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Abstract (CZ):   Práce  se  zabývá  mechanickou  analýzou  sestavy  Front 
 Door  Assembly  (FDA),  která  je  součástí  kosmické  mise 
 PROBA-3.  FDA  slouží  jako  dvířka  dalekohledu 
 koronografu,  který  je  součástí  jedné  z družic  mise 
 PROBA-3.  Analýza  se  skládá  z tvorby  MKP  modelu, 
 vibračního testování fyzického návrhového modelu, ladění 
 MKP modelu, mechanické analýzy v podobě mnoha MKP 
 simulací a vyhodnocení namáhání dílů a spojů. 


Abstract:  The  thesis  deals  with  mechanical  analysis  of  a  satellite 
Front  Door  Assembly  (FDA)  for  PROBA-3  mission.  The 
FDA serves as a door for a coronagraph telescope which 
is  part  of  one  of  the  PROBA-3  spacecraft.  The  analysis 
consist  of  creation  of  a  FEM  model,  vibration  testing  of  a 
physical  design  model,  correlation  of  the  FEM  model, 
mechanical  analysis  in  form  of  various  simulations  and 
evaluation of the loading of the parts and fasteners. 
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1  Introduction 


The  goal  of  this  thesis  is  to  describe  a  process  of  a  mechanical  analysis  of  a 
 satellite’s  subassembly  called  Front  Door  Assembly  (FDA),  which  is  part  of  the 
 PROBA-3 mission. 


The  PROBA-3  mission  will  launch  two  separate  satellites,  which  will  fly  in  a 
 formation with a very high precision creating almost a kind of rigid structure in orbit. 


The  mission  will  mainly  serve  as  a  formation  flying  technology  demonstration, 
 preparing the space industry for the use of formation flying in the future. The second 
 purpose of the mission is an observation of the Sun with a large coronagraph. One of 
 the  satellites  will  be  an occulter,  creating a  shadow  for  the  second  satellite  carrying 
 the coronagraph telescope.  


The  FDA  serves  as  a  door  on  the  coronagraph  telescope.  It  will  protect  the 
 optics  from  particles  and light  on  the  ground as  well  as in  the  orbit,  where it  will  be 
 able to open and close repeatedly and therefore cover and uncover the telescope as 
 desired. 


The  mechanical  analysis  of  a  spacecraft  structure  is  a  very  complex  process 
 and especially when it is a mechanism like the FDA. The main goal of such analysis 
 is  to  prove  that  the  design  is  capable  to  withstand  the  severe  vibrations  that  occur 
 during the launch of the satellite. 


This  thesis  goes  through  that  process by  describing  creation  of  a  FEM  model, 
vibration  testing  of  a  physical  design  model,  correlation  of  the  FEM  model, 
mechanical  analysis  in  form  of  various  simulations  and  finally  evaluation  of  the 
loading of the parts and fasteners. 
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2  Mission description 


The PROBA-3 (Project for On-Board Autonomy-3) mission is mainly devoted to 
 the in-orbit demonstration of precise formation flying techniques and technologies for 
 future ESA missions. Two satellites will fly in a precise configuration forming a “large 
 rigid  structure” in  orbit  to  prove  formation  flying  technologies.  The  mission  will  also 
 serve  as  qualification  for  the equipment  used  onboard  the  formation  flying  satellites 
 and the technology will be demonstrated to TRL 9 (Technology Readiness Level 9). 


The  development,  design,  implementation  and  validation  principles  for  formation 
 flying will continue to be established for future formation flying missions. In addition to 
 technology demonstration, the mission will carry a scientific payload in form of solar 
 coronagraph instrument. 



2.1  Formation flying 


There are  two  different approaches  for  control  of  the  configuration. Fist  one is 
 Ground-based  control in  which  the  GNSS  (Global  Navigation  Satellite  System)  data 
 are  sent  to  the  ground  control  center  that  will  command  the  satellites  to  adjust  their 
 attitude and position in the formation. Ground-based control is used for configuration 
 with distance between the satellites in order of kilometers and with intervals between 
 the adjustment maneuvers ranging from weeks to months. 


The second approach of control and the one actually used in PROBA-3 mission 
 is Autonomous formation flying in which the satellites communicate with each other, 
 broadcasting  the  data about  their  relative positions  and  using  the  Attitude  and  Orbit 
 Control System (ACOS) to maneuver into the adequate configuration. This approach 
 is applicable for formations with smaller distances between the satellites that require 
 autonomous and more frequent adjustment of orientation and position. 


There are three types of formations: 


a)  Trailing – In this formation all the satellites share the same orbit and follow 
 each other at a certain distance. This type is used in the PROBA-3 mission. 


b) Clusters – The satellites fly close to each other on different orbits and those 



(17)c)  Constellation –  Is  a  formation  which  provides  coverage  of  the  entire  Earth. 


The  satellites  fly on  many  different  orbits  and  there is  a  certain  number  of  satellites 
 on  each  orbit.  Both  the  orbits  and  the  number  of  satellites  on  them  is  designed  to 
 achieve the coverage of the entire Earth. The best example of constellation is GPS. 



2.2  Payload 


PROBA-3  will  fly  ASPIICS  (Association  of  Spacecraft  for  Polarimetric  and 
 Imaging Investigation of the Corona of the Sun) as the primary payload, which uses 
 the  formation  flying  to  form  a  very  big  coronagraph  capable  of  producing  a  nearly 
 perfect eclipse allowing to observe the corona closer to the rim than ever before. 


Flying  first  in  the  formation  is  the  Occulter  Spacecraft  (OSC)  which  is  about 
 200kg and its main function is to block the sun and create an artificial eclipse for the 
 other  satellite.  It  achieves  that  with  a  1400mm  occulting  disc  facing  away  from  the 
 Sun.  


Figure 2.1 – External (left) and internal (right) view of Occulter Spacecraft [1]


The  second  satellite  is  the  Coronagraph  Spacecraft  (CSC)  and  will  fly 
approximately 150m behind the Occulter  Spacecraft and is about 340kg. It will carry 
a telescope pointing directly at the Occulter Spacecraft and observe the corona of the 
Sun.  Most  of  the  formation  flying  systems  will  be  on  this  satellite  and  it  will  be 
responsible for majority of the maneuvers.   



