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ABSTRACT

IMPROVEMENT OF FINITE ELEMENT MODEL BY USING SINE
VIBRATION TEST RESULTS OF A COMMUNICATION SATELLITE

Cekig Abdulkadir
Master ofScience Aerospace Engineering
Supervisor : Prof. Dr. Yavuz Yaman

February 2021129 pages

In this thesisthe vibration analysis of a communication satellite is perfornaad

the improvementof the finite element model by using vibration test results is
presented. First, treatellite finite element modé&d generated using MSC/PATRAN
and MSC/NASTRAN commercial software. With the natural frequency and
frequency response analysis, the expected freguealues and response amplitudes
in accelerometersre calculated in vibration tests. The results obtained in the
vibration testare compared with the analysis results using the HYPERGRAPH
commercial software and thesimilarity with the modal assuranceriteria
calculation which isdeveloped usinghe FORTRAN programming language. The
frequency values converged to the measured values as a result of the finite element
modelimprovement which is performed using error sensitivity assessment at the

relevan frequencies.

Keywords:Communication Satellites, Finite Element Method, Vibration Analysis,

Finite Element ModelmprovementVibration Test
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CHAPTER 1

INTRODUCTION

1.1  Objective of the Study

Satellites are exposed to severe mechanical environments during launch and orbit
maneuvers irtheir service time. Consideration tffese loads in satellite structure
design and analysis is one of the main requiremanssitellite developmenihe
mostcrucial mechanical load which is considered in desighésine vibration load
caused by launch. Befotbe launch campaignsatellite structure verification is

necessarpy performing sine vibration tests.

Communication satellites are classified as lange laeavy spacecraft. One of the
challenging tasks in satellite structutesignis to obtainan optimized and lighter
structurethat can withstand mechanical loads in its service life like any other air
vehicle.This will causeaneconomically advanced aeffective launchconsidering

the orbit transfer othe satellite. This can be achieved by increasing confidence in
finite element analysis by using sine vibration test data.

In this thesisthe indigenous Finite Element ModeltbE communication satéd is
constructed and verifie@hen the sine vibration tests of the actual satellite structure
are conducted. Theumerical(FEM) and the experimental frequency responses of
the satellite are compared, and the mode pairings are also completed by @sing th
modal assuranceriteria. In order to obtain the similarity between the sine vibration
test results and theumericalanalysis results, the possible regions of the errors in
which thenumericaland the experimental values differ are identified. This study
aims to improve the Finite Element Model of the satellite by assuming that the sine
vibration experiments are properly conducted and the results ofpleementsare

correct. While doing thisit is also assumed that the material characteristics and



especially the actual stiffness values of some parts of the satellite may contain some
variations from the theoretically assigned values in the Finite Element Model. Hence,
the dimensions of the ogoonents are not changed, but their stiffness values are
varied for comparison with the Finite Element Model results. As a result, the design
parameters are defined, and sensitivity analyses are performed in order to evaluate

each modification's effect. Eltomparisons are presented.

1.2  Methodology

In the thesisthegeneral methodology of the study is given in this section.

After completingthe general literature review, the thesis study staith a general
design description of the communication satelated the finite element model
description. In order to obtain accurate FEM, the structure subsystem of the satellite
should be interpreted well. With thedement size convergence study's hefe
correct element size of the FEM is chosen for dynamic aisagnd the model is
generated. Prior to conduct further analysis by using the FEM, model checks are
completed.

The sine vibration analysis is performadd only xdirection results are investigated
in this study. Accelerometer locatiorthe acceleromets' responseand transfer
functions of the accelemeters are given ithethesis. It is assumed that the test is

performed properly antheresults are accurate also.

Additionally, the effective mass values of the satellite are also computed. With the
help of the effective masses, the frequency range that is relevant is correctly

specified.

Then the computational results are compared with the experimentally obtained
results basically in terms of the frequency values. Possible error localization of the
FEM is completed by using the strain energies at each resonance frequencies, and

the regions for modifications in the finite element model are specified.



In this study, the trial and error approach is taken into consideration in order to
improve the FENMbf the satellite. Although no formal optimization methodology is
attempted; in terms of the formal optimization terminology, the objective function is
to minimize the frequency difference between the sine vibration test resonance
frequencies and the comptibnal analysis natural frequencies by using the
correlation requirements given and specified in the European Space Standardization

mechanical handbook.

The effects of the accelerometer locations on the satellite and the masses of the
accelerometers arenot included in the FEM. Furthermore, the damping

characteristics are not also included in the computational studies. Hence the
comparisons and any possible improvements on the response levels are not

considered in the current study.

The general methodady of the thesis is also given kigurel.l.
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1.3 Layout of Thesis

In Chapter 1, the thesis topic is explained briefliie layout and limitatios of the

thesisaregiven in this chapter

In Chapter 2,a literature reviewof the thesis topic is introduced.he hstory of
satellites and satellite typas clarified. Besides communication satellites are
elaborated furtherMechanical environments causeygllauncherswhich are very
crucial for satellite desigrare briefly introduced.The design and test of satellites

are mentionedand alsahe correlation of thevibration test is explained.

Chapter 3 address the general structural architecturgf the communication
satellite Detailed information a the finite element model, material propertiesnd

model checks are given in this chapter.

Chapterd demmstrates the sine vibration test results, including base excitation and
the response of accelerometers. Sine vibration test chtalite is mentioned, and

information about shaker, accelerometer locations, typeag\aa.

Chapter Sexplainsthe methoalogy ofeigenvalueand frequency responaealysis.
Effective mass calculations, mode shapes ofstttellite and frequency response

calculations of accelerometers on satellites are given.

Chapter 6demonstratethe mmparison othe transfer functions betweedhe sine
vibration test and frequency response anal¥&gir localization studies and modal
assurance criteria calculations are explainedThe fnite element moda

improvementsvith several iterations arttieresults of these studies are shown.

In Chapter 7thegeneralconclusios are drawpand the outconseof the thesisare

presented.



1.4 Limitation s of the Thesis

The limitations of the thesis are listed below.

1 Only thefirst four frequencesof the communication satelliterhich have
thehighest effective mass thex-direction areconsidered.

1 Only x-direction of the sine vibration test resugisised forthefinite
element modeimprovement

1 The trial & error approach is used in order to improve the FEM of the
satellite. No formal optimization method is attempted.

1 The computational model is constred as the undamped one. Therefore, no

response level comparisons and improvements are attempted.






CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

From the past to the present, many technological developments have occurred in the
space industryThe gace industry, which started to dee in the 20th century,
enabledhe infrastructure of many technologies that societg usdaily life today.
Communication is one of these technologasl communication satellites operate

in spacdo provide this opportunity.

Satellites are subjected to many functional and strddest from design to launch.

Sine vibration, acousti@and shock tests atke mechantal tests that satellites shall
undergobefore launch campaigns. The most important of these testhessae
vibration tests. Verification and improvement of theustnral desigrare directly
related tahecorrelation between test results and calculations. Due to the increasing
competition in the space industry today, it has become even more crucial to design
the lightest and most effective satellite structure.ghtlisatellitethatachieve the
requirements of the launcher means hagnwre beneficial transfer orland more
payload Besidessincethesatellite launch coss significantly reducedhe satellite

service life in orbit increases.

Consequentlythe correlation between thgine vibration test resuland the finite
element model isignificant for designing lighter and more efficigmtoductsin
satellite projects. Many methods have been developed to compare test and analysis

results and tamprovethe finite element model.

In this chapterthe history of spacecraft and satellite types will be explained.

Mechanicdly harshenvironments caused blye launcher and mechanical tests will



be mentioned. In additioto those, literature about test and analy®mparison

methodswill be given in this chapter.

2.2  History of Spacecraft

In the 20th century, witlthe developmenin the aerospacearea rocketsbecame

powerful enough to reach space amtlatedanew era for space exploration.

With the start of World War-2, rocket science was actively usedadsngrange
weapon. Irnhe1930s and 1940&ermany developed-¥ missileswhich werethe
origin of today's launch vehicle&\fter World War 2, countries such #ise United

States anthe Soviet Lhion developedheir own rocket technology.

With thedevelopment of launch vehiclébe Soviet Union launchethe worlds first
artificial satellite Sputnik 1, in 1958hown inFigure2.1. Sputnik was launched into
low earth orbit. It haasphere structure wih58cm diameterand its mass is 83.4kg.
There are external radio antennas to broadcast radio sigridsgtiowhich is 2.4
2.9m long[1]

Figure2.1. Sputnik-1 Satellit¢1]



Since Sputnik 1, more than 9000 satellites have been launched with different

mission purpose

2.3  Types of Satellites

Satellites can be categorized with respe¢hémission objective, maximum mass
and operating orhitccordingto [2]. The first one the mission objective basean

be divided intdour sub-categories

1. Technology Demonstration
2. Space Science

3. Earth Science
4

. Earth Observation

NASA's laser communications reldgmonstratiofLCRD) is an excellent example

of a technology demonstrati@hown inFigure 2.2 [3]. This mission usea laser
instead ofa radio to communicate faster than 10 to 100 snfaditionally, this
technology requires less mass and powehesatellite, which is very crucial. This
technology will enable faster communication between Earth and Space in future

missions such ake MARS mission.

Figure2.2. Example Technology Demonstration Satellite for LCRP



Another misgn type is space science missicBpace Science missions ased for
deep spacstudies Figure 2.3 shows the Rosetta spacectafilt by the European
Space Ayency[4]. Rosetta performestientific expbrationfor thestudy ofacomet
by landing on it. It was launchad 2004 and its missiorwas completedin 2016

successfully. Its launch mass is 2900kg.

Figure2.3. Example ofScientific Satellite Rosettd4]

Earth science missions helpgesttists to understand Earltsystems fronthe global

to micro-scaleprocessing by using satellit¢s]. Additional to earth observation
points, using satelliteobservation these researches collect data about Earth
atmosphere, oceaand land. One of the Earth science mission sa&ki€YGNSS

which is shown irFigure2.4. The Cyclone Global Navigation Satellite missiomis
mission by NASA to establish research between the sea and air near the storms to
improve weather predictions on tropical storm regionseséh satellites are

constellation satellitehavingeightsimultaneousatelliteson orbit.
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Figure2.4. Example of Earth Science Satellite CYGNSS

Weathemonitoring satellites are examp@f earth obsefation missios, and one
of these satellites is Sentinglwhich is shown irFigure2.5 [6]. Thissatellite is one
of the constellation satellitegnd the aim of the mission i2o0 monitor Eartts

atmosphere. Sentindls launch mass is 3600kand its launch date is planned as
2021.

Figure2.5. Example of Earth Observatory Satellite SENTINE[6]
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The ®cond criterion is the mass of the spacecraft. With respelose massof the

spacecraft, there can beeetypes ofspacecraft

1. Large Spacecraft
2. Medium Spacecraft

3. Small Spaceaft

Large spacecrait larger than 1000kgand medium spacecraftmass is between
500kg and 1000kg with propellamtaving a massef less than 500kg, spacecraft can
be categorized as small spacecratt.

The kst criterion is the orbital regimand it can beub-categorized intthreeorbits.

1. Low Earth Orbit
2. Mid Earth orbit
3. High Earth & Geosynchronous orbit

These different orbits provide different field of view of satellites depending on

mission types and performance. Low earth orbit isou@000km altitude.

A high elliptical orbit is between 2000km and 35780km up fthaearths surface
while a geosynchronous orbit is more than 35780km altitude. With different orbits,
satellites perform their missions wisttonstant field of view or cmging. InFigure

2.6, Earth orbits are shown.

— high Earth & geosynchronous orbit (235,780 km)

et mid Earth orbit (2,000-35,780 km)
‘— low Earth orbit (180-2,000 km

Earth

Figure2.6. Demonstration of Earth Orbifg]
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Weather satellites and communication satelliteslacatedin High Earth Qbit
(HEO), while navigation satellites are in mid earth orbit. Eatthserving satellites

and most scientific satellites are in low earth orbit.

For instancethe Goktirk-1 is an earth observation satelligand it provides high
resolution earth imageand its orbit is low earthrbit [8]. Gdkturk-1 launch mass is
1070kg and It was launched in 2016 treVega launch vehiclevhich is shown in
Figure2.7.

Figure2.7. Example of Low Earth Orbit Satellited®tirk-1 [8]

One of the miekarth orbit satelliteexamples is navigation satellite. lfrigure2.8,
the Galileo satellite is shownwhich is Europ&s navigation satellite systethat
provides positioning and timing dhe EarthHs surface with high accurad®]. With
around 700kg mass and more than 12 years of desigthkflast Galileo satellites
wereput in orbit in July 2018.

13



Figure2.8. Example of Mid Earth Orbit Satellite Galil¢@]

Turksat6A is Turkeys first communication satellite thavas developed and
manufactured with domestic capabilifi#&8], which is shown inFigure 2.9. The
satellite is planned to be placed in geosynchronous orbit in 2023. It is more than
4000kg withten Ku-band transponders. Iservice lifeis expected to be more than

15 years.

Figure2.9. Example ofGeosynchronous OrbBatellite TurksabA [10]

14



2.4 Launchers and MechanicalEnvironments

A launctler is a vehiclethatis designed to carrg payload from Eartts surface to
space. Launch vehicles can be classified aitthifferent mission. Howeverthe
primary concern of launcher vehicles the allowable payload mass and orbit

ejection location.

