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A~ PREFACE

The work described in this report was performed by the Applied
Mechanics Division of the Jet Propulsion Laboratory,

English units were used for the principal measurements and calculations
in tla: report,
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ABSTRACT

Modal systhesis methods have been developed for use by engineers for
cost-effective solutions of large structural dynamics problems, Different
methods have been proposed by various investigators based upon comparative
solutions of relatively simple structures using different forms of displacement
functions, The paper describes the experiences in the application of modal
synthesis methods to a large complex structure in a project environment, The
considerations include analysis, hardware interfaces, organizational interfaces,
schedules, rests, resources, and other project requirements, Good technizal
results were obtained through the use of an integrated analysis/test modal
synthesis on both substructures and systems, These experiences should be
beneficial for engineers contemplating the use of modal synthesis concepts for

future projects,
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Introduction

Modal synthesis concepts have been attractive to many engineers involved
with the solution of eigenvalues and eigenvectors for large,complex dynamic
problems. It is a method that retains the few significant independent coordinates
of the various substructures which are combined into the system dynamic

equations.

The reduced independent coordinates are sel- :ted to provide accuracy in
the lower eigenvalues which are of significance to the structural dynamicists,
The initial developments woere motivated by a requirement for lower eigenvalues

of large structures for reasonable computer costs.

The first publicaticn popularizing modal synthesis was a 'report by
W. Hurty (1) .l Since then, several other documents on its different aspects,
such as optimum selection of displacement functions, have been published |2,
3, 4, 5and 6], Other studies[7 and 8/ have been made on Shuttle type structures
to establish the "best' displacement functions that converge to the correct
solution with the least number of independent coordinates. A curvent research

program at Langley Research Center includes a task on a 1/8-scale Shuttle

model to verify modal synthesis concepts as applied to the Shuttle,

lNumbers in brackets designate references at end of paper.
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Although versatile computer codes have been available for eigenvalue

solutions of a structure, and a few modal synthesis computer programs | 9| have
been developed, very few projects have successfully implemented a complete

modal synthesis substructure and system analysis and test program.

This paper presents the experience at the Jet Propulsion Laboratory (JPL)
in a complete modal synthesis analysis and test program. The "best' method
for the project was not determined by analytical studies (2 and 3] but by project
requirements., The results of the effort are based upon its application to six
space projects [10 and ll.l at JP1, including the most recent one, Vikingz.
The Viking results will be used to illustrate the salient points because it incor--
porated all of the experiences at JPL, The information should be of interest for

engineers contemplating the use of modal synthesis concepts for future projects,

The proper use of modal synthesis will result in an efficient and cost-

effective support to many projects,
Project Requirements

The '"best' modal synthesis method and/or a modal synthesis computer
program cannot be specified because of their dependence on the particular
structure and the project requirements. The Project requirements for Viking

(12] should be similar to those for future projects.

Since labor is often the largest cost element, most projects minimize the

time for the design, fabrication, and test phases, as shown in Fig. 1, For a

ZJPL is responsible for the Viking Orbiter System, which is part of the overall

Viking Project managed by the Viking Project Office at Langley Research
Center (LRC) for NASA,
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series of projects with minor modifications to the basic structure, higher con-
fidence in the design and minimization of the test program can be achieved by
initially developing a good n ithematical structures and dynamics model that is
verified by a test program, The analysis based on the initially developed
mathematical model can be used in subsequent projects for reliable data and

elimination of tests.
Schedule — Observations

The Viking Orbiter (VO) schedule pertinent to this discussion is shown in

Fig. 2.

The current t.end is to establish initial design loads using load analyscs
which are transient analyses based on spacecraft and launch vehicle mathe-
metical models and launch vehicle engine forcing functione, The final model,
verified by a system modal test, is used in a load analysis to establish \lie final
flight loads. The results are used to establish the adequacy of the structure
and/or the ultimate static qualification test loads. Emphasis is placed on the

calculation of spacecraft member dynamic loads rather than accelerations.

The time available between the system modal test and the test-correlated
mathematical model is usually a minimum, Thus, if the test and analysis do
not corrc ite, modification of the large system mathematical model to match
the test results is an almost insurmountable task. Criteria for the correlation
of analysis and test [13] are lacking, and a proven algorithm ‘o automatically
modify the mathematical model to match the test data is not : vailable. Conse-

quently the results from the system modal test are often not used effectively.

JPL Technical Memoraadum 33-729
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The effective use of resources is made possible by

1.

Verifying the mathematical models of the substructures with
substructure cests. (The term substructure is deliberately

used instead of subsystem, )

Increasing the probability of a good system test by recognition
of potential problems that may be caused by selected substruc-
tures. The potential probleins include nonlinearities, instru-

mentation requirements, mass matrix estimations, and identi-

fication of significant dynamic characteristics,

Distributing the instrumentation and engineer workload over a

longer time period,

Performing a good substructure analysis and test program to

eliminate the requirements for system tests,

Dynamic Model Requirements

The dynamic model requirements for different projects will vary along

with the appropriate modal synthesis approach. The different project uses for

a dynamic model ar: to evaluate the

1.