(18)Figure 2.2 - External (left) and internal (right) view of Coronagraph Spacecraft [1]


Thanks to this configuration the Coronagraph system (ASPIICS) will be the first 
coronagraph  to  cover  the  range  of  radial  distances  between  1.08  and  3  solar  radii 
and thus providing observation conditions close to those during a total solar eclipse 
and without effects of the Earth’s atmosphere. This will provide  more understanding 
of  processes  in  the  solar  corona,  processes  leading  to  coronal  mass  ejections  and 
space weather. 
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2.3  Front Door Assembly 


The  Front  Door  Assembly  (FDA)  which  is  the  main  subject  of  this  thesis  is  a 
 subsystem  of  the  Coronagraph  system  which  is  designed  to  protect  the  telescope 
 optics  from  contamination  on  the  ground  and  during  launch.  It  will  be  able  to  open 
 and  close in orbit,  so it  can  also  protect  the optics  from  contamination  during  some 
 flight  operations  and  protect  the  internal  parts  of  coronagraph  from  thermal  loads. 


The position of the FDA on the Coronagraph Spacecraft is marked with a red circle in 
 Figure 2.2. 



2.4  Mission profile 


The  PROBA-3  mission  consists  of  three  main  phases  which  are  shortly 
 described below. 


2.4.1 a) Launch and Early Orbit Phase (LEOP) – 2 days 


The  mission  begins  with  the  two  satellites  being  launched  together  with  the 
 OSC  mounted  on  top  of  CSC.  This  configuration  is  called  STACK.  After  STACK 
 separates from the launcher it will perform maneuvers to stabilize itself and when it is 
 stable  the  CSC  solar  panel  will  deploy.  After  this  deployment  the  STACK  will 
 maneuver again to gain desired attitude relative to the Sun, stabilize again and begin 
 commissioning  of  certain  systems.  Some  actions  in  this  phase  are  guided  from  the 
 ground. 


2.4.2 b) Commissioning – 2 months 


In  the  next  phase,  the  STACK  gets  separated  and  both  CSC  and  OSC  start 
flying independently. The separation of the satellites leaves them with some relative 
drift. Maneuvers computed on the ground are then performed to stop the drift and put 
the satellites on the safe relative orbit. In this safe relative orbit, the satellites are less 
than  1km  apart  and  without  the  need  to  be  controlled  while  still  remaining in  a  safe 
configuration. In this configuration, some actions will be commanded from the ground 
while  commissioning  of  systems  and  preliminary  calibration  of  alignment  will  be 
performed.  



(20)2.4.3 c) Nominal Operations – about 22 months 


After  commissioning  of  all  systems,  the  satellites  will  enter  the  main  operation 
 phase  which  is  the  Formation  Flying  Phase  and  the  satellites  become  completely 
 autonomous. In this phase, the coronagraph observations are performed and so are 
 the  rigid  formation  demonstration  maneuvers.  These  operations  are  only  performed 
 in  the  apogee  (60 530km)  since  the  formation  cannot  be  maintained  during  the 
 perigee  (600km)  passage  because  the  relative  dynamic  perturbations  are  very  high 
 in  the  perigee  and  maintaining  of  the  formation  would  be  very  fuel  inefficient.  The 
 data transfer takes place during the perigee passage. The orbital period is 19,7 hours 
 and the rigid formation is maintained for 6 hours in the apogee arc. At the end of this 
 phase, PROBA-3 will be decommissioned and waiting for its passive re-entry to the 
 Earth’s atmosphere. 


The nominal orbit during this phase may be seen in Figure 2.4 along with some 
 of the requirements for the relative positioning of the OSC and CSC. 


Figure 2.4 - Formation requirements (left) and nominal orbit (right) [1]
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3  The procedure  


The  mechanical  analysis  of  the Front  Door  Assembly  (FDA)  is  a  very  complex 
 and  iterative  process.  At  the  beginning  of  the  procedure,  is  a  mechanical  Design 
 Model  (DM)  and  the  first  approximation  of the  loading  spectra. In  the  end, is a  fully 
 analyzed Flight Model (FM). There are many steps and loops between those stages 
 as  shown  in  Figure  3.1.  Those  loops  make  the  process  highly iterative  which  could 
 be very time consuming and it is up to the management of the project to decide how 
 many  iterations  should  be  done  and  how  accurate  should  the  models  and  the 
 computations be. Not all the iterations will be covered in this thesis since there was a 
 lot  of  design  iterations  and  changes  based  of  various  reasons,  discussions,  and 
 computations. The whole procedure is shortly summarized in this chapter. 


Figure 3.1 - FDA mechanical analysis flowchart 
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3.1  FEM model creation 


As mentioned before the procedure begins with the DM CAD model provided by 
 the designer and made based on previous iterations, testing, and calculations. Some 
 preliminary calculations show that this design should be very close to the final one.  


The first step is the creation of the FEM model as described in Chapter 5. There 
 will  be  two  different  versions  of  this  model.  One  for  modal  analysis  and  tuning  and 
 one  for  the  external  loads  analysis.  Differences  between  those  models  are  also 
 described in Chapter 5. Material and physical properties such as Young’s modulus or 
 density  are  based  of  the  design.  The  stiffnesses  of  the  bolted  joints  are  calculated 
 based on the properties of the real screws: 


𝑘 =𝐴 𝐸
 𝑙  [ 𝑁


𝑚𝑚]  (3-1) 


Where A is the minimal cross-section of the screw, E is the Young’s modulus of 
 the screw’s material, l is the effective length and k is the tensile stiffness of the screw. 


These stiffnesses will be the main subject of the FEM model tuning. 



3.2  Preliminary simulations and testing 


Before  the  very  time-consuming  tuning  process  and  manufacturing  of  the 
 physical  DM  begins,  some  preliminary  simulations  are  run  on  the  FEM  model. 


Resonance search is performed to find if the first natural frequency of the assembly 
 is  high  enough  and  preliminary  random  simulation  is  performed  using  the  original 
 random loading spectra provided by the contractor based on the preliminary coupled 
 analysis.  If  the  results  of  the  preliminary  simulations  are  not  satisfactory  the  design 
 needs to be changed before further actions are made. 


If  the  design  shows  acceptable  results  the  parts  are  manufactured  and  the 
physical DM is assembled. The tightening torques for the bolted joints are needed for 
the  assembly.    Those are  calculated  as  shown  in  Chapter  12  with  forces  evaluated 
from above described preliminary random simulation done in Chapter 6. 
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3.3  Vibration testing 


The  vibration  testing  of  the  DM  is  then  performed  including  resonance  search 
 and random vibrations. Results from resonance search are used for tuning the FEM 
 and random responses show if the physical model is able to withstand the loads. This 
 step is described in Chapter 8. 



3.4  Tuning 


The  very  long  process  of  tuning  the  FEM  model  begins  after  the  vibration 
 testing. The tuned parameters are mainly the stiffnesses of the bolted joints and also 
 Young’s moduli. Dozens of tuned parameters and long computation time makes the 
 process  very  time-consuming  and  not  suitable  for  automatization.  More  about  this 
 process may be found in Chapter 10. 