For instance, the Soyuz launch vehicle is onéneffirst developed launchsimhe
Soyuz launch vehicle family launche the first artificial satellite, the Sputnik1
(1957) andthefirst man Yuri Gagarin (1961). It had more than 1780 lagsap to
2011.1t hasthe capability of low earth orbit angleo transfer orbit ejection

According to[11], the most severe design cases for satellite strisabooeir during

the launch stage. The launchers depagdbn their target orbital missionsvesa
different number of stages. The Soyuz launch vehicle has three, stégesare
shownin Figure2.10[12]. During these stagethiere are many soursef mechanical
loads specified in everysimilar launchey such as quaststatic acceleration, sine
vibration (low frequency), acoustic vibraticaand shock. Some of these loads can be
predictedstatistically oras a function of timeThese mechanical environments are
defined at the interface of launch vehgdand spacecraft for desigmurposes.

3 -
= 3 4
2 3 e
3 10 £
£ = e o m T
] e P o
200 Do L | N\
7 A\ s
o
/ T Lift-off_(KP) 0.0
150 | i 2 | Max. dynamic pressure 72.0
. 3 | Boosters Intermediate thrust 112.0
/ { 4 Boosters vernier cut-off 17.7
Sl 5| I-Il stage separation 118.1
;. 6 | Fairing jettisoning 208.4
1001 | | | | 7| lI-111 stage separation 287.6
8 | 11l stage aft section jettisoning | 300.4
\ 9 | 111 stage engine cut-off 558.6
7 ~ 10_| Nose Module separation 561.9
\ 11 | ACS thrusters ignition 566.9
’ ~ 12 | Fregat MPS firing 621.9
0TIy \\ 1 13 | Fregat MPS cut-off 1685.0
3 \\ 14 | S/C separation ~ 2000 (depending of S/C
5 separation conditions)
Fregat deorbitation As required by mission
0 S i } - ]t~
d 200 400 600 800 1000 1200 1400 Relative distance fam)

Figure2.10. Typical Ascent Profil¢12]
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According tothe ECSS handbodk3], thelaunch vehicle and spacecraft sysiam

excited by various sources. In these excitaitaunch vehicle engines ateemain

drivers. These excitations are transmitted to spacecraft with two different load paths

1 Structural transmission with the help of launcher structunéch gacecraft

is excited at its interface.

1 Acoustic transmission via the ambient air where the spdtésmxcited by

the acoustic pressure inside theyloadfairing and acting on all exped

structure.

In Table2.1, different launch events and sow ot vibrations are shown.

Table2.1. Sources of.aunch Vehicle Bvironments

Lift -off X X
Aerodynamic/Buffet X X

Separation (stagéairing, X
spacecraft)

Motor Burn/ Combustion/

Propulsion Generated X X

Oscillation (POGO)

One of these eitations is quasstatic accelerationuasistatic acceleratioms

defined in both axial and lateral direct®oifhe launch vehicle's thruistthe primary

driver of axial accelerationand it increases at every stage of launch vithdenass

of propelantdecreases over time. Maximum axial acceleration satuhe end of

stages which are shown irFFigure 2.11. For instance, th&oyuz launch vehicle

reaches maximuraxial acceleration at the end of every stagé drogg significantly

after these stagekateral quasstaticaccelerations arthe results of lateral thrust

components and angle of attack of launch vehicles during launch. These

accelerations aruperimpgedwith transient loadsand combined quasitatic loads

are generateavhich isspecifiedin Table2.2.

16



Typical Loemgitudinal

statio accalaration

T T T T
1 1 1 1
' ! ' '
' ' ' '
#iommmmmnbonnnee S oo s o ==
' ' ' '
1 1 1 1
' L ! ]
Ittt e it mbidde it Aty el
i i i i
' ' ' '
o 1 1 1 1
------- B L L L e L L L L LT T
-3* ! ! 1 1
* : : | :
i : : : g
i 1 1 1 !
] H
H i | i i
? i i i 1
4 ' ' ' i
- 1 15 1 1
i i i
. i . .
1 o 1 1
R i : :
e & - T 1
i ' ' '
|_§= 4 1 1 1
iy : :
& | ; .
! T ! !
n ._.J. . I 1 | |
o ] el e 1200 1401
Time dul

1803

Figure2.11. Typical Longitudinal Static Acceleratigth2]

Table2.2. Quaststatic loads of the Soyuz Launcher at Different Std@gs

Quast-Static Loads (g)

Load Event Lateral Longitudinal
Static  Dynamic Total Static Dynamic Total

GroundTransportation - +0.3 +0.3 -1.0 +0.3 min-1.3
max-0.7

Lift-off £02 +16 +18 -1.0 06  Mn-16
max-0.4

Flight vy|th maximum 04 +07 +11 -24 +04 min -2.8
dynamic pressure (Qmax) max-2.0
F|rstTStage flight Wlth +01 +08 +09 -43 +07 min -5.0
maximalacceleration max-3.6

Separatiorbetween first and -41 +0.2 min -4.3
second stages 02 £09 +11 -1.0 +0.4 max-0.6

. 41 +04 min -4.0

Secondstage flight +01 11 +1.2 10 +14 max-0.6

Separatiorbetween second -41 +£07 min -3.3
and third stages 02 £06 +0.8 -1.0 +1.5 max +1.3

Beginning of thirdstage min -2.9
flight +02 0.6 +08 -1.0 1.9 max +0.9

. . -41 0.0 min -4.0
Third-stage engine cutoff +01 0.3 +04 00 +18 max +1.8
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The sirusodal excitation componens defined as the loMrequency vibration faced
during launch which is caused by engine thrust, engstireicture couplingand
attitude control limit cyclg11]. For instance, propulsion generated oscillations of
Ariane 1 launch vehicle first flighdt the end ofhesecond stagis shown inFigure

2.12. This excitation is generated due to interaction between the structure, the
hydraulics and the propulsidd3]. Sinusoidal exdations are generally defined
between 5LO0Hz at the interface of spacecraft and launch vehicle interface. Ariane
5 equivalent sinusoidal excitationgpecifiedin Table2.3.

. — T 200 MJ6H: ZMsH: [ =11 '
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Figure2.12. Ariane 1 First Flight- LV/SC Interface Aceleratior13]

Table2.3. Limit Sine Vibration of the Ariane Launcl{&#]

Direction Frequency Band (Hz)  Sine Amplitude (g)
- 2-50 1.0
Longitudinal 50- 100 08
Lateral 2-25 0.8
25-100 0.6

Higher frequency components during launch are considered as acoustic or random
vibration environmentsAcoustic excitation of air in the fairing and the excitation of
structure cause high-frequency random vibration environmesn the spacecratft,

which is emitted from exhaust jet and aerodynamic turbulences&hcoustic
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environments are defined for every launch vehicle for spacecraft design purposes. In

Figure2.13, the limit acoustic environment tifeAriane-5 launcher is demonstrated

Acoustic Limit Loads
(Full Octave Band)

135 ; i i f ¢ i

Flight Level(Db)

10 100 1000 10000
Frequency(Hz)

Figure2.13. Limit Acoustic Environmenfl4]

During Launcher stage separation, jettisand spacecraft sation, a transient
regimeoccursin the launcher structure. Tharimary source of teseexcitationsis
the pyro shocksThe shock environmeri$ anotheressentiakxcitationthat should
be considered ithesatellite structure desigimhe shock environments are generated

in Figure2.14 as shock load spectra of tAegane-5 vehicles.
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Figure2.14. Shock Load Spectra During Spacecraft Separ§tidh

2.5 Design andMechanical Test ofthe Communication Satellites

A communication satellite is one type satellite that enables communications on
Earth. It amplifies radio signals using transpongansl it createa connectiorfrom

a sourceo different locations on Edrt Communication satellites are used for radio,
television, communicatigrand the internet. These satellites generatigeratein
geostationary orbiThe first geostationary communication satellite is Syncpoam@

it was launched in 1964vhich is shown irFigure2.15.
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Figure2.15. The Hrst GeostationarfCommunication 8tellite Syncom BL5]

Satellites hae a group of components that enabledtellite toachieve its mission
successfullyand these components aedled subsystema typical communication

satellte consists othefollowing subsysteni&6]:

1 Attitude and OrbitControl Subsystem determines and costtioé satellites
orbital position and altitude hysing sensors.

1 Propulsion Subsystem uses thrusters to change spasepadition and
altitude.The populsionsulsystemgeneratests thrust by using chemicals or
electrical systems.

1 Communication 8bsystem enables communicationSatellite with Earth.
Especially in the communication satellites, there are transpondech are
aseries of interconnected units. This subsystem transfers the received signals
to specific areas on Earth by using feeders and reflectors.

1 Command and BxaHandlingSubsystem ppces command from Earth and

enable other subsystems to communicati¢h each other.
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1 The Electrical Power bsystem generates, stqraad distributes electrical
power, which satellites require to operate successfully. Generally, solar
arraysgeneratehe power thathe subsystem requires.

1 The Thermal Gntrol subsystem keeps equipment temperatures whein
acceptable levels by using thermal control components suetultisiayer
insulations and heat pipes.

9 Structure and MechanisnuBsystensuppors all subsystems physically and
keeps satellite unity during launch and its mission. It provides stiffness,
positional stabilityand strength.

Figure2.16 shows the payload module, propulsion module, and platform module of
an SGEO satellite

Reoaale- Module

\ Platiorm
{ Module

Figure2.16. ExampleModules ofSGEO Satellite of ESAL7]
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The structure and mechanism subsy&eanain aim is to achieve minimum mass and
maximum reliability requirementgesulting inminimum cost and chedule. The
structure subsystem has close interaction with other subsg;sesmabling it to
understand other subsystems' requiremamdisprovide efficient design.

The gructure subsystem can be divided into three major comp®i&ijt

1 The primary structure is the main leadrrying member of thaatellite
between components and the launch vehittlas usually designed for
stiffness, mainly forthe first bending mode of satellites. In addition, it
withstands quasstatic accelerations and transient loadingng launch.

1 The secondary structures include support beams, reflectors, solar andays
propulsion tanks. In addition to primary structure loads, thermal loads in orbit
and acoustic loads thate faced during launch are critical for secondary
structures.

1 The tertiary structures refer tihe smallest structuressuch as harness
brackes andelectronic boxsupports High-frequency driven loads are most
critical to tertiary structures. Also, stiffnesshich is critical for dynamic

coupling and positional stability areother requirementdor tertiary

structures.
Primary Structures Secondary Structures
* Body Structure * Appendage Booms
* Launch Vehicle Adapt . g;.uﬂ:rorl Trusses
* Platforms
* Solar Panels

* Antenna Dishes

Tertiary Structures

* Brackets
* Electronics Boxes

Figure2.17. Categories of Structuf&6]
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Structural design starts witlonceptuatonfiguration desigmaterial selectiorand
manufacturing methodelection[18]. It continues with analysidesign iterations

and t completes with verification of structures with mechanical tests.

Quialification of theSatellite is another crucial milestone of satellite development
upon completion of the degn According tq18], thefollowing mechanical tests are
generally performed.

1 The gdatic testis performedon the structure by applyinquaststatic loads
whichthestructure will face during launch. The static feaim is mainly to
qualify the strength of primary structure asttucture interfaces.

1 The nodalsurveytestaims to determine theatellite's modal characteristic
by exciting structure with small exciteMl/ith this test, natural frequencies,
mode shapesnd damping of the satellites are determined.

1 TheSine vibrationtest objective is to support the verification of the satellite
mathematical modelsed to calculateéhe forced frequency response of
satellite andshow thatsatellite can withstand vibration environment during
launch The satellite is excited as a sweepfrequency from 5Hz to 100Hz.
It is essentiako assesshe amplification of the excitation othe satellités
critical equipment antheinterface of thesatellite withthelauncher.

1 Random vibration tessupports the verification of spacecraft units end
random vibration environments experienced during launch

1 Shock tesis theverification and qualification of satellite structure due to
pyro shocks caused by interface clamp band, solar pandlsnénndold
and release mechanisms.

1 The aoustic tesis the demonstration of spacecraft structure streagéinst
acoustic environmentslypically, a spectrum from 30Hz to 8000Hz is

applied tothe satellite.

One of the mostrucial mechanical testfor spacecraft is the sine vibration tests.
Sine vibration testare performed on singlexis dynamic shakerandthe satellite

is excited in three directions separateéljhe cemonstration of a satellite oa

24



dynamic shaker is shown Figure2.18. The sine vibration testing profile ggven
explicitly in launch vehicle user manugdsd it generally covers from 5z 100Hz.
According to[13], the objective of the sine vibrations tests can be summarized as

follows:

1 To characteriz¢he satellite's dynamic behavido validate a mathematical
modelused for coupled load analysis wittelaunch vehicle

1 To show the satellite structure can withstand launcher sine vibration
environment without any failure or structural degradation

1 To demonstrate there isot any overloading on equipment in terms of

acceleration

1 To detect workmanshierrors.

Figure2.18. Demonstration of Satellites on Shaker at Sine Vibration Tests

In order b measurethe accelerations on structure, accelerometsse tobe
implemented. These accelerometers are attacheddatétige's critical components
such as reflectors, solar arrays, tasyand primary structure to ensure not to ever
test these components. Theesinbration tests start with very lel@vel excitations

and gradually increase@tation levelfor each tesstarting fom 1/4, 2/4, 3/4and
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full level of base excitatiofil9]. At the end of the sine vibration teatjadditional
low-level test is performed to compare results with the firstliwmel test. These
low-level runs aimo controlthetransfer functions of accelerometeefore and after
the test to check structural integrity.The diagram ofthe sine vibraton test

management process is giverFigure2.19.

