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ABSTRACT 

Sentinel-5 (S5) is a key mission within the European 

Copernicus program, dedicated to monitoring the 

chemical composition of the atmosphere. Developed by 

Airbus Defence and Space, it will be integrated on the 

EUMETSAT MetOp-SG-A satellites, featuring the 

Ultra-violet Visible Near-infrared Shortwave-infrared 

(UVNS) spectrometer, providing atmospheric data 

including aerosols, ozone and trace gases. 

 

This contribution will present the lessons learned from 

the Thermal Vacuum Chamber (TVAC) Rotation 

System (TRS), one of the Characterisation and 

Calibration (C&C) Test Equipment, which was used 

beyond its original scope in a challenging environment. 

This resulted in premature gear wear, increased driving 

torques, curved guides degradation and creaking noises, 

and loss of MoS2 coating. 

 

1 MISSION 

Sentinel-5 (S5) is a key mission within the European 

Earth Observation Copernicus programme, dedicated to 

monitoring the chemical composition of the atmosphere.  

 

Developed by Airbus Defence and Space (ADS), 

Ottobrunn, under contract with ESA, it will be 

integrated on the EUMETSAT MetOp-Second 

Generation A (MetOp-SG-A) satellites, featuring the 

Ultra-violet Visible Near-infrared Shortwave-infrared 

(UVNS) spectrometer. [1] 

 

Figure 1. Illustration of the MetOp-SG-A satellite 

(credits: ESA) 

This advanced instrument will provide daily global 

atmospheric data, with high spatio-temporal resolution, 

relating to: 

- Air quality parameters through the measurement of 

the tropospheric concentration of molecules like 

NO2, SO2, CO, HCHO, O3,  

- Climate forcing (greenhouse gases such as CH4, 

including their tracers and aerosols), 

- Stratospheric ozone and surface UV radiation, 

- And more, through applications and services. [1] 

 

Figure 2. S5 instrument model 

(credits: ADS) 

The UVNS instrument is a high-resolution passive 

grating imaging spectrometer, its configuration is push 

broom staring (non-scanning) in nadir viewing, and it 

covers a spectral range from ~270 nm to ~2385 nm 

across five channels.  

 

Its main characteristics are: 

- Swath width: 2670 km, 

- Spatial sampling: 50x50 km2 (UV1), 7.5x7.5 km2 

(all other channels), 

- Radiometric accuracy (absolute): 3%, 6% (SWIR) 

of the measured earth spectral reflectance, 

- Overall mass: 290 kg, 

- Dimensions (x.y.z) : 1.145 x 1.032 x 1.026 m3, 

- Design lifetime: 7.5 years, 

- Power Demand: 300 W, 

- Generated data volume: 139 Gbits per full orbit. [1] 



 

2 REQUIREMENTS 

The TRS requirements provided for its design were 

exceptionally demanding for a Ground Support 

Equipment (GSE), yielding a complex design in 

compliance with the specification, accommodating all 

the customer expectations. 

 

The most notable constraints were the following: 

- Optical GSE (OGSE) compatibility: positioning 

precision (0.1 degrees with 0.001 degrees rotational 

knowledge) and field of view (FoV) clearance with 

very limited straylight levels.  

- Vacuum environment: limited materials that do not 

release particles and with outgassing values lower 

than 0.1% Total Mass Loss (TML)/ Recovered 

Mass Loss and 0.01% Collected Volatile 

Condensable Material (CVCM) for cleanliness.  

- Thermal environment: limited materials due to the 

operating temperature (253K) and the radiative 

thermal exchange with the TVAC walls at a 

temperature close to 80K.  

- Lubrication: Wet lubricant shall not be used due to 

cleanliness constraints.  

- Electrical systems: ISO 8 electrical cabinet 

operating the GSE in the TVAC using electrical 

feedthroughs, ensuring motorised motion of three 

axes with position measurement, limit switches, and 

temperature measurement. Moreover, it shall allow 

command via a remote interface. 

