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Abstract

Beyond Gravity has developed different kinds of Advanced Electrical Propulsion Pointing Mechanisms 3-
AXes with pointing angles up to 230° and deployed length of up to 2 m for one or two medium and small
thrusters of different applications.

Even if the mechanisms are highly different in pointing angle, number of thrusters and type of thruster as
well as launch configuration on Spacecraft (S/C) they are composed of the same or very similar building
blocks.

These building blocks were developed from scratch and improved continuously to their current status. This
paper focuses on these building blocks, with explanation of the main requirements or goals, and the way
these goals were achieved. The lessons learned during the development and the performance over
improvement stages are detailed.

Introduction

On today’s space market for many years Electric Propulsion Mechanisms with extended booms were
developed following the 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 The different boom sections connected via movable axes are supported also by Hold Downs for a
stiff and stable launch configuration.
e Actuators are positioned at the boom axes directly in the main load path.

These mechanisms typically have the following disadvantages:

e The mechanisms mounted via a higher number of HDRMs result in an over-constrained system.

e Consequently, in the early in-orbit phase, especially before HDRM release thermal distortion loads
act on all HRDMs as well on all hinges and structures. This is very challenging for the release
campaign with operation of the HDRMs in sequence with loads and distortions dependent on
temperature and detailed S/C interface design. This significantly reduces the reliability and
robustness for the release campaign. This can be avoided by a constrained mechanism design.

e As a second consequence dynamic displacements are introduced into the mechanism which are
highly dependent on the S/C design. A combined dynamic analysis in the early phase is mandatory
and might have impact to the S/C and mechanism design. This can also be avoided by a
constrained mechanism design.

e The actuators are typically attached directly via their output shafts to the moving structures,
resulting in bending loads in the actuator output bearings and risk of undetected operator handling
loads during ground tests.
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Introducing the APPMAX3 Concept and Building Blocks

The APPMAXS3 concept uses only one single HDRM below the thrusters and is supported at the other end
via the root hinge interface to the satellite which can compensate the thermal distortion between the long
boom mechanism and the S/C in-early orbit phase. The mechanisms can sustain in this configuration all
launch loads and early in-orbit loads independent of whether the mechanisms are positioned on a flat panel
or are mounted over a satellite edge.

Figure 1. APPMAXS3 in Deployed Configuration

Figure 1 shows the mechanism mounted on the lower side to the S/C via the root bracket. Axis 1 is directly
incorporated into the root bracket. This first axis connects boom 1 to the S/C and allows rotation up to 240°.
Boom 1 is followed by axis 2 and axis 3. Axis 2 is typically perpendicular to axes 2. Axes 2 allows rotation
of up to 120° and axes 3 up to 80°. Axis 3 is followed by boom 2. On the end of boom 2 the mobile plate
with the thruster I/F and the HDRM movable part are mounted.
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The HDRM consists of a fixed part which stays stationary mounted to the S/C after deployment and a
movable part as interface to the mobile platform below the thrusters.

Independent of the configuration of the mechanism with respect to the launch campaign and independent
of the configuration of the different axes over the mechanism, the same building blocks are always used.
These building blocks were already partially developed for the APPMAX2, which is the 2-axis version
without a boom, with wide heritage and used as the basis for the APPMAX3 mechanisms.

Building Block Hold Down and Release Mechanisms (HDRM):

The HDRM forms the counter part to the mobile platform in the launch configuration. Dependent on thruster
size and thruster number, it is a lightweight structure of larger dimensions equipped with dampers to the
S/C interface.

The HDRM is highly pre-loaded by a Beyond Gravity developed magnetic release device which allows
resetting via manual movement of a lever arm.
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Figure 2. APPMAX3 Hold Down and Release Mechanism Preloaded for the Vibration Test

The HDRM solution is highly robust and allows also rocking mode inputs (angular acceleration) which is
typically not tested on mechanism level but possible at the S/C interface during launch.