Test Data Measurement

|
Step 2: Test data Measurement preparation
Step 1: Test data Measurement preparation + Additional Sensor
* Global/fundamental comparison * Comparison
* Transfer function and Phase calculation * Testdata/ Limitation
+ Additional sensor on Transfer function * TF/Test Prediction
* Transfer function(TF) with TF of previous run

predictionto m :Step 3: Pre/fPosft Iow.level comparison
Upper Level? @ On transfer function
* OnResponse
Step 4: Run Sheet preparation
*  Writing run sheet with respect to previous Step 3: Notch Spectrum Determination
results * |deal notched spectrum calculation with
* Simulation with plot inaccuracy to respect to limitation base
calculate abort MoS * Notching philosophy and sensor
* Notched Response calculation and determination— iterative process
comparison with limitation database f

Figure2.19. Sine Vibration Test Management Proc@sgrview13]

Performirg a low-level test at the beginning of sine vibration is very crucials Th
will showthefunctionality of sensors artiepreliminary calculation othetransfer
functions.Before increasing excitation levetbe satellite interface's primary notch
levelis estimated by extrapolating transfer functions of-lewel sine vibréion tests.
The main objective of notching is to reduce excitation level duhegine vibration
tests at resonanceot toexceed the sizing loads at the interface tiByestimation

of notching and response of accelerometershfenext levelstherisk of over test
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of satellite and equipmens minimized. In Figure 2.20, the base excit@gon of

satellite with notching is demonstrated.
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Figure2.20. Example of Primary and Secondary NotchiogSentinel 8L3]

2.6 Mathematical Validation of the Satellite

With theincreasing usage of finite element models in engineeringhawgneration

of complex finite element models to estimate load paths thedstrength of
structures research and implementation of finite element model update
methodologies are increased. The communication satellites heany natural
frequencies bels 100Hz which cause dynamic coupling of structure parts and
launcherfl9]. As a result of thighe correlation and validation of the satellite finite
element model become complex and crudalidation of the satellite finite element

modelsusing the sine test results becomesiatdor the following reasons

1 Validationof critical response of the satellites during laynch
1 Verification of structural design and componentstmsatellite

1 Decreassystemlevel riskthat can be faced duringunch.
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Correlationis the demonstration of similarity between two modefsimerical
calculation using finite element methods and the test deteording to [20],
spacecraft design can be correlated by using dynamic response measurement via
model assurance criteria checks. Figure 2.21, a correlaton flowchart ofthe
spacecraft structure demonstratedThere should be systematic identification of
model update, which can be specified as errtocation procedure, structural
parameter selectigrand parameter estimationThe location of theerror in the
frequency domains performedby comparing numerical results and test results.
Structural parameter selection is to define relegsmicturalparameters whichre
sensitive tothe relatedresult of interest Parameteestimationis the proces of

parameter valugerationsby using programming methods.

Spacecraft Design [ T Spacecraft Modal Ground Testing

| ;

Finite Element Analysis .
(Guyan / Improved Reduction) Dynamic Response Measurements

Caleulated Frequencies Measured Frequencies
and Modeshapes and Modeshapes
$YSTEMATIC IDENTIFICATION Measured Mode Orthogoralization;

Error location procedure Modal Assurance Criteria Check

+
Structural parameler selection ¢
+ Measured Frequencies and

- h
Parameter Estimation Orthogonalized Modes

l

Final Structural Parameters
& FE Analysis Model

l

Verification Coupled Loads Analysis

Figure2.21. Analysis/Test Correlation for Spacecraft structygg

Error location procesis the frequency domaits the first step ofhefinite element
model validation. The mosirucial method to compare dynamic test resand

numericalresuls is modal assurance criteria. The modal assurance criteria are the
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guality assurance indicator for experimental modal vectors that are estimated from

themeasured frequency response fungg2dah

4 .
B, 'u,hH
A ahH 4
il =FLm, — - Ll - Eq.1[21]
B, "L ,bi,B, 'tm,hm,,

INnEq.1,7  is the modal coefficient for referencedegreeof-freedonr] and mode

i.[ © isthe complex conjugate ¢f

In criteriamatrices values are changing from 0O to theldiagonal values close to 1
and offdiagonal values close to 0 shaperfect correlation between two sefs

data. 2D and 3D representatsarf MAC values are shown iRigure2.22.

Mode Number
MAC Value

- N W e O N @
MAC Value

1 2 3 45 6 7 8 9 1011 1213 14

Mode Number

Figure2.22. 2D and 3D presentation of MAC Valj2§]

The frequency response assurance criterion (FRAC) compares the frequency
response function at each frequency calculateesbyerich calculation and test

result.
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Eq.2[19]

The frequencydomain assurance criteria (FDAC)ssnilarto MAC and compares

two vectorameasured in the frequency domairhich arenumericaland test.

Eq.3[19]

In Eq.2 andEq. 3, & denoes measurement point acdds measured or calculated
acceleration."Q and™Q represents paired natural frequencies for anafrsistest

respectively.

In his study, Linj19] showedcorrelation studies of the satedliby using FRAC and
FDAC by including sensitivity analysis.

Another method menti@din anotherstudy[22] is thebaseforceassuranceriterion
(BFAC). This criterion usg force and moment values at the intezf@coportional

to the effective mass of structure at each frequency.

Eq.4[22]

| 4

In Eq.4, 0 is the absoulute of force value that is transmitted to the structtine in
frequency domairiOis the calculated force at the interfacetad structure with the

shaker.

Sairajan and\glietti [22] used BFAC as aorrelation criterionand they stated that

the BFAC aiterion is more suitable for the tests with base excitations.
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According to ECSSacomparison of test and analysis criteria is givefrequency

deviationand MACvalueswhich is shownn Table2.4.

Table2.4. Testanalysis Correlation criteriaf ECSS[13]

Item Quality Criterion

Fundamental bending modes of a spacecre _. . >0.9
Eigenfrequencyleviation: <3%

Modes with effective masses > 10% of the MAC: >0.85

total mass Eigenfrequency deviation: <5%

For other modes in the relevant frequency MAC: >0.8

range Eigenfrequency deviation: <10%
MAC: >0.9

C th lity check . _
rossorthogonality chec Eigenfrequency deviation: <0.1

The othernecessaryprocedure is error localizatiorError localization is the
determination of which part ofhe mathematical model nesedo be modified.
According tothestudyby Link and Santiagi@3], substructure energy functions can
be used for errdcalization.The larger value othe energy function indicasthat

it is sensitive tanodifications Strain energy function can be expressed as

ey Eq.5[23]

C 0190 Eq.6 [23]

In Eq.5andEqg.6, 0 and+ are the mass and stiffness matrices.
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Finite element model updating is toorrect the numerical valuessed in a
mathematical model using test data obtdia¢d Thenumericalmodel estimations
may differ from the physical model, including interfacesaterialproperties, and
boundary conditions. According [&5], there are two methods for finite element

model updatingwhich are;

1 Direct Method
1 Iterative Methods

In thedirect methodsmathematical models' stiffness and mass matiace directly
modified to increasthesimilarity between testnd analysis result&enerally, finite
element models have a large number of elements which results in high mass and
stiffness matrix dimension$hesemodelsrequireareduction ofnumericalmodels
to test modelwhich will reduce mass and stiffnessitrices dimensionsf adetailed
model to thesensor set of vibration test3ne of these redtion techniqueis Guyan

reduction.

Wanget al. [20] and Aglietti etal. [26] usal Guyan reduction to validate satedlit
finite element modé their studiesThe main drawback of direct methodty using

reduction is the direct modification of mass and stiffness matricEkese

modifications will satisfy the correlation between test and analystzose

correlation criteriaare given inTable2.4; however the sensitivity ofthe numerical

model will be los19].

The objective of the iterative methods using test data is to improve corrdilagion

in the direct methods However, modifications are implementeq lusing a
comprehensi@ alternative of parameteaxsthe finite element modetot by directly

mass and dfness matrices. With respect to direct methods, iterative methods
combined with sensitivity analysis are magoewerful and efficient The mnain
difficulty of this method is setting parameters due to many uncertainties on the finite

element model. This impmentation is highly depeadton engineang experience.

32



Stochastic methods are implemented for model updates to overcome the necessity of
engineeing experience and not to face unreasonable model updateshastic
methods are based pnobabilistic metods.This methodminimizestheinaccurate
implementation of parameter modificatiorOne of the methadis the Bayesian
update which wasimplementedin the studyby Calvi et al. [27]. In this study,
samplingbased algorithms fothe Bayesian update proceduneere implemented

where multilevel Markov chain Monte Carlo algorithmsereadopteR7].

| P~ Rt P
F

I P i Eq.7[27]

In this formula—is referredo as adjustable unknown, denotes experimental data

and0 is the knowledge and experience of the engineer.

Drawbacks of stochastic methods are specifiethenstudy of Calviet al. [24].
Firstly, stochastic methods are comptedand computationally expensivwhich
requires parallelization. Another feedback ighe characterization of structural
uncertainty. Implementation ofhe stochastic method is difficult and time
consuming. It is dependent on satellite structural configuration, manufactamithg
materials that areised. InFigure 2.23, a mathematical parameter update tbé

reflectoras a result othe correlationis shown.
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No.  Description Onam L A(%)

Dishfribs Bracket stiffnesses [Nfm] (T5), [Nfrad] (RS)

1 TS: ribs 12,4,17-20222325 26 1LODET 5.00E5 a5
2 TS:ribs 352124 7.50E7 3.00E7 (1]
3 Ts: ribs 6,11 1.30E8 1.95E8 —-ab
4 TS: ribs 79,1214 1.50E8 B825E7 45
5 Ts:rib 8 1.0DES 1.50E8 -50
[ TS: rib 13 B.00E7 560E7 30
7 T5: rib 100 5.00E7 B625E7 =25
8 Ts5:rib 15 1.0DES 5.50E7 45
a9 RS: ribs 1,2,4,17-20,22,23 2526 1LODE3 1.70E3 -70
10 RS: ribs 35,2124 150E3 5325E2 65
11 RS: ribs 6,11 250E3 363E3 —45
12 RS: ribs 79,1214 3.00E3 405E3 =35
13 RS: rib 8 2.00E3 5.00E2 70
14 RS: rib 13 1LEDE3 2.1GE3 =35
15 RS: rib 10 1LODE3 750E2 25
16 ES: rib 15 20063 7.00E2 (5]
17 RS: ribs 9,14 3.00E3 1.50E3 50
Dishy/box bracket stiffnesses [Nfm] (T5) [Nfrad] (RS)

18 T 1 1.0OEB 1.40E8 —40
19 52 G.OEG 1.02E7 -70
20 R5 1 20E3 120E3 40
21 RS2 10OE2 7.00E1 30
Young's modulf [N/ ]

22 RS3/XN50: x-dir. 235EN1 223E11 50
23 RS3/XN50: y-dir. 543E9 597E9 -10
24 RS3-C/Kevlar 49 Fabric [0,90]: x-dir. 241E10 223E10 75
25  RS3-C/Kewlar 49 Fabric [090]: y-dir.  257E10  599E10 50
26 RS3-C(T300 Fabric [0.90]: x-dir. G.I4E1D  244E10 15
27 RS3-C/T3I00 Eabric [0.90]: y-dir. GITEID  G3GEID  —30
28 Core Kevlar | Epoxy: HRH: x-dir. 190EE  201ES —60
29 Core Kevlar | Epoxy: HRH: y-dir. 230EE  2328E8 10
30 Core Kevlar | Epoxy: HRH: x-dir. 1.80E8 1.73E8 40
31 Core Kevlar | Epoxy: HRH: y-dir. 200E8  188ES 60
3z Core AL: x-dir. 3 4GEB 320E8 75
33 Core AL: y-dir. 3.03E8 2BBEB 50
34 Adhesive Hysolea 1LI1ZEN 1.14E11 20
35 Titanium 241E9 2237E9 80
36 Laminate: x-dir. 425E10 3B3E1D 10
a7 Laminate: y-dir. 425E10 404E10 50

Figure2.23. FE Model and Updated Parameters ofddf27]
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CHAPTER 3

FINITE ELEMENT MODELLING AND TEST OF THE COMMUNICATION
SATELLITE

3.1 Introduction

This section explains theveralldesign of theommunication satellite and the finite
element modelof the satellite Primary and secondary structural parts of the
communication satellite are describddrstly, panel descriptions, interfacand
material typeshatare used in the satellisge mentioed Then finite element model
description, element types, panelnd material properties are given. Lastly,

validation methods and results are presented in this chapter.

3.2 Structural Model of the Communication Satellite

The satellite structural architectuse primary purpos is to withstand the
environmental loads that the satellite will be exposed during its servicanlife
satisfy all subsystems' functional requiremeit the satelliteBesides it ensures

access to necessary equipment and structural parts theiagsemblyphase

Design of the communication satellite structure starts with mission definition
payload accommodationthermal radiator calculations, launch mass estimations,
solar array, and reflector dimension specificationsith respect to mission
specification With everydesign and analysis iteratidihe maturity ofthe structure

increases anfinalizeswith launch configuration.

During these design and analysis iteratidhecoordinate system shown Figure
3.1lisused.Thecoordinate system's origimthe center ahelauncheiinterface ring

which is located on the&atellitelauncheinterfaceplane The directiortowardsEarth
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is Z-axis. Thesatellite's flight directionn orbit is defined as the-¥xis and the Y
axis perpendicular to both axes. The positivax¥s is called th&ast directionand

the positive Yaxis is called th&outh direction.

