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From models to tests, through analysis
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• Aerospacelab

• Objectives & stakes

• Environments & loads

• Failure modes

• Structural analysis

• Vibration testing
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SATELLITES FROM A TO Z
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I N - H O U S E  S U B SYS T E M S

in-house subsystems satellite platforms operations & data analytics

W E  D E S I G N  
A N D  M A N U F A C T U R E U S E D  T O  D E V E L O P

G E N E R A T I N G  
V A L U E  T H R O U G H

turnkey satellites

I N T E G R A T I N G  
P A Y L O A D  T O  D E L I V E R
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4 9  M  €  R A I S E D  – S E E D,  S E R I E S  A  &  S E R I E S  B

ARTHUR

Our first satellite 
launched in June 
2021

FLIGHT HERITAGE

Launched 3 satellites in 
2023 & 4 scheduled in 
2024: 1 VHR and 3 
SIGINTs

GREGOIRE

Successful launch for 
ESA on Oct 9th 2023

PVCC

Our first VSP 
platform was 
launched on June 
12th 2023

A HIGH-LEVEL 
TEAM

350+ FTE by Q2 2024 Since July 2022, we 
produce and assemble 
satellites internally

GLOBAL 
EXPANSION

Offices in Belgium, 
Switzerland, France
and USA

ONE OPERATIONAL 
FINAL ASSEMBLY LINE
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September 20231
1
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IT SEEMS OBVIOUS, BUT IT'S NOT
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Structure

From: SpaceX RPUG

Avionics

COMSAOCS

Power

Launcher

Payload

Propulsion
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Cleanroom
Gravity, shocks, tests

Transport
Gravity, shocks, 

vibrations, 
temperature

Mating & Idling
Gravity, shocks, 

temperature

Separation & 
Deployment

Shocks

Flight
Microvibrations, 

temperature, 
radiation

Reentry
Acceleration, 

vibrations, 
temperature

Launch
Acceleration, 

vibrations, sound
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Failure: "rupture, collapse, degradation, excessive wear or any other 
phenomenon resulting in an inability to sustain design limit loads, 

pressures (e.g. MDP) and environments."

From: ECSS-E-ST-32C

Loss of launcher Loss of spacecraft Loss of payload Loss of lifetime

Loss of qualityConsequences of mechanical failure:
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Reaction wheels Propulsion

RW

Z

X

Y

Magnetotorquers Inertia

Efficiency Redundancy Tank Thruster

Moments Products Y axis
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Overlapping Blinded by sun

Crosses horizon Acceptable
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Gyros
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Nadir Zenith

SBA TX

SBA RX

XBA

SBA TX

SBA RX

GA

MEO
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RW MTM

MTQ
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Bolt hole:

Pockets in plate:
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Additive manufacturingMachining

Bridge span

Overhang 
angle

Unsupported 
overhang

Wall thickness

Hole diameter
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Phase 0
Mission analysis

Phase A
Feasibility

Phase B
Preliminary definition

Phase C
Detailed definition

Phase D
Qualification and production

Phase E
Operations

Phase F
Disposal

MDR PRR

PDR CDR AR
ORR

ELR

SRR

FRR LRR CRR

QR
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THE VARIOUS WAYS THE LAUNCHER
MAKES OUR LIVES MISERABLE
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Static acceleration (~ 0 Hz)
1. Launcher thrust

Low-frequency dynamics (0 to 100 Hz)
2. Launcher flexible modes

High-frequency dynamics (20 to 2,000 Hz)
3. Vibrations from propulsion
4. Vibro-acoustics

High-frequency acoustics (20 to 8,000 Hz)
5. Reflected from propulsion
6. Aerodynamics

Shocks (100 to 10,000 Hz)
7. Separation events

1

3
5

4

6

2 7
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Falcon 9

Launch vehicle

Spacecraft

Lateral

A
xi

a
l



28
C O M P A N Y  P R O P R I E T A R Y  – A E R O S P A C E L A B . C O M

Launch vehicle

Spacecraft

Lateral

A
xi

a
l

Center of 
mass

Axial flux

Lateral flux

Max flux

Lateral test 
covering 
combined axes
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Launcher

S/C
𝑥

𝑦

𝐹

𝑅

ሷ𝑥(𝜔)
𝑅(𝜔)

=
−𝜔2𝐺(𝜔) 𝑇(𝜔)
−𝑇(𝜔) 𝑀(𝜔)