3.5  Coupled analysis 


After the FEM model is tuned to an acceptable quality it is sent to the contractor 
 for new coupled analysis which gives new random loading spectra. Coupled analysis 
 is  basically  a  random  vibration  simulation  of  the  whole  satellite  with  the  tuned  FDA 
 FEM  model  attached.  The  input  spectra  for  the  coupled  analysis  are  obtained  from 
 the launcher manual and the output is the new random spectra at the FDA interface 
 which are then used for the full simulation. 



3.6  Full simulation 


The new spectra are applied to the FEM model and critical locations responses 
are evaluated. If the responses show insufficient design the whole process or parts of 
it may be repeated. Otherwise, the complete computation of the FEM model may be 
performed and if all calculations show positive margins of safety the Qualification and 
later Flight Model may be  manufactured. The full simulation is described in Chapter 
11. 
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4  Design description  


The final design of the FDA was achieved based on requirements  provided by 
 the  contractor  as  well  as  it  was  derived  from  previous  designs  which  were  usually 
 unsuccessfully vibration tested or insufficient in some other way. The design process 
 was  very  long  and  difficult,  took  many  years  and  is  not  a  topic  of  this  thesis.  The 
 computations  done  in  this  thesis  are  considering  the  final  design  (with  some  minor 
 changes  during  the  testing),  which is  described  in  the  following  paragraphs.  Design 
 of electrical parts and circuits will not be covered since these have very small impact 
 on the computations and are not a topic of this thesis. 



4.1  Design requirements  


Some of the most important requirements are described in Table 4.1. These are 
 critical for understanding why is the FDA designed in the way it is and what are the 
 functions of this subsystem. 


Table 4.1 – Important requirements 
 Req. number  Requirement text 


R-3102  The FDA should consist of: mounting flange, hinge system, lid, motor, 
 position sensors, locking device, filters - High Density Diffuser (HDD) and 
 Shadow Position Sensor (SPS) 


R-4100  The FDA should have three stable positions: locked, open, closed 
 R-4102  At any time the FDA can be in the following states: locked, open, close, 


moving to open/close 


R-4200  The FDA shall protect the coronagraph optics from light and dust during 
 on-ground activities, launch, early orbit and during operation when the 
 coronagraph is not in use 


R-4202  The FDA shall be closable and re-openable in flight 


R-4208  The FDA shall be equipped with filters (HDD, SPS) mounted on the lid to 
 be used: 


-for in-flight photometric calibration 
 -for instrument health checks on ground 


R-4512  The FDA shall provide analog measurements of closed/open position 
 status 


R-5100  The FDA shall be mounted on the front flange of the Coronagraph Optical 
 Box – onto the Tube 


R-5102  The FDA external dimensions, in launch configuration, shall not exceed the 
 defined envelope 


R-5200  The FDA overall mass, in launch configuration, shall not exceed 1,5kg 
R-6102  The FDA, in open position, shall be outside the field of view of the 
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4.2  FDA design 


The design of the FDA may be seen in Figure 4.1 with the main subassemblies 
 and  parts  denoted.  The  subassemblies  are:  Flange,  Lid  assembly,  Shaft  assembly, 
 Motor  assembly,  Connector  assembly,  and  Locking  device  (Pin-puller).  Those 
 subassemblies will be described below. FDA has a total mass of 1.2kg with external 
 dimensions of 231x176x47mm. 


Figure 4.1 - FDA design 



4.3  FDA configurations  


The FDA may be found in three configurations shown in Figure 4.2 as described 
in requirement R-4100. The locked and the closed position protects the coronagraph 
optics during on-ground activities, launch and some in-flight operations as described 
in  requirement  R-4200. The  unit  is in  the  open  position  when  the  coronagraph is in 
operation. 



(26)Locked  Closed  Open 
 Locked by Pin-puller and 


preloaded  


Pin-puller retracted and the 
 Lid unlocked 


Unlocked and the Lid 
 opened by 180 degrees 
 Figure 4.2 - FDA configurations 



4.4  Materials 


The  following  Table  4.2  shows  all  the  materials  used  in  the  FDA  and  their 
 material properties: 


Table 4.2 - Material properties 
 Aluminum 


EN AW 
 6082 T651 


Steel 
 AISI 316 


A286 
 AISI 
 660 


Titanium 


grade 5  PEEK  VESPEL 


SP3  Glass 


Density    [kg/m3] 


2700  7850  7950  4430  1310  1600  2203 


Young 


modulus   E  [MPa]  69 500  193000  200000  114000  4300  2413  70000 
 Poisson´s 


ratio    [-]  0.33  0.3  0.3  0.41  0.4  0.41  0.17 


Yield 
 Strength 


σy [MPa] 


240  290  590  1100  115  N/A  N/A 


Ultimate 


Strength  σult  [MPa]  295  550  900  1170  115  58.5  50 
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4.5  Parts and subassemblies description 


The following text describes the design and function of the most important parts 
 and subassemblies which make the FDA. 


4.5.1 Flange 


It is the main structural part which holds all the other parts and subassemblies 
 together while mounting the whole FDA to the Coronagraph Optical Box (COB) Tube 
 by  eight  M4x16  bolts  and  special  PEEK  washers  as  defined  in  R-6202.  The 
 mechanical vibration loads are transmitted between FDA and the rest of the satellite 
 through  these  bolts.  There  is  also  one  pin  used  for  correct  positioning  of  the  FDA 
 before mounting, which is not considered in any computations. The connection of the 
 Flange (and the whole FDA) to the COB may be seen in Figure 4.3. 


Figure 4.3 - FDA connected to the COB Tube 


Tube 


Flange 



(28)4.5.2 Lid assembly 


It is the main moving part of the FDA. It covers and uncovers the coronagraph’s 
 optics. It consists of Lid, Lid arm, Lid nose, Touch screws and optical filters mounted 
 in the Lid. These parts may be seen in Figure 4.4. 


Figure 4.4 - Lid assembly 


The Lid has five optical filters (HHD, SPS) mounted in five holes (req.  R-4208). 


Special optics look  at the Occulter through these filters to control the alignment and 
 relative position of the two satellites. On the internal face of the Lid, there is a special 
 labyrinth  which  fits  (without  any  contact)  to  another  labyrinth  on  the  COB.  These 
 labyrinths  prevent  light  and  particles  to  pass  through  to  the  very  sensitive  optics 
 inside the COB. 


The  Lid  arm  serves  as  connection  between  the  Lid  and  a  shaft  which  is 
connected  to  an  electrical  motor  and  will  be  described  later.  It  also  holds  two 



(29)The  Lid  nose  connects  the  Lid  to  a  locking  device  which  holds  the  Lid  in  a 
 launch  position  and  which  will  be  briefly  described  later.  There  are  two  magnets 
 glued on the Lid nose, which are used to indicate closed position of the Lid (req. R-
 4512). 