Figure3.1. Coordinate System of the Satellite

In this thesis,lte communication satellite is designed in accordance with traditional
structural architectur&enerally, icommunication satellites, the central cylinder is
the main loaebearing membeof the satellite structure. The central cylinder provides
the interbice of the satellitéo the launcher. Thetructural panels that hawn
interface to the central cylinder are thbearpanels ancdhorizontal decks The
communicatiorand service panels are integrated into the satellite throughstinesme
panels Thesolar panels and reflectors on the outside of the satellite are integrated

into the communication panels

With respecto eachsubsystem, theommunication satellite’s rea distributionis

evaluated in the studg given inTable3.1. As seen inTable3.1, the satellite has a
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chemical propulsion systenwhich is 52.3% of the total satellite massTwo
propellanttanksarelocatedinsidethe central cylinderwhich caries 1658.1kg of
propellant The entral cylinder provides general strength and stiffniesshe
satellite. Outer panels are integratednecentral cylinder viadhe shear panels and
decks. Loads acting on these panels are transmittiénd teentral cylinder and via

theshear angle webs

Table3.1. MassDistribution of the Satellite

Subsystems Mass [kg]  Percentage [%]
Structural Subsystem 424,94 13.5%
Thermal Subsystem 101.80 3.2%
Payload Subsystem 283.95 9.0%
Electrical PoweSubsystem 276.80 8.8%
Harness Subsystem 94.96 3.0%
Attitude Control Subsystem 58.73 1.9%
Propulsion Subsystem 180.37 5.7%
Propellant 1658.17 52.5%
Command Data Handling Subsystem 32.63 1.0%
Communication Subsystem 43.95 1.4%
Total 3156.31

Sandwich panels are used in the structure of the satellite. AluminQarlmwnFiber-
Reinforced Polymer (CFRP) skinsandwich panels are preferredncerningthe
equipment's thermal requiremewts related paneld he regionsvherehighly heat
dissipatng equipment arenounted, aluminurembeddedheat pipesandwich panels
are preferred. Heat pipekstribute the heat homogeneousityoughthe panel and
dissipatdt into space by radiatiofror theother panels, compositamesare usedor
mass reduction andhigh stffness purposes Composite and aluminum panel

examplesre given inFigure3.2.
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Figure3.2. Exanple of CFRP and Aluminum Sandwich Pajid]

The structure panel are connected witbracketsand direct parleto panel
connections via inserts:or panel to panel and equipment to panel connections,
different types of embeddedsertsare designed and usedthe sandwictpanels.
With respect taherequired allowablef inserts, througthe-thicknessfully potted
and partially potted inserts are used in the satelitech is shown inFigure 3.3.
Differentdensitesof honeycombsnd skin thickneses are optimizedn panelsvith

respecto thestructural inserts' strength

Honeycomb core

Top face Potting compound \
— — — -

s o |
1 ||
/ I |
Bottom face
Through-the-thickness' 'Fully potted" ‘Partially potted'
insert insert insert

Figure3.3. Structural Inserts Typd43]
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The structural subsystem is divided into primary and secondary structures

1. Primary structures are the main structural components that carry the
environmental loadacting onthe satellite during launch, tesind ground
operations and provide the requisgdfness

2. Secondary structures support the primary structure and naghistandthe
local loads caused by acoustic and sinusoidal vibration on the satellite.
Another function of secondary structures is to carry other subsystem

equipment and meet thdunctionalrequirements.

The pimary structure consists afcentral cylinde, the shearpanelsthe antiearth
dedk, the mid-deck andthe earth deck Secondary structures are communication
panels and service paneldie general panel namingf the communication satellite

is given inFigure3.4.

East Communication
Earth Deck

Shear Panels

— — West Communication
North Communication ‘ . Panels
Panel

Central Cylinder

North Communication
Shear Panel

West Service Panels

North Service Panels
Service Panel Supports

[ Mid Deck |

East Communication

Panels

Smnh( ommunication
Shear Panel

."‘n_(
.\\\‘. -

WAL

East Service Panels

A SRESELNEE

A

—t : South Communication
Service Shear z Panel
Panels

N

South Service Panels

Anti Earth Deck

Figure3.4. Structural Parts of the Satellite
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The Central Cylinder is theain component of the primary structure and transfers
loadsactingon the satellite during the launch to thencher viahe adaptor The
Chemical Propulsion System's fuel tarde® located within theentral cylinder
structurewhose mass is half of the satellite addition to the two tank$healtitude
control subsystem's reaction wheatge attached to the central cylinder, requiring
high dimensional stabilityCentral Cylinderis a CFRP sandwich structureand
includesmetallic frames, flanges, inserndaluminum ring partsOther primary
structural components are assembled to the central cylinder, atathe shear

panels andhe decks.

Theanti-earth deck carries sensors aedction controlhrusters of the satellite. Mid
deck is the panel betwedhe communication module anthe service module. It
provides interfaces between communication and service nwdlie rarness
betweerthe service module and communication module ghssugh this panel via
cutouts. Earth deck carry towdeeder of payload made, and star trackers of
altitude control subsystenthe horizontaldecks of satellites are CFRP sandwich
panels and the thickness ofthe honeycomb differs with respect tbe bending

stiffness of panels.

The mostritical panels to transfer loads framater panels tthecentral cylinder are
theshear panels. Shear panels are working under shear loads. These panels are CFRP

sandwich panels to provide stiffness and strength.

The north and south service panels carry power and altitude control subsystem
equipment These panels a@uminumheat pipeembedded sandwich structural
panels which is mandatory to reject excessive heat dissipating fpanwver
subsystem equipmenthesepanels are connected ttee central cylinder via north

and south shear panels.

The east and west service panels are mainly used as access pacatsyamienna
deployment mechanism suppd@b aso increase stiffness and decrettgamass of

the panelCFRP sandwich structures are used.

40



Payload and telecommand subsystems have higkdissgpating equipmentvhich
requires them to be plaakon north and south communication panélsat rejects
from aluminum sandwich panels wlsophisticatetheat pipenetwork via radiation.
Besidesthesolar array drive mechanism and hoddeasenechanismareattached

to the north and south panels. The loads are transferred from these pandlsewith

north andhe south communication shear panelshtecentral cylnder

East and west communication panetsry reflectors and provide access to the
interior of the satellite during assembly and integratiofifie lold and release
mechanisr of the reflectorare located on these panels. These panels are CFRP

sandwich panels to provide stiffness and mmedsiction

Tower, solar arrayand reflector of satellites are mounted to outer panels of the
satellites. These structures consrgtinly of aluminum and CFRPpanels. These

appendages are shownRigure3.5.
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Tower

Solar Arrays

Reflector

3.3

Figure3.5. Appendages of the Satellite

Finite Element Model of the Communication Satellite

During design and analysis iterationstloé structural subsystem, various types of

analysis are performed/hich are given irthefollowing:

il
1
1
1

Quasistatic analysis
Eigen frequency calculation
Frequencyresponse analysis

Global Buckling analysis

The finite element method is used to assemsstructural strength and dynamic

behavior of the satellitdt is critical to understand structurbehavior and select
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correct elements to obtain tlwerrect mathetical model of the satelliteThe
increasing complexity othe finite element model causalifficulty in evaluating

results ancauses unnecessarymputational load.

At the beginning of the global finite element model generatithie, mesh
convergence stly is performed othecentral cylindeby using CQUADA4 elements
The first bending frequency of the central cylinder is the objective of the
convergence studflement sizes from 400mta 40mmareinvestigatedand results

are given infable3.2.

Table3.2. Mesh Convergence Iterations

Element Number of First Bending Frequency
Size [mm] Element of Central Cylinder [Hz]

400 91 62.57
300 156 63.45
200 360 64.06
150 676 64.29
100 1480 64.43
50 5921 64.53
40 9140 64.55

It is observed that 40mm is an effective element size to have aceigatesalue
results. InFigure 3.6, the mesh convergence graph is demonstratée. different
elemant size inthe central cylinder is shown iRigure3.7. In the satellite's global
finite element modelthere are9105 elements with approximately 40mm element
sizein the central cylindef~or the satellite primary structutbemaximum element

size is chosen as 40mm.
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Figure3.6. Mesh Convergence Graph of Central Cylinder
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Figure3.7. Example of Central Cylinder Finite Element Model with Different

Element Size
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In this study, onlyeigenvalueand frequency response anaysre consideredd
global finite element model (FEMis generated to assets® dynamic behavior of
the structure. Since the satellite's global stiffnesis the most criticalcasein
eigenvaluend frequency response analysis, atslprimary and secondary structur

is modeled. Struaral panels are included in FEMsing loworder elements.
Interfaces, brackets, small cutguasd equipment are not incled in FEM details.
Major componentghat have natural frequency up to 120Hz at taaolinted
conditions are included in FEM, which are solar arrays, reflectors, toaversanks.

In the sine vibration testthese equipmentare dynamically coupled with the
structure's panels, and it is crucial to include them in HEERYder to get accurate
results Otherequipmenwith higher natural frequencies are integrated to FEM with
structural point massinterface between structural parts modeled with rigid
elemens and beam elements. Otlstructural parts and equipment are included in
FEM as a distributed mass. The FEM of the satellite is showigure3.8.

Figure3.8. Finite Element Model of the Satellite
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Hypermesh is used for FEM generation of the satgdlitd MSC NASTRAN is used
assolver. All structural panelssed in the satellite's primary and secondanyctue

are the sandwicpanels with aluminum and CFRP skiAs.indicated previouslyn

order to get high stiffness with less structural mass, sandwich panels are preferred.

Sandwich panels ar@mplified with two-dimensionalquadrilateral and triangait
shell elementswhich are CQUAD4 and CTRIAat their midsurface CTRIA3
elements are generally usedtire transition region and are avoided to be used in
FEM since these elements are stiffentiCQUAD4 elements

Properties of the sandwich panels areated with PCOMP property in MSC
NASTRAN. For Aluminum sandwich panels, three layers of composite properties
are definedThe frst and third plies represent aluminum skiasdthe second ply
represershoneycomb. For CFRP sandwich pankisjinate isdefinedwith respect

to each laminaly orientation

Additionally, aluminum sandwich panels have embedded and external heat pipes for
thermal controlpurposes However, these heat pipes incretisestiffness of the

panel and work as a stiffener.d3eheatpipes are modeled witheonedimensional
elementwhichis the CBEAM element. CBEAM elemestare preferred since they

carry bendingand shear loads and anere representative than CROD elements.

Especially in solar arrays, reflecéprandreaction wheels, there are major thickness
variationsin their structural parts. These parts are modeled with-tfireensional
CTETRA and CHEXA elements. CTETRA elements are preferred in regions with

complexgeometrical shapes and various thicleges

Multipoint constraints (MPC) are usenh the panelto-panel interface and
equipmento-panel interfaceTwo types of multipoint constraints are usethich

are RBE2 and RBES3 elements. RBE2 elements arefasednnection purposes and
simulate fasteners. SiadRBE2 elements have infinite stiffness, zknogth spring
(CBUSH) elements are used in patep an e | interfaces to
stiffness and evaluate loads affectihg fastenersAnother purpose of the RBE2

usage is to distribute equipment lsa panels. Equipmenhat have a natural
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frequency higher than 120 Hz amodeled with concentrated mass elements
(CONM2), and RBE2 elements are used to distribute loads caused by CONM2 to
the panelsRBE3s are only used to read cumulative forces anéle@tions in the
interface regions of appendages and equipment.

Tank models are integrat@&ato the global finite element model as super elersent
These elements have only mass and stiffness matrices for related interface nodes.
Visualization of these s@p elements are performed with PLOTEL elements

The element types, number of elemeatsl nodes in FEMregiven inTable3.3.

Table3.3. Element Types and Numbeigéode Numbers

Element Type Number
CROD 2370
CBEAM 9795
CQUAD4 450835
CTRIA3 41550
CHEXA 1364
CTETRA 114073
RBE2 5172
RBE3 190
CONM2 294
CBUSH 3602
PLOTEL 797
Total Element 630042

GRID POINTS 720859

The central cylinders modeled with CQUAD4 and CTRIA3 elements. Tattiest
are modeled with supplements are integratéa the central cylinder with RBE2
elements. Iraddition,reaction wheels are modeled with CTETRA elementsch
have complex geometrical shapand various thicknesss. Central Cylinder, tanks

and Reaction wheels are showrFigure3.9.
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Figure3.9. FBEM of Central Cylinder, Shear Panels éuperElementModels of

Tanks and Reaction Wheels

Shear panels, angarth, migdand arth deck connections are modeled with CBEAM
and RBE2 elements. CBUSH elements are used to represent interface stiffness.
Central cylinder imnorthotropicCFRP sandwich structure wistvariablethickness

along its length. Whiléghebottom side hakighnumber of pliesthetop part hashe
minimum number of plies in their skifthe main purpose is to satisthe satellite's
bending stiffness anbavestrength at the bottomvhich is highly loaded during
launch. In addition, there are also reinforcemémiglies around tank interfade
satisfy skin strength. FEM of the central cylinder and different properties are given
in Figure3.10. In Figure3.10 (b), different colors represent different properties of

the central cylinder.
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a) b)

Figure3.10. (a) The FEM of Central Cylinder(b) Different Properties of the
Central Cylinder

The $hearPanels are transition panels betwésouter surface of the satellite and
the central cylindeiThese panels areodeled with CQUAD4 ashCTRIA3 elements
and interfacérom other panels modeled with RBE2 and CBUSH elemdiits.
shear Panelare CFRP sandwich pangénd properties are included with PCOMP
cards in NASTRAN. Since these panels carry shear loadsrightations are 45°

and lamina properties are quasotropic propertiesThese shear panel edges have
embedded inserts for interface purposesl in structural design, there are doublers
to increase inserts dplane load carrying propertieBurthermore a high-density
honeycomb is preferred at -of-plahealldvabtee gi ons
This kind of property difference in panétsncluded in FEM with different PCOMP
properties. IrFigure3.11, theFEM of communication shear panels and service shear

panels are shown.
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a) b)

Figure3.11. The FEM of (a) the Communicatiorand(b) ServiceShear Panels

Decks are CFRP sandwich panels and modeled with CQUAD4 and CTRha3.
Anti-Earth deck hafour pieces of pane]svhile themid-deck haswo panels because

of assemblyandintegration purpose$tar trackers are mounted thre earth deck

and thrustes aremounted tothe antiearth deckwhich is shown inFigure 3.12.
Theseequipmentiremodeled with CQUAD4 and CTRIA3 elements and connected
to decks via RBE2 and CBUSH elements. Other equipment modeled with
concentrated mass. Miteck and antearth decks have large cutquighich are
modeled in FEVas well
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Figure3.12. The FEM of Satellite Decks

Interfacewith other panels are implemented with RBE2 and CBUSH elentelyts
orientationsof skin are 60°, and lamina properties are quasdtropic properties
Like in other structural panelthere are different skin thickness and honeycomb
density properties among panels to increasplane and oubf-plane stiffness.
These differenceare included with PCOMP property cards in M8@stranDetails

of decks FEMaregiven inFigure3.13.
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Figure3.13. The FEM of (a) EarthDeck (b) Mid Deck and(c) Anti-Earth Deck

The @mmunication module consssbf four parts which areshown inFigure3.14.

