A

CZECH TECHNICAL UNIVERSITY IN PRAGUE

FACULTY OF MECHANICAL ENGINEERING

Dynamic analysis of satellite telescope front door

Diploma thesis

Study program: Aeronautics and Astronautics
Field of study: Aerospace Technology

Thesis supervisor:  Ing. Jaromir KuCera

Bc. Matéj Stejskal

Prague 2019






ZADANI DIPLOMOVE PRACE

. OSOBNI A STUDIJNI UDAJE

Pfijmeni: Stejskal Jmino: Mats) Oszobnl fisle: 419792
Fakultafistav Fakulta strojni

Zadévajici katedralistav:  Ustav letadlové techniky

Studijni program: Letectvi a kosmonautika

Studijni obor: Letadlové a kosmicka technika

- =

II. UDAJE K DIPLOMOVE PRACI

H-EZEH' diplomoné prace: ) o
D-,-mmir:l-:ﬁ analyza tlvi'nh dalekohledu dmﬂu

Mazev diplomowé prace anglicky:
Dynamic analysis of satellite telescope front door

Pokyny pro wpracovani:
Pa wypracovani provedbe naskedugic
1) papls mise, funkoe zaflzen|, popis designu
2) tvorba a popis MKP modaiu
3) vibrafni zkousky wvojowiho modelu
4) meperimentaing moddlni analyza wiranyeh uzkd wvojoveho modelu
5) ladéni parametrd MEF modelu na expenmentsini data
&) statickd a dynamicka analyza MEP modealu
T wipodet Gnasnosti konstrukee dvifek na zakiade visledkl analyz
B) wypodet dnoanost Aroubowych spofd na zékladd vysladkl analyz

Seznam :lqp-umtun&]il:aratury:
Dle pokyni vadouciho
Jméne a pracovidld vedouci(ho) diplomavé prace:
Ing. Jaromir Kuéera, dOstav letadlove techniky F3
Jméno a pracoviétd drubé(ho) vedouci (o) nebo konzultantalky) diplomové préce:

— B —

Datum zadan( diplomoveé prace: 30.04.2019 T!I‘T'I‘Ill'i odevzdani diplomowé prace. 02.08.2019

Platnost z j:;ydmwéprme ﬁ — o
'g"'_ » T

andl-? Kiltera tr-amr Ph.O. prof. Ing. Michae! valagek, DrSe,
lem mmmumn:r pretpes chifcar ey

L

Il. PREVZETI ZADANI

Diglomant bers ra vidoml, B e povicen vypraconal dipkenciu praci Samoalaing, bae Ciel pemeci. 8 wimkau poskyimsyoh konzulaci,
Sernam pouZitd [Recalury, jinjch pramend a jmen korzultand & e wolel v diphomond prac.

27 . 2079 Gy

Gatum prevaetl zadéni Podpis sludenta )

CVUT-CZ-T0P-2015.1 o I:".'LIT v Praze, I:le-m;n SWVUT v Praze, W:







Declaration

| declare that | completed this thesis titled “Dynamic analysis of satellite front
door” by myself with supervision of Ing. Jaromir Ku€era and with help of literature,

which is listed at the end of this thesis.

September 6™ 2019, Prague

Bc. Matéj Stejskal







Acknowledgment

| would like to thank Ing. Jaromir Kucera for very good and helpful supervision
of my work. | would also like to thank all of the professors who taught me during my
studies since without the knowledge they provided | would not be able to complete
this thesis. Last but not least | would like to thank my family and friends for their
support.







Author:
Title (C2):
Title:

Year:

Study program:
Field of study:
Department:
Supervisor:
Consultant:

Bibliographic data:

Keywords (CZ):
Keywords:

Abstract (C2):

Abstract:

Abstract

Bc. Matéj Stejskal
Dynamicka analyza dvifek dalekohledu druzice
Dynamic analysis of satellite telescope front door

2019
Aeronautics and Astronautics

Aerospace Technology

Department of Aerospace Engineering
Ing. Jaromir KuCera
Ing. Jaromir KucCera

pages: 86
figures 40
tables 22
appendixes 6

satelit, druzice, koronograf, dvifka, mechanismus, analyza

satellite, coronagraph, spacecraft, structure, mechanism,
mechanical, analysis

Prace se zabyva mechanickou analyzou sestavy Front
Door Assembly (FDA), ktera je soucasti kosmické mise
PROBA-3. FDA slouzi jako dvifka dalekohledu
koronografu, ktery je souclasti jedné zdruzic mise
PROBA-3. Analyza se sklada ztvorby MKP modelu,
vibra€niho testovani fyzického navrhového modelu, ladéni
MKP modelu, mechanické analyzy v podobé mnoha MKP

simulaci a vyhodnoceni namahani dilt a spoju.

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.

Dynamic analysis of satellite telescope front door -5-
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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

orbits are defined in a specific way so the satellites remain in a cluster

Dynamic analysis of satellite telescope front door -6 -



/@ﬁ CTU in Prague
/ ®Je] Faculty of Mechanical Engineering

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.

Dynamic analysis of satellite telescope front door -7-
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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.

Figure 2.3 - lllustration of the PROBA-3 mission [1]

Dynamic analysis of satellite telescope front door -8-
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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.

Dynamic analysis of satellite telescope front door -9-
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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.

+1.6mm

6h - apogee arc
- 1, =6h49m, 8., =170
1, =12h49m, 8., =190

formation break TN formation acquisition
(=13h19m ) 1= 5h19m

§=163.6

TBC
arcsec

+1.6mm

1=0h45m,

__p7 9x109

1 =18hS3m.
9x251
T=19M38m

TBC | GPS visibility

arcsec

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.

ORIGINAL DESIGN
SPECTRA (CAD)
h 4
NEW | FEM | PRELIMINARY
SPECTRA "| MODEL "l SIMULATIONS
F Y
h 4
COUPLED DESIGN MODEL
ANALYSIS MANUFACTURING v
Iy TIGHTENING
] TORQUES
FEM DM VIBRATION
TUNING TESTING B
| FULL FLIGHT
"l SIMULATION MODEL
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:

AE[N (3-1)
k=—|—
[l Imm

Where A is the minimal cross-section of the screw, E is the Young’s modulus of
the screw’s material, | 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.

Dynamic analysis of satellite telescope front door - 13-
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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
coronagraph

R-6202 The FDA shall be bolted to the Tube with 8 x M4 bolts

Dynamic analysis of satellite telescope front door -14 -
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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.

Metor -1585881 1520@-Shaft_assy

Y 15202-5haft assy  15b@@-Sensar redundant open
jeeter assy 157@0-Sensar nominal open Mater ~150588
/
r|II 15300-Connector _assy
\\\\ iy N
Wl S
- = ’ /
= ] I

15180-Lid_assy

15080-F lange assy

1508@-F lange assy

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.
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Locked Closed Open
Locked by Pin-puller and Pin-puller retracted and the Unlocked and the Lid
preloaded Lid unlocked opened by 180 degrees

4.4 Materials

Figure 4.2 - FDA configurations

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

material properties:

Table 4.2 - Material properties

Aluminum A286
Steel Titanium VESPEL
EN AW AISI PEEK Glass
AISI 316 grade 5 SP3
6082 T651 660
Density p [kg/m?3]
2700 7850 7950 4430 1310 | 1600 2203
Young
E | [MPa] | 69500 193000 | 200000 | 114000 | 4300 | 2413 70000
modulus
Poisson’s
) v [-] 0.33 0.3 0.3 0.41 0.4 0.41 0.17
ratio
Yield oy, | [MPa]
240 290 590 1100 115 N/A N/A
Strength
Ultimate
out | [MPa] | 295 550 900 1170 115 | 58.5 50
Strength
Dynamic analysis of satellite telescope front door - 16 -
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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

Dynamic analysis of satellite telescope front door -17 -
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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.

EN IS0 4762 SCREW M4x12 STEEL HEXAGOM SOCKET HEAD CAP 151B53-FM Lid arm

EN 28738 WASHER 3 STEEL GRADE A FLAIN LWASHER

Magnet_ALNICO
SCREW M3x8-DIMN 312

151@1-FM Lid

15104 - Touch_screw

EM IS0 4@32 NUT M4 STEEL GRADE A HEXAGON
151@7-FM

1%186-FM Lid PP nose

Erl IS0 4@832 MNOT Mb STEEL GRADE A HEXAGON 15116-FM_Beleville spring

Er 28738 WASHER & STEEL GRADE A& PLAIM WWSHER FOR CLEWVIS PIMNS
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

magnets which are used to indicate the open position of the Lid (req. R-4512).
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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.

