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Main environmental constraints:
§ Vacuum

• Mean free path 𝜆, molecular flow
• Heat exchange: no convection
• Outgassing of a cavity
• Evaporation of materials
• Breakdown Voltage

§ Radiations
• Electromagnetic and particles
• ATOX: Atomic Oxygen (O, UV’s)

§ Vibrations and Shocks

Space Environment Constraints
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Vapor Pressure
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§ Source of radiation in space

Radiations
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Sources of radiation environment in Space

Source: C.Poivey, Radiation Effects in 
Space Electronics (ESA 2019), 

Source: NASA/SDO

Source:  Lionel Peyraud / Meteosuisse

Versoix, Switzerland, May 10th, 2024
G5 (Extreme) acc. to NOAA



§ Two types of radiation are particularly dangerous for humans:
• High energy Galactic Cosmic Rays (GCR)

§ Various types of particles

• Solar radiations: Solar Particle Events (SPE)
§ Mainly protons, lower energy than GCR, but much higher quantity

Ionizing Radiations: Manned Space Flight
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Reading: COMPUTER SIMULATIONS OF RADIATION SHIELDING
[2.3] IN SPACE BY POLYMERIC MATERIALS

Christopher A. O’Neill
College of William and Mary, Virginia (2006)
Advisor: Dr. Robert A. Orwoll, Ph.D



Ionizing Radiations: Manned Space Flight
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Cosmic-ray ion tracks 
in nuclear emulsion

Effect of the interaction of 
charged particles with the 
mater.

Different Z materials, 
same energy of the 
incident beam.

PRELIMINARY CONSIDERATIONS 

LLLLL 
50 pm 

LLLLL 
50 pm 

Figure 1. Cosmic-ray ion tracks in nuclear emulsion. (Taken from McDonald, 1965.) 

Mission Parameters 
Objectives 
Environment 

Risk Assessment 
Transmission properties 
Energy absorption events 
at tissue sites 
Biological response model 
Safety factors 

Mission Redesign 
Objectives 
Architecture 
Scenario 

Acceptable Risks t+ 
Mission Costs 

Construction methods 
Equipment 
Materials dNo Acceptable Cost I 

Figure 2. integrated radiaiion shield design procebs. 

Source: J. W. Wilson et al., NASA Conference 
Publication 3360 (1997) p.13 /Taken from McDonald, 
NASA TM X-55245 (1965)



Ionizing Radiations: best absorbing materials
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§ most effective radiation shielding materials
(i.e. producing less secondary electrons),

• have the highest electron density,
• the least electronic excitation energy,
• the least tight binding corrections for the inner shell electrons

Hydrogen
Particle flux

w(x)

x

Shielding equivalence in water column heights:
Atmosphere: 10 m
Typical spacecraft: 20 cm
Space suit: 1.5 cm

Source: T. Berger, “Radiation dosimetry onboard the International Space Station ISS”, 
Z. Med. Phys. 18 (2008) 265–275 



Ionizing Radiations: Manned Space Flight
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GCR: Galactic Cosmic Rays
SPE: Solar Particle Events

GCR Dose Depth Curve

SPE Dose Depth Curve

Effect of shielding

Source: Christopher A. O’Neill “Computer Simulations of 
Radiation Shielding in Space by Polymeric Materials”

Al (worse)

Polyethylene (best)

Al (worse)

Polyethylene (best)

Nuclear fragmentation



§ Radiation flux, fluence:

Ionizing Radiations: Manned Space Flight
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ϕ =
𝑑𝑁
𝑑𝐴 [m-2]

Where where dN is the number of particles incident on a sphere of cross-sectional area dA

§ Energy fluence: 𝜓 =
𝑑𝑅
𝑑𝐴 [J/m2] or [eV/m2]

Where where dR is the radiant energy incident on a sphere of cross-sectional area dA

§ Dose: 𝐷 =
𝑑 ̅𝜀
𝑑𝑚 [J/kg = Gy (Gray)]

Mean energy ̅𝜀 absorbed by unit mass m

§ Equivalent dose: 𝐻) =-𝑤* / 𝐷),* [Sv (Sievert) = J/kg]

Dose in a tissue (DT,R) weighted by a factor depending of the type of radiation and its energy (wR) and 
a factor depending of the physiological effect on the tissue (wT).