Access to a mechanism mounted to the S/C at a customer facility is often bad. On the other hand, customers
need to simulate HDRM release, deployment and operation of the mechanisms for functional verification
after assembly, S/C integration, test and storage. Bad experience in previous projects resulted in high effort
and even increased risk for HDRM re-setting. An objective of the modified HDRM concept was reduction
of risk and effort from hours to minutes and of course elimination of any replacement and/or refurbishment
activities.
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Figure 3. APPMAX3 Hold Down and Release Mechanism Preloading on a Component Test Setup
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Implementation of dampers at the HDRM shall always be possible because this highly reduces the random-
vibration and shock loads into the thrusters. The thrusters are highly sensitive to random-vibration and
shock and therefore need to be protected.

Building Block Root Hinge:

In the launch configuration, the HDRM constrains one end of the mechanism. If the boom is mounted on a
straight panel, the opposite end of the boom needs to allow a displacement in the range of several mm (at
a boom length of 2 m) for compensation of temperature gradients between the S/C and the booms of the
mechanism. This temperature gradient occurs in the very early orbit phase, when the boom is heated up or
cooled down quickly whereas the S/C takes much longer to change temperature. As long as the HDRM is
not activated and no deployment is performed, the thermal distortion loads need to be limited by a kinematic
mount.

The release function of the HDRM and deployment must occur under the thermal distortion loads.
Lesson learned for the APPMAX3 mechanisms: Verification of this early in-orbit thermal distortion load-
case is a high-effort test.

Building Block Axes:
High robustness solutions are used:

e to allow simple on-ground pointing with the use of simplified offloading devices. For on-ground
deployment at S/C level with complex pointing kinematics, this is absolutely necessary to cope with
the gravity loads and mishandling loads.

e to mitigate clamping at deployment for remaining thermal distortion loads.

o for the launch campaign, where high loads act at each side of the booms at the hinges.

The mechanism provides high robustness by separating each actuator from the direct load path while
keeping it in the torsional load path. The bending load path is routed over self-lubricating polymer sliding
bearings which can be loaded higher than preloaded angular contact ball bearings. This design highly
reduces the risk of overloading the actuator output bearings.
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Figure 4. Actators re Decoup/e frm the Bending Load Path

Typical actuator output stage allowable bending torques are limited to 50 Nm to 150 Nm. At mechanisms
with longer arms this is critical because even slight misalignment of offloading devices could exceed such
load limits undetected. Such overloading could occur in all stages which include mechanism assembly, test
preparation, mounting to S/C and deployment on S/C as long as gravity is present. Another topic is
mishandling e.g. pointing operation of the mechanism into Mechanical Ground Support Equipment (MGSE)
mounted on the S/C during deployment activities. This requires case by case analysis of overloading load
cases and the resulting risk to the flight operation if mishandling is not detected in all details. A high number
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of such failure analyses were necessary in the past for former 2- axes mechanisms, until they were changed
to more robust axis designs. For mechanisms with long booms many of such failure cases would have
required replacement of hardware.
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offloading
device
Tilting Unit
Mobile Plate with Axis 3 in horizontal | [ Axis 2 in vertical Root hinge mounted to the S/C with
Thruster I/F orientation orientation pointing axis in horizontal orientation

Figure 5. Mechanism at Functional Testing with a Simple Offloading Crane

Building Block Booms:

The booms work as micrometeorite protection for the pipes in addition to their structural function. In addition,
the pipes are thermally insulated and internally routed from the outer faces of the booms to keep the thruster
fuel at allowable temperature.

Pipe routing can never be performed without Micrometeorite protection even for small areas of the pipe or
small visibility to deep space. This would result in unacceptable reliability figures.

Pipe heating is absolutely mandatory. Availability of thermal insulation and/or high performance boom
coating cannot replace the need for pipe heating. Thermal insulation for the pipes is absolutely necessary
to avoid high heater power in the cold case.