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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EMN IS0 4787 SCREW M3x5 STEEL HEXAGON SDCKET HEAD CAP 15202-FM Hinge

EN IS0 4762 SCREW MZ2x8 STEEL HEX&SGON SOCKET HEAD CAP

15283-FM Shatft

Sensar MNaminal Opey

15214-FM Flanged Journal

Flunger_M4_1

OKI-0ORDZ11

Sensor Redundant Open
Figure 4.6 - Hinge assembly

This subassembly plays a very big role in the computations. The shatft 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

Flange by six M4x10 screws.
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a5

. 3 fﬁm Key clamp

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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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
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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 Element Number of Number
property size (mm) | elements of nodes
Flange TETRALO0 Aluminum 3 74558 118877
Lid TETRAL0 Aluminum 2,5 148165 228034
Touchdowns TETRA10 Steel 2 6526 10502
Nose TETRALO Steel 1 22742 37121
Lid arm TETRA10 Aluminum 15 48788 78327
Motor bed TETRA10 Aluminum 2 40095 63824
Hinge TETRALO 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 OD, 1D RBE2, 2917 10589
elements CBUSH,CONMASS
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
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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/m?®) Young’s Modulus (Mpa) | Poisson’s Ratio (-)
Steel AISI 316 7850 193 000 0,3

Aluminum EN AW 2700 69 500 0,33

6082 T651

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 Density in Random model Increase (%)
(kg/m3) (kg/m?)
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.

RBE2 spider

RBE2 spider

CBUSH connection

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.

Lid arm =L
RBE2 spiders and CBUSH

representing the friciton

journals

Lid shaft

Mesh mating

representing the friciton

joint

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.

RBE2 spider

CBUSH

connection

Lid nose

RBE2 spider

RBE2 beam

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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Touchdown

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.

RBE2 spiders

N

Flange

BEAM

element

Mesh mating

Lid nose Nose washer

Figure 5.6 - Lid nose connection
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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.

RBE2 spiders

T

CBUSH

connections

Excitation

point

RBE2 beams

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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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 102 J for translational
DOFs (1,2,3) and 101 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
2.691672E-03
7.281559E-04
1.724211E-03
2.769159E-03
5.217310E-03
5.373676E+02

N o o A WD
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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 108 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 | Force component (N)
axis X Y z
X 38 33 5

16 19 2

4 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 Fepy) =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
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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

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.

were excluded from the
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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.

" TOUCH-SCREW

MEASURED GAP

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" Frgy) [N] (7-1)
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Where Frewm 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 10. 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.

Depression (mm)

w
o

y =0,0616x
R?=0,9977

N
(6]

=N
«a o

Depression (mm)
=
o

0 50 100 150 200 250 300 350 400 450
Load F (N)

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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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
calculated in Chapter 6. The adapter with the FDA DM was then mounted on the
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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 | Designa | Type Part measured | Sensitivity | Measured axis
no. tion (mV/g) X v Z
excitation | excitation | excitation
1 C1 Triaxial | Vibr. table 62341 X Y z
3,4,5 IF1 Triaxial | Motor IF 122691 X,Y,Z XY, Z XY, 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 XY, Z XY, Z X,Y,Z
12,13,14 | T2 Triaxial | Lid arm 94340 X,Y,Z XY, Z XY, Z
15,16,17 | T3 Triaxial | Lid at Nose 171504 X,Y,Z XY, Z XY, Z
18,19,20 | T4 Triaxial | Lid at Touch-s. | 172986 XY, Z XY, 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
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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

rest of the unit. Before launch, the mechanism needs to be locked to avoid excessive
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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
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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.

Z-excitation, Preload B, 0,5g LLsine, T1-Z, before/after random
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Figure 8.2 - Example of settling
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8.5.1.2 Nominal preload

The Lid was tightened to the Nominal preload and the three test were run again.
The responses were checked for settling and it was discovered that none settling
occurred which was also confirmed by measuring the gap. This absence of settling
may have two reasons: the Lid was already settled after the previous vibrations or
the Nominal preload is high enough to prevent the settling.

8.5.2 Y-axis

The testing continued with Y-axis. Figure 8.3 shows the Y-axis setup and the
position of all accelerometers, which is the same for each axis testing (except the
control accelerometer C1).

o
)

o J
Figure 8.3 - Y-axis testing
8.5.2.1 Nominal preload

The Nominal preload was applied first this time to learn more about the settling.
The three runs were performed and responses were checked for settling. This time

the settling was very small, which again may have couple reasons:

The nominal preload is actually not high enough to prevent settling. It could
have been high enough in the previous case, that is Z-axis with Nominal preload and
still can be not sufficient in this case because the spectra and excitation axis
changed.

Dynamic analysis of satellite telescope front door -43 -



@)
' %?5 CTU in Prague

/ ®J&] Faculty of Mechanical Engineering

Or some settling is always present after the Lid is opened and closed again,
which is necessary for changing the excitation axis since the adapter needs to be
removed from the table and the screws are unreachable while the Lid is closed. This
option is very possible since after the Lid is closed it is only roughly settled in place
and even though it is preloaded it can still find a different position when exposed to

vibrations.
8.5.2.2 Preload B

The Lid was loosened to the Preload B and the three runs were performed. The
responses were checked for settling and some shifts in frequencies were observed.
Since these test were not run after the opening and closing of the Lid and previous
testing was done with higher preload it seems that the Preload B is not sufficient for

this excitation.
8.5.3 X-axis

The last tested axis was X, which was not tested on the slip table but directly on

the vibration table.

Figure 8.4 - X-axis testing

As previous testing showed, excitation in this axis is the most severe for the
FDA. It causes especially big amplifications on the Motor and the test should proceed

with caution to prevent some unnecessary overtesting of the components.
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8.5.3.1 Nominal preload

First, the Nominal preload is set and the LL sine is run. Responses from the LL
sine shows a very big amplification on the Motor IF accelerometer (IF1) in the X
direction, specifically a peak at about 870Hz (Figure 8.5) with acceleration of 40g
which is an amplification of 80. After checking the loading random spectra it was
calculated that this peak could mean a response of 450g%/Hz which is unacceptable

and could lead to overtesting or damaging the Motor. This has two consequences:

The loading spectra need to be notched before further testing and the design is
probably not sufficient to withstand these loads.

X-excitation, Preload Nom., 0,5g LLsine, IF1 frequency response
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Figure 8.5 - Severe resonances in X-axis testing

8.5.3.2 Notching

Before the -12dB test could be performed the loading spectra needed to be
notched to prevent possible overtesting. That means that on some chosen interval of
frequencies the load is lowered by some specific amount, while the rest of the
spectra remains the same. Other option is to further increase the damping of the
whole spectra but since the test is already on -12dB it can not be lowered anymore.
The notching allows the test to proceed and obtain the responses while avoiding any

damage of the tested subject.
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The notch needs to cover the very high peak at 870Hz (Figure 8.5), which
couples with the peak around 900Hz in the original loading spectra (Figure 8.6),
therefore, the load was set hundred times lower to 10-3g%/Hz on 780 to 1000Hz to
cover the big resonance on the IF1. The original and the notched spectra may be

seen in the Figure 8.6 below.

Random vibration test loading spectra (original), X-axis, notched, -12dB QL
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Figure 8.6 - Original/notched spectra

After the random and the second LL sine is performed the responses show

almost no settling. This again may have a couple reasons:

The Nominal preload is high enough to prevent settling in this direction or
notching of the spectra lowered the overall load so much that it is so low it can not

cause the settling.
8.5.3.3 Preload B

After the preload is loosened to the Preload B the LL sine was run and
responses were checked before further testing. The change in the preload the above
mentioned big peak to a lower frequency and therefore the notching needed to be
adjusted a little bit to safely cover this big peak. After the notching was done the
random and second LL sine teste were run and again almost none settling was

recognized.
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8.6 Key failure

After the last test was performed the Lid was unlocked and opened it was found
that the key that is supposed to be on the Motor shaft and should be transferring the
torque from the Motor to the Lid shaft is not in place. The key fell out of the groove in
which it was pressed. The big clearances between the two shafts enabled it to fall out
completely. This must have occurred during some of the last couple runs since the
FDA was checked and opened regularly during the testing.

