environment is again ignored. Condition 2 ccm-
pletely ignores the test item's environmental
influence. We are often forced to use one of the
last two methods due to a lark of field data. As
will be discussed later, the new test methods
will allow more intelligent test specifications
when this problem exists.

ALTERNATE TEST METHODS

The penalty for not allowing the test item
to affect its environment as it does in the field
is that the amount of overtest and undertest can-
not be predicted from the test results. As the
demand for higher field performance and reli-
ability increases, with the simultaneous require-
ment of reduced size and weight of the test item,
future vibration tests must be more accurate.

Several alternate test rmethods have been
recoinmended and/or used in an attempt to
insert more meaning into vibration testing.
Some of these alternatives are discussed below.

Zero M, Testing

Controlling the force input to the test item
(Point 2, Fig. 1) is classified as zero M, test-
ing, since the force is maintained irdependent
of the foundation M_. Assuming the force input
to be constant results in the force requirement
below mg and the acceleration responses of mg
and m; shown in Figs. 3a, 3b, and 3¢, respec-
tively. In this illustration, mg is representative
of the shaker armature and test fixture mass
located below the interconnector.
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The test item does affect its environment
at f,,, but the responses of mp, at f , and f_,,
are both suppressed. Unless the input force is
quite high, a low safety factor would result at
these two frequencies. If the force were high
enough to avoid undertesting at f, and f_,, an
overtest would result at the other frequencies.

Based on the fact that the force below mg
and the response of mg approach infinity (with
increasing frequency) to maintain the input
force at the prescribed level (Figs. 3a and 3b),
it i: apparent that this method is not represent-
ative of the conditions in the field.

Simulating Foundation Motion
Determined From Field Measurements

Measuring the field response of the founda-
tion (with test item mounted), and reproducing
this motion in the laboratory, eliminates the
need to be concerned about M, of the foundation
being simulated in the test. As long as the
equipment above the control point is the same
in the test as it is in the field, the test item
responses are closely simulated. With the
exception that inaccuracies result hecause each
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test item and foundation do not have the same
characteristics, and motion in the field is not
repetitive, this method is basically sound.

This practice would vndoubtedly be used in
our test laboratory if field data were available
from which to derive the proper input. Howewer,
since this field data is not available, we have
adopted another method with which to insert
more realism into our vibration tests. This
method is discussed below under controlled M_
testing.

Acceleration Limiting

The first method used at Sandia to reduce
the ridiculous force requirements at antireso-
nance was acceleration limiting. Not allowing
the acceleration response of a test item or one
of its internal components to exceed a prede-
termined level is classified as acceleration
limiting.

During an infinite M_ test, acceleration
limiting would allow the test item to have an
influence on its environment at frequencies
where the specified input level would have
resulted in responses above the set limit. This
normally means th:at the high force requirements
at f_, will be reduced.

Controlled M, Testing

Recent efforts at Sandia have been directed
toward controlling the sinusoidal force input
below the foundation mass mg, where the effec-
tive mass of the foundation is set at some finite
value. This method is called constant M_ test-
ing if the foundation M_ is maintained constant
across the test range.

For a constant M, test, and where the
sinusoidal force input below the foundation is
maintained constasnt, the response character-
istics of the system (Fig. 1) are as depicted in
Figs. 4a, 4b, and 4c. The advantages of this
method over that of infinite M testing are as
follows:

1. There is a definite control of the force
input below the foundation (Fig. 4a). Thus, the
force will not have sharp peak or notch charac-
teristics across the frequency test range (par-
ticularly at f,_, and f_,). The magnitude of
overtesting and the possibility of undertesting
can both be lessened.

2. As can be seen in Fig. 4b, the test item
has influenced the response of the foundation.
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As a result, the test item response at f_, is
lower than it would be for infinite M_ tesiing,
and the higher response at f_ , is allowed to
occur,

Another advantage of controlled M_ testing
is that the axial fundamental response of the

test item is not a function of the test equipment,

The test equipment below the force-control
point (armature and fixtures) has no funda-
mental influence on the system above the con-
trol point. However, the test equipment's
effects on rotation, distortion, etc. are still
not eliminated.

The degree of test accuracy resulting from
controlled M, testing obviously depends on the
force spectrum used and the M_ used to
simulate that of the foundation. At the present
time, the selection of these test values is quite
arbitrary. However, the basic principle is
aimed in the right direction, since the test item
is being allowed to affect its environment. As
the available field data increase and/or our
ability to predict test conditions improves, we
will come closer and closer to a truly simula-
tive vibration test.
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FORCE LEVEL

Until a better understanding of the environ-
mental forcing function can be obtained through
field measurements, a constant sinusoidal force
input will be used. Normally, the specified g
input level is used as a guide in determining the
force input. For example, for a test item of
weight W, pounds to be tested with a simulated
foundation of weight W, pounds, if the specified
acceleration input was to be 2.0 g from 20 to
2000 cps, the constant force input below the
foundation would be set at 2.0 (W, +W,) pounds
from 20 to 2000 cps. Simulating the foundation
weight will be discussed below.

Another method which has been used in the
past is the application of 10 percent of the
maximum rocket thrust as a constant force
input into the payload and simulated rocket
motor mass.

REPRESENTING FOUNDATION M,

As long as a constant force input is used, it
is necessary to insert a foundation mass above
the control point to allow the test item to affect
its environment as it would in the field. Without
this mass, a zero M_ test would result.

Currently, the foundation #, is selected in
one of the following ways. In tests where there
is no reference available, a constant M, equal
to the mass of the test item is being considered
for use. For tests on rocket payloads, an M,
equal to that of the empty rocket motor is held
consiant across the test range. Motor empty
M_ is used rather than that of motor full, since
the former results in a higher test item
response during testing.