2,

Attitude control interaction
Spacecraft/launch vehicle interface loads or accelerations
Spacecraft accelerations

Spacecraft member forces

JPL Technical Memorandum 33-729
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Another consideration is whether the significant dynamic forcing function is

superimposed with a quasi-static acceleration,
System Modal Test

The need for an accurate analytical moauel prior to and after a system
modal test is dependent on the project requirements, Other than to obtain good
early load estimates and to help guide the system modal test itself, an analytical
model that correlates with test results would be superfluous if the system test
results could be used directly, This is rarely the case, since it is difficult to
determine force co~fficients experimentally and experimentally determined
models often result ir nimerical difficulties, For attitude control interaction
studies, or for the evaluation of spacecraft/launch vehicle interface loads or

accelerations, modal test daca are probably sufticient,

However, frequently a modal-test-correlated analytical model is desirable

for the iollowing reasons:

1. The modal test configuration may not duplicate the final flight

configuration because

a. Referee propellants are used for safety considerations,
The density of the referee propellants differs from that

o. the flight propellants.

b. The test configuration may exclude a few select sub-
structures, Substructures (e.g., nonlinear ones) may

be excluded to assure a good modal test to provide

J?L Technical Memorandum 33-729



3.

4.

physical space to attach the shikers, or to minimize
the number of system eigenvalues to those that require

verification,

¢, The test configuration is modified to allow a meaningful
modal test, For instance, discrete dampers may be

inactivated or sliding joints may be prevented from

sliding.

d. Design changes have been made since the fabrication of

the hardware for the test.

More detailed information is available from the mathematical
model than from the test measurements. For instance,
detailed modal force distribution can be obtained from the
mathematical model, whereas its measurement during the

test is impractical.

A variety of configurations must be evaluated for its dynamic
characteristics. For instance, attitude control studies with
various positions of appendages, launch analyses, and
ground condition tests are typical of configurations required

for one project.

The mathematical model is valuable for follow-on projects
to provide fundamental information which may allow elimin-

ation of some analyses and tests.

JPL Technical Memorandum 33-729
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Two difficulties that currently exist are a lack of

l. A criterion for the degree of correlation [13 and 14| ysquired

by an engineer,

2, A proven algorithm to upgrade a mathematical model (15 and

16] to correlate with test data.

Although several methods are available to reconstruct the stiffness and mass
matrix from the test data [17, 18,and 19, they appear to lose their physical

significance; thus, their use for analyzing other configurations is limited,

Viking Requirements

~he Viking requirements [12] are described to provide a background for
the modal synthesis approach. In general, the requirements were more exten-

sive than those of previous JPL projects.
Dynamics Data

Since the design and qualification test loads were established by load analy-
sis, the detailed loads in the various structural members resulting from com-
bined quasi-static and staging transients were required, lLoad analysis consists
of developing a complex finite element model (approximately 32, 000 degrees-of-
freedom) of the VO (Figs. 3 and 4), which is reduced to about 250 dynamic
degrees-of-freedom by modal synthesis, The model is coupled by modal syn-
thesis methods to the Viking Lander capsule ar.d the Titan IIIE/Centaur D-IT
launch vehicle (Fig. 5) and excited by the forcing functions shown in Fig. 6.
Loads resulting from eigenvalues less than 40 Hz were of interest, (The first Viking

spacecraft eigenvalue is 4.42 Hz and the 40th eigenvalue is 43,53 Hz, )

JPL Technical Memorandum 33-729 7



Schedule

As shown in Fig., 1, the modal-test-correlated mathematical model was
required within a few weeks after the completion of the VO modal test |20/ .,
The model was required for load analysis to establish the ultimate qualification
static test loads prior to the scheduled test date Fortunately, good substruc-
ture modal tests and the analyses program directly contributed to a successful
system test and cosrelation of the analytical model, The schedule would not

have permitted an update of the mathematical model.

A high probability for a good mathematical model, modal test, correla-
tion, and successful ultimate static test was required because a redesign and
requalification of the structure prior to launch in the third quarter of 1975

would have been costly,
Dynamic Model Requirements

A mathematical model of the VO was required, The modal-test-verified
math -atical model was used to establish ten different models representing «
variety of tes. and flight conditions and approximately six models for attitude
control studies in the VO cruise configuration (Fig. 4). All VO models wrre
,2nerated using the JPL Structural Analysis and Matrix Interpretive System

‘T < *8) computer program, The computer used was the Univac 1108,

JPL Technical Memorandum 33-729
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Modal Synthesis

Definition of Problem

The major step required to obtain a solution to the system equations of

motion
(M]{U) + [C] (U} + [K](U) = (F(t))
(£} = (s} (v (1)

where

[M] = mass matrix of the system

{U} = independent coordinates of the system

[C] = damping matrix of the system

[K] = stiffness matrix of the system

{F(t)} = forcing function

{f} = member {orces

5] = force transforrnation

is to reduce the degrees-of-frecdom of Eq. (1) by representing {U} in terms of

various displacement functions. The relationship is

{u} = [¢] {Q) (2)
where
[¢#] = displacement function matrix
{Q} = independent generalized coordinates of the system