Because of this failure, which could be absolutely crucial for the mission, the
FDA had to stay in ESTEC for further investigation. The designer of the FDA had to
come back to ESTEC one week after the testing and the FDA had to be
disassembled and carefully inspected to precisely determine the reason behind the

failure.

The press-fit which was used to secure the key in the shaft was not strong
enough and the vibration loads shook out the key. Since there are very big
clearances around the key it could fall out completely and thus could not serve its
purpose anymore which would lead to complete failure of the FDA and the whole
coronagraph. It was agreed that it was good that this possible threat was discovered

and precautions were made to eliminate this threat.

Multiple solutions were proposed. Stronger press-fit or gluing of the key was
denied as possibly not sufficient enough and still leaving a chance for failure.
Securing the key by a screw was denied because it would require drilling of the Motor
shaft which could possibly damage the Motor. Change of the clearances could have
negative effect on the right function of the Lid. It was agreed that some kind of clamp
needs to be used to secure the key. The Motor bed needed to be moved away from
the Hinge to make space for the clamp which is securing the key and may be seen in

Figure 4.7.
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8.7 Results

The most important results of this testing are the responses used for the tuning
of the FEM model. For each direction of excitation, the responses measured for the
Nominal preload and after the random vibrations were chosen for the correlation and

may be found in Appendix A. Figure 8.7 serves as an example.

Y-excitation, Preload Nom., 0,5g LLsine, IF1 frequency response
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Figure 8.7 - Example of vibration testing results

8.8 Conclusion

The main goal of the testing, which is the measurement of the responses was
achieved and tuning of the FEM model could begin. The dangerous resonances of
the Motor were discovered and that lead to design changes described above. More
was learned about the settling and effect of the Lid preload on the responses and the
settling but it needs to be said, that the random loads were at -12dB and the
specimen will most likely behave differently when subjected to the full spectra. On the
other hand, it is expected that the spectra will change dramatically after the FEM

model is tuned and send for coupled analysis.
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9 Experimental modal analysis

In order to make tuning of the FEM model easier and more precise an
experimental modal analysis was performed to obtain natural frequencies of certain
FDA subassemblies. The second goal of the experiment is to learn more about the
effect of the Lid preload on those natural frequencies. The analyzed subassemblies
were the PP, the Motor and the Lid which are also measured in the vibration analysis
and which are also the main tuning locations. In addition, Connector bed was

measured to obtain some additional information about the FDA’s resonances.
9.1 Test setup

The FDA was assembled and fastened onto the vibration adapter so the results
may be comparable to the results from the vibration analysis. For each measured
subassembly, locations for accelerometers placement were picked. Two three-axial
accelerometers were used for each subassembly. One of those was put on the same
location as for the vibration testing and the other one was placed on some other
location to show more about resonances of the part of interest that is the PP, the
Motor and the Lid. The Connector bed was an exception since it was not measured
in the vibration testing. The locations of the accelerometers may be seen in the

figures of each measurement setup.

The impulses for the resonance excitation were applied by special self-made
device build by an electrical engineer in Serenum. Its hammer may be seen in the
figures below as a small aluminum sphere with rubber coating. It uses a coil to
induce a short magnetic force which strikes the hammer with the same force every
time. It is very good for this experiment since the impulse is repeatable and gives

nice responses.

The time-domain responses obtained from the accelerometers were run through
a Scilab script which performer a FFT and plotted the frequency-domain responses

with the highest peak marked and the frequency at which it occurred noted.
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9.2 Measurements

It was decided to measure the PP in X and Z direction, the Motor in X and Y
direction, the Lid in X direction and the Connector bed in each direction. That makes
eight total measurement series. In order to learn about the effect of the Lid preload
on the responses the preload was set to Nominal (see Chapter 7) before each
measurement series and the nut was loosened by sixth of a revolution before each
measurement until no preload was present anymore which occurred in a dramatic

change of the responses. That makes nineteen measurements for each series.

Example of setup and response for one measurement for the three main
locations may be seen below. The accelerometers are noted so the number one is in
the same location that is used for vibration testing. The pictures with responses are
exported from the Scilab and show an acceleration (g) on the frequency range up to
2000Hz for the biggest preload (Nominal). There are six lines, one for each axis of
both accelerometers. The coordination system is according to FDA global CSYS (see
Chapter 5.2). One of the accelerometers uses darker and one uses lighter colors and
the axis are X(res), Y(green), Z(blue). It is not that important to distinguish the lines
but only to find the first natural frequency of the measured subassembly (which is not

always the biggest one) which is noted in the responses.
9.2.1 Motor X-axis

The setup is with the accelerometers placed at the Motor-Motor bed interface
and at the end of the Motor. The hammer is exciting the Motor from the bottom in the

X-axis of the FDA. The response shows the first natural frequency just below 800Hz.
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Figure 9.1 - Motor - X-axis excitation setup
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Figure 9.2 - Motor - X-axis excitation response
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9.2.2 Pin-puller Z-axis

One of the accelerometers is placed close to the interface of the Pin-Puller (PP)
and the Flange and the other one is placed on the end of the PP. The hammer
strikes the PP from the side in the Z direction and the response shows the first

natural frequency of the PP at 907Hz.

Figure 9.3 - Pin-puller - Z-axis excitation setup
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Figure 9.4 - Pin-puller - Z-axis excitation response
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9.2.3 Lid X-axis

The first accelerometer is placed in the center of the Lid and the second one is
on the very thin part of the Lid close to the edge. The hammer strikes the Lid from
above in the X direction and the response shows the first natural frequency just
below 1000Hz. The response also shows how much more complex and complicated
is the Lid from the vibration response perspective. The PP is the simplest one as it is
almost a perfect cantilever, the Motor is a little more complicated with the Motor bed

and the Lid is the most complex.

Figure 9.5 - Lid - X-axis excitation setup
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Figure 9.6 - Lid - X-axis excitation response
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10 FEM model tuning

After the FEM model is created it can not provide results that would correspond
to reality since lot of simplifications were applied in the creation of the model as
described in Chapter 5. Some features and parts were taken out of the model, no
contacts were modeled, some parts were replaced by a point mass and the screws
were modeled by rigid elements and springs. With all of these simplifications, the
results from a computation would be far from correct and the model could not provide
any information about the mechanical behavior of the FDA.

For this reason, the model needs to be tuned (correlated) so its results
correspond to reality. In order to do that, the results from real vibration test are
required so the results from the FEM analysis may be compared to something. Those
results are obtained from vibration testing of the FDA DM which is described in
Chapter 8. After the vibration testing is done it provides responses to 0,5g LL sine in
certain points of the DM (IF1, IF2, T1) These responses may be found in Appendix A
and are used to create transfer functions which describe the relationship between the
excitation acceleration and the response acceleration at certain point in terms of
amplification. Then the a 1g LL sine load may be applied to the FEM model at the
excitation point and acceleration responses in the same locations may be obtained
from FEM analysis. These responses are also transfer functions and show
amplification since the input is 1g. The transfer functions from the vibration testing
may be then compared to the transfer functions from the FEM analysis and the goal
of the correlation is to tune certain parameters of the model to make the transfer
functions match as much as possible. This process is often said to be the most

difficult part of the FEM model creation and the whole mechanical analysis.
10.1 Locations

Before the vibration testing and the tuning begins the locations at which the
responses will be compared need to be chosen. Those locations are then mounted
with accelerometers during the vibration testing and also are measured in the FEM

computations.

Dynamic analysis of satellite telescope front door -54 -



' CTU in Prague
Faculty of Mechanical Engineering

In case of FDA, three locations were chosen based on preliminary vibration

simulations and recommendation from ESA.

The first and probably the most important location is the interface of Motor and
Motor bed (IF1). The Motor makes almost fifth of the total mass of the FDA and the

biggest responses are expected here.

The second location is the PP-Flange interface (IF2). The PP is also a high-
mass component of the FDA and is similar to the Motor as kind of a cantilever beam
so high and low-frequency responses may be expected. The Motor and PP interfaces
are also measured to learn about possible dangerous loads of the expensive

equipment which the Motor and PP are.