§ Effective dose: 𝐸 =-𝑤) /-𝑤* / 𝐷),* [Sv]



Ionizing Radiations: Manned Space Flight
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Table 11-1: Radiation weighting factors 

Type and energy range Radiation weighting 
factor, wR 

Photons, all energies 1 

Electrons and muons, all energies 1 

Neutrons, energy 

<10 keV 5 

10 keV to 100 keV 10 

100 keV to 2 MeV 20 

2 MeV to 20 MeV 10 

>20 MeV 5 

Protons, other than recoil protons, energy >2 MeV 5 

Alpha particles, fission fragments, heavy nuclei 20 
 

11.2.2.3 Value of the tissue weighting factor, wT 
a. The values of the tissue weighting factor shall be as specified in Table 11-2. 

NOTE 1 The tissue weighting factor takes into account 
the variability in sensitivity of different organs 
and tissue subject to the same equivalent dose. 

NOTE 2 The values in Table 11-2 are from ICRP 
Publication 60 Table A-3 [11] and are defined 
and maintained by the ICRP. The users are 
encouraged to consult the ICRP for the more 
recent updates. 

Table 11-2: Tissue weighting factors for various organs and tissue 
(male and female) 

Organ or tissue Tissue weighting factor, wT 
Gonads 0,20 

Bone marrow (red) 0,12 

Colon 0,12 

Lung 0,12 

Stomach 0,12 

Bladder 0,05 

Breast 0,05 

Liver 0,05 

Oesophagus 0,05 

Thyroid 0,05 

Skin 0,01 

Bone surface 0,01 

Other tissues and organs 0,05 
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Source: ECSS-E-ST-10-12C [2.2]

Exercise 2.2:
Radiations

© Calmos, modified



§ ECSS-E-HB-10-12A - Calculation of radiation and its effects and margin 
policy handbook [2.7]

§ ECSS-E-ST-10-12C - Methods for the calculation of radiation received 
and its effects, and a policy for design margins [2.2]

§ …

Ionizing Radiations: Tools
EE

-5
80

 - 
20

25
 - 

Th
em

e 
2

11

§ OLTARIS (On-Line Tool for 
the Assessment of 
Radiation in Space): 
https://oltaris.larc.nasa.gov

Source: NASA/TP–2010-216722

https://oltaris.larc.nasa.gov/


Ionizing Radiations: Absorption by atmosphere
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https://www.nasa.gov/mission_pages/sunearth/science/atmosphere-layers2.html ©
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Launch and Ascent
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§ Vibrations (sine, random, acoustic)
§ Accelerations
§ Shocks
§ Thermal Flux
§ Lightening impact
§ Rain
§ Birds

So
ur

ce
: N

AS
A

Environmental conditions  Ariane 5 User’s Manual  
  Issue 5 Revision 2 

3-2  Arianespace© 

  

3.2. Mechanical environment 

3.2.1.  Static acceleration 

3.2.1.1. On ground 
The flight static accelerations described hereafter cover the load to which the spacecraft 
is exposed during ground preparation. 
 

3.2.1.2. In flight 
During flight, the spacecraft is subjected to static and dynamic loads. Such excitations 
may be of aerodynamic origin (e.g. wind, gusts or buffeting at transonic velocity) or due 
to the propulsion systems (e.g. longitudinal acceleration, thrust buildup or tail-off 
transients, or structure-propulsion coupling, etc.). 

Figure 3.2.1.a shows a typical longitudinal static acceleration-time history for the L/V 
during its ascent flight. The highest longitudinal acceleration occurs at the end of the 
solid rocket boost phase and does not exceed 4.55 g. 