The  Touch  screws  are  made  of  titanium  and  have  a  spherical  head  which  fits 
 into special cones mounted on the Flange called Touch-down. This fit holds the Lid in 
 the correct position while locked in the launch position and also helps the Lid to find 
 the right position while closing.  The Touch screws ale locked by a counter nut. 


Figure 4.5 - Touch-down contact 


The Lid needs to be preloaded in the locked position so that no gapping occurs 
 during  launch.  This  is  done  by  a  nut  on  the  Lid  nose,  which  can  be  tightened  and 
 presses  the  Lid  against  the  Flange  and  preloads  the  Lid.  The  magnitude  and  a 
 technique of the preload is discussed more in Chapter 7. 


4.5.3 Hinge (shaft) assembly 


This  subassembly  holds  in  place  the  Lid  shaft,  which  transfers  the  torque 
 between  an  electric  motor  and  the  Lid  assembly.  The  Lid  shaft  is  mounted  in  two 
 friction  journals  which  are  press-fitted  into  the  Hinge.  There  are  two  sensors  (one 
 nominal and one redundant) for open position mounted on the Hinge and these react 
 to the magnets on the Lid arm getting close when the Lid is open (req. R-4512). 
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(30)Figure 4.6 - Hinge assembly 


This subassembly plays a very big role in the computations. The shaft is loosely 
 inserted in the journals with a big  clearance and the journals are made of VESPEL-
 SP3 which is relatively soft. During the launch locked position of the Lid, the shaft is 
 pressed  against  the  journals  and  there  is  a  friction  between  those  parts  which 
 determines the stiffness of this connection and the stiffness depends on the preload 
 force. This  stiffness  has  to  be estimated  for  the  computations  and  will  vary  with  the 
 preload as will the calculated responses. 


4.5.4 Motor assembly 


It is the most critical section of the FDA in terms of computations because of the 
high  mass  of  the  Motor.  It  is  a  stepper  motor  with  a  gearbox,  torque  of  1.2Nm  and 
mass  of  180,8  grams.  It  is  mounted  in  the  Motor  bed  by  four  M2x10  screws  and  a 
clamp  which  is  bolted  to  the  Motor  bed  by  two  M3x8  screws.  The  motor  shaft  is 
7.98mm in diameter and is inserted into the Lid shaft while the torque is transferred 
by  3x3x14  key,  which  is  clamped  to  the  motor  shaft  to  prevent  it  from  falling  out 
during  the  launch  vibrations.  The  Motor  bed  which  holds  the  Motor  is  bolted  to  the 



(31)Figure 4.7 - Motor assembly 


4.5.5 Locking device (Pin-puller) 


The  Lid  is  locked  during  launch  using  the  Pin-puller  (PP)  which  is  a  wax 
 actuator working on a principle of thermal expansion of a special paraffin. The pin of 
 the Pin-puller is inserted in the Lid nose when the Lid is locked and preloaded. When 
 the Lid needs to be unlocked the Pin-puller will heat up the paraffin inside which will 
 cause  the  pin  to  retract and  enable  the  Lid  to  be  opened. This  will occur only  once 
 during the whole mission since the Lid will never need to be locked again. 
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(32)Figure 4.8 - Locking device 


4.5.6 Connector box 


Serves  as  a  housing  for  connectors,  which  connect  the  FDA  to  a  control  unit. 


The harness is coming to the connectors from the Motor and the open/close sensors 
through  a  groove  which  is  made  in  the  Flange  for  that  purpose.  Therefore  the  two 
connectors  located  on  the  Connector  box  serve  for  control  of  the  motor  and 
monitoring  of  the  position  of  the  Lid.  The  Pin-puller  is  controlled  through  a  different 
connector, which is located on the Flange close to the Pin-puller. 
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5  FEM description 


The  FEM  model  was  created  from  a  full  CAD  model  created in  Catia  (V5R19) 
 and  provided  by  the  FDA  designer.  Before  any  meshing  was  done  the  full  CAD 
 model  was  simplified  so  it  would  not  contain  unnecessary  and  structurally 
 insignificant  parts  and  components  like  harness,  connectors,  washers,  and  screws 
 although  the  screws  were  modeled  as described  below.  Small radii  and holes  were 
 also  removed  from  the  model.  The  idealization  of  the  model  was  done  in  Catia 
 (V5R19)  and  the  simplified  model  was  then  saved  as  STEP  part  and  transferred  to 
 NX Nastran (v.10.0.0.24) in which all the meshing and computations were done. 



5.1  Coordinate system 


The  coordinate  system  was  set  based  on  the  requirement  R-3200  which 
 determines  the  origin  of  the  coordinate  system  and  the  directions  for  the  axis  as 
 shown in Figure 5.1. 


Figure 5.1 - FDA global CSYS 


The origin of the coordinate system is in the center of the circle that creates the 
interface  between  the  FDA  and  the  COB  Tube.  The  X-axis  is  directed  to  the 
coronagraph, the Y-axis in the direction of SPS (which is a unit that is not part of the 



(34)FDA  and  is not  discussed in  this  thesis)  and  the  Z-axis  completes  the  right-handed 
 set. This coordinate system is used for the design, the FEM model and all the testing 
 and simulation. 



5.2  Mesh 


All  the  3D  deformable  parts  which  were  left  in  the  simplified  model  were 
 meshed  using  TETRA10  parabolic  tetrahedral  3D  elements.  The  request  for  a 
 minimum  of  two  elements  through-thickness of  any  part  was  implemented,  which  is 
 especially important for the Lid, the Motor bed and the Connector box which all have 
 thin-walled structures. 


The size of the elements was determined based on previous experience of the 
 company  taking  into  account  the  size  of  the  specific  part,  the  computation  time, 
 possible  stress  gradients  and  element  checks.  The  elements  type,  element  size, 
 number  of  elements,  number  of  nodes  and  the  material  property  which  specific 
 properties may be seen in Table 5.1. 