JPL Technical Memorandum 33-729



Substitution of Eq. (2) into (1) and premultiplication by (#)% yesults in

(6T (M116) (@) ~ 81T (c) (o1 (Q) + (61T (K (6)(Q) = (6T (F(e))  (3)
or

(M) {Q)} + (E] Q) + (K] {Q)} = (F ()} (4)

The eigenvalue solution of (4) for (C| = 0 and {F (t)} = 0 results in the

system eigenvalues and eigenvectors that are verified by the system modal test,

The main advantage of modal synthesis or the proper establishment of
relationship (2) is that the order of the equations of motion is reduced from

32, 000 for (1) to 250 for (3), with little nss in accuracy of the desired informatio...
Displacement Functions

The various displacement functions for a substructure can be obtained

from the following two equations for any sulstructure:

kirkio | [“1 £

. (5)
korfoo I,“o fo
or
: -1
luo] B [koo] ([‘0] - [kOI][uI]) (6)
10 JPL Technical Memorandum 33-729
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and
[m]{d} + [k]{u} = {0} (7

where

{u} = substructure displacements

[k] = substructure stiffness matrix

[f] = forces on the substructure

[m] = substruc.... .rass

I = subscript to denote interface degrees-of-freedom

O = subscript to denote degrees-of-freedom other than the interface.

The various displacemen! functions are discussed below.

1. Rigid Rody Displacement Function [9]) . Rigid body functions represent
the motion [¢R] when a degree-of-freedom [uI] is displaced by an arbitrary
value without force., The [¢R] is a solution to Eq. {%), where [fo] = 0 and
["‘l] is a uait matrix (or linear combination of unit matrices) in the degrees-

of-freedom asscciated with the rigid body displacements.
{“R} - [':'R]{qR} (8)

The number of rigid body motions may range from 1l to «. Rigid body ruotions

in excess of 6 are related to linkages within the substructure,

2. Constraint Displacement Functions [1] . Constraint functions represent
displacements [¢c] of the substructure when a unit displaceiuent of an interface
degree-of-freedom requires force as the other interface degrees-of-freedom
are restrained, If the interface degrees-of-freedom are statically determinate,

the constraint functions are equal to the rigid body functions, The constraint

JPL Technical Memorandum 33-729
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functions are solutions to Eq. (6), where [fol = U and l“I] is a matrix of
displacement vectors with unity associated with the degrees-of-freedom defining

a constraint mode. (Other terms of the vector are zero.)

fect = Cec)ac) )

3, Attachment Dirplacement Functions (9, 5 and 6] . Attachment functions
are displacements [‘A] of the substructure resulting from concentrated loads
[fA] on the substructure. Dispiacements [¢A] result from the solution to (6),
where [f5] = [fA] and (ul] = u,

TR EIORICN (10)

The lf}.] can be quasi-static inertia lcading of the substructure or various

combinations of concentrated loads.

4, Imposed Displacement Functiors. Imposed functions represent motions
l’IM | that engineers consider relevant to describe a structural deformation,
The displacements are not necessarily a result of any realistic external loads,

but are usually directly related to such loads.

{ornaf = (ol {annaf an

5. Eigenvector Displacement Functions. The eigenvector functions are the

eigenvector solution of Eq. (7).

{“E}= [OE]{QE} (12)

JPL Technical Memorandum 33-729



Total Displacement Function

The displacements of any substructure are represented by any combina-

tion of the displacement functions

R
9c
{u} = [[¢R] [¢C] [‘A] [‘IM] [¢E]] 9 (13)
M
iE
or
(ul =[4,) (q) (14)

for the ith substructure.
Equation of Motion of Total System

The independent generalized coordinates of the system are selected by
the engineer, who combines the generalized coordinates of the substructures
through compatibility relations representing the interconnections. Figure 7
shows that the substructures are attached to the bus for Viking. The selected
displacement functions of the substructures (Eq. 13) are combined to obtain

the system equations (4).

JPL Technical Memorandum 33-729
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Modal Synthesis--VO Project Requirements
Project Requirements

The experience gained with the modal synthesis process for VO should be
applicable to most projects. At the initiation of the Viking Project, the modal
synthesis plan was closely integrated with other Project constraints and require-

ments that included
1. Organizational interfaces external to JPL (Figs, 3 and %)
2, Organizational interfaces internal to JPL
3. Substructure design, fabrication, and delivery schedules
4, System-related hardware and test program
5. Load analysis definition and requirements

A modal svnthesis plan based solely upon the "best" technical approach could
not be practically implemented and would not have been acceptable, Two

decisions, partially involving analysis and test considerations, were:

1, 1he responsibility for the Viking Lander capsule adapter
(Fig. 3) was assigned to JPL, JPL was cognizant of the
hardware which was important in the modal synthesis and the

system test plans,

2, The Viking transition adapter (VTA) and Centaur truss .dapter
(CTA) that interconnect the Viking Orbiter System and Centaur
were included in the JPL VO mathematical model, modal, and
static qualification test program. The VTA and CTA were
designed and fabriczted by General Dynamics/Convair

