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Abstract

Honeybee Robotics has developed and tested a novel solenoid launch lock mechanism, designed as part
of a Thrust Vector Control (TVC) actuator. This electromechanical TVC system provides precise gimballing
for the main engine of a large lunar lander. The launch lock must react significant inertial loads during
ground transportation and launch, disengage reliably under load, operate in an extreme vibration
environment (>100 gms) during lander engine firings, and fail in a safe (locked) state when unpowered. The
final design integrates a spring-return solenoid into the TVC drive motor, which restricts movement of the
motor rotor when engaged. The novel design features are shallow castellated teeth which form a positive
locking interface between the solenoid armature and the motor rotor, and a tri-lobed prismatic joint which
acts as an anti-rotation feature. Extensive prototype testing was performed to characterize the performance
of the mechanism under various environmental and load cases. Testing demonstrates that this design can
operate reliably at high vibe loads and react ~30x the torque of traditional friction brakes of comparable size
and mass, with lower power dissipation.

Mission Requirements

The primary function of the launch lock is to prevent unwanted movement of the engine during ground
transportation and launch. The launch lock must be resettable by the flight computer in space, precluding
the use of conventional “field resettable” shape memory alloy pin pullers, which require manual operator
input to reset. The TVC actuator must react a maximum static load of approximately 14,000 N while locked.
The actuator must also be capable of unlocking under an external load of approximately 1300 N, due to
compression of the engine fuel bellows. Placing the launch lock on the motor rotor reduces the required
load by the ratio of the drivetrain which consists of a ball screw and a planetary gearbox. Resultant derived
maximum load at the launch lock is approximately 4.2 N-m while locked, and 0.3 N-m while being
disengaged. This configuration also enables the actuator output piston to be locked at any position along
its travel in increments of 1/3 of a motor revolution (increments of <1 mm at actuator output).

This mechanism must also operate in an extreme vibration environment during engine firing. Qualification-
level vibration input for the TVC actuator system is approximately 15 gms during launch (actuator locked),
and 60 gms during lander engine firing (actuator unlocked). However, finite element modal analysis predicts
significant amplification in the axial direction between the spacecraft mounting interface and the internal
motor mounting interface. This results in a derived qualification vibration amplitude for the launch lock of
approximately 30 gms during launch and approximately 120 gms during engine firing.

Derived load case requirements for the launch lock mechanism are summarized in Table 1. The Launch
load case represents ground transportation and terrestrial launch, where the launch lock is engaged
(unpowered) and the lander engine is not firing. Transit represents the neutral-engine-position load in
space, under which the launch lock must disengage in anticipation of firing the lander main engine. The
Engine Burn load case is applicable during main engine firing events, such as trans-lunar injection and
powered descent to the surface of the moon, during which the launch lock is powered and must remain
disengaged to allow unrestricted movement of the TVC system throughout the burn.
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Table 1. Launch Lock Load Case Summary

Load Case External Load Vibration Level
Launch 4.2 N'm 30 grms
Transit 0.3N'm 0 grms
Engine Burn ON'm 120 grms

Design Challenges and Limiting Factors

On a conventional spring-loaded friction brake, holding torque in the engaged (unpowered) position is
proportional to spring preload force. However, using a stiffer spring to increase capacity increases the
current required to hold the armature in the disengaged (powered) position. When a friction brake is
exposed to a vibration environment in the engaged position, the inertial force acting on the mass of the
armature compresses the spring causing fluctuations in the normal force between the armature and rotor.
This can result in a significant loss of holding torque capacity. Friction brakes can also contain exotic surface
coatings, are very sensitive to piece part and assembly tolerances, and require precise adjustment of spring
preload during assembly. These factors drive up manufacturing time and cost, and lead to high power draw
and thermal dissipation for high torque brake designs.