- Mass and envelope: imposed by RAL Space's 

facility and the S5 UVNS instrument, thus limiting 

the design possibilities and the machine’s stiffness. 

- Vibrations: to be eliminated from the instrument’s 

perspective by isolated the TRS to ground interface. 

- Range of motion: horizontal rotation from -95 to 

+70 degrees with respect to (w.r.t) the nadir 

measurement orientation, and vertical rotation from 

-5 to +90 degrees. 

- Cooling: implementation of liquid nitrogen (LN2) 

cooling through pipes to induce a cold radiative 

environment to S5 (<85K). 

- Cleanliness: ISO5, delivered in ISO7 condition. 

 

3 TRS DESIGN CHALLENGES 

The development of the S5 UVNS TRS has faced 

numerous challenges due to the stringent mission and 

testing constraints described in section 2. This 

necessitated continuous balancing and trade-offs, as 

well as the refinement of some expectations. 

 

First of all, on one hand the machine had to be 

compatible with RAL Space’s TVAC, which required 

compliance with the mass, envelope, thermal and 

material requirements amongst others. On the other 

hand, it had to ensure precise motion of the instrument 

for the OGSE and guarantee its simulated environment.  

Another challenging design aspect was the GSE use 

cases definition during the test campaigns. Indeed, the 

sole requirements related to the TRS’s lifetime and use 

cycles were an operational lifetime of 15 years under 

regular maintenance, including long storage phases, 

with the capability to approach the extreme 

measurement positions and perform all movements in 

between. The assumption made and initially confirmed 

was that the machine would be used for large motions. 

However, this was later refined to motions in degree-to-

degree increments, but the design was already finalised 

and the exact amount of movements still unknown. 

 

Finally, one of the main challenges resided in the 

prohibition of wet lubrication. This implied that the 

bearings, guides and gears would be dry-lubricated, 

increasing the risks of premature wear. 

 

4 TRS DESIGN DESCRIPTION 

To take on these technical challenges, the team at APCO 

Technologies derived a concept composed of an 

Instrument Rotation Stand (IRS) allowing for precise 

manual movement in two axes (horizontal X and vertical 

Z), and a Shroud Rotation Stand (SRS) following the 

IRS’s Z movements and allowing manual movement on 

par with the IRS-X axis. As the project progressed, 

vacuum compatible motorisation was added which 

reduced the duration of the test campaign, and thus the 

time spent under cryogenic and vacuum conditions. 

However, this drastically increased the complexity of 

the TRS design and operation. The GSE was updated to 

implement motors to the three irreversible gearboxes 

(IRS-X, IRS-Z and SRS X). Further modifications by 

the customer introduced high-torque motors. 

 

Figure 3. IRS and SRS design overview 

The TRS includes thermal regulation and features a 

liquid nitrogen network to cool the Cold Radiator 

Shroud (CRAS). During operation, the IRS and SRS are 

interlocked but lay on two sets of rails within the TVAC. 

The IRS rails are completely isolated from vibrations, 

while the SRS rails experience micro-vibrations induced 

by the nitrogen network and the Rotary Nitrogen Joints 

(RNJs). [2] 
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Figure 4. TRS without MLI on mock-up rails at APCO 

Technologies with the S5 UVNS mass dummy in front 

5 ROOT CAUSE ANALYSIS 

As the TRS’s life cycle progressed through assembly 

and testing, in-air commissioning, in vacuum 

commissioning, and finally nominal operations in 

cryogenic vacuum environment, some observations 

were made: premature wear of the X axes gears, 

gradually increasing driving torques, visible degradation 

of the SRS-Z curved guides, audible creaking from the 

SRS-X curved guides, and loss of the MoS2 coating. 

 

Following the successful the protoflight model (PFM) 

test campaign, all parties agreed that the TRS required 

maintenance before testing the second and third flight 

models (FM2 and FM3) to maintain function for the rest 

of its 15 years lifetime. 