Astronautic (GD/CA,),

JPL Technical Memorandum 33-729
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A goal was to minimize the analysis, design, and test interfaces between
organizations and people to decrease the coordination effort, Modal synthesis
methods minimized interactions and provided a means to effectively obtain
good technical results, The complexities associated with the inclusion of the
VTA/CTA int he VO effort for technical considerations clearly demonstrated

the advantages . minimizing the interfaces whenever possible,

A more detailed schedule is presented in Fig. 8, and the interfaces of

the substructures and system are shown in Fig, 9,

All the structural development and structural qualification testing was

performed by the JPL Structures and Dynamics Section.
Selection of Substructures

The substructures were defined by the interfaces shown in Fig, 9 racher
than an analytical consideration. As noted in the schedule (Fig. 8) and the
interfaces (Fig. 9), the substructures were under the cognizance of different
engineers and organizations, They were delivered and tested at different
times. To provide effective supporr, analysis, design, and test efforts were
performed for each substructure with a minimum of interaction., This naturally

resulted in the substructure /modal synthesis approach.
Advantages of Substructure Approach

The goal was to effectively support the VO and develop a mathematical
model that would be verificd by the system modal and static tests, The plan
was to develop the system mathematical model (used for both static and dynamic
models) by testing the substructures at the earliest possible time and incorpo-

rating the results into the system model,

JPL T2chnical Memorandum 33-729 15
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The advantages of modal synthesis to VO were:

A structures engineer provided static and dynamic analysis and
test support to his assigned substructure with a minimum of

interaction with other substructures, ‘

Each engineer and/or organization developed the mathematical
model independently of the others., The number of degrees-of-
freedom, numbering of nodes, and computer program were
selected by each engineer., Thus, a special dynamic model
with '"reduced' degrees-of-freedom was not required, The
model was used to evaluate substructure responses, interface

distortion, and other parameters,

A better engineering estimate of substructures prior to the test
was possible when experience on similar hardware was avail-
able, Estimates of damping on substructures made of honey-

comb or composites are typical examples.

An engineer developed a substructure mathematical model,
which was correlated and corrected to match the test data.
Corrections were made to relatively small mathematical

models prior to their incorporation into the system model.

Ninety percent of the strain gages required for the system
model and static tests were installed for the substructure tests,
This distributed the instrumentation workload and simplified
the work by allowing hardware to be instrumented in the

instrumentation laboratory. Additionally, the instruments

JPL Technical Memorandum 33-779
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and their calibration were validated during the substructure

tests,

The substructure tests revealed design deficiencies early in the

VO schedule,

The potential problems caused by the various substrrctures
during the system modal tests were recogrized, For instance,
structural nonlinearity would invalidate the system modal test
based upon linear theory, The troublesome substructures were

modified or eliminated from the system test,

The system modal [20], vibration |21 and 22), and qualification
static [23] test results were excellent, Good test results were
due to instrumentation and mathematical model verification

during the substructure tests,

System parameters, such as the pressure in the propellant
tank, were established based upon the influence of the pressures

on the tank sti1ess and structural nonlinearity,

A variety of different system configurations were effectively
analyzed by changing only the affected substructures., The

configurations analyzed included:

a, Two different launch configurations with different

propellant loadings.

b. Different launch configurations to establish the
maximum or minunum propellant loading which would

affect the structural design.

JPL Techrical Memorandum 33-729
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¢, Modal test configuration without select¢ substructures

and referee propellants in the propellant . ks,
d., Forced vibration test configurations,
e, Attitude control cruise configurations,
Description of VO Substructures and Their Displacement Functions

General. All the dynamic and static tests to be described were performed
at different magnitudes of loading to establish the nonlinearities and high-level
damping trends, Since loads were required when members were subjected to
combined quasi-static and dynamic loading, modal acceleration methods
(rather than modal displacement) were used, In addition, the seleci~d displace-
ment functions should result in a small residual mass [24) across an interface
for which quasi-static loads were important. (This can be achieved by
selection of quasi-static attachment functions,) Strain gage readings were
measured during the substructure tests to partially verify the eigenvalue force

coefficients,

Individual Members and Joints, Whenever feasible, individual truss type

members, and occasionally the joiaats with their instrumentation, were tested
‘n a uniaxial testing machine., The primary objective was to detect a poor
design or deficient hardware early in the Project schedule, Additionally, the
stiffness of the substructure was verified and the instrumentation was cali-
brated. A test of the Viking spacecraft adapter truss/fitting revealed a joint

that ""gapped' when a tension load was applied,
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Solar Panels, Eigenvector and constraint functions were used for the

solar panel., The solar panel with the relay antenna was verified with a modal
and static test in the launch configuration, and a modal test in the cruise or
extended configuration, After correlating the mathematical model with the test
esults, the antenna was removed from the mathematical model to obtain the

solar panel model without the relay antenna,

In addition to the solar panel tests, dynamic and static tests were
performed on the aluminum honeycomb substrate to verify its structural

integrity and the structural properties for the mathematical model,

The analysis indicated more eigenvalues in the frequency range of
interest than the test results, Only the aualytical eigenvalues corresponding
to test eigenvalues were retained, and the eigenvalues were modified to match