Two metheds are used to insert the desired
foundation M_ into the test setup. The first is
physical addition of a mass. In this case, it is
desirable to design a mass that remains rigid
across the frequency test range, if at all pos-
sible. As long as the mass is rigid, M, is
controlled at a constant known value. The
second method, which is being used almost
exclusively, is electronic simulation of the
desired M, value. This concept utilizes an
analog computer circuit which determines what
the force input to the test item would be if the
desired M, were actually inserted in the test
setup. A complete description of this procedure
will be presented in a detailed paper on this
subject at a later date.

Two advantages of electronic representaticn
over physical representation are the economics




and the ability to vary M_ electronically during
a test. For example, it is known that a founda-
tion's M_ is not constant. When the variable
function is determined from field measure-
ments, it will be possible to reproduce this
function in the laboratory.

As mentioned previously, it is quite prob-
able that field data will eventually eliminate the
constani force input and the insertion of a sim-
ulated foundation M_. If the input motion at the
base of the test item or the force input to the
test item is determined from field measure-
ments and reproduced in the laboratory, there
is no need for either constant force input or
duplication of M, .

CONSTANT FORCE INPUT
AND CONTROLLED M, TEST
ON RFD II RE-ENTRY VEHICLE

The first constant force input and controlled
31, test run at Sandia Ccrporation was on the

Fig. 5 - RFD II re-entry vehicle

mouated on vibration machine

RFD II re-cntry vchicle (RV). The RV was
designed to furnish re-entry for a SNAP i0A
nuciear reaclor. The RV and reactor are shown
mounted on a vibration fixture in Fig. 5.

At the time of the test request, the 450-
pound system was to be powered by a four-stage
NASA Scout rocket, which is connected to the
RV by the interconnector shown in Fig. 6.

With the exception of momentary pulses at
ignition of each stage, field data indicated that
the only significant vibration caused by the Scout
motors occurred during the fourth stage burn-
ing. Thus, only this vibration was requested to
be simulated.

Prior to testing, decisions had to be made
concerning the input force level, the motor M_
representation, and the type of force transducer
to be used. Vibration energy during flignt was
mainly attributed to burning of the rocket. Since
there was no reference from which to determine
the proper forcing function, the value of 500
pounds, constant force (recommended by NASA)
was used over the frequency range of 20 to 2000
cps.

The test and field setups were identical for
the system above the motor. Thus, the only
decision remaining was the value of M, to be
used in represerting that of the motor. Since
field data indicated that the maximum vibration
response (30 g) occurred just before fourth
stage burnout, when the motor weight was 60
pounds, it was decided to represent the motor
empty condition. Another strong factor in the
decision to represent the motor empty M_ were
the results obtained in an electrical analog
study, where the response of the RV was in-
vestigated for both motor empty and motor full
conditions. For the same force input below the
motor, it was determined that the empty condi-
tion resulted in RV responses about seven times
higher at f_, than for the motor full condition.
Thus, a 60-pound cylinder was used to represent
the motor (Fig. 6). The attachment between the
cylinder and interconnector simulated the actual
connection between the fourth stage motor and
interconnector.

The force transducer used in the first
series of tests is shown in Fig. 6. Forty strain
gages were mounted around the periphery. with
every fourth gage connected in series to form
the four legs of the bridge. Two of these legs
were used for temperature compensation. Due
to low sensitivity (<0.1 microvolts per pound),
the signal-to-noise ratio was low enough to
cause accuracy problems during input centrol.
The final test series utilized ten commerciai




Fig. 6 - R¥D II test setup (internal)

transducers mounted under the 60-pound
cylinder. The transducer outputs were instan-
taneously summed. The resulting force sensi-
tivity was about one thousand times that of the
first transducer.

Tvpical response characteristics of the
RV and motor are shown in Fig. 7. As pre-
dicied, the response characteristics during
testing simulated that of the siimple system
shown in Fig. 8. In this sketch. m; represents
the weight of the RV, the reactor, and all
internal components of the RV. The spring k
represents the relatively light adaptor's spring
characteristics, and m; represents the 60-
pound motor.

As can be seen by the antiresonance (f_ )
ind resonance (f_,) of the motor, the system
bove the adaptor was allowed to affect its own
nvircnment. As a result, the highest response
on the RV oceurred at f_, rather than f ,.

o

Do

Had a constant acceleration of 1.0 g (in-
finite M_ test) been maintained on the motor,
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Fig. 8 - Simple represen-
tation of RFD Il test setup

! v

I F = 500 Sin wt

the force required at f_, would have been about
3000 pounds, six times the force estimate actu-
ally used for an input. The resulting RV re-
sponse at [, would have been about 10 g rather
than 1.6 g. Also, the force required at f_,
would have been about 50 pounds, and the
resulting RV response approximately 1.0 g.

Belsham and Harris have made apparent
weight (M_ X 386) analyses of the full and empty
fourth stage motor (X-248) {1]. These plots are
reproduced in Fig. 8. The dashed lines super-
imposed on this figure represent the motor full
and motor enipty apparent weights that were
considered for use in the RFD II tests. The
antiresonant frequency (f_ ,) and resonant fre-
quency (f_,) which were found during vibration
tests are also shown on these plots.

Up to about 120 cps, the 60-pound apparent
weight used in the test was fairly accurate in
«s repiésentation of the actual empty motor.
There was considerable error involved at the
frequency (=130 cps) where there was a peak in
the apparent weight (antirescnance). Above 200
cps, 60 pounds was higher than either motor
empty or motor full apparent weights, with the
exception of two frequencies on the motor empty
plot.

NOTE: Reference appears on page 53.
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A better representation of the system's
response to motor full and motor empty M,
above 200 cps, would have been obtained if the
apparent weight of the motor had been rolled
off as some function of frequency after being
maintained constant up to 200 cps. However,
at the time of this test sequence, we were not
aware of the method whereby apparent weight
could be electronically varied.

