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ABSTRACT

The Naval Postgraduate School CubeSat Launcher (NPS€w Jive-sided structure
capable of carrying up to 24 CubeSatsarbit. The vibration test environment for
CubeSats flying on NPSCuL on the Atldsis extremely harsh, partly due to the input
vibration environment from the launch vehicle itself, and partly due to amplification from
the NPSCuL structure. This thesiscdments the implemeation of a relatively new
technologyForce Limited Vibration Testing (FLVTandthe design o# stiffer structure

to reduce the vibration environment for NPSCuL payloads.

Most acceleratiomrontrolled vibration tests result in sigo#dnt overtest. FLVT
limits shaker forces, producing more realistic demhd potentially provides relief to
payloads. Additionally, increasinthe stiffness of NPSCuL using an isogrid design,
aimed to increase its firftindamental frequencycould resut in less displacement at
higher frequencies for a given amount of input enepggsibly improing the payload

vibration environment.

It was found thaFLVT was very successful in reducing vibration environments
for NPSCuL payloadsAlthough redesiging NPSCuL using an isogrid design achieved
the goal of increasing system stiffness, it did not reduce the vibration envirompeet.
the less, lessons learned from the redesign process will be valuable for continuing

vibration environment reduction efforts
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INTRODUCTION: THE NP S CUBESAT LAUNCHER

The Naval Postgraduate School CubeSat Launcher (NPS&ahounced NPS
3FRRI® a fivesided box compriag a baseplate, four walls, four brackets and an
Evolved ExpendableLaunch Vehicle (EELV) Separating Payload AdapteESPA
compatible nonseparting adapter ring Additionally, a box known as th&plitter
Auxiliary Device (SAD) mounts to one of éhwalls of the NPSCuL structur@he
function of the SAD is tgrovidea pasghrough from thdaunchvehicle (LV) primary
and secondary power harnesand instrumentation harnessto eightPoly-Picosatellite
Orbital Deployer (FPOD)harnessesA picture of NPSCuL with the SAD mounted teeth

structure is shown ikigure 1

A i i h'v
Figure 1. NPSCuL with SAD Attached

NPSCuL was designed to camight P-PODs. The RPOD, shown inFigure 2 is
a standardized CubeSat deployment system developthe Galifornia Polytechnic State
University (Cal Poly) in San Luis Obispo [Bach PPOD can carry anywhere froome
to three CubeSatsdepending on the CubeSat siggying NPSCuW the capability of
carrying anywhere fromightto 24 CubeSats with a full complement ePPDs.

The RPOD is an aluminum box with a door and spring mechanism. The door
release is controlled by mon-explosive actuator (NEA). Once the NEA is actuated, it
releases the-POD door, which springs open due to torsion springs at the door hinge.
The CubeSats inside theFOD are deployed by the ma®POD spring, shown in
Figure 2[1].



; v
PRi- St - —

Figure 2. CalPoly Mk-IlIR P-PODand Cross Sectigfrom [2]

CubeSat are a sultype of a class ofadellites callechanosatellites, adhang to
the CubeSat standardhey were originally developed to provideeal spacéhardware
building experience to university studertkw they havamatured to a point where they
are also deemed stable to meetcommercial andhational objectives, such dsarth
observation andpace situational awarene$te CubeSat standard was develope@aly
Poly and Stanford Universit§ Space Systems Development Laboraioryl999 [2].
Standardization of théorm factor of a satellite is adntageous asomedevelopment,
test and integration processes can be standardized, resulting in more cost effective and
responsive satellite development programs. The starfosit CubeSat, known as a
3lU Yis defined byhe CubeSat standard to havech® cubel of volume, and aominal
mass of 1.33 kgOther common sizes include5U (10 cm x 10cm x 15¢m), 2U (10cm
x 10cm x 20cm)and 3U(10cmx 10cmx 30cm), shown inFigure 3[2].

E 1.5U Solid 2U Skeleton 3U Solid
1U Skeleton Chassis Assy RevC CAD Model RevD  (chassis Assy Revc CAD Model RevD

Figure 3. Common CubeSat Configuratigrisom [3]



It is worth noting thatalthough the CubeSatstandard calls out mass and
dimension limits on CubeSats, developers are constantly pushiegual®pe which has
led toinnovation,updates tdhe CubeSat standard and upgrades to tR©OB. A larger
form factor, known as @U ’is slowly gaining acceptance and popularity within the
CubeSat community. NPSCuL is compatible with tHe®D and 6U dispensers designed
by the NationalAeronautics and Space AdministratiddASA) AmesResearch Center
and thePlanetary Systems Corporati(fSC)

A. CONCEPT

The concept otlustering PPODs in arNPSCuL was developeatlring he 2006
Small Satellite Conference hosted by Wrversity of Utahand published the following
year at the same conference. [¥Yith the advenhof CubeSats, the need for rapidly
responding tdJ.S-based launch opportunitiead become increasingly evident. Launch
opportunities could arise from primary or secondary payloads failing to meet a given
launch scheduleor from launch providers wantirtg maximize payload capdiby for a

given LV.

NPSCuL was developed to provide CubeSat launch opportunitigdsSoEELVS
for government, commercial, research and educational institutions. NPSCuL was
envisioned as a standardized bus for interfacing pte@lBPODs to a launch vehicl&he
intent was to develop a satellite that could be either a primary or secondary payload, and
could enter the launch vehicle integration flow at a late stage, in the event that a primary
or secondary payload backed outred last minut¢5]. Thoughlate-stage manifestingas
not been achieved yet, NPSCuL has been manifestedwnmissions as raauxiliary
payload, and was launched successfully as part of the Operationally Unique Technologies
Satellite (OUTSatpn National Reconnaissance Offic&RO) L-36 in September 2012
and as part of the Government Experimental Msitellite (GEMSatpn NRO L-39in
December 201LNPSCuL is currently manifested ¢ime Unique Lightweight Technology
and Research Auxiliary Satellite (ULASat) on Air Force Space CommaBdAFSPG
5) scheduled to launch May 2015, and the Government Rideshare Advanced Concepts
Experiments (GRACE) mission on NRG35 in August 2015.
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The original NPSCuL was designedtéde full advantagef the 400 Ibs masand
large volume allocation of an ESPA payload, as documented ByeRp6]. The design
was presented at the 2007 Small Satellite Conference, wheNRiBeOffice of Space
Launch (OSL)showed interest in furthedeveloping the NPSCuL concept due to the
project$ potential to benefit the space commuiify. Early funding for NPSCuL was
received through a grant from the California Space Education and Workforce Institute
(CSEWI).

The NROworked with the United Launch Alliance (ULA) tdilize NPSCuL on
ULA % newly developed Aft Bulkhead Carrier (ABC) plate. The mass, weightearidr
of gravity (CG) requirements for the ABG@re more constrained than the ESPA
requirements that NPSCuL was originally designegi6io This led to thesvolution of
NPSCulLinto adesignbriefly known as thé&NPSCul-Lite.

B. EVOLUTION OF DESIGNS

The original NPSCulalso known as the Advanced structureyas designed to
carry up tdfifty 1U CubeSats ten5U P-PODs as shown ifrigure 4[6]. Neither the 5U
P-POD nor the Badvanced strctures were evebuilt.

L

Figure 4. NPSCuLD-advancedesign from [6, p. 26]



During this time, ULA was developing its ABC plate concephich used a 15
inch bolthole circle for mounting, compatible with the ESPA Huaite circle. However,
the ABC requireda lower mass andmallervolume envelope than an ESPA payload. The
NPSCuL design was updated to be more lightweight and compacésponse to a
launch opportunityon an ABC platen NRO L-41, as part of theAdvanced Systems and
Technology (AS&T) Developmenind Maturation SatelliteADaMSa) mission[8]. The
designwas calledhe NPSCulLLite, however, thel.ite “was later dropped as this design

beame the baseline NPSCuL design.

The ABC plate is mounted at a unique location the aft end of the Centaur
stage of the Atlasv launch vehicle shown inFigure 5 Three helium bottles were
mounted on theCentauraft bulkhead;however, an engineering decision was made to
remove one of the three bottles. The removal of one Helium lopieed up room for a

secondaryayload on the Centaur aft bulkhead.

Existing
Mounting
Brackets

Centaur Aft
Bulkhead

Aft Bulkhead
Carrier (ABC)

Secondary
Payload (SP)

Figure 5. Atlas V Centaur Stage with ABC and Secondary Paylsach [9]

The ESPA ring allowa maximum mass of 400 Ibm for a secondary pay|6ad

p. 5], whereas the ABC program allowed a maximum mass of 170 lbm, lateedgddat
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189 Ibm. The volume constraints on the ABC pla#ee also more stringent. The
redesigned NPSCulshown inFigure § is capable of carrying eight-PODs to orbit,
giving it a maximum payload capacity 24 1U CubeSats.

Xap

SAD

Adapter Ring

Yar

Figure 6. NPSCuL Design for ADaMS3and Subsequent Missions

NPSCuW, made of Aluminum 7075 T735Xomprisesfour ¥ inch thick walls,
one %zinch thick baseplate arfdur L-shaped brackets; o each watto-wall interface
and an adapter ring to interface the NPSCuL structuirne LV. The standard 15
ESPAcompatible bokhole circleinterfaceNPSCulto the ABC plate Additionally, the
SAD avionics box is mounted to one of the four walls on the struciine.SADroutes

theLV -provided power and sequencittgeachP-POD.

The origin of theNPSCuL coordinate system lies at the geometric center of the

aft-plane of the adapter ring. The positive@Xis isalong the vertical axis, the-axis is in



the direction of the SAD, and the positiveaXis is perpendicular to the ahd Zaxes
and comgetes the orthogonal coordinate systeThe PPODs are labeled from one
through eightis shown irFigure 6

The ABC User$ Guidespecifiesthat theauxiliary payload (AP) shall be capable
of withstanding acceleration load factors, not including factosatdty, of 7d§ axially,
and 5¢g% in each of the lateral directions, appleohultaneoushy9, pp. 3 6]. A finite
element model(FEM) for NPSCuL showed positive marginshowever, during a
gualification test that occurred in the summer of 2009, a tdatdavas observefb].
The qualification test utilized #ight-like, full-scale NPSCuL model, wittelatively high
fidelity mass models for the loadedP®Ds and avionics box. During the test, the
fasteners securing one of theP®D massmodels (P2M2s)d the NPSCuL structure
backed out one by one until the P2M2 came loose entirely, at which point the test was
aborted. Thigest failure motivated an extensive effort to understand ¢hese of the
failure andremedy the problenihis test failure paved th&ay for the future successes

of the testing program.

It was determined thate causes of the failure were threefiddpp. 52 £6]:

1. The mating surfaces on the P2M2and NPSCuL walls were not
sufficiently flat, which resulted in gappinduring the vilbbation testwhich
then caused the fasteners to lose-lm&d. The mating interface on the
P2M2$% was a flat panel, as opposed to the fliikd rails that are present
on RPODs.

2. The use of countersunk fasteners requires tight machining toleraness to g
an even load distribution along the fastener head, which has a large
surface area due to the countersink angle.

3. A fastener analysis had not been conducted for each bolted interface on
the structure.

To remedy the problems listed above, the followdngective actions were taken:

1 The P2M2 design was updated to incorporate rails, similar to those present
on RPODs. A flatness tolerance of-@/005 inches was called out on all
mating surfaces throughout the NPSCuL structure.

2. The updated design med away fromcountersunkfasteners wherever
possible. Thecountersunkfasteners were replaced with socket head cap



fasteners particularly at the NPSCuL to -POD interface Six
countersunk fasteners are still used on the NPSCuL structure, on the SAD
wall, due to integration constraints.

3. A thorough fastener analysis was conducted, with loads derived from the
NPSCuL FEM. Updated torque values which ensured positive margins of
safety on vyield, ultimate, gapping, shear and tensile strength were
calculaed. Additionally, the number of fasteners securing the P2M2s to
the NPSCuL structure was increased from six to eight.

Additionally, the original P2M2s wereomposedf several parts to simulate the
mass and CG of a loadedP®D. After the test failure, ivas noticed that thiasteners
bolting the P2M2s together were beginning to lose torque, and the objective of the
vibration test was not to test the P2M2 design, but the design of the NPSCuL structure.
As a result, in addition to modifying the rails ore tR2M2s, the design was simplified to
a monolithic piece of aluminum, while maintaining the mass and CG of a loaB&DP
A second qualification tesperformed usindrorce Limited VibrationTesting (FLVT) on
anupdatedNPSCulLengineeringdevelopmenunit (EDU), was conducteth June 2011.

The test was successful and NPSCuL was qualified to fly on the ABC plate.

C. OUTSAT MISSION

NPSCuL was slated to flpn the ABC plateas part of the ADaMSat mission
manifested on NRO 41, in 2010. The £hedué was aggresve and highly success
orientedfor both NPSCuL and its CubeSat paylgakdswever, the payloadaere not
able to support the required delivery date six months prior to launch and as a result,
ADaMSat was denanifested from the launch. Even though ADaMSe@&s de
manifested, the NRO still showed interestannching CubeSats from the ABC on future
flights.

Toward the end of 2010, NPSCuL was manifested on NRE5 las part of
OUTSat pictured inFigure 7 Prior to conducting a full st&a qualification testd the
levels specified in the AB@-OUT Satinterfacecontrol document (ICD)[10Q], i.e., 7.6
rootmeansquare acceleration @RMS, a few low level random vibration tests were

run. Scaling up the resporssmeasured at the NPSCuL wall tePPD interface yiked



high vibration levels, in excess 80 GRMS. Though the NPSCuL structure would be
able to survive the extrapolated vibration levéigy werefelt to be toochallengingfor

most CubeSats.

The reasons for the high levels at the NPSCulL-RO® inteface are twofold:

1. The input vibration levels specified in the ABC to OUTSat ICD are harsh
to begin with and conventional vibration testing methods are known to
result in ovettest of the item being tested.

2. The NPSCuL structure amplifies the vibration levieput at its base, like
most structures do.

P S— e

Figure 7. OUTSat Acceptancéest (Left), OUTSaMated to Centaur Stage (Right)
from[11]

D. THESIS OBJECTIVES

The purpose of this thesis is to investigatiescribe and developmethods to
reduce ovetest of NPSCuland its payloads and to reduce amplification that occurs in
the Sstructural rangé of vibration testing, generally defined as 100 Hz or lower.
Reducing ovetestcan be achieved by implementing a method knowfoese limited
vibration testing, or FLVT, ad the secondyoal can be achievedby increasing the
frequencie®f the primary modes of the integrated NPSCuL structure, so thairibes
closer toor abovel00 Hz Chaptes Il andlll outline the methods for achieving the goals

describedabove.



FLVT wassuccessfully implemented for the OUTSat flight, which launched as a
secondary payload on NREB6 on September 14, 2012. NPSCuL was subsequently
manifested on NROI39 as part of GEMSat, launeth on December 5, 2013. No
structural design changes were implateel on NPSCulLfor the GEMSat missignand
although, as of this writing, the updated structure has not been manifested on the
ULTRASat and GRACE missions, a variant of the updated structure may fly on future
NPSCuL missions.
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I. REDUCING THE VIBRATI ON ENVIRONMENT

Spacecraft argyenerallyrequired to undergo vibration testing to show that they
are capable of surviving launch vibration environments. Through the process of vibration
testing on the ground, problems that could potentially result in flight émlare
identified and remediedf possible. The vibration test requirements vary from program

to program.