the test results. The anaiytical eigenvectors were retained,

The solar panels are connected to the Viking spacecraft adapter with
"viscous dampers' that critically damp the panel lowest normal mode, Since the
system eigenvelues were limited to real eigenvalues, the dampers were not
included, The influence of damping from the viscous dampers was treated as

solar panel eigenvalue damping,

Effective Mass Determination of the Propellant, A forced vibration test

wa3s performed on a single propellant tank with the propellant management
device to measure the effective mass of the propellant in the lateral, longitudinal,
and pitch directions for various ullages. The data were used for both the modal

test and analysis,

JPL Technical Memorandum 33-729
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Propellant Tank Tab. The reduced stiffness matrices of the propellant

tabs as attached to the members supporting the tanks were calculated and
verified by applying static loads similar to attachment functions to confirm

the mathematical model, Imposed displacements similar to constraint functions
were then applied to the mathematical model to verify the reduced stiffness

matrices,

Propulsion Substructure, Eigenvalue and constraint functions were used

to describe the motion of the propulsion substructure, Modal and static tests
were performed to verify the functions, Tests were made at various internal
pressure levels and ullages to establish the threshold of nonlinearity caused
by propellants and structural nonlinearities, Zero ullage tests were run in
the event that ullages resulted in nonlinearities which would compromise the
system modal test, Although a zero ullage condition test was included in the
system modal test plan, it was canceled because the ullage conditions did not

introduce significaht nonlinearities,

Components mounted on isolation pads to the propulsion substructure
resulted in local eigenvectors that did not affect the overall significant

eigenvectors,

High-Gain Antenna. Eigenvalue and constraint functions were used to

describe the motion of the high-gain antenna, Modal and force vibration sine
tests were performed to verify the analytical model, The design, including

"snubbers, "' resulted in a nonlinear (frequency vs force) structure,

Additional modal tests were run for the antenna deployed positions,

JPL Technical Memorandum 33-729
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Science Platform. Eigenvalue and constraint functions were used to

describe the platform motion. Modal tests in the stowed and deployed conditions
were performed to verify the model, The design included serrated joints to
allow slippage at high loads, However, since the magnitude of the forces in the
modal test did not allow slippage, the modal analyses excluded joint slippage, but

the model for load analyses did include joint slippage.

During the test, the fixture was not sufficientl rigid, and it rotated,
Because of schedule and cost considerations, the test was not repeated, The
influence of base rotation could not be eliminated from the test results; thus no
experimental results were available for correlation with analyses, An uncorre-
lated analytical model was used for the system modal test, The science-
platform-related eigenvalues and eigenvectors revealed the worst correlation
in the system modal test, This deficiency was, however, understood and

allowances were made in the loads calculation to cover these uncertainties,

Cable Trough., Prior to the buildup of the structure for the system modal
test, a quick modal test of the cable trough was performed to identify the eigen-

vectors and es'ablish the adequacy of the experimental mass distribution,

Electronic Chassis, Imposed functions were selected for the electronic

chassis to establish its generalized stiffness and mass matrix based upon its
distortion when it was integrated with the bus, Tests were not run because of

the difficulty in imposing the boundary conditions,

Bus, The bus structure included the rigid mass simulation of the Viking
Lander capsule (VLC), Viking Landur capsule adapter (VLCA), Viking spacecraft
adapter (V-S/C-A) and the VTA/CTA, The rigid mass of the VLC was included

to allow the substructure function to be more representativ. of its motion in the
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system response in order to simplify and minimize the selection of bus functions,
The iaciusion of the rigid mass is identical to mass loading the interface (2], As
mentioned before, the GD/CA hardware, referred to as the VITA/CTA between the
Centaur and Viking spacecraft, was inciuded for analysis purposes, The VTA/CTA
at the Viking interface was a flexible structure, whereas at the Centaur interface
it was considered a rigid plane, The attachment or constraint functions to attach
the Viking to the Centaur were eliminated by the inclusion of the CTA/VTA in the

bus model,
Three types of functions as independent coordinates were tried for the bus:

1. Attachment functions related to the forces from the

substructures,

2. Eigenvector functions with the interfaces to the substructures
mass loaded and stiffness loaded (if statically indeterminate),
They were linearly combined to obtain super-elements [11)

compatible with the substructure degree. -of-freedom,
3. Degrees-of-freedorn associated "with the bus mass points,

The bus functions we. . verified by a static test, The static dispiacements

and internal member forces were used to verify the mathematical model,
System Model