North and south communication modules sirggle pieces of aluminum sandwich
panels. These panelsost payload equipment, solar arraylth and release
mechanismand solar array drive mechanism. East and west communication panels
havethreepieces of CFRP sandwich panels because of assembly and integration

purposes Refl ectordéds hol d and intetheseapanels mechani sn
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Figure3.14. TheFEM of Communication Module

North and south communication panels are modeled with CQUAD4 and CTRIA3
elements. Payload equipmeremodeled with CONM2 element&mbedded heat
pipes are uset desigrthese panejaind these heat pipes are model#tt CBEAM
elements. Twalimensionalelement nodes and CBEAM nodes are equivalence to
include heat pi pes o6 b e ndheauninwntsantiviche s s
structure is used in pangksnd mechanical properties are included with PCOMP
cards. In addition, local reinforcements arduded inthe model. Detailed FEM of

north and south communication panels are givefigare3.15.

53



Figure3.15. The FEM of Southand NorthCommunicatiorPanels

East and west communication panels are CFRP sandwich structures and modeled
with CQUAD4 and CTRIA3 properties. Phrientationsof skin are60°, and local
reinforcements wih different honeycomb densities are implemented with PCOMP

cards. There is not any equipment on these panels.

Figure3.16. The FEM of Westand EasCommunicatiorPanels
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Service Module consistof north, south, east, west service panatsd support

panels. North and South panels have separate three panels because of equipment
requirementsandthey carry batteries of the satellite. East panelstlaree pieces

and west panels are four pieces. Support paneisasehe north and south panels’
out-of-plane stiffnes since they carry the heaviest equipmehichis batteriesThe

generalFEM of theservice module is shown Figure3.17

Figure3.17. The FEM of Service Platform

North andsouth service panels amodeled with CQUAD4 and CTRIA3 elements.
Batteries andaltitude control subsystem equipmemwe mounted on these panels.
External heat pipes are implemented to patie@shave batteries. These external
heat pipesare modeled with offset CBEAM elements. iFequipment modeling,
CONM2, RBE2 and CBUSH elements are usedcach panel rma different
honeycomb thicknesand density to increase bending stiffness. In addition, these
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panels are aluminum sandwich panels. Properties of panels are modelead with
PCOMPcard. Detailed FEM of north and south service panels are shokigure
3.18.

Figure3.18. The FEM of (a) Southand(b) North Service Panels

East and west service panels are modeled with CQUAD4 and CTRIA3 elements.
The reflector deploynent mechanism is attachedthe base model and modeled as
RBE2 and CBUSH elements. These panels are CFRP sandwich, @artklgly
orientations and honeycomb thickness propertiesnatededin thePCOMP card in

MSC NASTRAN. The FEM of panels shown inFigure3.19.
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Figure3.19. The FEM of (a) West andb) EastService Panels

Solar arrays;the tower, and reflectors are modeled with CQUAD4, CTRIA3,
CHEXA, and CTETRA elements. Materials of these structural parts aare
combination of compositeaaluminum and sandwich panels. FEM of solar arrays,

towers and reflectors are given iRigure3.20.
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Figure3.20. The FEM of Solar Arrays, Reflectpand Tower

Mechanical properties of metallic materials are givemable3.4. & and& are

tensile ultimate and yield strength of thatenial. L and LT arehe grain directions
thatdescribe the rolling direction of metal after being manufactured as a sieeet

the Poisons ratio. In addition, E and G represeNto ungés modul
modulus ofthe materia) respectively.
Table3.4. Mechanical Properties detallic Materials
3 «[MPa] 3 «[MPa] E G € Density
[GPa] [GPa] [kg/m3]
L LT L LT
Aluminum
oop4Tesy 4551 4551 3930 3930 73.8 27.6 0.33 27680
Aluminum
05077451 5102 510.2 4412 4412 710 27.0 0.33 28234
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Different cell size and densiesof aluminum honeycombs awtilized in structural
panels.Mechanical properties of honeycombs which are used in FEM are given in
Table3.5

Table3.5. MechanicalProperties of Honeycomlj29]

Cell Size Densit L Direction W Direction

Honeycomb Type [mm] [k /m33]l Shear Modulus Shear Modulus
J [GPa] [GPa]

3.2 50 0.34 0.16
1/8-5056-.0007

3.2 98 0.83 0.34

4.8 32 0.23 0.12
3/16-5056.0007

4.8 50 0.34 0.18

M18-55Jis the used prpreg type inCFRP panelsvhich consisbf a high modulus
fiber with high allowable tensile and compressive strength. Mechanical properties of

carbon fibes aregiven inTable3.6.

Table3.6. Mechanical Properties @FRP Laminat¢30]

Property of M55J Value
Tensile Strength 2020 MPa
Tensile Modulus 338 GPa

Compressive Strength 890 MPa
Flexural Strength 1180 MPa
Flexural Modulus 274 GPa

In FEM, eachstructural panel haa different thickness and skin materidlhose
properties are used the PCOMP card in MSC Nastran. For aluminum sandwich

panels, propertiethatare used in FEM are given Trable3.7.
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Table3.7. Aluminum Sandwich Panel Properties

Skin Honevcomb Skin Honeycomb Total Panel
Panel Name . y Thickness Thickness Thickness
Material Type

[mm] [mm] [mm]
North and South AL 7050 1/8-5056
Communication Panels T7451 .0007 0.53 24.52 25.59
North and South AL 2024 1/8-5056
Battery Panels T851 .0007 0.66 58.47 59.80
SouthEast and South AL 2024 1/85056
West Service Panels T851 .0007 0.66 42.70 44.03
North-East andNorth- AL 2024 1/8-5056
West Service Panels T851 .0007 0.66 24.50 25.82

For CFRP sandwich panels, propertiestare used in FEM are given Trable3.7.

Table3.8. Composite Sandwich Panel Properties

Ply .
. Skin Honeycomb  Total Panel
Panel Name Skin . Honeycomb Number Thickness Thickness Thickness
Material Type and

Orientation [mm] [mm] [mm]
Eastand West M18-55)  1/8-5056 16 Ply- 45°
Shear Panels 10007 1.76 26.52 30.04
North and South M18-55J  1/8-5056 16Ply - 45°
Shear Panels .0007 1.76 15.79 19.31
Service East anc M18-55J  3/16:5056 ane
West Panels 0007 12 Ply- 30 1.32 22.79 25.43
East and West
Communication M18-55J  3/16:5056 12 Ply-30° 1.32 22.79 25.43

.0007

Corner Panels
Service Support M18-55J 1/8-5056 _ane
Panels 0007 12 Ply- 30 1.32 15.79 18.43
East and West .
Communication M1855J  1/85056 6 Ply-30 0.66 22 55 23.87
Middle Panels -0007
Earth Deck M18-55J 15205?56 12 Ply-30° 1.32 58.47 61.11
Mid Deck M18-55 1(;8’5’7056 12 Ply-30° 1.32 28.28 30.92
Anti-EarthDeck M18-55J  1/85056 12 Ply-30° 1.32 28.28 30.92

.0007
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34 Finite Element Model Checks

After completion othefinite element model generatiaie validity of themodelis
checked. Validation of finite element moslehsures that finite element models are
generated accurately. Validation can be performed with the two methods.

1 Computeraided model checks

1 Mathematical model checks

Computeraided checks are completed by using Hypermesh commercial software.
With the help of the software, element quality chedksmal checksand material
orientation checks are performed

In element quality check, four geometrical parameters are checked for QUAD4
elementswhich are interior angle, taper, skeamd warpage. For CTRIA3 elements,
there are three geometrical paraeng which are interior angle and skewness.
Interior angle check controls the interior angles of each element in specified
tolerances. lie aper test controkhie geometrical deviation gliadrilateraklements

from the rectangular shapeSkew test contrts the distortion of the element by
evaluating the angle between lirntbat join mid of the opposite sides. Warpage is
the evaluation oélement planarity intolerancedlSC-NASTRAN element quality
tolerances are givan Table3.9.

Table3.9. MSC-NASTRAN Element Quality Toleranc]

Element Quality Checks Tolerances
Taper Ratio O 0.5
CQUADA4 Interior Angle O 30A an
CTRIA3 Interior Angle O 160A
Warpage O 0.05
CQUADA4 Skew Angle O 30A
CTRIA3 Skew Angle O 10A
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Element normal check is another check which is performed after compieéng
finite element model. The main reason of the element normal check in this study is
to define offsets and ply orientations of the skins corredtlyFigure 3.21, an
example of normal checks is shown for service shear panels. Red and blue colors
show the direction of the elemamirmal It is crucial to havéhe same directioron

each side of the panels.

Figure3.21. Element Normal Check Example

Material orientation check is another important criterion. Especially for composite
modeling the direction of material is critical to achigng the structure's accurate
equivalent stiffness CFRP plies and honeycombs have airtbpic material
propertiesthat have different properties in different directisnin order b getan
accurate equivalent stiffness of sandwich panels, each layer orientation should be
defined correctly. Ithematerial orientation check, each ply origiga is controlled

which is given inFigure3.22.
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Figure3.22. Ply Orientations of Shear Panels: (a) First fdy,Second Ply, (c)
Third Ply, and (d) Fourth Ply

Another crucial check is the mass and center of gravity (CoG) control. It is very
critical to model structural design with accurate mass and @oGomparison
betweerthestructural modehnd FEM is given iTable3.10. It is seen thahe FEM

of the satellite is representative in terms of mass and CoG.

Table3.10. Mass and Center of Gravity (CoG) Comparison

Mass and
Center of Gravity Comparison
Cad Model FEM
Mass [kg] 3156.31 3156.46
CoG X [m] 0.0035 0.0052
CoG Y [m] 0.0031 0.0062
CoG Z [m] 1.2119 1.2069
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Another finite element model validation method is mathematical validation. With
respect tahepurpose oftheFEM generation, there are many methods. Unit enforced
displacement and rotation check control boundary conditions in the model by
applying unit disphcement and rotation from the model's constraifthe finite
element model's purpogeto use for quasstatic analysesunit gravity loading in all
directions shall be performed. Reaction forces in conssramgcontrolled. Unit
temperature increase chaslapplied to the finite element model when it is used for
thermaldistortion analyss. Withtheimplementation othesame material properties

in themodel, there should be close to zero stress festasticboundaryconditiors.

In this studyfree-free dynamics with stiffnessquilibriumchecls areimplemented

and results are presentédal this checkthefirst six frequency oéigenvalueanalysis
should be close taero, which are rigid body modes when the nebdis
unconstrainedIn addition,the stiffness matrixs checked that iloes nohaveany
grounding effect[32] Strain energies are checked in order to verify the model not to
include automatically or unintentioliya created constraist Any strain energy
significantly higher than zero indicates that the parts of the FEM are not constrained

correctly and/or are numerically unstable.

Rigid body mode calculations are performed vatiormal mode solver (SOL 103)
in MSC NASTRAN. For freefree dynamic checks, FEM is not constrainedh@

analysis. Strain Energies are loweariithelimit, which is shown inrable3.11.

Table3.11. Strain Energy Check Results

Direction  Strain Energy  Pass/Fail

1 0.6445 Pass

2 0.5172 Pass

3 0.3110 Pass

4 0.7972 Pass

5 2.2927 Pass

6 0.1207 Pass
LIMIT = 14.42
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The first six rigid body frequencies are close to zemdthe seventh frequency is
higher than rigid body frequencies. These results show that therengegbanism in

the FEM, andheresults satisfy th&eefree dynamic checkshown inTable3.12.

Table3.12. Rigid Body Frequencies of FEM

Mode No Frequency [Hz]
1 0.00213
2 0.00160
3 0.00145
4 0.00232
5
6
7

0.00343
0.00476
19.474

Rigid body mode shapes are demonstrated fRigure 3.23 to Figure 3.28.
Translational X, Yand Z mode shapes are gime Figure 3.23, Figure 3.24, and
Figure3.25. Rotational X, Y, and Z mode shapes are showkignre 3.26, Figure
3.27, andFigure3.28
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Figure3.23. Free Boundary Condition Transkatial X Result
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Figure3.24. Free Boundary Condition TranslationaRésult
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Figure3.27. Free Boundary Condition RotationalRésult
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35 Conclusion

In this chapter, structural parts and panel naming are explained. General mass
breakdown of the communication satellitgyigen to emphasize which subsystem is
critical for design. For the satellites which use chemical propellants for maneuvering,
propellant mass is %52.5 of the satellite mass. Hence two propellant tanks are located
inside the main loadarrying member of theatellite.Structural panels and material
properties are given wilinexplanation of their objective. Thermal dissipation is the

main criteria of skimmaterialselection with strength purposas well

Furthermorethe FEM of the communication satellite briefly explainedincluded
subsystendetaik and simplifications are described for each structure fEdement
types are given brieflfPanel properties and material propertiest are used ithe
modelaregiven. Finally, validation methods of the FEM apeesentedwhich are
computeraided and mathematical checks. Resultsdarmaonstratedwhich shows

thefinite element model's suitabilifgr eigenvalueand frequency response analysis.
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CHAPTER 4

SINE VIBRATION TEST RESULTS OF THE COMMUNICATION SATELLITE

4.1 Introduction

This section explains theonductedsine vibration test antthe relatedresults forthe
communication satelliteln the beginningthe test configurdon and test system
specificatiors are explained. Thete accelerometer typevhich is used irthesine
vibration test is shown.The location of accelerometers on the satelliesiso
demonstrated. The sine vilit test steps wittheresults otheaccelerometers are
shown. Last but not legshetransfer function is briefly introduceendthetransfer

functions of accelerometers are shown.

