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1.0 Introduction

The practice of limiting the shaker force in vibration tests was instigated at the NASA Jet
Propulsion Laboratory (JP1.) in1990 after the mechanical failure of anacrospace component
during a vibration test. Now force limiting is used in almost every major vibration test at JP1.
andin many vibrationtests a NASA Goddard Space FHight Center (G SFC) and at many
aerospace contractors. The basic ideas behind force limiting have beenin the literature for
several decades, but the piezo-clectric force transducers necessary to conveniently  implement
force limiting have been available only in the last decade. In1993, funding was obtained from
the NASA headquariers Office of Chief Fngincerto develop and document the technology
needed to establish force limited vibration testing as a standard approach available to al NASA
centers and acrospace cent ractors. This monograph is the final reporton that effort and
discusses the history, theory,and applications of the method in some detail. To facilitate the
application of the method, amore concise description of the key aspects of the approach is
presented inacomplementary guidelines document, which is available separately and is also

contained herein as Appendix C.



2.0 History

Many pioncers of acrospace mechanics, as carly as the 19507s, recognized that ignoring
the low mechanical impedance of lightweight mounting structures, would lead to
unrealistically severe vibl’slim tests of aerospace equipment. Unfortunately, their
warnings were not heeded until recently, primarily because the tools were not available
to conveniently simulate mechanical impcdance in vibration tests. Also, more realistic
vibration tests arc esscntialin today’s faster-better-cheaper environment, which is
incompatible with the traditional approaches of high design margins and extensive
developmental testing.

Some key background references and their contributions to the force limited vibration
technology described in this monograph are summarized in chronological order in this
section. These and other supporting references are included in the bibliography of
Appendix B.

Blake 1956 [ 1 ] describes the problem of overtesting at resonances of the test item
which results from the standard practice of enveloping the peaks in the ficld acceleration
spectral data, for both vibration and shock tests. 1 1¢ proposed a complex, conceptual
solution in which the impedance of thc mounting structure would be simultancously
measured with a small shaker and emulated by the test shaker.

Morrow’ 1960 [2] warns against ignoring mounting structure impedance inboth
vibration and shock tests and pointsout that impedance concepts familiar to electrical
engineers are largely unknown to mechanical engineers. He describes exact impedance
simulation using force transducers between the shaker and test item, but points out the
difficultics in simulating impedance exactly, phase included. (It is still impracticalto
specify and control the shaker impedance exactly.)

Salter 1964 [3] calls for two test improvementsto aleviate overtesting: 1) multi-point
control to reduce the impact of fixture resonances and 2) force limiting to account for
the vibration absorber effect at test item resonances. 1 Je proposes a very simple method
of computing the force limit, i.e. the force is limited to 1.5 times the mass times the
peak acceleration, i.e. the acceleration specification. His approach, in conjunction with
areview of the force data obtained in the system acoustic tests of the Cassini spacecraft,
provides the impetus for what in this monograph is called the semi-empirical method of
predicting force limits.

Ratz 1966 [4] who was the chief cngincer for MB electronics, designs and tests a
new shaker equalizer which uses force feedback to simulate the mechanical impedance
of the equipment mounting structure (foundation). The last sentence of his paper, “Use
of the new cqualizer, therefore, can make a dramatic improvement in vibration
simulation, and would seem to be the harbinger of a significant advance inthe state of
thcartof vibration testing,” looks forward to what is just now becoming a reality.

Heinricks 1967 [5] and McCaa and Matrullo 1967 [6]in complementary papers
describe an analysis and test, respectively, of a lifting body rc-entry vehicle using force
limiting to notch arandom vibration acceleration spectrum. A complete modal model
including the effective mass concepts discussed herein, are developed in the analysis.
The analysis also includes a comprehensive finitc clement model (FEM) simulation of
the force limited vibration test, in which the test input forces are limited to the structural
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limit- load criteria. A vibration test of a scale model vehicle is conducted using single-
axis impedance-head force transducers to measure the total force inp ut, and the
notching is implemented manually based onforce data from low level tests.

Painter 1967 [7] conducts an experimentalinvestigation of the sinusoidal vibration
testing of aircraft components using both foree and acceleration specifications. The
interface forces and accelerations between simulated equipmentand an aircraft fuselage
were measured and en veloped, and these envelopes are used to control shaker
sinusoidal vibration tests of the equipment.Itisfound that the procedure largely
eliminated the high levels o f overtesting introduced by the conventional approach.

O’Hara 1967 [8] and Rubin 1967 [9]in two complementary papers, translate and
extend the electrical engineering impedance concepts into mechanical engineering terms.
O’Hara points out an importa nt distinction between impedance, the ratio of force to an
applied velocity, and mobility, the ratio of velocity toan applied force. In the
mcasurement of impedance, for multiple drive points or degrees of freedom , the motion
for cacb degree of frecdom other than the one of interest must be blocked, i.e.
constrained to have zero motion, which is difficultto realize experimentally. The
mobility concept, on the other hand, requires simply that the force at other degrees of
frecdom be zcro, i.e. free boundary conditions. The impedance and mobility matrices
are reciprocals. Inthe simple case where the impedance matrice is diagonal (i.e. the
ratios of the force to tbc motion for differentdegrees of freedom are zero), this
distinction does not exist, and the impedance matrix components are simply the
reciprocal Of the corrcsponding mobility matrix component and equalto what O'} Tara
tails pscudo-impedance. (In this monograph, animpedance-like quantity, the apparent
mass, i.e. theratio of force to applied acceleration, is most often employed and to avoid
complications, which are considerable, the of T-diagonal terms of the impedance matrix
are typically neglected. ) Rubin developed transmission-matrix concepts, which arc very
useful for coupling systems together and for analyzing  vibration isolation.

Murfin 1968 [ o] developsthe concept of dual control, thefirstof several atSandia
National I.aboratories to contribute to the technology of force limiting, which is one of
the key elements of the force limiting approach described in this monograph. He
proposes that aforce specification be developed and applied in a manner completely
analogous to the acceleration specification. T'he force specification is to be the smoothed
envelope of the force peaksinthe coupled system response, i.e. the field  environment,
Recognizing that such ficld force dataare not readily available, he proposes a method of
deriving the forces from the product of the acceleration specification and the smoothed
apparent mass of the test item. 1 Ic ignores the mounting structure impedance. This
approach is very similar to that used in the semi-empirical method described in this
monograph. In the dual control concept, the vibration controller docs not give
preferential treatment to cither the acceleration or the force specification. The force and
acceleration control signals are analyzed in narrow bands, and in cach band the shaker
drive signalis adjusted until one or the other of the specifications is attained. This
typically results in acceleration control off resonances and force control, and
acceleration noltches, at the resonances. Many older vibration test controllers have an
extremal or peak control mode in which tbe largest of several control signals arc
compared to the acceleration sp ccification, but do not allow separate reference
specifications for acceleration and force or response. To usc these older controllers for
dust control, it is necessary to use a shaping filter to condition tbc force or response
control signal. Most newer vibration test controllers have the capability to implement
Murfin’s dual control concept, with some minor variations from vender to vender, with
their response limiting feature.



Scharton 1969 [ 1 1 Jdevelops special, multi-modal, vibration test{ixtures which had
enhanced modal densities and low rigiditics, to mechanically simulate the impedance Of
large flight mounting structures.

Witte 1970 [ 1 2] proposes a method of controlling the product of the force and
acceleration which is applicable when no information is available cm cither the test item
or the mounting structurc mechanical impedance.

Witte and Rodman 1970 [ 13] and Hunter and Otts 1972 [ 14] continucto
pursuc the calculation of the force specification by multiplying the acceleration
specification timces the smoothed apparent mass of the test item; like Murfin and their
collcagues at Sandia, they ignore the mounting structure impedance. They use simple
parametric models to interpret field data and to study the dynamic absorber effect of the
payload at resonance, and they develop special methods of smoothing the test item
apparent mass.

Wada, Bamford, and Garba 1972 [ 15] develop a technique for obtaining an
equivalent single-dcgrcc-of-freedom system (SDES) for each cigen-vector when the
dynamic characteristics of the structure arc available in the form of afinite clement
model (FEM)oras test data. The masses of these SDES’s are called the “effective
mass’ which may be defined as the mass terms in a modal expansion of the drive point
apparent mass of a kincmatically supported system. The effecti ve masses are
independent of the modalnormalization, and the sumof the effective masses of all
modes is equalto the total mass. A complementary term is the residual mass, which is
defined as the difference between the total mass and the effective masses of all the
mocks with natural frequencies lower than the frequency of interest. It is a consequence
of its definition that the resid ual mass must be adecreasing function of frequency
(Foster’s Theorem). The effective mass is very important concept, because it provides a
way to quantify, from cither FEM’s or test data, the mass of a structure as a function Of
frequency. The effective mass and residual mass are used in this monograph to
characterize the mechanical i mpedance of bot h the mounting st ructure (the source) and
the test item (the load).

Martini 1983 [ 16] describes the advent of the piczo-clectric, quartz, multi-
cormponent force transducer, which is certainly the most important enabling factor in
making force limited vibration testing a reality. The development of quartz multi-
component force transducers started in 1965 with a Swiss government project to
provide a very stiff sensor to measure cutting forces on machine tools, continued in the
seventies with the development of biomedical applications, and finaly came into its
own in the early 80's when the automotive industry began using six component
dynamometers for measuring tire and wheel loads. Picm-electric, quartz transducers
offer the following crucialadvantages over strain transducers, which have traditionally
been used to measure force: 1. extreme rigidity and therefore high resonance frequency,
2. wide dynamic range -104, 3. large span-to-threshold value -106, 4. natural
resolution into orthogonal components, 4. compactness, 5. wide temperature range -
200C 10 +200C, 6. low cresstalk, and 7. direct measurement of total force, rather than
strain. As seen from the previous references, many of the ideas behind mechanical
impedance simulation, and more specificaly force limiting, were reported in the
literature some thirty years ago. Yet force measurcments were scldom made in vibration
tests until the 1990's, when quartz multi-component force transducers became readily
available, primarily as a resultof their development for other markets.

Judkins and Ranaudo 1987 [ 17] conduct a definitive series of tests quantifying the
degree of overtesting in conventional acrospace vibration tests. Their objective is to
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comparc the damage potential of an acoustic test and a conventional random vibration
test on ashaker. The test item consists 0la three slice mock-up of a RE component
weighing approximately 151b. and containing three simulated circuit boards. In the
acoustic test, the component is mounted on a0.5” thick honeycomb panel with
dimensions of 28.85" by 45.22"" T'he study shows that the shaker resultedin an
overtest factor (ratio of shaker to acoustic test results) of 10 to 100 for’ peak spectral
densiticsanda factor of tenfor Grms’s. They point out that significant savings in
design schedules and component costs will result from reduced vibration test levels
which arc developed by taking into account the compliance of the mounting structure in
the vibration tests of spacecraft components.

Sweitzer 1987 [ 18] develop a very simple method of correcting for mechanical
impedance effects during vibration tests of typical avionics electronic equipment. in
essence, the method isto let the test item have aresonance amplification factor of only
the square mot of Q, rather than Q asit would on a rigid foundation. This is
implemented in the test by notching the input acceleration by the same factor, i.e. the
squareroot of Q. This simple method is attractive because it requires no additional
instrumentation or knowledge of the actual impedance of either the test iteinor the
mounting structure.

Piersol, White, Wilby, Hipol, and Wilby 1988 [ 19] conduct a definitive study
of the causes and rc.medics for vibration overtesting in conjunction with Space Shuttle
Sidewall mounted components. (It was while working as a consultant cm this program
that the author became interested in force limited vibration testing.) They compile an
extensive biography, contained in Appendix A of their Phase 1 Report, of literature
relating to impedance simulation and the vibration overtesting problem. Onc aspect of
their study isto obtain impedance measurements on the shuttle sidewall and correlate
the data with FEEM and seini-empirical models. They propose as aforce limit the
“blocked force”, which is the force that the field mounting structure and excitation
would deliver to arigid, infinite impedance, load. Unfortunately, results show that the
blocked force is still very conservative for most aerospace applications, so (hat the
overtesting problem is notmuch alleviated with this particular choice of alimit. A
further drawback of the blocked force is that it does not take into account the impedance
of the test item, which isrcadily available in a vibration test incorporate ing force
transducers.

Scharton and Kern 1988 [20] propose a dual control vibration test in which both
the interface accelerat ion and force are measured and cent rolled. The y derive an exact
dual control equation which rclates the interface acceleration and force to the free
acceleration and blocked force. The exact relationship is of little practical value because
current vibration test controllers cannot deal with phase, and the exact characteristics of
the mounting structure impedance can not be determined. Alternately, they propose an
approximate relationship, for dual cxtremal control, in which the exact relation is
replaced by extremal control of the interface accelerationto its specification and the
interface force to its specification, as discussed by Murfin.

Scharton, Boatman, and Kern1989 [21] dcscribe a dual controlled vibration test
of acrospace hardware, a camera for the Mars Observer spacecraft, using J~ic~o-electric
force transducers to mecasure and notch the input acccleration in real time. Since the
controller would not allow a scparate specification for limiting the force, it was
necessary to use a shaping filter to convert the force signal into a pscudo-acceleration.
Onc of the lessons learnced from this project was that the weight of the fixture above the
force transducers shouldrepresent a small fraction (less than 10%) of the test item
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weight. Otherwise above approximately the first mode of the testitem, the force signal
will be dominated by the force required to vibrate the dead weight of the fixture.

Smallwood 1989 [22] conducts an analytical study of a vibration test method using
extremal control of acceleration andforce. 1 Ie finds that the method limited the
acceleration input a frequencics where the test itcmresponses tend to be  unrealistically
large, but that the application of the method is not straightforward and requires some
care. He concluded that the revival Of test methods using force is appropriate
considering the advances in testing technology in the last fifteen years, and that the
method reviewed shows real merit and should be investigated further.

Scharton 1990 [23] anal yzes dual controlof vibration testing using a simple two-
degrec-of-freedom system. The study indicates that dual controlled vibration testing
alleviates overtesting, but that the blocked force is not always appropriate for the force
specification. An alternative method is developed for predicting a force limit, based on
random vibration parametric results for a coupled oscillator system described in the
literature.

Smallwood 1990 [24] establishes a procedure to derive anextremal control vibration
test based on acceleration and force which can be applied to a wide variety of test items.
This procedure provides a specific, justifiable way to notch the input based on a force
limit.

Scharton 1993 [25] describes application of force limited vibration testing to nine
JPL. flight hardware projects, onc of which is the complete TOPEX spacecraft tested at
NASA Goddard Space Flight Center. Two of the cases include validation data which
show that the force limited vibration test of the components are still conservative
compared with the input data obtained from vibration tests and acoustic tests at higher’
levels of assembly.

Scharton 1994 [26] describestwo applications of force limiting: the first to the Wide
Field Planetary Camerall for the first f Iubble telescope servicing mission, and the
second to an instrument on the Cassini spacecraft.

Scharton 1995 [27] devises a method of calculating force limits by evaluating the test
item dynamic mass at the coupled system resonance frequencics. Application of the
method to a simple andto a complex coupled oscillator system yields non-dimensional
analytical results which may be usedto calculatelimits for’ future force limited vibration
tests. The analysis for the simple system provides an exact, closed form result for the
peak force of the. coupled system and for the notch depthin the vibration test. For
example, using the simple system results with Q=50 and cqual impedance of the flight
mounting structure and test item, the input acceleration will be notched by a factor’ of
31.25relative to aconventional test. The analysis for the complex system provides
parametric results which contain both the effective modal and residual masses of the test
item and mounting structurc anti is therefore well suited foruse with FEM models.

Scharton and Chang 1997 [28] describe the force limited vibration test of the
Cassini spacccraft conducted in November of 1996. Over a hundred acceleration
responses were monitored in the spacecraft vibration test, butonly t he total axial force
is used in the control loop to notch the inputacceleration. The force limit specified in
the spacecraft vibration test planisusedin the test without any modifications, anti many
of the major equipment items on the spacccraft reached their flight limit load. The force
limit for the complete spacecraft vibration test, as well as the limits for many of the
Cassini instrument vibration tests, are developed using asimple, semi-cnlJ)irica method
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which requires only the acceleration specification and data from alow level pre-test to
determine the apparent mass of the testitem. This semi-empiricalmethod of predicting
force limits is validated for the instrument tests by comparisons with two-degree-of-
freedom analytical models and with interface force data measured at the

instrument/sp acecraft interface in acoustic tests 01 the Cassini spacecraft 1T'M structure.
The instrument force limits derived with the semi-empirical method are generally equal
to or less than those derived with the two-degree-o f-freedom method, butare still
conservative with respect to the interface force data measured inthe acoustic’ test.
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3.0 Structural Impedance

3.1The Vibration Overtesting Problem

I’here arc historically three solutions to the vibration mm-testing problem: 1) “build it like a
brick”, 2) mechanical impedance simulation, and 3) response limiting.

Some acrospace components are still “built like a brick™ and therefore can survive vibration
overtesting and perhaps cvenan iterative test failure, rework, and retesting scenario. In a few
cases, this may even bc the cheapest way to go, but the frequency of such cases is certainly
much less than it used to be. The. two historical methods of aleviating overtesting, impedance
simulation and response limiting, arc both closely relatedto force limiting.

3.1.1 Impedance Simulation

In the 1960's, personnel at NASA’s Marshall Space Ilight Center (MSFEC) developed a
mechanical impedance simulation technique called the “N plus one structure” concept, which
involved incorporating a portion of the mounting structure into the vibration test. A common
example would be the vibration test of an electronic board, mounted ina black box. In
addition, acoustic tests were often conducted with the test items attached to a flight-like
mounting structure. ]n all these approachcs where a portion of the mounting structure, or
simulated mounting structure, is used as the vibration lest fixture, it is preferred that the
acceleration input be specified and monitoredinternall y at the interface bet ween the mounting
structur ¢ and the testitem. 1 f instead, the accelerat ion is specified externall y at the interface
between the shakerand mounting fixture, the impedance simulation benefit is greatly
decreased. (When the input is defined internally, the “N plus one structure” approach is similar
10 the response limiting approach, discussed in the next section.)

A second example of mechanical impedance simulation is the multi-modal vibration test fixture
[J 1] which was designed to have many vibration modes to emulate a large flight mounting
structure. This novel approach was used in one government program, a Mariner spacecraft, but
fell by the wayside along with other mechanical impedance simulation approaches as being too
specialized and too expenstve. in addition, the concept went against the conventional wisdom
of making fixtures asrigid as possible to avoid resonances.

Mechanical 1mpedance simulation approaches arc seldom employed because they require
additional hardware and therefore added cxpense. T'wo exceptions which may find acceptance
in this new low cost environment arc:1) deferring component testing until higher levels of
assembly, c.g. the system test, when more of the mounting structure is automatically present,
and 2) replacement of cquipment random vibration tests with acoustic tests of the equipment
mounted on a flight-like platc, e.g. honeycomb.

3.1.2 Response limiting

Most institutions have in the past resorted to somic form of response limiting as a means of
alleviating vibration overtesting. Response limiting is analogous to force limiting, but generaly
more complicated and dependent on analysis. Response 1 i miting was used for several decades



at JPL but has now been largely replaced by foree limiting. in both response and force limiting,
the approach is to predict the in-flight response (force) atone or more critical locations on the
item to be tested, and then to measure that response (foree) in the vibration test and to reduce,
m notch, the accelerationinputin the test at particular frequencies, so as to keep the measured
responsc (force) equalto or below that limit.

In the case of response limiting, the in-flightresponse is usually predicted with FEMs. This
means that the prediction of response requires an f ‘HiMmodel of the test item and the directly
excited supporting structure and the same modcl is typically used to design and analyze the
loads in the test item. in this case the role of the testas anindependent verification of the design
and analysis is severely compromised. in addition, the modclhasto be very detailed inorder to
predict the in-flight response at critical locations, so the accuracy of the predictions is usually
suspect, particularly at the higher frequencies of random vibration. By contiast, the interface
force between the support structure and test item can be predicted with more confidence, and
depends less or not at all on the M of the test item.

in addition, it is often complicated or impossible to measure the responses at critical locations
on the vibration test item. Somctimes the critical locations arc not accessible, as in the case of
optical and cold components. in the case of large test items, there may bemanyresponse
locations of interest; hundreds of response locations may be measured in a typical spacecraft
test. For this reason, some ingtitutions rely completely on analysis to predict the responsesin
flight andin the test, and then a priort shape the input acceleration for (he test in order to equate
the flight and test responses. Since the uncertainty in the predictions of the resonance
freguencies of the item on the shaker is typicaly 1010 20 %, any notches based on prc-test
analysis must be very wide, and may result inundertesting at frequencics other than at
resonances.