The effort to generate a mathematical system model using attachment and
eigenvector functions resulted in failure. The resulting mass matrix of Eq, (1)
could not be decomposed for the eigenvalue solution, This may be attributed to
single-precision arithmetic, It is a limiitation of SAMIS using the Univac 1108
computer,
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The use of the bus's original degrees-of-freedom :nd the substructure
functions (mixed coordinate system [14]) was successful, The model was verified
by a system modal test and a system static test, Eigenvalues, eigenvectors,
static displacements, and eigenvalue force coefficients were verified, The
system test did not include all the substructures but only those necessary to

verify the model and structure,

The eigenvalue damping was estimated by calculating the kinetic energy
participation of various substructures in each eigenvalue and proportioning the

substructure damping in relation to their contributions,
Conclusion

Modal synthesis concepts are valuable in the solution of large dynamic
problems as well as effective in the support of a project, However the approach
or selection of the methodology ruet not be based solely on "theory' but must be
closely integrated with the overall project plan, Fortunately, the project
objectives and modali synthesis desires are often similar (e, g., simplify
interfaces), The selected methodology should also consider the ability to
verify the mathematical model by an experimental program, A difficulty in
modal synthesis is that the dynamicist must have a good understanding of
structural dynamics to combine the substructures; automated computer programs
to select the '"best' methods are not available and may not be feasible for a

generx~' type of structure.

The use of modal synthesis resulted in an excellent mathematical model
and meaningful test results, as well as a good correlation of analysis and test,

for the VO, Its advantayes for mu'tiple mission projects are even greater

JPL Technical Memorandam 33-729
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because of the potential savings by elimination of analysis and tests. Using the
verified mathematical model, only those substructures to be changed for a
mission will require analysis for incorporation into the system model. Modal
synthesis provides a means by which past experiences of a project can be fully

utilized,

JPL Technical Memorandum 33-729




References

Hurty, W.C,, [}ynamic Analyses of Structural Systems by Component Mode

Synthesis, Technical Report 32-530, Jet Propulsion Laboratory, Pasadena,

Cal fornia, January 1964.

Ben ield, W, A,, and Hruda, R.F., "Vibration Analyses of Strrctures by
Con.ponent Mode Substitution, ' presented at AIAA/ASME 1 1th Structures,
Structural Dynamics, and Materials Conference, Denver, Colorado,

Apr.l 22-24, 1970,

Hou, S.N,, "Review of Modal Synthesis Techniques and a New Approach, "

The Shock and Vibration Bulletin, Bulletin 40, Part 4, pp. 25-30,

December 1969,

J.H Wiggins Company, Review and Development of Modal Synthesis

Techniques, Technical Report No, 1073 -1, NASA Contract NAS8-26192,

May 1972,

Rubin, S., "An Improved Component-Mode Representation,'' AIAA paper

74-386, presented at the AIAA/ASME /SAE 15th Structures, Structural

Dynamics, and Materials Conference, Lus Vegas, Nevada, April 17-19, 1973,

Hintz, R,M., Analytical Methods in Structural Mechanics, GD/CA Memo

No. SD-73-122, August 16, 1973,

Benfield, W, A,, Bodley, C.S., and Moranson, G., '""Modal Synthesis
Methods, "' Space Shuttle Dynamir s and Aeroelasticity Work Group
Symposium on Substructuring, Marshall Space Flight Center, Alabama,

August 30-31, 1972,

JPL Technical Memorandum 33-729

25



9.

10,

11,

12,

13,

14,

15,

26

Goldenburg, S., and Shapiro, M., A Study of Modal Coupling Procedures

for the Space Shuttle, NASA CR-12252, 1972, pp. 14-22,

Bamford, R.M,, A Modal Combination Program for Dynamic Analyses of

Structures, Technical Memorandum 33-290, Jet Propulsion Laboratory,

Pasadena, California, August 1966,

Holbeck, H.J., Arthurs, T.D,, and Gaugh, W.,J,, "Structural Dynamic
Analyses of the Mariner Mars 1969 Spacecraft,'" The Shock and Vibration

Bulletin, Bulletin 38, Part 2, August 1968, pp. 139-155,

Bamford, R,, et al,, "Dynamic Analyses of Large Structural Systems, "

Synthesis of Vibrating Systems, The American Society of Mechanical

Engineers, New York, N.Y., November 1971,

Wada, B., "Viking Orbiter-Dynamics Overview, ' The Shock and Vibration

Bulletin, Bulletin 44, Part 2, August 1974, pp. 25-39.

Chen, J., and Wada, B., 'Criteria for Analysis-Test Correlation of

Structural Dynamic Systems, ' Journal of Applied Mechanics, The American

Society of Mechanical Engineers (to be published),

Wada, B,K., Garba, J.A., and Chen, J.C,, '"Development and Correlation:
Viking Orbiter Analytical Dynamic Model with Modal Test," The Shock and
Vibration Bulletin, Bulletin 44, Part 2, August 1974, pp. 125-164,

Hall, B, M., Calken, E.D,, Sholar, M.S., "Linear Estimation of Structural
Parameters from Dynamic Test Data," AIAA/ASME 11th Structures,
Structural Dynamics, and Materials Conference, Denver, Colorado,

April 1970,

JPL Technical Memorandum 33-729




16,

17.

18,

19.