The above discussion applies to random as
well as sinusoidal force inputs. Several random
tests have been 1un in which the force spectrum

was equalized, and electronic M_ representation
was used. No difficulties or discrepancies in
the data were experienced.

In summary, hindsight is a great teacher.
We in the vibration test laboratory at Sandia are
continually facing up to the fact that our new test
philosophy is subject to considerable criticism,
mainly from ourselves as we learn more and
more each day. In spite of the known limitations
in our new test methods and levels, we feel we
are advancing in the correct direction, since the
test item is allowed to affect its own environment.
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SELECTION OF VIBRATION TEST LEVELS
USING FATIGUE CRITERIA

LaVerne W. Root
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specimen material,
usage of the equivalence equations.

This paper uses the Palmgren-Miner and the Corten-Dolan hypotheses

for fatigue damage accumulation in the development of two sets of equa-
tions relating vibration test levels to the use environment,
tions are in terms of excitation levels and are independent of all test
specimen properties except the siope of the fatigue curve of the test
A sample computation is included to clarify the

The equa-

INTRODUCTION

The problem of selecting vibration test
levels has received considerable attention at
previous shock and vibration symposia. Many
techniques have been suggested for a rational
selection of the vibration test levels. Histori-
cally, these have included the following tech-
niques:

1. Early techniques which appear to be
more closely related to limitations of the
mechanical vibration table than to the use
vibration,

2. Exact reproduction of use vibration fol-
lowing the introduction of the electrodynamic
vibration machine, and

3. Recent attempts to simulate failure
modes rather than the use environment.

Most of the recent papers [1-13] have been
based on fatigue damage. The present paper is
also based on fatigue damage, but the results
differ in the following three ways from previous
papers:

1. Equations relating test levels to use vi-
bration are directly in terms of the environment
parameters (that is, acceleration, velocity, or
displacement) rather than test specimen stress
levels.

NOTE: References appear on page 64.

55

2. The derived equations depend on the test
specimen material but are independent of the
test specimen geomeiry.

3. The Palmgren-Miner (PM) hypothesis
[14,15] for fatigue damage accumulation and the
Corten-Dolan (CD) hypothesis [16] are used, re-
snectively, to obtain similar equivalence reia-
tionships.

The mathematical model (single degree of
freedom, linear oscillator) is comparable to
that used in the previous papers so that the
limitations of the derived relationships are, in
general, identical to previous results. The su-
periority of the present equations is their inde-
pendence of the test specimen geometry.

Although the present derivation is based on
transforming between like types of vibration
(e.g., random-to-random), it is possible to
derive analogous equations based on either
hypothesis which will relate unlike types of vi-
bration. The equations based on the CD hypo-
thesis have been derived and are to be verified
experimentally. Since the experimental veri-
fication is just beginning, these equations will
not be included in this paper.

NOMENCLATURE

a  Peak amplitudes of random process

1

b Stress exponent for fatigue curve
equation




(T)

E(]

Constant from fatigue curve
equation

Fatigue damage arcumulation at
time T

Stress exponent froin Corten-Dolan
modified fatigue curve equation

Mathematical expectation of quan-
tity in brackets

Frequency

Constant

Number of cycles to failure at con-
stant stress from random or sine
fatigue data

Number of cycles to failure at con-
stant stress from Corten-Dolan

modified fatigue curve equation

Number of cycles applied at the ith
stress

Order of quantity in brackets
Probability density function
Amplification factor

Time

Excitation spectral density
Excitation amplitude
Relative response amplitude

Proportion of total cycles at ith
stress

Dummy variable used in derivations
Gamma function

Dummy variable used in derivations
Scaling factor on time or cycles
Dummy variable used in derivations

Expected frequency of narrow band
process

Peak stress

Root-mean-square stress
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Subscripts
1 ‘issociated with highest stress, excita-
tion, etc.

g Equivalent value

r Random
s Sine
t Test

EQUIVALENCE EQUATIONS BASED
ON PALMGREN-MINER HYPOTHESIS

The PM hypothesis is probably the most
widely used fatigue damage accumulation hypo-
thesis. For this reason, it will be used to de-
velop a set of cquivalence equations. The pri-
mary equation of interest from the PM papers is

g

1V

=

This can be rewritten in an alternate form
(Appendix A) which has sowme advantages in cer-
tain portions of the derivations:

R 2 (L)b ' (2)

The interpretation of Eq. (2) is the same
as in the case of the CD hypothesis whick has a
similar form (Appendix A). Two slight modifi-
cations of Eq. (2) are considered in this paper:

1. In the case of random vibration, the
stress will be defined as the root-mean-square
stress rather than the peak stress to avoid the
possibility of the stress being infinite.

2. In the case of continuously varying
stress levels, Eq. (2) can be rewritten as:

2z

4 ) 1

R (%)b d ®)

Js

2z

The following assumptions are used with
Eg. {2) in deriving equivalence equations relating
use vibration envelopes to a single equivalent
envelope:




1. The test specimen may be representcd
by several noninteracting linear oscillators.

2. The majority of fatigue damage occurs
at the resonant frequencies. This requircs
smoothly varying use vibratiou envelopes
and/or a kigh-Q response.

3. The fatigue curve may be represented
by a straight line on a log-log plot.

The equivalence equations are given as
Egs. (4) and (5) with the complete derivation
being given in Appendix C:

:Il @

(5)

=
"

These equations are used to obtain a point-by-
point transformation betwecn the use vibration
and the equivalent vibration. The equivalence,
based on Egs. (4) and (5) requires times equal
to original use vibration times; that is, a dwell
test must be performed for a period T, at each
resonance, and a random test cf duration T,
niust be performed.