Table 5.1 - 3D mesh properties 


Part  Element type  Material 


property 


Element 
 size (mm) 


Number of 
 elements 


Number 
 of nodes 


Flange  TETRA10  Aluminum  3  74558  118877 


Lid  TETRA10  Aluminum  2,5  148165  228034 


Touchdowns  TETRA10  Steel  2  6526  10502 


Nose  TETRA10  Steel  1  22742  37121 


Lid arm  TETRA10  Aluminum  1,5  48788  78327 


Motor bed  TETRA10  Aluminum  2  40095  63824 


Hinge  TETRA10  Aluminum  2  19182  31683 


Connector box  TETRA10  Aluminum  3  43646  67281 


Lid shaft  TETRA10  Steel  2  18994  30993 


Total 3D elements  TETRA10  422696  666642 


Total 0D, 1D 
 elements 


RBE2, 


CBUSH,CONMASS 


2917  10589 


Total elements  425613  677231 
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5.3  Concentrated masses 


The Motor, the Pin-puller, the electrical connectors and the filters in the Lid were 
 not  modeled  as  3D  meshes  but  as  a  0D  CONMASS  concentrated  mass  elements 
 connected  to  the  model  by  RBE2  elements.  The  mass  properties  of  the  Motor  and 
 the Pin-puller were obtained from the supplier of these parts. The connectors and the 
 filters were weighed by Serenum. 


The  Motor  is  a  CONMASS  element  with  a  mass  of  180,8  grams  and  is 
 connected  by  four  RBE2  elements  to  four  screws  modeled  as  CBUSH  elements 
 which connect the Motor to the Motor bed. In addition, there are two RBE2 elements 
 and two CBUSH elements simulating the clamp of the Motor. This concentrated mass 
 is creating the most critical modes. 


The  second  biggest  concentrated  mass  which  is  also  quite  significant  in  the 
 modal analysis is the Pin-puller. It is modeled as a CONMASS element with a mass 
 of 72 grams and is connected to the Flange by four RBE2 elements and four CBUSH 
 elements.  


The  connectors  and  the  filters  are  modeled  as  CONMASS  elements  with  a 
 mass  of  3  grams  which  is  quite  insignificant  relative  to  the  mass  of  the  whole 
 assembly.  


Table 5.2 - Concetrated masses 


Part  Number of parts  Element type  Mass per part (g)  Total mass (g) 


Motor  1  CONMASS  180,8  180,8 


Pin-puller  1  CONMASS  72,0  72,0 


Connector  11  CONMASS  3,0  33,0 


Filter  6  CONMASS  3,0  18,0 


Total mass  303,8 



5.4  Material properties 


Because of how the FEM model is simplified only  three materials were used in 
the model and the properties of those material are listed in Table 5.3. The rest of the 
materials  which  are  listed  in  Table  4.2  are  not  present  in  the  model  because  the 



(36)corresponding  parts  were  somehow  replaced.  In  the  final  model,  the  Titanium  was 
 not  used  because  the  Touch  screws  are  modeled  by  1D  elements  and  although 
 some  simulations  were  performed  with  titanium  Motor  bed  it  was  decided  that 
 aluminum will be used in the final design. 


Table 5.3 - FEM material properties 


Material  Density (kg/m3)  Young’s Modulus (Mpa)  Poisson’s Ratio (-) 


Steel AISI 316  7850  193 000  0,3 


Aluminum EN AW 
 6082 T651 


2700  69 500  0,33 


Titanium GRADE 5  4430  114 000  0,41 



5.5  Modal and Random model 


There  is  a  different  model  used  for  the  computation  of  modal  properties  (and 
 tuning) and for random, quasi-static and sine loads computation. The model used for 
 the modal properties and tuning is called the Modal model and the other one used for 
 the  rest  of  the  computations  is  called  the  Random  model.  The  difference  between 
 these  models  is in  the  mass  budget.  It  is  required  for  the  Modal  model  to  have  the 
 same  mass properties as the real DM and for the Random  model to have the mass 
 budget increased by ten  percent. The difference in the mass properties of materials 
 and concentrated masses may be seen in Figure 5.4. 


Table 5.4 - Modal and Random model mass budged 
 Material  Density in Modal model 


(kg/m3) 


Density in Random model 
 (kg/m3) 


Increase (%) 


Steel  7850  8635  10 


Aluminum  2700  2970  10 


Concentrated mass  Mass in Modal model (g)  Mass in Random model (g)  Increase (%) 


Motor  180,8  198,9  10 


Pin-puller  72,0  79,2  10 


Connectors  3,0  3,3  10 


Filters  3,0  3,3  10 
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5.6  Screws 


All  screws  were  modeled  using  1D  elements,  specifically  RBE2  elements  and 
 CBUSH  elements.  The  absolutely  rigid  RBE2  elements  were  used  to  create  a  so-
 called “spider” which can be seen in Figure 5.2. Each bolted connection always has 
 two spiders. One for each of the connected parts. The spider always connects a face 
 to a point. The face is either an area in the threaded hole where the screw is actually 
 screwed  into  the  hole  or  the  area  of  the  countersunk  hole  where  the  screw  is  in 
 contact with the part. The point is always at the interface of the two parts and in the 
 center  of  the  hole.  An  exception  is  the  Touch  screw  which  is  modeled  differently 
 since it is not a typical bolted connection. 


The  two  spiders  are  connected  at  the  interface  by  a  1D  zero-length  CBUSH 
 element. The coordinate system of the CBUSH element is defined so the X-axis is in 
 the direction of the screws axis and stiffnesses for all six DOF’s  may be set. These 
 stiffnesses are the main parameters used for tuning the FEM,  which is described in 
 Chapter 10. 


Figure 5.2 - Example of a screw modeling 
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5.7  Lid Shaft 


The Lid shaft is connected to the Lid arm by a friction joint and that is modeled 
 by mesh mating function which connects both meshes of the parts by rigid elements 
 in  the  area  where  the  two  meshes  are  coincident  with  a  certain  tolerance.  That 
 results  in  a  similar  connection  as  if  the  two  parts  shared  the  same  mesh  which 
 simulates the friction joint well. 


The Lid shaft sits in the friction journals which are press-fitted in the Hinge. This 
 connection is  realized  by  a  spider  at  each  end  of  both  the  Lid  shaft and  the  Hinge. 


Those  spiders  connect  to  the  axis  of  the  Lid  shaft  where  they  are  connected  by 
 CBUSH  elements  similarly  to  bolted  connections.  Stiffnesses  of  these  CBUSH 
 elements are a very important and very complicated parameter of tuning of the FDA 
 because it is much less stiff than a usual bolted connection and is dependent on the 
 preload  force.  The  Lid  shaft  is  not  connected  to  the  Motor  shaft  in  any  way  since 
 those  two  are  not  in  contact  while  the  Motor  is  not  running  because  of  very  big 
 tolerances. 


Figure 5.3 - Lid shaft connections 
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5.8  Pin-puller 


The connection between  the FDA Flange, the Pin-puller, and the Lid nose can 
 be  seen  in  the  Figure  5.4.  It  uses  two  spiders,  one  RBE2  beam  and  a  CBUSH 
 element.  The  spiders  are  connecting  the  areas  where  the  Flange  and  the  Lid  nose 
 are  in  contact  with  the  Pin-puller  (which  is  not  modeled  in  3D)  in  the  locked 
 configuration with points on the axis of the Pin-puller. An RBE2 beam is connected to 
 one  spider  and  goes  to  the  other  one  where  it  is  connected  by  a  CBUSH  element 
 simulating the stiffness of this connection. 


