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Abstract 

The main   functions    of    the  space instrument structural subsystem  are  to  enclose,  protect  and support  the  

other instrument subsystems integrity and  to  provide  a  mechanical  interface with the spacecraft.  Depending on 

the mission requirements and the mechanical load envelope defined by the spacecraft, the structure should sustain the 

severe stresses and loads experienced during the launch. The main challenge for a successful structural design is to 

consider an appropriate verification method during the design phase, which discards or minimizes the potential 

hardware failures during the qualification tests. This is not always trivial because the design inputs and requirements 

at the preliminary design phase (phase B) may change when reaching to the stage that the instrument is built and 

needs to be qualified by test (phase D). In this paper, based on the lessons learned in the scope of the Electron Proton 

Telescope and High Energy Telescope (EPT-HET) instrument development for ESA’s Solar Orbiter mission, a 

systematic approach for a successful structural design is presented. The proposed approach not only includes the 

structural stress and strength analysis but also involves the fatigue life and shock damage verification for sensitive 

parts such as electronic components. 
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1. Introduction 

The launch operation in space missions induce a 

complex mechanical load to the spacecraft and its 

equipment. The space payloads receive mechanical 

loads in different frequency ranges and amplitudes 

during launch. Sometimes the prediction of the effect of 

such loads is neither straight forward nor compatible 

with the normal structural verification process of the 

instrument. In this paper, the structural design 

verification approach and the lessons learned in the 

scope of the EPT-HET instrument on board Solar 

Orbiter mission is introduced according to the design 

and development phase of the unit. 

 

2. EPT-HET instrument on board Solar Orbiter 

Spacecraft 

The Electron Proton Telescope and High Energy 

Telescope (EPT-HET) instrument constitutes together 

with other instruments, the Supra Thermal Electrons and 

Protons (STEP) instrument, the Suprathermal  Ion 

Spectrograph (SIS) and the Instrument Control Unit 

(ICU), the Energetic Particle Detector (EPD) payload 

for the ESA-NASA Solar Orbiter spacecraft, which it is 

scheduled to be launched in 2020. The main objective of 

the Solar Orbiter project is to obtain a better 

understanding of the heliosphere characteristic. 

The EPT-HET instrument (see Fig.1) is designed 

and assembled at the Institute of Experimental and 

Applied Physics (IEAP) of the Christian Albrechts 

University of Kiel (CAU) in Germany.  

EPT-HET consists of two sensor heads and one 

electronic box. EPT sensor head can detect electrons 

from 20 keV to 400 keV and protons 20 keV up to 10 

MeV. HET sensor head can detect electrons 300 keV - 

15 MeV, protons 10 - 100 MeV and ions 20 - 200 

MeV/nuc. Both EPT and HET sensor heads are 

mounted on an electronic box, and some radiative 

surfaces are included to evacuate the excess of heat in 

the instrument. Further details about the scientific 

objectives of EPT-HET instrument as well as EPD  on 

board Solar Orbiter can be found in [1]. 

The model philosophy which has been selected for 

EPT-HET development is as follow: 

 

 Demonstration Model (DM) 

 Electrical Model (EM) 

 Structural-Thermal Model (STM) 

 Qualification Model (QM) 

 Flight Model (FM) 

 Flight Spare (FS) 
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Fig. 1. EPT-HET unit 

 

3. Structural design verification of EPT-HET 

instrument 

The structural design verification of the EPT-HET is 

performed based on the Structural analysis and tests 

according to the Solar Orbiter project requirements as 

well as European Cooperation for Space Standardization 

(ECSS) guidelines [2], [3]. 

 

3.1 Preliminary Design Review (PDR) 

After the conceptual design phase and for the 

Preliminary Design Review (PDR), the structural 

analysis is performed based on the unit Finite Element 

Model (FEM). This FEM analysis included normal 

modes and quasi static analyses of the unit. The natural 

frequencies as well as the Von Mises stress results were 

compliant with the unit structural design requirements. 

These preliminary analysis were useful to check the 

preliminary design baseline compatibility mainly with 

the natural frequency and quasi static load requirement.  

 
3.2 Structural-Thermal Model (STM)  

After the PDR and before the Critical Design 

Review (CDR), a Structural-Thermal Model (STM) of 

the EPT-HET unit (see Fig.2) is developed for the 

mechanical design verification by vibration and thermal 

balance tests. The results of the vibration tests on STM 

were useful for design improvements.   

 

 
Fig. 2. EPT-HET STM 1st vibration test 24-26.06.2013 

The STM 1st vibration test campaign was not successful 

but it resulted to a very important structural design 

change which was the HET sensor crystal holder design. 