In general, it is necessary to shorten the
test time since actual use vibration time may
be several hours. Once an appropriate test
time is selected, il is possible to use the fatigue
curves to scale the equivalent levels given by
Egs. (4) and (5). The scaled equivalence equa-
tions are obtained using results from Appendix
D:

o 1/b
X, [T, /x,\P
Xe - ELZT" X, ©
nls/ .1 st
and ‘
W, S W, \P/2 e
— ) (L
e 2/b ZTr (Wl) ) ()
e i=1

Equations (6) and (7) are used in thc same
manner as Egs. (4) and (5) except that the
scaled times T,, and T, , are used instead of
T, and T,.
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The following things should be noted about
Egs. (6) and (7):

1. The equations are independent of test
specimen geometry with the only limitation
being that stresses remain proportional to the
excitation.

2. The parameter b is related to the
fatigue characteristics of the test specimen
material.

3. Any consistent units may be used for
the vibration levels; for example, in Eq. (6),
the excitation could be accelerat’on, velocity,
or displacement; and in Eq. (7) the excitation
could be acceleration spectral density, velocity
spectral density, or displacement spectral
density.

4. Equations (6) and (7) can k¢ rewritten
in terms of continuously varying stress levels:

X . =1/b
P(x>(x) dx

1 rj‘ !
1 'bL 7
Mg 0 J

X, =

®)

X
1

and

2/b

)

W, ¥ w\b/2
W, = 275 |:J P(W) (W—) dw
0 1

DERIVATION BASED ON CORTEN-
DOLAN HYPOTHESIS

The CD hypothesis is one of the several
modifications of the PM hypothesis which at-
tempt to account more accurately for interac-
tion of varying stress levels. It is shown in
Appendix A that it may be considered as a PM
summation using a modified [atigue curve which
has a different slope on a log-log plot and inter-
sects the sine fatigue curve at the highest stress
cominon to both. The slope of the modified fa-
tigue curve may be obtained by random fatigue
tests or from two level programed sine tests
as discussed in the CD paper [16].

The primary equation from the CD paper
is:

=z
=
E

‘ o

N
q]_:
\_/Q-

(10)




1t is shown in Appendix A that this may be ve-
written in an alternate form comparable to the
PM equation:

(11)

m nl
2 ~r = 1.
i=1 N

Two modifications of Eq. (10) are required
in this paper. In the case of random vibration,
the maximum stress o, will be interpreted as

the maximum root-mean-square stress. For
continuously varying stress levels
Ne . 1
(12)

i j‘cl P(o) (L—’—l)d do

0

The assumptions used in deriving the
equivalence equations (Appendix C) are identi-
cal to those used in the PM derivation.

The relationships from Appendix D are
used to obtain the scaled levels:

o J1ve
5]
X, = l'b{ZT_s —)C' (13)
775 i=1 _J
and
w l—%\ T W d/2 CUs
1 1 (i)
¥y 2/d L;T_J<le> (19)
e =t f B

These equations are used in the same way as
the analogous PM equations. The following
things should be noted about Eqs. (13) and (14):

1. The equations are independent of the
test specimen geometry.

2. The parameter b is related to the sine
fatigue curve and the parameter d is related to
the random fatigue curve.

3. Any consistent units may be used for the
vibration levels.

4. Equations (13) and (14) may be rewritten
in terms of continuously varying stress levels:

X X

1

1/b [! L4
Mg Y

1/b

"

(15)

X, =

and
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W 2/4d

Ll d/2 _‘
W, - \V“ P(W) (w—w‘) de

”!‘

(16)

USE OF EQUIVALENCE EQUATIONS

The use of Eqgs. (6), (7), (13) and (14) will
be demonstrated by performing a set of sample
calculations for the test specimen in Fig. 1.
Since this test specimen has three natural fre-
quencies, the vibration envelopes are divided
into three frequency intervals as indicated by
dotted lines in Fig. 2.

—

Fig. 1 - Test specimen from
Project ‘*Contused'

The test specimen consists of 6061-T6
aluminum. The values of b and d are 6.87 and
.66, respeciively (18],

The {inal test will consist of a one-hour
dwell at each natural frequency followed by a
cne-hour random vibration test:

T

- st _ 1
Mg = T AT 0.025 (17)
Trt 1
, _rt 1 )
= § ° 0.125. (18}

PM Computations

1. Sine
TR B(AV(R) 7 AY
Xa %, T, T X X AX /AKX TAX/ X
f,[3 409 0.1 3/4 4/40.138 1.000 0.224 S.44
t'2 $ 209 0.1 5/5 2/51.000 0.002 0.900 8.35
fa 2 1 0.9 0.1 2/2 1/2 1.000 0.009% 0.901 3.31




M T -36HR T T -4HR

I r

- | | ==

o el g | : ) - : )

- | }— —_ - = t_ hadeatiiaa |
I ' | I .

- | | LT ! F-- 1o

)
| | | 1 | 1
[ [
T - 0.5HR [ T-15HR

Fig. 2 - Use vibration from Project "Con-
fused": (a) ground transportation by three-
legged mule, (b) air transportation by tired
pelican, (c) design testing -- substitute for xylo-
phone in local syinphonic orchestra, (d) pro-
duction testing -- paperweight in boiler factory,
and (e) end use — mechanical frequency stand-
ard for Project '"Befuddled"

2. Random \b b
el (B} 5 I (k)
W,/ T AW, W,
T, Ty T, wc
w.ooW, W T, T, T, W, f,] 0.173 0.2895 6.34
- £, 1 0.9500 7.08
S 4 3 0.0625 0.1875 0.75 5/8
1 f.11 0.7601 9.97

2.5 4 4 0.0625 0.1875 0.75 2.5/4 .
CD Computations

3 2 6 0.0625 0.1875 0.75 3/6

The computational form is similar to the
computations of the PM test levels so compu-
tations are presented in an abbreviated form.