A. VIBRATION TEST R EQUIREMENTS

OUTSat was manifested to fgsan auxiliary payload on the Centaupperstage
of an Atlas VLV. The OUTSat to Atlas V/ABCICD specifies amaximum predicted
environment (MPE), which is essentially the maximum predicted random vibration
environment that the spacecraft would experienthis is based on a statistical
significance of 95% probability and 50% confidert6]. For OUTSat to be compatible
with theMPE, each component of OUTSat had to adhere to requirements specified by the
program.

In flight hardwarevibration testing, the following terminology is importdhg, p.
18]:

1. Acceptance Test Acceptanceaests are vehiclesubsystem, and unit tests
conducted to demonstrate that flighardwareis free of workmanship
defects, meets specified performance requirements, and is acceptable for
delivery. Acceptance tests are conducted at MPE levels, generally for a
duration of Iminute per axis.

2. Proto-qualification Tests Protoqualification tests are conducted to
demonstrate satisfaction of design requirements using reduced amplitude
and duration margins. This type of test is generally selected for designs
that are one of a kingndwhere the test unit will be used for flight. Proto
gualification tests are generally conducted at 3dB above,MEBE the
square root of 2 times the MPE GRM®&, a duration of 2 minutes.

3. Qualification Tests: Qualification tests are conducted to derstrate
satisfaction of design requirements, including margin, fasigds that
have no demonstrated flight historjjests are generally conducted on a
nonflight qualification unit.This test approach is valuable for designs that
will have multiple launb oppotunities, as designs that haveen through
a qualification testdo not need to go through subsequent proto
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qualification tests. Additionally, all flight units of a qualified design only
need to go through acceptance testing. Qualification testgesrerally
conducted at 6dB above MPE for a duration of 3 minutes.

The test strategy for the OUTSat mission requitieel NPSCuL Engineering
Development UnitEDU) to undego a qualification tesQualifying the NPSCuL design
itself would requiresubsequenNPSCLWL flight units to only undergo a system level
acceptance testhe test suite agreed upon by the OUTSat community includeteiced
sine sweeps and random vibration testsscribed in detail in sectiorssand 4. The

OUTSat test strategy for NPSCUP-PODs and CubeSatssesmmarizedn Figure 8

!
:
I
f

Figure 8. OUTSat Test Strategwgfter [13]

1. Test Article Description

The test article for the OUTSat qualification tedtown inFigure 9 consisted of
a flight-identical NPSCuL EDUthe SADEDU, one flightlike P-POD with an NEA and
doorswitches, one flighlike P-POD with an NEA mass simulator addor switches and

six P2M2s.All items except for the SAD were coated wiftass Threegold chemical
12



conversion coating, also known as Alodinesatisfy the groundingeguirement levied by
the LV provider. A test harness was built to monitor thé®PD door switches during the

vibration testThe total weight of the test article was 170 Ibs.

LA 3 (VV’\ s \ . “- o 5
Figure 9. OUTSat Qualification &st Article

All the fasteners on the structure were t@djuto values determined from the
NPSCuL fastener analysis. Locking helicoils were utilized as a method of secondary
backout preventioron the bracketo-wall, wall-to-baseplate, adapter ring to baseplate,
and SAD to wall joints. Since CRioly prefers tase freerunning helicoils on the4POD
to NPSCuL interface, AHO, manufactured by the Vishay Corporation, was utilized as
threadlock to provide secondary baaut preventionThough AE10 provided adequate
secondary backut prevention, it was hard teemove without creating debris. To
simplify integration and dentegration procedures for subsequent NPSCuL missions, AE
10 was replaced by Scotch Weld 2216 staking compound.

The OUTSat test article was mounted to the shaker table using an adapter plate.
The shaker utilized was a Ling 6000VH, which is rated to outprdo&meansquare
(RMS) force of 6000 IbfThe Ling 6000VH is an electromagnetic shaker which can be
oriented vertically or horizontally. In the horizontal orientation, the shiakenfaces wih
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a slip tabé. By utilizing both the vertical and horizontal orientations of the shaker, and
rotating the tesarticle appropriately, testing can be conducted in all three Cartesian axes.
The slip table utilized for all OUTSat testing is-hibricated ly a continuous oil pressure

system.

2. NPSCuL FEM

A widely used method for simulating loading conditions and conducting a modal
analysis is through finite element modglFEM). While conducting analysis on an FEM,
the structure is idealized by representingsing simplified small elements37KH VKD SHV
of these elements are defined by nodes. Each element has its own mass and stiffness
matrices, with as many rows and columns as theredegeees of freedoniDOFS.
Depending on its type, an element has maskstiffness terms for between one and six
'2)V DW HDFMK, QG H’

An FEM for the existing NPSCuL structure was previously created and validated
against the OUTSat EDWsually, FEMs are only able to accurately predict the first two
or three modg in each axis for a given structure. A test structure undergoes either a sine
sweep or tap test to measure the modal frequencies of the actual structure. The FEM is
then adjusted until the first two or three modes in each axis are in agreement with the

results from the sine sweep or tap tests.

The NPSCuLFEM was modeled using thin shell elements for the walls, brackets,
baseplate and ring, and lumped mass elements for the loaB&@D® andSAD. The
mass of the FEM was ~176m, with the system CG at 0.0dches in the Xaxis, 0.45
inches in the Yaxis and 9.94 inches in theakis. Visualizations of the FEM modal
results are shown ifrigure 10 and summaries of the frequencies and effective mass

fractions are shown imable 1
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Mode 1: £2.0Hz Mode 2: 54.8 Hz

Mode 3: 55.3 Hz Mode 4: 844 Hz

Mode 5: 87.0 Hz Mode6: 96.3 Hz

Figure 10.  NPSCuL FEM Modal Resultgisualization

Mod F Normalized Effective Mass
ode requency X v 7
1 42.0 0.000 0.002 0.000
2 54.8 0.651 0.023 0.005
3 55.3 0.023 0.673 0.000
4 844 0.001 0.000 0.181
5 870 0.001 0.000 0.039
6 96.3 0.003 0.000 0.690

Table 1. FEM Normal Modes and Normalized Efftive Massafter[15]

Effective massprovidesinformation about the dominance of each mode. The
concept of effective mass is discussed in detaithapter Il,Section C2. The first mode
occurs at 2.0Hz. This mode has extremely low mass participatma involves bending

of the corners of the NPSCuL structure. The second madars at 8.8 Hz and is a
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rocking mode about the-#xis. The third modeccurs at 5.3Hz and is a rocking mode
about the Xaxis. Both theX and Y-axis primarymodes have high ass participation
fractions, and from OUTSaind GEMSavibration testing, it is evident that these modes
contribute significantly to the overall GRMS seen bif®Ds mountedto NPSCuL. Two
localized panel bending modes occuiBd#4 Hz and 87 Hz. They hae low effective
mass fractions and deformation is localized to the NPSCuL walls. FbeésZnode is a
$0go” mode, with the NPSCuL structure moving up and down vertically along-the Z
axis, while the walls bow inward and outward. The FEM jtedhat thismode occurs at
96.3Hz.

By analyzing the mode shapes and effective masses, it was determined that the
first mode at 2.0 Hz is not a concern as it has a very low effective massdracthe
two rocking modes at468 Hz and 5.3 Hz have high effective masfraction and
significantly contribute to the GRMS seen by NPSCuL payloads. Simildady pogo
modeat 96.3Hz alsocontributes to the GRMS seen by the NPSCuL payloads

3. Sine Sweeps

Sine sweeps are lovevel vibration tests conducted at a constant acaisber
across the frequency range of interest for a particular test article. They are utilized to
characterize system dynamijasor to and post any high level vibration tests. A constant,
low-level acceleration is input at the base of the article to lediesdresponses are
measured at areas of interest. The response accelerometers provide frequency and
acceleration amplitude information for system resonarfgf@fis in resonant frequencies
or acceleration magnitudey up to~10% between the prand pattest sine sweeps are
acceptableAs a practice,fithe shifts in frequency and acceleration amplitude exceed the
10% thresholdtesting should be halted until a reasonable cause for the shifts can be
determined. Shifts greater than 10% can indicatectstral damage or change in
boundary conditions, which could imply loss of fvad on fasteners.

For the OUTSat missiorsine sweeps were run fron® 2000 Hz at 0.25Gs,

whereas for the GEMSat mission, sine sweeps were run through the same frequency
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range at 0.5 Gs to establish better control due to the increased mass of the sthucture
sweep rate ofour octaves per minute was selected as it provided adequate resolution for

the purposes of characterizing the test article.

4. Random Vibration Testing

A random dynamic environment is one where the average properties of the time
history signal characterizing the environment might be the same each time the
environment occurs, but the exact time history signal is not the same and, hence, the
exact value of theignal at a specific time cannot be predicted in advaoased upon a
previous measurement of the environnidei.

A random dynamic environment can be either timariant or timevarying,
depending on whether the average properties of the time hstprals vary with time.
Most dynamic environments experienced by a space vehidiegdthe launch phase are

time-varying.

Every LV provider specifies a random vibration spectrum fis payload
mounting locations. For the NPSCuL mounting location, onafitend of the Centaur
stage, the L\provides a maximum expected random vibration environniére.AP to
LV ICD states that the AP shall be compatible with the MPE levels showigume 11
[10, pp. 3 48]. This implies that either the integrated flight unéeds to undergo random
vibration testing at protgualification levels, if it has not been previously qualified, or it

has to be tested to acceptance levels if it has been previously qualified.

17



Figure 11. Maximum Random Vibration Environment at AP to ABC Inteda

In Figure 11 the abscissa represents frequenagd the ordinate represents
accelerationspectral density (ASD) having units of §Hz. ASD is commonly used to
report data for random vibration analyses. An ASD curve provides the distribution of
energyas a function of frequency. THBRMS is the square root of the area under an
ASD curve in the frequency domain. The GRMS valueftisnused to determine overall
energy of a particular random vibration event. It is important to note that though two
ASD cuves may have the same GRMS value, they may differ significantly in terms of
energy distribution over the frequency rangkhen analyzing an ASD plot, it is
important to note the distribution of energy ptee frequency range. Frequencies below
~100Hz arecommonly referred tosa gtructuralfas displacements for a given input at
frequencies below 100Hz cause relatively large displacements, and hence result in higher

stresses.

The effect of frequency on displacement can be $emn the example of a
simple single-degreeof-freedom (SDOF) oscillator. The equation of motion for an
SDOF oscillator is shown iEquationl.l

11

where m §is the system mass aridfjs the spring stiffness.
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The natural frequency &of the oscillator defined by Equatidnl is shown in

Equationl.2

12
The displacement, which is thsolution to the SDOF equation ofiotion, is

shown in Equationd.3,

13
ZKHUH $ LV WKH DPSOLWXGH RI RVFLOODWLRQ & LV WKH I
thetime variable.

The £cond derivative of Equatioh.3 yields the equation for acceleration in an

SDOF oscillatoras shown in Equatich4.

14
Taking the ratio of Equationd.3 and 1.4, yields a relationship between

displacement and frequency for a given acceleratiosy@snarized in Equatioh.5.

15
From Equatiorl.5, it is evident that the displacement and frequency for a SDOF

oscillator are inversely relatedhus,displacementlecreasewith increasing frequency.

B. WHITE -SPACE AND OVER-TEST

The American aerospadndustry ha evolvedover time to besomewnhatrisk-
averse, andhas chosen a path of conservatigm increase the chances for mission
successThis practice of increased conservatism especially impacts secondary/auxiliary
payloads, which are required 9o No Harm’ to the primary spacecrafthis inclusion
of conservatism can be seenthe derivation ofrandom vibration environmentsnd

testing criteria for satellites.

The LV provider, in this caseULA, envelopes all peaks seen from all
instrumented hiwrical flight data for a given launch veleglto come up with the MPE.
In the process of enveloping peaks, the GRMS value of the resulting envelope exceeds
the GRMS value that would be experienced during fli§imice the MPE derivation plot
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is ULA proptietary, it is not shown hereikurther, theLV -providers require payloads to
test to levels that are 3dB above MPE for pmgualification, or 6dB above MPE for
gualification[12, p.89].

The Finite Element Modeling Continuous Improvement (FEM@pup has
developed guidelines for deriving a test specification from random vibration Tdea.

guidelines are summarized belfiv, p. 10]

1. Start with the random vibration data as measured from test or derived from
a random vibration analysis.

2. Plot the Minimum Waokmanship level for the component or satellite. For
all NPSCuL mission, minimum workmanship is defined in MILD-
1540E.

3. Enclose the response curve inside the test specification curve using the

following rules:

a. Slopes should be less than + 25 dB/octavegreater than-25
dB/octave. These values are constrained by shaker limitations.

b. Frequency bands should be greater than 10 Hz to ensure good
control is achieved during a vibration test.

C. Ensure that the test specification is greater than or equal to
Minimum Workmanship throughout the test frequency range.

d. Drop the test specification curve into large valleys.
e. Sharp peaks can be cut off at about half theight ¢3dB).

f. The overall GRMS level should be kept within 1.25 times the
GRMS of the response curvehi$ is not applicable for plots where
crossaxis responses are being taken into consideration. If cross
axis responses are included in the test specification, the test
specification GRMS may exceed 1.25 times the response GRMS.

Figure 12shows an examplef test specification derivation from generic random
vibration data.As can be seen fronfrigure 12 the envelopédncludes dwhite-space
between the envelope curve and the actual flight data cwhieh increases the GRMS
input during ground testingAdditionally, when launch vehicles instrument the payload
attachment areas, the measurements provide data for a hard mount. In reality, satellites
are mounted to a plate or bracket, which is in turn mounted to the launch vehicle. Due to
the difference in moumtg conditions and compliance in a mounting plate or bracket, the

measured environments can be higher than those that would actually be seen in flight.
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Figure 12. Random Vibration Test Specification Derivatidrom [17]

It should also be noted that NPSCuL adaurcher for CubeSats. The MPE
vibration environment provided by ULAg., 7.6 GRMS, is input at the base of NPSCuL.
The responses are then measured at the NPEERIPOD interface. Since CubeSats
complete testing befordelivery for final integrationinto NPSCul, NPS is required to
envelopthe responses measured at the NPStouP-POD interface adding additional
conservatism into the equatiomhese responses are definedresMPE for CubeSats.
Individual CubeSat programsnay decideto test to either proto-qualification or
gualification levels. Thus, payloads on NPSCuL have conservatism added many times
over to the vibration levels. Due to the stringent test requirements levied on NPSCuL and
its payloads, CubeSats have no choice but tetdeand desigito these conservative

vibration levels.

In an effort to provide relief to CubeSats from a random vibration perspective
during the OUTSat launch campajgNPS evaluated a few options which included

testing CubeSats flight units to preqoalification levelswvhile they were mounted to an
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NPSCuL EDU.In theory, this would expose the CubeSats to less conservative random
vibration environments, since they would no longer be testing to a derived test
specification, but to actual levels seen on NPSCuL for a gieuat ispectrum. Due to
unavailability of PPODs for such ground testing, the CubeSats were integrated into
TestPODs(see Figure 13 made byCal Poly The TestPODs were integrated into
NPSCuL in the location that the CubeSat being tested was expectedAtisdlysince all
CubeSats were not available to test at the same time, certain slots on NRSEuUL
occupied by P2M2s (sdegure 14.