The highest lateral static acceleration may be up to 0.25 g.  

 

 

 
Figure 3.2.1.a – Typical longitudinal static acceleration 

 

End of the solid rocket boost (EAP, <4.55g)

Upper stage shutdown

EAP flame-out and separation
(~69km altitude)

Fairing jettisoning (~107km altitude)

Main cryogenic stage engine 
shutdown and separation

Upper stage ignition

Source: Ariane 5 User’s Manual Issue 5 Revision 2
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§ The vibration loads injected into a mechanism during the launch to orbit 
depend on:

• the launcher (Ariane 5, Falcon 9, …)
• the attachment point of the mechanism

§ Typical vibration load levels for a mechanism mounted on a spacecraft 
launched by an Ariane 5 rocket (case of the ATV)

• Overall Grms: 35 grms

Vibrations 14

Frequency
[Hz]

ASD
[g2/Hz]

Slope
[dB/Oct]

20 to 100 0.06 to 0.30 3.01

100 to 200 0.30 0.00

200 to 600 0.30 to 5.00 7.71

600 to 800 5.00 to 0.15 -36.69

800 to 2000 0.15 to 0.073 -2.37
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§ Given: Acceleration Spectral Density (ASD) in g2/Hz
Note: We should speak of Acceleration Spectral Density (ASD) for the injected acceleration.

Power Spectral Density (PSD) refers formally to the measured plot (values of the accelerometers).

§ Root-Mean-Square Acceleration

• It is the average acceleration load injected into the mechanism.
• The mechanism may have eigenfrequencies leading to much higher effective 

amplitude for some of its components.
• The concept of “overstress” will be introduced later on.

§ Reminder: an octave is a doubling of 𝜈: 

Random Vibrations
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𝐴̅ = 2
,!

,"

𝐴𝑆𝐷(𝜈) / 𝑑𝜈 [grms]

#	𝑂𝑐𝑡𝑎𝑣𝑒 =
log( A𝜐- 𝜐.)
log(2)



Random Vibrations 16

ECSS-E-HB-32-26A 
19 February 2013 
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4.6.9.2 Vibro-acoustic response analysis 
Acoustic pressure fluctuations under the fairing are generated by engine operation (plume 
impingement on the pad during lift-off) and by unsteady aerodynamic phenomena during 
atmospheric flight (i.e. shock waves and turbulence inside the boundary layer), which are transmitted 
through the upper composite structures. The sound field under the fairing is normally assumed as 
diffuse. 

Structures vibrate randomly in response to acoustics. The structures that respond the most are light in 
weight and large in surface area, such as skin panels, solar arrays and antenna dishes. Relatively 
small, heavy structures have very little direct response to acoustics, but they vibrate because of 
excitation from more responsive structures. This vibration is often the driving environment for a 
spacecraft electrical, electro-mechanical and electronic components [1].  

Vibro-acoustic response analysis is basically performed for two reasons: 

• To assess the strength and life of acoustically sensitive structures 

• To predict random vibration environments for spacecraft components 

Since the most severe acoustic environment for a spacecraft is during ground testing, typically the 
spacecraft vibro-acoustic response analysis is performed by considering the vibro-acoustic test 
environment. This is described by a plot of sound pressure level (SPL) over a frequency range. 

Recent developments in the area of computational mechanics allow performing vibro-acoustic 
response analysis of a complete spacecraft. The analysis can be performed by combining the FE 
method and the BE method with SEA approach, and allows the random levels on units and 
instruments to be compared to technical specifications or qualification levels. For example Figure 4-8 
reports the calculated random vibration levels for the Sentinel 3 Solar Array Drive Mechanism 
(SADM) compared to level required by the test specification. 