𝐹(𝜔)
ሷ𝑦(𝜔)

Excitation Response

Displacement y x

Force F R

𝑚

𝑘

G Dyn. flexibility [g0/N]

T Transmissibility [-]

M Dyn. mass [N/g0]
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ሷ𝑥(𝜔)
𝑅(𝜔)

=
−𝜔2𝐺(𝜔) 𝑇(𝜔)
−𝑇(𝜔) 𝑀(𝜔)

𝐹(𝜔)
ሷ𝑦(𝜔)

= −
𝜔2

𝑘
𝐻(𝜔) 𝑇(𝜔)

−𝑇(𝜔) 𝑚𝑇(𝜔)

𝐹(𝜔)
ሷ𝑦(𝜔)

𝑚

𝑘

H Amplification [-]

T Transmissibility [-]

Design objective:
Stiffness
Mass *

* Natural frequency…
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Amplitude

Frequency

Amplitude

Frequency

𝑇

𝐻

Q = 5

Q = 10

Q = 20

𝑄 =
1

2𝜁

Damping

Natural frequency 𝜔0 =
𝑘

𝑚

ሷ𝑥(𝜔)
𝑅(𝜔)

= −
𝜔2

𝑘
𝐻(𝜔) 𝑇(𝜔)

−𝑇(𝜔) 𝑚𝑇(𝜔)

𝐹(𝜔)
ሷ𝑦(𝜔)

𝑇
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𝑚1

𝑘1

𝑘2

𝑚2 𝑥2

𝑥1

𝑦

Frequency

𝑥1
𝑦

𝑥2
𝑦

1 2 3

1 2 3
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FRF 
amplitude

Frequency

Resonances

From: ECSS-E-HB-32-26A

Antiresonance

Amplitude

Time

Single frequency 
excitation
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FRF 
amplitude

Frequency

Predictable Sensitive Broadband
excitation

Amplitude

Time

From: ECSS-E-HB-32-26A
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Amplitude

Time

Amplitude

Probability

σ

2σ

3σ

-3σ

-2σ

-σ

Count

99.7%

RMS

"Peak"
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Amplitude x

Time t
T0

𝑥RMS =
1

𝑇
න

0

𝑇

𝑥 2d𝑡

𝑥RMS = න

−∞

∞

ℱ 𝑅𝑥𝑥(𝜏) d𝑓

න

0

𝑇

𝑥 2d𝑡 = න

−∞

∞

ℱ 𝑥 2d𝑓 (Parseval's theorem)

ℱ 𝑥 2 = ℱ 𝑥∗ −𝑡 ∗ 𝑥 𝑡 (𝜏) (convolution theorem)

1

𝑇
𝑥∗ −𝑡 ∗ 𝑥 𝑡 𝜏 = 𝑅𝑥𝑥(𝜏) (autocorrelation)

Power spectral density
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Power 
spectral 
density
[g²/Hz]

Frequency  [Hz]

0.05

0.01

0.005

20 100 1000 2000

√ = 5.57 gRMS

3√ = 16.7 g peak (3σ)

Acceleration 
[g]

Time

16.7

-16.7

Falcon 9
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+0 dB

+3 dB

+6 dB

× 1

× 2

× 2

× 1

× 2

× 4

Level Power Amplitude

Power 
spectral 
density
[g²/Hz]

Frequency 

0.04

0.01

0.02

11.1 gRMS

7.9 gRMS

5.6 gRMS

dB = 10 log10 𝑟p

dB = 20 log10 𝑟a
𝑟p = 10

dB
10 𝑟a = 10

dB
20
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PSD
[g²/Hz]

Frequency

Cumulative 
RMS [g]

Frequency

Total RMS

0
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PSD
[g²/Hz]

Frequency

Moving RMS [g]

Frequency

½ octave

0

¼ octave

½ octave

1 octave



41
C O M P A N Y  P R O P R I E T A R Y  – A E R O S P A C E L A B . C O M

Y [g²/Hz]

PSD frequency

Input

X [g²/Hz]

PSD frequency

Output

RMS

𝑋 𝑓 = 𝑇𝑓0 𝑓
2
𝑌 𝑓Transmissibility: 𝑇𝑓0

Output PSD

Input PSD: Y

f0

Isolation
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VRS [g]

