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Abstract

The Advanced Electrical Propulsion Pointing Mechanism 2-Axis (APPMAX2), developed by Beyond
Gravity Austria GmbH (BGA) is a novel mechanism for medium thrusters of 5-kW size (mass range 10 kg
to 15 kg) with minimum pointing range of half cone +15° (+15° around X-axis and up to +27° around Y-axis)
which focuses on reduction of higher-level effort and risk at customer level.
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Figure 1. APPMAX2 Mechanism Overview — Deployed Configuration

This paper focuses on the BGA APPMAX2 which provides 2-axis thrust vector control in a compact
mechanism size, hence without any boom-like structures. For applications with the need of even higher
pointing angles and/or the need of higher distance of the thrusters to the spacecraft the BGA APPMAX3 is
used which is equipped with 3 actuators and 2 long booms (not presented here).
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Introduction

For many years Electric Propulsion Pointing Mechanisms were developed following typical design
principles:
e A thruster mounted on a Mobile Platform supported in the launch case by a Hold Down and
Release Mechanism (HDRM) pre-loaded by a low shock release device.
e Actuators positioned around the HDRM directly in the main load path.

These mechanisms typically have the disadvantage that the release devices need physical access, often
they even need to be dismounted and reset apart from the mechanism. The release devices produce
shocks at release, need dedicated harness and electrical units producing the fire current impulse.

The actuators are normally attached directly via their output shafts to the moving structures. This design
produces bending loads in the actuator output bearings at dynamic load cases and under on ground
pointing with the 1 g effect on the thruster and mobile platform. Failure cases resulting from uncontrolled
load introduction in the output bearings due to mishandling during on ground commissioning are a high risk
for reduced in-orbit lifetime.

The thermal control of movable actuators (positioned between mobile platform / thruster and the stationary
assembly) is complicated - it needs to be performed only via radiation because the actuator bearings have
low thermal conductivity. Thermal gradient across actuator main bearings also is a limiting element and has
to be taken into account in classic mechanism designs.

There are applications which omit a HDRM by using a mass-balanced design (no mass eccentricity) in
combination with unpowered holding torque of actuators and high actuator gear inertia at higher frequency,
but such solutions provide low stability / robustness when mounted on the spacecraft where rocking modes
are often dominating. This problem cannot be solved only by a mass-balanced design.

Key Improvements with BGA’s APPMAX2

The APPMAX2 mechanism does not require a dedicated launch lock device.

The mechanism is kept highly pre-loaded by its rotary actuators: launch-lock is done by the actuators pulling
the mobile plate to the base frame with a force > 6000 N.

Its inherent launch-lock can be remotely operated without need of refurbishment -> very easy to use and
robust against errors.

The APPMAX2 provides high resistance against acceleration loads in all directions plus resilience against
all kinds of rocking modes when mounted to the spacecraft.

The mechanism concept allows to build subassemblies in parallel, improves the production sequence, thus
reducing cost. Moreover, refurbishing or repair in case of any discovery during final acceptance is simplified.
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Figure 2. APPMAX2 in highly pre-loaded Launch Configuration (shown with Thruster Mass Dummy)

Consequently, locking into launch configuration can be performed without access to the mechanism just by
operating the rotary actuators until electrical switches provide the signal that the pre-loaded configuration
is reached. This increases reliability (no potential failure of an additional launch-lock device) and
significantly reduces AIT effort for the customer.

The mechanism provides high mechanical robustness by separation of the actuators from the main load
path just keeping them in the torsional load path. The bending load path is routed over self-lubricating
polymer sliding bearings (high load capability, low volume) which can be loaded higher than classic ball
bearings and allow much higher 1g on ground loads as well as load introduction caused by mishandling.
This design highly reduces the risk of overloading the actuator output bearings. The remaining mechanical
gaps inside the polymer sliding bearings are compensated by an internal pre-loading structure inside the
mechanism that works as a compliant spring element.

Both actuators are mounted on the mechanism base frame which is thermally enclosed in MLI and therefore
is at moderate temperature levels similar to the spacecraft. The metallic base frame structure allows long
operation of the thermally well-connected actuators with negligible heating of the base frame.

The actuators mounted on the base frame allow short harness distances and simple protection capability
by metallic shields and MLI against X-ray radiation, micrometeorites, and sun radiation.

The mechanism uses an elastomer damping concept which has longstanding space heritage at BGA.
Having elastomer damping elements with damping capability of 25% this solution provides an overall
amplification in the main modes of <4. In addition, the damper stiffness can be well accommodated to avoid
coupling with critical thruster local modes.