 

 

Figure 4-8: Random vibration levels for Sentinel 3 SADM [9] Source: ECSS-E-HB-32-26A Space engineering -
Spacecraft mechanical loads analysis handbook [2.5]

• Vibroacoustic analysis of random vibration 
levels for Sentinel 3 SADM
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ABSTRACT 

This paper presents the development process of the 
KARMA5-SG Solar Array Drive Mechanism (SADM) 
for delivery to MetOp-SG satellites. The mechanism 
development is recounted with respect to key design 
drivers and experiences from their subsequent test 
verification are shared.  Design drivers relating to 
structural, thermal and driveline performance are 
detailed in the context of a flight program development. 
Practical experiences from testing are reported and 
specific challenges from non-conformances are 
highlighted. A description of test setups and results for 
functional, vibration and thermal requirements are 
presented. The purpose of the paper is to share practices 
and offer lessons learned. 
 
 
1 INTRODUCTION 

Delivery to flight programs entails demanding 
programmatic constraints. As such technology maturity 
is prioritised to assure schedule constraints. 
Nevertheless, system development leads to eventual 
changes that impact design decisions and success rests 
on the collaboration of all stakeholders. This paper 
provides experiences from the development of MetOp-
SG Solar Array Drive Mechanism (SADM). 
 
The KARMA5-SG SADM, Fig. 1, was developed for 
the MetOp-SG satellites. The design is the second 
generation of Kongsberg Defence & Aerospace’s high 
power KARMA5 series [1]. The KARMA series is a 
product line of SADMs which have modular 
architecture, for customization of both power transfer 
and drive actuation, to meet mission needs. The MetOp-
SG design also builds upon flight heritage from SADMs 
in the smaller KARMA series. However, the 
modifications necessary for specific MetOp-SG 
requirements resulted in a class C qualification 
category. This paper highlights some of the specific 
adaptions which proved most challenging between 
maintaining heritage and satisfying mission 
requirements. The intention is to highlight interesting 
design challenges and share technical and programmatic 
solutions implemented. 
 

The following sections are grouped into two chapters; 
§2 Design Drivers presents specific technical 
requirements and the design developments that occurred 
during preliminary and critical design reviews. The 
second chapter, §3 Test Results, details test setups, 
results and non-conformances.  
 

 
Figure 1. KARMA5-SG MetOp-SG SADM 

 
2 DESIGN DRIVERS 

The purpose of the SADM is to provide precise and 
smooth positioning of the solar array whilst transferring 
the electrical power it generates into the satellite. Three 
important design drivers, namely structural, thermal and 
driveline design, are discussed in the following sections 
to detail the challenges faced in development.  
 
2.1 Structural Design 

The structural design of the SADM was a key design 
driver at the start of the project. The SADM’s 
fundamental function is to attach the solar array to the 
satellite. A robust connection is required that can 
provide electrical power transfer, continuous rotation, 
accurate positioning and thermal isolation of the 
satellite from the solar array.  Whilst the attachment 
does not require significant mechanical strength in flight 
operation, the launch environment is a design driving 
constraint.  
 
The random vibration launch environment was 
originally specified with 21.4gRMS input. The spectrum’s 
maximum power spectral density was 1.5g2/Hz which 
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Figure 6. Vibration test of unit fixture 

 
The fixture mass is 32kg which, at approximately four 
times the mass of the SADM, has a notable impact on 
the SADM responses. The SADM design analysis did 
not consider the fixture so if used in testing as a 
prediction it would have overestimated the SADM 
resonance frequencies. 
 
A separate vibration test prediction analysis was 
therefore performed to provide accurate predictions of 
the SADM responses. The test prediction had an 
increased level of complexity as it was necessary to 
account for the test shaker control. The test shaker uses 
control sensors mounted on the fixture at the SADM 
interface to achieve the specified vibration spectrum. 
The finite element analysis however must specify the 
input at the base of the fixture which will be affected by 
the fixtures transmissibility to the mounting interfaces. 
This means the analysis must be slightly tuned to 
replicate the performance of the test shaker. 
 