Figure 5.4 - Pin-puller connection 



5.9  Touch screw 


This  connection  is  not  a  classical  bolted  connection  but  is  modeled  very 
 similarly. It is realized by two RBE2 spiders and a CBUSH elements with a very low 
 stiffness since it is just a contact. One spider is connecting the hole in the Lid where 
 the Touch screw is screwed into the Lid to the CBUSH element in the center point of 
 the Touch-down. The other spider is connecting the surface of the cone of the Touch-
 down where the spherical head of the Touch-screw is in contact with the Touch-down 
 to  the  center  point  of  the  cone  where  both  spiders  are  connected  by  a  CBUSH 
 element. 
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(40)Figure 5.5 - Touch screw connection 



5.10 Lid nose 


The  connection  between  the  Lid  and  the  Lid  nose  is  done  very  specifically  to 
 ensure the possibility to apply the preload on the Lid. There is a washer modeled as 
 3D mesh connected to the Lid by mesh mating. In the real CAD model, there is a nut 
 on  the  Lid  nose  which  is  used  to  apply  the  preload  to  the  Lid  and  which  is  not 
 modeled  in  the  FEM.    Instead,  there  are  two  RBE2  siders  and  one  BEAM  element 
 connecting  those  spiders.  The  BEAM  element  is  on  the  axis  of  the  Lid  nose  thread 
 and a preload force can be set for this element.  
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5.11 Flange-Tube connection 


The  connection  between  the  Flange  (and  thus  the  whole  FDA)  and  the  Tube 
 (which is part of the coronagraph) might be the most important in the whole model. It 
 creates the interface between the satellite and the FDA and all the vibration loads are 
 transferred  through  this  connection  from  the  satellite  to  the  FDA.  There  are  eight 
 screws  in  this  connection  which  are  modeled  in  the  same  way  as  other  screws.  A 
 RBE2  element  goes  from  each  of  those  screws  to  the  COG  of  the  whole  model 
 where is an excitation point and all the vibration loads in all the simulations are forced 
 at this point. 


Figure 5.7 - Flange-Tube connection 



5.12 FEM checks 


The  following  model  checks  were  performed  before  any  simulation  was  run  to 
 verify  that  the  model  will  act  as  a  rigid  body  when  unconstrained.  Both  check  were 
 done with a free-free Modal model. That is a model without any loads or constraints 
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(42)and  without  the  RBE2  spider  connecting  the  Flange  to  the  excitation  point  (see 
 Figure 5.7). 


5.12.1  Strain energy check 


The  model passed  the  strain  energy  check with  the  maximum  strain  energy in 
 all six directions summarized in Table 5.5. The pass limit was 10-2 J for translational 
 DOFs (1,2,3) and 10-1 J for rotational (4,5,6) DOFs. 


Table 5.5 - Strain energy check 


DOF  Maximum strain energy (J)  PASS/FAIL 


1  7.233076E-06  PASS 


2  1.312619E-05  PASS 


3  4.986362E-06  PASS 


4  3.344242E-02  PASS 


5  7.754335E-02  PASS 


6  5.161255E-02  PASS 


5.12.2  Modal check 


The  model  passed  the  modal  check  with  the  first  six  modes  showing  a  rigid 
 body motion with frequencies below 10-2Hz. The seventh mode is the first non-RBM 
 mode of the free-free Modal model. 


Table 5.6 - Modal check 
 Mode  Frequency (Hz) 


1  3.833479E-03 


2  2.691672E-03 


3  7.281559E-04  


4  1.724211E-03 


5  2.769159E-03 


6  5.217310E-03 


7  5.373676E+02 
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6  Preliminary simulation 


After  the  FEM  model  is  done  and  before  the  DM  can  be  assembled  some 
 preliminary simulations need to be done. At this point, the model was not correlated 
 therefore  the  stiffnesses  of  the  screws  were  set  to  an  approximate  value  given  by 
 equation 3-1, which gives the stiffness values in order of 106 N/mm. 



6.1  Tightening torques 


In order to assemble the DM for the vibration testing the tightening torques for 
 the screws needed to be delivered. To calculate those the forces in the screws have 
 to be known and therefore  a preliminary random vibration simulation was performed 
 using  the  original  spectra  (see  Appendix  A).  First,  the  forces  in  the  connection 
 between  the  Lid  and  the  Pin-puller  needed  to  be  computed  to  determine  the  Lid 
 preload  force  (see  Chapter  7).  The  calculated  forces  may  be  seen  in  the  following 
 Table 6.1. 


Table 6.1 - Preliminary random forces at PP-Lid 
 Excitation 


axis 


Force component (N) 


X  Y  Z 


X  38  33  5 


Y  16  19  2 


Z  8  12  7 


As  expected,  the  biggest  force  is  in  the  X  direction  with  the  excitation  in  X 
 direction as that one is the most severe. The preload force necessary for preventing 
 gapping (see Chapter 7) was then calculated using the Equation 7.1 and the biggest 
 force which is 38N. 


𝐹𝑃= 𝑀 ∙ 𝑘 ∙ (3 ∙ 𝐹𝐹𝐸𝑀) = 2 ∙ 1,2 ∙ (3 ∙ 38) =  274 [𝑁]  (6-1) 
This preload force was then applied to the FEM model and static simulation was 
run and gave a set of forces in the screws caused by the static preload. After that, a 
random  vibration  simulation  for  each  axis  with  the  original  spectra  was  run  and 
provided  another  three  sets  of  forces  in  the  screws.  Appendix  B  contains  a  set  of 



(44)forces for each axis excitation. The forces from random vibrations changes for each 
 axis while the forces from the preload stay the same for each axis. The components 
 of  the  forces  are  not  consistent  with  the global  CSYS  but  X is  the  axial  force  in  the 
 screw and Y, Z are the lateral forces. The sum of both sets is included and was used 
 for the calculation of the tightening torques using the approach described in Chapter 
 12. 


The  tightening  torques  were  then  adjusted  so  all  of  the  MoS  are  positive  and 
 are summed in Table 6.2. 