(see Fig.3). 

 

  
(a) (b) 

Fig. 3. (a) crystal holder before STM tests, (b) crystal 

holder after STM tests lessons learned. 

 

3.3 Critical Design Review (CDR)  

The structural analysis for the Critical Design 

Review (CDR) performed by the correlated FEM with 

the STM vibration test results including the following 

analyses: 

 Normal modes  

 Quasi-static  

 Sine vibration  

 Random vibration  

 Bolt analysis 

 Unit standoff crush 

 Fail-safe analysis 

 

Based on the successful CDR, the manufacturing of 

the Qualification Model (QM) is started. 

 

3.4 Qualification Model (QM)  

For the EPT-HET QM, the qualification vibration 

tests are performed according to the date load inputs 

which were actually wrong inputs. Unfortunately, the 

qualification structural test campaign was not 

successful. The post-vibration functional tests after the 

random vibration along the unit Z-axis (perpendicular 

axis of the electronic boards)   revealed an anomaly. 

Further investigations of the root cause identification 

demonstrated that the functional anomaly was due to the 

broken joints of some of the Electrical, electronic and 

electromechanical (EEE) components. (see Fig.4) 

 

 

 
Fig. 4. Crack at Capacitor C309 joints and FPGA 

legs on EPT-HET QM  
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3.5 QM Structural failure mitigation 

     After the failure in EPT-HET QM during 

qualification vibration tests, different strategies 

compatible with the project schedule have been selected 

in order to mitigate this problem which are described in 

the following subsections. 

 

3.5.1 Electronic boards stiffening 

After extensive FEM structural analysis, the main 

root cause of the structural failure was confirmed to be 

the excessive fatigue on the joints of the EEE 

components. At that stage of the project, the design 

change of electronic boards was not possible and the 

only possibility was to add structural stiffeners to the 

boards (see Fig.5 and Fig.6). The stiffeners were added 

to the EPT-HET Proto Flight Model (PFM). 

 

 
Fig. 5. EPT-HET PFM power supply and digital board 

with stiffener 

 

 
Fig. 6. EPT-HET PFM analog board with stiffener 

 

3.5.2 Revising the input loads from spacecraft 

In addition to the structural stiffness improvements 

of the electronic boards, there was a review of the 

mechanical input loads which resulted in a noticeable 

reduction of the qualification load levels.  

Table 1 shows the qualification random vibration 

level test levels which were applied in EPT-HET QM 

structural vibration which was not a successful test.   

Table 2 shows the qualification random vibration 

level test levels which were revised for EPT-HET PFM 

structural tests.   

Table 1. Structural qualification loads applied on 

EPT-HET QM (failure) 
Axis Frequency (Hz) Qualification 

Perpendicular 

to mounting 

plane 

 (Z-axis) 

20-100 

100-500 

500-2000 

+12 dB/Oct 

1 g2/Hz 

-8 dB/Oct 

26.3 g rms 

Parallel to 

mounting 

plane  

(X,Y-axes) 

20-80 

80-1000 

1000-2000 

 

+4 dB/Oct 

0.1 g2/Hz 

-3 dB/Oct 

12.8 g rms 

 

Table 2. Revised structural qualification loads for 

EPT-HET PFM vibration test 
Axis Frequency (Hz) Qualification 

Perpendicular 

to mounting 

plane 

 (Z-axis) 

20-100 

100-500 

500-2000 

+6 dB/Oct 

0.2 g2/Hz 

-6 dB/Oct 

11.6 g rms 

Parallel to 

mounting 

plane  

(X,Y-axes) 

20-80 

80-125 

125-150 

150-300 

300-325 

325-600 

600-2000 

+6 dB/Oct 

0.075 g2/Hz 

+11.4 dB/Oct 

0.15 g2/Hz 

-41.3 dB/Oct 

0.05 g2/Hz 

-4 dB/Oct 

8.74 g rms 

 

As can be seen the total g rms for Z-axis which is 

the axis perpendicular on the electronic boards of EPT-

HET and the most critical axis in this regard, has been 

reduced from 26.3 g rms to 11.6 g rms. 

 

3.5.3 Applying manual notch  

Based on the FEM analysis results and considering 

both the boards stiffening (Sec.3.5.1) as well as the 

revised input loads (Sec.3.5.2, an additional strategy as 

manual notching has been considered in order to avoid 

any failure on EPT-HET PFM model. The manual notch 

is designed based on the correlated FEM analysis and 

the acceleration response of the boards. In addition, a 

Quasi-Static Load (QSL) equivalent to the original 

random specification (see Table 2) and to random 

specification with notching (see Table 3) has been 

calculated according to the “Mass participation 

approach” from [4].  