The vibration test was started in X-axis with sine 
vibration. The analysis correlated well with the tested 
results as shown in Fig. 7. The first mode frequency was 
slightly below the 400Hz predicted and second mode 
amplitude also lower than predicted. The lower second 
mode was expected to be lower than predicted as it is a 
rotational mode around the solar array rotation axis 
which in reality is not excited under test to the same 
degree as the analytical model predicts. It was 
concluded the SADM was performing as predicted and 
first random vibration test could be performed. 
 
A proposed notching strategy for the random vibration 
had been agreed and analysed. The procedure however 
prescribed to perform the first -9dB random vibration 
with the full spectrum. The full spectrum was to be 
performed first to ensure the responses where at the 
predicted locations also under random vibration. The 
agreed notch would then be applied and vibration level 
increased to full scale. A safety limit of 22gRMS response 
had been set which was to be maintained throughout all 
vibration levels.  

Figure 7. Low level sine response vs prediction analysis 
 
The predicted response of the SADM for the full 
spectrum -9dB was 16gRMS and the analysis correlated 
well with initial X-axis sin vibration. Unfortunately, on 
the first -9dB vibration the SADM response experienced 
28gRMS exceeding the limit set in the procedure. A 
subsequent low-level sin sweep was performed and 
found the first mode amplitude had increased from 8.2g 
to 11.9g and frequency had decreased by 30Hz. 
 
The test was stopped and results investigated. The 
safety limit was not defined from calculating the load 
capability of the SADM but was defined by applying a 
safety margin on extrapolated results. The first stage of 
the investigation was therefore to ensure the test levels 
could not have damaged the SADM qualification model. 
The post-test analysis found it was necessary to reduce 
the damping from 2% to 1.2% of the critical damping 
ratio to replicate the test results. The analysis showed 
positive margins had been maintained so the focus 
turned to understanding the change in frequency.  
 
The initial frequency shift of 30Hz represented a change 
of 8% which was outside the nominal ECSS criteria [3] 
of 5%. A sensitivity study was performed on all major 
components contributing to the system stiffness at the 
response location to identify the root cause. It was not 
possible to identify with certainty the source of the shift 
however the bolt joints stiffnesses and the proportion of 
rotor harness mass (which was held by string from the 
ceiling) supported by the rotor provided reasonable 
explanations. The frequency shift was concluded not to 
indicate any degradation of the SADM major 
components. This was also confirmed by the successful 
functional testing.  
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combination was not selected by the MTG team 
following long duration thermal humidity tests where 
some samples showed divergent results with respect to 
coating thickness discontinuities and cracks. EDX 
(Energy Dispersive X-Ray) analysis revealed the 
presence of oxygen on the top surface of one magnet 
and underneath the IVD Aluminium coating which 
could lead to oxidation or corrosion conditions of the 
magnet. In view of the results, it was concluded that the 
IVD magnet coating process needed further 
improvement and could not be considered as fully 
qualified [R1]. 

A new qualification campaign ensued with the change 
to Sm2Co17 magnets (Recoma32S from Arnold 
Magnetic) without a coating. Thanks to the recent 
SmCo alloy performance improvements, the impact to 
the CCM was negligible and the motorisation margins 
were maintained. 

 
Figure 2. FM Voice-coil actuator stator from Cedrat 

3 EQM QUALIFICATION TEST CAMPAIGN 

The Qualification Test Program was performed both at 
component/sub-system level and at mechanism level. 
One of the critical components at sub-system level is the 
voice-coil actuator supplied by Cedrat Technologies (F). 
A lengthy qualification program was undertaken with 
the supplier to qualify the new magnets and coatings to 
meet specific MTG requirements for long term storage 
conditions of 15 years. Typical tests included thermal 
vacuum cycling (100 cycles, -40°/+80°C), thermal 
humidity tests (95%RH, 1bar, 45°C, 240h) and epoxy 
resin adherence to validate the robustness of the various 
processes used. 