Resonance frequency f0

0

Q = 5

Q = 10

Q = 20

VRS 𝑓0 = 3 න 𝑇𝑓0 𝑓
2
𝑌 𝑓 d𝑓

Output PSD
X [g²/Hz]

PSD frequency

RMS

𝑋 𝑓 = 𝑇𝑓0 𝑓
2
𝑌 𝑓

× 3 (peak)

For a 
specific

f0
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Y PSD
[g²/Hz]

Frequency

From: SpaceX RPUG

VRS 𝑓0 = 3 න 𝐻𝑓0 𝑓
2
𝑌 𝑓 d𝑓 ≈ 3 𝑌 𝑓0 න 𝐻𝑓0 𝑓

2
d𝑓 = 3

𝜋

2
𝑓0𝑄𝑌(𝑓0)

VRS [g]

Frequency

Exact
VRS

Miles

Q = 10

Falcon 9
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Amplitude 
[g]

Time

Input

Amplitude 
[g]

Time

Output

Transmissibility: 𝑇𝑓0 Output signalInput signal

0

0
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SRS [g]

Q = 10

Q = 2

Q = 50Amplitude 
[g]

PSD frequency

For a 
specific

0

Peak

Resonance frequency f0
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fi = 1,000 Hz

SRS [g]

Frequency [Hz]

fi = 2,000 Hz

fi = 500 Hz

10

100

1,000

10,000

100 1,000 10,000

Launch & 
co-payloads

Separation

From: SpaceX RPUG

Frequency [Hz]

SRS [g]

Falcon 9
Half-sine at frequency fi

Q = 10 Q = 10

500 1,000 2,000
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Falcon 9

OASPL = 139 dB

OverAll Sound Pressure Level 10 log
𝑝rms
2

𝑝ref
2
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Direct field

Reverberant field
Uniform field

Diffuse field
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WHAT CAN BREAK AND HOW
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In
cr

e
a

si
n

g
 l

o
a

d
 l

e
ve

l
Design logic Test logic

Limit loads
or MPE

Design limit 
loads

Design yield 
loads Design 

ultimate loads

Qualification 
loads

Acceptance 
loads

× A

× B
× C

× Qualif × Acc

A = Qualif × Project × Model

B = Yield FOS × Local design

C = Ultimate FOS × Local design

From: ECSS-E-ST-32-10C
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97.72%    

From: ECSS-E-ST-32C, GSFC-STD-7000B

Samples

1

2

3

4

5

97.72% •

50%  

Some standard confidence levels for limit loads:

50%

Parameter distribution 
(e.g. Student's t)

Process distribution 
(e.g. normal)

Single sample

95 / 50

GEVS (random)ECSS

99 / 90 97.72 / 50

GEVS (loads)
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Strain

Stress σ

Yield strength

Ultimate 
strength

𝜎vm =
1

2
𝜎1 − 𝜎2

2 + 𝜎2 − 𝜎3
2 + 𝜎3 − 𝜎1

2

𝜎2

𝜎1

Von Mises yield criterion

Tensile stress

Linearity assumption (FRF, PSD)
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• Fatigue failure
o Cyclic load
o Stress below material strength

• Due to crack propagation

• High preload is beneficial

• Palmgren-Miner rule

4෍

𝑖=1

𝑚
𝑛𝑖
𝑁f,𝑖

≤ 1

m stress conditions
ni cycles
Nf,i cycles to failure

Cycles to failure N

Alternating 
stress

Fatigue performance
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Steinberg fatigue limit

Component can survive 
20M cycles at deflection

𝑍3𝜎limit

0.02816𝐵

𝐶ℎ𝑟 𝐿

B

h
L

r

C

Fatigue curve

Nf

Z3σ

𝑁f = 20 × 106
𝑍3𝜎limit

𝑍3𝜎

𝑏

𝑏 = 6.4

Steinberg's fatigue model

Miner's cumulative index

Fatigue life (# cycles)

Actual life (# cycles)

𝑛 = 𝑓 × 𝑇

CDI = 4෍

𝑖=1

𝑚
𝑛𝑖
𝑁f,𝑖

≤ 1

Z

Time

Z

i =
3

2
1

Probability

PCB mode freq. f, test duration T

From: García et al., AIP Conf. Proc. (2018)
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Nut-tightened joint Insert joint

Preload
Tension load
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Preload Shear load Friction shim
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Shoulder fastener Shear load

