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Abstract

As part of the European Service Modul (ESM) industrial team, Beyond Gravity (former RUAG Space) is
responsible for the Solar Array Drive Assembly (SADA). This paper deals with the development of the
SADA and particularly, with the development of the Solar Array Drive Mechanism (SADM). Special focus
is the experience on brake development, Harmonic Drive lubrication and development of a stronger inner
axis motor that was necessary due to increased customer demands.

Introduction

In the early 2000s NASA focused on having a crew vehicle serving both for crew transport to ISS as well
as to support planned manned Lunar and Martian missions. Consequently, there was a demand for a Multi-
Purpose Crew Vehicle (MPCV). A cooperation with the European Space Agency (ESA) was established.
NASA, with their industrial partner Lockheed Martin, is overall responsible for the spacecraft as such, and
for the Crew Module (CM), the manned part. ESA, with their industrial partner Airbus, is responsible for the
European Service Module (ESM), providing supplies and propulsion.

Evolution of the need scenarios of the MPCV turned it into a crew transport vehicle in the NASA Artemis
Program, now under the name “Orion Spacecraft”. The Artemis program focuses on going back to the moon
and beyond. Beyond Gravity Switzerland (formerly RUAG Space Switzerland) is responsible for the Solar
Array Drive Assembly (SADA) of the ESM. Each ESM has four Solar Array Wings (SAW). So, a complete
SADA set consists of four Solar Array Drive Mechanisms (SADM), two Solar Array Drive Electronics (SADE)
each driving two SADMs, and the interconnecting Solar Array Drive Harness. When starting the program,
the idea was to develop and qualify one SADA (one SADM QM and one SADE QM), and, once qualified,
the SADA flight hardware for all Artemis missions would be fully recurring items. In this paper the fully
qualified MPCV SADM Mkl (ESM1-3) with flight heritage is presented. The follow-on development, resulting
in ‘MKII" SADM that serves ESM4+ increased technical needs, is mentioned as well. The Mkll development,
including exhaustive breadboard testing, is finished and CDR is passed. Achievement of MM performance
under TV conditions is confirmed on the flight model identical Engineering Model. QM assembly is
completed and the MkIl QM test campaign is started.

Description of MPCV SADM

Beyond Gravity has served the international satellite market with a broad portfolio for solar array
mechanisms for LEO, GEO and deep space missions for decades. Common to these applications is that
for driving the SAW mainly the internal friction must be overpowered. In contradiction to that, under Artemis
orbital scenarios, the Orion SAWSs are exposed to high accelerations due to Trans Lunar Injection (TLI) and
Trans Earth Injection (TEl) maneuvers. These accelerations induce very high bending loads to the
mechanism. In addition, the SAW must be protected from thruster plumes. For that, a dedicated tilting
capability is required that, together with flight operational needs, results in the design concept of a two-axis
SADM.

* Beyond Gravity, Zurich, Switzerland
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Figure 1. Orion TLI (left) and TEI SAW Configuration

Several concepts were developed, and a number of breadboards built to test critical functions.

Figure 2. Orion SADM for Artemis 2 Mission

The Outer axis (OA) seen on the right-hand side of Figure 2 has its heritage from a standard SADM allowing
continuous rotation under moderate loading. The power from the solar cells and signals are transferred by
a dedicated brushed slipring.

The inner axis (IA) allows a limited tilting motion. To reduce noise and losses a twist cartridge is used for
electrical transfer. Although a strong stepper motor is implemented on the IA, this is not sufficient to transfer
the high bending loads (torques on this axis) seen in TLI and TEI. Therefore, a dedicated mechanical brake
is implemented to the IA.

The positions of OA and IA are monitored by potentiometers. Heaters are implemented so that the fluid

lubricants are kept at a moderate temperature level reducing the resistive friction in cold environment. All
electrical components of the mechanism are fully redundant.
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Figure 3. Cross-section Mkll SADM (For Artemis 4 mission)

The SADM “ESM1” that has been qualified participated in the Artemis maiden flight in the frame of
successful Artemis 1 mission end of 2022 during the unmanned Orion flight demonstration with orbiting the
moon. SADAs for ESM2 and ESMS3 are fully acceptance tested and delivered and will serve Artemis 2
(orbiting moon with Astronauts) in 2025 and Artemis 3 planning a landing on the moon. Already SADM for
ESM2 and ESM3 saw some small modifications like an improved thermal concept.

The main development challenge was the significantly increased IA driving torque demand compared to
the initial concept phase of the Artemis mission (more than a factor 3 increased). Starting with
Artemis4/ESM4 the demands exceeded the design capabilities so that a design update including a
completely new qualification test campaign was seen necessary. This now is under the designation ‘MKII’
(Mark2).