Figure 13. Cal PolyTestPOD on Slip Table
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Figure 14. OUTSat ProteQual Testing with 2 TestPODs andP@M2s

While testing CubeSats on NPS8ICdid eliminate the conservatism introduced by
enveloping vibration response data, it also changed the system dynamics. It was found
that the TestPOD hasomewhatdifferent dynamic characteristics than thé°®©D and
CubeSats being tested using this appinoaere exposed to high vibration environments
in the structural range (below 100HZ) was also found that the combined system

response was dependent on the mass distribution and ratio of P2M2s to TestPODs.

Testing CubeSats on NPSCuhlso had drawbackgrom a programmatic
standpoint. Due to the unique nature of the NPSCuL structure, CubeSats mowatetdl in
of the eight locations shown Figure § experience different vibration environments. As
expected, the PODs locatedowardthe four corners of thstructure,.e., P-PODs 1, 3,

5 and 7, see lower responses thad@Ds locatedowardthe middle of the wallg,e., P-
PODs 2, 4, 6 and 8. Thus, CubeSats that underwent {oaddification testing while
mounted to NPSCulwere tied to a specific positiaon the structure. This was deemed
to be undesirable to OSL aslimited flexibility in final CubeSat positiorthoiceson
NPSCuL.
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Building on the lessondearned from the OUTSat missiothat included
maintaining flexibility of CubeSat positions on NPSCiilwas decided that the option to
proto-qualify a CubeSat on the NPSCuL structure would be elimirfatethe GEMSat
mission Instead, an envelope of allaxis and crosaxis data, for each of the three axes
of vibration, would be provided to the Cube8lavelopersthat would allow CubeSats to
be integrated into NPSCuL in any position. This method was perceived to be more
advantageous to the OUTSat testing methodology, as it added the ability to make changes

to thefinal CubeSapositionswithout any retesting.

C. FORCE LIMITED VIBRAT ION TESTING
1. Background and Motivation

All satellites are required to undergo some amount of vibration testing to prove
that they are flight worthy and to remedy problems that could result in flight failures.
Launch providersaquire potential payloads to implement random vibration tests to a
given derived acceleration specification, with some specified positive magin

describedn Chapter Il, Section B

Most satellite providers fulfill this requirement by utilizing estaidd
acceleratiorcontrolled vibration tests. However, sometimes acceleratorrolled
vibration tests can result in significant ostest and cause failures that would not occur in
flight. Thesetestinduced failures can prove to be costly as they caisecacheduling

issues and high costs to fix a problem that probably wdiidahezur during flight.

The overtestresulting from traditional, accelgran-controlled vibration tests
associated with the infinite mechanical impedance of shakers and ttardtpractice of
controlling the input acceleration to the frequency envelope of the flight data. This
approach results in artificially high shaker forces at the test article resonant frequencies
[18, p.iii] . Mechanical impedance, as referenced to herefars to apparent mass, or the

ratio of force and acceleration.

To successfully pass the groubdsedvibrationtest, satellite providers have

resorted to three techniques in the a8t pp. 16 47]:
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1. Overdesigning the satellite structure and composi¢otensure that they
can withstand the high growimhsed test environments. This often adds
cost to a program and is not a preferred {targ solution.

2. Simulate the mechanical impedance of the flight mounting structure. This
approach requires fabricatioof flight-like mounting structures for
groundbased tests. Since most mounting structures for flight are complex
(e.g, Honeycomb), this approach can significantly increase the cost of a
satellite program.

3. Limit the responses of the satellite to opredicted flight environments.
This approach utilizes the satellite FEM to predieflight responses. The
FEM is used to conduct all ptest analyses of the structure, and utilizing
that same FEM to predict flighgnvironments compromises the role of
testing as an independent method of verification of the satellite design and
analysis. Additionally, response limiting at a particular location requires
the FEM to be complex, and even with complex FEMs, the accuracy of
the results, particularly in the higheefiuencies, is not adequate.

The availability of piezoelectric tHaxial force gauges has made possible a
vibration testing approach of measuring and limiting the reaction force between the
shaker and the test artidl&8, p.iii] . Force limiting simulate impedance characteristics
of the flight mounting structure, thereby enabling a more realistic vibratiotese are
many methods for deriving the force limit, however, the method evaluated herein is
known as the semgmpirical method due to its sinigity and ease of implementation.

The semi empirical method requires only the acceleration specification and the test item
mass. Other, more complex methadslude thesimple two-degreeof-freedom System
(TDFS) andcomplexTDFS methods.

FLVT wasdevelopedat the Jet Propulsion Laboratory (JPL) and javiously
been useanly on a handful of msons, which include the CASSIdpacecraft that is
currently orbiting Saturn-or the CASSINI mission, FLVTesulted in notches 68 dB
and-14 dB below 100HzThe implementation of FLVT on the CASSINI spacecraft is
outlined in the Monograph for Force Limited Vibration Testing, written by Sch@2@n
Force limits for the CASSINI test were derived using the ssmpirical method
Additional validation of the semempirical approach for force limit derivation was
conducted on the Shuttle Vibration Forces payloads 1 and 2 {B¥Rd SVF2), which

flew on two space shuttle missiorighe results from the SVF 1 and 2 missions showed
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that the flight environment measments for the SVF mounting configuration were less
than half of the random vibration loads specified in the shuttle payload de$ignete

[21]. These results werthe motivation for implementing FLVT on all NPSCuL missions.

2. The Central Causeof Over-Test

As mentionedin Chapter Il, Section ,1the primary causef overtest on all
acceleratiorcontrolled groundbased random vibration testingis the difference in

boundary conditions between the grduast andheflight configuration

During all ground-based testing, the teaiticle is mounted to a rigid adapter plate
on a shakerand is excited in a single axis at a time. The adapter plates are designed to be
rigid, so as to keep the primary mode of the adapter plate outside the frequency range of
the test. The motivation of keeping the primary mode of the adapter plate outside of the
test frequency range is to minimize the influence of the adapter plate on the test response

measurements.

In flight configuration, the flight article is attached to aunting structure that
has more compliance thaime rigid mountof the test structurélThe compliance exists in
all six DOFs, whereas onraid shaker mount, there is minimal compliance in five of the
six DOFs.

This leads to a concept known as the dymaatisorber effedtl8]. Forthe TDFS
shown h Figure 15 the primary oscillator is directly excited by the source, and the
secondary oscillator is excited due to its connection to the primary oscilldier.
dynamic absorber effecaspostulatél by Schaxin, stateshat the motion of the primary
oscillator will be zero, or very near zero at the natural frequency of the secondary
oscillator. This effect occurs even if the natural frequencies of the two oscillators are
different[20, p.3 8].
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Figure 15. Two Degree bFreedom System

For the purposes of aerospace vibration testing, one can compare the launch
vehicle to the source, the mounting structure to the primary oscillator and the satellite to
the secondary oscillatofrhe dynamic absorber effect implies that #ueeleration at the
interface between the mounting structure and flight article drops at certain system
frequencies, and these frequencies correspond to the resonant frequencies of the test item
when mounted to a rigid bag20, p.3 8].

During groundbased vibration testing, it is desirable to adequately model the
vibration absorber effect into the testing strategy and test procedures. Over the past few
decades, various methods have been developed to implement more realisticbgisaahd
vibration testsThese include the followin(.9, pp. 16 20]:

1. Impedance Simulation: This process involves simulating the mechanical
impedance of the spacecraft mounting hardware for the purposes of
vibration testing. This method requires a portion of the spacecraft
mountng structure to be incorporated into the vibration tégtile this
approach may be feasible for testing small components such as printed
circuit boards, where the mounting structure may be as simple as an
electronics box, it is generally not considereaisfble for entire spacecraft
structures since the mounting structure is usually a more complex
composite structure or shelf.

2. Response Limiting: Response limiting has been widely utilized to
implement more flightike, groundbased vibration tests. The pess for
response limiting requires an analytical prediction of responses -at pre
determined locations on the spacecraft. These responses are determined
from a coupled loaglanalysis of the combined spacecraft and mounting
structure FEMs. During the actualbvation tests, the responses are
measured at the same locations where the analytical predictions are made
and a response limit corresponding to the analytically derived limit is
implemented. e input acceleration spectrum is notclifetthe measured
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respase exceeds the derived response at any of these locations. While this
method can be effective, it is not preferred the FEM is utilized to
predict test responses, and testing is usually conducted with the aim of
independently verifying the FEM. Furtheéhe FEM predicted frequencies
don{ predict the exact test article frequencies. The measured and
predicted frequencies are usually within 10% of each other. This adds to
uncertainty in the response predictions from the FEM.

3. Force Limited Vibration Testing: The recent development and
availability of high range force sensors has made it possible to conduct
force limited vibration tests. The process of force limiting involves the
derivation of a force limit spectrum for a spacecraft in a given
configuration. Conventional acceleration controlled tests are flight-
like, for reasons mentioned above. It has been found that running a dual
control test, with control of both force and acceleration input from the
shaker, results in more flighike tests, while rducing ovestest of the
spacecraft. Variousnethodsfor deriving the force limit exist. These
include the simpleTDFS method, thecomplex TDFS method and the
semiempirical method. While the first two methods requir@edance
and apparent mass informati@about the mounting structure, the semi
empirical method does not, making it the preferred approach for deriving
force limits. All force limiting is done in redaime, and is not dependent
on results of the finite element anagjsmaking it preferable tcesponse
limiting.

Since force limiting is the preferred approach of the thmethodsmentioned
above, it wasdecided, with ULA consensusto implement it during the NPSCuL
vibration tests The validity of FLVT has been thoroughly investigated by Schaaiad
JPL, and the approach has flight heritage on various missions, the mogtrdfigh of
which is theCASSINI mission.FLVT, though first implemented over 20 years ago, has
not been widely implemented on aerospace hardware testing. The reastwdack of
widespread implementation include the high initial investment to upgrade vibration
facilities with equipment necessary for force limiting, and the slow evolution of
established practices in the aerospace industry, which involvedesgmning andver
testing satellites to rule out any chance of flight structural faildnes.following section

details the semmempirical approach for determining force limits.
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3. SemtiEmpirical Force Limits

The semiempirical approach aims to envelop the force inpuhatfundamental
frequency of a test item for a given mounting configuration. For a sine test, the equations

for the semiempirical approach can be summarizedtl&sp. 8]:

16

1.7

whereF; is the amplitude of the force limi€ is a dimensionlessonstant which depends

on the configurationlMy is the total mass of the test itery, is the input acceleration
amplitude andf is the frequency and, is the frequency of the mode with greatest
effective mass, also known as the primary mddlds impatant to note thafy is
determined by conducting a sine sweep on the actual device under test. It is a measured
value from the sine sweeps, and is not the derived value from the test article FEM. For all
NPSCuL vibration testing, sine sweeps were conduat¢hin the upward direction, i.e.,

from 20 Hz - 2000 Hz, and in the downward direction, i.e., 20B8@ +20 Hz. The
fundamentamode wasletermined to be at the frequency where the force in the direction
of vibration peaked, and for consistency, the gwee the downward direction was
utilized for making that measurement. For the purposes of determining the force limits,
the measured fundamental frequency was rounded down to the nearest whole samber
as to ensure that force limiting was initiated pri@erapproaching the first fundamental
frequency of the test article

The form of the equation relevant to random vibration te$i8j9. 8]:

18

19

where S is the force spectral density aSga is the acceleration spectral densithe

exporent p fis included to reflect the decrease in payload residual mass with increasing
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frequency. To understand residual mass, it is necessary to understand the concept of
effective mass. A simple way of looking at effective mass is to model each mode of a
system as &DOFmass spring dampefhe effective mass concept is directly related to

the modal reaction force measurement to unit Joisen acceleration. The sum of the
effective masses of all the modes is equal to the total mass of the strig2ure
Generallyspeaking, the effective mass reduces as the mode number increases, with the
primary mode having the highest effective mass. It is practically impossible to capture all
the normal modes of a structure. Thathere the concept of residual massnes into

play. Residual mass is defined as the total mass of the structure minus the effective mass
of the modes which have natural frequencies below the excitation freqUémcyesidual

mass also drops off with increasing frequency.

To account for thigoll-off in residual mass, the exponent, is factored into
Equationl1.9. For most structures, including NPSCulL, this value of the exponent is taken
to be 2. The value of the exponenp, can be adjusted to fit the experimental

measurements of apparerdss of the test structuf&s, p8].

In equationsl.8 and1.9, the test item mas$/o, the acceleration spectral density,
S\, the frequencyf, and the fundamental frequency are known. The val@gfof large
strut mounted hardware, such as NPSCuL iQ##¢€UDOO\ DFFHSWHG DV ¥ 7R D
value of C, which is Semiempirically” determined, experts from the Aerospace
Corporation were consulted. Based on their experience with similar sized hardware in a
similar mounting configuration as NPSCuL, thelueaof C DV ¥ ZDV GHWHUPLQH
appropriate. Further guidance for the valu€aomes from the Force Limited Vibration
Testing NASA technical handbooK.he handbook states th#te normalized force
specification plot for a simpl@DFS, shown inFigure 16 can be utilized to arrive at a
reasonableéC value. The handbook states that the ordinate on the plot can be substituted
for the value ofC? for a given payload to source mass ratio. The maximum mass of
NPSCuL is 189 Ibs, and the mass of the ABC plate wltlitsastruts and attachment
hardware is ~24 IbsThe load mass to source mass ratio for this configuration is 7.88,
which vyields aC? value of ~1.25In the normalized force specification plshown in
Figure 16 all three curves representing differenality factors and hence damping ratios
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converge for load to source mass ratios greater th@helC? value selected for NPSCuL

was 2, which iigher tharthe valuederived fromFigure 16 since there is a lack of test
data to support the usage of a vahedow 2.Additionally, it was agreed upon by all
parties involvedi.e., NPS, ULA, OSL and the Aerospace CorporatibatC? = 2 would

add enough conservatism to account for additional mass participation from the upper
stage mounting location, while ncdusing any unddest.

Figure 16. Normalized Force Specification from simple TDF®mM [18, p.11]

For all NPSCuL vibration tests, the force limit was implemented fros@0 Hz.
The 2 H00Hz range envefmed the firstsevenmodes ofNPSCuLin the X and Y axes,
and the first four modes of NPSCuL in the Z aXisough the NASA handbook on force
limiting recommends that force limiting should only be carried out for approximately the
first three modes each axi®f the system under test, all parties involved tbration
testing of NPSCuL agreed that force limitiag to 500 Hz, which includes more than the
first three modes in each axis of tesuld be acceptablesince the force value &
selected for NPSQutesting was conservative to begin withis worth noting that the
500 Hz cutoff was arbitrarily selectddr the ABC program. FLVT cutoffs for other
programs should be evaluated on a case by case basis, in consultation with the LV

provider.
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The force limits for testing al89 Ibm integrated NPSCuL stture at
qualification levelswerederived usinghe acceleration specification showrFigure 11
and equationd.8 and 1.9. Though OUTSat had a mass of 167 Ibm, data presented
henceforth is for an NPSCuL EDU with a mass of 189 lIbm, to encompass xivauma
allowable NPSCuL mass and to provide a direct comparison with results presented in
Chapterlll . A graphical representation of the force limit at qualification levels in the Z
direction is shown irFigure 17 It is important to note that the plshown in Figure 17is
valid for a specific NPSCuL configuration, as the inputs to equatiddand 1.9 are
measured from the sine sweeps for a given configuration. The force limits need to be re

evaluatedeach time the test configuration is changed.