Avoid hyperstaticity
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Slipping ➔ bearing failure Fastener shear failure Fastener tensile failure

Gapping Thread shear pull-out Crushing of flange
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Flange tension failure Flange shear-out Flange tear-out
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Alignment on ground

Thermo-elastic distortion
Gravity release

Moisture
absorption/releaseDifferent materials

Temperature gradient

1g

Slipping
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FILLING UP THE COMPANY'S SERVERS 101
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Uncoupled 
models

Coupled 
model

Load 
analysis

Structural 
design

Step 1 Step 2 Step 3

• Host model
• Frequency range
• Damping

• Forcing functions
• Vibration environments

Margin 
assessment

• Accelerations
• Subcomponents 

loads
• Interface forces
• Deflections

• Safety 
margins

Iterations

From: NASA-STD-5002
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Modeling Modal basis
Modal 

superposition
Input 

response
Model 
check

Input/output Input PSD

Output PSD Peak
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Isogrid Orthogrid

Stiffener profile
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~1k elements~10k elements~100k elements

CHEXA CTETRA CQUAD CTRIA

Linear vs parabolic: Rotation DOF:

CQUAD4 CQUAD8 CTRIA3 CTRIAR
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Jacobian sign

Jacobian zero

Volume sign

Aspect ratio

Skew angle

Max & min interior angles

Taper

Warp

Edge point included angle

Edge point length ratio
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Mass point
• Fastener
• Washer

Spring element
• Flange
• Fastener

Rigid element
• Fastener head
• Washer
• Fastener thread
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Substructuring

Projection

Static reduction (Guyan)

𝐾𝐵𝐵 𝐾𝐵𝑂
𝐾𝑂𝐵 𝐾𝑂𝑂

𝑞𝐵
𝑞𝑂

=
𝑓𝐵
𝑓𝑂

𝐾𝐵𝐵 − 𝐾𝐵𝑂𝐾𝑂𝑂
−1𝐾𝑂𝐵 𝑞𝐵 = 𝑓𝐵 − 𝐾𝐵𝑂𝐾𝑂𝑂

−1𝑓𝑂

B

O

Dynamic reduction (Craig-Bampton)

𝑞𝐵
𝑞𝑂

= 𝑇G𝑞𝐵 =
𝐼

−𝐾𝑂𝑂
−1𝐾𝑂𝐵

𝑞𝐵

𝑞𝐵
𝑞𝑂

= 𝑇CB
𝑞𝐵
𝑄 =

𝐼 0
−𝐾𝑂𝑂

−1𝐾𝑂𝐵 Φ𝑂𝑂

𝑞𝐵
𝑄

−𝜔2𝑀 + 𝑖𝜔𝐶 + 𝐾 + 𝑖𝐾4
𝑞𝐵
𝑞𝑂

=
𝑓𝐵
𝑓𝑂

𝑇C𝐵
T −𝜔2𝑀 + 𝑖𝜔𝐶 + 𝐾 + 𝑖𝐾4 𝑇CB

𝑞𝐵
𝑄 = 𝑇CB

T 𝑓𝐵
𝑓𝑂
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Ud

Strain ε

Stress σ

Strain energy density

𝑈d = න𝜎𝜖 d𝜖

Strain energy

𝑈 =ම𝑈d d𝑉

Mode 1:

Mode 2:

Strain energy density in 
free-free modes
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Definition
• Volume
• Objective
• Constraints

Sensitivity analysis

Update filling 
factors

Remove unfilled 
elements

Objective 
reached?

No

Yes

Filling factor 𝜇 ∈ [0,1]

Material density 𝜌 = 𝜇𝜌0

Young's modulus E(𝜇)

µ µ

EE

Power law Rational law

µ=1

µ=0
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Thermal model

Structural model

Thermal analysis

Mapping

Propagation

Structural analysis
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Structural mesh
Inner boundary of 

acoustic mesh
Outer boundary of 

acoustic mesh Acoustic mesh

Microphone mesh:
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THE MOMENT YOU KNOW WHETHER YOU SCREWED UP
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Qualification approach Protoflight approach

Qualification

Acceptance

Protoqualification
QM

FM

PFM
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Qualification
• Objective = prove that the article will 

survive limit loads
• Check of design
• Better to overtest than understest

Acceptance
• Objective = prove that the article is 

equivalent to the QM
• Check of workmanship
• Better to undertest than overtest

Each test on the FM is an additional risk
(Fatigue, stochastic luck)
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Multi-axis shaker
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Head expander Slip table

Fixture IP/OOP Multi-unit fixture
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Accelerometers Laser interferometers Strain gauges Load cells

Piezoelectric crystal

Seismic 
mass

Uniaxial

Triaxial

• Strain gauge
• Capacitive
• Pneumatic
• Hydraulic
• Piezo…
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M1

Excitation cases

3 2 1

Frequency

M1 resp. 
ampl.