 

In order to ensure appropriate remedying actions, a 

structured root cause analysis (RCA) was performed 

based on the “5-Why’s” methodology for all axis under 

examination. It has incorporated, consolidated and built 

upon the discussions in previous analysis and non-

conformances in addition to the performance of 

additional testing on the machine alongside a critical 

review of the project’s documentation.  

The approach identifies possible layered causes such 

that “yn” may be caused by any number of “yn+1” 

linked to it. 

 

This begins with listing the identified problems as 

noticed on the hardware; these are termed Observations 

– OBS-XX. 

 

Every Observation may have multiple possible causes; 

these are termed Why’s – WHY-XX. 

 

Finally, every Why requires a detailed assessment to 

validate whether the cause is credible or may be ruled 

out within the context of the TRS; these are termed 

Investigations – INV-XX. 

 

In order to proceed, these three components are 

organised in a causal diagram for each axis during joint 

work sessions, which are then formalised in causal 

matrices allowing for a systemic verification of each 

causal link. Fig. 5 hereunder presents the causal diagram 

and matrix for the SRS-X axis. [3] 

 

 
 

 

Figure 5. SRS-X axis causal diagram and matrix 

(vectorised format) 
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6 OBSERVATIONS 

As a basis for the RCA, the following observations were 

made: 

- Insufficient torque margins during tests 

- Pinion and crown teeth degradation 

- Particle generation  

- Stripped MoS2 surface treatment 

- Spotted marks on the rails 

- SRS vibration/oscillation during SRS-X actuation 

 

The following figures illustrate the most notable of these 

observations to assist in the analysis of the RCA’s 

investigations and measurements. 

 

 

Figure 6. SRS-X pinion damage (credits: ADS) 

 

Figure 7. IRS-X crown damage (credits: ADS) 

7 INVESTIGATIONS  

The RCA yielded 53 investigations, organised in the 

following themes: 

- Thermal investigations 

- Mechanical investigations (documentation-based) 

- Mechanical investigations (measurement-based) 

- Lubricant investigation 

- Design investigations and validation 

- Motorisation, electrical, and miscellaneous 

 

However not all of them are relevant to this contribution, 

which will focus on the investigations related to the 

TRS’s gears and the SRS’s curved guides (rails and 

carriages). The following sub-sections will regroup and 

synthesise the most relevant investigations. [3] 

 

7.1 Dry Lubricant Layer Thickness and 

Substrate Hardness 

This investigation focused on the performance of the dry 

lubricant layer on the pinions, the rails and carriages, as 

under incorrect specification the layer may strip. 

 

The SRS’s rails, carriage blocks, endplates and balls are 

all made of stainless steel, as specified in the supplier’s 

drawing. The TRS’s gears are made of 1.4542 P1070 

stainless steel. From the SRS and IRS analysis reports, 

all the safety margins regarding these parts are positive. 

 

The contact surfaces are lubricated by Microfral 200 

(MoS2). It has been applied by the supplier following 

their processes. The lubricant may be applied to most 

materials, including steels, as per its datasheet. 

Moreover, the latter specifies that the pressure resistance 

of the lubricant equals “any pressure accepted by the 

support”. 

 

Hence it was concluded that in the nominal case the 

substrate is sufficient. 

 

7.2 Measurement of the SRS-X Pinion Radial 

Deflection Under Load 

This investigation sought evidence to support whether 

the SRS-X irreversible gearbox pinion shaft or the 

pinion itself had an axial wobble / radial runout. This 

could cause issues with the teeth gap setting or induce 

vibrations in the machine that could excite the resonant 

frequencies of the machine, inducing additional stresses 

on the SRS-Z rail. The presence of such issues should 

be evidenced by the radial deflection of the pinion under 

load.  

 

Fig. 8 shows the SRS-X Pinion shaft runout 

measurement results and setup. It has to be noted that 

the measurements are compounded with Z and Y 

displacement, explaining the shape of the graph. 