The third location is the center of the Lid (T1). The Lid is the moving part of the
FDA a even though it is locked and preloaded when the vibrations are applied it may
still move and vibrate a extensively since it is not rigidly connected and may cause

some important eigenmodes.

The locations of the accelerometers may be seen in Figure 8.3 as IF1, IF2, and
T1. Some additional locations were measured during the vibration testing but those
were only for further information about behavior of the unit and are not used for the
tuning. The locations measured in the FEM analysis may be seen in the following
Figure 10.1.
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Figure 10.1 - FEM model tuned locations

10.2 Parameters

There are many parameters of the FEM model that can be tuned to correlate
the model. These parameters may be material properties of used materials, masses
of concentrated mass-points and most importantly stiffnesses of the screws which
are the most suitable parameters for tuning. The screws are modeled as described in
Chapter 5.6 and the stiffness of the CBUSH element may be set as desired. Each
CBUSH element has a stiffness in each axis and rotational stiffness about each axis.
That is six parameters for each CBUSH element. There is thirteen groups of screws
and other connections with varying number of screws in the groups which makes it

about fifty CBUSH elements that may be tuned. That is total of three hundred
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parameters which is a very large number and thus some simplifications and time-

saving choices needed to be made to make the correlation possible.

10.3 Method

Multiple methods of automatization of the tuning process are known and used

but none of those were used for the following reasons.

Even though the number of parameters is very high and it would be suitable to
use some automatization, the computation time of one iteration was about ten
minutes and that is too much for the methods that tries a very high number of

iterations in order to find the optimal parameters.

As found later in the tuning process the system sometimes behaves very
unpredictably as various parameters and resonances influence each other differently
at different frequencies and so on. This could be very difficult for the tuning algorithm
since it could not really predict the behavior and know if it is or if it is not getting

closer to the optimal result.

The final reason is that the company at that time simply have not had the
capacity to create such optimization algorithm and could not afford hiring an external

company especially when the possible results were uncertain.

For those reasons the tuning was of the FEM model was done manually. The

process may be summarized as follows:

1) Set the tuned parameters or change them based on previous results

2) Run the simulation (about 10 minutes)

3) Export the responses to a spreadsheet where they are compared to previous
results and with the responses from vibration testing

4) Analyze the results and determine the effects of the changed parameters

5) Determine changes in parameters for next iteration

6) Repeat the process

This process was unfortunately very time consuming and each iteration took
from thirty minutes to hours or days depending on how long the step 4) was. Over a
hundred iterations were done and the whole tuning took months to finish and still the

results are far from perfect.
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10.4 The procedure and simplifications

During the first weeks of the tuning, it was decided which parameters will be tuned.
All of the tuned parameters are stiffnesses of selected screws and the list of the
parameters may be found in Appendix C. At the beginning the model was only tuned
in the X-axis. The three translational stiffness always had the same value and the
rotational ones had half the value. This was fine-tuned later.

During the process as the understanding of the model behavior grew bigger it was
observed which connections has the biggest impact on the measured locations. That

may be summarized in the following table:

Table 10.1 - Connections impactful for the tuning

Location Impactful connection
IF1 — Motor IF Flange — Tube

Flange — Motor bed
Motor bed — Motor
IF2 - PP IF Flange — Tube

Flange — Pin-Puller

Flange — Nose

T1-Lid center Flange — Tube

Touch-screw — Touch down

Flange — Nose
Hinge - Shaft

After this observation most of the other connections were set as relatively rigid
which was decided to be 200x10% N/mm. Then all the connections listed in Table 10.1
were tuned for weeks, except the Flange-Motor bed connection which was also

decided to be rigid.

Table 10.1 shows that the Flange-Tube connection has a big impact on all the
locations. That is very much expected since this connection is the interface between

the whole model and the rest of the satellite or in this case the excitation point.
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10.5 Results

After months of tuning the results were find sufficient and may be found in
Appendix C. The table of the tuned parameters shows the final values of the
parameters. Some values are very low (around 10 N/mm) which is usually true for
the contact connections but also for the Flange-PP connection where the low
stiffness is caused by the use of plastic washers. The most difficult location to tune
was definitely the Lid center since the Lid has quite complex shape and the Lid is

tuned by three contact connections which stiffnesses are very hard to define.

The figures comparing the test and FEM transfer functions may also be found in
Appendix C and those figures represent the final quality of the tuning which is far
from perfect. The transfer functions differ especially in the higher frequencies where
the behavior of the model starts to be quite unpredictable and in the Y and Z
directions since it was very difficult to tune the model for each direction with the same

parameters.

Despite these imperfections in the correlation the results were accepted and
found sufficient enough after months of tuning. Further improvement would not be

certain and could possible severely delay the whole project.
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11 Mechanical analysis

After the FEM model is created and tuned a series of simulations need to be
performed according to general and specific requirements and discussion with ESA.
The static analysis is performed to check if the FDA parts and screws can withstand
the Lid preload. The modal analysis is performed to obtain the information about the
general modal behavior of the unit. The quasi-static analysis is performed to check
the structure against the quasi-static accelerations during the launch and the random
analysis checks the FDA against the random vibrations loads that also occur during
launch. The sine and shock analyses were excluded from the thesis even though
these were performed in the project. The reason for exclusion from the thesis is very
low loads which causes insignificant responses which are unnecessary to be

discussed in the thesis.
11.1 Modal analysis

It was required to perform the modal analysis to up to 10 000Hz and summarize
the eigenmodes and modal effective masses. The modal FEM model (see Chapter 5)
was used without the Lid preload or any constrains. The NX NASTRAN’s solution
SOL103 Response Simulation was used. This solution performs the same modal
analysis as for this purpose usually used SOL103 Real Eigenvalues solution but can
be then used for response simulation such as random vibration loads. The
eigenmodes frequencies and shapes up to 2000Hz are summarized in the following
Table 11.1.

Dynamic analysis of satellite telescope front door - 60 -



fet

CTU in Prague
Faculty of Mechanical Engineering

Table 11.1 - Modes up to 2000Hz summary

Modes Eigenmodes Shape Modes Eigenmodes Shape
No | Freq No | Freq

1 921 968

3 1015 1208

5 1269 1311

7 1336 1358
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Modes Eigenmodes Shape Modes Eigenmodes Shape
No | Freq No | Freq
9 1426 1480
11 | 1523 1614
13 | 1687 1821

The modal effective mass fractions of modes up to 2000Hz are summarized in
Table 11.2. The bigger fractions are highlighted. The most significant modes may be
observed in this table. It is especially the first mode created by the high-mass Pin-
puller, the second mode with main participation of the Lid shaft oscillation in the
friction journals and the fourth mode as the main Motor mode. These modes are

causing the biggest responses in the random analysis.
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Table 11.2 - Modal effective mass fractions up to 2000Hz summary

Mode Eigenfrequency Effective mass fraction

) (Hz) X(%) |Y(%) |Z(%) |RX(%) |RY(%) | RZ(%)
1 921 9.9 0.0 0.0 0.0 0.0 20.1
2 968 0.1 0.0 19.2 5.8 1.0 0.1
3 1015 12.2 2.1 0.0 0.0 0.1 0.3
4 1208 23.0 5.8 0.7 0.1 9.1 35.9
5 1269 0.1 0.3 1.8 0.4 16.5 0.0
6 1311 0.5 0.0 0.0 0.1 34 0.4
7 1336 0.0 0.0 5.1 10.4 0.3 0.0
8 1358 4.2 4.1 0.2 0.9 0.1 11.7
9 1426 1.5 7.9 0.0 0.1 0.2 0.2
10 1480 0.0 0.0 2.6 3.9 1.7 0.0
11 1523 0.0 0.6 0.0 0.0 0.1 0.5
12 1614 0.0 0.0 0.0 0.8 1.3 0.0
13 1687 0.2 0.0 0.0 0.1 0.0 0.0
14 1821 0.1 0.0 4.9 11.7 0.3 0.0
Effective mass fraction sum |85.1 93.1 91.9 94.6 80.6 91.5

11.2 Random simulation

Despite the fact that the random vibration loading levels were significantly
lowered after the coupled analysis with the tuned model the random vibrations are
still the most significant loads of the unit. The random vibration analysis was
performed to determine the required Lid preload force and to check the stresses in

parts and forces in screws.
11.2.1 Boundary conditions

The model was constrained in the excitation point which may be seen in Figure
5.7. A Fixed Rotation constraint about each axis was applied with an Enforced
Motion constraint applied in the direction of each axis. This constraint in default fixes
the translation in the given direction while at the same time enables application of an

excitation in the response simulation.