4.2  Sine Vibration Test Configuration

The sinevibration test starts witthe definition of excitation at a specific frequency
range, excitation direction, and accelerometer locations. After implementing the
accelerometers, the satellite is mounted on a shaker via a slip table for lateral
excitations and a head expander for bgiecitations. Specification of the system

given inTable4.1.

Table4.1. Vibration Test Systemgcifications

Vibration Test System Specificatios

Maximum Load Capacity 8000kg
Maximum Force Capacitipr Sine Vibration Test 289kN

Frequency Range 5-2000Hz
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Before starting vibration tests, accelerometer names and directions are defined in the

shaker's data acquisition system, and calibrations are performed.

4.3  AccelerometerType, Locations, and Installations

Before the sine vibration test, accelerometers angnted on the satellite in specific
locations. 3axis PCB356A33 accelerometers are used in tegksch areshown in

Figure 4.1. Accelerometer mounting starts with aeremeter selections. For
accurate measuremengssmooth and flat surface should be prepared for attaching
anaccelerometer. At the contact surface, there should not be metal burrs or any other

foreign objects.

With respect to mounting methodbe frequency response of the accelerometer
should be investigate@here are four mounting methods availalaich arestud,
screw, adhesive and magnetic moun{i3®j. Adhesive mounting is preferred seac
there areCFRPsandwich panels on satellitesid damagto thestructure isavoided

during tests.

Figure4.1. Picture of PCB356A33 AccelerometdB3]

Examples of mounted accelerometers threreflecior and earth dectf the satellite

for the sine vibration testege given irFigure4.2.
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Figure4.2. Example of Installed Accelerometeys the Satellite

Eleven accelerometers are implemented on the satellite. Three of them e
primary structure of the satellite. Four of them are on the t&iiesremainingdur

are on reflectors.

The acelerometeyon the primary structures are located on the earth deck and mid
deck. These locations areas®en to obtain resultsr X-direction sine vibration tests
without any local modeOn the Earth deck, accelerometer locations are clabe to
central cylinder interfagewhich are not sensitive tthe earth panel's local panel
mode Similarly, theaccelerometer otihhe mid-deck is locatd interface withheeast
service shear panel. The accelerometer locations are demonstréigtirm4.3,
namely accelerometer #1, #hd #7.
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Accelerometer #1

Accelerometer #2

Accelerometer #7

Figure4.3. The Accelerometer Locations on Primary Structure

Half of the satellite mass belongsdeemical propellants, and two tanks carry these
propellants on the satelliten order to getheresponse of tanks thesine vibration
test, accelerometers are placed the upper and lower part of the tanks. The
accelerometer locations on the tankssirewn in Figure4.4, namely accelerometer

#3, #4, #5and #6.
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— | Accelerometer #6

Figure4.4. The Accelerometer Locations on Upper dmover Tanks

The eflectoris located at +X directiorof the satellite and in X direction sine
vibration test,the response of the reflector is critical. Because of that, four
accelerometers are mountedtbaribs of the reflector. Ifrigure4.5, accelerometer

locations on the reflect@reshown.
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Accelerometer #8

Accelerometer #11

Accelerometer #10

Accelerometer #9

£ .,

Figure4.5. The Accelerometer Locations on Reflector

4.4  SineVibration Test Steps

During the launch of a typical communication satellite, sinusoidal vibrations up to
100Hz are usually generated by the launch vehicle. The launch vehicle induces these
vibration loads to the satellite interface. Sine vibration testéngplemented on the
communication satellite in order to simulate these vibration loads by changing the
excitation frequencies in a sweep from a lower to an upper limit. The sine vibration
tests are performed for lateral and axial directions of the satsdparatelyAt each

test direction, steps thate shownn Figure4.6 are implementedrlhe sine tests start

with low-level base excitation, which is %5 of qualiticem excitation level.
According to European Space Standardization requirements (BAQGE&)w-level

tests are conducted in order to identify resonance frequencies and verify the

structural integrity after the full level run.
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Figure4.6. The Sine Vibration Test Steps

After low-level base excitation, 25%, 50%, 75% of the qualification level is applied

in order. Finally, 100% of excitation is implemented on the strudBase excitation

of these steps shown inFigure4.7

Sine Vibration Test Base Excitation

i [i]

[}
) 10
Fracuency [He]

Figure4.7. 25%, 50%, 75%and 100% Base Excitatiaf the X-direction Sine
Vibration Test



In order toobserve structural unity, another ldawel test is performed, and results
are comparedvhich is shownn Figure4.8. Comparison of préow-level and post

level transér functions should be identical, and there should not be any frequency
and amplitude differensein results. This comparison @sumed to show the

verification of the structural unity after the qualification sine vibration test campaign.

X DIRECTION SINE VIBRATION TEST
Lewt Leved Ciornparsen of Accalaomerer 47

Acceleration [g]
\
\
\\
(/ﬁr
=
R
s
1“3‘_
[——
-

A
001 ! W 'J'.'-b/ﬁ ¥

iam

Frequency [Hz)

Figure4.8. Low-Level Comparison of Xlirection Sine Vibration Test

4.5 Sine Vibration Test Results

Base excitation and the response of the accelerometach areobtained in the x
direction sinevibrationtest are shown irFigure 4.9, Figure4.10, andFigure4.11.
Figure 4.9 shows the »direction sine vibration test excitation level and the
accelerometer responses on the primary strudtigare4.10 gives the acceleration
levels that arebtained on the upper tank and lower tank accelerometers.-The x
direction sine vibration response of the reflector accelerometers is shéwgure

411
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X DIRECTION SINE VIBRATION TEST
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Figure4.9. (a) Base Excitation, Response of Accelerom@g#1, (c) #2 and(d)

#l

X DIRECTION SINE VIBRATION TEST
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Figure4.10. Response of Acceleromet@) #3, (b) #4, (c) #5 and(d) #6
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X DIRECTION SINE VIBRATION TEST
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Figure4.11. Response of Acceleromet@) #8, (b) #9, (c) #10 andd) #11

To compare accelerometer results at each step of the sine vibration test and to
compare test andFEM results the transfer functionsare calculated for each
accelerometer. Transfer functioncalculations are performed with the following

eqguation:

Al .
aTrm™ .

As a result, each accelerometer's transfer functions are generated, which are shown
in Figure4.12, Figure 4.13, andFigure 4.14. In Figure 4.12, the accelerometers'
transfer functions on the primary structure show the satellite’s bending mode, which

is measured as 17.49Hz.
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X DIRECTION SINE VIBRATION TEST
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Figure4.12. Transfer Function ofa) Base Excitation(b) Accelerometer #1(c) #2
and(d) #7

X DIRECTION SINE VIBRATION TEST
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Figure4.13. Transfer Function of Acceleromet@)#3, (b) #4, (c) #5 and(d) #6
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X DIRECTION SINE VIBRATION TEST
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Figure4.14.Transfer Function of Acceleromet@) #8, (b) #9, (c) #10 and(d) #11

In Figure4.13, the transfer functions aiccelerometers on tanks are shown. It is seen

that tanks bending modesd res,prehighe@s, whi ch
than the satellite's bending frequency. Figure 4.14, transfer functions of

accelerometers on the reflector are shown. The reflector's bending frequency, which

is 88.86Hz, can be observed.

4.6 Conclusion

In this chapterthesine vibration testonfiguration, accelerometer typadized, and
the acelerometer locations on satellite during the tastsexplainedn detail The
x-direction sine vibration accelerometer responses which are used in thisstudy
shown. Finallythetransfer functios of theaccelerometersvhich are generated for

compaisonpurposes with thaumericallyobtained resultsarealsogiven.
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CHAPTER 5

COMPUTATIONAL FREQUENCY RESPONSE ANALYSIS OF THE
COMMUNICATION SATELLITE

51 Introduction

In this chaptergigenvalueand frequency response analysis results are presented.
Firstly, the eigenvalueanalysis procedure and effective mass calculations are
explained briefly. Tie boundary condition is demonstrated, and results with effective
mass calculations and mode shapes are given therequency response analysis,
damping values, antesidual vectors are explainedhel xdirection response of

accelerometers in FEM agesultof x-direction unit excitationss given in graphs.

5.2 Effective Mass Results

The gructural subsystem negtb be designed to achieve many requiremedise
of the crucial requirementsomesfrom launchers Every launcher has itswn
frequency requirements and dynamic behawarinstancethe Ariane-6 launcher
vehicle hasa requirement forsatellites to have more than 6 Har the lateral
frequency and 28Iz for theaxial frequency14]. Everysatelliteshould satisfy these
requirements to be launett with launch vehiclesThe dructural design should

consider these requirements while keeping structural asalesv as possible

Eigenvalueanalysis is one of the anaégsthat is pdormed for modl identification

and design requirement checksnce the FEM of the satellite alarge modelthe
LANCZOS method is used in normal mode analysis in MSC NASTRAN. With this
solver, the equation of motion for natural frequensesslved which is givenn Eq.

9, and eigenvalues are obtained. M and € the mass and stiffness matrices

respectively®andOare displacement and acceleration values
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ElTOE Eq.9[31]

In the eigenvalueanalysis,the boundary condition is modeled with RBE2 time
launch vehicle interfaceThe boundary conditionswhich are constrained

translational and rotational degsa# freedom are shown irFigure5.1.

Figure5.1. The Bourdary Conditiors of the FEM

Modal effective mass or modal participation factor iessentiatool to identify the
structure's critical modesn the effective mass calculationte results show how
much massn each mode contributes to the tatabdal mass of a structure. Modes
with high effective mass are excited with base excitation easily. On the other hand,
with less effective mass, mode excitation is limited to the localardashould be
evaluatedin that direction In MSC-NASTRAN, the modd effective mass is
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calculated withthe MEFFMASS caseontrol card inthe SOL103 solver. The
participation factor is calculated witkg. 10in MSC NASTRAN. In theequation
P is the participation factor, is theeigenvectorM is the mass matrj@nd 4 is

the rigidbody vector irtheassociated direction.

[ Eq.10[31]

As a result of normal mode analysis with effective mass calculation, frequencies,
mode shapesand participation factors are obtainel.total of 181 modes are
calculated upd 110Hz. With the help of Excel, effective mass percentages of each
mode are calculated@he dfective mass percentage edchmode which has greater

than B4, is given inTable5.1.

Tableb.1. Effective Mass Results

Effective Mass Percentage
TX Ty Tz Rx Ry Rz Description
%] [%] [%] [%] [%]  [%]

Frequency
[HZ]

Global X Bending

16.95 451 3.6 0.0 6.9 82.2 0.0
Mode

17.02 38 438 00 822 68 00 CopalYBending
Mode

31.85 00 00 00 00 00 639 Global Torsional
Mode

o o o0 09 0.0 01 72 Torsional Modes

42.33 01 00 00 00 0.0 91

48.26 6.5 6.7 0.0 0.2 0.5 0.2 TankAsymmetrlc
Bending Mode

54.97 1001 03 00 0.0 05 0.0 Tank X Bending
Mode

55,52 00 51 00 02 00 o1 [ankYBending
Mode

62.39 0.2 0.0 111 0.0 0.0 0.0

63.89 00 00 221 00 0.0 0.0 Tank and S

64.41 00 00 85 00 00 00 |anxandstructure
Axial Modes

66.47 0.1 0.2 240 0.0 0.0 0.0

66.91 01 03 139 0.0 00 0.0

77.33 32 01 00 00 00 08 Reflector Bending

Mode

85



The primary bending frequencies of the satellite in X and Y directions are 16.95Hz
and 17.02Hzrespectively In x bending frequency of the satellite, 4% Dbf the
satellte mass mowin translationax and 82.2 movesin rotationaty while in y
bending frequency of the satellite, 44 8f the satelte mass move in translational

y, and %82.2 moves in rotatioral The node shapes of the primary bending modes

are shown irFigure5.2 andFigure5.3.

Contour Plot
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Figure5.2. Global XWiseBendingMode of the Satellite
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Contour Plot
Displacement(Mag)
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Figure5.3. Global Y WiseBendingMode of the Satellite

Thesatellite's main torsional meds 31.85Hzand it hasaneffective mass of 63%.
The main torsional mode of the satellite is showrrigure 5.4. x-direction tank
bending mode is 54.97Hand it hasan effective mass of 10.%. In order o

demonstratéank bending mode clearly, only the primary structures and tanks are
shown inFigure5.5
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Contour Plot
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Figure5.4. Global Torsional Mode of the Satellite
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Figure5.5. Tank X WiseBending Mode of the Satellite
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The eigenvalueanalysisis performedat a supercomputer with 24 CPUs. CPU time
and properties of platforms are given Table 5.2. The normal mode analysis is

completed in 21 minutes with 24 CPUs.