 

Table 3. Revised structural qualification loads for 

EPT-HET PFM vibration test with manual notch 
Axis Frequency (Hz) Qualification 

Perpendicular 

to mounting 

plane 

 (Z-axis) 

20-100 

100-500 

500-580 

580-650 

650-900 

+6 dB/Oct 

0.2 g2/Hz 

-9 dB/Oct 

-45.5 dB/Oct 

-9 dB/Oct 
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Axis Frequency (Hz) Qualification 

900-1000 

1000-2000 

30.5 dB/Oct 

-9 dB/Oct 

10.88 g rms 

Parallel to 

mounting 

plane  

(X,Y-axes) 

20-80 

80-125 

125-150 

150-300 

300-325 

325-400 

400-450 

450-500 

500-565 

565-600 

600-2000 

+6 dB/Oct 

0.075 g2/Hz 

+11.4 dB/Oct 

0.15 g2/Hz 

-41.3 dB/Oct 

0.05 g2/Hz 

-35 dB/Oct 

0.0126 g2/Hz 

34 dB/Oct 

0.05 g2/Hz 

-4 dB/Oct 

8.48 g rms 

 

In Fig.7 and Fig.8 the three random vibration 

profiles which are shown as indicated in Table 1 (for 

QM), Table 2 (revised for PFM) and Table 3 (applied 

on PFM). 

 
 

Fig. 7. EPT-HET Z axis random vibration profiles  

 

 
Fig. 8. EPT-HET X, Y axes random vibration profiles  

 

3.6 Protoflight Model (PFM) 

According to the random vibration profile indicated 

in Table 3, the EPT-HET PFM (see Fig.9) was qualified 

successfully during its Protoflight qualification 

vibration test campaign. 

 

 
Fig. 9. EPT-HET 2 PFM vibration test 15-

18.03.2016 

 

 

4. Structural design verification based on model 

philosophy 

According to [3], the verification plan and the model 

philosophy which are selected for a space instrument 

development are highly dependent to each other. On the 

other hand the selection of the model philosophy largely 

depends on the space instrument developer group 

expertise and heritage as well as the available resources 

in terms of schedule and cost.  

The experience of EPT-HET instrument design and 

development by Institute of Experimental and Applied 

Physics (IEAP) at university of Kiel was based on the 

model philosophy indicated in Sec.2. In addition and as 

it was described in previous section, Sec.3, the 

structural design verification approach was not optimal 

and resulted in a substantial challenge to the project 

team after the failure of the EPT-HET QM during its 

qualification vibration tests. Of course this can be 

considered as normal work in order to obtain knowledge 

and to build up heritage. But it is very important to 

record and analyse all of the lessons learned and put 

them into context for future projects. Considering this 

objective, the following structural verification plan (see 

Fig.10) is proposed for the similar space instruments 

which are planned to be designed and developed by 

scientific groups at universities which follow the same 

model philosophy as EPT-HET. This means that if the 

project model philosophy includes specifically STM, 

QM and FM models in addition to the other models. 
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Fig. 10. Structural verification plan proposal for 

space instruments which their development model 

philosophy includes STM, QM and FM. 

In Fig. 9, the verification process by means of 

analysis and tests are shown in different development 

phases in accordance with the model philosophy. In the 

specific case of EPT-HET, the critical activities which 

were not considered adequately are highlighted with in 

the squares during each phase or model review. This 

means that if all of the items within those squares were 

taken into the consideration at the appropriate time of 

each relevant phase, the possibility of the EPT-HET 

QM failure could be reduced or even discarded.  

 

5. Discussion  

The proper selection of the structural verification 

method can ensure the structural design adequacy for 

the space instruments. However, this practice involves 

critical parameters such as random vibration and shock 

environment inputs from the S/C which are not always 

as accurate as it needs to be for the payload 

development team. Additionally, based on the schedule 

and delivery milestone constraints, the development 

phases of the space instruments and their design 

verification and review plans are not always in the 

appropriate time manner.  

Considering all these facts, it is highly recommend 

to include additional verification steps for the sensitive 

sub-assemblies such as fatigue and shock analysis 

electronic boards (see Fig.10). In addition to the FEM 

analysis, partial development tests at sub-assembly level 

can result to the structural design improvements and 

avoid expensive and unwanted surprises during the 

space instrument development plan [5], [6], [7]. 
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