‘J here is one form of response limiting which is conceptually identicalto force limiting, i.e.
limiting the acceleration of the center-of-gravity (CG)or mass centroid of the test item. By
Newton’s second Jaw, the acceleration of the CG is cqualto the external force applied to the
body, divided by the total mass. It is indeed much easier to predict the in night responses of the
test item CG, than the responscs at other locations. The CG response is typicaly predicted with
FEM’s using only a lumped mass to represent the test item. At JPL a semi-empirical curve,
called the mass-acceleration curve is usually developed early in the design process to predict the
CG response of payloads. Also, any method used to predict the in-flight interface force
obviously predicts the CG acceleration as well,

The problem with CG response limiting in the pasthas been that it is difficult or impossible to
measure the acceleration of the CG with accelerometers ina vibration test. Sometimes the CG
is inaccessible, or there 1s no physical structure at the CG location on which to mount an
accelerometer. However, there is a more serious problem. The CG is only fixed relative to the
structure, when the structure is a rigid body. Once resonances and de formations occur, it is
impossible to measure the CG acceleration with an accelerometer. Furthermore attempts to
measure the CGresponse usualy overestimate the CGresponse at resonances, so limiting
based on these mcasurements will resultin an undertest. However, the CG acceleration is
uniquely determined by dividing aninterface force measurement by the total mass of the test
item; this technique is very useful and willbe discussed subsequently inconjunction with
quasi-static design load verification.

3.1.3 Enveloping Tradition

The primary cause of vibration overtesting is associated with the traditional, and necessary,
practice of enveloping acceleration spectra to gencrate avibration test specification. in the past
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the overtesting, or conservatism as some preferred to callit, was typically attributed to the
amount of margin that was usedto envelope the spectraldata or predictions. Now it is

undet stood that the major component 01 overtesting is inherent in the enveloping process itself,
and is not within the control of the person doing the enveloping.

in Figure 1, consider the data taken during the TOPEX spacecraft acoustic test [29]. Each of
the six curves isa measurement ncar the attachment point of a different electronic box to a
honecycomb pancl. The flat trace is the test specification for the random vibration tests
conducted on the clectronic boxes, a ycar or so prior to the spacecraft acoustic test. ideally the
specification would justenvelope the data, and the agreementis pretty goodin the mid-
frequency range from 100 to 5001 Iz. One might rationalize that below 100 Hz, the random
vibration specification is high to account{orlow frequency transients not sitnulatedin the
acoustic test, and above approximately 500 7. the specification is high to accountfor direct
acoustic excitation of the boxes which is not reflected in the attachment foot data. Therefore one
may conclude that the random Vibrationtests of the TOPEX spacecraftelectronic boxes was not
unduly conservative, but (his would be erroncous. Each of the six curvesinkig. 1 has peaks
andvalleys, at different frequencics. The specification dots a good job of enveloping all the
peaks as it should, but what about the valleys. Clearly, the valleys are farbelow the
specification, as illustrated by the dark highlighted curve. The next section, on the dynamic
absorber effect, will show that that the Trequencies associated with the valleys are very special,
in that they represent the resonance frequencics of the boxes with fixed bases, i.e. as they are
mounted in the random vibration tests on the shaker. In other words, the random vibration tests
resulted in anovertest at the box resonances, by the amount that the valleysinFig. t are below
the specification, i.e. typically 10to20dB!

Based on the preceding data, one might argue thatrandom vibration specifications should
envelope the valleys, not the pcaks of the field data. However, this is not possible and would
resultinundertesting off the resonances. The bestapproach, and the onc implemented with
force limiting, is to retain the traditional vibration test specification, which is the envelope of
the peaks, but to notch the input a the resonance frequencics on the shaker to emulate the
valleys in the field environment.

3.1.4 Dynamic Absorber Effect

The dynamic absorber effect[30] may be explained with the assistance of Fig. 2, which shows
asimple vibratory system consisting of two oscillators, connected in serics. The primary
oscillator is directly excited and the secondary oscillator is undamped and excited only by virtue
of its connection to the first oscillator. I'he dynamic absorber effect refersto the fact that the
motion of the mass of the primary, directly excited, oscillator will be zero at the natural
frequency of the secondary oscillator. This statement is true even when the natural frequencics
of the two oscillators are different and even when the mass of the secondary oscillator is much
less than that of the secondary oscillator is small rather than zero, the motion of the primary
mass is small rather thanzero.

To apply the dynamic absorber effect to the acrospace vibration testing problem, assume that
the two oscillator systeminFig. 2 represents a vibrationmode of a flight support structure
coupled to a vibration mode of a vibration test item. For example, the support structure might
be aspacecraft, and the test itcm aninstrument mounted on the spacecraft. Consider the
numerical example illustrated inlig.3, for the case where the two uncoupled oscillator natural
frequencies are identical, the masses are unity, the base acceleration is unity, and the Q is 50.
The ordinates inFig.3 arc FRE magnitudes, andfor convenience the results are discussed in
terms of a sinusoidal input. The abscissa ill Fig. 3 is frequency, normalized by the natural
frequency of anuncoupled oscillator. Fig.3a is the magnitude of the coupled system interface

3-3



1 .0Ce00

LA S o

1 .0C-01

Y

T

B s AR R

R T T

L !llll]‘

1.0g-02

A b

¢t (Should envelope data)

1.01-0)

Acceleration Input to Electronic Boxes (g2/Hz)

1.0 1t-04
20 .00

|/

ke ,
VAT A
°

Frequency (Hz)

2000 oo

FIGU RE 1. Measurements of Random Vibration Acceleration Spectra ontloncycomb Pane]
Near Mounting Feet of Electronic Boxes in TOPEX Spacecraft Acoustic Test

External Force
Base Motion —> Fe ’
AO Interface
l N, — Al N g r—O A2
ww——4 Source T'—-\m Load
— Too! T oooo

wl =(k1/m1)/0.5

Releloloioisisteolsiatviolaiste o 2ste it

FIGURE 2. Simple Two-Dcgree-of-Freedom System (TDES)directly excited oscillator. When

w2 = (k2/m2)70.5

the damping of the secondary oscillator is small rather than zero, the motion of
the primary mass is small rather than zero.

34



force, Fig. 3b is the magnitude of the coupled system interface acceleration, and Fig. 3¢ is the
magnitudc of the load apparent mass.

In Fig.3, notice first that the interface force and interface acceleration both have peaks at the
two coupled system resonance frequencies of 0.62 f, and 1.62 f,. Notice further that the
interface acceleration hasa notch of depth Q™ at the Joad fixed-base resonance frequency f,
where and the load apparent mass has a peak of height Q. This notch in the interface
accelerationis just the dynamic absorber effect. "T'his example illustrates the general dynamic
absorber result, that the frequency spectrum of acceleration at the interface between the
spacecraft and instrument will have notches at the fixed-base rcsonance frequencies of the
instrument.

The example in Fig.3 may also be used to illustrate the overtesting resulting from  enveloping
the interface acceleration, and how force limiting will alleviate this overtesting. in the coupled
system, the interface force peak Of 80 atthe lower resonance frequency Of 0.62 | results from
multiplying the interface acceleration peak of 50 by the load apparent mass value of 1.6. In a
conventional vibration test without force limiting, the corresponding shaker force would be of
2500, which is the interface acceleration envelope of 50 times the load apparent mass peak of
so at the load resonance frequency f,,. With force limiting, the input acceleration would be
notched at the load resonance frequency f to reduce the shaker force by a factor of 2500/80 or
31.25.

3.2 Dual Control of Acceleration and Force

Conventional vibration tests arc conducted by controlling only the acceleration input to the test
item. in theory, if the frequency spectrum of the acceleration input in the test, inducting peaks
and valleys, were identical to that of the interface acceleration in the flight mounting
configuration, and if the boundary conditions for other degrees-of-freedom (rotations, etc.)
were the same as in the flight Configuration, then the interface forces and all the responses
would be the same in the test as in flight. Howcver, thisis scldom the case, primarily because
of the necessity of using a smoothed or an enveloped representat ion of the flight interface
acceleration as the test input, and secondarily because of frequency shifts associated with the
unrealistic restraint of other degrees-of-freedom by the shaker mounting. It has been found that
the dual control of the acceleration and force input from the shaker alleviates the overtesting
problem associated with conventional vibration tests using only acceleration control.

3.2.1 Thevinen and Norton’s Equivalent Circuit Theorems

Consider asource, consisting of a voltage source in series with a source impedance, which is
connected to a load [31]. If we adopt the mechanical analogy in which force is current and
velocity is voltage (Unfortunately, this is the dualof the mechanical analogy used in
mfcrtmec[31 ].), Thevinen’s equivalent circuit theorem may be stated in mechanical terms as:

A=A_-1/M 1)

where A is the source-load interface acceleration, A is the free acceleration (i.e., the
accelerat ion that would exist at the i nterface i f the load were removed), F is the interface force,
and M is the source apparent mass mcasured at the interface. (Apparent n iass is discussed in
the next section.) All the terms in Equation] arc complex and afunction of frequency.
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Using the same clecto-mechanical analogy, consider asource, consisting of a current source in
parallel with a source impedance, connected to aload. Norton’s equivalent circuit theorem
stated in mechanical termsis:

F=k - A M, (2)

where F is the blocked force (i.¢., the force that would be requited at the interface to make the
motion zcro).

Equations (Eq.)1 and 2 may be manipulated to eliminate both | and A yielding the following
relationship between the blocked foree, free acceleration, and the source apparent mass:

F./A=M (3)

3.2.2 Dual Control Equations

Allernately, the source apparent mass M may be eliminated from Eqs. 1 and 2, to yield the
following [20]:

= A/A +HTE, 4
which provides a theoretical basis for dual control of vibration tests.

Equation 4 is cxact but difficultto apply because the terms on the right hand side are complex
and complicated functions of frequency. The phase of the inputs and the impedance are difficult
to determine analytically or experimentally, although some exploratory work on this problem
was conducted some 25 years ago [4,14]. Litte recent work on exact mechanical impedance
simulation is available, and most commercially available vibration test controllers cannot
control phase angle to a  specification.

An alternative, approximate formulation forthe control of vibration tests is provided by the
following extremal Fgs. [7]:

IAVIA] < Tand IMIF ) < 1, (5)

inwhich A_represents the aceeleration specification and I represents the force specification. In
Eq. 5, the free acceleration and blocked force of Fq. 4 are replaced by the corresponding
specifications which envelope the interface acceleration and force in the coupled system. With
extremal control, the shaker current is adjusted in cach narrow frequency band so that the larger
of the two ratios in Eq. 5 is equal to unity. At frequencics other than the test item resonances,
the acceleration specification usually controls the test level,, at the resonances, the base reaction
force increases and the force specification limits the input.

Most vibration controllers have the capability for extremal control, butolder controllers allow
only onc reference specification. To implement dual control in this case, a filter must be used to
scale the shaker force feedback signal to ancquivalent acceleration [ 17].New controllers allow
separate specifications for limit channels, soliq. 2 may be directly implemented. Force limiting
has been used primarily for random vibration tests, but the application to swept sine tests is
also practicaland beneficial.



3.3 Structural Impedance Characterization

3.3.1 Apparent M ass

In this monograph structural impedance will be characterizedas “apparent mass'>, whichis the
preferred name for the frequency response function (FRE)consisting of theratio of reaction
force to prescribed acceleration [32]. (Apparent mass symbols will be underscored in this
monograph todistinguishthem from other mass quantities. ) The force and prescribed
acceleration in the apparent mass usually refer to the same degree-of- freedom. (In the literat ure,
this is often called the “drive point” as distinguished from the “transfer” apparent mass.) The
accelerations at other boundary degrees-of-freedom should be constrained to be zero if one is
dealing with a multiple drive point problem [8], butherein, only asingle drive pointis usually
of interest, and this consideration is ignorcd. The apparentmass is gencrally a complex
quantity, with magnitude and phase, but herein the termapparent mass will often be used in
referring to only the magnitude. The apparent mass can vary greatly with frequency, as one
passes through resonances. Therefore the apparent mass reflects the stiffness and  damping
characteristics of a structure, as well as the mass characteristics.

The closccl form solution for the apparent mass of a rod excited at onc end and frec at the other
endisgiven by [33]:

F(m) tan (mw/2m, ) - i tanh (L2, )

------ = M. (0))== (ip,c/®) (1+i0) R R RRRRE (0)
A(®) 14 tan ()2, ) tanh (tlw/2m, )

where: p,is the mass per unit length, ¢ is the speed of longitudinal waves (EA/ p, )" where E is
Young’s modulus and A is cross-section arca,{ isthe critical damping ratio, and , is the
fundamental frequency me/21. with 1. the rodlength. This result is plotted as the solid line in
Fig. 4 for acritical damping ratio { of 2.5%.

3.3.2 Effective Mass

Another mass-like quantity of great significance in structural analysis and for  impedance
simulation is the “cffective mass’ [ 15,34]. A formal definition of the effective mass, which
encompasses multiple degrees-of-freedom and of {-diagonal terms, as well as equations which
cnable the effective mass to be calculated with NASTRAN, is givenin the next section.

For the beam driven at one end, the apparent mass may also be expressed as a modal expansion
involving the effective modal masses, m,, and the single-degree -of- freedomfrequency
response factors:

(14120
M@@)=M_-XI,m, —— n=123...... (7)
{l(1-(® /o) 1+ 20}
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where the structural form of damping has been assumed, M, is the totalmassp, 1., andm, is
the effective mass of the nthmode which is given by [34]:

m =8 M,/ [7(2n-1)], (8)

where @ is the naturalfrequency of the nth mode whichis equalto (1), (2n -1). Fquation 7 may
be viewedas a definition of the drive point effective mass. Thesum of the effective masses
over all the modes is the totalmass, whichmay be verified by summing the rod cffective
masses, given by liq. 8, overall n [M].

3.3.3 Residual M ass

Another mass quantity closely related to effective massis the “residual mass’, which is defined
as the totalmass minus the effective mass of’ the modes which have natural frequencies below
the cxcitation frequency. Thus the residual mass of the Nthmode is:

MN)=M -X N I )]

n=lto
The residual mass may be interpreted as the fraction of the totalmass which moves with the

input acceleration, like arigid body. A more precise definition of the residual mass concept,

which encompasses multiple degrees-of-freedomand off-diagonal terms, is givenin the next
section.

It follows from the definition of residual rims, and the factthat the sum of the effective masses
is the total mass, that tbc residual mass decreases monotonicall y to zero as frequency increascs.
This is the mechanical analogy off ‘oster’s Theorem for electrical circuits [31]. Herein the
residual mass is generally indicated witha upper case M. The effective modal mass is the
negative change inthe residual mass, at the resonance frequencies.

The effective modal and residual masses of the first five modes of the rod excited longitudinally
arc also shown inFig. 4.

The dashed curve in Fig. 4 is the critically damped apparent mass which may be obtained from
Lq. 6 by setting the critical damping ratio  equalto unity. The critically damped apparent mass
is also called the “skeleton” function in clectrical circuit analyses{31] or aternately the “infinite
system” or “asymptotic” apparent mass.

The name “infinite system” derives from the second method of calculating this function which
is by considering a semi-infinite system, e.g. the first factor on the right-hand-side of Eq. 6
[33]. Notice that the infinite system value of apparentmass of the rod decreases as one over
frequency. This is aso truc for the apparent mass of aplate vibrating in bending.

The name asympotic derives from the third method of calculating this function which is to take
ageometricaverage of the apparent mass FRE over frequency, so that there is equal area above
and below the curve ona log-log plot[35,36]. (observe the cqualarca characteristic of the
critically damped apparent mass in lig. 4.) The asymptotic form of the apparent mass is very
importantto the development herein, because it will be used to represent experimental apparent
mass datamcasurcdeitherintap tests or shaker tests. Notice inFig. 4 thatthe asymptotic
apparent mass is a gencrous envelope of the residual mass. The asymptotic apparent mass,
which must include stiffness as well as mass contributions, is approximately cqualto2'” times
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the residual mass at the natural frequencices in Fig. 4. Herein the asymptotic apparent mass will
be used as an approximation to the residual mass.

3.3.4 FIEM Calculation of Effec ive Mass

Subdividing the displacement vector into untestrained absolute displacements u, and prescribed
absolute displacements, w, the equilibrium Equation'is [15, 34]:

[ 0 Tmy, ] dude [k TRy f,

............. R e G I (10)
[ing, Imy, | du/dt [k k] v o

1
(1 =0U= - oo (- 1, Fore® s AP (11)

where ¢, are normal modes and ¢, are rigid body modes associated with a kinematic set of ur i
yrescribed motions, and Uy, is the generalized modal relative dis ylacement and U, is the
N . I I

gencralized prescribed absolute displacement. Substituting and pre-multiplying by ¢' yiclds:

o ~ oy 1 AUAC o’ Ml 01 Uy F

et R i T N
M' 1M, ] dU/dC [0 10 1, F,
Nt Pl I 3 1

where: M= 04 my, Oy (13)
My = Oy’ My, O, 4 On' My (14)
My, = Lymy T4 Lpmy @+ 0 my b ¢ my 0y (15)
Foo= 1,1, (16)
0, d’U, /A0 = U, = F =0, &) /d = o U,andforU =1
7\_ :_.; =- A._. \ Gv:u, A_‘Nv

where n indicates a single mode. (Note that M ! is in mass units.) M, is sometimes callee the
clastic-rigid coupling or the modal participation factor for the nth mode. If the model 1s
restrained at a single point, the reaction (F) in Eq. 17 1s the SPCFORCE at that point in &
NASTRAN modal analysis.

The initial value of M, is the rigid body mass matrix. 1f a Gaussian decomposition of the total
modal mass in Fq.12 is performed, it subtracts the contribution of cach normal mode, called
the effective mass:

(18)

from the current M,,,", which is he residual mass after excluding the mass associated with the
already processed n modes.



Consider the ratio of the reaction force in aparticular direction p, to the prescribed acceleration

ina particular direction q; the cffective mass, M, ' M, "' M, is the same as the contribu tion of
the nthmode to this ratio, divided by the single-( ¢ glee-ol’-llccclc)t]l frequency response factor.

Please note that the values of the cffcctive mass are independent of the modal normatization.

Generdly the rcaction is desired in the same direction as the excitation and the effective mass
for the common direction is a diagonal of the M ' M, M, 6x6 matrix, and the residual mass
for that clement monatonically decreases as more and more modes are processed. The sum 01
the common-direction effective masses for all modes 1s equal to the total mass, or moment of
inertia for that direction. If there is no common direction, the foregoing is not true. If m,=
m,,=0 the residual mass after processing a complete sc( of modes is a 6x6null matrix.1f m,,
and m,, are notequalto zero, the value of M, after processing acomplete SC 1 of modes is:

m,,-111, ' (I)NMNN"%'I 111,,; which mustbc positive definite.

The highest reaction of a single mode for agiven excitation level may not occur along onc of
the axes used in analysis or test. The highest reaction force (not moment) will occur for
excitation along an axis such that its direction cosines are proportional to the diagonal terms of
the effective mass along the analysis axis. The effective mass along this axis is

M, +M, *+M, ) I M

In nn®

3-12




4.0 For ce Limits

There are virtually no flight data and little system test data on the vibratory forces at mounting
structure and test item interfaces. Currently force limits for vibration tests are therefore derived
using onc of three methods: 1) calculated using two-degree-of freedom or other analytical models
of the coupled source/load system together With mcasured or FEM effective mass data for the
mounting structure and test item, 2) estimated using & semi-empirical method based on system test
data and heuristic arguments, or 3) taken from the quasi-static design criteria which may be based
on coupled loads analysis or asimple mass accelerationcurve. in the first two methods, which are
usually applicable in the random vibration frequency regime, the force specification is based on and
proportional to the conventional acccleration specification. Any conservatism (or error) in the
acceleration specification carries over to (he force specification. in the third method, which is
usually limited to static and low frequency sine-sweep m transient vibration tests, the force limit is
derivedindependent |y from the accelerationspecificat ion.