The elastomer damping concept reduces the thruster input loads significantly because of the damping effect

of the high mass (mechanism ~14 kg with thruster ~12 kg) with one significantly well-damped main mode.
The elastomer dampers can be replaced by stiff structural parts if damping is not required.
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No zero-g device is needed for on-ground commissioning, even if the thruster is mounted. The APPMAX2
can be operated and can remain unpowered in any configuration with respect to the gravity direction.
Therefore, no extra volume on the spacecraft must be allocated for zero-g envelope, and no zero-g device
has to be mounted on the mechanism during testing by the customer again saving cost and AIT effort.

The mechanism uses the BGA in-house developed high magnetic detent torque rotary actuator LA15, the
BGA low-cost actuator solution: it is fully developed, engineered, built and assembled in house.
Accommodation to application needs can be performed with respect to the required toque, required voltage
and required power for actuator heaters.

Figure 3. LA15 High Detent Torque Actuator from BGA

The LA15 consists of a hybrid stepper motor, a small planet gear set which is followed by an output (large)
planetary gear stage and high load main ball bearings.
It has the following key characteristics:
e Delivered Output Torque: 15 Nm at the gear’s output shaft, considering ECSS motorization rules
e Unpowered Detent Torque (purely magnetic contribution): 13 Nm at the gear’s output shaft (already
considering an ECSS uncertainty factor of 1.1). The measured detent torque with internal friction
of the components is >21 Nm at ambient
Step Size: 0.008 deg
Total Backlash: less than +0.2 deg at load conditions
Nominal Step Rate: 1 Hz up to 20 Hz (full steps)
External Loads: combined load cases are assessed on a case-by-case basis
Dynamic Loads:
o0 Designed for quasistatic acceleration load of 90g (qualification)
o Designed for quasistatic loads on the output shaft of
= Axial Force: upto 350 N
= Radial Force: up to 600 N
= Bending Torque: up to 50 Nm
0 Mass: 1450 ¢
0 The actuator is equipped with temperature sensors and heaters which can be
accommodated to the mission needs
o0 Temperature Range:
= Maximum Operational Temperature Range: -40°C to +120°C
=  Winding Temperature (operational) up to 130°C
= Design Operational Temperature Range: -30°C to +110°C
= Maximum Non-Operational Temperature Range: -100°C to +130°C
e The LA15 has been fully qualified in the frame of a self-standing component-level qualification
campaign (90 g sine, 30 gRMS random, 1000 gSRS shock, 3500 output revolutions operated in
life representative motion profile in TVAC) and has seen a full higher-level qualification inside the
APPMAX2 mechanism
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Mechanism Performances

Pointing Range
Nominal pointing range: £15° half cone as stated in the figures below.

Maximum pointing range: much higher compared to the nominal pointing range resulting in £15° around X-
axis (alpha) and +27° around Y-axis (beta).

Pointing Accuracy
Absolute accuracy is better than £0.15° over the nominal pointing range.
Relative accuracy (repeatability of a target position) is better than £0.05° over the nominal pointing range.

Figure 4. Pointing around X-axis -15°/0° and +15°/0°

Figure 5. Pointing around Y-axis 0°/-15° and 0°/15°
The mechanism is here and following presented with the PPS®5000 thruster from Safran Space Propulsion,

being the thruster used for the first customer projects. Different thrusters can be implemented by changing
the interface on the mobile plate.
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Figure 6. APPMAX2 in Horizontal Configuration — Rotation Axis Naming Convention
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Pointing Look-Up Table
Pointing is performed using the mechanism dedicated look-up table covering direct and inverse kinematics.
The look-up table is part of the logbook of each mechanism.

Figure 7. APPMAX2 Control via Look-Up Table

Vibration Performance

Because of the use of damping elements, the mechanism provides an overall amplification of only Q < 4.
Figures 8 and 9 show the in-plane random test results. Figure 8 is the random input and Figure 9 is the
random response. X-axis and Y-axis are nearly identical. Out of plane is similar at stiffness 2x higher than
in-plane.
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Figure 8. APPMAX2 Random Input Spectrum during In-Plane Testing
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Figure 9. APPMAX2 Random Response Spectrum during In-Plane Testing

Shock Performance

Low shock inputs into the thruster is a major requirement for each EP mechanism. In plane shock
attenuation: in Figure 10 the shock input into the mechanism is shown in acceleration direction Y. In Figure
11 the shock response at the thruster is shown. The shock input at the thruster is more than a magnitude
lower than the shock input at the mechanism spacecraft interface. The out of plane shock attenuation is
very similar.