' 1. Sinc
W, oW, <wc)b 2 (wd)b 2
i £ == =4 s \d d d
W oW oW (e (257 (%)
- X, X, \X; X, T, \X, X,
4’5 3/5 1 0.465
' f, {3 4 0.147 1.000  0.232 5.47
4/4 4/4 0.200 1 f,s 2 1.000 0.002 0.900 8.35
2/6 6/6 0.002  0.023 £,12 1 1.000 o0.010 0.901 3.31
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2. Random levcls considerably higher than those predicted
- by the PM hypothesis, if the use environment

w42 [gad/2 has a very large percentage of low-level vibra-
<-—“) ( ) tion. The sample calculation represents a poor
choice of times and levcls to demonstrate the
two hypotheses, since the differences in test
1p5 4 3 1 0.475 levels were less than five percent.

Both methods are equal in computational
ease and intuitive appeal. The CD hypothesis
requires the detcrmination of ¢. This should
not preclude its usage if experimental work in-
(Vv’e)d"z ST (W;>d/2 dicates it is morc realistic. It is recommendcd

W ya \ W, that a study be undertaken to compare the re-
S sults in using the two hypothcscs for predicting

./ 3 2 6 0.099 0.026

£, 0.182 0.2881 6.42 vibration test levels.
fo] 1 0.9505 7.36 Regardless of which hypothesis is used in
¢ 1 0.7611 10. 31 selecting test levels, the equations as presented

in the present paper offer certain advantages
over previous formulations. It is possible to go
« directly from use vibration to the equivalent
CONCLUSIONS levels without knowing the specimen stresses
or geometry. This should make the present
formulation more useful in early design stages
when the geometry is stiil unknown.

Most of the published experimental data
indicate that the random fatigue curve has a
steeper slope than the sine fatigue curve. The
CD hypothesis predicts this difference in slope
for d < b. This indicates that the CD hypothesis ACKNOWLEDGMENTS
may be a more accurate representation of fa-
tigue damage accumulation than the PM hypo- The analysis presented in this paper was
thesis. prepared originally as part of the continuing

program at Collins Radio Company to improve

The CD hypothesis weights the low stresses the environmental design of its products. Ad-

heavier than the PM hypothesis. Therefore, it diticnal analysis and experimental verification
is expected that the equivalence equations based are currently being carried out under contract
on the CD hypothesis will predict equivalent NAS8-11278 with NASA-Huntsville.

Appendix A

ALTERNATE FORMS OF PALMGREN-MINER.
AND CORTEN-DOLAN EQUATIONS

CASE 1. PM EQUATION N

Z Ny (A2)

The usual form of the PM equation is given / “i N

as Eq. (1). This equation can be rearrangcd He=g

into a form which is equivalent to the CD equa- . .

tion. It is assumed that the fatigue curve is Using Eq. (A2) to replacc N,/N; interms

represented by of a stress ratio gives Eq. (2) Whlf:h is identical
to the CD equation with the exception of the
stress ratio exponent.

NoP = c. (A1)
CASE II: CD EQUATION
Rccognizing that n;/N, = a; and rearranging The usual form of the CD equation is given
Eq. (1) after multiplying by N,/N, and N,/N, as Eq. (10). This equation can be rearranged
gives into a form equivalent to the PM equation.
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Rearranging Eq. (10) and recognizing that
ay = o0y ’Ng gives

>

i=1

\

—
—

(A3)

Defining N; as

(Ad

and substituting this value into Eq. (A3) pre-
duces Eq. (11).

Equation (11) is identical in form to the PM
equation. Consideration of Eqs. (A4) and (A5)
shows that the CD equation can be interpreted
as a PM summation cn a modified fatigue curve:

N. o .d

ii Nl (Tld = C (AS)

The equivalence between the PM and the
CD hypotheses allows considerable simplifica-
tion in derivations in Appendixes B and C.

Appendix B

RANDOM FATIGUE EQUATIONS

The fatigue curve may be represented by
Eq. (Bl), where 5 and ¥ maybe b and c or d
and ¢, respectively, for the PM hypothesis and
the CD hypothesis: D
Nof = y. (B1)
The incremental damage due a single
stress cycle of amplitude a is given by 1/N(a)
for the PM hypcthesis (or CD hypothesis on the
modified fatigue curve). The fractional damage
between a and a + da is given by Eq. (B2).

n(a) = v T E-)- da . (B2)
N( a) ° N{a)

The total expected damage is ootained by
summing the incremental damage from Egq.
(B2). It may be assumed that the stress peaks
are represented by a Rayleigh distribution and
Eq. (Bl) can be used to evaluate N(a):

E[D(m)] =

LoT —B( £
- WIHAT(L + 2). (B3

At failure, the damage is one and v/ - N,
so Eq. (B3) can be rewritter as follows:

= /

NFA
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The random fatigue equation for the PM
hypothesis is obtained from Eq. (B4) by setting
3=b and y=c:

B . c
N (B5)

This equaticn indicates that the random fatigue
curve should be parzllel to the sine fatigue
curve when plotted on log-log coordinates.

CASE II

The random fatigue equation for the CD
hypothesis is obtained from Eq. (B4) by setting
S=d and vy = ¢

Ned = ¢
24721 (1 +

) ' (B6)

N

This equation indicates that the random fatigue
curve should be parallel to the modified sine
fatigue curve when plotted on log-log coordi-
nates.

The preceding derivation follows that given
in Ref. {17] in its general form.