Table5.2. CPU Time and Platform Properties figenvalueAnalysis

Platform Properties

CPU Intel

Clock Frequency 2500 MHz

Number of @Us 24

RAM 257701 MB
Total CPU Time 30265 Sec

5.3  Frequency Response Analysis Results

Another crucial analysis ithe frequencyresponse analysis. Frequency response
analysis iperformedduring structural subsystem design iteratiftmmghe following

reasons:

1 To simulatethedynamic environmergpecified by the launch vehicle and
simulatethe sine vibration tests aftdredesign
1 To checkihestrength of structural panels, interfacasd appendages.

1 To check equipment qualification accelerations.

In this studythesimulation ofthesine vibration test ithex-direction is conislered.
Frequency response analysis is performed with aggeleratiorexcitation to get
transfer function at specific nodes. In MBIASTRAN, Solver 111 is used as a
solver for modal frequency response analye nodal frequency response method
uses mde shapes of the structure to reduce the size and peaforare efficient
numerical solutiorfor large model$31]

In frequency response analydise response dhe satellites requiredup to 110Hz.
In order b get accurate responsgsto110Hz,thenormal mode solution is extended
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to 220Hz in frequency response analysistHa analysis, structural damping is
included as 2% percerithe use of residual modesimplemented to obtain more
accurate resultgncludingthe RESVEC cas&ontrol card in MSENASTRAN [34].

In addition, since solar arrays and reflectors of the satelltedihexible structure,
the air effect is included inthe solution as an industrial practice In MSG
NASTRAN, the MFLUID card is used irthe solver deck. Virtual mass matrix is
generated in solutignrepresentingthe aircoupled to surface elements of the
reflector and solar array34]. The wit acceleration is given as base excitation to the

satellite, shown ifrigure5.6 (a).

Transfer functions of nab that represent base excitation and accelerometers are
given fromFigure5.6 to Figure5.8. In Figure5.6, the base excitation and transfer
functions of accelerometers dine primary structureare given. In Figure5.7, the
results of upper and lower tank accelerometers are preséigade5.8, results of

accelerometers on reflectors are presented.

In Figure 5.6, transfer functions of the accelerometdosations on the satellite's
primary structure are given. It is seen that théirection bending mode of the
satellite is calculated as 16.95Hz. fiséer functions of the pointsvhich are the
tanks accelerometéigcations are given inFigure5.7. 48.26Hz and 54.97Hz can

be seen in graphs, whichr e t anks & b eFigutd5®8,gthe mmansfes s .
function calculations of the reflector accelerometer locations are given. The bending

mode of theeflector, which is 77.33Hz, can be observed in graphs.
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Figureb5.8. Frequency Response Analysis Trangfenction Result of
Accelerometefa) #8, (b) #9, (c) #10 andd) #11

Frequency response analysis is performealsatpercomputer with 24 CPUs. CPU
time and properties of platforms are giveable5.3. Frequency response analysis
is completed in 39.2 minutes with 24 CPUs.

Table5.3. CPU time and Platform Properties for Frequency Responsggaal

Platform Properties
CPU Intel
Clock Frequency 2500 MHz
Number of ®PUs 24
RAM 257701 MB
Total CPU Time 56456 Sec
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54 Conclusion

In this chapterthe eigenvalueanalysis and effective mass calculationsargéined

in detail. The sage of effective mass or participation factors in complex finite
element models is an efficient methoarderto identifythe major structural modes.
The rormal mode and effective s calculations are performed with BISC-
NASTRAN solver. In the satellite, there are 118 modes up to 110Hz. Most critical
modes with more than 5% effective masssirewn andthe major mode shapes are

demonstrated.

Frequencyresponse analysis @&soexpainedin this chapterin the analysis, the
structual modeswhich areup to 228z, are extractedheresidualvectors andhe
effect of air are also included in order to increts®=accuracy. The aeleration
responsesare given in specific nodes, whi represent @aelerometers on the
satellite. The fiequency response analysis is perforrogadisingMSC-NASTRAN

sol111 solver.
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CHAPTER 6

FINITE ELEMENT MODEL IMPROVEMENT BY USING THE SINE
VIBRATION TEST RESULT S

6.1 Introduction

In thischapter, firstthefrequency response analysgsultsand the xdirection sine
vibration test results are compared. For each frequémalyis in interest the

accelerometers are chosandthe frequency rangaetailsare demonstrated.

Frequency response assurance crigmestudiedin orderto showthe similaritiesof
thetwo datasets. Pogtrocesmg of the results is explainedandthe mode pairing

results are checked with assurance criteria.

The eror localization is another crucial step updatingthe finite element model.
The Srain energy density plots are presented for each frequerrgerto specify

themodification regions in the FEM.

Finally, FEM iterations are performed by usitig resultsof the error localization.

All theiterations and improvements for interested frequencies are presented.

6.2 Test and Analysis @mparison

By using the results of the frequency response arabyse xdirection sine vibration
tests, the transfer functions ofthe test and analysis are compared at each
accelerometer locatiofror primary structureg comparison otheresultsis given in
Figure 6.1, Figure 6.2, and Figure 6.3. The location of the accelerometers is

explained in SectioA.3,
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COMPARISON OF TEST AND ANALYSIS
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Figure6.1. Test and Analysis Transfer Function Comparison of (a) Base
Excitation, Accelerometer (b) #1, (c) #2 and (d) #7
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COMPARISON OF TEST AND ANALYSIS
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Figure6.3. Test and Analysi§ransfer FunctiolComparisorof Acceleromete(a)
#8, (b) #9, (c) #10 andd) #11

One of the modein the xdirection is the first bendinghodeof the satellite The
structure's behavioat 16.95Hz is clearly observed ateey accelerometer on
satellite athough the analysis results slightly underestimate this resonance
frequency Figure 6.4 showthesine vibratiortest and analysisesults are detailed

by zooming the frequency range in interd@stis also highlights the difference in the
compared resonanck the analysisthe calculated frequency is 16.95Hzhile in
thetest, it is measured as 17HA Since this resonance frequency is siagellite’s
bending mod, this difference shows thtite satellite's theoretical stiffneslose to

the boundary condition iswer than the real case.
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Otherprominentmodes inthe xdirection arghe tank bending mode#it 48.26Hz

and 54.9Hz, there are asymmetric bending mededthex-direction bending mode

of the tank. These modes are similar in amplitude and frequency of test results
which areobtainedat 56.19Hz and 63.19Hua the xdirectionsine vibration testA
comparison of these frequencissgiven in Figure 6.5 by zooming the frequency

rangein interest
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Figure65.Det ai |l ed View of Tanksd Bending Mo

Analysis

The lastimportantmodeconsideredn the x-direction isthereflector bending mode.
In theanalysis, it is calculated as 77.83, and it is observed as 8%Hz in the test.

The details of the comparisamegiven inFigure6.6.

‘—. yneter 811 (Analys .‘

Acceleration [g]

10 100
Frequancy [Hz]

s

Accelaration [g)
88 86Hz

av|

Freguency [Hz]

Figure6.6. Detailed View ofReflector Bending Mode Response of Test and

Analysis

There is a 3.9% difference between test and analysis for the first frequehey,
satellite's fundamentatdirection bending moel There are 16.483 and 14.95%6 of
differences in bending modes of thekarfor thereflector's bending modéhere is

a %14.91difference A comparison of the frequenciesgiven inTable6.1.
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Table6.1. Frequency Comparison of Test and Analysis

Mode Description %nglysis [T:zs]t S\ﬁic_?g;?g[];) |
ééﬂé?ﬁg%?frilr:gatellite 16.95 17.49  -3.19%
Mode of the Tanks 4826 56.19  -16.43%
)I\jlftijrsg]zi?hnel%re:ndljgg 54.97 63.19  -14.9%%
Bending Mode of the 27 33 88.86 14954

Reflector

Table 6.1 showthatnumericallycalculated frequency values are lower than the sine
vibration test results. With thassumption of the mass and the dimensions of the

satellite componentarenot changing, the satellite's stiffnesdjich is modeled in

the FEM is lower than the actual satellite. For the first bending mode of the satellite

in the xdirection,the stiffnes of the regions clos® the boundary conditions is
expected to be lower than the satellker second and third frequencieghich are

the tanks' bending mode there may be variation in tank stiffness and interface
stiffness in the FEM. For the last e the reflector bending mode, reflector

stiffness, and interface between satellglesuld be investigated.

6.3  Modal Assurance Criteria of the Test and Analysis Results

Forthemodal assurance critef®lAC) of the xdirection sine vibration test results
and the analysis resultéour natural frequenciewith the most effective mass
percentage on-girection are selected. These frequenciesl&.85Hz, 48.26Hz,
54.9Hz, and 77.381z. A total of deven accelenmeters are used fealculaing the
modalassurance criterigalues In order toincreaseherobustness fatheassurance
criteia matricescalculations,a FORTRAN script is written. In thisscript the
frequency response analysis results and test datasad as inpuind output is
given as MAQmatrices Frequency response &y&s output is requested as a punch
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file, which is formatted data of acceleration response in MBGTRAN. Test data
is used as universal test output data. The diagrahme@rogram is given inFigure
6.7.

Program Inputs

(name of the accelerometers
and related nodes in FEM,
interested frequencies)

Output of Frequency
Response Analysis | Calculation of MAC
(Transfer functions of nodes Matrices

at accelerometer locations)

Output of the Sine Vibration
Test

(Transfer functions of
accelerometers)

Figure6.7. Diagram ofthe DevelopedFORTRAN Scriptfor MAC Calculations

By usingthe specified frequencieshe MAC results ofthe test and analysis are
calculated. These results showe thigenvectors of test and analysis similarity.
CalculatedMAC values andheir graph are given iffable 6.2 and Figure 6.8,
respectively The results show that the four frequencies are similar. For the x
direction bending modevhich is measureds 17.49Hzthediagonal MAC value is
0.960.For the aymmetric bendig mode andhe x-direction bendingnode ofthe
tanks which have frequencies of 56.19Hz and 63.19Hthetest it has diagonal
MAC values of 0.790 an@.901, respectivelyi-inally, for thereflector's bending
mode,which is88.86Hz,the MAC value is 0.20.

Table6.2. The Modal Assurance Criteria Between Test and Analysis Results

Frequency Test
[HZ] 56.19 [63.19 [88.86

16.95 0.291 |0.008 ]0.019
48.26 |0.034 0.035
54.97 [0.023 ]0.029
77.33 [0.165 ]0.258

Analysis
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Figure6.8. The ModalAssurance Criteria Between Test and Anal{&sults

6.4 Error L ocalization of the FEM

Element strain energy is an efficient tool to deterntimepotential elements to
modify in order toreduce the differences in frequencibesthe eigenvalueanalysis,
theESE card is used in MSRASTRAN to calculate strain energidslement strain

energy can be defined aski.11[31]. 6 is the elemendisplacemenand U is

the stiffness of the element.

ARA 8t o 1L o Eq.11[31]

Elements with high strain energy ane excellentandidatdor modificationto shift

frequency effectivel.
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For the first frequencyinder consideratigrwhich is calculated as 16.95Hand
measured as 17.49Hhe structure's strain enengyconcentrated arourtbdelaunch

vehicle adaptorA strain energy contour plait 16.95Has given inFigure6.9.

Contour Plot
Strain Energy(% of Total Energy)
Muttiplier = 10,0000

0633
F 0563
&-0433
— 0422
7 03582
= 0282

g 0211
! 0141
0070
0.000

Max = 0633
Shell 100012
Min = 0.000

Beam 107198

— Launch Vehicle Adaptor

b~

Figure6.9. The Strain EnergyContour Plot at 185Hz

For the calculated natural frequencies4®.26Hz and $.97™z, the strain energy
densities ardigherwith respect to other elemerasupper and lower tank interfaces.
Also, the high strain energies are obtainedtslower part of the central cylinder.
Tank interfaces anthe lower part of the central cylinder are good candisi&de
modifications. The strain energy contour plots of 48.26Hz and 54197 are
demonstrated ifigure6.10 andFigure6.11, respectively.
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Figure6.11. The Strain Energy Contour Plot a# ®7Hz

For the last interestedatural frequency which is calculated as 77.3%, the

structure's strain energg concentratedn thereflectorrib andtheinterfaces of the
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reflectorwith the satelliteA strain energy contour plot at 77.8B2 is given inFigure
6.12.

p—— || |

Upper Tank Interface

Reflector Interfaces

Figure6.12. Strain Energy Contour Plot at 77133

6.5 Finite Element Model Iterations and Comgarison

The aims of this section are to reduce the differences between the frequencies of the
sine test results and the computational results andalsgprovethe MAC values.
The object of the iterations is specified by using the European Space Standardization

requirements.

According to European Space Standardization requirements (EQSJS)the
difference in a satellite’s fundamental bending frequency should be less than 3%. In
this study, it was computed as 16.95 Hz and measured as 17.49 Hz, hence t
deviation with respect to the experimental value is 3.19%. For the mode which has
the highest effective masthe requirement indicates a maximum deviation of 5%.

In thisstudy; it is the third mode, which has an effective mass higher than 10 %. Its
frequency is computed as 54.97Hz and measured as 63.19Hz, thus showing a
deviation of 14.95 % with respect to the experimental value. For the other mode the

requirements indicate a deviation less than 10%, and in this, ttihesgecond mode
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value is determied as 48.26Hz and 56.19 Hz, the fourth mode valhreshe other
hand,are computed as 77.33Hz and determined as 88.86Hz in the tests. Additionally,
the MAC values should be higher than 0.9 for the fundamental bending mode and
more than 0.85 for the mode#th higher than 10% effective mass, which is the third

mode of this thesis.