20,

21,

22,

23,

White, C, W, , Dynamic Test Reflected Structural Model Methodology Report,

Martin Marietta Corporation Report No, ED-2202-1577, December 1972,

Berman, A,, and Flannelly, W,.G,, "Theory of Incomplete Models of

Dynamic Structures, ' AIAA Journal, Vol, 9, August 1971, pp. 1481-1487,

Ross, R.G,, "Synthesis of Stiffness and Mass Matrices fron Experimental
Vibration Modes, "' SAE Paper 710787, SAE National Aeronautic and Space
Engineering and Manufacturing Meeting, Los Angeles, California,

September 1971,

Pilkey, W.D., und Cohen, R., eds, System ldentification of Vibrating

Structures, Mathematical Models from Test Data, ASME, New York, 1972,

Leppert, E, L,, Wada, B, K,, and Miyakawa, R,, Modal Test of the Viking

Orbiter, Technical Memorandum 33-688, Jet Propulsion Laboratory, Pasadena,

California, July 15, 1974,

Brownlee, G.,R,, Day, 7.D,, and Garba, J.A,, "Analytical Prediction
and Correlation for the Orbiter During the Viking Spacecraft Sinusoidal
Vibration Test,'" presented at the 45th Shock and Vibration Symposium,

Dayton, Ohio, October 1974,

Fortenberry, J. W., and Rader, W.P,, "Fail Safe Vibration Testing of the
Viking 1975 Developmental Spacecraft, " presented at the 45th Shock and

Vibration Symposium, Dayton, Ohio, October 1974,

Ugale, M., Volkert, K., and Fortenberry, J., Viking Orbiter 75 Test

Report, Static Ultimate Type Approval Test, PD 611-117, Jet Propulsion

Laboratory, October 11, 1974 (JPL Internal Document),

JPL Technical Memorandum 33-729 27



24,

28

Bamford, R.M,, Wada, B.K,, and Gayman, W, H,, Equivalent Spring-Mass

System for Normal Modes, Technical Memorandum 33-380, Jet Propulsion

Laboratory, Pasadena, California, February 1971,

JPL Technical Memorandum 33-729

B




DESIGN

FABRICATION

Fig. 1.

JPL Technical Memorandum 33-729

TEST

jo——— TIME

Typical project

29



2[NPaY>s [[e12A0 SOTWeUAp pPUR $3INIONIIS 1331qIO Fumnyip

‘2 "Hhyg

T

e e ———————e—

_
|
|

|

v

1

HINNYT 14V4I32VdS ONINIA
1S31 NOILVI141TVNO J1LVLS
SISATYNY GVO1 LHOIT4

S1INS3Y 1S3i NO
@3Sve 1300W HLIVW T¥NI4

1300W HIYW ‘1S31 ONV
SISATYNY 40 NOILV13¥¥0D

1S31 TVAOW W3ISAS
1S31 33N19NY¥1SANS
NOILVIId8Vvd

NOI1S3d

NOIS30 AYVNIWITIYd

SAvO1N9IS3d
AYYNIWIT34d 404 1300V HIVW

aLel

1261

0L61

NOI1d1¥9S30

JPL Technical Memorandum 33-729

30

. e R e

RN



uoljeandijuod jyesdasdeds Bumjiy ‘g Sy

(¥-J/S-A)

(434) VNNIINY 431dvav
NIV9-MO1 14vy339VdS
MIA
INDIA—
: X 3 )
AYOLYHO08 Y1
NOISINdO¥d 13 | LR L3 (‘U1 06°621)
(SOA) WALSAS | U\ SZ AN wee
4311940 ONINIA H- ==
(VOIA) L= ST,
¥3LdVQV TINSdVD - I Ao
4IANYT ONINIA Lv423vd.
1 INIMIA
i

ININIAIIVASOYIY
VLYYW NILYVW
(JTA) 3INSAVI
JIANVT INIIIA

4

3l

JPL Technical Memorandum 33-729



32

ELECTRONIC
CHASSIS

RELAY ANTENNA

LOW-GAIN
ANTENNA
HIGH-GAIN ANTENNA

Fig. 4. Viking Orbiter substructures

% 4
=Y

o =2

o

o O .

a = :

.y
=
vy
a.
§ S
S S 65
& SS
- =
<
(& ]

JPL Technical Memorandum 33-729



VIKIN!
SPACE
VEHICLE
LANGLE Y
RESEARCH
CENTER

TITAN/
CENTAUR
LAUNCH
VEHICLE
LEWIS
RESEARCH
CENTER

!

§ R
VIKING SPACECRAFT
LANGLEY RESEARCH

CENTER
[ |

CONVAIR

TITAN I1IE
MARTIN
MARIETTA
~cROSPACE/
LAUNCH
VEHICLE

t 3

CENTAUR D-IT
GENERAL DYNAMICS/

ASTRONAUTIC

Fig. 5.