Building Block of Harness Routing:
Two kinds of harnesses need to be routed over the mechanisms, the Thruster harness and the mechanism
harness.

Movable harnesses require small bending radii to allow routing over the hinges. Therefore, harnesses
require special bundling depending on harness type as well as splitting up harnesses. Splitting up is also
helpful for increasing the reliability with respect to micrometeorite protection.

The mechanisms use thruster harnesses that include protection against radiation and micrometeorites

which allow for small bending radii. Qualification functional and life testing of harnesses under vacuum at
hot and cold was performed successfully.
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Building Block Pipe Routing:
The mechanism routes up to 4 fuel pipes over the axes to the thrusters. The solution used complies with
the high pointing range for each axis.

The pipes need to be heated over the exposed booms in the deployed configuration. Therefor pipe heating
is part of the boom solution.

Plasma thrusters require two pipes after the Xenon Flow Controller (XFC) and one pipe before the XFC. A
pipe routing solution which can route a higher number of pipes over the 3 axes and the 2 booms is highly
appreciated because it allows to keep the XFC on the S/C where it is thermally and dynamically protected.
For all Beyond Gravity mechanisms where the XFC had to be positioned on the mechanism after the
pointing axes, the thermal architecture turned out to be very complex and expensive. Thus, having a
convenient solution for routing a higher number of pipes over the mechanism with a convenient heating
solution is mandatory for an optimized mechanism solution.

Building Block Actuator:
The mechanism uses three Beyond Gravity high detent torque actuators LA15, which are used also for the
two axes pointing mechanisms.

These actuators were presented in detail in the paper Development of an Advanced 2-Axis Electrical
Propulsion Pointing Mechanism at the 47t Aerospace Mechanisms Symposium.

Mechanism Performance Data

Pointing Range:
Axis 1: 0° to 120° or 0° to 230°

Axis 2: 0° to 120°
Axis 3: 0° to 80°

Pointing Accuracy:
Axis pointing rang up to 120°: +/-0.25° per axis
Axis pointing rang up to 230°: +/-0.35° per axis

Thruster type and thruster mass:

A mechanism is currently under qualification for a single 5 kW thruster with mass of 12 kg.

Another mechanism is currently developed for a pair of 1 kW thrusters with mass of ~4.5 kg for each
thruster.

In general, the mechanism concept allows up to two 5 kW thrusters or multiple smaller thrusters. Routing
of the pipe for two thrusters with two pipes for each thruster and routing of the required thruster harnesses
is supported by the mechanism design.

Vibration Performance:
Because of the use of damping elements, the amplification for the thrusters is limited to Q < 4.

Micrometeorite Protection:

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

The supply lines are routed inside the metallic boom and are covered also at the pointing axes, so that no
pipe sections are visible on an assembled mechanism.

On Ground Operation:
The APPMAXS3 ground operations can be performed with simple offloading devices because of the high
bending load capability of the mechanism hinges and actuator arranged not in the bending load path.
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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 (STM) for the mechanism was designed, analyzed and tested. This
model was similar to the later built QM 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 dampers were used for this model.

The STM was used for verification of deployment and pointing motion and was also subjected to a vibration
testing campaign. The STM was used for early correlation of the structural analysis model to the tested
values.

Piping Breadboard:

A representative pipe routing for function, vibration and shock testing with a 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 functional test set-up of the thruster harness was built to quantify the resistive torque of
the movable harnesses at ambient, hot and cold temperatures.

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.
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Figure 6. Harness Breadboard Test for a hinge with pointing angle of 230° in the TV-chamber
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Typical resistive torque
measurement result with the
hysteresis for operation in one
direction and other direction.
Mean value of the curve is the
spring torque over the pointing
angle and half of the Hysteresis
is the friction torque.