Key Performance Parameters (Mkll) Considering Required Margins
- Fully Redundant Design
- OA: Speed up to 2°/s, operational 1.2°/s, with high load 12 Nm @ 0.1°/s
- |A: Speed up to 1°/s, operational 110 Nm @ 0.6°/s; Powered hold 220 Nm
- Holding with engaged Brake > 1200 Nm
- 10 FWD 10 RTN Powerlines, upto 3.2 A
- OA Continuous Rotation
- 1A £65° tilting capability
- SADM Mass 20 kg
- Designed to serve ISS and Lunar missions
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Evolution of Demands

When entering Mkl PDR, the overall design, specifically the definition of the LLI like motors and gearboxes
was assumed to be defined. By that, specifically also the outer envelope got frozen which obviously limited
the freedom for later improvements.

Axis Drive capability

Motor margins verification for inner and outer axis were in Mkl determined based on NASA-STD-5017. The
outer axis was initially required to drive a load <2 Nm as it was aligned with the SAW centerline. For ESM3
the demands increased and drivability for low speeds up to 12 Nm was demonstrated. For Mk2, full MM
compliance to 12 Nm was required for slow motion. This represents a performance increase by a factor of
6 compared to the initial design assumptions. For Inner Axis, the demand from Mkl to Mkll increased from
driving an external load T <40 Nm to T >100 Nm.

Getting compliant to the increased motorization demand was done by improving the SADE (micro stepping)
and higher power (obviously limited by dissipation limitations), as presented below in more detail for Mkll a
design update for the IA axis actuator units was unavoidable. A certain relaxation was given by the
permission to use NASA-STD-5017A by which the margins for the specified external loads were possible
to be reduced from K = 2 to K= 1.5.

Brake

In the initial project phase, simple acceleration loads were assumed to act. By that only a unidirectional
brake to transfer the maximum loads was assumed necessary. The brake development including Bread
Board (BB) models was already well advanced. However, by more detailed investigations on spacecraft
level, the demand for having the possibility to block the SAW in vicinity to the CM was stated which led to
a development of a bi-directional brake. Focus was put on safe locking and latching, with a specific
sequence defined for release operations. A launch lock was built in as well.

The brake has sensors for fully disengaged and engaged position while some intermediate states (on the
Bump, see Figure 6) are possible for Mkl design with unsatisfactory monitoring. This was demanded to be
eliminated in MKII.

Mechanical & Fatigue Loads

Some external load evolutions were communicated, specifically by the planned update of the upper stage
of the SLS from iCPS to EUS the bending loads increased. Fatigue loads were underestimated at the
beginning of the project, specifically for Mkll, with remarkable loads coming from crew exercises. It was not
possible to do an assessment by covering load spectra but a very detailed analysis was necessary. In
addition to that, a lot of critical components require a detailed non-destructive inspection (NDI) (ultrasonic,
special reference samples needed to be produced).

Loaded TV Life Testing

For MKkI, the external loads were low enough so that the TV life test was accepted to be done against the
internal loads (only). Because of increased MKII loads this was no longer seen possible and a dedicated IA
TV chamber with high load capability was necessary to be built. This enables also now parallel testing of
IAand OAInTV.

Main Development Steps Mkl (ESM1-3)

The early development phase was driven by the need to get a common understanding on the requirements
and associated design solutions.

Separable Inner to Outer Axis Interface
Due to the high loads to be transferred from SAW IF to the spacecraft, it was foreseen to have an OA
housing that is directly supported by massive ball bearings in the IA Housing.

490



Figure 4. Mkl PDR Design

The disadvantage of this design was faced when detailing the verification approach: MM determination with
applied loads under TV conditions were required to be determined. Specifically, by the fact that the OA
needs to demonstrate continuous rotation no practicable approach was found.

The solution to solve this problem was to update the design to have a separable interface between IA and
OA. This enhances modularity and allows to test the IA and OA for itself under TV conditions. The TV
chamber has a dedicated mechanical feed through and on the outer side torsional loads can be applied
(see the wheel with cable in Figure 5).

Figure 5. MPCV TV Chamber with Mechanical Feed-Through

By this approach for the FMs, the acceptance approach was defined that deviates a little bit from the usual
approach:

- First TV test including loaded MM determination on axis level.

- ‘Marriage’ IA and OA

- Vibration test as acceptance and workmanship test

The QM qualification testing then continued with static load and shock test. This is followed by SADM level
TV and TV Life test considering that the dominating Mkl loads for life testing come from internal resistance
(specifically internal HD friction) and not so much from external loads.
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Development and finding Inner Axis Brake

As already highlighted, during TLI and TEI powered flight events, bending loads >1000 Nm are introduced
into the mechanism. These loads are much too high to be held by a powered motor. The overall operational
demand is even more to hold these loads in a failure mode, meaning main (or redundant) SADE is
unpowered. So, after significant trade-off for concepts and actuations, a dedicated mechanical form fit brake
was developed with a tooth wheel and a brake lever that engages between the teeth. A nominal and a
redundant solenoid can drive the lever out of engaged into disengaged position. Torsional springs are
available that, in unpowered mode, rotate the brake lever back into engaged position. The force-to-distance
characteristic shows a strong nonlinear behavior. So, in Mkl every other tooth of the brake wheel was
formed as a “bump” that allowed, using a special SADE implemented automated disengagement sequence,
to mechanically raise the lever towards the solenoid and so reduce significantly the power needed to
disengage the brake.