Figure 17.  Z-Axis Force Limits at Qualification Levels for Integrated NPSCuL

4. FLVT Setup

Setting up a force limited vibration test can be expensive, and force limiting
equipment is not readily available at many vibration testing facilities. The main expense

lies in procunng adequatehgizedpiezoelectridorce sensor&nd associated hardware.

Forcesensorsare inserted in series with the test item and the shaker they

need to be preloaded so as to always operate in compreSsi@ral force sensors may
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be required, deending on the force and moment ranges expected during tejpiegal
fixtures needio be developed tonount the test article to the shaker, with the force
sensorsn series. Generally, a shaker adapter plate that interfaces directly with the bolt
hole mattern on the shaker is manufactured. A second plate, referred to herein as the
FLVT plate, interfacesvith the test article and shaker adapter plktes recommended

that the weighof the plate above the force sendoedimited to 10% of the weight dhe

test item. This is necessary as the force sensors measure the sum of forces required to
accelerate both the FLVT plate and the test it&8n p. 7]. Maintaining the weight of the

FLVT plate to within 10% of the test item can be challeggand exotianaterials with

high strength to weight ratios likmagnesium can be utilized to overcome that challenge.
Though magnesium has a high strengthwiight ratio, it is highly flammable and
difficult to machinedueto the risk of fire. Special fire extinguists need to be procured

to extinguish a magnesium fire, so the benefits gained by using magnesium may be
outweighed by the cost of machiningkior NPSCuL, the FLVT plateyas manufactured

from Aluminum 7075T7351, and itsveight marginally exceeded the %0of test item
weight limit, i.e., the plate weight came in at 10.3% of the test item weight. This was

deemed acceptable after consulting with Scharton.

Forcesensors ar@laced at each attachment point between the two plakes.
attachment between thevd plates, at each sensor location, is made using special
threaded studs and bushings provided by the sensor manufacturer. The studs pass through
the FLVT plate and through the inside diameter of the force serssuishread into the
shaker adapter platé plastic bushing around the stud ensures that the force sensor is
secure against the stud. A nut on the FLVT side of the ctatpletesthe mechanical

connection between the two plates and force sensors.

For NPSCuL testing, the maximum expected forgeut from the shakerand
hence reaction force at the shaker to NPSCuL interiacapproximately 9600 Ibf at
gualification levels for an unotched test, using three sigma loads. Calculating the
maximum expected loads is critical in determining the femrgsor range for FLVT. The
sensors should be sized such thatreéhis adequate margin between the maximum

predicted reaction force per sensor and maximum allowable sensor force for each of the
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test axesln the case of NPSCuL, it was decided to utilizerflorce sensors for vibration
testing, making the maximum force seen per sensor approximately 2400 Ibf. Accordingly,
a force sensor manufactured by PCB Piezotroniesdel 260A03, with appropriate
ranges in all three axasas selectedThe sensor is amtegratedcircuit piezoelectric

(ICP) force sensor, which means it incorporates a charge amplifier within the sensor. A
constant current power source is required to operate the s@nsarage of the sensor is

shown inFigure 18and its characteristics aseammarized ifTable 2

Figure 18. Tri-Axial Piezoelectric Force Sensor, Model# 260A08m [23]

Manufacturer PCB Piezotronics
Model 260A03
Sensitivity (Z Axis) 0.25 mV/lb
Measurement Range (Z Axis) 10,000 Ib
Measurement Range (X or Axis) 4,000 Ib

Full ScaleOutput (Z Axis) +2.5VDC

Full Scale Output (X or Y Axis) +5.0 VDC
Preload 40,000 Ibf

Table 2.  Force Sensor (Model# 260A03) Characteristater[23]

While torqueing the nuts on the FLVT plateis important not to exceed the full
scale output in the Z axise., 2.5 VDC or 10,000 Ibf per incremental increase in preload.
Exceeding the value specifiedTable 2can cause damage to the sen€are must also be
taken to utilize a balanced torque sequence and to ensure that the fioadpvalues on

all sensrs do not deviate significantly from each other. For NPSCuL, the preload values on
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all sensors were maintained within 5% of each othdditionally, while the manufacturer
recommends a preload of 40,000 Ibf, it may not be practical to achibeeNASA
handbook on FLVT specifies three requirements for selecting the pféau 5]:
1. The preload must be sufficient to prevent unloading due to dynamic forces
and moments

2. The maximum stress on the transducers does not exceed the stress induced
by the maximuntoad set specified by the manufacturer

3. The preload is sufficient to carry shear loads without slip

For NPSCuL, preload was maintained between 30,000 Ibf and 35,000hibf
was determined to be adequate to ensure that the sensors always operate ssmympre
that the maximum stress does not exceed the manufagtapecifications, and that there
is adequate friction to prevent any slipping.was also found that the force sensor
sensitivity remains valid for the aforementioned preload rafggure 19shows the
FLVT setup

Figure 19. Force Limited Vibration Testing Setup

To simplify connections in the FLVT setup, it is desirable to ensure that the
Cartesian axes are aligned onfalice sensors utilized. Each force sensor is connected to
a summation module uginmicrodot to BNC connectors. The summation module sums
the forces in the X, Y and Z axes in the force sensor coordinate sydtensummed
forces are measurgdnd force limitsareimplemented to limit shaker forces into the test

article.
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To test the FLV setup,a baseline sinesweep and random vibration tesere
conducted on the setup alorievo accelerometers were used for control. The random
vibration test verified that good control could be establisitethe FLVT to spacecraft
interface. The test kerances for random vibration are outlineTiable 3 In some cases,
i.e., if the input vibration levels exceed the test requirements, it is acceptable &ul exce
the tolerances outlined fable 3 as it ensures that the test article is not wtelsted.

Frequency Range Maximum Control Test Tolerance
Bandwidth
20 £100 Hz 10 Hz +15dB
100 £1000 Hz 10 percent of midband +15dB
frequency
1000 +2000 Hz 100 Hz +3.0dB

Table 3.  Random Vibration Test Tolerancedter[12, p.27]

Since the sine sweep is onlged as a baseline comparison point, no tolerance
requirementsare levied on the test. Further, a transfer function between the force
measured and input acceleration should y&leass that is approximately equal to the

mass of the hardware above the éomansducers.

5. FLVT on NPSCuL

Once verification of the FLVT setup is complete, the test article, in thistbase
NPSCULEDU, is attached to the FLVT plate using hardware and torque values similar to
the flight configurationThe NPSCuULEDU, as setup foresting hereinconsisted of the
NPSCuL structuregight P2M2s and the SADand weighed 188 Ibm. The test article
was then instrumented using accelerometes required. For NPSCuL FLVT, two
control accelerometers were installed on opposite sides &iLVi& plate, at the plate to
NPSCuL interfaceThis serves to ensure that both sides of the interface see similar
acceleration. Additionally, POD positions1, 2, 3 and 4(see Figure § were
instrumented using taxial accelerometers the NPSCuL to APOD interface. Readings
from these accelerometers were utilized to derive vibration environments for CubeSats
flying on NPSCuL.
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Due to instrumentation limitations, all eigR2M2s could not be instrumented
with accelerometers It was postulated and later erified during the GEMSat
gualification test, that P2M2s on opposite walls would see similar vibration
environments, dependiran whether they are located at the comrecenter position on
each wall. The FLVT setup with NPSCuL attached is shownguare20.

NPSCuL to PPOD
Q‘__ Interface

NPSCuLInput
Environment

Figure 20. NPSCuL EDUFLVT Setup

To verify that the setupvas correctly calibrated for the NPSCUEDU, and to
determine the first fundamental frequency of the test structure, a baseline sine sweep at
0.25 G from 20 Hz- 2,000 Hz was conducted both in thpward and downward
directions. A plot of the measured “ axis forces measured during thé axissine sweep
is shown inFigure 21 From the figure, it is evident that the firstakis mode for the
integratedNPSCULEDU lies at approximately 111 Hz. Thialue is used as an input for
the force limiting equations outlined @hapter I, ctionC.3. Similarly, for the X and
Y axes, the first fundamental mode was at 46 Hz and 4%ddpectively. For X and Y

axis force sensor data plots, see Appendix A.
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Figure 21.  Z-axis ForceNPSCuL EDUZ-Axis Sine Sweep

Before proceeding with any random vibration testing, it is important to ensure that
the force sensors are correctly calibrated for the combiedT setup. This is
accomplishedy plotting a transfer function beter the measured force in the direction
of vibration and the measured acceleration in the same direction. The ratio of those two
values yields th@apparent masdhe transfer function between the measured force and
measured acceleration from theaXis sinesweep during the&NPSCuL EDU FLVTis
shown inFigure 22 From basic structural dynamics, it is known that rigid body motion
occurs at frequencies mutdwer than the first fundamental frequency of a structéite.
frequencies much smaller than the firstdamental frequencyhe apparent massiust
be approximately equal to the masstloé test item and any fixturesove the force
transducersThe actualmassof the items above the force transducer for NMRSCuL
EDU testwas 211 Ibm, whereas the measunembswas 215 Ibm at 2@ Hz. The two
values are within 1.9 % of each other, showing that the force transducers were correctly
calibrated for the given setupor all NPSCuL testing, the measured apparent mass at
frequencies significantly below the test itdamdamental frequency was always within
5% of the measured mass, as a result of which no further calibration of the force sensors

was required.
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Figure 22.  Transfer Function of Force and Acceleratibi®SCuL EDU FLVT Test
Z-Axis Sine Sweep

Once calibrations veified andthe fundamental frequency of thest article is
known, equation4.8and1.9 are utilized to derive the force limits for the test sefqp.
NPSCuL testing, a dual control approach was utilized, i.e., both acceleration and force
measurements we used to control the test. Two control accelerometers at the NPSCuL
to FLVT plate interface were used to measure the acceleration input, and the force
sensors were used to measure force input by the shaker. The random vibration test was
controlled to theacceleration spectrum provided by the LV; however, if the input force
exceeded the derived force limits, the acceleration input was notched at the frequencies

where theexceedanceccurred.

To establish good control, testing was commencd@ dB belowMPE, stepping
up in 3 dB increment® the target levelwhile dwelling at each level below qualification
for 20 secondsAdditionally, the test operator could increase the dwell time at any level
below 6 dB belowMPE, in case additional time was requirtm achieve good control.
While MIL-STD-1540E stateghe durations for acceptance, propaalification and
gualification tests as one, two and three minutes respectively, the additional time spent at
levels below the target level should also be factoretw ievery test plamo account for

any fatigue effects that may affect sensitive structures or instruments
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The effectiveness of FLVT was determined by runnbah a force limited
random vibration test and a traditional acceleration controlled randotivibtest. To
rule out any variations from differences in setup, the exact setup was tested for both
cases, i.e.no fixture, configuration, mass or instrumentation changes were made to the
test setup. Both tests were run in each of the three Cartegiantax3dB below MPE at
the NPSCuL to FLVT plate interface, i.e., 5.4 GRNFgures 2325 show comparisons
of the force plots, control plots and response plots for both dasdbe Zaxis testSee

Appendix B for plots from the X and Y axis tests.

Figure 23. Force Measurement,-Axis Test, MPE+3dB
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Figure 24. Control Acceleration, ZAxis Test, MPE+3dB

Figure 25. Response MeasurementP®D 4, ZAxis Test,MPE +3dB

From Figure 23 it is evident thaforce limiting causes a significant reduction in
input force for the NPSCuL rstcture in the Zaxis. Similarly, a comparison of the control
plots for a force limited and neforce limited test, seen iRigure 24 shows anotch in
the control acceleration plot for the force limited test. FLVT provides significant relief at
the testtem fundamental frequency; on the order of 23 NBSCuL amplifies the input
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GRMS by a factor of ~3 in the Z axis in the-motched configurationlt is also worth
noting that the controller is unable to establish good control above 600 Hz for the non
force limited test and above 8z for the force limited test, as a result of which the full
benefit of force limiting is not seen on the overall GRMS value for the force limited test
due to a highethanrequired GRMS input in those frequency rangasce the measured
inputrandom vibration profile is abowe input random vibratiorenvelope requirement
levied by thel.V provider, and the structure is owegsted in these frequency ranges, the
test is still considered valid’he lack of good control in thieigh frequency range was
determined to be due to combined test item and FLVT plate resonances that cannot be
reduced even by reducing the drive signal from the shaker. A stiffer FLVT plate can
result in improved control, however, that would result in tla¢epexceeding the 10% of
test item weift guidelineoutlined in NASAHDBK-7004B.

Finally, a comparisorof the responses measured at the NPSCulL -ROP
interface at FPOD position 4, shows the effectiveness of force limiting for NPSCuL
payloads. Withoutdrce limiting, a large peak is seen at the NPSCuL resonant frequency
at approximately 111 Hz. The area under this curve, which is effectively the energy input
into the payload at the givdrequency is very large and would not be seen during flight.
Implementation of FLVT reduces the ASD value of the peak, thereby reducing the energy
input into RPOD 4. The value by which the magnitude of the peak is reduced is
approximately equal to the depth of the notch seen in the control plot shé&wguie 24
i.e., ~ 23 dB thereby significantly improving theibration environment for NPSCuL

payloads. A summary of the response acceleration for all three axes is shicateid

X Axis Y Axis Z AXis
P-POD 2 P-POD 4 P-POD 4
Un-notched GRMS 11.9 109 16.6
NotchedGRMS 10.8 8.83 5.57
Relief Percentage 9.29 % 18.8 % 66.4 %

Table 4. Respons&RMS Comparison for Unotched and Notched

Random Vibration Tests at MPE3dB
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From Table 4 it is evident that force limiting does help reduce vibration
environments seen by NPSCulyfads during vibration testingnd it is most effective
in the Z axisHowever, protequalification testing is conducted at input levels that are 6
dB higher than the input levels used to arrive at the valu&shie 4 and all CubeSats

on ABC missionsieed to be tested to pregoalification levels at a minimum.

For the OUTSat mission, pretpalification levels were derived by enveloping
positionspecific data from the OUTSat qualification teduring which FLVT was
implemented CubeSat positions witn NPSCuL were decided prior to CubeSat proto
gualification testing, and CubeSats were given position specific -grathfication
levels. The OUTSat qualification testonfiguration consisted of the NPSCuL structure,
six P2M2s,two P-PODs withCubeSatnass models and a SAD EDU.

During the OUTSat acceptance test, which consisted of ei§i@[Ps instead of 2
P-PODsand 6 P2M2s, highehan expectedlamping was observed, resulting in lower
than predicted acceptance levels. The increased damping was dcee iteltision of
harnessing and-PODs containingmore joints than P2M2s. The additional joints help
dissipate some of the energy input into the OUTSat system. For the GEMSat mission, the
OUTSat acceptance test levels were enveloped using methods outlii&dhpterll
SectionB, and scaled up by 3 dB to arrive at prqtalification levels. Additionally,
sinceOSL desired generic levels that would be compatible with any position on NPSCulL
to maintain payload location flexibilitycrossaxis responses fronhé acceptance test
were also included in the enveloping proceSse Appendix C for GEMSat random

vibration leveldetails.