4.1 Coupled System Methods

The basic approach to calculating force limits with a coupled system model involves four steps:

1. Development of a parametric model of the coupled source and load system
which might be an FEM or a multiple degrec-of-free dom modalmodel,

2. Identificat ion of the model parameters using measured apparent mass or FEM
modal frequency and effective mass information,

3.Solution of the coupled system problemto obtain the ratio of the force frequency
envelope to the acceleration envelope atthe source/load interface, and

4. Multiplication of the ratio of envelopes by the acceleration specification to obtain
an analogous force specificat ion.

in the following two sections, this basic method of calculating force limits using a coupled
source/load model is i mplemented for t wo specific cases where the coupled model is a simple and a
complex two-degrec-of-frecdomsystem (TIN S).

For both the flight configuration with a coupled source and load and the vibration test configuration
with an isolated load, the interface force spectral density S,, isrelated to the interface acceleration
spectral density S,, as [27]:

Sy (®) = IM()PS,, (m). (19)

The load apparent mass M, is a frequency response function (FRE) which includes mass,
damping, and stiffness effccts. The frequency dependence is shown Explicitly ill Eq.19to
emphasize that the relation between force and acceleration applies at each frequency.

It can be shown [37] that, for white noise base motion or external force excitation of the coupled
system in Fig. 2, the interface acceleration and force spectral densities both peak at the same
frequencies, i.e. the coupled system natural frequencies. The load apparent mass, evaluated at onc
of these natural frequencies, may be interpreted as the ratio of the force spectral peak to the
acceleration spectral peak at that natural frequency.
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Both the simple and the complex TDEHS methods are derive.d by multiplying the conventional
acceleration specification, whichis assumedto properly envelope the acceleration spectral peaks,
by the load apparent mass, evaluated at the coupled system resonance frequencies. A central point
of this approach is that the load apparent mass must be evaluated at the coupled system, or shifted,
resonance frequencics. The values Of the load apparentmass at the coupled system resonance
frequencies are considerably less than the peak value at the load uncoupled resonance frequency.

Fig. 3illustrates the application of 1q.1910 the simple, TDES model shownintig. 2 when the
oscillates arc identical. Fig. 3a is the magnitude of the coupled system interface force, which is
cqual to the product of the load apparenit mass inFig. 3¢ and the interface «xccelerationin Fig. 3b.

4.1.1 Simple TDFS Method

The force hmit is here calculated for the simple, non-identical TDES inFig. 2 with differentmasses
of the source and the load oscillates [27]. For this TDES, the maximum response of the load and
therefore the maximum interface force occur when the uncoupled resonance frequency of the load
equals that of the source [38]. For this case, the characte ristic equation is that of a classical
dynamic absorber|30]:

(/o) = 14(m,/m,)/2 & [(m,/m,)+(m,/m,)/4)]" * (20)

The ratio of the interface force1o acceleration spectial densities, calculated as inliq.19 fromthe
magnitude squarcdof theload apparentmass, is:

8 M8 oy M) = [ 100, 7QT [{[ 1-(ovo, )1 +Ho/w) Q. ) (21)

‘1 he forcespectral densit y, normali zed by the load mass squared and by the acceleration spect ral
density, at the two coupled system resonances is obtained by combining Eqs. 20 and 21. For this
TDES the normalized force is just slightly larger at the lower resonance frequency of Fq. 20. The
maximum normalized force spectral density, obtained by evaluating Eq. 21 at the lower resonance
frequency from Eq. 20, is plotted against the ratio of load to source mass for three values of Q,1n
Fig. 5.

InFig. S, forvery small ((0.0001) valucsof the ratio of load to source mass, the load has little
cffecton the source, and the maximum normalized force approaches Qsquared.lor larger ratios of
the masses, the maximum force is smaller because of the vibration absorber effect at the load
resonance frequency. For equal load and source masses, the maximum normalized force in Fig. 5
is 2.50 01‘(1.6)2,asin the numerical example of Fig. 3.

Use of Fig. 5 to define force specifications requires that the oscillator masses inFig. 2 be deduced
from the propertics of the distributed source and Joad systems. Clearly the oscillator masses must
vary with frequency,and it has proven convenientto define them, as well as the resulting force
specifications, 1N one-third octave bands. One might think thatthe oscillator masses should be
identified with theresonantmodalor effective masses of the distributed system. I low’ever, this
choice results in no force at frequencics where the system lacks resonances. A more conservative
approach is 10 identify the oscillator masses inl‘ig. 5 with the residual masses of tbe distributed
systems.
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FIGURE 5. Random Vibration Force Specification Calculated From Simple TDFS

Defining the oscillator masses as residual masses instead of as modal masses, over estimates both
the load and source masses which over estimates the interface forces calculated using Fig. 5. This
approach is conservative for testing, but it is not very conceptually satisfying. The Fig. 2 model,
with only one mass for the source and another for the load, is basically deficient in that it can not
represent the force contributions of both resonant and non-resonant structural modes. This leads to
the consideration of a more complex TIDFS model, which for some configurations predicts even
higher force limits than the simple TDFS model.

4.1.2 Complex TDF¥S Method

Here the force limit is calculated for a more complex TDFS model in which the source and load
each have two masses to represent both the residual and modal masses of a continuous system
[27]. As in the case of the simple TDFES, it is assumed that the acceleration specification correctly
envelopes the higher of the two acceleration peaks of the coupled source and load system.
However, for the more complex TDFS, the calculation of the force limit requires evaluating the
relative sizes of the accelerat ion peaks at the two coupled system resonance frequencies (i.e.
determining the mode shapes of the coupled system), which requires some specific assumptions
about how the system is excited. Calculation of the force limit for this system also necessitates a
tuning analysis, in which the maximum force is calculated for different ratios of the load and
source uncoupled resonance frequencies. The complexity of the model requires that the results be
presented in tabular form for different ratios of modal to residual mass, for both the source and the
load.



Fig. 6a shows a model of asource or aload in which each mode may be represented as a collection
of single-degree-of-freedom systems attached in parallel to a common interface. (This type of
model is sometimes called an “asparagus patch” model [34].) The masses of the single-[icgmc-of
freedom systems in this parallel oscillator model are defined by the effective masses of the modes
of the distributed system.

When this parallel oscillator modelis excited at the interface with a frequency near the resonance

frequency o, of the nth mode, the model may be simplified to that in Fig. 6b, where m, is the
modal mass of the nth mode and M, is the residual mass, i.e. the sum of the masses of all modes
with resonance frequencies above the excitation frequency. Finally, Fig. 6¢ shows a coupled
system with a residual anti modal mass model of both the source and the load. The ratio of modal

to residual mass is o;=m,/M, for the source and a,=m,/M, for the load; the ratio of load and
source uncoupled resonance frequencies is Q=m,/m,; and the ratio of load and source residual
masses is i1=M,/M,.

The undamped resonance frequencies of the coupled system in Fig. 6¢ are solutions of

(1-BH(1-B,+ o, (1-B,%) + p(1-B,)(1-8,)+pa,(1-8,%) = 0, (22)

0.5

with B =0/®, B,=0/0,, »,=(k,/m)"*, and ®,=(k,/m,)"".

Using Q to eliminate §,, the two undamped resonance frequencies of the coupled system ate found
fron-the quadratic equation solution:”

B, = -B/2 £ (B*-4C)*7 2, (23)
where:
B = -[(1+p+00 Y/ +(1+ppa) V() and C = (14+p4or 100/ [ (1-+HDQ7].

The interface force spectral density, normalized by the acceleration spectral density and the load
residual mass squared, calculated as in Eq. 19 from the magnitude squared of the load dynamic
mass, is:

IMLI/M,? = { [(1-13,)+0, 1+ 8,2(1+0,)/Q, M [(1-13,°)"+8,7/Q.%) . (24)

Combining Eqgs. 23 and 24, yields the normalized force spectral density at each of the two coupled
system resonance fl‘CquCIlCiCS.

The desired Iesult is the ratio of the larger of the two force spectral density peaks to the larger of
the two acceleration spectral density peaks, the former being the desired force limit anti the latter
corresponding to the acceleration specification. Ulnfortunately, the peak acceleration and peak force
do not necessarily occur at the same frequency, e.g. the peak acceleration may be at the higher of
the two coupled system resonance frequencies while the peak force is at the lower of the two
frequencies. This, in fact, occurs when the uncoupled resonance frequencies of the load and source
are approximately equal, that isfor €2 near unity.
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To obtain the desired result, it is necessary to calculate the ratio of the two acceleration spectral
density peaks of the coupled system, and this ratio depends on now thesystem is excited. 1 lerein,
it is assured thatthemodalmass of the source is excited by an external force witha flatspectral
density over the frequency band including the two resonance frequencies of the coupled system.
(Twoother excitation possibilitics would be that the spectrum of the free acceleration or the
blocked force of the residual mass of the source is constant with frequency ) The flat external force
acting on the source modal mass is chosen, because itis thought to be the most typicaland because
it yields the highest force limits when the load and source masses are comparable.

For any excitation of the source system, the magnitude squared of the ratio of interface acceleration
A tothe free acceleration A, of the residual mass of the source is:

IAJA, L = IM /(M + M), (25)

(Note that the evaluation of Fq. 25 requires the complete complex forms of M,and M, which are
not given explicitly hercin.) For the chosen formof excitation, an external force H_acting onthe
source modal mass m,, the magnitude squared of the frec acceleration A | is:

IA,J(Emp)E = B24R,7Q,7) /A6 7o )- 11 +8,°(0+1/0)1Q,7) . (26)

The fyec acceleration is eliminated betweenkigs. 25 and 26, and the interface aceeleration at the two
coupled system resonances is determined using £2to climinate 8, and substituting R, from Eq. 23.
Assuming that the external force spectrum is the same at the lower and upper resonance frequencics
of the coupled system, yields the ratio of the interface acceleration spectral density peaks at these
two frequencies.

The dynamic massinliq. 24 is scaled by multiplying the dynamic mass at the iesonance frequency
corresponding to the smaller acceleration peak by the ratio of the smaller to the larger acceleration
peak and by multiplying the dynamic mass at the other frequency by unity. Finally, the larger of
the two thus scaled dynamic masses is used as the ratio of the greater force spectral density peakto
the grealer acceleration spectral density peak.

The final step in the derivation of the force limit is to vary the ratio, £ = ®,/®,, of the uncoupled
resonance frequencies of theload to the sourceto insure thatthe maximum value of the interface
force is found for all mass, stiffness, and damping combinations for the systemin Fig. 6¢c. A
tuning analysis is conducted in which the value of the frequency ratio £2 squared is varied by
1/16ths from 8/16ths to 32/1 Gths, which corresponds to 3% increments in the frequency ratio. The
maximum tuned values of the force spectral density, normalized by the load residual mass squared
and the maximum value of the acceleration spectral density (which is equivalent to the acceleration
specification) are listedinTables1, 2, and 3 for the amplification factors Q, and Q, bothequalto
50, 20, and 5, respectively [37]. (Rcsuhs for other Qs may be computed from ligs. 22-26, if
deemed necessary.)

The normalized force spectral density inTables 1-3 is unity when o, = () (see Fq. 24) and should
be interpolated for 0.125< o, < 0. It is suggested that the force spectral density for ¢, < 0.25, be

taken as the value at o, = 0.25. (Small «,’s correspond to local source modes, which may not be
relevant tothe interface environment. Also, the interface force for no source modal mass is

different than the asymptotic value for ¢, = O, which corresponds to a very siall mass moving al
very large amplitude.)

4-6



Table 1. Force Limit §pectrum for Complex TDFS with Q=50
(Normalized By L oad R esidual Mass Squared and Acceleration Spectrum)

Ratio of modal

Residual mass ratio, M2/M 1

to residual mass 0.001 0.003 0.01 0.03 0.1 0.3 | 3 10
mi/Mi1, m2/M2 _ _
8.0, 8.0 949 950 954 966 1021 1206 1268 17261 1265
8.0, 4.0 237’ 237 238 239 244 260 299 270 253
8.0, 2.0 59 59 59 59 60 61 69 73 69
8.0, 1.0 15 15 15 15 15 15 17 23 22
8.0, 0.5 4 4 4 4 4 4 4 7 6
8.0, 0.25 1 1 1 1 1 1 1 2 5
8.0, 0.125 1 1 1 1 1 1 1 1 3
8.0, 0.0 1 1 j 1 1 1 1 1 1
4.0, 8.0 884 880 870 860 916 1058 1086 1134 1255
4.0, 4.0 221 221 220 219 223 253 257 253 255
4.0, 2.0 55 55 55 56 57 62 73 69 67
4.0, 1.0 14 14 14 14 15 16 22 23 22
4.0, 0.5 3 3 3 4 4 4 6 10 10
4.0, 0.25 1 1 1 1 1 1 2 5 5
4.0, 0.125 1 1 1 1 1 1 1 3 3
4.0, 0.0 1 1 ] 1 1 1 1 1 1
2.0, 8.0 1640 1521 1286 1075 1003 965 996 1119 1234
2.0, 4.0 420 404 364 311 275 261 240 241 257
2.0, 2.0 106 105 99 90 80 82 70 66 63
2.0, 1.0 27 27 26 25 24 26 25 23 22
2.0, 0.5 7 7 7 7 7 9 11 10 10
2.0, 0.25 2 2 2 2 2 3 6 5 6
2.0, 0.125 1 1 1 1 1 1 3 3 4
2.0, 0.0 1 1 1 1 1 1 1 1 1
1.0, 8.0 16554 6508 2921 1510 976 909 998 1114 1212
1.0, 4.0 7333 2965 1200 583 336 249 235 240 252
1.0, 2.0 3080 1345 502 248 128 84 71 67 64
1.0, 1.0 1189 59 229 112 53 34 26 23 24
1.0, 0.5 415 245 106 51 26 16 12 11 11
1.0, 0.25 132 94 48 23 13 9 6 6 6
1.0, 0.125 39 33 21 11 7 S 4 4 4
1.0, 00 1 1 i 1 1 1 1 1 1
0.5, 8.0 24199 9798 3726 1761 1046 887 994 1112 1202
05, 4.0 10238 4417 1672 738 368 249 229 242 248
0.5, 20 4046 1927 747 319 143 89 72 65 65
0.5, 1.0 1454 804 335 142 62 40 27 25 23
0.5, 0.5 472 311 148 66 30 18 13 1? 10
0.5, 0.25 141 110 53 31 15 9 8 7 7
0.5, 0.125 40 36 26 15 8 5 4 5 5
0.5, 0.0 1 1 j 1 1 1 1 1 1
0.25, 8.0 33910 13269 4455 1996 1026 839 955 1111 1196
0.25, 4.0 14189 6185 2155 885 393 251 227 244 247
0.25, 2.0 5342 2736 1043 405 182 96 71 66 66
0.25, 1.0 1764 1111 492 205 80 45 28 23 22
0.25, 0.5 529 396 219 104 45 23 15 1? 11
0.25, 0.25 149 128 85 47 22 12 8 8 7
0.25, 0.125 a1 39 31 20 11 6 5 5 5
0.25. 0.0 1 1 1 1 1 1 1 1 1
0.125, 8.0 48146 18637 6361 2411 1072 855 936 1111 1194
0.125, 4.0 19122 8823 2885 1174 411 268 230 244 246
0.125, 2.0 6642 3788 1454 508 193 106 74 67 66
0.125, 1.0 2045 1434 684 271 105 48 30 24 22
0.125, 0. 574 477 291 139 52 27 14 13 11
0.125, 0.25 155 142 110 66 31 15 9 7 7
0.125, 0.125 41 41 36 27 16 10 6 5 5
0.125, 00 1 1 1 1 1 1 i 1 1
0.0, 8.0 134767 66196 13561 2836 1136 874 917 1110 1191
0.0, 4.0 37885 2?8769 8669 1827 464 258 233 245 245
0.0, 2.0 9820 8998 5015 1203 276 110 69 68 66
0.0, 1.0 2484 2419 1962 823 187 54 30 25 22
0.0, 0.5 625 619 580 407 111 35 17 12 11
0.0, 0.25 157 157 154 136 69 25 10 8 7
0.0, 0.125 40 40 40 38 30 14 9 5 4
0.0. 0.0 1 1 1 1 1 1 1 1 1
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Table 2. Force Limit Spectrum for Complex TDFS with Q=20
(NormalizedBv Load Residual Mass Squared and Acceleration Spectrum)

Ratio of modal

Residual mass ratio , M2/M1

to residual mass 0.001 0.003 0.01 0.03 0.1 0.3 1 3 10
8.0, 8.0 932 933 936 948 1001 1180 1240 1234 1238
8.0, 4.0 233 7233 233 235 239 256 294 7265 250
8.0, 2.0 58 58 58 58 59 60 68 73 68
8.0, 1.0 15 15 15 15 15 15 17 23 22
8.0, 0.5 4 4 4 4 4 4 4 7 6
8.0, 0.25 1 1 1 1 1 1 1 2 5
8.0, 0.125 1 1 1 1 1 1 1 1 3
8.0, 0.0 1 1 1 1 1 1 1 1 1
4.0, 8.0 871 867 858 849 904 1042 1067 1110 1229
4.0, 4.0 218 218 217 216 220 250 254 250 252
4.0, 2.0 55 55 55 55 56 61 72 68 67
4.0, 1.0 14 14 14 14 14 16 21 23 22
4.0, 0.5 3 3 4 4 4 4 6 10 10
4.0, 0.25 1 1 1 1 1 1 2 5 5
4.0, 0.125 1 1 1 1 1 1 1 3 3
4.0, 0.0 1 1 1 1 1 1 1 1 1
2.0, 8.0 1586 1478 1260 1061 990 946 9g2 1099 1201
2.0, 4.0 406 391 355 305 272 259 238 236 254
2.0, 2.0 103 101 97 88 79 82 70 65 62
2.0, 1.0 26 26 26 25 24 25 25 23 22
2.0, 0.5 7 7 7 7 7 9 10 10 10
2.0, 0.25 2 2 2 2 2 3 5 5 6
2.0, 0.125 1 1 1 1 1 3 3 4
2.0, 0.0 1 1 1 1 1 1 1 1 1
1.0, 8.0 11041 5731 2714 1486 967 901 984 1095 1181
1.0, 4.0 3869 2206 1105 567 332 247 233 238 248
1.0, 2.0 1228 826 432 226 125 63 71 66 64
1.0, 1.0 359 283 166 100 50 34 26 23 23
1.0, 0.5 100 89 63 42 24 15 12 11 11
1.0, 0.25 28 27 23 17 11 8 6 6 6
1.0, 0.125 8 8 8 7 5 5 4 4 4
1.0, 0.0 1 1 1 1 1 1 1 1
0.5, 8.0 13889 7720 3501 1726 1023 880 974 1093 1171
0.5. 4.0 4516 2895 1417 695 357 247 225 240 244
0.5; 2.0 1346 1003 561 283 136 89 70 64 65
0.5, 1.0 377 319 211 117 59 39 27 24 22
0.5, 0.5 102 95 74 48 27 17 12 11 10
0.5, 0.25 28 27 25 19 13 8 7 6 6
0.5, 0,125 8 8 8 8 6 5 4 4 4
0.5, 0.0 1 1 1 1 1 1 1 1 1
0.25, 8.0 17378 9978 4092 1944 1017 833 936 1092 1166
0.25, 4.0 5194 3725 1805 812 380 249 225 241 242
0.25, 2.0 1455 1205 741 359 173 93 71 66 65
0.25, 1.0 391 354 269 160 74 43 28 23 22
0.25, 0.5 103 99 86 63 38 22 14 12 11
0.25, 0.25 28 28 27 23 16 10 8 7 7

0.25, 0.125 8 8 8 8 7 5 5 4 4
0.25, 0.0 1 1 1 1 1 1 1 1 1
0.125, 8.0 19966 12425 5389 2331 1048 849 918 1092 1163
0.125, 4.0 5748 4417 2241 1080 400 266 228 242 241
0.125, 2.0 1533 1368 901 429 184 102 72 66 65
0.125, 1.0 400 380 312 192 91 45 29 24 22
0.125, 0.5 104 102 95 75 42 24 14 12 11
0.125, 0.25 27 28 27 26 20 13 8 7 6