Dynamic analysis of satellite telescope front door - 63 -



CTU in Prague
Faculty of Mechanical Engineering

Table 11.3 - Random simulation boundary conditions

DOF X Y Z RX RY Rz
Constraint | Enforced Enforced Enforced Fixed Fixed Fixed
motion motion motion rotation rotation rotation

The loads are applied separately for each axis and the computation is also done
separately for each axis. The random vibration loads are applied to the excitation
location on the enforced motion constraints. The new random vibration loading
spectra may be found in Appendix D where they are also compared to the original

spectra so the reduction in the loads is apparent.

11.2.2 The simulation

A Response Simulation add-on of NX 10 was used to compute the responses. It
takes results from the SOL103 Response Simulation modal analysis. Two very
important parameters need to be specified before the random simulation and that is
the additional spectral lines and the damping. These parameters influence what the
transfer functions calculated from the modal analysis look like. The modal analysis
only computes the eigenfrequencies and the eigenshapes and therefore it does not
provide the results between the individual eigenfrequencies. To obtain the full
transfer functions the damping and additional spectral lines parameters were
specified. The additional spectral lines parameter basically defines how fine is the
approximation of the transfer function between the eigenfrequencies and was set to
100 spectral lines between each eigenfrequency. The damping parameter influence
how high the peaks at the eigenfrequencies are and what does the transfer function

looks like between the peaks and was set to 1% viscous damping.

The response simulation is, in fact, a very simple computation. After the
excitations are applied a request for response in a certain node is applied and the
transfer function is calculated. This transfer function gives a relation between the
acceleration at the excitation point and at the node of interest. Then the input
excitation spectra is simply multiplied by the transfer function and the result is the
response (PSD) at that node. Therefore, the random response computation may be

very fast if only a couple of nodes is computed but for the whole model, it took
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around one day. Figure 11.1 shows the input spectra multiplied (amplified) by the

transfer function and giving the output response at the Motor bed IF node.
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Figure 11.1 - PSD calculation example

Using much more complicated equations than just a simple multiplication the
software can also compute stresses in given 3D elements and forces in the CBUSH

screw elements. The results are discussed later.

The Lid preload force (see Chapter 7) was calculated in the same way as in the
preliminary simulation (see Chapter 6). The random loading spectra were applied in
each direction and the force in the element connecting the Lid and the Pin-puller was
calculated in each direction. The biggest value, which is 26N, was then used to

calculate the preload force using equation 7-1.

Table 11.4 — Random forces at PP-Lid

Excitation | Force component (N)
axis X Y z
X 26 11 2

11 4 1

4 2 8
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Fp=M-k-(3 Fegy) =212 (3-26) = 187 [N] (11-1)

This force will be used in the static preload analysis and in the actual preload of
the Lid on the Qualification and Flight model.

11.3 Quasi-static simulation

The preload calculated in the random simulation was applied on the Lid along
with the quasi-static acceleration loads summarized in Table 11.5. The QS simulation
was done separately for each axis and also separately for positive and negative
direction of each axis because the output loads could be different. After the six
simulation were performed it was found that the results in positive and negative
direction are nearly the same so only results from the positive direction were used

later in the stress and force calculations.

The model was constrained at the excitation point with a fixed constraint for all

six DOFs and the acceleration was applied to all elements in the model.

Table 11.5 - Quasi-static analysis boundary conditions

DOF X Y Z RX RY RZ
Constraint | Fixed Fixed Fixed Fixed Fixed Fixed
translation translation translation rotation rotation rotation

Table 11.6 - Quasi-static loads summary

Excitation Quasi-static loads (g)
axis
X 81
121
z 83

The biggest force between the Lid and the Pin-puller was 63N which is lower
than the 3o value of 78N from the random simulation and therefore the preload will

be set according to the random simulation.
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11.4 Static simulation

The preload force of 187N calculated form the random simulation was applied in
the X direction at the BEAM element connecting the Lid and the Lid nose (see Figure
5.6). The model was constrained the same way as in the QS simulation. Figure 11.2
shows the maximum elemental Von-Mises stress of 53,8MPa at the Lid rib.

l 53.79
' 49.31

44.83 ’ : Maximum
> 2 Element 1310405
53.788 N/mm~2(MPa)

40.35

35.88

31.40

26.92

22.44

4.53

0.05

Units = N/mm~2(MPa)

Figure 11.2 - Lid Static simulation Von-Mises stress contour
11.5 Stress evaluation

The stress in parts was evaluated for two loading cases. The first one was
random loads combined with the Lid preload and the second one was the quasi-static
loads combined with the Lid preload. Both cases were calculated for each loading
direction and the Margins of Safety (MoS) were evaluated against both yield and
ultimate strength. The Factors of Safety (FoS) were set according to the
requirements to 1,65 against yield failure and 2,25 against ultimate failure.
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11.5.1 Random

The model was loaded with the random loading spectra (Appendix D) in each
direction separately and the maximum average elemental VonMises stress was
evaluated in the chosen parts. Some parts with very low mass were excluded from
the evaluation. The stresses in elements directly adjected to the screw holes were
not taken into account despite the fact that those elements showed the biggest
stresses the loading of these elements is not representative due to the RBE2
connections causing high stress concentrations. Therefore, for every evaluated part
the element with the highest stress and at the same time not adjected to a hole was

chosen for the calculation.

Because the random vibration simulation can not be run with the Lid preload
applied the static preload simulation was run separately and the results from both
analyses were combined using post-processing tool before the stress evaluations.
The results for each loading axis including the highest stresses and positive MoS

may be found in Appendix E.
11.5.2 Quasi-static

The model was loaded with the quasi-static accelerations in each direction
separately with the static Lid preload always present. In this case, the simulation can
be run with both the QS acceleration and the preload acting together. Then the
maximum average elemental VonMises stress was obtained for each evaluated part
and the results from this analysis with all the positive MoS for each axis may also be

found in Appendix E.
11.6 Screw forces evaluation

In both Random and Quasi-static simulations described above the forces in
screws need to be evaluated. It was done for selected groups of fasteners (see Table
12.1) and the biggest and second-biggest axial and two lateral force components
were evaluated in the CBUSH elements. The results may be found in Appendix E

and are used in the following chapter.
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12 Threaded fasteners

All threaded fasteners have to show positive Margins of Safety (MoS) against
tightening failure, tensile failure, gapping, slipping and thread pullout. In addition, a
worst-case scenario where one of the screws in a group fails and the rest of the
screws in that group have to carry the load has to be evaluated. The MoS were
calculated using a handbook provided by ESA [5] which shows a recommended
procedure of the MoS calculations.

12.1 Loads

The first and often also the biggest load which the screws are subjected to is
the tightening torque. It results in a tensile and shear load and the screw has to
withstand the combination of those two. The tightening torque leaves the screw
preloaded which is very important for the right function of the joint especially for the
resistance against gapping and slipping but also for resistance against fatigue
although fatigue is not calculated for the FDA threaded fasteners. The theory behind

preloaded joints can be also found in the handbook [5].

As mentioned above all the screws are preloaded and therefore constantly
subjected to tensile load. The Lid is then preloaded (see Chapter 7) which leads to
more tensile and also shear loads of the screws. During the launch, the whole FDA is
subjected to shock, random and sine loads which leads to additional tensile and
shear loads. The loads from the shock, random and sine loads are obtained from the
FEM simulation and with many other parameters then serve as an input to a
spreadsheet which calculates MoS of the threaded fasteners based of the handbook.

The procedure used in the spreadsheet will be detailed later.