The resulting protgualification levés, though reduced due to the
implementation of FLVTand the additional damping seen in fliglonfiguration are still
considered severe by potential NPSCuL CubeSat payloHus protequalification
random vibration levels for the GEMSat mission were 21.4 GRMS in thgi 22.5
GRMS in the ¥Axis and 14.8 GRMS in the-Axis. While these levels ardefinitely an

improvement over the levels that would have been seen duringraotehred test, further
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reduction in levels was deemed desirdiyethe CubeSat communityn an attempt to
improve the dynamic characteristics of the NPSCuL structureis@grid redesign

outlined in Chaptelil, was attempted.
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lll.  REDESIGNING THE STRUCT URE: THE NEXT
GENERATION

A. PROPOSED DESIGN CHANGES

NPSCuL is the primary structure for its CubeSat payloads, in that it is the primary
load path between theV and the CubeSat3he load is transferrefiom the LV, to
NPSCulL,to the RPODs, which in turn transfer it to the CubeSats. The function of the
primary structure is to withstand the loads experienced during launch. It is desirable to
make the structure strong enough tdhsiand the launch loads, but also to keep the

weight low, so as to maximize payload capacity.

The existing NPSCuldesign,weighs 39.7 Ibs, not including the SAD;F®D,
CubeSats, harnesses or fasteners. The structure alan hAswable volume enveloes
defined inFigure 26 which includs the RPOD doorstops.

Figure 26. NPSCuL Maximum Allowable Volume Envelope

P-PODs mount to the NPSCuL walls via eighiD 82 fasteners, using a bétible
patten shown inFigure 27 Two P-PODs are mounteid each NPSCuL wall. flese hole
locations cannot beasily changed as any changes would require changing -th@DP

bolt hole pattar, which isnow an industry standard.
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Figure 27. NPSCuL Wall Showing ##OD Mounting Holes

To improve the environment seen by NPSCuL payloads, an atteraphade to
reduce the effect dhethreeprimary modes discussed in Chapter, Bection 2 The base
assumption while makindesignmodificatiors was lased on the results of Equation 1.4,
which implies that as frequency increases, displacement for a gilestion input
decreases. One method of achieving an increase in the natural frequency of a structure is
by increasing the system stiffneshile keeping the system mass constant, as is evident
from Equation 1.2 Increasingthe natural frequency of the s by increasingthar

stiffness, would theoretically reduce the effecloaflizedpanel bending.

To increase thetiffness of the NPSCuL walls, a decision was made to double the
existing wall thickness. No trade studis varying wall thicknessesere conducted due
to schedule constraints. To maintain the mass of the existing % inch thick NPSCuL walls,

it would be necessary to reduce the %2 inch wall mass by 50%. To achiean tisisgrid
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design approach, outlined @hapter Ill, Section Bwas utilzed. Additionally, since

much of the modal strain energy was present in the adapter ring to baseplate joint, an
approach that involved eliminating the joint between the adapter ring and baseplate by
combining the two parts into a single part vaétemptedThe thickness of the baseplate
was also incrased from % inch to % incilo ensure that theedesiged NPSCuL
structure was not any heavier than the original NPSGld. mass of the rectangular
baseplate section was reduced by drilling a simple pockettterp, shown irrigure 30

Finally, the corner brackets from the original NPSCuL structure were elimjresdtie
thicker walls could accommodate a direct watwall joint. The elimination of the four
corner brackets added 2.42 Ibm to thdesiged NFSCuL mass budget. Thedesiged
NPSCuL is henceforth referred to as the NPS&RLwhereas the original NPSCuL
design is referred to as NPSGulL.

B. ISOGRID: THEORETICAL CONCEPTS

An isogrid panel is a plate or face sheet with triangular integral stiffentisg
commonlyreferred to as stringef23]. The concept for isogrid structures was developed
in 1964 by Dr. R. Meyer, who was tasked by NASA to find the optimum stiffening
pattern for compressively loaded domes. The goal was to find a structural areamhge
that negated the shortcomings of the known O ted€free and 48egree patterns
without increasing panel weight. The most promising concept was found to be the
triangulation of stiffening members that took advantage of the fact that trusses are very
efficient structureslt consisted of a lattice of intersecting ribs forming amay of
equilateral triangle The new structure was referred to ¥sogrid ‘since it behaves like

an isotopic materigp4].

A visual representation of a section of an rganel is shown irFigure 28
where afis the length of the equilateral triangle sidefis the rib width, d fis the rib
depth, h §is the equilateral triangle height andjs the thickness of the faceplate or skin.

47



Node

Figure 28. Isogrid Parameter Defindgns

The main resource for quick, baokthe-envelopeisogrid design calculations is
the Isogrid Design Handbook25] prepared by the McDonnell Douglas Astronautics
Company. The handbook outlines equations that can be utilized to estimate maximum rib
andskin stresses for an igod structure.

Due to the holgattern constraints outlined in SectioA 3it was necessary to
divide the NPSCuL wall into sections with varying equilateral triangle heights.
Additionally, it was necessary to maintain certairckhgections on the NPSCuL walls to
allow for walkto-wall mounting holes and to accommodate tHe@D bolthole pattern.
This was necessitated as it was desirable to have-Bf@eP mounting holes locateat
the isogrid nodes. Isogrid structures are mdstieft if the main load paths pass through
the nodes. Having offiode load paths requires-eaforcement of the ribs and skin
around the ofinode load path, which can leadinarease in overall panel mass.

Since the Isogrid Design Handbook does notimeitequations for analyzing a
nonuniform isogrid panelthe equations outlined in the handbook were not utilized for
analyzingthe NPSCukv2 wall panels. Instead, all analysis relied on the FEM developed
andis described irChapter 3, 8ction 4D. For conpleteness, however, useful equations

from the handbook are summarizacequationsl.10- 1.15

' 1.10
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whereh is the triangle height aralis the length of the equilateral triangle side.

111

112

1.13

1.14

, 115

wheret* is the equialentthickness ande* is the equivalent modulus of elasticity that
can be usedn traditional structural monocoque equatiohss rib width, d is the rib
depth,t is the facesheet thickness, and and / are nondimensional parameters
defined above. Additional equations for calculating panel buckling loads, pressure

strength and shear strength are oetli in the NASAsogrid Design Hindbook

C. NPSCUL-V2

The NPSCukv2 design process included &ihing the sidewalls by doubling the
wall thickness and reducing the panel weight by implementing an isogrid design. The
baseplate and adapter ring wéusedinto a single partasshown inFigure 30 This part
is called the unibase.

OSL and NPS desired thave the NPSCul2 structure ready in time for the
ULTRASat and GRACE launches that were then scheduled for December 2014. The
launches have since slipped to W015 for ULTRASat and August 2015 for GRACE.
Due to schedule constraints and delivery ddtasarosein response to the ULTRSat and
GRACE launch schedules at the time, it dme necessary to design, build and test
NPSCul-v2 within a period of four months. Given the short developmemie, it
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bea@me necessary tselect a design direction andopeed with the analysis and
manufacturingwithout conducting detailed trade studies. A decision was made to not
exceed theNPSCul-vl structural weight while increasing the stiffness of the new

structure.

Using that constraint, along with the volume anerifsice constraints levied by
the LV provider, a decision was made to design a % inch thick isogrid walz inch
thick wall also allowed the four walls to be fastened to each other without using any
brackets, which allowed more weight to be allocatedhéounibaseThe web depth was
limited to no greater than four times the skin thickness, due to machining constraints.
Exceeding the limit mentioned above can cause chatter while machining, which is not
desirable as it becomes difficult to maintain a smaaiffiace finish. Maximizing the web
depth on a % incthick wall resulted in a 0.4 inch deep web, with 0.1 inch thick skhre
rib thickness was maintained at 0.1 inch, similar to the skin thickness.

The wall was sectioned intfour pieces as shown ifigure 29 The isogrid
equilateral triangles were sized to ensure that tR©OP mounting holes were located at
the isogrid nodesAll fasteners used on NPSCuwR2 are socket head caps (SHCs), and to
make their heads flush with the wall exterior surface aaflener holes are countsored.
To allow adequate material between the counter bore and the triangle corners, a distance
of 1/16 inches was maintained between the triangle corners and the dmretéholes.

For sections B and ,3hown inFigure 29 thetriangle height required to maintain
the nodes at the-POD bolt holes was 1.937 inches. Using Equalidi) the length of
the triangle side required to maintain that height was found to be 2.236 ifcheedth
sections B, C and Bshownin Figure 29 it can be seen that a few thick sections remain
and the isogrid pattern is not continuous. This is dubddact that the mounting points
for the RPOD are fixed but not uniformly spacednd the isogrid has to be designed
around these mounting pointorRuture revisions of NPSCuL, optimizing these thicker

sections fomassmay be evaluated.

While designing section A, the aim was to fit three complete triangles between the

left edge of the wall and section Bhis prevents the triangle size from geititoo large,
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and also provides mounting locations fgnound support equipment (GSE) required
during integration and test activitieBhe triangle height required to fit three triangies
the given area was 2.179 inches. The equilateral triangle sidéh lasgociated with a

height of 2.179 inches is 2.516 inch&ke resulting wall panel had a mass of 6.2 lbm.

Figure 29. NPSCul-v2 Wall with Isogrid Pattern

To ensure that the effective thickness of theesigned wall was at least equal to
the thickness of thBIPSCul-v1 % inch thick wall, equation$.10- 1.15were utilized to
derive the effective thickness of thedesigned walls. Since the-designed isogrid wall
does not have a continuous isogrid pattassumptions were made to arrive at the worst
case eféctive thickness. It was assumed that the wall consisted of a continuous isogrid
pattern with the larger of the two triangle sizes. The resulting equivalent thickness of the
wall was found to be 0.36 inches, which is greater thamlNB®Cul-v1 wall thickness of
0.25 inches. With the greater effective thickness, thdesigned wall is expected to be
stiffer than theNPSCul-v1 wall.

The unibase design was developed donsultation with The Aerospace
Corporation in ElI Segundo, CaliforniaSince the rocking ndes on theNPSCul-v1
design contributed significantly to the harsh vibration environment seen by the NPSCuL
payloads, the base of the original structure was modified to increase stiffness. Increased
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stiffness was achieved by removing the joint betweeWN#8CuL ring and baseplate and
fusing the two parts together. The joint between the two parts was filleted to allow for a
favorable stress distribution. Since the joint between the adapter ring and baseplate was
removed, and since the corner brackets weteutilized on NPSCulv2, the number of

joints reduced from 204 to 172. Joints between two interfaces often lead to a reduction in
the vibration environment as energy is dissipated at structural joints. While the reduction
in joints on NPSCutv2 would leal to an expectation of lower damping, the benefit
gained from increasing stiffness was expected to outweigh the benefit gained from

increased damping.

The flanged section of the unibase was modified for ease of access, to allow for
easily available ratcti@g tools to be utilized while fastening the 24 bolts that secure
NPSCuL to the shaker during testing and the ABC plate during flight. The ability to use
ratcheting tools significantly reduces processing time during integration and test

activities.

In addtion to the changes mentioned above, the thickness of the rectangular plate
section of the unibasshown inFigure 3Q was increased to 0.75 inches from 0.5 inches.
The skin of the baseplate was maintained at 0.2 inohtge pocketed sectionsince tle
baseplate carries a large part of the total load during vibration. The rib thicknesses were
also maintained at 0.2 inches. A minimum of 1.0 inch of material was maintained along
the outer edge of the baseplate to allow adequate room for the NPSCub hadeplate

fasteners.

Figure 30.  NPSCul:-v2 Unibase
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The overall height of the unibase was 2.45 inches, whereas the overall height of
the NPSCul-v1 adapter ring and baseplate was 2.6 inches, as showigure 31 By
lowering the heightof the unibase by 0.15 inek, as compared to tiNPSCul-v1, the
overall Zdirection CG of the integrated-ceesigned NPSCul2 would also be lowered
by 0.15 inches. This was also expected to be beneficial for reducing the vibration

environment, as a lower CG results in lower angaiion.

Figure 31. Comparison oNPSCul-v1 Baseplate/Adapter Ring (Top) and NPS€uL
v2 Unibase (Bottom) Heights

A comparison of th&NPSCul-vl Computer Aided Design (CAD) model and the
NPSCul-v2 CAD model is shown irigure 32 Table S5summarizes the mass propestie
of the NPSCul:vl and NPSCutv2. FromTable § it is evident that the goal of keeping

the mass of NPSCul2 at or below the mass of tiNPSCul-v1 structure was achieved.

Figure 32. NPSCul-v1 Design (Left) and NPSCuwi2 Design (Right)
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Components NPSCulL-v2 NPSCulL-v2

Wall Mass x 4 (Ibm) 23.54 24.80
Bracket Mass x 4 (lbm 2.40 N/A
Adapter Ring Mass 3.40 N/A
(Ibm)
Baseplate Mass (Ibm) 10.29 N/A
Unibase Mass (Ibm) N/A 14.60
Total Mass (lbm) 39.63 39.40

Table 5. NPSCul:vl and NPSCultv2 Mass Summary

D. FINITE ELEMENT ANALY SIS

After completing the NPSCulz2 CAD design, it was necessary to shoxwa a
finite element stresanalysis, that the design would be able to survive_therovider-
specified loads. It was also necessary to determine the primary modes of the NSCuL
structure in each of the three Cartesaes. TheNPSCul-v2 FEM was developed using
a software package called NX, Version 8.5, and the FEM solver used was NASA
Structure Analysis (NASTRAN).
The analysis software assembles the mass and stiffness matri¢cks for
elements into global matrices for the overall structure. Each node has six
DOFs? three translations and three rotatiérso the total number of

DOFs in the model equals six times the number of nodes minus any
constrained DOFg$14, p.575]

While creatig an FEM from CAD geometry, it becomes necessary to idealize the
CAD geometry to make the analysis efficient. For instance, small holes are often not
modeled, and fillets are removed.

Before developing a finite element model, it is important to understiaad
purpose that they will be used for. For the NPS@umnodel, the uses are twofold:

X Internally by NPS to ensure that stress margins are positive

X Externally by ULA for dynamic analysis

A stress model needs to be detailed enough to model localized stress
concentratiog and a dynamic model needs to be simple and predict global behaviors of
the structure. The dynamic model is used by ULA for tbeupledloadsanalysis (CLA)
to determine the impact of NPSCuL on the primary spacecratt.
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Once the model typeals been selected, the element type and level of detail needs
to be determined. This process can be time consuming and is often based on engineering
judgment.A summary of some of the commonly used finite element types is shown in
Table 6

Element Type Features and Applications
Rod x Carries only axial loads
X Good for truss members with pinned ends
Beam x Carries all axial loads, shears, and moments
X The user can specify offsets for centroid and shear cent
X Good for modeling beams, frame members, and stsnget
Shell x Five DOFs per grid (no owdf-plane rotation)
X Good for modeling shells and detailed modeling of 1

walled structures

Xx 7TULDQJXODU DQG TXDGULODWHUL
rectangular

Shear x Carries inplane shear loads

x Good for representq buckled skin that carries shear
diagonal tension

Solid X No rotational degrees of freedom; relies on force couplg
carry moments

x Good for detailed modeling of thiekalled structures t(
predict how stress varies through the thickness

Table 6. Common TypesfoFinite Elements14, p.577

1. Wall FEMs

Prior to creating an FEM of the integrated NPSCuL structure, FEMs of the
individual components were first creatddhe initial aim was to create an FEM complex
enough to accurately model stress distributions, louplsi enough to have a manageable
model size and rutime. This FEM is referred to as the W&EM-1.