Figure 7. Harness Breadboard Test harness resistive torque measurement result

QM qualification test campaign

A complete qualification test campaign is being performed for the QM of APPMAXS3. The campaign is nearly
finished. Only the life test is currently not finished.
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Status of the APPMAX3 Development

The 15t generation mechanism was developed and delivered for a governmental mission. A succeeding 2nd
generation mechanism supports a large European Telecon platform. A 3 generation mechanism is
currently under development for a commercial small telcon platform provider.

The first 2" generation Flight Models are already in finalization and a Protoflight Model test campaign will
start spring 2026.

Accommodation possibility of the APPMAX3 Mechanism

As already mentioned, the general design concept allows accommodation of the actuator positions and
axes as well as the boom 1 and boom 2 length in a high variety without the need to modify the building
block design.

The design allows accommodation to existing S/C configurations. Typically, a mechanism solution can be
found even at overcrowded S/C panels resulting in adapted boom shape and axis position designs. Such
flexibility of boom architecture however has mass penalty as a noticeable disadvantage.

The APPMAXS3 can cover a wide series of applications supporting a broad spectrum of thrusters and
mission profiles.

APPMAX3 Drive Electronics

The drive electronics was presented in detail in the paper Development of an Advanced 2-Axis Electrical
Propulsion Pointing Mechanism at the 47t Aerospace Mechanisms Symposium.

Lessons Learned from this Development
In addition to above-described specifics the following overall mechanism lessons learned are mentioned:

Reliability figures do not take into account on-ground handling robustness and complexity of operations. A
simple and robust mechanism concept leads to significant improvements both during assembly and testing
on mechanism level as well as during customer commissioning.

On-ground test load cases can become drivers for the mechanism design. These drivers are:

e High bending load capability for the hinges: This is required to allow deployment and pointing tests
with simple MGSE offloading devices. Robustness of the hinges is also a high advantage for the
dynamic load cases. The actuators can take high acceleration loads (up to 90 g) but they are limited
in the dynamic bending loads to 50 Nm. This was in the past often the limitation for the mechanism
allowable dynamic loads. With the modified design of actuator position outside the bending load
path, the dynamic load input could be increased significantly.

e Shielding of all pipes and harnesses, which is in any case required for micrometeorite protection is
very important to avoid damage during handling.

e Gravity effects during life testing of the mechanism at hot temperature can be an issue for grease
lubrication if actuator axis is oriented vertically. In this orientation the grease, when it is loaded by
the hertzian contact pressure in the gears has the tendency to move in gravity direction away from
the areas which should be lubricated. The use of creep barriers does not stop this migration of
grease and this results in mixed friction during long duration hot temperature exposure testing.

349



Conclusion

The Advanced Electrical Propulsion Pointing Mechanism 3-AXis (APPMAX3) is developed to provide a
highly robust mechanism for satellite orbit raising and station keeping for one or two thrusters from < 1 kW
to 5 kW size.

The mechanism allows different stowing configurations for the launch phase over an S/C edge in angular
folded position or mounted on a single panel in a straight position. For the in-orbit pointing configurations
the mechanism allows different axis positions and orientations. Even if the final mechanisms are highly
different as stated before, the building blocks stay always unchanged and therefore allow a high degree of
standardization in the engineering phase, in the purchasing phase and in the production phase.

Continuous improvement is performed for the different building blocks via incorporation of lessons learned
as stated in the sections above. Such improvement is only possible if the same building blocks can be used
at all mechanisms.

Highest attention is put to robustness, reliability, accommodation of utilizing the common building blocks
and simplicity for on-ground operation.

The first APPMAXS flight sets were delivered in Q2 and Q3 2025. The first set of four 2nd generation
mechanisms, which belong to a higher number order of APPMAX3 mechanisms, are scheduled for launch
in 2027.

Development of different versions of the APPMAXS3 are ongoing successfully to establish a comprehensive
electric propulsion mechanism family serving multiple customers and mission scenarios.
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