The Optical Switch was also qualified at component 
level by Codechamp (COD) where the process consisted 
of performance tests, random vibration (16grms), shock 
tests (350g), thermal cycling (1 cycle +45/-25°C with  
8 cycles, -15°/+35°C) and performance tests.  

3.1 Performance tests 

The EQM was identical to the Flight Model version and 
was used to qualify the CCM to MTG specifications.  
Performance level tests with EQM were performed such 
as: 
x Trajectory generation and motion control 
x Lateral deviation of the corner cube from a true 

straight line 
x Dynamic exported forces 

The objective of the test campaign was to validate the 
design, the manufacturing and assembly processes of a 
mechanism that is as representative as possible to the 
final flight version.  

 
Figure 3. EQM mounted on performance test bench 
with interferometer in ISO5 (Class 100) cleanroom 

conditions. 
The critical performance parameters measured during 
these tests were the mobile mirror lateral shifts and the 
speed stability. 

The maximum short term (15 min.) lateral deviation 
parabolic shift for the on-ground calibration stroke of 
18mm (±9mm) was extremely low and measured at 
±2nm in Z and ±4nm in Y directions compared to the 
±0.5µm specification for a functional stroke of ±5mm.  

3.2 Mechanical vibration tests 

Mechanical vibration tests simulate the extreme noise 
and vibration environment generated during the launch 
phase. The delicate mechanism is in a launch locked 
configuration in order to ensure that it will survive the 
vibration loads. The EQM survived the random profile 
vibration tests and shock tests in all three directions. 
Following the environmental tests, the performance 
tests were repeated and a close inspection of the launch 
locking device critical surfaces were made.  

 
Figure 4. EQM instrumented on vibration shaker table 
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§ SPL(𝜈): Sound Pressure Level as a function of the frequency 𝜈.

Launch Acoustic Noise
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𝑆𝑃𝐿 𝜈 = 20 / Log/0
𝑃(𝜈)
𝑃123

[dB]

𝑃123 = 2 / 1045	Pa (threshold of hearing)

Source: Th. P. Sarafin (ed.), 
Spacecraft, Structures and 
Mechanisms, Wiley J. Larson, 
Managing ed., 2003, fig.3.7, p. 45 [2.4]

Frequency, Hz

Source: ESA–G. Porter



§ Digital Twins
• First: NASA 2010
• Industry 4.0
• Artificial Intelligence, Machine 

Learning, IOT …

Launch Acoustic Noise
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Space

3.2.7 Integration, verification    

and qualification

Finally, any space-bound system must pass an 

extensive dynamic qualification testing process,  

to affirm that the structure can withstand all the 

launch conditions. That is risky business, as space 

systems are often one-of-a-kind. In space engi-

neering, there is seldom room for prototyping. It is 

crucial to have these qualification testing campaigns 

fully under control. Over-testing a structure above 

its specifications could lead to component failures 

or, even worse, a launcher explosion.

Simcenter has an enormous legacy in space qualifi-

cation testing. The Simcenter environmental testing 

solutions, whether based on vibrations, acoustics, 

or shock, are renowned in the industry for their 

efficiency, robustness and precision. Simcenter 

offers unique capabilities that engineers can use  

to de-risk qualification tests by preparing them 

virtually, on the digital twin. It is an application in 

which simulation and test are very complementary, 

and where combining them can be very valuable. 

Similarly, Simcenter can also be used to test the 

thermal reliability of electronics.

SIEMENS DIGITAL INDUSTRIES SOFTWARE  25

White Paper – Digital twins: your key to successful spacecraft design
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solutions, whether based on vibrations, acoustics, 

or shock, are renowned in the industry for their 

efficiency, robustness and precision. Simcenter 

offers unique capabilities that engineers can use  

to de-risk qualification tests by preparing them 

virtually, on the digital twin. It is an application in 

which simulation and test are very complementary, 

and where combining them can be very valuable. 