J1°L. Technical Memorandum 33-729

-

CENTAUR STANDARD
SHROUD (CSS)
LOCKHEED MISSILE
SPACE COMPANY

[ VIKING TRANSITION

ADAPTER AND CENTAUR
TRUSS ADAPTER
GENERAL DYNAMICS/
CONVAIR ASTRONAUTIC

TITAN CORE
STAGE 11

b"'hh

~——TITAN CORE
STAGE |

S TITAN SOLID

ROCKET MOTORS
STAGE 0

Viking space vehicle configuration

33



MAGNITUDE OF FORCES AND ENVIRONMENTS

STEADY-STATE TRANSIENTS ACOUSTICS

O= N W & W

STATE TRANSIENTS RANDOM PYRO SHOCK

- B

MAGNITUDE OF FORCES AND ENVIRONMENTS

STEADY

STAGE O/ STAGE |

A & SEPARATION  STAGE 11
STAGEO  MACH I MAX g STAGE| + 4  STAGEL }IGNITION
IGNITION  TRANSONIC IGNITION BURNOUT A SHROUD EJECTION
STAGE 0 BURN &10677 STAGE | STAGE (1 BURN
ERLAP BURN
143 48 OA

o

139 dB OA ‘ U
Vsl 1RANDOM VIBRATION DUE TO
CENT MECHANICAL TRANSMISSION

NO GREATER THAN 0,25 g rms

* STAGEl: . STAGE 0 P *

' ﬂf : -
a - ol ' e — X A V N— - -
0 10 20 3 40 S0 &0 70 B0 90 100 110 120 1% 250 260 270 v 450

TIME FROM STAGE 0 IGNITION, s

STG Il MES MECO MES  MECO
AV-SIC SEPARATION
s b+ b v Ll n}d AMISC DEPLOYMENTS
STAGE 1st CENTAUR PARKING 2nd CENTAUR AMIDCOURSE CORRECTION
[1BURN  BURN ORBIT  BURN AMARS ORBIT INSERTION
AVLC SEPARATION
- o OVLCA SEPARATION
MECHANICAL TRANSMISSION FROM MECHANICAL TRANSMISSION
CENTAUR ENGINE ~ NO GREATER FROM VOS ENGINE
THAN 0.1 g rms 0.1 g 1ms AT VOS BUS
> . > s >

i

ﬂl &
450 460 470 490 500 620 630 212021302430 2440

TIME FROM STAGE 0 IGNITION, s
Fig. 6. Flight loads and environments

JPL Technical Memorandum 33-729




BUS
SUBSTRUCTURE SUBSTRUCTURE
SUBSTRUCTURE

2 1

19| %] ) 19

Fig, 7. Interconnections of substructure

JPL Technical Memorandum 33-729

35



MPayds wa2isds pue aInjonisqng

‘g "Big

e s—

I

JEVYMAUVYH WILSAS

VIAIVLD

HONOYL 318VI

SISSVH) JINOYLI313 ONY SNg
VNN3INY NIVO-HOIH
WY041Vid JON3I1IS

TINVd ¥V10S

JANLINYLSANS NOISTINAOYd
JYVMAYVH LHOITM 3A1193443

JNV1 INVT13d0¥yd
SINIOI NV S3SSnal

pLol

€461

¢Lol

1261

0L61

JYYMOYYH

JPL Technical Memorandum 33-729

36



-

37

22®}jI3juUl JIempiey wWaIjshs pue ainPniisqng ‘g g

SW3LI JYYMAYVYH
3H1 40 HOV3 01 GINDISSY SYM ¥IINIONI INVZINIOD V ‘NOILDIS
HOVI NIHLIM “1dl NIHLIM NOILVZINVOYO NV ILON3IQ S ¥3IGWNN 3HL,

2¢ JYVYMAYYH WIS AS
s i
L€/25€ HONOYL 319V)
LSERSE | SISSVYHI JINOYLIIII ANV SNS
Q¥04-0211Hd €€ 26¢ VNN3INV NIVO-HOIH
26¢ W¥041¥1d 39N319S
SNOS¥Vd 2¢ TANVd ¥V10S Q
8¢ 2¢ 3¥NLINYLSANS NOISINAO¥d m
s JUVMAUVH LHOIZM IA1LD3443 £
"ONI "SWALSAS 3¥NSSIYd 8¢ 25€ INVL INV113d0¥d m
o0SE SINIOr ONY S3SSNAL M
NOILVZINVOYO TYN¥ILX3 | NOISIAIG | NOILI3S JYVMAYVH m
=
2

NASA—JPL—Coml., L. A. Calif.



	GeneralDisclaimer.pdf
	0001A02.pdf
	0001A03.pdf
	0001A04.pdf
	0001A05.pdf
	0001A06.pdf
	0001A07.pdf
	0001A08.pdf
	0001A09.pdf
	0001A10.pdf
	0001A11.pdf
	0001A12.pdf
	0001A13.pdf
	0001A14.pdf
	0001B01.pdf
	0001B02.pdf
	0001B03.pdf
	0001B04.pdf
	0001B05.pdf
	0001B06.pdf
	0001B07.pdf
	0001B08.pdf
	0001B09.pdf
	0001B10.pdf
	0001B11.pdf
	0001B12.pdf
	0001B13.pdf
	0001B14.pdf
	0001C01.pdf
	0001C02.pdf
	0001C03.pdf
	0001C04.pdf
	0001C05.pdf
	0001C06.pdf
	0001C07.pdf
	0001C08.pdf
	0001C09.pdf
	0001C10.pdf
	0001C11.pdf
	0001C12.pdf
	0001C13.pdf
	0001C14.pdf
	0001D01.pdf
	0001D02.pdf