Appendix C

EQUIVALENCE EQUATIONS

The test specimen may be represented by N, 1
a number of noninteracting linear oscillators. N, = g
In considering any one of the oscillators as St (}_,) (C3)
depicted in Fig. C1, it is desired to obtain an = TEAX,
equivalent excitation, X_, which will accumu-
late an identical amount of fatigue damage as . . ) .
the m use vibration envelopes accumulate. The _ Since Eq. (C3) is for a given frequency, it
fatigue damage is governed by Eq. (C1) which is possible to substitute the proportion of the
may represent either the PM hypothesis or the time at the ith level for «;:
CD hypothesis, depending on the value of ©:
N
N_g: 1 N, yv—ri 'Xi 8 (c4)
N ] ; I . ( kv
oy (%) (&) FETEE R
. -
&= e
The fatigue curve will be renresented as a
straight line on log-log coordinates (Fig. C2)
leading to Eq. (Al), No® - c.
T
log ¢
K % C & b
7 7 M 2 ——
log N
Fig. Cl - Mathematical q .
model representing the Fig. CZ‘ = Uypdeal
ith oscillator straight line represen-

tation of fatigue curve
on log-log plot

CASE 1
The use vibration may consist of = vibra- b thThqet cycle r?tio( i th't.(C‘l) \\t/?ll) b(i'replr;aced
tion envelopes, each of which may be repre- y the siress ralio {excitation ratlo) using iq.

T AN
sented by several fixed frequency components AlL):

separated by Af = O(f/Q). With each envelope a0

is associated a time T,. The frequency spacing Sm" T, (X\? ] .
of the individual components of a given envelope X, = X% /T \X—l> J (€3)
allows the fatigue damage accumulation to be i=1 °
represented by m terms (onc from each enve-
lope). This equation is applied at each frequency
of interest and by correct value of ¢ will rep-
The reiative displacement at a given fre- resent eithcr the PM hypothesis (7 -b) as Eq.
quency is a linear function of the excitation, and (4) or the CD hypothesis (7~ d) as
the stress is a linear function of the relative =/
displacement: x -x v LoX d (c6)
* ! g Ts (xl)
i=1
oo~ K Y = KX (C2)
CASE 11
Equation (C1) can be rewritten in terms of The use vibration may consist of / vibra-

the excitation using Eq. (C2): tion envelopes, each of which may be represented

62




by a smoothly varying spectral density W,.
With each envelope is associated a time T;.

It is assumed the Q is sufficiently high and
the spectral density is sufficiently smooth that
a white noise approximation can be used at any
given frequency cf interest. The root-mean-
square relative response at a given frequency
is a linear function of the square root of the
spectral density, and the root-mean-square
stress is a linear function of the response:

&, = Kyy; Kywpt/2. (cn
Equation (C1) can be rewritten in terms of

the excitation using Eq. (C7):

2

[ 1

23

Nl
p=1

{C8)

As before, a; will be replaced with the
proportion of the total time spent at thc jth
level.

or the CD hypothesis (Appendix B), varics, re-
spectively, as

N&® = ¢ (C10)
or

Not = g (C11)
These two equations will be represented by a

single equation where 3 can be cither bt or d
and y_ can be either ¢ or ¢ .

NZE =y (C12)
The cyclic ratio in Eq. (C9) will be re-

i
placed by the stress ratis (excitation ratio)
using Eq. (C12).

(C13)

!—‘*"T» l/w_ a8/2
W= W Z = —’)
g 1L;=1T'\w1

This equation is applied at each frequency

N, 1 of interest; by correct values of ¢ and g, it
N T represents the PM hypothesis (9-b, 5=1b) as
! Z 'y ('\vi>” 2 (C9) Eq. (5) or the CD hypothesis (¢ =d, 5-d) as
[T \F,
i=1 2/d
DT (w2
The random fatigue curve, depending on W, o= oW, Z T—’ (w—’> (Ci4)
whether it is obtained using the PM hypothcsis =1 7!
Appendix D
TIME AND LEVEL SCALING
The use time may be scaled hy a factor - og (D4
to obtain the test time: : . )

T, = nlg. (D1)

The cycles to failure at a given frequency is
directly proportional to the time:

N, N - (D2)
The fatigue curve is represented by Eq. (Bl),

No

SN (D3)

-

Equation (D4) represents the stress rela-
tionship, and the test level scaling equations
can be obtained by substituting the relationship
for stress and the correct value for 7.

CASE 1

Sine Levels — PM or CD:

(D5)
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DISCUSSION

Mr. Phelan (Cornell Univ.): How do you
handle the horizontal part of a fatigue endurance
limit curve when you get into random vibrations
where many ol your cycles would be at such low
stress that you could have an infinite number
without any failure?

Mr. Root: 1 believe, if you will look into
the fatigue data, that even the ferrous alloys
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lose this endurance. In other words, they
essentially have no endurance limit when you
mix stress levels. There are expzrimental
papers to back this point. Probably the rep-
resentation is better for the nonferrous al-
loys, but even the ferrous considerably re-
duces the endurance limit so you probably
can use this on either.




ANALOG EXPERIMENTS COMPARE IMPROVED SWEEP
RANDOM TEST WITH WIDE BAND RANDOM AND
SWEEP SINE TE..S

Galt Booth
MB Electronics
New Haven, Connecticut

and

Jens Trampe Broch
Bruel & Kjaer
Naerum, Denmark

A major problcm with previous sweep random tests has been the rela-
tively long test time required for the same damage-producing capahil-
ity as a wide band random test. An improved technique is presented
which appreciably shortens this test time. A further problem in the
application of the sweep random technique to component or subassem-
bly testing has been the difficulty of appraising the degree to which thc
sweep random process approaches the damage-producing capability of
a widc band random excitation., The experimental results presented in
this paper should aid in this 2pproizall

An experimentai study is described in which the elcctrical analog of a
resonant mechanical device on a vibration exciter was subjected to a
number of carefully controlled vibration tests. These tests included
the common wide band random tcst, the sweep sine test, and a variety
of different sweep random tests with differing systein time constants.
The responses of this resonant system to the various tests were care-
fully measured in a standardized manner and plotted in a common form
so that the results of the different vibration test techniques may be di-
rectly compared.