0.125, 0.125 8 8 8 8 8 7 5 4 4
0.125, 0.0 1 1 1 1 1 1 1 1
0.0, 8.0 25114 21284 0111 2700 125 867 900 1091 1161
0.0, 4.0 6394 6108 4156 1560 454 256 231 240 240
0.0, 2.0 1608 1590 1409 757 257 109 68 67 66
0.0, 1.0 404 403 390 310 148 52 30 25 22
0.0, 0.5 102 102 101 95 60 30 16 12 11
0.0, 0.25 27 27 27 26 22 17 9 7 6
0.0, 0.125 8 8 8 7 7 6 6 5 4
0.0, 0.0 1 1 1 1 1 1 1 1 1
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Table 3. Force Limit Spectrum for Complex TDFS with Q=5

(Normalized By Load Residual Mass Squared and Acceleration Spectrum)
Ratio of modal Residual mass ratio M2/Mt
to residual mass 0.001 0.003 0.01 0.03 0.1 0.3 1 3 10
ml/MI, m2/M2
8.0, 8.0 702 703 706 715 752 866 865 876 873
8.0, 4.0 177 178 178 179 183 197 221 212 205
8.0, 2.0 46 46 46 46 46 48 56 58 55
8.0, 1.0 12 12 12 12 12 13 14 19 18
8.0, 0.5 4 4 4 4 4 4 4 6 5
8.0, 0.25 1 1 1 1 1 1 1 2 4
8.0, 0.125 1 1 1 1 1 1 1 1 2
8.0, 0.0 1 1 1 1 1 1 1 1 1
4.0, 8.0 687 687 685 689 739 803 827 838 841
4.0, 4.0 174 174 174 175 182 207 205 203 198
4.0, 2.0 45 45 45 45 47 52 59 55 53
4.0, 1.0 12 12 12 12 13 14 19 19 18
4.0, 0.5 3 3 3 4 4 4 6 7 7
4.0, 0.25 1 1 1 1 1 1 2 4 4
4.0, 0.125 1 1 1 1 1 1 1 2 2
4.0, 0.0 1 1 1 1 1 1 1 1 1
2.0, 8.0 1006 983 927 860 808 758 786 839 826
2.0, 4.0 256 254 247 235 228 209 197 198 192
2.0, 2.0 66 66 65 64 64 64 57 56 56
2.0, 1.0 18 18 18 18 19 21 20 19 19
2.0, 0.5 5 5 5 5 6 7 8 8 8
2.0, 0.25 2 2 2 2 2 3 4 4 4
2.0, 0.125 1 1 1 1 1 1 2 2 2
2.0, 0.0 1 1 1 1 1 1 1 1 1
1.0, 8.0 1700 1618 1389 1048 787 721 758 835 826
1.0, 4.0 434 430 397 324 244 202 191 196 193
1,0, 2.0 113 113 111 102 80 66 58 55 54
1.0, 1.0 30 31 31 31 28 24 20 20 19
1,0, 0.5 9 9 10 10 10 9 8 8 8
1.0, 0.25 3 3 4 4 4 4 4 4 4
1.0, 0.125 2 2 ? 2 2 2 2 2 2
1.0, 0.0 1 1 1 1 1 1 1 1 1
0.5, 8.0 1703 1655 1456 1147 831 705 738 821 826
0.5, 4.0 433 432 409 350 263 205 193 190 193
0.5, 2.0 112 113 112 104 85 67 59 55 53
0.5, 1.0 31 31 31 31 28 25 20 19 19
0.5, 0.5 10 10 10 10 10 9 9 8 8
0.5, 0.25 4 4 4 4 4 4 4 4 4
0.5, 0.125 2 2 2 2 2 2 2 2 2
0.5, 0.0 1 1 1 1 1 1 1 1 1
0.25, 8.0 1698 1655 1523 1181 828 730 742 814 826
0.25, 4.0 434 431 414 376 280 209 192 187 194
0.25, 2.0 112 113 112 107 94 73 57 54 53
0.25, 1.0 31 31 31 31 29 26 21 20 19
0.25, 0.5 10 10 10 10 10 9 9 8 8
0.25, 0.25 4 4 4 4 4 4 4 4 4
0.25, 0.125 2 2 2 2 2 2 2 ? 2
0.25, 0.0 1 1 1 1 1 1 1 1 1
0.125, 8.0 1705 1692 1638 1291 869 713 743 810 826
0.125, 4.0 433 433 429 385 292 211 188 187 194
0.125, 2.0 112 112 113 112 97 74 59 53 53
0.125, 1.0 31 31 31 31 31 27 22 19 19
0.125, 0.5 10 10 10 10 10 10 9 8 8
0.1?5, 0.25 4 4 4 4 4 4 4 4 4
0.125, 0.125 2 2 2 2 2 2 2 2 2
0.125, 0.0 1 1 1 1 1 1 1 1 1
0.0, 8.0 1681 1681 1655 1435 862 692 745 807 826
0.0, 4.0 425 425 425 424 310 215 184 187 194
0.0. 2.0 111 111 111 111 100 74 61 54 52
0.0; 1.0 31 31 31 31 31 29 22 19 19
0.0, 0.5 10 10 10 10 10 10 9 9 8
0.0, 0.25 4 4 4 4 4 4 4 4 4
0.0, 0.125 2 2 2 2 2 2 2 2 2
0.0, 0.0 1 1 1 1 1 1 1 1 1
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T'o use the force limits in Tables 1-3, both the residual and modal masses of the source andload
must be known as a functionof frequency, cither from a test, froman FEEM, or fiom both. 1 ‘M
analyses provide both the modal and residual effective masses (see Section 3.3.4 ). 1 f shaker or tap
tests arc used to measure the effective masses, the smoothed FRE of the magnitude of the ratio of
force to acceleration should be taken as the effective residualmass.as discussed in Section 3.3.3.

4.2 Semi-empirical Method of Predicting Force limits

4.2.1 Rationale

The semi-empirical approach to deriving force limits is based on the extrapolation of interface force
data for similar mounting structure and test items. The following form of semi-empirical force limit
fOr sine Or transient tests was proposedin 1964 [3]:

Fo=C M A, (27)

where F, is the amplitude of the force limit, C is a frequency dependent constant which depends on
the configuration, M, is the total mass of the load (test item), and A, is the amplitude of the
acceleration specification. The form of 1 iq. 27 appropriate for random vibration tests is:

N "2 2 @
Spy=C M7 Sy, (28)
where S, is the force spectral density and S, the acceleration spectral density.

in [3], it is claimed that C seldom exceeds 1.4 incoupled systems of practical interest, because of
the vibration absorber effect. From the preceding analysis of TDES’s, it is apparent that this claim
implics something about the ratio of tbc load andsource effective masses o1 the coupledsystem.
For the simple TDFES shown inFig. 2, the ordinate of Fig. 5 may be interpreted as C™ in Eq. 28.
Thus a value Of C Of 1.4 corresponds to anordinate value Of 1.96 and all abscissa value,the ratio
of load to source mass (M,/M, ), of 1.5. Although the load and source effective masses are often
comparable in aerospace structures, suchis notalways the case, andthe usc of Eqs. 27 or 28 with
C = 1.4 might resultinundertesting for lightweight loads mounted on heavy structure.

A refinement of Eq.28 follows from inspection of liq.19, which is Newton’ssecond law for
random vibration. If onc takes the envelope of both sides of Eq. 19, the left-hand-side is tbc
cnvelope of the interface force spectrum, whichisthe soLlgllt-after force limit. On the right-hand-
stde results the envelope of the product of the load apparent mass and the interface acceleration
spectrum. This product may be approximated as the frequenc y average (the aforementioned
asymptote) of the magnitudesquared of the load apparentmass, times the envelope of the interface
acceleration spectrum. This refinement of the semi-empirical approach was the subject of several
important papersinthe 1970's [ 10,13 & 14]. 1 lercin, it will be assumed that the asymptote of the
magnitude of tbe load apparent mass is cqual to the total mass below the first resonance, and then
falls off as one over frequency at frequencies above the first resonance, as is the case for the rod
example in Fig. 4 and for a platc excited in bending. (3 lowever, the asymptotic mass of a bcam
excited in bending, falls off as onc over the square root of frequency. ) Assuming a onc-over-
frequency fail-off of the asymptotic load mass, lcadsto the following modification of Eq. 28,
applicable to random vibration testing:
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Some judgment and reference to test datafor similar configurations must be considered to choose
the value Of Candthe exponent of (I/f ). 29. Hereinwre considered force datameasured at the
interface bctween three equipment items and the Cassing spacecraft 1 evelopment Test Model
(1YI'M) during acoustic tests.

4.2.2 Validation

Figure 7 shows a schematic of the Cassini spacecraft which will be launche d in October 1997 to
arrive at Saturn in 2004. Figure 8 shows the IDI'M spacecraft configured for one of several acoustic
tests in the JPL reverberant acoustic chamber [39]. The three equipmentitems which were
instrumented with tri-axial force transducers b etween their mounting structure and the spacecraft
ring-stringe r structures are: a dynamic model of a Radioisoto pe Thermocelectric Generator (RT°G)
three of which provide the spacecraft electrical power, the engineering model Radio Plasma Wave
Subsystem (RPWS), and the flight Propulsion Module Subsystem Electronic Assembly (PMSEA).
The RTG weighted approximately 120 1b. and was cantilevered outward from a mounting bracket
attached at four points to the spacecraft lower equipment module. The RPWS weighed
approximately 65 ib. and was attached with threetrussestothe spacecraft upper cquipment
module. The PMSEA is a large electronic box which also weighed approximately 65 Ib. and was
mounted at four corners to the propulsion module.

Figure 9 shows the spectra of the total vibration force acting in three directions at the
PMSEA/spacecraft interface during the IDTM protoflight level acoustic test. Tigure 10 shows the
acceleration spectra measured at the PMSE A/spacecraftinterface in the acoustic test. Figure | 1
shows the flight PMSEA mounted on a shaker for a vertical vibration te st. Figure 12 shows the
magnitude (reduced by4) of the PMSEA apparentmass measuredina preliminary 10 W’-1CVC1

(0.25 G) sine sweep vertical axis vibration test. Notice that the fundamental resonance of the
PMSEA in the shaker vertical test is at approximately 4001 17, whereas the fundamental (radial)
resonance of the PMSEA mounted on the spacecralt DTM (Fig. 9) is approximately 100 Hz. This
di sparity between the fundamental resonance frequencics on the flight structure and on the shaker
is typical, and it should discourage anyonc from thinking that the shaker test is a close replica of
the ficld environment. The goal of force controlis simply to [imit the maximun force on the
shaker, tothatestimated for flight, and it must be recognized that the frequencies at which this
maximum force is exhibited will be different in the two configurations.

Also shown in Fig. 9 are the semi-empirical vertical force specification calculated from Fq. 29 and
the force limit used in the vertical vibration test. In the case Of the PMSEA, the vibratio n test force
specification was based on an envelope of the DTM acoustic test measuremen ts. (It is very unusual
tohave system acoustic test data available before the instrument vibration test.) The semi-empirical
force specification is based on the acceleration spectrum in Fig. 10 and a value of C of unity.
Because the acceleration specification in Fig. 10 drops at 250 Hz, the semi-emipirical force limit is
about 7 dB less than the vibration test force limit at 400 Hz. The semi-empiricai force limitis a
rcasonable envelope of the acoustic test force data, particularly inthe mid-frequency range where
structure-borne random vibration is the dominant source. It should be noted that the acoustic test
data as well as the semi-empirical force limit, which is proportional to the acceleration
specification, have a4 dBmarginover the predicted fright environment. Fig.13 shows the



notching, approximately 10 dB, that resulted inthe PMSEA verticalrandom vibration test, when
the shaker force was limited to the vibration testspecificationinbig. 9.

Figure 14 compares the semi-cmpirical and vibration test vertical force specifications for the
Cassini RPWS instrument with the interface force data measuredin the IDXTM acoustic test. Both
force specifications envelope the interlace force data peaks at approximately 451 17in the radial
dircction and at 05 Hz in the lateral directions. Figurc i 5 shows the interface acceleration data
measuredat the RPWS/DTM interface. One of the lateral acceleration measurements greatly
exceeds the specification. Figure 16 shows the RPWS configured for a lateral vibration test. Figure
17 shows the magnitude (reduced by 4) of the RPWS apparent mass mcasuredina preliminary
low-level (0.25 G) sine sweep vertical axis vibration test. Notice that the fundamental resonance of
the RPWS in the shaker vertical test is at approximately 250 f 1z, whereas the fundamental (radial)
resonance of the RPWS mounted on the spacecraft DTM (Fig. 14) is approximately 45 Hz. This
discrepancy explains why the semi-empirical force specification docs notroll off until the first
resonance frequency on the shakerand why the force specifications in Fig. 14 must greatly exceed
the IDTM datain the high frequencyregime.Figurel8 shows the notching that resulted in the full-
level vertical random vibration test of the RPWS, when the test force specification in Fig. 15 was
utilized.

Figures 19 and 20 show the Cassini RTG interface forces and accelerations measured at the
RTG/DTM interface. The acceleration test specification inkig. 20 is a very accurate envelope of the
DTM acoustic test data. The first resonance in the radial direction on the spacecraft DTM s at
approximately 220 Hz. (The radial direction on the spacecraft is along the RTG axis. ) The semi -
empirical force limit inFig.19 is fiat to 750 Hzbecause the first RTG resonance in the vertical
vibration test shown inFig.21 was at approximately 750 Hz. The RTG’s were inherited hardware
which had been previously qualified to an existing test specification. The force specification in Fig.
19 was uscd to justify the extension of the previous qualification testing to the Cassini program.
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FIGURLE 7. Cassini Spacecraft Schematic (Showing subject "M SEA, RPWS, and RTG’s)
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FIGURE 11. CassiniPMSEA in Vertica Vibration Test
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FIGURE 16. Cassini RPWSIn 1 .ateral Vibration Test
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FIGURT 21. Cassini RTG In Vertical Vibration Test

4.3 Design l.oad Verification

In the low frequency regime of sine and transient vibration testing, the designloads may often be
utilized for force limiting. In fact, the objective of low frequency vibration testing is usually 1o
verify that the structure willsurvive the loads to w-hich it was designed. With the advent of
vibration force mecasurementand limiting, itis costeffective insome cases to use low frequency
vibration testing to replace the traditional stati ¢ testing. In many programs, the structural design
verification is accomplished by analy sis, using higher design marging than would be used for a
structure which will be verified by test. Usc of alow frequency vibration testfor design
verification will reduce the costs of analys is and enable the structure to be designed with less
margin, whichcanbe translatedinto cost and weightsavingsand/or into increased performance.
As in the case of high frequency random vibration tests, the test force limitin design verification
tests usually incorporates some margin over the expected flight load. For exampl e, if the expected
flight limitis taken as unity, the testmaximum load might be 1.2, and the design load 1.5.

4.3.1 Quasi-static and Coupled Loads

Farly in the program | the design loads arc often given as a “quasi -static” acceleration of the CG of
the testitem. The quasi-static loads typically combine the steady loads associated with the

acceleration of the rocket atlaunch with the low frequency transients due to Jaun ch vehicle staging
and low frequency acrodynamic loads associated with gusts, buffeting, etc. The quasi-static loads
arc interpreted by the designer as static lo ads. Therefore these quas i-static aceclerations are

multiplied by the total mass of the test item to obtain the applied loads used for preliminary design,
for selecting the fasteners, ete. These quasi-static accelerations are obtained from past expel-irncc 01



from semi-empirical curves developed for differentlaunch vehicles and spacecraft configurations
[40].

1 .aterin the program, the low frequency loads used for design and for analytical verification of the
designs arc refined by analysis of coupled finite elementmodels (f '1:M’s) [4 1]. The spacecrall
loads are determined froma Coupled spacecraft and launch vehicle model, andlater the equipment
loads are determined froma coupled cquipment and launch vehicle model. Obviously the validity
of the FE:Mmodels depends onthe skill of themodelerandupontheaccuracy of the information
usedto develop the model. More sophisticated models are used as the programs miature. For
example, in preliminary analyses 01 a spacecraft, much 01 the equipmentmay be modeled as a
lumped masses at the equipment CG’s. In this case, thecalculated 10 rees atthe spacecraftand
cquipment interfaces are only valid at frequencies below the first resonance frequency 01 the
cquipment. | ater in the program, the equipment may be represented by complex FHM’s. But even
these models arc usual ly valid only inthe frequency regime encompassing the first few modes of
the cquipmentin cach axis, Onc objective of coupled loads analyses is to maximize the upper
frequency limit of the model. The validity of the models is often verified and extended to higher
frequencies by refining the models with modal test data.

4.3.2 Force Transducer Measurement of CG Acceleration

Although it is relatively casy to pr~'diet the CG acceleration, itis difficult or impossible to measure
the acceleration of the CG with accelerometers ina vibration test. Sometimes the CG is
imaccessible, or there is no physical structure atthe ((i location on which to mount an

accele rometer. Howe ver, there is a more serious problem. Only in the case Of arigid body is the
CG a fixed pointon (he structure. Once deformations and resonances and oceur, it is impossible to
mcasure the CG acceleration with an acceleromete r. Unfortunately, attempts to me a sure the CG
acceleration with an accel erorneter usually overestimate the (CG response atresonances, so limiting
these measurementsto the CG criterion will resultinanundertest. 1 lowever, the CG acceleration 1s
uniquely determined by dividing an interface force micasurement by the total mass of the testitem,
per Newton” s second law.

The non-fixity of the CG of a deformable body is demonstrated withan example inFig. 22, which
illustrates (he third vibrationmode of a tilt-w-nldw, two-spring vibratory system. The mass value
of the middle mass is twice that of the end masses and the two springs arc identical. The upper
sketchinFig. 22 shows the system atrest with the CG clearly located at the center of the middle
mass. The lower sketchin Fig. 22 shows the system displaced inits third mode, with the middle
mass moving onc unit o the leftand the two endinasses both moving one unit to the right. (The
firstmode involves rigid body translation, and the second mode involves zero motion of the middle
mass and the two end masses moving an equal amountin opposite dilution s.) It is a characteristic
of modal motion that there are no external forces acting, so by Newton’s second law, the modal
displacement illustrated in Fig. 22 can’tinvolve motion of the CG. However, since the middle
mass, as well asthe end masscs, are moving, the CGisnotatafixed point inthe system. Clearly,
one could not attach an accelerometer at the CG position.

The difficulty of measuring the CG acceleration with anaccelerometer is further illustrated with
data obtained on the RPWS instrument (Fig.10) in the Cassint spacecraft 1 YI'M acoustic test (Hig.
8). Figurc 23 is a schematic of the Cassini RPWS instrument shownin Fig. 16, in the Cassini

1 YI'M spacecraft acrostic test, the RPWS was instrumented with tri-axial force transducers between
the instrumentand spacecraft. (See force dataintig. 1 4)) Inaddition to the interface
accelerometers, there was also a tri-axial accelerorneter located approximately at the CGof the
RPWS instrument, in the spacecralt DTM acoustic test. (See position 23inbig. 23.) Fig. 24
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shows the ratio of the totalexternal radial force to the radial CG acceleration for the RPWS in the
DTM spacccraft acoustic test, and Iig. 25 shows the corresponding ratio for a lateral axis. If'the
tri-axial accelerometer actualy measured the CG acceleration, the curves in both Figs. 24 and 25
would be flat functions of frequency equal to the total weight of the RPWS, approximately 651b.
in the spacecraft radial direction Fig. 24 shows that the ratio of force to acceleration falls off
rapidly above about 1601 Iz.(Fig. 17 shows that there is an RPWS resonance at approximately
160 Hz in the RPWS vertical direction which corrlL’spends to the spacecraft radial direct ion.) Jn the
spacecraft lateral direction, Fig. 25 shows that the ratio falls off above 501 1z, which corresponds
to a latera resonance of the RPWS on the spacecralt. That the measuredratios of force to
acceleration are less than the total weight ind icates that the measured accelerations are greater than
the truc CG acceleration at the higher frequencies.