Figure 10. APPMAX2 Shock Input Spectrum during In-Plane Testing
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Figure 11. APPMAX2 Shock Response Spectrum during In-Plane Testing

The mechanism has no dedicated release device and the release from highly pre-loaded configuration to

deployed configuration is performed very slowly by operation of the actuators. No shock is generated during
the deployment operation.

Micrometeorite Protection

Micrometeorite protection for the Xenon piping is essential for high reliability because the Xenon supplies
for the thrusters are not redundant.

Metallic cavities with
higher distance to the
piping (Whipple shield).

Metallic cavities with
higher distance to the
piping (Whipple shield).

Figure 12. Micrometeorite Protection for the Xenon Piping

On Ground Operation

The APPMAX2 on ground operation capability was widely tested with dedicated dummy masses (including
additional 50% mass margin to the nominal thruster mass). No gravity compensation device is needed. No
collisions occur in the complete pointing range even at highest gravity impact. Pointing with a heavy dummy
mass (1.5 g) is still possible with an absolute accuracy of up to +0.4° in all directions.
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Thermal Performance

The mechanism is equipped with radiation shields which emit dissipation power of the thruster to deep
space. This thruster cooling effect is important because most thrusters are only qualified on thruster level
neglecting shading of the spacecraft and increase of solar power through coupling from large OSR or MLI
spacecraft surfaces (double sun effects). This would result in overheating of the thruster if it is not cooled
by the mechanism in addition.

Both rotary actuators are mounted to the base frame with high thermal mass. The base frame is well
protected by thermal Multi-Layer Insulation (MLI) protection. Being one of the leading spacecraft MLI
suppliers worldwide, these blankets are produced by BGA in-house.

Reliability
The mechanism provides a reliability of >0.999 for 15 years GEO application. It is highly redundant and
fully ECSS compliant.

Qualification Approach
Dedicated breadboard test programs were performed in the early phase of the project.

Structural and Functional Model

A Structural and Functional Model (SFM) for the mechanism was designed, analyzed and tested. This
model is similar to the later built EQM but was equipped with rotary actuator dummies. These actuator
dummies could be operated by hand and allowed measurement of the resistive torque during operation.
No elastomer dampers were used for this model. The SFM was used for verification of the resistive torque
during pointing and was also subjected to a vibration and shock testing campaign for its undamped
configuration.

Piping Breadboard

A representative pipe routing for function, vibration and shock testing with dynamic test set-up was
established. This set-up allowed verification of resistive torque, verification of structural integrity for the
dynamic loads and verification of the life profile.

Thruster Harness Breadboard

A representative function test set-up of the thruster harness was built to quantify the resistive torque of the
movable harnesses at ambient, hot and cold temperature. This also allowed measurement of thermal
radiation capability of the braided thruster harness (emission to the chamber walls). Mechanical life testing
with high margins to the baseline specification was performed.

Hinge Line Breadboard

The refurbished SFM was equipped with non-flight actuators and flight-representative sliding bearings. The
sliding bearings were procured with minimum and maximum gaps in radial directions. A dedicated function
and life testing campaign was performed at ambient and in TVAC.

Flight representative high-level mechanism testing was started from here on.

Engineering Model

An Engineering Model (EM) of the APPMAX2 was used for optimization of the mechanism function. It was
equipped with baseline LA15 rotary actuator and optional lightweight SA15 rotary actuator (both from BGA).
An extensive test campaign was performed on this model. This EM was also used for a combined vibration
test with a model representative to flight model PPS®5000 thruster from Safran Space Propulsion at BGA
premises.
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Engineering Qualification Model
After the EM test campaign, the mechanism was refurbished to an Engineering Qualification Model (EQM).

With this EQM a complete qualification test campaign was performed.

EQM qualification test campaign

A complete qualification test campaign was performed for the EQM of the APPMAX2.

For the FMs similar campaigns are performed except for shock test and mechanical life test.

Vibration Test Set-up TVAC Test Set-up Pipe overpressure leakage test

Figure 13. Vibration, TVAC, and Pipe Overpressure He Leakage Testing
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Figure 14. Pointing Performance Test Setup at BGA (shown for X direction)
Status of the APPMAX2 Development

The mechanism was originally qualified for an ESA mission and is qualified via PFM approach for other
customer specific missions. The first Flight Models have already been delivered and currently the series
production of APPMAX2 mechanisms for different customers in Europe and US is ramping up.