Similarly, Simcenter can also be used to test the 

thermal reliability of electronics.
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§ Main events producing noticeable shocks:
• the launch vehicle upper stage separation from the main cryogenic stage
• the fairing jettisoning
• the spacecraft separation
• sub-system release and deployment

Shocks
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PAS 1194VS 
 
The PAS 1194VS is mainly composed of: 
• a structure, 
• a clamping device, 
• a set of 4 to 12 actuators. 
 
The PAS 1194VS structure comprises the following 
main parts: 
 
 
• The monolithic aluminium upper cone called PAF 

(Payload Attachment Fitting), integrated on top of 
the LVA 2624 cone or on top of LVA 3936 
(∅1780)with a diameter of 1215 mm at the level of the spacecraft separation plane, 

 
• The optional composite lower cone called LVA 2624 (Launch Vehicle Adapter) bolted to the 

reference plane ∅2624 (top of SYLDA or top of cone 3936). This part is not used in case of 
lower position on top of LVA 3936.  

 
• Optionally, an intermediate metallic ring for specific accommodations needs (ACY 1780). 
 

The spacecraft is secured to the adapter 
interface frame by a clamping device. The 
clamp band consists of a band with one 
connecting point. The tension applied to the 
band provides pressure on the clamp which 
attaches the satellite to the launcher. Release 
is obtained by means of a Clamp Band 
Opening Device (CBOD) pyrotechnically 
initiated. The CBOD is specially designed to 
generate low shock levels. Finally a set of 
catchers secures a safe behaviour and parks 
the clamp band on the adapter. 
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Figure A8.4 – PAS 1194VS – Actuators and microswitches 
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Adapter ∅∅∅∅1194mm Annex 8

 
There are two standard adapters having the 1194 mm spacecraft interface diameter, both 
equivalent in performance and in particular for the shock spectrum of the clamp-band release 
(see figure A8.1). 
 
The maximum mass of these standard adapters is 150 kg. 

These 1194mm adapters are designed and qualified to support a payload of 7000 kg centred at 
2400 mm from the separation plane. 

For this qualification domain, the clamping tension may go up to 72 kN at any time, for the 
nominal pretension case of 60 kN. For further information regarding other pretension cases 
and its particular application domain please contact Arianespace. 

The spacecraft is pushed away from the launch vehicle by a series of 4 to 12 actuators, 
bearing on supports fixed to the spacecraft rear frame.  
 
The force exerted on the spacecraft by each spring does not exceed 1500 N. 
 

For specific missions, 2 other 1194mm diameter adapters are in development process. 

One is a lighter PAF, PAF 1194VS-VL (Very Light), for spacecraft up to 4500kg centred at 
1800mm. The other one is an adapter with a reduced height, PAS 1194VS-L (Low), for 
spacecraft up to 4000kg centred at 1800mm. 

Both these adapters have the same clampband system and the same mechanical and electrical 
interfaces as the ones described below. For more information on these adapters, please 
contact Arianespace. 
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Figure A8.1 – PAS 1194 – Shock spectrum of clamp band release 

PAS 1194 – Shock spectrum of clamp band release
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'humped' profile similar to that seen on Rosetta with a 
flattening of the profile with time. 

Wheel 2 Torque vs. Speed

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

-4000 -3000 -2000 -1000 0 1000 2000 3000 4000

RPM

Nm

1996
1997
1998
1999
2000
2001
2002
Oct

 
Figure 8: SOHO Friction Evolution RWA #2 

As with any mechanism where the processing is known 
to be critical, continuity of maintaining the process is 
very important. Continuity of bearing processing 
between SOHO and Rosetta was shown to have been 
maintained following a quality audit by Airbus DS, 
Toulouse early in the Rosetta build, with the 
recommendation that tighter controls on the quantity of 
oil added and verified at set stages in the process were 
introduced into the process. 