The examples in Figs. 22-25 demonstrate the problems and dangers of using an accelerometer to
mcasurc acceleration of the CG in vibration tests. It is for this reason that CG response limiting and
quasi-static design verification have been difficult, at best, toimplement previously in vibration
tests. However, with the advent of piczo-electric. tri-axial force transducers, these mecasurements
become straight-forward, and the use of vibration tests for design verification becomes very
attractive.

4.4 Force limiting Vibration Example--ACE CRIS instrument

Figure 26 is a photograph of the ACE spacecraft Cosmic Ray Isotope Spectrometer (CRIS)
mstrument mounted on a shaker for a vertical vibration test. The instrument is mounted on twelve
uni-axial force transducers, which stay with the instrument in flight and record the lift-off vibratory
forces.

Figure 27 isaspreadsheet for calculating the force limits three ways: the simple TDES method, the
complex TDES method, and the semi-empirical method. The spreadsheet is linked to Fiqs. 20 and
21 for the simple TDF'S calculation and to Tables1-3, plus an interpolation routine, for the
complex T'DES calculation. A valuc of Qof 50,20 or S, corresponding to Tables1, 2, and 3, must
be chosen for the complex TDES calculation. The force limits are calculated in one-third octave
bands from 40 to 10001 1z.(This freguency range is typical for an instrument, but might include
lower frequencies in the case of a spacecraft test.) ‘1’ here is nothing sacred about one-third octave
bands. Onccouldchoose one-tenth or aternately, octave bands, since specifications are relatively
smooth functions of frequency. (It should bcnoted that the width of the notching is set by the
shaker controller analysis bandwidth, typically 51 Iz {or random vibration tests, not by the
specification bandwidth.) Theinput acceleration specification mustbe entered for each one-third
octave band. (Recall that the forcelimit is proportional to the acceleration specification for al three
methods.) The remainder of the inputs in the spreadsheet deal with the structural impedance
characteristics of the load (the test item)and of the source (the mounting structure). For both the
load and source, one must enter the residual weight and the number of modes in each one-third
octave band. The spreadsheet calculates modal weight, and then the force limits are automatically
calculated using the three aforementioned methods. The residual weight information may be
determined from test, I'EiM, or a combination of these. In this example the information was
determined from test data

Figure 28 showsthe magnitude of the apparentinass of an ACf  spacecraft honeycomb panel
measured in a tap test at one of the CRIS instrumentmounting locations. (This type of test involves
tapping at the selected point on the panel near an accclerometer with a smal | hammer which
incorporates ii force transducer, and using a two channel frequency analyzer to compute the
magnitude Of the apparentmass.) The apparent mass data arc smoothed in frequency to compute
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the asymptotic value, which is taken as the residual mass, as discussed in section 3.3.3. The
asymptotic value in Fig. 28 rolls off as one over frequency squared above 50 Hz, which is
characteristic of a spring. Bclow 50 Hz, the apparentmass looks like a mass, but it is known that
the coherence fell off below 50 Hz, so the data below 50 Hy are suspect. 'o obtain the residual
mass of the source for the spreadsheet, the data in Fig. 28 was multiplicd by four to approximately
account for the multiple (twelve) mounting points. (At low frequencies, the residual mass should
approach the totalmass 01 stiff ness. ) In the Fig. 27 spreadsheet, it is assumed that there is one
source mode in every one-third octave band, so the decreasc in the restd ual mass in each band
becomes the average modal mass in that band. (When FEM information is used, the number of
significant modes in each one-third octave band arc counted.)

Figure 29 shows the magnitude of the apparent mass of the CRIS instrument measured on the
shaker in Fig. 26. The apparent mass has the characteristics of a vibrating plate m rod driven at a
point, i.e. it is cqual to the total mass below the first resonance frequency and then rolls off like
onc over frequency. (See section3.3.3.) The asymptotic valuesinFig.29 are multiplied by four to
scale to onc G of input, and entered as the load residual mass in the spreadsheet. (Notice that the
roll-off of the asymptotic mass is started one-third octave band below the resonance frequency in
Fig.29 to gencrate some modal mass at the firstresonance frequency.) It is also assumed that there
is onc mode of the load in every one-third octave band above the first resonance  frequency.

The plot in Fig. 27 shows the force limit calculated with cach of the. three methods, using a
constant C = 1.5in Eq.29 for the scmi-empirical method. in this case, the semi-empirical method
approximately splits the difference between the two TDES methods, with the simple TDYFS method
giving higher limits below the first resonance and the complex TDES method giving higher limits
above the first resonance.

Figure 30 shows the total verticalforce limited to a force specification in the protoflight vertical
random vibration test of the CRIS instrument shown in Fig. 26. The force specification actually
used in the test, which is shown in Fig. 30, is very similar to that predicted with the scnli-empirical
method in the spreadshect of Fig. 27. Figure 31shows the notch in the acceleration input which
resulted from the force limiting in Yig. 30. Comparison of force limited and unlimited data from
low level runs indicates that the notch in the acceleration spectrum which results from force limiting
ist ypical 1y the mirr or i mage of that portion of the force spect rum which wouldhave exceeded the
force limit, if no limiting were implemented. Notice the asymmetric shape of the notch in Fig. 31.
It is characteristic that the notch, as well as the unlimited force, arc steeper functions of frequency
above a resonance than below it. This is in contrast to manualnotches which arc usually designed
to besymmet ric.

The ACE: spacecraft instrumentat ion includes a Spacecraft Launch Accelerat ion Measurement
(SLLAM) data acquisition system to measure, record, and transmit dynamic data at launch of the
spacecraft onaleltalaunch vehicle. The S1 . AM instramentation includes a channel for the high
frequency (20 to 2000 Hz) acceleration measured normalto the spacecraft honcycomb panel near
Onc of the twelve mounting feet of the CRIS instrument and aso a channel for the total normal
force measured under the twelve mounting feet of the CRIS instrument. ('I’he CRIS instrument is
mounted on twelve uni-axial force transducers, and the output of these transducers is summed.)
Figs.32and 33 show the spectral densitics of these acceleration and force data mcasured during
the prototype lcvel acoustic test of the ACE spacecraftat NASA Goddard Space Flight Center
(GSEC). The CRIS acceleration spectrum in Fig. 32 measured in the spacecraft acoustic test is
approximately an order of magnitude less than the CRIS random vibration test acceleration input
spectrum in Fig.31. This is unusually conservative, particularly when it is considered that the
acoustic test spectram is probably a conscrvative envelope of the flight acoustic levels. The CRIS
normal force spectrumin Fig. 33 measured in the spacecraft acoustic test is approximately two
orders of magnitude less than the CRIS random vibration test force limit spectrum in Fig. 30. One
order of magnitude of conservatism in the force specification can be attributed to the conservatism
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of the acceleration spectrum, since the foree specification is proportional to the acceleration
specification. However, the other order of magnitude of conservatism in the force spectrum must
be attributed to the methods used to derive the force spectrum. It must be concluded that, even with
force limiting, the random vibration test of the CRIS instrument was a severe overtest.

4-26



FIGURE 23 Schematic of Cassini RPWS Instrument Showing Accelerometers
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FIGURE 26. CRIS Instrument from Advanced Composition Eixplorer (ACE)  Spacecraft
Mounted with 1 light Force Gages on Shaker for Vertical Vibration Test
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5.0 Instrumentation And Testing

| Ierein are described the characteristics and use of piczo-clectric force transducers and other
instrumentationemployed inforce limited vibration testing. Some important considerations in the
planning and conduct of the tests arc also discussed.

5.1 IBiczo-electric Force Transducers

The use of piczr-electric force transducers for force limited vibration testing is highly
recommended Over’ other types of force measurementmeans such as strain transducers, armature
current, weighted accelerometers, ete. The historical review in Section 2 teaches that the basic
concepts and mcthods of force limited vibration testing were espouscd and recommended, some
twenty or thirty years ago. It is the authors belief that the primary reason that force limiting has not
been previously accepted and implemented on aroutine basis was the lack of a practical force
measurcment device, prior to the development of the piczo-clectric, tri-axial force transducer. The
advent of these transducers has made the measurement of force in vibration tests almost as
convenient and accurate as the 1neasurement of accelerat ion.

The high degree of lincarity, dynamic range, rigidity,and stability of quartzmake it anexcellent
piczo-electric material for both accelerometers and force transducers [ 16]. Similar signal
processing, charge amplifiers and voltage amplificrs, may bc used for piczo-electric force
transducers and accelerometers. However, there are several important differences between these
two types of mecasurcment. Force transducers must be inserted between (in series with) the test
item and shaker anti t herefore the y require specia fixtures, whereas accelerometers are placed upon
(in parallel with) the test item or shaker. The total force into the test item from several transducers
placed at cach shaker at t achmentmay be obtained by simply using ajunction to add the charges
before they are converted to voltage. On the other hand, the output of several accelerometers is
typically averaged rather thansummed. Finally, JJic70-electric force transducers tend to put out
more charge than piezo-clectric accelerometers because the force transducer crystals experience
higher loading forces, so sometimes it is necessary o use a charge attenuwator between the force
transducer andthe charge amplifier.

5.1.1Y¥orce Transducer Preload

Picz.o-electric force transducers must be preloaded so that the transducer aways operates in
compression. The transverse forces arc carried through the force transducer by friction forces.
These transverse forces act internally between the quartz disks inside the transducer as well as
between the exterior steel disks and the mating sut’faces. Typically the maximum transverse load is
0.2, the coefficient of friction, times the compressive preload. Having a high preload, and smooth
transducer and mating surfaces, also minimizes severa common types of transducer measurement
errors, e.g. bending moments being falsely sensed as tension/compression if gapping occurs at the
edges of the transducer faces. However, using flight hardware and fasteners, it is usually
impossible to achieve the manufacturers recommended preload, so some calculations are necessary
to insure proper performance. Sometimes it is necessary to trade-off transducer capability for
preload and dynamic load. (This is often the case if there arc large dynamic moments which can’t
bc eliminated by designing the fixtures to align the load paths.) The three requirements for’ selecting
the preload arc: 1. it must be sufficient to carry the transverse loads through the transducer by
friction, 2.it mustbe sufficient to Jx’event loss of compressive preload at any point on the
transducer faces due to t he d ynamic forces and moments, and 3. it must be limited so that the
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maximum stress on the transducer dots not excecd that associated with the manufacturer’s
recommended maximum load configurat ion.

Transducer preloading is applied using athreaded bolt orstud which passes through the inside
diamcter of the transducer. With this installation, the bolt or stud acts to shunt past the transducer a
small portionof any subsequently appliedload, thereby effectively reducing the transducer’s
sensitivity. Calibration data for the installed transducers isavailable from the manufacturer if they
arc installed with the manufacturer’s standard mounting hardware. Otherwise, the transducers must
be calibrated in situ as discussed in the next section.

5.1.2 Y¥orce Transducer Calibration

The force transducer manufacturer provides a nominal cal ibration for cach t ransducer, but the
sensitivity of installed units depends on the sizcand installation of the bolt used for preloadingand
therefore must be calculated or measured in situ. This may be accomplished cither quasi-statically
or dynamically. Using the transducer manufacturer’s charge amplifiers and alow noise cable, the
transducers will hold their charge for many houts, so that it is possible to calibratc them statically
with weights or with a hydraulic loading machinc. If weights arc used, it is reccommended that the
calibration be pet'fotmed by loading the transducers, rc-setting to short-out the charge,andthen
removing the load, in order to minimize the transient overshoot.

The simplest method of calibrating the transducers for aforce limited vibration test is to conduct a
preliminary low-level sine sweep or random run and to compare the apparent mass measured at
low frequencics with the total mass of the test item. The appropriate apparent mass is the ratio of
total force in the shaker direction to the input acceleration. The comparison must be made at
frequencies muchlower than the first resonance frequency of the test item. Typically the mecasured
force will be approximately 80 to 90% of the weight in the axial direction and90to 95% of the
weight in the lateral directions, where the preloading bolts are in bending rather than in tension or
compression. Alternately, the calibration correction factor duc to the transducer preloading bolt
load path may be calculated by partitioning the load through the two parallel load paths according to
their stiffness; the transducer stiffness is provided by the manufacturer, and the preload bolt
stiffness in tension and compression or bending must be calculated. (The compliance of any
structure in the load path between the bolt and transducer must be added to the transducer
compliance.)

5.1.3Force Transducer Signal Conditioning

It is strongly recommended that the total force in t he shaker excit at ion direction be measured in a
force limited vibration test. The total force frominumber of transducers in parallel is readily
obtained using a junction box which effectively sums the charges, and therefore the forces, before
conditioning the signal with a charge amplificr. (An aternative is to specify limits for the force at
individual attachment positions as in the case history in Section 6.1.2.) The same charge amplifiers
used for piezo-clectric accelerometers may be used for force transducers. 1 lowever, the charge
amplifiers made expressly for force transducers offer a choice of time constants, so that quasi-static
(time constants of many hours) measurements of bolt preload, etc. may be obtained, as well as the
dynamic measurements one usually associates with piczo-clectric transducers. Also the charge
amplifiers made expressly foiforce transducers usually have the capability to accommodate higher
charge inputs, which arc characteristic of force transducers. tlowever, charge attenuators are
readil y available if they are needed.




Since vibration tests arc normally conducted sequentially in three perpendicular axes, it is
convenient to employ tri-axial force transducers. in addition, it is sometimes necessary to limit the
cross-axis force and the moments in addition to the in-axis force; this is particularly the case in tests
of large cceentric test items such as spacecraft. For these applications, the six force resultant forces
anti moments for asingle node may be mecasurcd with a combination, commonly four, of tri-axial
force transducers and commercially available voltage summersmanufactured expressly for’ this
purpose.

5.2 Test Fixtures

5.2.1 Design Concepts

The preferred method of configuring the force transducers is to sandwich one transducer between
the test item and conventional test fixture at each attachment position and use fasteners Which are
longer than the conventional ones to accommodate the height of the transducers. in this
configuration, there is no fixture weight above the transducers and the transducer’ force is identical
to the force into the test itcm. Sometimes the preferred approach is impractical, e.g. if there are too
many attachment points or the attachments involve shear pins in addition to bolts. In these cases it
may be necessary to usc one or more light-weight intermediate adapter plates as an interface
between the testitem and the force transducers. For example, if the test item mounts at three feet
and each foot involves two bolts and a shear pin, a candidate design would be to have a small plate
attached to a big stud for each foot. The small platc would pick up the two mounting bolts and
shear pin, and the stud would go through a medium sized force transducer into a shaker adapter
plate. Alternately, if the mounting configuration involves sixteen small boltsin a circular pattern,
the fixture might consist of one intermediate ring which accepts the sixteen small bolts and is
mounted on eight equally spaced force transducers

5.2.2 Fixture Weight Guideline

The recommendation is that the total weight of an y intermediate adapter plates above the force
transducers do not excecd ten percent of the weight of the test item. This limitation is necessary
because the force transducers read the sum of the force required to accelerate the interface plate and
that delivered to the test item. If the fixture weight exceeds the 10% criterion, force limiting will
only be useful for the first onc or two modes in cach axis. Use of a circuit to subtract the interface
plate force in real time, is not reccommended because of the errors that result when the interface
plate is not rigid. The use of armature current to measure shaker force is also not generally useful,
because the weight of the armature and fixture typically arc much greater than 10% of that of the
test item.

5.2.3 Mass Cancellation

If an intermediate plate is used and the plate moves unilateral y as a rigid body, its accelerat ion may
be measured with an accelerometer and subtracted, in real time from the gross force measured by
the transducers underneath the intermediate plate to obtain the net force delivered to the test item.
This approach has been utilized in a number of relatively simple tests, but is not recommended
because of the possibility and consequences of errors. As the frequency approaches a resonance
frequency of the intermediate plate on its mounting, the phase angle of the plate acceleration and
applied force changes such that the aforementioned cancellation scheme does not work and may
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make matters worse. Also, the additional instrumentationneededto implement the mass
cancellation scheme givesrise to increased electrical noise and possibility of set-up error.

5.3 Testing Considerations

5§.3.1 Criteria For Force Limiting

The purpose of force limiting is to reduce the responsc of the test item at its resonances on the
shaker inorder to replicate the response at the combined systemresonances in the flight mounting
configuration. Force limiting is mostuscful for strLWurc-like test items which exhibit distinct,
lightly damped resonances on the shaker. Examples are complete spacecraft, cantilevered structures
like telescopes and antennas, lightly damped assernblies such as cold stages, {ragile optical
components, and equipment with pronounced fundamental modes such as a1 id structure with
flexible feet. The amount of relief available from fore e limiting is greatest when the structural
impedance (effective mass) of the test item is equal to, or greater than, that of the mounting
structure. However, it is recommended that notches decper than 14 dB not be implemented without
appropriate peer review. borce limiting is most beneficial when the penalties of an artificial test
failure are high. Sometimes this is after an initia test failure ina screening type of test.

5.3.2 Test Planning

Several considerations need tobe addressed in the test planning if force limiting is to be employed
First the size, number, and availability of the force transducers need to be identificd as well asany
special fixture requirements to accommodate the transducers. Next, the approach for deriving and
updat i ng the force specification needs to be decided. 1 ‘inall y the cent rol strategy must be decided
anti written into the test plan. Special ca ses may include cross-axis force, moment, individual
force, and response limiting in addition to or inlicu of the in-axis force. in some instances, the
control strategy will be limited by the control systcm capabilities. in al cases, it is recommended
that the control strategy be kept as simple as possible, in order to expedite the test and to minimize
the possibility of mistakes.

Acccelerometers on the fixture are also required inforce limited vibration tests in order to control the
acceleration input to the accelerat ion specification at frequencics other than at thie test item
resonances. Inaddition,itis often convenientto use a limited number of accelerometers to measure
the response at critical positions on the test itcm. These response accelerometers may be used only
for monitoring or, if justified by appropriate rationale, for response limiting in addition to the force
limiting.

5.3.3 Cost And Schedule

Project managers often inquire regarding the cost andschedule impact of doing force limiting.
Once force limiting has become routine in the vibration testing laboratory, its usc definitely results
in both cost and schedule savings. The primary savings is through the prevention of unnecessary,
overtest falures, which adversely impact both cost and schedule. Implementation of force limiting
on a routine basis also eliminates mostof the contentious discussions about test levels. Also the
effort previously required to measure, analyze, and limit numerous  responses in complex vibration
tests is greatly reduced by force limiting, as illustrated by the Cassini spacecraft test examplein
Section 6.2.
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The first or second time that an organization cmploys force limiting, there will naturally be some
down timic and slow going. The first consideration must be the availability of force transducers of
t he appropriate size. T ri-axial force transducersare relativel y expensive, compared to
accelerometers, and arc sometimes long-lead procurementitems, so an assortiment of transducers
are usually procured over time by scveral projects and maintained by the vibration test laboratory
for use on future projects. If the first application is a flight project, it is reccommended that some
help be sought from the sponsor or another organization that has experience in force limiting. The
only other potential additional cost of using force limiting is the development of special fixtures.
Usually the force transducers can be utilized simply by placing one at cach mounting position and
using alonger bolt to accommodate the thickness of tbe transducer. Configurations where specia
fixtures may be needed are: those which involve a large number of mounting points, say more than
twelve, or those with shear pins or complicated fittings, suchas the flight latches in the example of
Section 6.1.2.

5.3.4 Specification of Force l.imits

Force limits are analogous and complementary to the acceleration specificationsusedin
conventional vibration testing. Just as the acceleration specification is the frequency spectrum
cnvelope of the in-flight acceleration at the interface between the test item and flight mounting
structure, the force limit is tbc envelope of the in-flight force at the interface. Inforce limited
vibration tests, bot b the acceleration and force specificat ions are needed, and t he force specification
is proportional tothe acceleration specification. Therefore force limiting dots not compensate for
crrors in the development of the acceleration specification, e.g. undue conservatism or lack thereof.
These errors will carry over into the force specification. Since in-flight vibratory force data arc
lacking, force limits arc usualy derived from coupled system analyses and impedance information
obtained from mcasurements or finite element models (FEEM). Also, considerable data onthe
interface force between spacecraft and components are becoming avai lable from spacecraft acoustic
tests, and semi-empirical methods of predicting force limits are available.