Scalability of the APPMAX2 Mechanism

Since its birth, scaling down and scaling up of the mechanism for smaller and bigger thrusters ranging from
1 kg to 55 kg was embedded in the APPMAX2 concept philosophy. This APPMAX2 family extension
approach allowed for maximizing the reusability of the internal return on experience while limiting the
additional non-recurring financial effort.

The smallest member in the family, the APPMAX2-XS, is designed for thrusters between 1 kg and 2 kg. An
engineering model of this mechanism has already been developed for a potential application.

The biggest APPMAX2 family member is currently the APPMAX2-H dedicated for a 55-kg plasma thruster.
This mechanism is in active development and a structural model was already produced and tested
successfully. Two flight models will be built for the lunar gateway mission.

For thrusters between 2 kg and 8 kg there is the APPMAX2-S as an intermediate concept, to date available
as a CAD model.

For thrusters between 15 kg and 30 kg the APPMAX2-L shall be used, which is currently also available as
a CAD model.
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All family members can be adapted to smaller or bigger pointing ranges, depending on customer needs.
The maximum achievable pointing ranges are +28° around X-axis (alpha) and +45° around Y-axis (beta).

Mechanisms which require even higher pointing ranges and operational versatility shall be based on BGAs
APPMAXS3, a modular 3-axis boom product line, which can be supplied as a compact 2-axis version or as
a deployable 3-axis configuration with pointing ranges up to +120°. A customized configuration of the
APPMAXS is contracted for several models and the first flight set will be delivered mid 2025 for launch end
of 2025 or early 2026.

The APPMAX2 Family _ beyondgravity
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- >
230 mm 485 mm 910 mm
APPMAX2-XS APPMAX2-Baseline APPMAX2-H
APPMAX2-XS APPMAX2-S APPMAX2-Baseline APPMAX2-L APPMAX2-H
815 kg
Thruster Mass 1.3 kg g.9. SPT50 max. 5 kg &.q. PPS®5000, SPT140 max. 30 kg 50 kg
APPMAX2 Mass Ca.2kg 2.4 kg 14.9 kg 19.2 kg 295Kg
Main Dimensions LxWxH 170x150%35 344x342x199 486x484x281 493x593x385 493x765x497
Actuator Nemo&PG LA15 SA15
HDRM none (locking by Actuators) Heritage EPPM HDRM

2x Burnwire Release Actuator
TRL4
bread board built

TRLS
multiple FMs ordered

CDR status

Development Status FMs ordered

concepiual design conceptual design

The APPMAX2 can cover a wide series of applications supporting a broad spectrum of thrusters and
mission profiles.

APPMAX2 Drive Electronics
The APPMAX2 mechanism can be directly provided with BGAs Core Drive Electronics (CODE), see Figure

15. BGA provides an end-to-end system which is tested and delivered together. The CODE is qualified and
to a customer delivered together with APPMAX2 flight models to be launched end of 2024.

Figure 15. APPMAX2 BGA Core Drive Electronics (CODE)

The datasheet of the control unit is accessible on the BGA home page
https://www.beyondgravity.com/sites/default/files/media_document/2023-11/BG-CODE.pdf
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If customer drive electronics shall be used, the APPMAX2 electrical parameters (rotary actuator coil
resistance, heater resistance) can simply be adjusted to the customer needs.

Lessons Learned from this Development
Reliability is by far the most important requirement for EP mechanisms and allows no compromises.

A simple and robust mechanism concept leads to significant improvements both during BGA’'s assembly
and testing as well as during customer commissioning.

The use of BGA'’s in-house built rotary actuators enables short lead times and easy modification to customer
needs.

Supply chain issues during Covid 19 pandemic could be effectively mitigated by BGA due to extensive use
of in-house components and infrastructure.

Engineering feedback by ESA and other higher-level customers highly improved the product quality and
reliability.

End to end testing of APPMAX2 and a real PPS®5000 thruster - supported by Safran Space Propulsion -
enabled to test real load cases in both dynamic and thermal vacuum environment and to optimize the effort
for thruster integration.

Conclusion

The Advanced Electrical Propulsion Pointing Mechanism 2-Axis (APPMAX2) was successfully developed
and qualified by BGA for 10-kg to 15-kg electric thrusters. The first sets of higher number of ordered
APPMAX2 are already delivered, two of them scheduled for launch in 2024.

The tested mechanism’s performance is fully in line with both the predictions and market needs.

Development of scaled modular versions of the APPMAX2 are ongoing successfully to establish a
comprehensive EP mechanism family.
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