The calculations were done for fasteners groups shown in Table 12.1. The
remaining groups were excluded from the calculations based on previous

calculations which showed insignificant loads in those groups.
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Table 12.1 - Calculated groups of fasteners

Part 1 Part 2 QTY. |SCREW VENTED | MATERIAL
Flange Tube 8 M4x12 N AISI304(A2)
Flange Motor bed 6 M4x10 COUNTERSUNK Y AISI304(A2)
Flange Hinge 4 M4x8 COUNTERSUNK N AISI304(A2)
Flange Conn. box 3 M4x10 COUNTERSUNK Y AISI304(A2)
Flange Touch down 2 M3x8 N AISI304(A2)
Flange Pin puller 4 SCREW #6-32 3/8", C-606-N N AISI304(A2)
Motor bed | Motor 4 M2x10 N AISI304(A2)
Lid Lid-arm 5 M3x8 N AISI304(A2)
Lid Touch-screw 2 M4 N Titanium

Motor bed | Motor clamp 2 M3x8 N AISI304(A2)

12.2 Calculation

The procedure of calculation of the MoS will be detailed in this chapter. The
calculation process is quite complicated and uses a lot of formulas, terms, and
symbols and not all of those are explained every time they appear in the text but all
may be found in the list of symbols at the end of the thesis. The theory behind the
following formulas will not be detailed since it can be found in the handbook [5] and
many other sources and since it is not a topic of this chapter to teach this theory but

only to detail how the MoS were evaluated.

The first input into the calculation spreadsheet for each group of screws is the
type of the used screw, what kind of thread does it have, how many screws is in the
group, if the screw is vented and if a helicoil insert is used. Based on these inputs the

geometrical parameters of the thread are acquired from standards.

Vented screws have a hole going through the whole screw on the axis of the
thread and are used in case the threaded hole in the second clamped part does not
go all the way through the part and therefore a cavity is created after the screw is
mounted as shown in Figure 12.1. If the screw is not vented the air trapped in the
cavity will expand dramatically during launch because of the fast decrease of the
ambient pressure in the fairing of the launcher and that could lead to damaging of the

bolted joint.
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Center bore or

vent spans length
of screw from

head through shank

Trapped Gases in
Blind-Tapped Hole

Trapped gases/air
escape through vent

Figure 12.1 - lllustration of a vented screw

The use of helicoil inserts is requested in the Requirements document (R-6224)
for all screws. The helicoil inserts give the thread a longer effective length of the
thread so the load is distributed over larger area and the thread is much more

resistant against thread pullout failure.

The next input of the spreadsheet are the materials properties of the screw and
of all the clamped parts which in this case is always just two. The material properties
are obtained from standards and may be seen in Table 12.3. Also, the geometry of
the whole joint needs to be specified in order to calculate the force ratio and other
important parameters of the joint. The geometry parameters of the joint is tensile
loaded length of the screw, thickness of both clamped parts and diameter of the hole

in the clamped parts.

Table 12.2 - Material properties of clamped parts

Material Young’s modulus Yield strength Ultimate strength
E (MPa) oy (MPa) ouit (MPa)

AISI304(A2) 193000 505 215

Titanium grade 5 114000 1100 1170

Based on these input parameters the compliance of the screw is calculated

simply as a compliance of a cylinder with given geometry and material:
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L mm] (12-1)
T E, Ay LN

Sp
The compliance of the clamped parts is calculated similarly. The area around
the screw contributing to the compliance of the parts is simplified to a “sleeve” with

inner diameter Dy and outer diameter Dun.

L, L, mm (12-2)
6. = E T + £ T [ N ]
° D(Zuh,brg) - szl ¢

2 n2 2
D(uh,brg) - Dh

Since no bolted connection on the FDA clamps two parts using a nut all the
calculated connections have a thread in one of the parts which is referred to as the
second part. That means that there is actually only one clamped part in each bolted
connection which contributes to the compliance of the clamped parts and therefore
the value L. is always zero and the compliance is simplified to the first term of the
equation 12-2.

The compliance of the bolt and the compliance of the clamped part is then used

to calculate the force ratio:

Se ) s (12-3)

(p”:n(6c+6b

Where n is the loading pane factor which according to the handbook can be set

to 0.5 for simple joint geometries.

The last parameters of the joint are the friction coefficients. Namely, the
coefficients of under-head friction, thread friction and friction between the clamped
parts. All of these friction coefficients are considered to be 0.2 as recommended in

the requirement R-6230.
12.2.1 Pretension

In order to calculate the pretension force, the applied tightening torque has to
be defined in the spreadsheet. The original value is based upon recommended
values for different threads and can be later adjusted in case some of the MoS are
negative. Adjusting the tightening torque is much easier than adjusting any other

parameters of the joint and can usually lead to all positive MoS.

First, the thread helix angle needs to be calculated:
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And then the maximum pretension force can be obtained:

Mapp,max [N] (12-5)

F Vmax =

1 Hen, 1
7 dz tan ¢ + th_noem + fduh Hyhnom

CoSs 7

12.2.2 Tightening

Application of the tightening torque results in stress in the shank of the screw.
The stress is composed of tension caused by the pretension force and a shear stress
caused by the torque. The screw has to sustain the combination of these stresses

during the tightening.

The applied tightening torque is reacted by under-head friction forces moment
and in-thread friction forces moment. The biggest shear stress occurs at the shank

just under the head of the screw, therefore, the maximum shear stress is:

M — My mi -
Ty = app,maxW uh,min [MPa] (12 6)
14
Where W, is the polar section modulus:
m dg 12-7

Mapp,max is the maximum applied tightening torque and Mun,min iS the minimum

under-head frictional torque given by:

dyn (12-8)
Mynmin = % Fy max Bunmin [Nm]
The maximum pretension stress is given by:
_ Fymax (12-9)

Oy max = A [MPa]
0

The torque shear stress and the pretension tensile stress are combined by Von-

Mises:

12-10
Oym. = \/O-lg,max + T%nax [MPa] ( )
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Then the tightening MoS are calculated for yield:

0. -
Moy, = ——11-] (12-11)
v.m.
And for ultimate:
0. -
MOSti,ult = Uu_lt —-1[-] (12-12)

v.m.

Where oy is the yield strength and ou: is the ultimate strength of the screw
material. The handbook does not recommend using any safety factor for these

failures.
12.2.3 Loads and safety factors

To calculate the rest of the MoS the loads and the safety factors have to be
determined. The safety factors are given in the requirement R-6230 and are

summarized in Table 12.4.

Table 12.3 - Threaded fasteners safety factors

Type of failure Denomination Safety factor
Yield sfy 1,65
Ultimate Sfurt 2,25
Gapping (separation) Sfsep 1,25
Slipping Sfsiip 1,25
Worst case Sfwe 1

The loads are obtained from the FEM analysis as an axial and two lateral forces
for each screw in each group which is being evaluated. The forces are calculated in
the CBUSH elements connecting the RBE2 spiders of the bolted connection (see
Chapter 5). In each group, the biggest and the second biggest force in each direction
over all the screws in the group is inputted in the spreadsheet. The second biggest
forces are used in the worst-case calculation as described later. The forces are
evaluated for two different loading cases (see Chapter 11.6) and are summarized in

Appendix E.

The forces for the worst-case calculations are evaluated from a case where the

second-most loaded screw fails and the forces which were acting on it are equally
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distributed to the other screws in the group, which means that the most loaded screw

in the group will have even bigger forces acting on it.
The worst-case axial force is calculated as follows:
(12-13)

Fa,Z

—— 1 V]

Fa,wc =F, +

Where Fauwc is the worst-case force, the Fa is the biggest axial force in a given
group of screws, Fa2 is the second biggest axial force in that group and m is the

number of screws in that group.
12.2.4 Tension failure

This type of failure may occur when the fastener yields or cracks under the total
stress combined from tightening preload force and force caused by external loading.

The MoS are calculated as follows for yield:

Ag oy, (12-14)
= —1[—
MOStOt,y FV,max + qI)n Fa Sf;/ [ ]
And for ultimate:
Ac o 12-15
MOStot,u = S _ult 1[_] ( )

FV,max + (pn Fa Sfult

For the worst-case, the calculation is similar but the safety factor is different and

the external force Fais replaced by the worst-case external force Fawc:

Ag oy, (12-16)
MoS = —1[-]
toty FV,max + ¢n Fa,wc wac
And
Ag oyt (12-17)

MoS;ory = 1[-]

FV,max + d)TL Fa,wc SfWC

12.2.5 Gapping

Also called joint separation is a type of failure in which the force between the
two clamped parts goes to zero and the parts are no longer in contact, which is not

allowed.
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The MoS is given by:

FV,max - FK,req [_] (12'18)

M =
OSsep (1 _ (p) Fa step

And for the worst case:

FV,max - FK,req [_] (12-19)

MoS =
Osepwe (1 - (D) Fa,wc wac

Where the term Fyreq is the required force between the clamped parts and can
be set to any desired value. In this case, it is set to zero which corresponds to no
separation of the parts.