Pinion 
degradation 

Stripped 
MoS2  

Crown 
degradation 



 

The pinion shaft deflection can be correlated to large-

scale perturbation such as the crown runout and/or the 

CRAS arm position. It appears to be quite stable across 

the -80° to -50° range (~0.03 mm runout), indicating no 

small-scale perturbations. 

 

Figure 8. SRS-X Pinion shaft runout measurements 

Regarding vibrations, the first resonant frequencies of 

the SRS were calculated in the SRS analysis report with 

the lowest one being at 1.8 Hz. Although low, the 

rotation frequency of the pinion shaft is much lower. 

 

Therefore, the rotation of the pinion and/or its gearbox 

shaft do not appear to be responsible for teeth 

degradation nor machine vibration, thus is ruled out as a 

cause. 

 

7.3 Pinion-Crown Teeth Gap Variation And 

Related Parameters 

This investigation focused on the measurements made 

to understand the behaviour of the SRS with respect to 

various parameters and their impact on the pinion-crown 

teeth gap. The latter features variations across a rotation 

cycle form -90° to +70°, which could be the cause of 

poor alignment of the gears, and thus possibly result in: 

- Pinion degradation 

- Crown degradation 

- Particle generation 

- Insufficient torque margins 

 

The following measurements were made: 

- Pinion-Crown teeth gap – with a set of shims with 

0.05mm increments 

- Crown runout measured on the teeth – with a 

calibrated dial gauge 

- Machine deformation – with a calibrated laser 

tracker 

- Machine horizontality – with a calibrated 

inclinometer 

- Clockwise (CW) and Counterclockwise (CCW) 

torques in the SRS-X gearbox input shaft to induce 

movement and feel any hard points – with a 

calibrated torque wrench and qualified operator. 

 

It has to be noted that depending on the test and which 

parameter was studied, some or all of the measurements 

were skipped for efficiency, based on the preliminary 

observations made. 

 

This sub-section will present graphs and conclusions 

based on the available results and understanding of the 

machine’s behaviour. 

7.3.1 SRS-X Pinion-Crown Teeth Gap 

Fig. 9 illustrates the 8 measurements sets of the teeth 

gap, measured every 10° from -88° to +70° and back to 

-88°. At first glance, it seems that there is a lot of 

variations caused by the parameters and large 

differences between the minimum and maximum 

values. 

 

However, it must be noted that the measurement sets 

were made one after the other, thus stacking the 

influence of some parameters. 

 

Figure 9. SRS-X Pinion-Crown teeth gap [mm]  

7.3.2 SRS-X Crown Teeth Runout 

Fig. 10 illustrates the 4 measurements sets of the crown 

teeth runout (eccentricity), measured every 10° from       

-88° to +70° and back to -88°. The measurements were 

made in the same configuration as sets N° 1, N°2, N°3 

and N°7 for the teeth gap. 

 

Figure 10. SRS-X Crown teeth runout [mm] 

Fig. 11 shows the crown runout measurement for the set 

N°3 compared to the measurement of the SRS-X rail 

runout measurement in the same configuration. 
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Figure 11. SRS-X Crown teeth eccentricity vs Rail 

eccentricity [mm] 

7.3.3 SRS-X Laser Tracker Measurements 

The deformation of the SRS frame at 9 different 

locations was measured using a calibrated laser tracker. 

Fig. 12 shows the repartition of the laser tracker targets 

on the SRS, with the following focus: 

- Carriage support surface on SRS frame: RRR9, 

TRB7, TRB6, TRB3, RRR8 

- SRS frame: TRB5 and TRB1 

- Gearbox support surface (on the bracket): TB4 

- Gearbox support surface (on the SRS frame): TRB2 

 

Figure 12. Laser tracker targets repartition on SRS 

7.3.4 SRS-X Counterclockwise Torque 

Fig. 13 illustrates the 3 measurements sets of the SRS-

X CCW torque, measured every 10° from -88° to +70° 

and back to -88°. The measurements were made in the 

same configuration as sets N° 1, N°2, and N°3 for the 

teeth gap. 