With the assumption that the sine vibration test results have been appropriately
conducted and vyielded accurate results, several parameter modifications are
implemented on the RE for sensitivity analysis after completing the error
localization procedure. Theensitivity analysis's main ains to evaluate each
parameter's effect on the frequencies under consider#tidiy. 12, the effect of

each parameter modification in stiffness matrices is shdwnis the stiffness
matrices othej™ group of finite elements. CoefficieRtis the updatingarameters

and€ s the initial stiffnessnatrices of the FENR5].

Eq.12[25]

Goller et al.[35] modified several parameters in their studyujpdate the FEM of
the GOCE satellite. El astic modul us, Poi ssc
isotropic and orthotropic materialnd interface stiffness of the FEM are examples

of parameters varied in their study. Goller et[ab] limited the variation of the

material properés by 10%, while for the stiffness of interface elementse

deviation went up to 100%. On the other hand, Doupe ¢8&].allowed a 25%

deviation of material elasticity and stiffness in their study for the FEM update.

Firstly, the launch vehicle adaptor's different equivalent elasticity effect on the
satellite's first bending mode is evaluated by applyp% decreasand 5%, 10%,
%15 increases in the value of the equivalent elasticitlfigare6.13, it is seen that

increasing the equivalent elasticity of the launch vehicle adaptesses an increase
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in the bending frequency of the satellite. Since the frequencies resulting from the
finite element analysis are lower than the sine vibration test results, the increase in
stiffness valueds considered for sensitivity analysis. Thepep limits of the

modification studies are taken as 10% for the elasticity properties and %100 percent

for the stiffness values, as explained in Goller et al. [35].

First Bending Frequency [Hz]

16.60

16:50
5 10 15 20
Equivalent Elasticity Increase [%o]

_
=]
]
N
=]

Figure6.13. The Effect oftheLaunch Vehicle Adaptor Equivalent Elasticity tire
X-direction Bending Mode of the Satellite

This study assumes that the dimensions and the masses of the satellite components
are not changing. Therefore, design parameters that only change the stdfoess

in the FEM are considered. The definition of parameters is mainly concentrated on
the regions resulting from the error localization results. All parameters are increased
by %10 for sensitivity analysis, which is defined as the upper limit of theriak
properties variationln order to evaluate the effect of each parameter on the

frequencies, the following iterations are performed,;
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Since there are simplification differenaesthe FEM of thdaunch vehicle

adaptortheequivalentelasticity oftheadaptor increased by 10%.

2. The cetail level ofthelaunch vehicle adaptétEM is increased

The euivalentelasticity propertiesof CFRP skin athe central cylinder
lower parts in x and y directiorgse increasely 10%.

The @uivalent elasticity of CFRBKin atthe central cylinder tank intéace
isincreasedy 10% in x and y directions

Interfaces between tanks and the central cylirater simplified as shell
elements with CFRP sandwich panel propertiBewever, there are
aluminum insertsnstead of honeycomb in the sandwich panels. Aluminum
elastic modulusproperties are usedt interfacesinstead of honeycomb
properties in order tocreasehestiffness of tank interfaces.

The giffness matrix of tankss increasd by %10.

7. The equivalent elasticity of CFRP skinreflector interfacevith the satellite

9.

isincreased %10 in x and y directions.
Fastener stiffness in the satellite FEMimgreasedby %10 which are
modeled with CBUSH elements.

The aensity of virtual fluid decreased 10% in order to decrdasair effect.

10. Reflector ribelasticity in x and y directions anecreasd 10%

For each iteration, frequency response analysipeidormed and results are

compared. Results and improvement percentagegiven inTable6.3.
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Table6.3. FEM lterations andFrequencyResults

Frequency #1 Frequency #2 Frequency #3 Frequency #4
Hz] [%] [Hz]  [%] Hz] [%] Hz]  [%]
Baseline 16.95 - 48.% - 5497 - 77.33 -

1-Central Cylinder
Launch Vehicle Adaptor 17.25 1.76% 4854 0.58% 55.17 0.36% 77.51 0.23%
Elasticity Increase

Definition

2-Increased Detail Level

of Launch Vehicle 17.32 2.17% 48.58 0.6%% 55.20 0.42% 77.56 0.2%
Adaptor

3-Central Cylinder

Lower PartElasticity 17.24 1.70% 48.46 0.426 55.21 0.44% 77.36 0.0%%
Increase

4-Central Cylinder Tank

Interface Elasticity 16.99 0.20% 48.39 0.2®6 55.04 0.13% 77.33 0.00%
Increase

5-Central Cylinder Tank

Interface Oubf-plane 16.99 0.20% 48.71 0.9%0 57.40 4.41% 77.60 0.3%%
Stiffness Increase
6-Increase Tanks
Stiffness
7-Reflector Interface
Elasticity Increase
8-Increase Fastener
Stiffness

9-Air Effect Decrease 16.99 0.20% 48.32 0.13% 54.99 0.04% 81.03 4.78%

10-ReflectorRib 16.95 0.00% 4827 0.01% 54.98 0.02% 77.42 0.11%
Stiffness increase

16.96 0.07% 48.79 1.11% 55.72 1.36% 77.35 0.020

16.99 0.20% 48.42 0.326 54.98 0.02% 77.58 0.32%0

16.95 0.00% 48.33 0.13%6 54.99 0.04% 77.33 0.00%

Most effective iterations for 16.95Hz are relatedrtodification onthe bottom part
of the central cylinderwhich is in line with the error localization. Increasitig
equivalent stiffness of the launch vehicle adaptor (iteratioaffdgtsthex-direction
bending frequency of the satellite by 1.78%ereasinghedetail level ofthe model
(iteration #2)increaseshat frequency by 2.17% detailed comparisoof iteration
#1 and #2s shown inFigure6.14.
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COMPARISON OF ITERATIONS (Frequency #1)
X DIRECTION EXCITATION-X DIRECTION ACCELERATION
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Figure6.14. The Detailed Comparison of Iteration #1 and #2 for Frequency #1

The frequencies related to tank mode sh&®e$9Hz and 63.19Hz, in the test are
mostly influenced by modification around taimiterfaces and the tank's stiffness
Central cylinder out of plane stiffnegiseration #5)and tank stiffnesaodification
(iteration #6) significantlyncreasesecond interested frequency 0.94% and 1.11%.
For the third interesteftequeng, improvementsare 4.41% and 1.36%. detailed

comparison of iteration #3, #&nd #6 is shown iRigure6.15.
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COMPARISON OF ITERATIONS (Frequency #2 & #3)
X DIRECTION EXCITATION-X DIRECTION ACCELERATION
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Figure6.15. TheDetdled Comparison of Iteration #3, #5 and #6 for Frequency #2
and #3

For reflector bending mod&hich is 88.86Hz in the tesdfiffness increaseat the
reflector interface(iteration #7) shift frequency by 0.32%he most effective
modification for reflector mode ithe decrease of thar effect (iteration #9)The

decreasing density of the fluid #is shiftingthe frequency by 4.78%A detailed

comparison of iteration #7 and #9 is showirigure6.17.
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COMPARISON OF ITERATIONS (Frequency #4)
X DIRECTION EXCITATION-X DIRECTION ACCELERATION
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Figure6.16. The Detailed Comparison of Iteration #7 and #9 for Frequency #4

In addtion, MAC matrices for each iteration ar@eulated As a result, it is observed

that there are no significant improvements for the first and fourth frequencies. The
main reason is that these frequencies already have good similarity and have MAC
values of higher than 0.9. For the second frequetatk stiffness increase and the
central cylinder interface stiffness increase improve the MAC values significantly
which is 5.7% and 4.43%n Table6.4, dagonalvalues of MAC matrices are given

for comparison.
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Table6.4. FEM lterations and MAC Results

Definition MAC (1,1) MAC (2,2) MAC (3,3) MAC (4,4)
Baseline 0.960 - 0.790 - 0.901 - 0.90 -

1-Central Cylinder

Launch Vehicle Adaptor 0.960 0.00% 0.820 3.80% 0.916 1.66% 0.924 0.43%
Elasticity Increase

2-Increased Detall Level

of Launch Vehicle 0.960 0.00% 0.825 4.43% 0.918 1.89% 0.925 0.54%
Adaptor

3-Central Cylinder Lower

gt 0.960 0.00% 0.815 3.16% 0.913 1.33% 0.921 0.11%
Part Elasticity Increase

4-Central Cylinder Tank
Interface Elasticity 0.960 0.00% 0.795 0.63% 0.901 0.00% 0.920 0.00%
Increase

5-CentralCylinder Tank
Interface Oubf-plane 0.960 0.00% 0.835 5.70% 0.901 0.00% 0.920 0.00%
Stiffness Increase

6-Increase Tanks

. 0.961 0.10% 0.825 4.43% 0.905 0.44% 0.921 0.11%
Stiffness

7-Reflector Interface

L 0.960 0.00% 0.793 0.38% 0.904 0.33% 0.926 0.65%
Elasticity Increase

8-Increase Fastener
Stiffness
9-Air Effect Decrease 0.90 0.00% 0.792 0.25% 0.921 2.22% 0.920 0.00%

10-ReflectorRib Stiffness
increase

0.960 0.00% 0.791 0.13% 0.901 0.00% 0.920 0.00%

0.980 0.00% 0.795 0.63% 0.901 0.00% 0.920 0.00%

The sensitivity analysis shows that parameters related to the launch vehicle adaptor,
which is iteration #1 and iteration #2, increase first bending frequency by 1.76% and
2.17%, while in other frequencigbhese improvements afairly limited. A similar
situation is observed in other parameteas well For instance, tank stiffness
increasedy 10% improve second and third frequencies by 1.11% and6l 36

the other handhe effect onthefirst and fourth frequencies are 0.07% and 0.02%
respedwely. For the reflector bending modehich is calculated as 77.33Hz and
measured as 88.86, decreasing air effedid®pincreass frequency by 4.78%and

themaximum increase in other frequena®8.20%. Increasing all parameters at the
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same time causean overestimate in the xlirection bending frequency of the
satellite byl.25%, which is shown inTable6.5.

Table6.5. FrequencyComparison oResults

Baseline Percentage All Percentage Test

Mode Description (Hz] wrt Test  Iteration  wrt Test (Ha]
[%)] [Hz] [%]

X Direction First .
Bending of the Satellite 16.95 -3.19% 17.71 1.2%% 17.49
Asymmetric Bending o
Mode of the Tanks 48.26 -16.43% 50.68 -10.8P0 56.19
X Direction Bending
Modeof the Tanks 54.97 -14.90% 59.53 -6.1%0 63.19
Bending Mode ofthe - 27 53 1491 8115  -9.506 88.86

Reflector

As aresult,to achievethe best improvements in four frequencies, iteration #1 and
iteration #2 are eliminatednainly affecting the satellite's first bending frequency
lterations that are mainly increasing remaining frequermiesconsidered. Tanks
stiffness increase is limiteap to 30% since this modification is also affectthg
first bending mode of the satelliteor the fourth frequency, which tke reflector's
bending modgethe main contributor is the air effecand it is decreaseby 40%.
Following modifications are implementes a final iteratiomn the FEM to increase

similarity:

1. The equivalent elasticity properties of CFRP skin at the central cylinder
lower parts in x and y directions are increased by 10%. (Iteration #3)

2. The equivalent elasticitgf CFRP skin at the central cylinder tank interface
is increased by 10% in x and y directions. (Iteration #4)

3. Aluminum elastic modulus properties are used at interfaces instead of
honeycomb properties in order to incredise stiffness of tank interfaces.
(Iteration #5)

4. The stiffness matrix of tanks is increase®b§0. (Iteration #6)
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5. The equivalent elasticity of CFRP slahreflector interface with the satellite
in increased %10 in x and y directiofieration #7)

6. The dengy of virtual fluid decreasedby 40% in order to decrease the air
effect. (Iteration #9)

The FEM isimprovedwith six modifications and frequencyasponse analysis is
performed again. For thenal iteration,the comparison of the test and analysis
shownin Figure6.17, Figure6.18, andFigure6.19

COMPARISON OF TEST AND ANALY SIS(BASE and FINAL ITERATIONS )

X DIRECTION EXCITATION-X DIRECTION ACCELERATION
b) 1
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Acceleration [g]
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hon (Test ‘ — — A
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o oo
10 100 10 100

Fregquency [Hz] Freguency [Hz]

Accelerometer #7 (Base Iteration]

Figure6.17. Test and Analysi@Base ad Final IterationsYransfer Function

Comparisorof (a) Base Excitation, Accelerometer (b) #1, (c) #2 and (d) #7
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COMPARISON OF TEST AND ANALYSIS(BASE and FINAL ITERATIONS )
X DIRECTION EXCITATION-X DIRECTION ACCELERATION
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Figure6.18. Test and Analysi@Base and Final Iteration$yansfer Function
Comparisorof Accelerometer (a) #3, (b) #4, (c) #5 and (d) #6

COMPARISON OF TEST AND ANALYSIS(BASE and FINAL ITERATIONS )
X DIRECTION EXCITATION-X DIRECTION ACCELERATION
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Figure6.19. Test and Analysi@Base and Final Iterationgyansfer Function
Comparison of Accelerometer (a) #8, (b) #9, (c) #10 and (d) #11

A detailed comparison of the-direction mode of the satellite is shownFkigure
6.20.
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Figure6.20. DetailedComparisorof Test, Basgand Final Iterations for Frequency
#1

Detailed comparison of the asymmetric bending and ttieection bending mode

of the tanks are demonstratedHigure6.21.

Figure6.21. Detailed Comparison of Test, Basad Final Iterations for Frequency
#2 and #3
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