12.2.6 Slipping

Slipping may occur in so-called friction grip joints where the parts clamped
together do not slip relative to each other because of high friction forces caused by
the tightened screw. If there is some geometry preventing this movement like for

example some flange it is called a bearing joint and this type of failure can not occur.

Absence of slipping is also very important because it ensures that the screw is
not shear loaded by the external lateral forces since the parts can not slip and shear

the screw.

The MosS for slipping is given by:

Mos., = Frmax = Q=@ E) ks (12-20)
P Fy sfue
And for the worst case:
_ (FV,max B (1 - ¢n) Fa,wc) Us (12'21)
MOSslip,WC = Fq S ue [—]

12.2.7 Thread pull-out

With high enough axial force acting on the joint the threat on either the fastener
or the threaded part may be pulled-out (stripped). This is a failure caused by a shear
stress in the thread. Usually, the fastener is made of much stronger material than the

joined parts and therefore the pull-out is checked only for the female thread. In this
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case, the fasteners are made of steel and the parts are made of aluminum so pull-out

will be evaluated only for the female threads.

One more parameter has to be inputted into the spreadsheet in order to make
this check and that is the engaged length Leng Of the female thread, that is how far is
the fastener screwed into the female thread. Then the effective length of engaged

threat is calculated:
Lengefr = Leng — 0.8 p [mm] (12-22)

Which accounts for the beginning portion of the engaged thread, which does not
transmit any significant load. In order to determine the shear strength ration of the
female and male threads Rs, which will be needed later, the failure surface area has

to be calculated for the female thread:

Len

Atnpn =T dp (%) [g + (dy, — d,p) tan (g)] [mm?] (12-23)

And for the male thread:

L 0 12-24

Appp =T dyp (%ﬁzﬁ) [g + (dop — dy ) tan (z)] [mm?] ( )
This is where the positive effect of the helicoil inserts can be seen. The
dimensions of the thread dn, din, d2n are the dimensions of the insert and are bigger
than if there are no inserts. Therefore the failure surface areas of the threads are

bigger which makes the threads more resistant against the pull-out.
Now the shear strength ration of the threads Rs can be calculated:

_ Tult,n Ath,n [_] (12'25)

=
Tuit,p Atnb

Where Turn is the ultimate shear strength of the threaded part’s material and Turb

is the ultimate shear strength of the screw’s material.

With the ratio Rs evaluated the empirical coefficients C1 and C> can be
calculated. These coefficients are the last values needed to determine the critical

fastener load.

The coefficient C1 may be calculated for a threaded nut or set as 1.0 for a

threaded hole, which is the case for all the evaluated joints, therefore C1=1.0.
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The calculation of the coefficient C> depends on the value of Rs:
ForRs21.0 c; = 0.897 [-] (12-26)
Andfor0.4<Rs<1.0 ¢, =0.728 + 1.769R, — 2.896R% + 1.296R3[] (12-27)
Now the critical fastener load for failure of the female thread can be given by:
Fuit,thn = Tuitn Atnn €1 €2 [=] (12-28)
And the MoS for the total load is:

Fuit tnn 1L (12-29)
FV,max + @ Fa Sfult

MoSip tor =

And for the worst-case:

Fuit thn 1] (12-30)

MoS, = —
thitotwe FV,max + @ Fa,wc wac

When all the MoS are evaluated some input parameters may be changed if all
the MoS are not positive. The design of the bolted joints may be changed but the
easiest parameter to change is the tightening torque, which can be usually adjusted
until all the MoS are positive. The adjusted tightening torques are then applied when

the DM is assembled.
12.3 Results

After the mechanical analysis was performed and the forces needed for the
calculation were obtained the MoS may be calculated. Total of six calculations were
done. Three (one for each loading axis) for the combination of preload and random
loads and three for the combination of preload and quasi-static loads. The forces
obtained from the simulations, which served as an input to the calculations may be
found in Appendix E. The tightening torques were adjusted to make all the MoS

positive and may be found in Table 12.5.
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Table 12.4 - Final tightening torques

TIGHTENING
Part 1 Part 2 QTY. | SCREW TORQUE (mNm)
Flange Tube 8 M4x12 1100
Flange Motor bed 6 M4x10 COUNTERSUNK 750
Flange Hinge 4 M4x8 COUNTERSUNK 1100
Flange Conn. box 3 M4x10 COUNTERSUNK 750
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
Motor bed | Motor clamp 2 M3x8 450

The calculations results show all the MoS positive and may be found in

Appendix F.
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13 Conclusion

Upon submission of this thesis, the mechanical analysis of the FDA is
completed and in the process of being reviewed by the ESA. All the necessary parts
of the analysis were successfully completed, and the results show that the assembly

should be able to withstand the loads, which occur during the launch.

The whole FDA mechanical analysis process described in this thesis took about
eighteen months from which the most of the time took the tuning of the FEM model. It
needs to be said that as the thesis is written the whole analysis process is somewhat
idealized. The process is described as if almost no problems occurred and no
mistakes were made. In fact, the process is much more complicated and iterative and
lot of the calculations and simulations described in the thesis had to be done multiple

times as minor design changes, mistakes, and input changes occurred.

The biggest problem of the whole analysis was definitely the tuning. The
methods used for the correlation of the FEM model were quite inefficient and time-
consuming. For future projects requiring the tuning some more sophisticated and at

least partly automatized processes need to be learned and implemented.

After the mechanical analysis was finished the manufacturing of the qualification
model had begun and when it is completed and assembled the qualification test
campaign may begin. That will include functional tests, thermal vacuum tests, life
cycle tests as well as multiple vibration test, which results may be then used to learn

more about the quality of the mechanical analysis.

After the test campaign the flight model will be manufactured, assembled,
tested and send to ESTEC for integration. The PROBA-3 mission should be

launched from Kourou launch site by Vega launcher in late 2020.
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Symbols

A [mm?]  minimal cross-section of a screw

Ao [mm?]  Minimum cross-sectional area of a fastener shank

As [mm?]  Effective cross-sectional area of a fastener for stress analysis

Atn [mm?]  Area of the (cylindrical) surface assumed to fail during thread pull-out

Duh,brg [mm] Outer diameter of the under-head or under-nut bearing surface

do [mm] Minimum diameter of a fastener shank

d1n [mm] Diameter of helicoil's thread root

d> [mm] Pitch diameter of a fastener thread

dan [mm] Pitch diameter of helicoil

Dn [mm] Nominal diameter of a hole

dn [mm] Nominal diamater of helicoll

dun [mm] Effective diameter at which under-head or under-nut frictional forces act
E [MPa] Young's modulus

Eb [MPa] Young's modulus of a bolt/screw

Ec [MPa] Young's modulus of a clamped part

Fa [N] Axial force transmitted by joint

Fkreq [N] Clamping force acting at the interstice between two flanges
Fq [N] Shear force transmitted by joint

Fuit th,n [N] Critical thred pull-out force

Fv [N] Pretension force

k [N/mm] tensile stiffness of a screw

I [mm] effective length of a screw
L [mm] tenslile/compression loaded length of a joint
Leng [mm] Length of engaged threat

Leng,eff [mm] Effective length of engaged threat
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Moapp [Nmm] Torque applied to the fastener or nut during tightening
Mun [Nmm] Torsional moment transmitted by frictional forces at the under-head
% [-] Poisson's ratio

n [-] Loading plane factor

p [mm] Pitch of a thread

p [kg/m®] Density

Rs [-] Shear strength ratio

sf [-] Safety factor

W, [mm3®  Polar section modulus

Ob [N/mm] Compliance of a fastener

Oc [N/mm] Compliance of clamped parts

0 [-] Half angle of thread grooves

Mth [-] Nominal friction coefficient at the thread interface

Muh [-] Nominal friction coefficient at the under-head or under-nut interface
Muh [-] Friction coefficient at the slipping interface