1 

2

3

Resonance modes
Resonance

Antiresonance
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M1

Frequency

M1 resp. 
ampl.

Resonance modes

M1

1

2

1

Unobservable

Uncontrollable
2
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C1

EUT

Controller

C1 
ampl.

Frequency Frequency

Control failure at 
antiresonance frequency

C1 
ampl.

C1
0

> input

D
is

p
la

ce
m

e
n

t

< –input

C1

C2

C3 Control strategy
• Minimum ➔ overtest
• Maximum ➔ undertest
• Average ➔ both
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Consider the impact of your sensor (mass, stiffness…)

Example: 20 modes

 2 triax acceleros

8 triax acceleros➔
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Low-level sine
• Standard in the industry
• Modes only excited for a short time
• Low damping ➔ high g's
• Some values: 0.2 g, 0.5 g, 1 g…

Low-level random
• Standard at ASL
• Modes continuously excited
• Low g's
• Some values: 1gRMS…

Not everyone agrees on what is low-level
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Low-level sine

High-level random

Frequency

Transmis-
sibility
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Low-level 
resonance search

High-level 
test

Compare

Low-level 
resonance search

Success criteria:

• No visible degradation

• No untightening of screws

• Functional test

• Upper limit to frequency shift (e.g. 5%)

• Upper limit to amplitude shift (e.g. 20%)

• Compliance with frequency requirements
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Modal test
• Resonance search
• Ping test

Modal 
analysis

Mapping

Matching
• Frequencies
• MAC

Cost function

Correlation
Updating

Sensitivities

Correction
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M1

M2

Measurement at the CoG:

Dedicated test
• Static load
• Burst sine

Combined test
• Sine sweep
• Random

Lower than first natural frequency
2

3
,
1

2
, …

From: NASA Goddard Space Flight Center
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Impact of too high sweep rate

From: ECSS-E-HB-32-26A

Spectra contain phase information

Sweep rate: linear or logarithmic

Amplitude: 
may vary

Input

Time
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-6 dB -3 dB
+0 dB
= TRL

-9 dB -6 dB -3 dB

15 sec 15 sec 30 sec

15 sec 15 sec 60 sec

-12 dB

15 sec

-9 dB

15 sec

Ramp-up

Real test

Intermediate 
level
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Measurement

Measurement

Excitation Excitation

Frequency

PSD

envelope
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Frequency

VRS

Frequency

CRMS

Frequency

PSD

CRMS of the 
envelope

Envelope of 
the CRMS

VRS of the 
envelope

Envelope of 
the VRS
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Frequency

PSD

Frequency

CRMS

Frequency

VRS

Environment envelope Test envelope

QSL Flexible

Payload 
QSL limit
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Frequency

IF force 
transfer 
function

Frequency

M1 acc.
transfer 
functionIF

Host

PL

M1IF
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Frequency

M1
PSD

10% uncertainty on payload

Frequency

M1 environment

PL test envelope

PSD
Host

PL

M1IF
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Host

PL

M1IF

M1
acc.
PSD

Frequency
Frequency

IF
force
PSD

IF/M1

Coupled

Uncoupled



96
C O M P A N Y  P R O P R I E T A R Y  – A E R O S P A C E L A B . C O M

IF 
force
PSD

Frequency

M1 
acc.
PSD

Frequency

IF 
force
PSD

Frequency

M1 
acc.
PSD

Frequency

Force-limiting

Manual 
notching
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Near-field: pyroshock Mid-field: hammer

Far-field: shaker

From: Dayton T. Brown; ESTEC; Unholtz Dickie 
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Reverberant field acoustic noise testing Direct field acoustic noise testing
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FEEL FREE TO ASK YOUR QUESTIONS
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Frequency

Amplification

Isolation

Platform Payload
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