Table 6.2 - Preliminary tightening torques 


Part 1  Part 2  QTY.  SCREW  Tightening torque (N.mm) 


Flange  Tube  8  M4x12  1100 


Flange  Motor bed  6  M4x10 COUNTERSUNK  1100 


Flange  Hinge  4  M4x8 COUNTERSUNK  1100 


Flange  Conn. box  3  M4x10 COUNTERSUNK  1100 


Flange  Touch down  2  M3x8  500 


Flange  Pin puller  4  SCREW #6-32 3/8", C-606-N  640 


Motor bed  Motor  4  M2x10  120 


LID  Lid-arm  5  M3x8  500 


LID  Touch-screw  2  M4  1100 


Bolted  connections  which  are  not  in  this  table  were  excluded  from  the 
calculation because of very small forces in the screws and the tightening forces were 
obtained from standards. The calculated torques were then used to assemble the DM 
which was then ready for the vibration testing. 
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7  Lid preload  


During launch, the FDA is in a closed and locked position and a specific preload 
 is  applied  on  the  Lid.  The  main  function  of  the  preload is  to  prevent  gapping  which 
 may  be  caused  by  vibrations  during  launch.  If  the  preload  is  too  low  gapping  may 
 occur  between  the  Lid  and  the  Flange  where  those  two  subassemblies  connect. 


Specifically  Touch  screws,  Lid  nose,  and  the  Hinge.  If  the  preload  is  too  high  it 
 causes  unnecessarily  high  stress  in  the  parts  mainly  in  the  Lid  ribs.  The  preload  is 
 realized  by  tightening  a  nut  on  the  Lid  nose  which  causes  the  Lid  to  bend  and 
 preload.  


Figure 7.1 - Lid preload 



7.1  Preload calculation 


The  correct  preload  force  is  obtained  from  the  FEM  computations.  The  FEM 
 model  is  loaded  with  the  random  spectra  in  each  direction  and  an  axial  force  is 
 measured  in  the  BEAM  element  connecting  the  Lid  and  the  Nose  (see  Figure  5.6). 


An  axial  force  for  each  loading  direction  is  obtained  and  the  biggest  one  is 
 considered for the preload force calculation given by: 


𝐹𝑃 = 𝑀 ∙ 𝑘 ∙ (3 ∙ 𝐹𝐹𝐸𝑀) [𝑁]  (7-1) 
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(46)Where FFEM is the axial force measured in the BEAM element and it is multiplied 
 by  three  because  the  result  from  the  simulation  is  considered  with  a  standard 
 deviation  of  1σ. Coefficient k is a safety factor which in this case is 1,2 and M is a 
 motorization factor which is another type of safety factor and is set to 2. This preload 
 force  may  change  many  times  during  the  design  and  computation  process  as  the 
 random spectra changes. 



7.2  Preload application and measurement 


On the physical design model, the Lid preload is controlled by measuring a gap 
 between  the  Lid  and  the  Flange.  The  gap  may  be  seen  in  Figure  7.1  and  the 
 measuring of the gap is shown in Figure 7.3 (right). But in order to control the preload 
 force, the relation between the gap size and the preload force has to be determined. 


A special calibrated spring was used to determine the relationship between the 
 gap and the preload force. First, the relationship between deformation and force was 
 obtained for the spring by measuring changes of its length in relation to force applied 
 by weights.  


Figure 7.2 - Force-compression relation of the preload measuring spring 


Then  the  special  spring  was  mounted  on  the  Nose  and  the  preload  of  the  Lid 
 was applied by compression of this spring. It was decided to measure three preload 
 forces  which  values  (see  Table  7.1)  were  based  on  preliminary  simulations.  Those 
 preload  forces  were  later  used  in  the  vibration  testing  and  any  other  value  may  be 
 interpolated. Measuring of the relationship may be seen in Figure 7.3. 
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(47)Figure 7.3 - Gap-preload relationship measurement 


In  the left,  the  compression  of  the  spring is measured  giving  the  preload  force 
 from the relation in  Figure 7.2. In the right, the gap is measured to give the relation 
 between  the  gap  and  the  preload  force.  With  this  relation  known  the  preload  may 
 now be set only by measuring the gap. 


The  three  preloads  picked  for  the  relation  measurement  and  for  the  vibration 
 testing are in Table 7.1 with the according gaps measured. 


Table 7.1 - Preloads selected for testing 
 Lid preload  Force (N)  Gap (mm) 
 Preload A  120-135  3,0 
 Preload B  190-200  2,6 


Nominal  270-280  2,2 


For  easy  control  of  the  preload  gauges  were  made  from  aluminum,  each  with 
the  specific  thickness.  These  gauges  are  put  into  the  gap  and  the  nut  is  tightened 
until  the  gauge  is  not  loose  but  can  be  still  easily  removed.  This  method  is  not 
completely  objective  since  it  depends  on  the  person  performing  the  preload  as  he 
decides  what  is  loose  and  what  is  easily  removed.  Therefore,  the  gap  is  also 
measured by a digital caliper. 
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8  Vibration testing 


After  certain  preliminary  computations  are  performed  on  the  FEM  model  as 
 described in Chapter 6, the physical DM may be manufactured and vibration testing 
 may be performed. All the parts are sent for manufacturing and tightening torques for 
 the assembly are calculated as described in Chapter 12 with forces obtained from the 
 preliminary simulations mentioned above. 


The  manufactured  parts  of  the  DM  are  cleaned  and  assembled  in  the 
 cleanroom according to the design and using original Motor and Pin-puller. The DM 
 is only missing some harness, harness hooks, one small connector, and the surface 
 finish. These deviations from the final model are negligible since those parts have a 
 very small mass compared to the rest of the assembly. 


The assembly is  fastened  onto  a  vibration adapter  which is  used  to  mount  the 
 FDA  on  a  vibration table. The adapter  has  the  same  connection  dimensions  for  the 
 FDA  as  the Tube,  which is  the  FDA’s  connecting  part  to  the  satellite.  On  the  other 
 side,  the  adapter  has  holes  for  connection  to  the  vibration  table.  A  very  important 
 parameter of the adapter is the first natural frequency. It is designed in a way that the 
 first  natural  frequency  is  above  the  tested  range  of  frequencies  in  this  case  above 
 2500Hz because it is unwanted for the adapter’s natural frequencies to appear in the 
 FDA resonance search or influence the random vibration responses. 



8.1  Setup 


The  FDA  DM  was  vibration  tested  in  ESTEC  (European  Space  Research  and 
 Technology  Centre)  in  Noordwijk,  Netherlands,  which  is  the  main  research  and 
 engineering facility of the ESA. Some preliminary and additional vibration tests were 
 also done in VZLU (Czech Aerospace Research Centre), Prague but the final results 
 are from ESTEC. 


The  FDA  DM  was  sent  to  ESTEC  assembled,  without  the  Lid  preload  and 
without accelerometers. Upon beginning of the testing, the FDA was mounted on the 
adapter by eight M4x16 screws with PEEK washers and tightened by 1,1 Nm torque 



(49)vibration  table  by  five  M8x12  screws  tightened  by  33  Nm  torque  prescribed  by  the 
 ESTEC test engineer.  