3.3 Relubrication 

Lubrication was planned for November 2009 at the 
time of the last Earth fly-by. Rosetta would be closest 
to the Sun and hence at its warmest and it would be 
easier to achieve the required temperature at the 
reservoir and hence ensure good relubrication. Prior to 
the fly-by a short test was performed to determine the 
coefficient of conductivity between the heater and the 
shaft. The heater was switched on for a short period to 
take it above the temperature limit of the normal lower 
control limits.  

 
Figure 10: Thermal Model Correlation Test 

Using the in-orbit data returned, coupled with a 
detailed Thermal Model of the RWA a value for the 
coupling was derived and used to support the definition 
of the heater switch on period for the lubrication 
activity.  

3.4 Microvibration Results 

As all the RWAs had been subjected to microvibration 
testing prior to delivery as part of their acceptance 
testing it was also decided to measure the 
microvibration signature of the RWAs prior to and post 
the relubrication activity using an accelerometer 
mounted on Philae, the Rosetta Lander. The 
microvibration test was performed just prior to the 
relubrication and again just after to see if there was any 
change in the RWA signature that would indicate that a 
change had occurred.  

The following 2 waterfall plots show the differences in 
the microvibration signatures of RWA B pre and post 
relubrication 
 

 
Figure 12: Waterfall Plot before relubrication, RWA B 
 

 
Figure 13: Waterfall Plot after relubrication, RWA B 

From these plots and other data received from this 
activity there is clear indication of a change to the 
signature. This was taken as an indicator that the 
lubrication had been successful and oil had indeed been 
forced from the reservoir into the bearings. Because of 
the different configurations it is not possible to make a 
direct comparison between the ground test and in-flight 
data. 

3.5 Post Relubrication Friction Plot 

The following figure shows the RWA friction a few 
days after the relubrication exercise. There is little to 
distinguish RWA B (in pink) from the other 3 RWAs.  
 

§ Has effects on:
• Micro-g space laboratory experiments
• Attitude control of spacecraft
• Quality of images for Earth Observation (EO) spacecrafts or 

space telescopes
• …

§ Can be produced by operating mechanisms and human 
induced vibrations:

• Reaction wheels, momentum wheels,
• Pumps, valves, cryocoolers …,
• Heating, ventilation, air conditioning (HVAC) systems,
• …

§ Due to:
• Imbalance
• Parts irregularity and imperfections (bearings, gears)
• Motors (cogging, stepper motors, …)
• Control
• Wear, including lubricants (cf. Rosetta)
• …

Micro-vibrations
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Figure 3. Noise signature for the dry lubricated RW: in-orbit data (red), on-ground spacecraft data (green) 
and Kistler data (blue). Image courtesy of SSTL [1]. 

Figure 4. Noise signature for the oil lubricated RW: in-orbit data (red), on-ground spacecraft data (green) 
and Kistler data (blue). Image courtesy of SSTL [1]. 
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Microvibration – Good Practices and Lessons Learned”, AMS (2018) [2.6]



§ Temperature
§ Humidity
§ Atmosphere
§ Biological
§ Transport loads
§ Test

… and on Ground
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Red Plague - Corrosion of copper when plated with silver
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∃ standards, ASTM, ANSI, … ECSS-Q-ST-70-20C 
“Determination of the susceptibility of silver-plated copper wire 
and cable to "red-plague" corrosion”



§ Space environment constrains:
• Vacuum

§ Properties of vacuum
§ Material selection
§ Effects on design

• Radiations
§ Ionizing, non-ionizing
§ Dependent on the mission (orbits, duration)
§ Effects on materials, components, life (material selection, shielding)

• Vibrations and shocks
§ Sinus and random vibrations as well as shocks spectra: launch, ascent, 

separation, deployment (but also on ground!)
§ Micro-vibrations

§ Ground environment constrains
• Material selection and design shall also be done for MAIT

Theme 2 Summary
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