Force spectra have typically been developed in one-third octave bands (scc example in Section

4.4), but other bandwidths, e.g. octave or one-tenth octave bands, may aso bc used. Force
limiting may usually be restricted to an upper frequency encompassing approximately the first three
modes ineach axis; which might be approximatel y 1001 1z for a large spacecraft, 500" Hz for an
instrument, or 2000 Hz for a small component. It is important to take into account that the test item
resonances on the shakeroccur a considerably higher frequencies than in flight. Therefore care
must be taken not to roll off the force specification at a frequency lower than the fundamental
resonance on the shaker and not to roll off the specification too stecply, i.e. it is recommended that
the roll-offs of the force spectrum be limited to approximately 9 dB/octave.

5.3.5 Vibration Controllers

Most of the current generation of vibration test controllers have the two capabilities needed to
implement force limiting. First, the controller must be capable of extremal control, sometimes
caled maximumor peak control by different vendors.Inextremal control, the largest of aset of
signals is limited to tbc reference spectrum. (This isin contrast to the average control modein
whichthe average of aset of signals is compared to the reference signal. ) Most controllers used in
aerospace test ing laboratories support t he extremal controlmode. The second capability required is
that the controller must support different reference spectra for tbe response limiting channels, so
that tbc force signals may have limit criteria specified as a function of frequency. Controllers which
support different reference specti afor limit channels are now available from most venders and in
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addition upgrade packages arc available to retrofitsome of the older controlleds for this capability.
If the controller does not have these capabilitics, notching of the acceleration specification to limit
the measured force to the force specification mustbe done manually inlow level rans.

S.3.6 L.ow-Level Runs

It is advantageous to keep the number of test runs as low as feasible, both to save testing time and
to avoid accumulating unnecessary fatiguc of the test hardware. A 10o\V'-Icvcl sine-sweep or random
run with a flat frequency spectrum is often conducted before and after the high-level vibration run
in each axis to measure the vibration signature for “health” monitoring. The reaction force is an
excellent choice for the health monitoring signature, and the ratio of force to input acceleration
mcasured in the “before” run can also be used to update the effective masses and resonance
frequencies used to derive the force specification. (Sometimes the derivation of the force
specification is deferred until this data become available. )

It is also advantageous to conduct two low-level runs (often -18 dB) with the same input
acceleration spectral shape as the high-levelrun; the first without force limiting and the second with
force limiting, using a scaled down force limit. Comparison of the forces measured in these two
low-level runs with the amount of notching achieved in the second run with force limiting provides
verification that the force limit is appropriate and that the notching is as it should be. Extrapolation
of measured responses to fulllevel and comparison with the loads criteria and any adjustments to
the force specification should take place after these two runs. After it is deternined that the results
arc satisfactory, any intctmcdiatc-level runs and the fLIII-level runmay be conducted. With the new
controllers, it is becoming common practice to come “on the air” ata low leveland then proceed
through the intermediate levels to full level, without shutting down. Thus ideally, each axis may be
conducted with no more than five runs: 1) low-level prc-test signature, 2) -18 dB without force
limiting, 3) -18 dB with force limiting, 4) “on the air” atintermediate level and progressing to full
level, and 5) low-level post-test signature.
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6.0 Case Histories

The three random vibration tests selected a case histories include a component, an instrument, and
aspacecraft. These test items spanamassrange greater than 10$. < 1 he component test was
conducted in Marchof 199 1 and the spacecrall test in November 0f 1996; the technology,
particularly as regards the prediction of force limits and tile shaker control, progressed
considerably in this time interval.

6.1 Hubble Wide Ficld Planetary Camera 11 AFM Component and
Complete Instrument

6.1.1 Articulating Fold Mirror ComponentRandom Vibration Test [42]

There are three articulating fold mirror (AFM) assemblies in the Wide Field Planctary Camera 11
(WEPCI 1) installed in the Hubble Telescope during the first servicing mission in December 1993,
The role of the AFM is to provide amecans for very accurate on-orbit alignmentof the optical beam
on the secondary relay mirrors which contain the correction for the Hubble primary mirror
spherical aberration. The photograph inFig. 34 shows an AFM before the mirror is coated. The
AbtMutilizes three small electro-strictive actuators to articulate the mirror. By necessity, the AFM
issmalland delicate ; the totalunit weighs approximately 1 00 gill and the articulating portion, the
mirror and bezel, weighs less than30 gm.

Figure 35 shows an AFM mounted inthe vibration test fixture designed to accommodate three
small (approx. 2.5 cm square) commercially available tri-axial force transducers, Conical spacers
arc used to mate the transd ucers with the #2 screws which normally attach the AFM to a bulkhead
Of the optical bench of the WE PCII. The apparent mass normal to the WEPCIH bulkhead was
measured with animpacthammer tobe 3.2 kg at 800 Hz, the first axialresonance of the AFM. The
force specification was determined using the simple ‘1°1 DES method. Notice from Fig. 5 that even
with the smallratio (0.0]) of AFM mass to bulkhead effect ive mass and with the measured Q of
50, the normalized ratio of force spectral density to acceleration spectral density of (1 ()()) is still

14 dB less than Q squared (2500), which is the amplification expectedin a conventional vibration
test .

The results of the Z-axis protoflight random vibration test of the AFM gualiﬁczuion unit are shown
in Fig. 36. The unnotched input acceleration spectral value of ().()04 G-/I'1z at 800 Hz. was
determined from measurements during the acoustic test of the optical bench of WEPCI, the original
camera on the Hubble Space Telescope. Fig ure 36 also shows the total axial force input to the
AFM, i.e. the sumof the 7 axis outputs of the three force transduceis in Fig. 35. The force shown
in Fig. 36 is actually scaledup from ii low level (18 dB down) test without force limiting to show
what the force wouldhave been in the fulllevel test if the force were not limited. In the signal
conditioning the force feedback signalwasmultiplied by the ratio of the acceleration specification
to the force specification so that extremal control of the both force and acceleration co uld be
implemented by comparing both signals to the accelerationspecificati on, asdiscussedin Section
5.3.2. For this reason, the force signalinFig. 36 ciwnbe compared directly with the acceleration
specification. Figure 36 shows thatin the protoflight-level test with force limiting, the controller
automatically notched the acceleration input by the amount the unlimited force signal would have
exceeded its specification, i.e. about 10 dB, which is 4 dBless than that estimated from Fig. 5.
The notch is very sharp and approximately the mirror image of the force peak. It is impractical to

6-1



manually putinsuchsharp notches. Also without the force sensors to detect the' frequency of the
force peak, it wouldbe difficult to place the notchat the correct frequency.

6.1.2 Wide-1l'icld Planetary Camerall Instrument Random Vibration Test [42]

The complete WHPCL | (weight 284 kg) was subjected to a vertical axis protoflight level random
vibration test as shown inktig. 37. A large(approx. 10 emdiam.) commercially available, tri-axial
force transducer was located just below each of’ the three latches, which fasten the camera to the
Hubble telescope. Forcee specifications for all three d irections at allthree latches were derived using
the simple TDFS method with apparentmass dataforthe wicr'¢ir and for the honeycomb
container usedto transport the WHPCHinthe Space Shuttletorendezvous with the orbiting
telescope. The apparent masses of the container were measured by NASA GSHC with a modal
impact hammer. The data for the vertical direction at the A latch of the container is showninFig.
38.(The A latchis on the far leftin Fig. 37.) The three components (X, Y & 7)) of force at cach of
the three latches were recorded and analyzed in a low level sine test of the WEPCIL preceding the
random vibration test, and the apparent mass of the WEPCI in the vertical direction at the A latch
is shown in}ig. 39. After a 10 W-1CVC1 random run, it was determined that three of the four control
channcls available on the older controller were essentialto control the high frequency acceleration
input at cach of the three latches, so only one control channel was available for force  limiting.
(New controllers have 32to 64 control channels) On the basis of analysis and the low level data, it
was decided to limit the vertical force atthe A latch which reacts most of the load because of the
outboard (to the rightin Fig. 37) center-of-gravity 01 the camera.

The acceleration measured at cach of the three latches is compared with the  acceleration
specification for the protoflight random vibration test in 1 ‘ig. 40, and the vertical force measured at
each of the three latches is compared to the force specification for the A latch inFig. 41.
Comparison of Figs.40and 4 1 shows thatlimiting the A latch vertical force resulted in notching of
the acceleration inputat 35 Hz, 100117 and 150 FHz. The acceleration notch at 70117, was effected
by reducing the vertical force specification at 70 117.to compensate for the A latch transverse force
not being in the conti 01 loop. Above 300 1z, one of the three control accelerometers is equalto the
specification at cvery frequency. Comparison of the notched vibration input in the AFM component
vibration test described in the lastsection with the corresponding vibration levels measured a year
later on the optical bench in the WHPClTsystem acoustic test confirmed that the vibration levelsin
the component test enveloped those in the system acoustic test, as they should for a valid
componcnt screening, test.

6.2 Cassini Spacecraft System Random Vibration Test [28, 43]

Figure 42 is a photograph of the Cassini {light spacecraft mounted on the shaker for the vertical
random vibration test which was conducted in November of 1997 [28, 43]. The Cassini orbiter
weighs atotal Of 2, 150 kilograms (4,750 pounds); after attaching the 350-kilogram Huygens probe
(on the rightin Fig. 42) and alaunch vehicle adapter and loading more than 3,000 kilograms
(6,600 pounds) of propellants, the spacecraft weight atlaunch is about 5,800 kilograms(12,800”
pounds). The weight for the vibration test was somewhat less 3,809 kg (8,380 1b.), because the
tanks were loaded to 60% of capacity with referce fluids. Because of the very dim sunlight at
Saturn's orbit, solar arrays are not feasible and power will be supplied by a set of three
Radioisotope Thermoelectric Generators (RTG’s) which use heat from the natural decay of Most o f
plutoniumto generate electricity torun Cassini. (I'wo of the RTG’s are visible inthe lower center
and left of Fig. 42.) Twelve science experiments are carried onboard the Cassini orbiter and
another six fly on the Huygens Titanprobe. The schematic inkig. 7 indicates a number of the
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Cassint spacecraft instruments. the orbiter instruments are mounted on the Remote Sensing
Platform at the upper left and on the Fields and Particles Platform at the uppet right in Fig. 42,

f ‘igure 43 shows the plan view of the spacecraft mounting ring before the spacecraft is attached to
the shaker. Theblack offset weight positioned in the upper right quadrant of the ring is being
subjected 1o vibration for moment proof” testing of the shaker and mounting configuration. The
spacecraft bolts to the ring at eight positions corresponding to the mounting feet locations on the
spacecrall/ launch vehicle adapter. A large tri-axial foree transducer is located under the mounting
ring at cach of these cight positions. The shaker fixture is restrained from moving laterally during
the spacccrafl vertical vibration test by three hydraulic bearings. The foree capability of the shaker
is about 35,000 Ib. and virtually all of this capability was used to vibrate the spacecraft and shaker
fixtures, which weighed about 6,000 Ib. inadditiontothe 8380 Ib. spacecrafl.

f igure 44 comparesthevibration test accelerat ion input specification with launchvehicle
specitications and with data from a previous Titan faunch vehicle flight. The aceeleration
specification was originally somewhat higher (0.04 G'/11z (()mp‘md t0 0.01G/Hz). The
specificaionwaslo weredinthe 10 to 100 Hzfrequency regime dii'tel” ] VitWi 1lgt~)c results of an
extensive FEM pl-c-test analysis, which indicated that excessive notching wouldbe required with
the higher-level input. The specification was subsequently lowered in the 100 to 200 Hz regime as
well, inorderto accommodate the force capability of the shaker power amplifier, which was over
ten years old and exhibited some instability problems (qun;_, the two month period preceding the
Cassini spacecraft vibration test. The resultin g 0.01 G/Hz specification is Iess than the Booster
Powered Phase specification at frequencies greater than approximately 80 Hz, but exceeds the
MaximumEnvelope of the ‘I'] V-07 Flight 1 >ata. The acceleration specification is defined in

Fig. 45.

Figure 46 shows the force specification for the Cassini flightspacecraftrandomvibration test. The
specification was deri ved by multiplying the acceleration specification in Fig. 45 by the squared
weight of the spacect aft and by a factor of one-half. (This corresponds to the semi-cmpirical
method discussedinSection 4.2.1 withavalucof C= ()./707. ) This value of C wasselectedonthe
basis of the pre-testanalysis and in order to keep the proof test, which had a margin of 1.25 over
the test limit loads, within the shaker force capability. The force specification was notrolled off at
the shaker fundamental resonance as shown inEquation 29, t>cc:llisc llcit} lcr ttlellrc-test analysis
nor the actual vibration test data exhibited a distinct fundamental resonance of the spacecraftin the
vertical axis. D uring the test, it was not necessary tomodify or update the force specification
specified in the test procedure.

Figures 47 and 48 respectively, show the inputaccelerationand force spectra measured in the
actual full-level vibration test. Comparisonof the measured acceleration spectra with the
specification in Fig. 47 shows significant notching of ~8 dB at the probe resonance Of
approximate] y 17Hzandof -14 dB at the tank resonance of approximately 38 f 1. The responses
ata number of critical positions on the spacecraft, as wellas the other five components of the total
input force vector, were monitored during the testing, but only the total vertical force signal was
used in the controller feedback to notch the acceler ation input. Comparison of the measured force
with the specified force in Fig. 48 verifies that the force was at its limit at all the frequencies where
notching occurred in the input acceleration.

Figures 49 and 50 show the accelerationinputs measured near the fcct of anumber of instruments
mounted on the Fields and Particles and Remote Sensing Pallets, respectively. Comparison of
these measured data with the random vibration test specifications for the instrur nents, which are
also indicated in Figs. 49 and 50, dem on strates thatmany of the instrument s reached their
component vibration test levels in the spacecraft vibration test. The significant excedances below
501 1z are covered by the instrument sine vibration test equipment. In addition, severalmajor
componcnts Of the spacecraft including the Huygens probe upper strut, the three RTG's, the
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magnetic canister struts, and the Fields and Particles Palletstruts reached their flight limit loads
during the spacecraft vibration test. The only anomaly after the test, other than possibly those
associated with spacecraft functional tests for which data are not available, was that the electrical
resistance between the enginecring model 1<’ J (i and the spacecraft structure was measured after the
test and found to be less than specified. The insulation between the RTG adapter bracket and the
spacecraft was redesigned to correct this problem.



FIGURE 34. Photograph of 30-Gram Articulating Fold Mirror (AFM) Before Coating
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FIGURE 35. Sketch of Vibration Test Fixture for AFM Showing Mounting on Threc Small
Tri-axial Force Gages Using Conical Adapters
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Spacecraft Mounted on Shaker for Vertical Random Vibration Test
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7.0 Conclusions

1 lere the key points discussed in this monograph are reiterated, and some  suggestions for
further development of the technology are offered.

1. Technical literature reviewed supports the conclusion that the pioncers of acrospace
Vi bration testing recognized the dangers of vibration overtesting, and understood that the
very high shakerimpedance was the culprit] 1,21, Many rescarchers during the
subsequent thirty ycars studied the mounting structure impedance problem and
developed conceptual solutions, ninny of whicharea part of the force limiting approach
described hercin [4, 10]. One canonly conclude that either the instrumentation or the
need was not sufficient to drive the implementation of this technology until recently. It
is the author’s belief that the recentadvent o1 piczo-clectric, tri-axial force transducers
was the enabling factor.

2. In b uilt- up acrospace configurations, the structuralimpedance o1 the mounting structure
and testitem are comparabl ¢ and the re is little amplification at the resonance frequencies
of thetestitem. The interface acceleration has notches at the test item resonance
frequencies, due 1o the vibrationabsorber effect.

3. 'T'he shaker, by contrast,has very high mechanical impedance and the test item canhave
verylarge amplification atits resonance frequencies. In addition, the test item resonance
frequencies on the shaker occur at significantly higher frequencies than the coupled
system resonances in the built-up configuration.

4.The object 01 forcelimited vibration testing, is tomake the inputforce at the testitem
resonances in the vibration test equal 1o the maximum interface foree in the night
configuration. The goal is to replicate the internal forces and stresses inthe flight
environment, bill thesimulation is notexactbecause the resonance frequencics and
mode shapes are different. The result Of limiting the input force at resonances in the
vibration test is that the input acceleration is notchedinamanner similarto thatducto
the vibration absorber effectin flight. f lowever, the notch frequencies will be slightly
different onthe shaker andinfhight, due to the differences in off-axis boundary
conditions.

5. The effective mass concept, developedin the carly 70°s [15], pro vides & theoretical
basis for analyzing structural impedance data and FEM results, Untilrecently, the
effective mass concept was know and used by only a select group of analysts, but the
concept is gaining acceptance and it is hoped thatan increased acceptance of the concept
will be facilitated by the discussionin Section 3.3.4, provided by one Of the concept’s
originators, as to the derivation of the effective mass from NASTRAN of other FEMs.

6. The philosophy adopted inthe derivation of force specifications is tostart with the
traditional acceleration specification, which is the envelope of the flight interface
acceleration, and add an analogous force specilicatt on, which is the envelope of the
flight interface forces. Thus the force speci fications derived analytically hereinare
proportional to the assumed acceleration specification, and any errors or unduc
conservatisin in the acceleration specificationcarry over into the force specification.
Thus force limiting should not be perceived as a method of compensating for errors in
the acceleration specification. Rather, it is a method of automatical ly inserting n otches
in the acceleration spectrum at the propet frequencies and of the proper depth.
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7.

10.

The general method 01 deriving foree specifications is to develop a coupled system
model of the source and load, with the modal parameters of cach determined from FEM
analysis Or from impedance measuremen ts. Then the ratio of the frequency envelope of
the interface force to the envelope Of the interface acceleration is deter mined. Finally,
this ratio is multiplied by the acceleration specification, developed inaconventional
manner (usually semi-empirically), to obtain the force specification. Two applications
Of this general method involving a simple and a complex ‘1’1 )ES are derived herein and
the results are presented parametricall y [27 1. Other applications of the method are
available inthe literature [24] andit is envisioned that more sophisticated models will be
developed ill thefutur c.

The litcraturc {3, 1 (), 14] and spacecraftsystemacoustic tests [28] have provided data for
the development of semi-empirical force limits which are much simpler to apply and
appear to yield satisfactory results. Little flight data are currently available for vibratory
force, but several flight measurement programs are in progress.

The advent Of tri-axial, piczo-clectric force transducers and Of anew generation Of
digital controllers have facilitated the application of force limited vibration testing. The
piczo-electric force transducers are casy-to-use, rugged, compact, have a wide dynamic
range, and can readily be configured to measure all Six components of force and
moment [16]. The convenient measurement of total external force ina vibration test
now makes it possible to measure the acceleration of the center-of-gravity, so that the
design capability of acrospace structures can be conveniently verified in a vibration test.

There ate many topics in the development of force limited vibration testing which
require further investigation. Impedance methods are most convenient when two
systems are connected at a single node, and thi s assumption is implicit herein. Many
difficulties occur when one considers multi-point connections [8], which are almost
always the case inthe real world. The issue Of overtesting due to uncorrelated inputs at
multiple attachment points has not been addressed herein. Future vibration controllers
will probably o ffer the capability to control phase, and then appropriate phase
specifications between force and acceleration will have to be developed [4, 13]. New
force transducers are being developed, including devices which can both measure and
generate force, and new instrumentation developments will open the door to new
testing techniques. Comparison of flight data with the prediction methods discussed
herein will almost certainly give rise to some discrepancics, which will need tobe
resolved.



Appendix A Definition of Symbols

A = interface acceleration

A, = base acceleration

A, = free accelerationof source

A, = accelerationspecification

C = dashpot cons tant

C = constant

I = interface force

IS8 = blockedforce of source

F = force specification or limit

I, —excitation force

k ~ spring stiffness

k = physical stiffness matrix

M, = total mass

M =residual mass

m = modal mass

M = apparentmass, 1 /A

m = physical massmatrix

M = modal mass matrix

Q = dynamic amplification factor

Saa =ucceleration spectral density

Siy =force spectral density

u = absolute displacements

U = generalized modal displacement

o = ratio of modalto residual masses

B = ratio of analysis frequency to resonance frequency
0 =1110(1C shape

U = ratio Of load to source residual masses
w = radian frequency

o, = natural frequency 01 uncoupled oscillator
Q —Tatio of load to source uncoupled resonance  frequencies
Subscripts

1 = source oscillator

2 =load oscillator

It = unrestrained (free)

P = prescribed

N =modal set

R = rigid body sct

n = single mode

p = reaction force direction

q = prescribed acceleration direction
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FORWARD

This handbook is approved for use by NASA Headquarters and all field centers and is intended to
provide a common framework for consistent practices across NASA programs.