For the WallFEM-1, theNPSCuL wall waddealized andartitionedalong the
isogrid triangle ribs and at boundaries between the thin face sheet ancckiee thiter

sections. The partitioned wall is showrFigure 33
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Figure 33.  Wall-FEM-1 Idealized and Partitioned Mod@&ottom View

Since the aim of the WaKkEM-1 model was to create a simplified finite element
model, the isogrid face sheet was meshed usingaketientsknown as CQUADA4with
a thickness of 0.1 inche3he thicker sections around the edges anteinveen the
various isogrid patterns were meshed using shell elements with a thickeSsanches.
When using shell elements with varying thicknessebecomes necessary to ensure that
the plane of origin of the elements of differing thickness line up with each other. To
ensure thaall the shell elements line up, it becomes necessary to offset thglanil of
the thicker shell sections. The autesh tool was utilized to define the mesh size, which
varied between 0.15 and 0.25 inches. During the-m#sh process, triangular shell
elements were also allowed to be inserted into the mesh. After the shell meshing process
was completedan element quiy check was conducted on all elements, and all elements
that failed the default element quality check determined by the software package, were

manually fixed by reorienting element nodes.

The isogrid ribs were modeled using beam elements with rectanguss
sections. The width of the element was 0.1 inches, with a height of 0.4 ifBdees.
elements were manually inserted onto the shell mesh at the boundaries of the isogrid
triangles. As was the case with the shell elements, it is necessary to rapfffised to the

beam elements to ensure that they are appropriately aligned with the shell elements. It is
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also necessary to ensure correct orientation of the beam elements. This can be easily
visualized by altering the display of the FEM to view thenheas solidsThe Wallt
FEM-1 is shown irFigure 34

Constraints for Stres:

Analysis x 14 —>

4

<

A7

Beam Elementsyv

Shell Elements

Figure 34.  Wall-FEM-1 Consisting of Thin Shell and Beam Elements (Beam
Elements Shown as Solids for Visual Clarity)

The material properties utilized for the wall, j.enmaterial properties for
Aluminum 7075T7351are summarized ifable 7

Material Property Value
Mass Density ! 0.101 Ibm/iri
<RXQJTV ORGXOXV ( 1.03E7 Ibf/irf
3RLVVRQYV 5DWLR 0.33
Shear Modulus (G) 3.9E6 Ibf/irf

Table 7.  Material Properties for Aluminum 70767351 P6]

With the FEM complete, a real Eigenvalue solution, also known as a modal
solution was condued on the wallwith freefree boundary conditions. The term fifeee
implies that no boundary conditions are applied to the wall FEM. Such a solution should
yield six rigid body modes, i.e., modes that cause an infinite deflection along all the
unconstained DOFs. These modes generally occur at very low frequesniadi positive
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values close taero Hz), and are not utilized for any analysis. Titst four mode shapes
that have physical meaning and their modal frequencies are shéiguia 35

Figure 35.  Wall-FEM-1 Mode Shapes and Frequencies

A stress analysis was also conducted on the-BEM-1. The wall wasfixed
along two opposite edges, shownFigure 34 Gravity loadswith values of *V LQ WKH
; DQG < D[HV DQG *fV LQ WKH =I topkdihateDspsteml, Qer& KH O RF I
applied. These loads are the same as thagdeloads outlined in the OUTSat to
AtlasV/ABC ICD. This loading condition does not have any significance, and was only
utilized to create a common loading condition by which various@va) (0fV FRXOG EH

evaluated.

Elemental VorMises stressefor the FEMwere recovered and plotteldh. a body
that is acted upon by stresses in all three directions;Meas stress gives the equivalent
stress at a point in the body. This property of \kdirses stress makes it one of the most
widely used criteria for predicting failure when designing a strucfline. maximum
sectionstress results are shownkigure 36 As expected on a wall with opposite edges
fixed, the maximum stress occurs at the locetiovhere the fixed boundary conditions
are applied.
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Figure 36.  Wall-FEM-1 Stress Analysis Results

A second modelling approach was attempted where the face sheet of the isogrid
wall was modeled using CQUAD4 shell elements, the thicker sections were modeled
using 10-nodedtetrahedraklements andhe isogrid ribs were modeled using vertically
oriented CQUAD4 shell elementBhis FEM is referred to as WaHEM-2 and is shown
in Figure 37 The advantage of using tdbded tetrahedral elements over the simpler 4
noded eleents is the added ability of modeling complex shape functions of the EEM.
is important to note that solid elements and shell elements have differing degrees of
freedom. Solid elements have three translati@f@Fs whereas shell elements hdiee
DOFs While combining shell and solid elements together, it becomes necessary to
resolve this discrepancy by joining the two elements together using the rigid body
element-3 (RBE3). RBE3s are most commonly used to transmit forces from a reference
point to seeral noncollinear points, and they can also be used to transition between

different element types.
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Figure 37.  Wall-FEM-2 Consisting of Thin Shell and Solid Elements

With the FEM complete, a modal solution was conducted on the wall, with free
free boundary catitions. The first four mode shapes that have physical meaning and

their modal frequencies are showrFigure 38

Figure 38.  Wall-FEM-2 Mode Shapes and Frequencies
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A stress analysis was also conducted on the -AEM-2. The wall was fixed
along two opposite edgesimilar to the WaHFEM-1 model. Gravity loads with values of
*IV LQ WKH ; DQG < D[HV DQG *V LQ WKH = D[LV DOO LC

were applied.

Elemental VorMises stresses for the FEM were recovered and plotted. The stress
resultsare shown irFigure 39 The stress results in this case are codinteitive, with
the maximum stresses occurring on the top and bottom flanges of thénataidd of at
the locations where the wall is constrain@dpossible reason for this is local@zeffects
occurring at locations where shell and solid elemeamés joined together. Due to the
nature of the stress results, this model wasirolg as a possible stress model.

Figure 39.  Wall-FEM-2 Stress Analysis Results

A third model,known as WaHFEM-3, compsed of only 1éhodedtetrahedral
elements, was created to rule out any issues arising from utilizing a mix of elements with
varying degrees of freedomAn FEM consisting of only highesrder solid elements is
desirable for detailed modeling of stress riisitions within a structure. Solid element
models are compk and generally have large file sizes and longtimes. It becomes
necessary to use an appropriate element size so as to warrant the increase in complexity

and runtime.
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To arrive at an approjte element size for thé/all-FEM-3, five wall FEMs
were created, having element sized @5 inches, 0.3 inche8,25 inches, 0.2 inches and
0.15 inches respectively. A minimum of two elements were maintained through the
smallest thickness in the walll five wall models were constrained along two opposite

edges, similar to WalFEM-1. An FEM for the model having element sizes ofi@ches
is shown inFigure 40

4

<

Solid Elements /

(10-noded Tetrahedral)

Figure 40.  Wall-FEM-3 Consisting of 1oded Tetrahedral Elements

A stress analysis wasonductéd on all five FEMs, to arrive at an adequate
element size for WalFEM- *UDYLW\ ORDGV ZLWK YDOXHV RI *V LQ
*fV LQ WKH = D[LV DOO LQ WKH ORFDO ZDOO FRRUGLQDWF

Elemental VorMises stresses for the FEMs werxovered and plotted. The
stress results for a 0.2 inch element size are showigume 41
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Figure 41.  Wall-FEM-3 Stress Analysis Results

The stress results from all five FEMs are summarizedable 8 Stress is

measured in pounds per squareh or psi.

Model Element Size Number of Nodes | Maximum Stress (psi)
0.35 inches 268,207 1771
0.30 inches 303,243 1797
0.25 inches 356,094 1858
0.20 inches 490,835 1476
0.15 inches 792,250 1587

Table 8. Summary of Solid Element Wall FEM Stress Results

FromTable 8it is evidert that the stress results converge with decreasing element
size. It isalso seen thathe number of nodes, and hence model complexity, increase
significantly with decreasing element sizdeally, an element size of 0.15 inches or
smaller would be selectddr the wall FEM. However, since the model complexity, and
hence FEM runtime nearly doubles by going from an element size of 0.20 inches to 0.15
inches, and since the stress results of both those FEMs are within 111 psi or 6.9% of each

other, an elemenize of 0.2 inches was deemed acceptable for-VwWaM-3.
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A modal analysis was conducted on WEHEM-3, with freefree boundary
conditions. The first four mode shapes that have physical meaning and their modal

frequencies are shown kigure 42

Figure 42.  Wall-FEM-3 Mode Shapes and Frequencies

An impact hammer modal test or tap test was conducted on a manufactured
NPSCul-v2 wall to confirm that the predicted maldfrequencies were within the
generally accepted range of 10% of the measuredahiaajuencies. A full sale wall
was suspended from a rigid bar using nylon wire to simulate afreeeeboundary
condition. The wall was then instrumented with aatial accelerometer as shown in
Figure 43
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Figure 43. NPSCul-v2 Wall Tap Test

The accelerometer was attached to the wsilhg wax and was connected to a
signal analyzer. An impact hammer, also connected to the signal analyzer, was utilized to
SWDS™ WKH ZDOO SURYLGLQJ DQ LQSXW EURDG VSHFWUXP
analyzer was setup to display a frequency aasp function (FRF). The accelerometer
was moved to five locations on thall and five averaged readings were taken at each
location. A comparison of he modal frequencies measured from the tap @st the
modal frequencies derived from the WBEM-1, Wall-FEM-2 and WalFEM-3 are
summarized irmable 9

From Table 9 it can be seen that all three wall FEMs predict the wall modal
frequencies to within 3.8% of the frequencies measured from the tap test. All three FEMs
are suitable for a dynamic model; hox#e due to added accuracy and reduced complexity,
Wall-FEM-1 is the obvious choice for the assembled NPS@utdynamic model.

Tap Test FEM-1 % Diff. FEM-2 | % Diff.
Mode | Frequency | Frequency Tap Frequency | Tap

(H2) (Hz2) Test (Hz) Test
1 174 171 1.7 177 1.7
2 209 208 0.5 217 3.8
3 432 431 0.2 447 3.5
4 472 464 1.7 485 2.8

Table 9. Comparison of Tap Test Modal Frequencies and FEM Derived
Modal Frequencies
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To conduct a stress analysis on the assedniPSCukv2 FEM, a detailednodel
is required. Each wall of NPSCul2 must be represented using only shell or solid
elements. For complex geometry, according to leading structural engeeyoung
Kwon (NPS and Joseph Maly €SA Engineering higher oder solid elements are
preferred and considered to provide the most accurate results. Taking into account
industry standards, WalREM-3, consisting of 1oded tetrahedral solid elemenigas
selected for the NPSCe\2 stress model.

2. Unibase FEMs

The unibae, shown irFigure 30 has complicated geometry with many curved
surfaces. The unibase was modeled using onlgdbied tetrahedral elements to simplify
the modeling proces3he unibase is made of aluminum 707B351, and the properties

used for this mat&al are summarized ihable 7

Four unibase FEMs were created, having element sizes of 0.4 inches, 0.35 inches,
0.3 inches and 0.25 inches respectively. A unibadd R&ving an element size of 0.30

inches is shown ifigure 44

A stress analysis was codldFWHG RQ HDFK RI WKH IRXU XQLEDVH )

an appropriate element size. Each hole on thmd!d bolthole-circle was tied to a node

at the center of the belftole-circle. This node at the center was constrained using a fixed

constraint, which mens that no movement was allowed in any of the six DOFs. Gravity

loads with values of %s in the X and Y axes and G the Z axis, all in the local

unibase coordinate system, were applied. ElementatMisas stresses for the FEMs

were recovered and pted. The stress results for a 0.30 inch element size are shown in

Figure 45
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Figure 44. UnibaseFEM Isometric (Left) and Bottom (Right) Views

Figure 45.  UnibaseFEM Stress Analysis Results

The stress results from all four stress cases are summariZeablie 10 From
Table 1Q there is no apparent trend visible from the four cases that were run. A possible
cause for this may be due to reduction in element quality with reducing element size. To
account for the worstase scenario, the FEM element size that produced ¢iedti
stress result was selected as the unibase FEM, i.e., the FEM with 0.3 inch elements. This

FEM was used for both the dynamic model NPSCuL FEM and the stress model
NPSCul:v2 FEM.
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Model Element Size Number of Nodes | Maximum Stress (psi)
0.40 inches 174,429 341
0.35 inches 189,910 482
0.30 inches 230,750 513
0.25 inches 276,475 447

Table 10. Summary of Solid Element Unibase FEM Stress Results

A modal analysis was conducted on the unibase FEM with an element size of 0.3
inches, with fredree boundary conditits. The firstwo mode shapes that have physical

meaning and their modal frequencies are showiigare 46

Figure 46. Unibase FEM Mode Shapes and Frequencies

Using a similar method described in Chapter Ill, Sectioh, @ tap test was
conducted on a manufacturadl scale unibase model. The test setup for the unibase tap

test is shown ifrigure 47

Figure 47. Unibase Tap Test Setup
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Only the primary mode was seen clearly during the unibase tap test. The FEM
predicted primary mode frequency was at 253 Hz, whereas theefregmeasured from
the tap test was at 241z, i.e., within 2.4% of each other. Since the two frequencies are
within the generally accepted 10% threshold of each other, the unibase FEM with an
element size of 0.3 inches was deemed acceptable for us&égehithe dynamic and
stress NPSCulv2 FEMs.

3. NPSCulL-v2 Dynamic Model

The integrated NPSCul2 dynamic model needed to be simple enough to have a
short runtime and to be utilized by ULA for a CLA. Since the VW&M-1, comprised of
thin shell elements andeam elements, adequately predicted the first four modte of
isogrid wall, and was simple enough to have a short runtime, it was selected for use in the
NPSCul:-v2 dynamic model. While three of the four NPSCu2 walls are identical, one
of the walls isunique as the SAD attaches to it. As a result, the FEM for the SAD wall
was modified to include mounting rails for the SAModeled using thin shell elements
The unibase was modeled usisglid tetrahedral elements as described in Chapter Iil,
Section D2.

The wall and unibase FEMs were assembled into a single FE&leight loaded
P-PODs and the SAD were modeled using lumped mass eleriéetse elements were
located athe CG coordinate®f each PPOD and the SAD within NPSCuL. The mess
and CG of NPSAIL-v2 and its components in NPSCubordinates are summarized in
Table 11

The RPOD lumped masses were connected to the NPSCukalls using eight
RBE2 elements, since eackP®D connects to the NPSCw2 walls using eight #132
fasteners. A beam elemehaving the cross section of a #3D fastener and a length of
0.05 inches was inserted between each of the eight RBE2 elements and the corresponding
nodes on the NPSCu2 wall. Since the fasteners on NPSGtR are made of 286
super alloy, these bearalements were assigned-286 material properties. The
advantage of modeling a fastener using a short beam element is that the stiffness can be

adjusted to improve correlation between predicted and measured results.
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ltem Mass(lbm) |  Xcg(in) Ycg (in) Zcg(in)
P-POD 1 17.8 15.85 15.89 28.80
P-POD 2 17.8 15.85 2.42 28.80
P-POD 3 17.8 15.89 -15.85 28.80
P-POD 4 17.8 2.42 -15.85 28.80
P-POD 5 17.8 -15.85 -15.89 28.80
P-POD 6 17.8 -15.85 -2.42 28.80
P-POD 7 17.8 -15.89 15.85 28.80
P-POD 8 17.8 -2.42 15.85 28.80
SAD 4.5 0.00 29.74 19.65
NPSCulvz |7 g9 0.00 0.00 14.65
Sturcture
Integrated
NPSCULY? 186.15 0.00 0.28 10.07

Table 11. NPSCul:-v2 Integrated and Component Masses and CGs

The RPOD lumped mass element to NPS&tR.wall connections are shown in
Figure 48 A similar approach was utilized for all wa#-wall connections. The watb-
wall connectionsare made using #132 fastenersand beam elements with the cross
section of a #1832 fastener, and length of 0.05 inches were utilized to connect nodes on
two adacent walls. Similarly the SADto-wall connections were made using a

combination of RBE2 and beam elementt the cross section of a #B2 fastener.