Figure 6. MKI IA Brake

In the initial mission phase, the SAW is stowed and fixed by a dedicated hold down and release
mechanisms. High vibrational loads are introduced into the mechanism. To avoid over-constraints by a
potential additional torsional constraint by the SADM, in the mechanism a dedicated launch lock lever (far
right in Figure 6) is introduced that fixes the brake lever close to the fully disengaged position. Once the
solenoid is powered for the first time, the brake lever is driven out of the locked position and the launch lock
lever moves, spring driven, in its parking position where it stays till end of the mission.

During qualification testing, the unfortunate event of an undesired launch lock release was observed during
dynamic testing. The spring preloads were confirmed to be correct and also the friction assumptions were
not seen as the root cause. It is highlighted that the brake lever and the launch-lock lever see a dedicated
CoG balancing process as part of the assembly to ensure with fine tuning of counterweights that the CoG
is close to the rotational axis.

A detailed simulation with ADAMS multi-body dynamic analysis software establishing a very detailed brake
model finally revealed the root cause: The play between the lever axis and the bushes was too large. In a
dedicated BB model with narrowed tolerance, the brake stayed closed under the dynamic loads. The
ADAMS simulation, however, showed that micro-sliding is unavoidable. This is not covered by NASA-STD-
5017(A). As an alternative, instead of MM with SF=2, it was demonstrated that the brake stays closed under
qualification load +6 dB.
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Design Update Mkl (ESM1-3) to Mkll (ESM4+)

Development of a new Strong Stepper Motor for MkIl Inner Axis

The holding and driving torque demands increased significantly from Mkl to MKkIl (driving torque factor 2.5

higher). So, a new, stronger actuator including a new stepper motor needed to be developed. The design

constraints were given by:

- Sensitive components as the brake should not be modified in their overall size.

- Length of actuator unchanged by SADM limited clearance

- Diameter increase limited by SADM clearance and interface to brake sub-assembly which should
remain unchanged in its overall design

- Limitation in power consumption and specifically power dissipation to be considered.

The main modification compared to Mkl were:

- Stator diameter increased by 30%

- Stepsize increased from 1° to ~1.5° (by that Harmonic-drive gear ratio changed, see dedicated chapter)

- Stator laminated design (possible by change of supplier)

The initially developed design (internally named Bread Board 1 BB1) showed satisfactory results at the
maximum needed speed of ~25 RPM. When testing in detail, a significant torque break-down at low speeds
was observed (see Figure 8). This was identified as result of the very high detent torque of 1 Nm which is
60% of the pullout torque at the lowest operational current.

The situation was analyzed in detail and the solution was found to build an almost identical motor (Bread
Boards 2 BB2) with identical stator, but rotor teeth number slightly enlarged. With that the detent averaged

out and dropped by almost a factor of ten while keeping an acceptable pullout performance over the
complete operational speed range.

Figure 7. Comparison BB1 to BB2 motor Pole Design

With this design stable performance was achieved and the torque degradation at low speed was eliminated.
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Figure 8. pullout Torque BB1 to BB2 motor

Lubrication Concept Change Mkl to MKII
A change from MAP-based lubrication to PFPE-based lubrication was implemented to achieve lower friction
torque in cold conditions. This effect can be seen well from comparing OA HD test results.

Figure 9. Comparison Internal Torque Mkl to Mkll OA HD

It is well seen that for low temperatures there is a significant friction increase of the Maplub-lubricated HD.
Interesting to see that after life test the friction is even lower than before. This indicates the benefits of a
run-in process.

The lubricant amount was gently adapted, also under the consideration that the creep barrier concept
worked well in MKI. The first IA BB TV life test failed by too high lubricant consumption in the geared section.
This was seen because of the known lower life-load capability of Braycote compared to Maplub. In a second
attempt, an overall lubricant volumetric scaling recommended by specialists from a comparable successful
test with smaller HD gears was done. This resulted in a successful OA loaded life test. However, from the
wave generator bearing, flooding was observed by QM/FM integration. In contradiction to the gear
tribological interface, this bearing was identified as not life critical respectively covered by other tests. Here,
scaling in relation to the wetted area instead of scaling to volume was found to be the better approach.
Finally, an optimized, well-balanced concept was found.
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Increased Fatigue Spectra Requirements