The primary goal of vibration tests of acrospace hardware is to identify problems which, il not
remedied, wo uld result in flight failures. This goal can only be met by implementing a realistic (flight-
like) test with a specified positive margin. In most cases, the goal is not well served by traditional
acceleration controlled vibration tests which indeed screen out flight failures but in addition, cause
failures, which would not occur in flight. This overtest or “screening” test approach, which may
have served its purpose in the past, is too expensive and inefficient for today s environment 01 low-
cost missions. The penalty of overtesting is manifested in designand performance compromises, as
wcli as in the high costs and schedule overrunsassociated with recovering from artificial test failures.

It has been known for thirty yecars that the major cause of overtesting in acrospace vibration tests is
associated with the infinite mechanicalimpedance of the shaker and the standard practice O f
controlling the input acceleration to the frequency envelope of the flight data. This approach results in
artificially high shaker forces and responses at the resonance frequencies of the testitem. To  aleviate
(his problem it has become common practice to notch the input acceleration to limit the responses in
the test to those predicted for fright, but this approach is very dependenton the analysis, which the
test is supposedto validate. Another difficulty with response limiting is that it requires placing
accelerometers on the test item at all the critical locations, many of which are often inaccessible, and
which inthe case of large test items, involves extensive instrumentation.

The advent of new instrumentation has made possible an alternative, 1mproved vibration testing
approach based on measuring and limiting the reaction force between the shaker and test item. The
major break through is the availability of piczo-clectric triaxial force gages developed for other
commercial markets. Piczo-clectric force gagesare robust, relatively easy to installbetween the test
itcm anti shaker, andrequire the same signal conditioning as piexo-electric accelerometers commonly
uscd in vibration testing. Also, a new gencration of vibration test controllers now provide the
capability to limit the measured forces and thereby notch the inputacceleration,inreal time. To take
advantage of this new capability to m casure and control shaker forces, a rationale for predicting the
flightlimit forces has been developedand applied to many flight projects during the past five years.
Force limited vibration tests are now conducted routinely at the Jet Propulsion Laboratory (JPL.) and
alsoatseveralother NASA centers, government laboratories, and many acrospace contractors.

This handbook describes an approach which maybe used to facilitate and maximize the benefits of
applying this rclatively new technology throughout NASA in a consistent manner. A monograph,
which provides more detailed information on the same subject, is also available for reference.

Requests for information, corrections, or additions to this handbook should be directed to the
Mechanical Systems Engincering and Research Division, Section 352, Jet Propulsion lLaboratory,
4800 Oak Grove Dr., Pasadena, CA 91109. Requests for addition al copies o f this handbook should
be sent to NASA Engincering Standards, E1.02, MSEC, Al., 35812 (telephone 205-544-2448).

Danicl R. Mulville
Chief Engineer
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1.1 Purpose

This handbook cstablishes a methodology for conducting force limited vibration tests for all
NASA flight projects. The purpose is to provide an approach which may be consistently
followed by those desiring touse force limiting, without having to conductan extensive
literature scarch or rescarch and development effort before conducting the test. The decision
to usc, ornot use, force limiting on aspecific project and in a specific vibration test, and
the responsibility for applying the method correctly, are left to the project or the cognizant
engineer. A monograph on Force Limited Vibration Testing is available for reference and it
is recommended for those needing more detailed technical  information.

1.2 Applicability

This handbook recommends engincering practices for NASA programs and projects. It
may be cited in contracts and program documents as a technical requirement or as a
reference for guidance. Determining the suitability of this handbook and its provisions is
the responsibility of program/project management and the performing organization.
Individual provisions of this handbook may be tailored (i.e., modificd or deleted) by
contractor programspecifications to meet speci fic program/projectneeds and  constraints.

For the purpose of this handbook, a force limited vibration test is any vibration testin
which the force between the test item and shaker is measured and controlled. (The
recommended means of mcasuring the force is with piczo-clectric force gages, but other
means, e.g. shaker armature current or strain gages, may be useful in specia situations.
Similarly, the control of the force is preferably accomplished in real time, but iterative, off-
line control may be employed as a stepping stone. ) 1 f the force is not measured and
controlled, the test is not considered a force limited vibration test, and this handbook does
not apply. This distinction is important because in tile past some have found it convenient
1o simulate a force limited test and then 1o use the analytical results to notch the aceeleration

force is considered to be the essentia clement of the force limiting approach.

The handbook is applicable to ail force limited vibration tests of NASA flight hardware
including launch vehicle and aircraft equipment, spacecraft, instruments, and components.
However since the purpose of force limitin g is to mitigate the effect of test item resonances
in the vibration test, the technique is most useful for structure-like e quipment and for fragile
cquipment such as optics and complex instruments.

2.0 APPLICABLE DOCUMENTS

2.1 _General. The applicable documents cited in this handbook are listed in this section only
for reference. The specified technical requireme nts listed in the body of this document must
be met whether or not the source document is listed in this section.

2.2 Government documents.  The following Government documents form a part of this
document to the extent spccificd herein. Unless otherwise specified, the issuances in effect
on date of invitation for bids or request for proposals shall apply.

NASA - RP-1403 Force Limited Vibration Test
Monograph, May 1997

NASA - GUIDEI .INES - X XXX - Dynamic Environment
Guidelines, September 1997



NASA _ STD _ 700]” Payload Vibroacoustic
Test Criteria, June 21, 1996.

NASA - STDhH -7002” Payload Test Requirements,
July lo, 19906.

2.3 Non-government publications. The following documents a part of” this document to the
extent specified herein. Unless otherwise specified, the issuances in effect on the date of
invitation for bids or request for proposals shallapply.

Blake R. E., “The N eed to Control the Output Impedance of Vibration and Shock
Machines”, Shock and Vibration and Associated invironments, Bulletin No. 23, 1954.

Salter, J. P., “Taming the General-Purpose Vibration Test”, Shock and Vibration and
Associated Environments, Bulletin No. 33, Part 1[1, March 1964, pp. 21 1-217.

Murfin, W. B., “Dual Specifications in Vibration Testing”, Shock and Vibration Bulletin,
No. 38., Part 1, 1968, pp. 109-113.

Wada, B. K., Bamford, R., and Garba, J A., “Hquivalent Spring-Mass System: A
Physical Interpretation”, Shock and Vibration Bulletin, No. 42, 1972, pp. 215-225.

Scharton, T. 1)., Boatman, D. J., and Kern, D. 1., “I Jual Control Vibration Testing”,
Proceedings of 60thShock and Vibration Symposium, Vol. IV, 1989, pp. 199-217.

Smallwood, 1). 0., “An Analytical Study of a Vibration Test Method Using Extremal
Control of Acceleration and Force”, Proceedings of  Institute of Environmental Sciences
35th Annual Technical Meeting, 1989, pp. 203-271.

Scharton, T. 1)., “Analysis of Dual Control Vibration Testing”, Proceedings of Institute of
Environmental Sciences 36th Annual Technical Meeting, 1990, pp. 140- 146.

Smallwood, D. o., *“1 Jevelopment of the Force | invelope for an Acceleration/Horce
Extremal Controlled Vibration Test”, Proceedings O f 61 St Shock and Vibration
Symposium, Vol. 1, 1990, pp. 95-104.

Scharton, T. D., “Force Limited Vibration Testing at JPT ) Proceedings of the Institute of
Environmental Sciences 14th Acrospace Testing Seminar, 1993, pp. 241-251.

Scharton, T. D., “Vibration-Test f ‘orce Limits Derived from Frequency-Shift Method”,
AlAA Journal of Spacecraftand Rockets, Vol. 2, No. 2, March 1995, pp. 312-316.

Scharton, T., Bamford, R., and Hendrickson, J., “Force 1 .imiting Rescarch and
Development at JPI *, Spacecraft and 1 .aunch Vcehicle Technical In formation Mecting,
Aerospace Corp.,l.0os Angeles, CA, Junc 7,1995.

Chang, K. Y. and Scharton, 1. 1)., “Verification of Force and Acceleration Specifications
for Random Vibration Tests of Cassini Spacecraft Equipment”, ESA/CNES Conference on
Spacecraft Structures, Materials, and Mechanical Testing, Noordwijk, NI., March 27-29,
1996.

program or project, the technical guidelines of’ this document take precedence, in the case of

2.4 Ouder of precedence. Where this document is adopted or imposed by contract on a



conflict, over the technical guidelines cited in other referenced documents. This handbook
dots not apply to payload programs approved prior to the date of this document. Also, this
handbook docs not address safety considerations that are covered thoroughly in other
documents; but if a conflict arises, safety shall always take precedence. Nothing in this
document, however, supersedes applicable laws and regulations unlessaspecific
exemption has been obtained.

3.0 DEFINITIONS

ACCELERANCE--Comp lex frequency response function which is ratio of acceleration to
force
ACCELERATION OF C.G.--Acceleration of instantancous centroid of  distributed masses

(cqualto externa force divided by totalmass, according to Newton’s 2nd | .aw)

APPARENT MASS--Complex frequency response function which is ratio of force to
acceleration

CONTROL SYSTEM--The hardware and software which provides means for the test
operator to translate vibration specifications into the drive signal for the shaker

DESIGN VERIFICATION TEST--Test to sec if as-built test-item can survive design loads
DUAIL CONTROI .--Control of both force and vibration

DYNAMIC ABSORBER--SDES tuned to excitation frequency to provide reaction force
which reduces motion at attachment point

EFFECTIVE MASS-- Masses in model consisting of SDES’s connected in parallel o a
common base, so as 1o represent the apparent mass of abase driven continuous system.
The sum of the effective modal masses equals the total mass.

EXTREMAL CONTROI .--A shaker contro ller illgOl'ilhl 1n based on control Of the maximum
(extreme) of anumber of inputs in cach frequency control band

FLIGHT LIMITS--Definition of accelerations or forces which arc believed to be equal to
the maximum flight environment, often P(95/50)

FORCE LIMITING--Reduction o f the reaction forces in a vibration test to specified values,
usually to the interface forces predicted for flight | plus a desired margin

IMPEDANCE--Comp lex frequency response function which is ratio of force to velocity
quantitics (Sometimes used to refer to ratio Of force to any motion quantity.)

LEVEL--Testinput m response in decibels (dB), dB = 201log amplitude = 10 log powet
LLOAD--Vibration test item

MARGIN--Factor to be multiplied times, or decibels to be added to, the flight limits to
obtain the test specification

NOTCHING--Reduction of acceleration input spectrum in narrow frequency bands,
usually where test item has resonances



QUALITY FACTOR--Mcasure of’ the amplification of the response at resonance, equal to
the reciprocal of twice the critical dampingratio.

QUASI-STATIC ACCEI .LERATION--C ombination of static and low frequency loads into
an equivalent static load specified for design purposesas C.G.acceeleration

RESIDUAL. MASS-- Sum of the cffective masses 01 all the vibration modes with
resonance frequencics greater than the excitation frequency.

RE SPONSE LIMITING-- Reduction of input acceleration to maintain measured response
a 01" below specifled value, usually aspredictedfor flight plus desired margin

SHAKER--The machine which provides vibratory motion to the test item, usually
electrodynamic, in acrospace testing ( can also be hydraulic or rotary)

THREE A X 1S 1LOAD CELIL--Force gage  which measures the three perpendicular
components of force simultancously

SINGIL.E DEGREE-OF-FREEDOM SYSTEM (SDES) --Vibration mode! with one mass
SOURCE--Testitem support structure which provides vibration excitation inflight

SPECIFICATIO NS--Definition of vibration quantity versus freguency, usually associated
with programmatic requirements

TAP TEST--Mcasurement of apparent mass or accelerance by tapping on structure with
small rubber or plastic tipped hammer which incorporates force transducer

TEST FIXTURE--Adapter hardware which allows test item to be mounted to shaket

TWO D EGREL-OF-FREEDOMSYSTHM (TDES) -- Vibration model with twomasses

4.() GENERAL REQUIREMENTS

4.1 Criteriafor Eorce Limiting. The purpose of force limiting is to reduce the response  of
the test item at its resonances on the shakerin order toreplicate the response at the
combined system resonances in the flight mounting configuration. Force limiting is most
uscful for structure-likc test items which exhibit distinct, lightly damped resonances on the
shaker. Examples arc Complete Spacecraft, cantilevered structures like telescopes and
antennas, lightly damped assemblies such as cold stages, fragile optical components, and
equipment with pronounced fundamentalmodessuchasarigid structure with flexible feet.
The amount of relief available from force limiting is greatest when the structural impedance
(effective mass) of the test item is equalto,or greater than, thatof the mounting structure.
However, it is recommended that notches deceper than 14 d B not be implemented without
appropriate peer review. Force limiting is most beneficial when the penaltics of an artificial
test failure arc high. Sometimes this is after aninitial test failure ina screening type of test.

4.2 Instrumentation.

4.2.1 Piczo-electric_Force Gages. Theuse of piczo-electric force gagesfor force limiting is
highly reccommended over other types Of force measurement means such as strain gages,
armature current., ete. The advent of piezo-clectric, quartz force gages has made the
measurement of force in vibration tests almostas convenient and accurate as the



mecasurement of acceleration. The high degree of linearity, dynamic range, rigidity, and
stability o f quartz make it an excellent transducer material for both accelerometers and force
gages. Similar signal processing, charge amplifiers and voltag ¢ amplificrs |, may be used for
pie7(-electric form gages and accelerometers. Jlow’ ever, there are several important
differences between these two types of mecasurement. Foree gages must be inserted
between (in series with) the test item and shaker and therefore require special fixturing,
whereas accelero meters are placed upon (in paraliel with) the test item or shaker. The total
force into the test item from several gages placed at cach shaker attachment may be obtained
by simply using a junction to add the charges before they are converted to voltage, whereas
the output of several accelerometers is typically averaged rather than summed. Finally,
piczo-electric force gages tend to put out more charge than piczo-clectric accelerometers
because the force gage crystals experience higher loading forces, so sometimes it is
necessary (o use a charge attenuator before the charge amplificr.

4.2 .2 Yorce Gage Preload. Piezo-clectric force gages must be preloaded so that the
transducer al ways operates in compression. Having a high preload and smooth transducer
and mating Sill’filCCS minimizes several common types Of gage measurement €rrors, e.g.
bending moments being falsely sensed as tension/com pression. However, using night
hardware and fastene rs, it is usually impossible to achieve the manufacturers recommended
preload. In addition, sometimes itis necessary to trade-off transducer preload and dynamic
load, particularly moment, carrying capability. The two requirements for selecting the
preload are that itis sufficient to prevent unloading duc to the dynamic forces and moments
and that the maximum stress on (he. transducers dots not exceed that associated with the
manufacturer’ s rccommen ded maximum load configuration.

Transducer preloading is applied using a threaded bolt or stud which passes through the
inside diameter of the transducer. With this installation, the bolt or stud acts to shunt past
the transducer a small portion of any subscquently applied load, thereby effectively
reducing the transducer’s sensitivity. Calibration data for the installed transducers is
available from the manufactureritthey are installed with the manufacturer’sstandard
mounting hardware. Otherwise, the transducers must be calibrated in situ,

4.2.3 Force Gage Calibration. The force gage manufacturer provides a nominal calibration
for cach transducer, but the sensitivity of installed units must be determined in situ, as
discussed in the previous paragraph. Thismay be accomplished either quasi-statically or
dynamically. Using the transducer manufacturer’s charge amplificrs and a low noise cable,
the transducers will hold their charge for several hours, so it is possible to calibrate them
statically with weights or with a hydraulic loading machine. It is reconumended that the
calibration be performed by loading the transducers, zeroingout the charge, and then
removing the load, in order to minimize the transient overshoot.

The simplest method of calibrating the transducers for a force limited vibration test is to
conduct a preliminary low level sine sweep or random run and to compare the apparent
mass (ratio of total force inthe shaker direction to the input acceleration) measured at
frequencies much lower than the first resonance frequency with the total mass of the test
item . Typically the measured force will be approximately 8010 90 % of the weight in the
axia direction and 90 to95% of the weight in the lateral directions, whete the preloading
bolts arc in bending rather than in tension or compression. Alternately, the calibration
correction factor due to the transducer preloading bolt load path may be calculated by
partitioning the load throughthe two parallelload paths according to their stiffness; the
transducer stiffness is provided by the manufacturer, and the preload bolt stiffness in
tension and compression or bending must be caleulated.



4. 2.4 Eorce Gage Combinations It is recommended that the total force in the shaker
excitation direction be measured in a force limited vibration test. The total force from  a
numberof gages in parallel is readily obtained using a junction b ox whichstmgthe
charges, and therefore the forces, before conditioning the signal with a charge ampl ifier.
An alternative is to specify limits for the force atindividual atachment positions, but this is
not recommended. Since Vi bration tests are normally conducted sequentially in three
perpendicular axes, it is convenient to employ triaxial force transducers. Sometimes it is
necessary to limit the cross-axis foree and the moments in addition to the -axis force; this
is particularly the cascin tests of large cccentric test items such as spacccraft. For these
applications, the six force resultant forces and moments for a single node miy be measured
with a combination, commonly four, of triaxial force transd ucers and a voltage summer.

4. 2.5 _Accelerometers. Accelerometers on the fixture are also required in force limited
vibration tests inorder to control the acceleration inputto the acceleration specification at
frequencices other thanat the test item resonances. Inaddition, it is often convenient to use a
limited number’ of accelerometers to measure the response at critical positions on the test
item. These response accelerometers may beused only for monitoring or, if justified by
appropriate rationale, for response limiting in additionto the force limiting.

4.3 Fixturing. The preferred method of configuring the force gages is to sandwich one
gage between the test item and conventional test fixture at cach attachment position and use
fastencers which arc longer than the conventional ones to accommodate the height of the
gages. In this configuration, there is no fixture weight above the transducers and the gage
force is identicalto the force into the test item. Sometimes the preferied approach is
impractical, c. g.if therec arctoo many attachment points or the attachments involve shear
pins in addition to bolts. Inthese cases it may be necessary to use one or more adapter
plates to interface the transducers to the testitem. The requirement is that the total weight of
the adapter plates above the force gages does not exceed ten percent of the weight of the test
item. Thislimitation is necessary because the force gages read the sum of the force required
to accelerate the interface plate and that delivered to the testitem. If the fixture weight
exceeds the 1 0% criterion, force limiting will only be useful for the first one or two modes
in each axis. Usc of a circuit to subtract the interface plate force inrcal time, is not
recommended because of the errors that result when the interface plate is not rigid. The usc
of armature current to measure shaker force is also not gencrally useful, because the weight
of the armaturc and fixturing typically are muchgreater than 10 % of that of the test item.

4.4 Force Specifications. Forcelimitsarcanalogousand complementary tothe acceleration
specifications used in conventional vibration tinting. Just as the acceleration specification is
the frequency spectrumenvelope of the inflight acceleration at the interface between the test
item and flight mounting structure, the force limit is the envelope of the in flight force at the
interface. In force limited vibration tests, both the acceleration and force specifications are
needed, and the force specification is proportional to the acceleration specification.
Therefore force limit ing  Clot.>IK)Lm~2fIIMI! ¢__ Al!l: errors _in the development_of _the
acceleration specification, e.g. undue conservatism or lack thereof. These errors will carry
over into the force specification. Since inflight vibratory force data are lacking, force limits
arc usually derived from coupled system analyses and impedance information obtained
from measurements or finite element models (FEM). Fortunatel y, considerable data on the
interface force between spacecraft and components are becomi ng avai lable from spacecraft
acoustic tests, and semi-empirical methods of predicting force limits arc being developed.