Beam Element —m—m o
Wall-to-Wall Joint

<+—— Beam Element
Rigid Body
Element

Lumped Mass
Element

A

A

Figure 48. Wall-to-Wall andP-POD to Wall FEM Connections
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The connections between the unibase and NPSCuL walls made by tying all
the nodes irrachfastener hole on the unibase to a single node using RBE2 elements. The
RBE2 elements were constrained in DOFs 4, 5 ancs 8pkd elements do not have
rotational DOFs. The single RBE2 source node was then conntected appropriate
node on the NPSCul2 wall using a beam element. Since the fasteners used to make the
connection between the NPSE&@ walls and baseplate have a ¥ inch diameter, the
beam elements were given a % inch cigssion, and material propes corresponding
to A-286 super alloy. The length of the beam elements was kept at 0.05 inches. A

detailed view of the unibage-wall connections is shown Figure 49

<+—— Wall
<+— Beam Element

<«——— Rigid Body
Elements, DOF
4,5, 60ff

<+— Unibase

Figure 49.  Unibaseto-Wall FEM Connections

The assembled NPSCw2 dynamic FEM is shown iigure 50

Figure 50. NPSCul-v2 Dynamic FEMIsometric (Left) and Bottom View (Right)
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The NPSCukv2 dynamic FEM was fixed in all six DOFs tite center of the 15
inch boltholecircle on the unibas@as shown inFigure 50 A modal analysis was
conducted on the NPSCul2 dynamic FEM. The first mode shapalong with the

primary mode shapes in each axis, #radr modal frequencies are showrFigure 51

Figure 51. NPSCul-v2 Primary Modes, Dynamic FEM

A summary of the first eight modes along with their effecimass fractionssi
shown inTable 12 A comparison of the fundamental frequencies of NPS@iLshown
in Table 12 to the fundamental frequencies of NPS&dL. shown inTable 1 shows that
NPSCul-v2 is indeed stiffer than NPSCull. The fundamental frequencies of the re
designed structure are ~24 Hz higher than those of the original structure in the X and Y

axes, and ~ 76 Hz higher than the original structure in the Z axis.
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Mode Description Frequency| Effective | Effective | Effective
(Hz) Mass (X) | Mass (Y) | Mass (2)
1 First node with low mass| 49.23 0.000 0.000 0.000
participation
2 FirstY axisrockingmode 77.67 0.023 0.664 0.000
3 First X axis rocking modeg  79.39 0.667 0.023 0.000
4 Wall panel bending, Y axi| 104.22 0.000 0.000 0.003
5 Wall panel bending, X axii 107.69 0.004 0.000 0.008
6 Higher order rocking mod{ 141.27 0.003 0.004 0.001
7 Higher order rocking mod| 142.9 0.040 0.002 0.000
8 First Z axis pogo mode 172.66 0.000 0.000 0.813

Table 12.

NPSCutv2 Modes and Effective Mass Summary

To verify the dynamic FEM, sine sweepvere conducted on the assembled

NPSCutv2 structure. The sweeps were conducted at 0.5 G from 202090 Hz at a

sweep rate of 4 oct/min.

setup, involved using a solid,inch thick adapter plate between NPSCuL and the shaker.
The second, referred to as the FLVT setup was previously described in Chapter II,
Section 4. The rationale behind using two separate setups was that the truddised

setup is expected to beffar than the FLVT setup, since the FLVT plate is hollowed out

Two separate test setups were utilized. The first, reféoes a true fixedhase

in the middle to minimize mass. The fixbdse test setup is shownHigure 52

Figure 52.

73

NPSCul-v2 Fixed-Base Test Setup




The fixedbase sine sweep was only conducted in thexig to demonstrate tha
the FLVT setup is less stiff than the true fixealse setup. The results of theaXis sine

sweep tests on both setups are showiainle 13

Dynamic FEM Measured | % Difference Measured | % Difference
Predicted Frequncies,| BetweenFEM | Frequncies,| Between FEM
Frequencies | Fixed Base | and Fixed-Base FLVT and FLVT
(Hz2) Setup (Hz) Frequencies | Setup (Hz) | Frequencies
49.2
Low Mass 54.3 9.3 51.7 4.8
Participation
77.6
Primary Y-Axis 75.1 3.3 63.0 23.1
Mode
104.2 96.2 8.3 81.1 9.8

Table 13. Comparison oDynamicFEM Predited Frequencies with Fixed
Base and FLVT Test Setiyjeasured Frequencies

From Table 13 it can be seen that at the primaryaXis mode, the frequency
measured from the true fixduhse test setup differs by only 3.3% from the FEM
predicted frequency, wheredhe frequency measured from the FLVT test setup differs
by 23.1% from the FEM predicted frequendis result shows that variations around
23% can be expected between the FLVT test setup measured frequencies and FEM
predicted frequencies, and that theetfixed base tessetup frequency can still be well
within 10% of the FEM predicted frequencigdis result also shows that theaxis
FEM results are verified. Using this argument, X and Z axis sine sweeps were conducted
on the FLVT test setup. The s of theX and Z sine sweeps, compared to the FEM

results are shown ihable 14

Based on the result that frequencies measured using the FLVT test setup can vary
by approximately 20% from the FEM predicted frequencieshle 14shows that the

dynamic FBM frequencies are verified through test.
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Mode Dynamic Measured % Difference
FEM Frequncies, Between FEM
Predicted FLVT and FLVT
Frequency Setup Frequencies
(Hz) (Hz)
X Axis Primary 79.4 67.4 17.7
Z Axis Primary 172.6 168.9 2.1

Table 14. Comparison of DynamiEEM Predicted Primary Frequencies with
FLVT Test Setup Measurderequencies

4. Stress FEM

The stress FEM was created purely to conduct a stress analysis on the NPSCuL
v2 structure. As stated in Chapter Ill, Section& Bnd D2, the stress modés comprised
of walls and thaunibasemeshed using Qoded tetrahedral elementsl joints on the
structure were modeled using a combination of RBE2 and beam elefMbat®RBE2
elements were used to connect multiple nodes along the fastener length to a single point,
to ensure that no artificial stress concentrations would be Egamples of the joints are
shown inFigure 53

Figure 53. Examples of Joints on NPSCw2 Stress FEM

P-PODs and the SAD were added in as lumped mass elements. The masses and
CGs of the FPODs and SB are summarized in Chapter Ill SectiorBPrable 11 Joints
between the lumped mass elements and the NPSCuL walls were modeled using a
combination of RBE2 and beam elements, similar to the dynamic FlEBMassembled

FEM was fixed at the centef the 15inch bolthole circle, and is shown figure 54
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Figure 54. NPSCul-v2 Stres§=EM Isometric (left) and Bottom Views (right)

Prior to running a stress analysis on the NPS@ktress FEM, a modal analysis
was conducted to ensure thlae stress modehode shapesna frequencies were similar
to the testverified dynamic modelnode shapes and frequencid$ie results of the

dynamic analysis on the NPSGuR stress FEM are shown Figure 55

Figure 55. NPSCul-v2 Primary Modes, Stress FEM

By comparing the fundamental frequesiderived from the dynamic model,
shown inFigure 51 and those derived from the stress model, showfigare 55 it is
evident that the frequencies derived from the stress model are higher than those derived

from the dynamic modelhowever, the fundam&l frequencies of both models are
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within 10% of each otheiSince both models have the same mass, and since frequency is
directly proportional to system stiffness, the stress model is stiffer than the dynamic
NPSCuL FEM.It is important to note, howevethat stress is independent of system
stiffness ands dependent on the boundary and loading conditions applied. Since the
mode shapes anindamental frequencie®r both the stress model and testified
dynamic model are similar, it is evident that beundary conditions have been correctly
applied on the NPSCul2 stress modelFurther, each individuatomponentof the
NPSCul-v2 stress=EM has been shown to yieldgher stress results than the individual
components of the NPSCul2 dynamicFEM, makingit more suitable to conduct a
stress analysis ahe NPSCul-v2 stres-EM.

For the stress analysis, the stress FEM was constrained at the center of the 15 inch
bolt-hole circle similar to the dynamic FEMAcceleration load factors, not inding
factorsof safety, of 7gs axially, and Sgn each of the lateral directions, were applied
simultaneously, as previously stated in Chapter I, Section B. Since the requirement
flowed down to NPS from ULA does not specify the loading directions, eight load cases
were run for alleight SRVVLEOH GLUHFWLRQDO FRPELQDWLRQV RI J
JIV LQ W Kkt waliz§lréecovered from the stress analyses included maximum von

mises stress arghear and tensile loads at all fastener locations.

The maximum s#&ss values occurred on the unibase flange, along teci5
blot-hole circle, as expected. The maximum stress value was 13d kse +5g in the X
axis, +5g in the Y axis and/g in the Z axis loading case. The stress plot for the

maximum stress loadincase is shown iRigure 56
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Figure 56.  Von-Mises Stress Plot for +5g, +5¢,g Loading Case

To evaluate margins of safety on aerospace hard&gretion1.16[14, p. 22§
is used:

1.16

where the allvable stress values are material specific and for theopasgpof this thesis,

are sourced from MHHDBK-5H, and the design stress is the stress value calculated
from the stress analysis and includes appropriate safety fattwessafety factors for
yield and ultimate stress are 1.1 and 1.4 respectively, fartane that is to be tested to
verify structural integrity{14, p. 370]. For aluminum 707897351, the allowable yield
stress is 57 ksi, and the allowable ultimate stress is 68 ksi. Using these valyasdthe
and ultimate stress margins of safety foe thPSCukv2 structure were calculated. A
summary of the ultimate and yield margins of safety for all eight load cases is shown in
Table 15

78



Maximum Von Mises Stress for Eight Load Cases

Load

Case (+!+!+) (+!+!') (+!_!+) (_!+!+) (+1"') ('|+;') (_l'1+) (_1'1')
S(gs(,eiis 1.25E04 | 1.3%€04 | 1.3E04 | 1.33F04| 1.3F04 | 1.32E04| 1.3%E04 | 1.25E04

Margins of Safety
Yield 3.15 2.73 |2.93 2.90 2.90 2.93 2.73 3.15
Ult. 2.90 249 |2.68 2.65 2.65 2.68 2.49 2.90
Table 15. Von-Mises Stress Values and Margins of Safety for Eigiad.
Cases

Since the margins of safety on both yield and ultimate &sess greater than

zero, the NPSCuL structure meets its criteria for strength analysis.

To ensure that all fasteners on the NPSCuL structure had positive margins of
safety for all failre modes including yield, ultimate, shear, tension and gapaxigj,
andshear loads were recovered at the beam locations on all fastenexs=ENhfor all
eight load cases. The maximum axial and shear loads for all joints on the NR3CuL

structure a8 summarized ifable 16

Joint/Property | P-POD to Wall | Wall to Wall wallto | sap to wall
Unibase
Ax'fa'b']f)orce 265.54 80.07 61.08 23.28
Shear (fbc;;ce QXYl  108.72 61.32 160.01 40.86
Shear (::b%rce Xz 51m 137.87 | 109.98 | 114.44
ngbghear 120.26 15089 | 19416 | 12151
Table 16. Maximum Axial and Shear Forces for all NPSGu2.Joints

A fastener analysis was conducted for each of the joints on NR&Zusing the
shear and axial forces retrieved from the stress analysis. Details of the analysis are show
in AppendixD. To maximize the margin of safety on gapping, the margin of safety on
yield was driven down to 10%. The resulting margins and torque values for all joints on
the NPSCukv2 structure are shown ifable 17
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Joint/Property | P-POD to Wall | Wall towall | W&l | sap 1o wall
Unibase
Calculated
Torque (inlbf) 38.5 40.5 98 41
M.S. Yield 10 % 10 % 10 % 10 %
M.S. Ultimate 71 % 71 % 73 % 72 %
M.S. Shear 400 % 300 % 500 % 400 %
M.S. Gapping 110 % 630 % 1680 % 2450 %
M.S. Tension 50 % 51 % 190 % 51%
Table 17. Torque and Margins of Safety for NPSCGuR Joints

Since there are positive margins of safety across all the NR8Zjdints, it has
been shown through analysis that NPS@dLis capable of withstandinghe loads
specified in the AP to LV ICD.

E. COMPARI SON OF NPSCUL:V1 AND NPSCUL-V2

After completion of the stress and dynamic analyses, it became necessary to
compare the results of sine sweeps and random vibration tests on bbiRSeil-v1
and NPSCulv2 structures. Both structures were integrated wiiheiRPOD mass
models and the SAD and were tested on the FLVT setup. The P2M2s were ballasted so
that both structures weighed ~188 Ibs. The structures then underwent sine sweep tests
from 20 Hz +2000Hz at 05GV DQG IRUFH OLPLWHG WiABGNE YLEUDWL
+3dB levels,i.e., 5.4 GRMS at the base of NPSCuL, in all three aXd®e sine sweep
comparisons between tiNPSCul-v1 structure and the NPSCul2 structure are shown

in Figure 572 Figure 59

From Figure 572 Figure 59 it is evident that the pniary modes of NPSCul2
occur at higher frequencies than the NPS@ulstructure. From all three plots it can also
be seen that the magnitude of amplification seen on the NR8Zstructure is generally
lower than or equal to the magnitude of amplificatan the NPSCulv1 structure. Both
these observations point to the result that payloads mounted to the NW3&uucture
would likely see lower amplification and lower displacements, due to the higher natural
frequencies, than when mounted to the NPS€lilstructure. To verify that hypothesis,

the two NPSCuL structures underwent random vibration testing to MRBEB. A
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comparison of the #OD responses seen on the two structures is shotgume 6C?
Figure 62

Figure 57. X Axis Sine Sweep Comparisons between NRIS€1 and NPSCutv2

Figure 58. Y Axis Sine Sweep Comparisons between NPS€iiand NPSCulv2
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Figure 59.  Z Axis Sine Sweep Comparisons between NPSCuhand NPSCulv2

Figure 60. X Axis Random Vibration Response Comparison of NPS€uhand
NPSCul-v2 at MPE +3dB
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Figure 61. Y Axis Random Vibrabn Response Comparison of NPSGul_and
NPSCul-v2 at MPE +3dB

Figure 62. Z Axis Random Vibration Response Comparison of NPSCuand
NPSCul-v2 at MPE +3dB

A comparison of the GRMS values at the NPS@aHP-POD interface in all three
axes of test isummarizedn Table 18
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X Axis GRMS Y Axis GRMS Z Axis GRMS
P-POD 2 P-POD 4 P-POD 4
NPSCul-vl 10.83 8.88 5.57
NPSCul-v2 13.05 12.65 7.73
Table 18. NPSCul:vl and NPSCulv2 NPSCulto-P-POD Interface GRMS
Comparison

FromFigure 60figure 62andTable 18it can be seen thatontrary to the initial
hypothesis the P2M2s mounted to the NPSCuR structure see higher GRMS values
than the P2M2s mounted to tidPSCul-vl structure.One possible reason for the
mismatch between thendom vibration results expected by analyzing sime sweep

resultsandthe actuatandom vibration results is the implementation of force limiting.