The specified fatigue spectra evolved over time, specifically for Mkll moderate load levels but high number
of load cycles were introduced to cover crew exercises. For structural parts it was possible to cover fatigue
by analysis (and appropriate inspection). The IA Gearbox was seen as a critical part and analytically difficult
to cover. Although the overall geometrical design remained the same, the gear ratio was increased by more
than 50% from MKI to MkIl. For this range, little experience from the suppler was available. So, a dedicated
fatigue load test on an (blocked = mechanical brake engaged) IA gearbox was executed. The low number
of highest load cycles (>2000 Nm for BB testing) were applied using a dedicated static load test set-up. For
the high number of low-load-cycles, a dedicated test was performed using a shaker and a mass-carrying
cantilever. The CoG of the mass was adjustable and so 3 load levels with different number of cycles were
tested. The test was successfully completed. Almost no signs of wear were seen on the gears.

SADE Upgrade
MKIl has a new drive electronics. The main change is the update in the drive concept from voltage control

full step to power control micro-step. For OA powered holding, a hot redundant powering concept is now
available. The Mkl SADE is also more flexible in “late” parameter changes (parameters are no longer stored
hard coded in FPGA but stored in EEPROM).

Obsolescence Removal and Small Improvements

Due to the long-lasting development phase of the MPCV/Artemis program, obsolescence issues were
encountered. These were resolved in “MKII”. An example is the surface treatment Alodine 1200S, which is
no longer allowed by REACH restrictions and is replaced with SurTec. Findings and lesson learned from
MKI were implemented as a further improved EMC hardness.

Conclusion

Beyond Gravity contributes to the Artemis program by providing the SADA Assembly for the ESM for more
than 10 years and continues to do so. ESM1 SADA was successfully flown in Artemis |, ESM2/3 SADAs
are delivered and under integration into the spacecraft. For ESM4+ increased demands were considered
by a general design update, mainly affecting IA actuator assembly. Running a completely new qualification
test campaign for Mkll was unavoidable but had the advantage of considering lessons learned in Mkl and
as well to remove obsolescences.

The extensive MkIl BB phase is completed with a lot of interesting findings, CDR passed and the QM test
campaign, based on the experience from MKI, is started.

Lessons Learned during SADM/SADA Development

- Not specifically new but confirmed: Use of PTFE-based lubrication (Fomblin Z25 Oil/Braycote) has
significant advantages in cold; insufficient lubricant amount leads relatively fast degradation and must
be avoided.

- Scaling of lubrication amount from successfully tested gears assemblies to comparable gears
assemblies with overall larger dimensions is not straight forward. A volumetric approach (3 power of
scale factor) can lead to inappropriate amount of lubricant with risk of flooding, specifically for bearings.
In addition, for evaporation analysis based on Langmuir formulas and extrapolating spiral orbit
tribometer consumption test results, it is wise to make a crosscheck with “rule of the thumb rules” for
lubricant volume and lubricant film thickness.

- In MKI, no flight equivalent SADM Engineering Model was foreseen to be built. Unplanned tests (for
example in case of NCs) and specifically tests with SADE could so be done only on QM or, even worse,
with FMs. For MKII, a dedicated flight model equivalent SADM Engineering Model is built.

- The expectation of having developed a recurring product in such a complex project was not very
realistic. This is already given by the fact of obsolescence of some components, given the project has
up to now been running for ~12 years, and is worsened by the hesitation of the customer for procuring
all 9 SADAs for Artemis 1 to 9 in one batch. This is also a consequence of increasing customer demands
over time.
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- The effort for achievement of getting compliance to fatigue requirements was underestimated.

- During Mkl FM testing, on first sight a pre/post shift in the low level sine signature after HL Random
was seen. A detailed investigation reveals that there was no shift but only a change of damping behavior
between two modes. It turned out that for such complex mechanism it is better to use low level random
signatures for heath verification (see dedicated ESMATS paper)

The contract was carried out under MPCV program and founded by European Space Agency. Beyond
Gravity wants to thank all Institutional and Industrial partners enabling this development. In specific for the
technical team: Xavier Vo, Emmanuel Gogibus and Mohamed-Ali Ben-Akez from Airbus, Sandro Patti from
ESA and Ed Lewandowski from NASA.

Disclaimer: The information presented in the paper reflects the actual project status, having passed many
reviews between Beyond Gravity and the customers. The abstract is, however, not officially approved by
the European Space Agency.

List of Abbreviations

An exhaustive list of Artemis/Orion program specific abbreviations can be found in the NASA Orion
Reference Guide. Here some specific abbreviations used in this paper:

HD Harmonic Drive

IA/OA Inner Axis /Outer Axis

MM Motor Margin

SADA/M/E Solar Array Drive Assembly / Mechanism / Electronics
SAW Solar Array Wing
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