Oult [MPa] Ultimate strength

Oult [MPa] Ultimate stress

Ov [MPa] Axial stress in fastener due to nominal preload

Ov.m. [MPa] Von-Mises stress

Oy [MPa] Yield strength

Oy [MPa] Yield stress

T [MPa] Shear stress

¢ [-] Thread helix angle

®n [-] Force ratio
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Abbreviations

ASPIICS Association of Spacecraft for Polarimetric and Imaging Investigation of the
Corona of the Sun

CoG Center of Gravity

CAD Computer Aided Design
CSYS Coordinate System

COB Coronagraph Optical Box
CSC Coronagraph Spacecraft
DOF Degree of Freedom

DM Design Model

ESA European Space Agency

ESTEC European Space Research and Technology Centre

FoS Factor of Safety

FEM Finite Element Method (Model)
FM Flight Model

FDA Front Door Assembly

GPS Global Positioning System
HDD High Density Diffuser

MoS Margin of Safety

OosC Occulter Spacecraft

PP Pin-Puller

PROBA-3  Project for On-Board Autonomy-3

Qs Quasi-static
SPS Shadow Position Sensor
VZLU Czech Aerospace Research Centre
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Appendix A — Vibration testing spectra and results

Original random vibration test loading spectra - Qualification levels

Random vibration test loading spectra (original), X-axis, QL
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X-excitation, Preload Nom., 0,5g LLsine, IF2 frequency response
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Y-excitation, Preload Nom., 0,5g LLsine, IF1 frequency response
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Y-excitation, Preload Nom., 0,5g LLsine, T1 frequency response
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Z-excitation, Preload Nom., 0,5g LLsine, IF2 frequency response
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Appendix B — Preliminary threaded fasteners forces

Forces in screws from preliminary simulation. X-direction is the axial force.

X-axis excitation

Connected parts Preload (N) Random X (N) Preload + Random X (N)
Part1 Part 2 Fx Fy Fz Fx Fy Fx Fy Fz
551 255 357 768 285 170 1319 540 527
Flange Tube
549 252 348 651 281 170 1199 534 518
24 252 348 232 281 170 256 534 518
Flange Motor bed
20 22 58 219 146 48 240 168 106
. 197 84 39 75 49 29 272 134 68
Flange Hinge
194 83 37 47 48 29 241 132 65
6 24 59 93 57 66 98 81
Flange Conn. Box
3 17 52 57 47 58 60 64
128 138 195 81 73 69 209 211 265
Flange Touch down
128 137 194 67 51 44 195 188 238
. 12 36 281 125 22 290 137 59
Flange Pin puller
12 32 255 120 15 262 132 47
Motor bed Motor 5 2 498 127 210 507 131 213
4 1 430 99 159 439 103 160
. 123 166 144 18 32 29 141 198 173
LID Lid-arm
121 157 144 17 28 29 138 184 172
263 169 248 104 68 145 366 237 392
LID Touch-screw
263 168 246 75 39 102 338 206 349
Y-axis excitation
Connected parts Preload (N) Random Y (N) Preload + Random Y (N)
Part1 Part 2 Fx Fy Fz Fx Fy Fz Fx Fy Fz
551 255 357 42 99 68 593 353 425
Flange Tube
549 252 348 37 37 37 586 289 385
Flange Motor bed 24 252 348 40 37 37 64 289 385
20 22 58 40 14 21 60 36 79
. 197 84 39 36 20 17 233 104 56
Flange Hinge
194 83 37 35 20 17 230 103 54
7 6 24 40 12 23 47 18 47
Flange Conn. Box
6 3 17 28 12 22 34 15 39
128 138 195 16 23 16 144 161 211
Flange Touch down
128 137 194 16 23 15 143 160 209
. 9 12 36 34 14 11 43 26 48
Flange Pin puller
7 12 32 31 12 10 38 24 42
Motor bed Motor 9 5 2 94 33 22 103 38 24
9 4 1 71 24 16 80 28 17
. 123 166 144 10 13 13 133 179 157
LID Lid-arm
121 157 144 10 10 13 131 167 157
263 169 248 17 34 28 280 203 276
LID Touch-screw
263 168 246 14 32 28 276 200 275
Z-axis excitation
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Connected parts Preload (N) Random Z (N) Preload + Random Z (N)
Part1 Part 2 Fx Fy Fz Fx Fy Fz Fx Fy Fz
551 255 357 46 82 70 597 337 427
Flange Tube
549 252 348 45 49 62 593 301 410
Flange Motor bed 24 252 348 45 20 33 68 273 381
20 22 58 31 16 27 51 39 85
. 197 84 39 19 14 23 216 98 62
Flange Hinge
194 83 37 17 14 21 211 97 58
7 6 24 22 15 19 29 21 43
Flange Conn. Box
6 3 17 22 11 18 28 14 36
128 138 195 20 26 15 148 164 211
Flange Touch down
128 137 194 20 22 14 147 159 208
. 9 12 36 33 10 13 42 22 49
Flange Pin puller
7 12 32 27 8 12 34 20 45
Motor bed Motor 9 5 2 94 30 25 103 35 27
9 4 1 60 18 17 69 22 18
. 123 166 144 6 10 10 129 176 154
LID Lid-arm
121 157 144 6 8 9 127 165 153
263 169 248 15 36 36 278 205 284
LID Touch-screw
263 168 246 12 25 36 274 192 282
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Appendix C — FEM model correlation results

Final tuned parameters

Connected parts Stiffness
Qty. Screw
Part 1 Part 2
Flange Tube 8 M4x12 X (N/mm) | 180x10°
Y (N/mm) | 180x10°
Z (N/mm) | 180x10°3
XR (N.mm) 90x103
YR (N.mm) 90x103
ZR (N.mm) 90x10°3
Flange Motor bed 4 M4x10 X (N/mm) | 200x108
Y (N/mm) | 200x10°
Z (N/mm) | 200x10°
XR (N.mm) | 200x10°
YR (N.mm) | 200x10°
ZR (N.mm) | 200x10°
Flange Hinge 4 M4x8 X (N/mm) | 200x108
Y (N/mm) | 200x108
Z (N/mm) | 200x10°
XR (N.mm) | 200x10°
YR (N.mm) | 200x10°
ZR (N.mm) | 200x10°
Flange Conn. box 3 M4x10 X (N/mm) | 200x108
Y (N/mm) | 200x108
Z (N/mm) | 200x108
XR (N.mm) | 200x10°
YR (N.mm) | 200x10°
ZR (N.mm) | 200x10°
Flange Touch 2 M3x8 X (N/mm) | 200x10°
Y (N/mm) | 200x10°
Z (N/mm) | 200x108
XR (N.mm) | 200x10°
YR (N.mm) | 200x10°
ZR (N.mm) | 200x10°
Flange Pin puller 4 SCREW #6- X (N/mm) 1000
Y (N/mm) 1000
Z (N/mm) 1000
XR (N.mm) 500
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YR (N.mm) 500
ZR (N.mm) 500
Motor bed Motor M2x10 X (N/mm) 40x108
Y (N/mm) 20x10°
Z (N/mm) 20x10°
XR (N.mm) | 200x10°
YR (N.mm) | 200x10°
ZR (N.mm) | 200x10°
Lid Lid-arm M3x8 X (N/mm) | 200x108
Y (N/mm) | 200x10°
Z (N/mm) | 200x10°
XR (N.mm) | 200x10°
YR (N.mm) | 200x10°
ZR (N.mm) | 200x10°
Hinge Shaft Friction X (N/mm) 2200
Y (N/mm) 5000
Z (N/mm) 1200
XR (N.mm) 200
YR (N.mm) 200
ZR (N.mm) 200
Touch- Touch Contact X (N/mm) | 100x103
Y (N/mm) 2x103
Z (N/mm) 2x103
XR (N.mm) | 200x103
YR (N.mm) | 200x103
ZR (N.mm) | 200x103
Flange Nose Contact X (N/mm) 3x10°
Y (N/mm) 0,5x103
Z (N/mm) 3x10°
XR (N.mm) | 200x103
YR (N.mm) | 200x103
ZR (N.mm) | 200x103
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Final tuned transfer functions
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Random vibration loading spectra after the coupled analysis in comparison with the

Appendix D — Random vibration loading spectra after coupled analysis
original spectra — Qualification levels

Random vibration test loading spectra (new vs. original), X-axis, QL
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Random vibration test loading spectra (new vs. original), Y-axis, QL
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Y-excitation
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Z-excitation
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