The measurcd parameter chosen as having sigaificance for all vibra-
tion test techniques is the count of the number of times the analog of
the instantaneous acceleration or stress of the resonant mechanical
device exceeds a specified reference level during the complete vibra-
tion test. To characterize a complete vibration tcst the distributions
of cesponse peaks are formed by making such counts at numerous ref-
erence levels. Since the same lcvels arc used for each type of vibra-
tion test, the counts for the different vibration test techniques are di-
rectly comparable,

Normalized curves are prcsented which show the counts at each refer-
ence level for each of the vibration test techniques. Since these curves
show the number of stress or acceleration peaks to be expected above
various levels, the curves are useful both to compare the various types
of vibration tests and as aids to the mechanical designer concerned
with cyclic fatigue in the vibration environment. The plausibility of
these experimental curves is enhanced by a comparison with curves
predicted by thcory.

The results of the experiments are used to dcvelop accelerated sweep
random tests. A new sweep random test technique is proposed which
better takes into consideraticn the time available for testing.
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HISTORY

Although the wide band random test is gen-
erally accepted, it is costly and a less costly
substitute has been sought ever since its first
introduction. Various "equivalent'' sweep sine
tests have been proposed but since the sweep
sine test cannot produce the same distribution
of acceleration and stress amplitudes within
the test specimen, no general equivalencc be-
tween the two types of test is ever likely to be
found. In 1957, M. W. Olesen of the Naval Re-
scarch Laboratory proposed a sweeping narrow
band random vibration test which actually con-
stitutes a compromise between a wide band ran-
dom vibration test and a sweep sine test. It
operates on the principle of replacing the low
acceleration density wide band random excita-
tion with an intense, narrow band random exci-
tation sweeping slowly over the frequency range
of the test. In 1960, G. B. Booth showed how to
calculate the acceleration level and the test time
needed to make a sweep random test correspond
to a wide band test. It was shown that the sweep
random test can produce the same number of
important stresses and accelerations, at each
level, as the wide band test. For a long time
the equipiment necessary to perform this kind
of testing was not commercially available, and
very little progress was made in the use of the
method. Recently, the complete control equip-
ment required for sweep random vibration test-
ing has been developed in the form of two units:
a sine-random generator and a vibration meter.
Alsc, considerable efforts have been and are
being made to evaluate and extend the test. The
more theoretical parts of the work are being
confirmed by tests on electromechanical mod-
els, while a number of comparative damage
studies are currently in the planning and pre-
liminary test stages.

OBJECTIVES

The program reported in this paper has
four objectives:

1. To confirm experimentally the theoreti-
cal calculations (appendix) of the distribution of
response accelerall. © *~ -~ ~weep random test,

2. To determine experimentally other re-
sponsc acceleration distributions obtainable
with the control equipment,

3. To develop time-level exchange curves
useful in the shortening of sweep-randoin test
times, and-

4. To propose an improved sweep random
tect procedure.
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TECHNIQUE

The block diagram (Fig. 1) shows the
equipment used to perform the sweep random
test. The narrow band random acceleration
excitation to the test specimen is monitored by
an accelerometer, read on a meter, and ap-
plied to a compressor circuit which controls
the gain of a variable gain stage. The level of
a narrow band random voltage of sweeping cen-
ter frequency is controlled by this variable
gain stage. The power amplifier then amplifies
this sweeping narrow band random voltage to a
level adequate to drive the vibration exciter and
specimen.
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Fig. 1 - Block diagram showing operation
of equipment to perform the sweep ran-
dom test
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To study the distribution of response accel-
eration peaks, an electrical analog of a mechan-
ical specimen was built. Figure 2(a) shows the
mechanical block diagram of any normal vibra-
tion mode of the test specimen. a_ is the accel-
eration of the vibration table and a_ is the re-
sponse acceleration of the mass. The ratio,
a,/a_ of the response acceleration to the table
acceleration is shown by the curve to the right.

The electrical analog shown in Fig. 2(b)
was chosen for experimental convenience. The
input current i is made proportional to the vi-
bratcr table acceleration a,. The integral of
the voltage across the capacitor is then propor-
tional to the mass acceleration a_. The diagram
to the right shows that the ratio of the integratcd
capacitor voltage to the input current has the
same form as the response of the mechanical
systeni.

Figurcs 3 and 4 show the control equip-
ment, the analog, and the measuring instrumen-
tation. The circuit was fed from the sine-
random generator set to produce a constant
acccleration gradient (Egs. (A18) and (A19)) by
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Fig. 2 - Analog of mechanical normal vibration mode:
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Fig. 3 - Schematic showing control equipment,
analog, and measuring instrumentation

the feed-back through the vibration meter. To
keep the current independent of the impedance
of the test circuit, a 10-megohm isolation re-
sistor was used. The circuit was tuned to 1965
cps and adjusted to a Q of 20.2 by a damping
resistor. To measure an output propcrtional
to the acceleration of the mass, the output volt-
age from the circuit was isolated from the test
circuit by an amplifier having a high input im-
pedance (10 megohms). Finally, the output of a
second isolation amplifier was fed to a counting
arrangement. A special random noise voltme-
ter, having a wide selection of integration time
constants and an rms rectifier, was used to
measure the rms value of the output signal.
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A counting arrangement was used to count
the number of times the signal crossed a ref-
erence level t with positive slope (Fig. 5).