It can also be seen, especiallyFHigure 60andFigure 61for frequencies less than
200 Hz, that the peak ASD values occur at higher frequencies on NR&G&n on the
NPSCul-vl structure. The FLVT equations shown in Chapter I, SectioB Gre
dependent on the first fundamental frequency of a structure. For any system, the force
begins to roHoff at frequencies above the first fundamental frequencyhefstystem.
Since NPSCulv2 has a higher first fundamental frequency than MRSCul-vl
structure in all three axe$grce rolt R11 GRHV Q W uMilaNnighed Fidqueiddy,
which results in less relief in random vibration levels for the NPS@ulevels. The
effects of force limiting are most visible in the random vibration control plots for the
NPSCul-vl and NPSCulv2 structures, shown iRigure 63#igure 65
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Figure 63. X Axis Random Vibration Control Comparison of NPSGuland
NPSCul-v2 at MPE +3dB

Figure 64. Y Axis Random Vibration Control Comparison of NPSGuland
NPSCul-v2 at MPE +3dB
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Figure 65.  Z Axis Random Vibration Control Comparison of NPS@ul_and
NPSCul:v2 at MPE +3dB

From Figure 63figure 65 it can be seen that the notches at the fundamental
frequencies in theontrol spectrum for th&PSCul-v1 structure are deeper than the
notches at the fundamental frequencies in the control spectrum for NR&CkEtom the
X and Y axis control plots, it is also evident that above the first fundamental frequency,
there are me and deeper notches for tR€SCul-v1 structure, which implies that force
limiting provides more relief when testing th#°SCul-v1 structure.The effect of force
limiting at high frequencies is particula evident from the notch at400 Hz on the
NPSCul-v1 structureThe NPSCul-v1 structure has a mode at ~400 ($ee Appendix
A for force plots) Since the force rolbff begins at a lower frequency on the NPS&uL
structure as opposed to the stiffer NPS@aLstructure, the allowable force at ~ 400 Hz
is lower for the NPSCulvl structure. To prevent the force input from exceeding the
force limit at~400 Hz, theacceleration input at that frequency is droppegulting in a
notch. The depth of the notch is directly proportional to the amplification tathvihave
been seen had there been no FLVT implemeritad.also worth noting that the same
FLVT technigue ZLWK & was ¥applied to botiNPSCul:vl and NPSCulv2
structurs. The GRMS values for all three control plots show that the input at the base of
the NPSCul-v1 structure is lower than the input at the base of the NPSQudtructure,
further verifying that force limiting is more effective on tR®SCul-v1 structure.Thus,

part of the reason why the random vibration responses for NR8Zate greadr than
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the random vibration responses for tR€SCul-vl, is that the lower the test article
fundamental frequency, the greater the effect of force limififigs outcome was not
understoodduring the NPSCuwyv2 design process, and shows that a structeddsign
processmay need alifferent approach when FLVT is implementé&durther, the relief in
NPSCuL vibration levels gained from FLVT is on the order of 10% to,G(%bending

on the axis btest. Structural changes for the NPSCGuistem, where changingd entire
systemconfiguration washot a possibilitydue to mass and volunm®nstraintsdid not
provide significantrelief to theNPSCuL payloadribration levels This is becauséhe
fundamentalsystem charactestics including mass and CG varidittle between the
original and redesigned structuredhis result may be applicable to other structures
besides NPSCuL, and should be evaluated before proceeding with any struetural re

design process.

Another possible reason that the responses measured on NW3G@ue not
lower than the responses on thBSCul-v1 is the reduction in the total number of joints
on the NPSCulv2 structure. Thé&NPSCul-v1 structure has 204 joins, wiears NPSCuL
v2 has 172 joints. Since joints dissipate energy and result in ovemalpidg, the

NPSCul-v2 structure has less damping mechanisms thaNB&®Cul-v1 structure.

Another metric for analyzing the random vibratisesponses for both the
NPSCul-vl and NPSCukv2 structures is to convert the measuréd®D into
displacement spectralensity (DSD) to evaluate theandom vibration results from a

displacement perspectiiéquationl.17outlinesthe conversion from ASD to DSD.

1.17

In Equation1.17, the DSD has units of iffHz, ASD has units of §Hz, g, also
known as the acceleratiglue to gravity has units ofdsec and the frequendyhas units
of Hz. Plots of the response DSDs for all three axes for both the NP&Cahd
NPSCul-v2 structures are shown iRigure 66&igure 68 The plots also reflect the
displacementoot-meansguare (DRMS) values to create a metric for comparing the DSD

plots.
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From Figure 66Figure 68 it can be seen that just by comparing the DSD plots,
there is no clear indication of which structure has lower displacements. At certain
frequencies, NPSCulzl haslower DSD values, and at other frequencies, NPS@uL
has lower displacement values. The DRMS values, similar to the concept of GRMS for
ASD curves, give an indication of which structure sees lower displacements. A common
trend for all three axes is th#dte NPSCukv2 structure has a lower DRMS than the
NPSCul:-vl structure, and is a better structure for NPSCuL payloads from a

displacement perspective.

Figure 66. X Axis Displacement Spectral Density Comparison of NPS€uhand
NPSCul-v2 at MPE +3dB
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Figure 67. Y Axis Displacement Spectral Density Comparison of NPS@uland
NPSCul-v2 at MPE +3dB

Figure 68. Z Axis Displacement Spectral Density Comparison of NPS@Land
NPSCul-v2 at MPE +3dB
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V. CONCLUSION

A. SUMMARY

NPSCuL, as manifested on the ARate on the Aas V LV, is uniquely located
onthe aftend of the upper stage of the LV. The vibration environment at this location is
harsh to begin with, i.e., 7.6 GRMS at acceptance levels, and additionally, NPSCuL
amplifies the input vibration enviroment at the NPSCutto-P-POD interface. To
improve the vibration environment at the NPS@atP-POD interfacea twopronged
approach was evaluated, which includeducing ovettest during vibration testing by
utilizing a method kawn as Force Limited Vilation Testing (FLVT) and redeigning
the NPSCuLstructure to increase the fundamental frequencies in each of the three test

axes to reduce displacement during vibration testing.

Most satellite providers fulfill theandomvibration testing requirement lexd by
the LV by utilizing established acceleratioontrolled vibration tests. However,
sometimes acceleratiarontrolled vibration tests can result in significant ete=t and
cause failures that would not occur in flightie overtest is a result ofne inability to
replicate the exact flight mounting configuration during grebaded vibration testing.
These tesinduced failures can prove to be costly as they can cause scheduling issues and
high costs to fix a problem thhitely ZRXOGQTW ®RffghtX U G XULQ

Force limiting simulates impedance characteristics of the flight mounting
structure, thereby enabling a more realistic vibration tEEVT was successfully
implemented during NPSCuL qualification and acceptance testing for the OUTSat and
GEMSatmissions.The force limit was derived usintpe semiempirical approach, as
outlined in Chapter lISection C.2.

During FLVT, a force limit is applied based on the 4é=tn mass, fundamental
frequency in the axis of test and flight mounting configuratidre force channel acts as
D 3 ZDWFKGRJ" FKDQQHO ZKLFK PHD gwntronedDuntil tineKk H WHV W
forcellimit is reached. At frequencies where the force limit is reached, the test becomes
IRUFH FRQWUROOHG DQG WK HllowRHeMiziD td Hhe EReEEIEI RO OHU G
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which results in a notch in the acceleration spectrum. The notches occur at the modal
frequencies of the tegem in the axis of test, with the deepest notch generally occurring
at the tesitem fundamental frequencylhe rsulting acceleration spectrum is more
realistic and generally more benign than the traditional accelefatintnolled vibration

test spectrum. For the NPSCuL case outlined in this thesis, FLVT provided ~10% relief
for NPSCuL payloads in the X axis, ~20#®ief in the Y axis and ~65% relief in the Z

axis, as compared to an -notched vibration test. Though the relief provided was
significant, the resulting levels were still considered harsh by prospective NPSCuL

payloads.

To further reducehe vibration ést levels for NPSCuL payloads, adesign of
the NPSCuL structure was attemptethe base assumption while making design
modifications was based on the fact that as frequency increases, displacement decreases.
Lower displacement is desirable as it indtidewer stress in structural components.
Increasing the natural frequency of NPSCuL was achieved by increasing the structural
stiffness without increasing the overall system mass. This was achieved by doubling the
NPSCuL wall thickness from ¥ inch to ¥2 mawvhile implementing an isogrid design to
ensure that the system mass did not increéasésogrid panel is a plate or face sheet with
triangular integral stiffening ribs, commonly referred to as stringers. Much of the material
from a solid plate can bemoved, leaving behind a lattice of intersecting ribs and a thin
facesheet, without compromising the structural integrity of the plate. Additionally, the
NPSCuL baseplate and adapter ring were fused into a sthgikerpart with a circular
sectional at-outs on the baseplate to reduce mabss part wa called the unibase. The
modified structure was known as NPSGu2.

Two finite element models of NPSCw2 were created; one to serve as the
dynamic analysis model and the other to serve as the str@gsia model. The dynamic
analysis model consisted of thin shell and beam elements, whereas the stress analysis
model consisted of 10oded tetrahedral elements. Generally, the stress model is more
detailed than the dynamic model, so as to adequatelycpretdess distributions and
stress concentrations due to expected flight loading conditions. The dynamic model
predicted that the fundamental frequencies of NPS@ulwould be higher than the
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fundamental frequencies of NPSCGullby ~24 Hz in the X and Y »xes, and ~76 Hz in
the Z axis.Additionally, the stress FEM predicted that NPS&@ would be able to

survive the expected flight loading conditions with adequate margin.

Since the survivability and design objectives of the NPS@ulstructure were
provenby analysis, an EDU of the NPSGuR structure was manufactured. The EDU
WKHQ XQGHUZHQW VLQH VZH HPB00H2 ¥t fo@e limitet randérfivV IUR P
vibration testing at ABC MPEt3 dB. The sine sweep results were used to validate the
NPSCul-v2 dynamic FEM. The dynamic FEM and sine sweep test results agreed to
within 10% of each other, which is acceptable, however, better results may be achieved
by adjusting the FEM properties.

The FLVT test results of NPSCw2 and NPSCulvl were compared to
detemine if the NPSCulv2 structure was indeed better than the NPSQustructure
from a vibration environment perspective. It was found that since the first fundamental
frequencies of NPSCw2 in each axis are higher than thageNPSCul-v1, FLVT is
less dfective on NPSCulv2. As a result the input vibration environment at the base of
the structure is higher on NPSGuR than NPSCutvl, or in other words, the notch seen
in the input spectrum is shallower for NPSGu&than for NPSCulvl. The higher input
at the base results in slightly higher GRMS values at the NPS&&POD interface on
NPSCul-v2, making the vibration environment more severe from a GRMS perspective.
Additionally, since the baseplate and adapter ring are fused together to form the unibase
on NPSCukv2, there are fewer joints to dissipate energy input into the structure.
However, since the fundamental frequencies in all three axes are higher on N5CuL
the displacement seen at these frequenciespscted to béower than the displaceme
seen by payloads at the fundamental frequencies MB®Cul-v1 structure However,
when the displacement plots are analyzed for the entire frequency range of 2008z
Hz, no apparent trend is visible, with the NPS@UL structure having lower
displacements at certain frequencies and the NPSQulstructure having lower

displacement at other frequencies.

These results show that the NPSGML structure tested in an FLVT

configuration does not result in lower vibration environments for NPSCuL payload
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FLVT itself provides significant relief in terms of the vibration environment and
overshadows any relief gained from stiffening the structure. As a result, it is not
recommended to transition to NPSCuR for future flights of NPSCuL.

B. FUTURE WORK

As dicussed in Chapter lll, the NPSGuR FEM agrees with the NPSCwl2
EDU testresultsto within 10%. It may be desirable to have better correlation between the
FEM and EDU test results. To achieve this, the joint stiffness on the NP&CEEM
can be adjuste by changingthe beam properties for all joints, until the FEM and EDU

tests results agree more closely.

Additionally, it may be desirable to Hiatroduce 24 joints into thbaseplatging
connectiornto help dissipate some of the input energy and hermcease damping. While
re-designing the adapter ring for NPSCuR, the height of the adapter ring should be
minimized to keep the system CG as low as possasesystems with lower CGs tend to
show lower amplificationThe flanges on the adapter ring skidoe designed for ease of
integration so that ratcheting tools may be utilized for fastening the adapter ring to the
ABC plate and NPSCuL baseplate.

The lessons learned during the NPS&a2l design and analysis process are
expected to be applied to the ntimuing vibration reductionefforts for NPSCuL
payloads. For instance, one important lesson learned from this thesis shows that a
redesign process for a structure undergoing FMAYy needo be approached differently
than a redesign process where a stmécts tested without the implementation of FLVT.

It is now clear that rather than stiffening the NPSCuL structure, perhaps increasing
damping will result in better environments for NPSCuL paylpdol reducing
amplification. Opportunities such as increasidamping and implementing vibration

isolation will provide exciting and challenging research projects in the future.
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APPENDIX A. GEMSAT QUAL IFICATION FORCE SENSOR
PLOTS

The force sensor plots for the X and Y axes as measured during the GEMSat

gualificaion testing are shown iRigure 694#igure 70

Figure 69. X-axis Force, NPSCuL EDU-&xis Sine Sweep

Figure 70.  X-axis Force, NPSCuL EDU-&xis Sine Sweep
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APPENDIX B. NOTCHED AND UN-NOTCHED FORCE PLOTS

Comparisos of the X and Y notched andin-notched force spectral density plots
are shown irFigure 71&Figure 72

Figure 71. Force Measurement,-Rxis Test, MPE+3dB

Figure 72. Force Measurement,-¥xis Test, MPE+3dB
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APPENDIX C. GEMSAT CUBESAT VIBRATION LEV ELS

GEMSat vibraibn test levels were derived from the OUTSat acceptance test. The
OUTSat acceptance test datathe NPSCuL to #2OD interfaceboth iraxis and cross
axis, were enveloped and scaled up by 3dB to arrive at-guatiification levels for all
CubeSats, regdless of their position within GEMSat. This was advantagémm a
programmatic perspective, since no CubeSat was tied to a specific position
GEMSat. The GEMSatubeSafproto-qualification test levels are shown kigure 73t
Figure 75

Figure 73. GEMSat XAxis CubeSat Protqual Envelope
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Figure 74. GEMSat Y-Axis CubeSat Protgual Envelope

Figure 75. GEMSat Y-Axis CubeSat Protgual Envelope
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APPENDIX D. NPSCUL-V2 FASTENER ANALYSIS TOOL

The NPSCuL fastener analysis tool was created in Microsoft Excel to calculate
fastener torges from shear and tensile loads on each joint type derived from the NPSCuL

stress analysis.
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The NPSCuL fastener analysis tool was developed primarily by Shane Driscoll, a
former NPS Research Assistant, with inputs from Scott Peck, Enginégpangalist at
The Aerospace Corporation, Dan Sakoda, Research Associate at NPS and Vidur

Kaushish, Research Associate at NPS.
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