  

Figure 13. SRS-X CCW Torque [Nm]  

7.3.5 Summary of teeth gap parameters 

These measurements allowed for an excellent 

understanding of the SRS’s behaviour. 

 

The SRS-X axis teeth gap varies over a cycle, influenced 

by the rotation along the Z axis, the horizontality of the 

TVAC (mock-up) rails, the adjustment of the crown 

against its supporting surface, the eccentricity of the 

crown’s centre compared to the rails’, and the presence 

of the CRAS mass dummy. Although no single 

parameter drives the gap, their addition resulted in the 

absence of gap in some of the range of motion, 

degrading prematurely the Microfral treatment and 

resulting in cold welding of the pinion and crown teeth 

faces. 

 

In addition, it has been established that the torque 

showed no measurable relation to the teeth gap setting. 

Moreover, lubricating the SRS-X axis carriages with 

vacuum compatible grease reduced the torque by a 

factor of 2 to 3 depending on the angle.  

 

7.4 Lubrication of the Carriages Following the 

Supplier’s Recommendations 

The SRS’s curved guides were at the centre of multiple 

investigations, as they were visibly heavily damaged 

and hindered movements. 

 

The supplier’s representative in Switzerland visited 

multiple times to investigate their state and generate an 

expert report. They reported evidence of pitting (Fig. 

14), fretting (Fig. 15), tribocorrosion (Fig. 16), and 

localised overload (Fig. 17) of the of the SRS-Z rail as 

well as the slight misalignment of two segments. 

 

As of the writing of this paper, the carriages have been 

handed over to the supplier for a detailed disassembly 

and analysis. Fig. 18 shows a preliminary observation of 

a damaged SRS-X ball. 

 

     
     
     

     
     
     

     
    
    

    

                                            

                                 

                               

                                                     

                                                    

    

    

    

    

    

     

     

     

                                          

                                 

                     

                                                                                                



 

 

Figure 14. SRS-Z rail damage: pitting 

 

Figure 15. SRS-Z rail damage: fretting 

 

Figure 16. SRS-Z rail damage: tribocorrosion and 

fretting 

 

Figure 17. SRS-Z rail damage: overload, 

tribocorrosion and fretting 

 

Figure 18. SRS-X carriage damaged ball 

These observations, although tribologically fascinating, 

did not match the expected life of 51km per carriage 

calculated by the supplier based on the extraction of the 

SRS’s finite element model (FEM) loads. 

 

Indeed, the TRS’s use time and cycles were provided by 

RAL Space during the RCA based on the PFM 

commissioning and testing, as detailed in Tab. 1. This 

allowed for a calculation of the travel of each carriage in 

the SRS’s life: 5.8km for the Z axis and 2.9km for the X 

axis.  

Table 1. Estimation of the use time and cycles 

(credits: RAL Space) 

  

The travel done to complete PFM testing was 1.4km for 

the SRS-Z carriages and 0.7km for the SRS-X carriages. 

 

The RCA identified a single main contributor to this 

catastrophic premature wear through the various 

investigations and the supplier’s expertise report: 

insufficient lubrication. The supplier’s recommended 

grease amount was injected in each carriage and the 

following observations were made: 

- Reduction of the SRS-X gearbox input torque by a 

factor of 2 to 3 

- Reduction of the force to rotate the SRS along Z by 

a factor of over 5 (over 600N to under the required 

120N for manual movement) 

- Elimination of the SRS oscillations during motion. 

 

It was concluded that improper lubrication lead to a 

stick-slip phenomenon in the SRS-X carriages when the 

load “drives” the motion, which lead to an excitation of 

a resonance frequency or simply induced oscillations in 

the SRS, which induced moments on the SRS-Z 

carriages (and to the SRS-X carriages to a lower extent), 

thus damaging the curved guides prematurely although 

dimensioned with a factor of safety over 10 w.r.t life 

expectancy. 