The level was set by the battery and was ad-
justed to the following multiples of the rms re-
sponse level: 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5.
The rms value was arbitrarily chosen to be 8
volts, making the variation in the counter firing
level, about 0.2 volts, negligible. A further in-
accuracy is due to the difficulty in setting the

dc voltage exactly to the correct multiple of the
rms value. This is most critical at high multi-
ples of the rms value because of the steepness
of the slope of the measured curve. It was found
that this error was about 0.1 volt. Furthermore,
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Fig. 4 - Authors, analog shown 1in 1ront ot control equipment {tett)
and measuring instrumentation (right)

Fig. 5 - Narrow band random acceleration
signal and reference acceleration lewvel o
(counts made of number of peaks exceud-
ing b)

the resulting counts are subject to the usual
statistical errors related to the sample sizes;
however, these statistical errors are small
except at 3.5 times thc rms response level
where the counts come in clumps.

MEASUREMENTS

A number of tesis were made, keeping the
level b in Fig. 5 fixed, and sweeping the nar-
row band of noise back and forth through the
resonance of the analog, counting the number
of level crossings.

By changing the level I and repeating the
experiments for various settings of the sweep-
ing bandwidth and compressor speed, the set of
curves shown in Fig. 6 were plotted. The var-
ious curves are marked with 5, defined as the
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ratio between the compressor speed and the
test noise bandwidth. The ratio ' is significant
because only the interaction beiween the fluc-
tuations of the noise envelope and the regulation
speed changes significantly the distribution of
vibration excitation peaks.

The ordinate of the curves is the ratic of
the number N, of peaks exceeding thc level b
to the total number of peaks oceurring in a
sweep over the -3 db bandwidth of the analog
circuit. Although during the experiments the
frequency was vaiied between the -10 db points
of the circuit rcsonance curve, most of the vi-
brational energy imported to the specimen
during test is between the -3 db frequencies.

It can be seen from the curves that no
change in the peak distribution occurs ior
lower than 33, which means that {or these val-
ues of / no interaction takes place between the
fluctuations of the nnise enveleope and the auto-
matic level regulation. The results obtaincd
for these low values can also be verified the-
oretically (Fig. 7: appendix).

Finally, for the sake of comparison, the
peak distribution obtained by sweeping a sine
wave through the rescnancc is also shown in
Fig. 6. A certain upper limit, 1.42, in peak
level exists and the shape of the distribution
is considerably different from thcse obtained
with a fluctuating signal. Also, when sweep-
ing with a sine wave, the peak buildup re-
peats itsel® each sweep, which is significantly
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Fig. 6 - Ratio of number of peaks exceeding level b to
total number ofcycles in resonance bandwidin for sweep
random tests with various compressor speeds and for

sweep sine test

different when fatigue damage accumulation
is considered.

PEAK DISTRIBUTION MATCHING

To obtain an equivalence between a wide
band and a sweep random test, the distribution
of acceleration response peaks at the higher
response levels must be similar. It is well
known that the distribution of response peaks
of a lightly damped single-degree-of-freedom
system follows the Rayleigh distribution when
the system is excited by wide band Gaussian
noise. Since the integral of the Rayleigh dis-
tribution, shown in Fig. 8, is known, it was used
to confirm the operation of the instrumentation.
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To match a sweep random test to a wide
band test, the distribution curves shown in Fig.
§ must be matched to the integrated Rayleigh
curve. Figure 9 shows an example of the match-
ing technigue. As all curves shown are plotted
Lo logarithmic scales, a "'sliding' of the axis by
the amounts q and s actually means a multipli-
cation of the quantities involved, as with a slide
rule. Thus, looking at the x-axis (abscissas),
the rms level of the sweep random test is mul-
tiplied by the factor q to provide the best pos-
sible peak matching.

The test level of the sweep random equiv-

alence is
y=a Vs M)
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Fig. 9 - Matching of sweep random response acceleraiion
peak distribution to wide band random response accelera-

tion peak distribution showing test

level factor, q

Similarly, the test time for the sweep repre-
sented by the ordinates in Fig. 9 must be raul~
tiplied by the factor s:

i
t, s-20twlni. (2)

In Egs. (1) ar.d (2), which are derived in the
Appendix, v is acceleration gradient (g Jsec),
G is acceleration spectral density (g2/cps), t,
is test time for the sweep random test (min),
t, is test time for the wide band test (min), f,
is upper limit of the frequency sweep, and f;
is lower limit of the frequency sweep.

awnon
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To set up a random test which com-
plies with the wide band specifications, G = 0.2
g?/cps from 20 to 2000 cps, and t, = 2 minutes;
if the matching shown in Fig. 9 were used, the
acceleration gradient would be » = 0.058 g.'sec
and t_ =156 minutes. This test time may be

considered too long. It is possible to reduce

time factor, s, and

this time, while retaining a good distribution of
acceleration response peaks, by the technique
described in the next section.

ACCELERATED TESTING

As an objective, accelerated testing should
reduce the duration of the sweep random test,
while keeping the number of response acceler-
ation peaks at each level the same as the wide
band test.

Since the curves of Fig. 6 have differing
shapes for the various / values, it is possible
to match the curves to the integrated Rayleigh
curve of Fig. 8 in many ways. Figure 10 illus-
trates three of the morc useful matching situa-
tions. In each case the sweep random curve
was placed te give approximaiely the same num-
Ler of acceleration response peaks during the
sweep random test as occurs during the wide
band random test throughout the critical region
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Fig. 10(a) - Distribution matching for slow
sweep random test
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10(b) - Distribution matching for moderately
accelerated sweep random test

Fig.
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Fig. 10{c) - Distribution matching for sweep

random test with six-fold reduction in test time

from two to three times the wide band rms re-
sponse acceleration.

The result of such matching is to reducc
the test time factor s by a relatively large
amount and increase the level factor q by a
small amount, while maintaining the number of
response acceleration peaks at the critical
levels essentially unchanged by an adjustment of
the compressor speed of the control equipment.

Figure 10(a) shows the matching for the
slow sweep random test. A match with the slow
compressor speeds, / < 33, provides the de-
sired distribution of acceleration peaks over a
very large amplitude range. The tcst time
factor s is 0.65, and t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>