4.4.1 Analytical Force Limits. Analytical models and methods of obtaining impedance
information touscin these models are discussed in Section 5.0 Detailed Req uirements.
Here, the general requirements for analytical force limits are discussed. 1t is required that

analytical modcls used to predict force limits take into account the resonant behavior of both
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the source (mounting structure) and the load (test item) and that the models incorporate”
impedance information, data or Il iM, on both the source and the load. The 1110 (1¢c1s
discussedin the Detailed Requirements section are two-degree- of-freedom system (TDES)
modcls, in which the coupled source and load are each described by a single resonant
mode. 111 more complex models, the source and load may have many modes. In the early
stages of a program, before hardware exists, strength of materials or FEM models are often
used to determine the modal parameters of the source and load. 121t C1l inthe program,
before the vibration tests Of night hardware, it is recommended that the modal parameters
be updated with impedance data measured in tap tests on tilt mounting structure and in the
shaker tests Of the testitem. The coupled source and load models are exercised with some
representatt ve excitation of the source, and thie envelope (or peak values) Of  the interface
accelerati on and interface force frequency response  functions (FRE) are  caleulated,
preferably in one-third octave bands. Finally, the ratio Of the interface force envelope to the
acceleration en velope IS calculated from the nhodel and the force limit specifi cati on is
calculated by multiplying the conventional acceleration specification by this ratio. (It is
essential that the ratio Of envelopes or peaks, not of the FRE’s, be calculated.)

4.4.2 Scmi-cmpirical Force 1 .imits. The alternative semi-empiricalapproachto deriving
force limits is basedonthe extrapolation of interface force data for similar mounting
structure and test items. A general form for a semi-empi rical force limit for sine or transient

tests is from “Taming the General-Purpose Vibration Test™:

F = CM A (1a)

where Fis the amplitude ot the force limit, C is a frequency dependent constant W h i ¢ h
dependson the configuration, M is the totalmass of the load (test ttem),and A, is the
amplitude Of the acceleration specifi cati on. The form 01 Eq. la appropriate for random
vibrationtests is:

S, = C"MS,, (1b)

where S, , is the force spectral density and S, the acceleration spectral density.

A s shown in “Verification of f ‘orce and Acceleration Specificat ions for Random Vibration
Tests of Cassini Spacecraft Equipment”, interface force data measured between three
instruments, cach weighing approximately 60 Ib., and JPL.’s Cassini spacecraft in acoustic
tests of the development test model spacecraft lit Eq. b with  C equal to unity at
frequencies up to and including the fundamental resonance o f the test item and then with C
rolling off as one over frequency at higher frequencies. It is required to show similarity
between the subject hardware configuration and the reference data case or to justify the
scaling used for any extrapol ation, in order to use semi-empirical force rlimits.

4.4.3 Quasi-static Design Verification. The quasi-static d esign of acrospace components is
oftenbased cm a specified acceleration of the center-of-gravity (C. G.) of the component.
However, the C.G. of a flexible body is a virtual (not a rcal) pointand its acceleration
cannot be accurately measured with anaccelerometer ina vibration test, patticularly at
frequencies above the fundamental resonance. However, FHq. la with C equal to unity and
A_cqual to the C.G . acceleration is Newton’s 2nd law. Thus limiting the external force to
the product Of total mass times the quasi-static design limit, or some fraction thereof, is the
recommended method of validating quasi-static designs in vibration tests.



4.5 ControlSystem. . Most of the current generation of vibration test controllers have the
two capabilities needed to implement force limiting. First, the controller must be capable of
extremal control, sometimes called maximum or pecak control by different vendors. in
extremal control, the largest of a set of signals is limited to the reference spectrum. (This is
in contrastto the average control mode in which the average of” a set of signals is compared
to thereference signal.) Most controllers used in acrospace testing 1abo]’ ate] ics support the
extremal control mode. The second capability required is that the controller must support
different refercnce spectra for the response limiting channels, so that the fore'c’ signals may
have limit criteria specifiedas afunctionof frequency. Controllers which support difterent
reference spectra for limit channels are now available frommost venders and in addition
upgrade packages are available to retrofit some of the older controllers for this capability. If
the controller dots nothave these capabilities, notching of the accelerationspecificationto
limit the mecasured force to the force specification must be done manually in fow level runs.

4.6 TestPlanning Consideratio ns. Several considerations need to be addressed in the test
planning if force limiting is tobe employed. First the sire, number, and availability of the
force transducers need to be identifiecd as welt as any special fixturing requirements to
accommodate the t ransducers. Next, t he approachfor deriving and updating the force
specification needs to be decided. Finally the control strategy, which in special cases may
include cross-axis force, moment, individ ual force, and response limiting in addition to or
in licu of the in-axis force, must be decided and written into the test plan. In some
instances, the control strategy will be limited by the control system capabilities. In all cases,
it is recommended that the control strategy bc kept as simple as possible, in orderto
expedite the test and to minimize the possibility of mistakes.

5.0 DETAILED REQUIREMENTS
5.1 Derivation of Force Limits. As the force limiting technology matures, there will

eventually be as many methods o f deriving force limits as there are of deriving acceleration
specifications. Hercin several acceptable methods are described.

Force spectra have typically been developed in one-third octave bands (sec example in
Section 6.2), but other bandwidths, c.g. octave 01 one-tenth octave bands, may also be
used. Force limiting may usually be restricted to an upperfrequency encompassing
approximately the first three modes in each axis; which might be approximately 100 Hz.for
alarge spacecraft, 500 7 for an instrument, or 2000 Hz for a small component. It is
important to take into account that the test itemy resonances on the shaker occur at
considerably higher frequencics than in flight. Therefore care must be taken not to roll of f
the force specification at a frequency lower than the fundamental resonance on the shaker
and not to roll off the specification (oo steeply, i.e itis recommended that the roll-offs of
the force spectrum be limited to approxi mately 9 dB/octave.

5.1.1 Simple TDES. The simple Two-Degrec-o {-Freedom System (TDES) method of
deriving force limits is described in “Vibration-Test Force 1 .imits Derived from Frequency -
Shift Mcthod”. The basic modelis shown in Figure 1. The model represents onc vibration
mode of the source (system 1) coupled with one vibration mode of the load (system 2).
Figure 2 shows the ratio of the interface force spectral density S, to theinput acceleration
spectral density SAA, normalized by the load mass M, squared, as a function of the mass
ratio M /MpCdlCU]dlCd from the simple TDFS. When this mass ratio is very small, there is
no force limiting effect; the force spectral density asymptote is the load mass M, squared
times the input acceleration spectral density times the quality factor Q, squared. The ratio of
this asymptotic valuc of the force to the force limit at larger values of M JM,, is the



expected amount of notching, sometimes called the knock-down factor, when the force is
limited to the force limit. The force limit is very insensitive to damping at values of M,/M,
greater than 0.4, but the unnotched force spectrum and therefore the noteh depth resulting
from force limiting will be proportional to the actual quality factor Q, squared. To usc
Figure 2, the source and load masses must bc determined from FFEM analyses o r
measurementsasa function of frequency. It is recommended that out-third octave
frequency bands be utilized. in the simple TDES method, it is rccommended for
conservatisim that these masses be taken as the residual masses rather than the modal
masses. Appendix A gives the equations for replicating the curves in Figure 2.

5.1.2 Complex TDES. The complex Two-Degree-of-Freeclom System (TDES) method of
deriving force limits is also described in “Vibration-Test Force Limits Derived from
Frequency-Shift Method”. The complex TDES model is shown inFigure 3; it requires both
the modal (m) and the residual (M) masses ol’the source andload. ‘1'able 1 tabulates the
normalized ratio of interface foree gpectral density to input acceleration spectral density for
a complex TDFS with Q=20, which is agood nominal value for most practical
applications. It is recommended that both the simple and complex TDEFS models bc used
and that the larger of the two calculationsbe used in cach one-third octave frequency band.
It wilt generally be foundthat the simple 'I'DES gives the larger result of f the load
resonances and the complex  TDES the larger resultat the load resonances.

5.1.3 Multiple Degrec-of-breedom  Systems. In gencral, a muitiple degree-of-freedom
mode) of the source and load may be utilized as in “An Analytic al Study of a Vibration Test
Method Using Extremal Control of  Acceleration and Force”. The 111(XIL' 1 parametersare
determined from modal mass and resonance frequency information for the source and load.
The ratio of the interface force envelope to the interface acceleration envelope should be
cvaluated 44 with simpler models, and the force limit determined by multiplying this ratio

by the acceleration specificatio n obtained asin convention al vibration tests.

5. 1.4_Alernative Methods. Just as there are many ways of developing acceleration
specifications, there will be many ways of deriving force limits. In lime a data base of flight
and system test force data and validated semi-empirical methods will be available, but for
the present most force limits must be derived from analytical models with structural
impedance data. Although the methods yecommended 0 this handbook are preferred, other
methods may bc acceptable if they are rational and resultina desired margin over flight.
One alterna tjve method is 1o use the blocked force, which is the force that the source will
deliver to aninfinite impedance (zero motion) load. Unfortunately for most systems, the
blocked force is 100 large (o result in much limiting as shown in “Force ©imiting Rescarch
and Development at JP1 .. Another method suitable for low frequency testing is to base the
force limit on the C.G. acceleration from a mass-acceleration type curve such as is
sometimes used for quasi-static design. See Section 4.4.3.

5.2. _Apparent and Effective Mass. The frequency response function (FRE) which is the
ratio of the reaction foree to applied acceleration at the base of a structure j5 called “apparent
mass’. The apparent mass is a complex impedance-like quantity which reflects the mass,
stiffness, and damping characteristics of the structure. The modal models recommended
herein require only the “effective” masses, which are real quantities and therefore much
simpler.

5.2. 1. Effective Mass Concept. The concept of effective mass was introduced in
“Liquivalent Spring-Mass System: A Physical Interpretation”. Consider the drive point
apparent mass of the model consisting of the set of single-degree-o f.frecdom systems
(SDES) connected in paralel to arigid, massless base as shown in Fig. 3, from “Vibration-
Test Force Limits Derived from Frequency-Shift Method”. The modal contribution to this
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drive point apparent mass, divided by the SDES frequency response factor, is called the
effective mass of that mode. The sum of the effective modalmasses is the total mass of the
distributed system. The sum of the effective masses of the modes with resonance
frequencies above the excitation frequency is called the effectiveresidualimass. Appendix B
provides a more general definition of effective mass and a procedure for using NASTRAN
to calculate the effective masses.

5.2.2 Shaker Measurcment of lLoad I flective. Mass. The load effective residual mass
should be measured and used to update the calculated foree limits before conducting a force
limited vibration test of fiight hardware, because the force limits in both the simple and
complex-I")1:S models are proportional to the load effective residual mass. Fortunately, the
load effective residual mass can be readily measured with a low level sine sweep, or
random, test run when the load is mounted with force gages on the shaker. First the
magnitude of the drive point apparent mass, the rati o of total reacti on force in the excitation
direction to the inputacceleration, is measured. Then thi s apparent mass function is
smoothed (a moving average in {frequency) to eliminate the resonance peaks. The resulting
smooth curve, wh'ich must be a decrcasing function of frequency by Foster’s theoremy, is
taken as the effective residual mass. The effective mass for each distinguish able mode may
be evaluated by equating the correspo nding peak in the apparent mass curve to the sum of
the residual mass and the product of the effective mass times the quality factor Q,
determined from half-power bandwidth Of the peak.

5.2.3 Tap TestMeasurement of Source ffective Mass. The source effective residual mass
is determined ina similar manner by smoothing the FREs of themagnitude of the drive
point apparent mass of the source, which are measured with a modal hammer incorporating
a force gage. The measurements involve tapping atrepresentat ive positi ons where the load
attaches andcomputing the FRE of the ratio of the force to the acceleration, which is
measured with anaccelerometer mounted temporarily on the source structure near the
hammer impact point. (The load must not however be attached to the source structu L 2
during these measuremenats.)  Some judgment i s involved in combining the apparent
masses measured at multiple attachment points to obtain a single-node model of the
effective mass. At low frequencies, cach point yields the total mass, unless rotations are
introduced. At high frequencies, the apparentmasses from multiple points should be
added, usually by adding the sum of the squares. Also when calculating or measuring the
apparent mass Of a mounting structure, it is important to decide how much of the adjacent
structure it is necessary to consider. It is necessary to include only cnough of the mounting
structure so that the source effective modal and residual masses are accurately represented
in the frequency range of theload resonances.

6.0 NOTES (This section is for information only and is not mandatory.)

6.1 Reduction of Mcan-Square Response Duc 10 Notching. It is often important to know
how muchthe Illcall-square response, orforce, will bereduced whenaresonanceis limited
to some value. Limiting a response resonance to the peak spectral density divided by the
factor A squared, results inanotchof depth A squaredin the input spectral density at the
response resonance frequency. The reduction in response resulting from notching is
considerably less than that associated with reducing the input spectral density at all
frequencies, in which case the response is reduced proportionally. The reduction in mean-
square response of a SDFS resulting from notching the input dB =201og A at the response
resonance frequency is shown inkig. 4, from “FHorce | .imiting Rescarch and Development
atJpPl.”.




6.2 Force Specification_ Example. Appendix C is a spread sheet calevlation of the force

specification for an instrument (CRIS) mounted on a honeycomb panel of a spacecraft
(ACE) using three methods: the simple TDES, the complex TDES, and the semi-empirical.

6.3 Definition of Symbols

A = interface accelerat ion

Ab = base acceleration

Ao = free acceleration of source
As  =aceelerati on specification
C = dashpot constant

C =: Constant

k = interface force

s = force specification or limit

k o spring stiffness

k = physical stiffness matrix
M = total mass

M = residual mass

m = modal mass

M = apparent mass, F/A

m = physical mass matrix

M = modal mass matrix

Q = dynamic amplification factor
S,a  =acceleration spectral density
Sy, = force spectral density

u = absolute displacements

U = gencralized modal displacement
[0} =mode Shape

w = radian frequency

o, = natural frequency of uncoupled oscillator
Subscripts

! = source oscillator

2 = load oscillator

F = unrestrained (free)

P = prescribed

N = modal Set

R = rigid body set

n = single mode

p = reaction force direction

q = prescribed acceleration direction

11



Force Spectral Density Normalized by Load Mass

Squared and Acceleration Spectral Density
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to residual mass

Residual mass ratvo, M2/M1

mi/M1, m2/M?2 0001 0003 001 001 01 03 l 3 10
80.80 932 913 93¢ 948 1001 1180 1240 1234 1238
80,4.0 24 23 23} 235 239 256 294 265 250
80. 20 58 58 5! 58 59 60 68 73 63
80.10 5 15 15 15 15 1S V7 n 22
80,05 4 4 4 4 4 4 4 7 6
80,025 | 1 i | ] 1 i 2 S
80 0125 | I | i 1 | t )] 3
40,80 B71 R67 858 849 04 1042 1 067 1110 1229
40,40 218 8 217 216 220 2.50 254 250 252
40,20 55 55 55 55 56 61 72 68 67
40,10 14 14 14 14 4 16 24 23 22
4005 3 3 4 4 4 4 6 10 10
40,025 1 1 } i 1 1 2 5 5
4.0.011s [} 1 1 | 1 1 | 3 3
20,80 1586 1418 1 260 1061 950 946 98> 1099 1201
20,40 406 391 358 305 272 259 238 236 254
20,20 103 10t 97 88 79 82 20 65 62
20,10 26 26 26 25 24 25 2s n n
20.05 7 7 7 7 7 9 10 10 10
20,025 2 2 2 2 2 3 5 5 6
20.0125 ] 1 1 1 t | 3 3 4
1.0.80 11041 s 2714 1486 967 901 984 1095 1181
10.40 3s69 2206 1405 561 332 247 23 238 248
10.20 1228 826 432 226 125 8) " 65 64
10.1.0 359 281 166 100 50 33 26 b3 ] 23
1.0.05 100 89 61 4?2 24 15 2 1 1
10.025 28 27 n 17 11 8 6 6 6
)0.0125 8 8 8 7 5 s 4 4 4
05.80 13889 7120 3501 1726 1023 880 974 1003 1171
05,40 4516 2895 1417 695 357 247 225 240 244
05,20 1346 1003 561 283 136 89 70 64 65
05.10 377 319 201t 117 59 39 27 24 22
05.05 102 9s ™ 48 27 17 12 1 10
05.025 28 27 258 19 13 8 1 6 6
05.0 125 8 8 8 8 6 s 4 4 4
0.25.80 17378 9978 4092 1944 1017 833 936 1092 1166
0?5.40 5194 3728 1805 812 380 249 225 24) 242
025,20 145s 1205 7l 359 173 93 74 66
0.25.1.0 391 354 269 160 74 43 28 b3
025.08 103 99 86 63 38 22 14 12
0.2502% 28 28 27 23 16 10 8 7

8 8 8 i 5 5 4

0.25.0125

TABLESI. Normalized Force Spectrum for Complex TDFES with Q=20
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APPENDICES
Appendix A--FEquations for Calculating the Simple TDES Force Limits

The force mit is calculated for the TDES in Fig. I with different masses of the source
and the load oscillators. For ibis TS, the maximumresponse of the load and therefore
the maximum interface force occur when the uncoupled resonance frequency of the load
equals that of the source. Forthiscase, the characteristic equation is that of a classical
dynamic absorber, from “Vibration-Test | “orce | .imits Derived from I ‘requency-Shift
Method™

((n)/(s)“)3 =4 (my/m )72 2{(m,/m,) -t (m/m, )'74)1" ) (Al

where @, is the natural frequency of one of the uncoupled oscillators, m, is the mass of the
source oscillator, and m, is the mass of the load oscillator in Fig. 1. The ratio of the
interface force s, to acceleration s, spectral densities, divided by the magnitude squared
of theload dynamic massm,, is:

S, [(Spam,))=11-t (/e ) 1Q7 T [1- (/)T +(w/m,) 102} (A2)
where Q, is the quality factor, onc over twice the critic al damping ratio, of the load.

The force spectral density, normalized by the Joad mass squared and by the acceleration
spectral densit y, at the two coupled systemresonances is obtained by combining Fqgs. (Al )
and (A2). For this TDES the normalized force is justslightly larger at the lower resonance
frequency of Eq. (A 1). The maximum normalized force spectral density, obtained by
evaluatingliq. (A2) at the lower resonance frequency, is plotted against the ratio of load 1o
source mass F-or three viluesofQ,inkig. 2.

Appendix B--Calculation of Effective Mass
Applying the rationale of “ Equivalent Spring- Mass System: A Physical Interpretation™ and

subdividing the displacement vector into unrest rained absolute di splacements u, and
prescribed absolute displacements u,,, tile equilibrivmequation is:

[ my, | my, | dy /dC [ S O Y f
G { - A {1} = {-} (B1)
[ my, i my, 1 du, /de [ Ky v Ky Ty f,

[ O T 1 Uy
Lt fu} = ¢ U= - ) (32)
[0 1 1, 1U,

Where ¢ arc normal modes and ¢, are rigid body modes associated with a kinematic set of
unit prescribed motions, and Uy is thegencralizedmodal relative displacementand U, i's

the generalized prescribed absolute displacement. Substituting and pre-multiplying by ¢
yields:

15



[My I My T dPUGC oy M | 0]

e e {orooees B oo e = (B3
MG I My T UG 0 10 U,
where: M =0 ' my, g (B4)
My =04 my, ¢, + o'y 1y, (BS)
Mpw = L, L+ Lm0+ 0" my 1, 4 0,0y, 6, (BO)
B =1, I (B7)
For: d'U,/dr = U,=F, =0, U/ = U, and for U, = ]:
7\— ___.,_ = P \ Du:u A~wmv

where n indicates a single mode. (Note that M,."is in mass units.) M, is sometimes called
the elastic-rigid coupling or the modal participation factor for the nth mode. If the
model is restrained at a single point, the reaction (F)) in (B&) is the SPCHORCE: at that
pointin a NASTRAN modal analysis.

The initial value of M, is the rigid body mass matrix. If & Gaussian decompositior of the

total modal mass in (B3) is performed, it subtracts the contribution of cach normal mode,

called the effective mass:
~ 'M M (B9)

nn b

from M,", which is the residual mass after excluding the nass associated with the

already processed n modes.

Consider the ratio of the reaction force in a particular direction p, to the prescribed
acceleration in a particular direction : the effective mass, M, M ! M, . is the same as the
contribution of the n th mode to this ratio, divided by the single-degrec-of-freedom
frequency response factor. The sum of the common-direction effective masses for all
modes is cqual to the total mass, or moment of incrtia for that direction. Values of the
effective mass are independent of the modal normalization.
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Appendix C--Force Specification Example

ds--02/27/97 1 TFORCE FPECIFICATION EXKMPLE | - I
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