  Scans Duration (Hrs) 

PFM Commissioning 150 60 

PFM 310 124 

FM2 Commissioning 100 40 

FM2  310 124 

FM3 Commissioning 15 6 

FM3 310 124 

Storage checks 10 4 

FM2 2nd 310 124 

Storage checks 10 4 

FM3 2nd 310 124 

Total 1835 734 



 

7.5 Gears relative displacements 

The relative motion of the pinion and the crown for both 

X axis were analysed, as misalignment and sliding are 

known key contributors to gear wear. Fig. 19 illustrates 

the coordinate system used in the SRS-X axis kinematic 

chain analysis. 

 

Figure 19. Kinematic chain coordinate system 

Regarding mechanical loading only, the key results are: 

- A -0.55 mm displacement in Y (out of plane) occurs 

in a load case, resulting in teeth sliding.  

- A +0.12 mm displacement in X (centre to centre 

axis) occurs in another load case, resulting in a 

diminution of the pinion-crown teeth gap. 

 

Regarding mechanical loading with thermal loads, the 

key results are: 

- A -0.79 mm displacement in Y (out of plane) occurs 

in the same load case as for mechanical loading 

only, resulting in even more teeth sliding.  

- A +0.15 mm displacement in X (centre to centre 

axis) occurs in another load case, resulting in further 

diminution of the pinion-crown teeth gap. 

 

The relative angles remain very stable with the addition 

of the thermal loads, but sliding and wear are increased. 

 

8 LESSONS LEARNED AND 

RECOMMENDED ACTIONS 

This in-depth root cause analysis of the S5 UVNS TRS 

yielded valuable lessons learned for the design of 

mechanisms used in vacuum, which allowed for the 

recommendation of maintenance actions to extend the 

life of the TRS for the upcoming test campaigns. 

 

The use of commercial off the shelf (COTS) 

components such as curved guides is possible for such 

applications, however they must be lubricated according 

to the supplier’s recommendations. Therefore, the 

requirement prohibiting wet lubricant was waivered for 

the project, and the carriages lubricated using Braycote 

601 EF grease instead of the Microfral 200 MoS2 

coating. 

 

Gear teeth gap setting is critical and is driven by 

numerous parameters, each having a small influence. 

Although most of these parameters could be ignored for 

most heavy ISO 8 GSE, they are essential for the proper 

behaviour of GSE heavily constrained on mass and 

therefore stiffness. A comprehensive set of gap setting 

parameters were derived from the RCA and will help 

track and adjust the TRS’s gear gaps during its lifetime. 

 

The use of the same gear material (1.4542 P1070) for 

the pinion and crown proved to be problematic with the 

accelerated wear of the Microfral 200 coating, leading 

to cold welding. To mitigate this phenomenon, the 

pinions were nitrided before the dry lubrication and then 

lubricated with Braycote 601 EF. 

 

The strict mass and envelope requirements resulted in 

the design of a stiffness-lacking machine yielding 

relative gear motion which contributed to premature 

wear. An in-depth life assessment study was conducted, 

and despite certain wear, the gears are expected to 

withstand the complete life of the TRS without 

catastrophic failure.  

 

9 CONCLUSION 

This maintenance, coupled with an in-depth root cause 

analysis of the TRS allowed for precious lessons learned 

for the definition, design and maintenance of such a 

complex machine in a demanding environment. 

 

Although the use cycles were not defined and the 

machine was overused compared to the scope initially 

understood for the test scenarios, the PFM campaign 

was a success. 

 

As of the writing of this contribution, the machine is 

being recommissioned with new nitrided pinions 

lubricated with Microfral 200 and Braycote 601 EF, new 

curved guides (wet lubricated instead of dry), and gear 

gaps set according to precise recommendations. 
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