The tested axis are in correspondence with the coordinate system in Figure 5.1. 



8.2  Accelerometers 


The  three  main  locations  for  accelerometer  placement  were  chosen  based  of 
 the  preliminary  modal  simulations  which  show  the  most  significant  mode  shapes. 


These shapes are usually created by the high-mass components of the FDA which is 
 the Motor and the Pin-puller. The main three locations are Motor inter-face (IF1), Pin-
 puller inter-face (IF2), and Lid center (T1). These main locations are marked in Figure 
 8.3  along  with  some  other  locations  which  were  measured  but  the  data  were  not 
 used in the tuning of the FEM model. The drive accelerometer is placed differently for 
 each axis but always on the vibration table and is denoted as C1. 


Table 8.1 - Accelerometers list 
 Channel 


no. 


Designa 
 tion 


Type  Part measured  Sensitivity 
 (mV/g) 


Measured axis 
 X 


excitation 
 Y 


excitation 
 Z 


excitation 


1  C1  Triaxial  Vibr. table  62341  X  Y  Z 


3,4,5  IF1  Triaxial  Motor IF  122691  X,Y,Z  X,Y,Z  X,Y,Z 
 6,7,8  IF2  Triaxial  Pin-puller IF  122689  X,Y,Z  X,Y,Z  X,Y,Z 
 9,10,11  T1  Triaxial  Lid center  93828  X,Y,Z  X,Y,Z  X,Y,Z 
 12,13,14  T2  Triaxial  Lid arm  94340  X,Y,Z  X,Y,Z  X,Y,Z 
 15,16,17  T3  Triaxial  Lid at Nose  171504  X,Y,Z  X,Y,Z  X,Y,Z 
 18,19,20  T4  Triaxial  Lid at Touch-s.  172986  X,Y,Z  X,Y,Z  X,Y,Z 



8.3  Test plan 


The vibration testing has three main objectives: 


1)  Perform a resonance searches to obtain transfer functions which are needed 
 for the FEM model correlation (tuning) 


2)  Explore the effect of the Lid preload on the responses 


3)  Learn about possible settling of the DM and its influence on the responses 



(50)In order to complete these objectives, the DM needs to be tested in each axis, 
 with at least two different Lid preloads and for both low-level sine sweep and random 
 vibrations. The testing plan for each axis is: 


1)  Mount the DM onto the table and mount all the accelerometers 
 2)  Set a specified preload and measure the gap 


3)  Run  LL  sine  to  acquire  the  transfer  functions  and  check  for  possibly 
 dangerous amplifications  


4)  Run -12dB random vibration to gain responses and possibly force the settling 
 5)  Run LL sine to learn about possible settling during the random vibrations 
 6)  Measure the gap a check the responses for possible changes due to settling 
 7)  Set a different preload 


8)  Repeat 2) to 6) 


This  process requires  six  runs  for each axis which  makes  the  testing  eighteen 
 runs total considering everything goes as planned. 


The LL sine spectra for all axes can be seen in Table 8.2. 


Table 8.2 - Low-level sine spectra 


Frequency (Hz)  Levels (g)  Sweep Rate (oct/min)  


5-2000  1  2 (up) 


The random vibration loading spectra which were used are the original spectra 
 (see  Appendix  A)  but  were  run  at  -12dB  to  avoid  any  risk  of  damaging  the 
 components  especially  the  Motor  or  the  PP.  Previous  testing in  VZLU  showed  very 
 hight amplification at the Motor IF which could lead to damaging loads of the Motor if 
 exposed to the full spectra. On the other hand, this decrease of the spectra probably 
 results in lower effect of the random vibrations on the settling and possibility of bigger 
 impact with full load should be taken into account. 



8.4  Settling 


It  is  very  common  for  mechanisms  to  settle  while  being  exposed  to  vibration 
loads.  Every  mechanism  has  moving  parts,  which  are  not  rigidly  connected  to  the 



(51)vibrations  and  moving  of  the  parts.  When  the  mechanism  is  locked  the  parts  take 
 some  relative  position  and  create  some  contacts.  Even  though  this  prevents 
 excessive movement the parts will move relative to each other at least a little bit after 
 being  exposed  to  the  vibration  loads.  This is  usually  caused  by  the  vibration  forces 
 overcoming the friction forces between the parts and moving the parts to some more 
 stable position. This shift in position may lead to changes of resonance frequencies 
 and amplitudes during launch and it should be taken into account. 


In our case, the Touch screws settles in the Touch-downs, the Lid shaft settles 
 in  the  bearings  and  the  Nose  settles  on  the  Pin-Puller  pin.  Those  are  the  locations 
 where the moving part (Lid assembly) is in contact with the rest of the FDA. 


This settling may be  measured by change of the gap between the Lid and the 
 Flange. The same gap that is used to control the preload (see Chapter 7). 



8.5  The testing 


Below is described the step by step procedure of the vibration testing as it was 
 performed with description of what was done and what results it brought. 


8.5.1 Z-axis 


The  FDA  DM  was  mounted  on  the  vibration  table  as  described  above,  all  the 
 accelerometers  were  mounted  on  their  respective  positions  and  the  testing  started 
 with the Z-axis. 


Figure 8.1 - Z-axis testing 


EXCITATION 
 DIRECTION - Z 


C1 



(52)8.5.1.1  Preload B 


The first applied preload was the Preload B (see Chapter 7). Measuring the gap 
 with  the  caliper  is  quite  uneasy  so  the  gap  was  measured  to  be  between  2,75  and 
 2,80. Then the LL sine, -12dB random and second LL sine tests were performed and 
 the gap was measured again with results between 2,79 and 2,82 which shows  some 
 settling but the difference in the gap is so little, that it can not be completely relied on 
 and since the changes in the gap are very small and the measuring technique is not 
 very  precise  it  was  decided  that  the  settling  will  be  mainly  judged  based  of  the 
 responses and may also be confirmed by checking the gap if desired. 


The  resonance  search  before  and  after  the  random  were  compared  and  an 
 example  of  the  comparison  may  be  seen  in  Figure  8.2.  It  is  the  Lid  center  in  the  Z 
 direction and it shows increase of the amplitude of the first two peaks and almost a 
 disappearance  of  the  peaks  around  900  and  1000Hz.  It  is  important  to  realize  that 
 these  changes  are  only  caused  by  exposing  the  FDA  to  -12dB  random  vibration 
 loads  and  therefore  settling  of  the  assembly  is  present.  It  was  decided  that  the 
 responses after the random vibration should be used for the FEM model correlation 
 as  the  unit  may  be  vibration  loaded  after  final  assembly  to  ensure  the  settled 
 responses will occur during launch. 


Figure 8.2 - Example of settling 
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