Replacing the friction surfaces with interlocking castellated teeth (Figure 1, Figure 3) largely disconnects
holding torque capacity from spring preload force by transmitting torque from the rotor into the armature
through the parallel faces of the teeth, providing robust engagement under vibe and allowing for relaxed
machining and assembly tolerances. The mechanism is unlocked by energizing the coil at approximately
200 mA for less than 1 second. After the air gap has been closed, the solenoid becomes dramatically more
efficient, and the current can be reduced to approximately 50 mA for powered holding.
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The electromagnetic and mechanical design of this mechanism was highly optimized to maximize
performance and balance several fundamental limitations. The key driving requirements for the design are
as follows:

e Spring preload must be high enough to maintain positive tooth interlocking during launch.

e Armature and rotor teeth must be strong enough to react external loads during launch.

e Solenoid must be strong enough to pull in armature at maximum air gap at the end of transit.

e Solenoid must be strong enough to hold armature in disengaged position during engine burn.
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The force exerted by the solenoid decreases quadratically with the air gap between the armature and
solenoid, limiting the maximum air gap to approximately 0.5 mm for reliable operation. Maximum air gap
could be increased with a weaker spring at the expense of armature stability, increasing the likelihood of
rocking or gapping of the armature under vibe when in the locked position. When in the unlocked position
positive clearance must be maintained between the stationary armature and the spinning rotor, limiting
armature tooth height to approximately 0.25 mm to account for manufacturing tolerances and runout.
Caution must be exercised when manufacturing functional features of this size: for example, conventional
deburring procedures could damage or eliminate the vertical contact faces of the shallow teeth.

Mass is a primary driver of armature stability under vibe so armature mass should be minimized. However,
sections that are too thin can create flux concentrations, causing premature electromagnetic saturation.
ANSYS Maxwell FEA was used to model magnetic flux in the armature and solenoid housing, and to predict
the attractive force between the armature and solenoid in both the locked and unlocked armature positions
(Figure 2). The design of the cross-sectional profile of the armature was iterated with FEA to optimize mass
without sacrificing holding capacity.
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Figure 2. FEA Flux Density in the Locked (Left) and Unlocked (Right) Armature Positions

Material selection is also important. The high-saturation soft magnetic alloy used for the armature
significantly increases electromagnetic performance but has lower mechanical strength and is more difficult
to machine than conventional stainless-steel alloys. This results in low stress margins, especially on the
contact surfaces of the shallow armature teeth. Composite armatures with soft magnetic alloy cores and
harder materials on the contact surfaces may be explored for future applications.
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Figure 3. Photos of Anti-rotation Interface

Three flat sides comprise the armature/stator anti-rotation feature (Figure 3), creating a prismatic constraint
that prevents the armature, and consequently the rotor, from rotating while still allowing axial movement.
This design transmits rotational reaction forces directly into the stator increasing torsional stiffness and
allowing the spring to be separated from the armature. One drawback compared to the heritage design is
some added backlash due to the clearance fits necessary to allow the sliding motion of the armature.
Because this backlash occurs at the prime mover it is divided by gearbox and ball screw reductions and is
considered negligible at the TVC output.

The three-sided design of the armature is inherently self-centering and ensures simultaneous contact on
all sides. The triradially symmetric arrangement of the teeth matches the three-speed resolver allowing for
an operation case in which the motor is used to drive to a known gap in the teeth before locking or to relieve
load from the armature before initiating the unlock sequence if the solenoid cannot overcome the external
load on its own.

Prototype Characterization and Testing

Given the level of deviation from heritage friction brake designs, a prototype was built as a risk-mitigation
measure. The prototype hardware (Figure 4) was made by modifying heritage components and utilizing 3D
printed and quick-turn machined GSE where possible. The prototype was tested in three distinct test GSE
fixture configurations:

1. Breakaway: characterizes the powered armature holding force envelope.

2. Continuity: uses electrical continuity to detect the position of the armature to characterize pull-in

and drop-out behavior under vibe.
3. Dynamic: verifies mechanism functionality and load-holding capability under vibe.
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Figure 4. Launch Lock Prototype Components
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Table 2 summarizes the combinations of fixture configuration and load case under which the prototype was
tested, and what operational state each test sought to represent.

Table 2. Test Case Summary

Fixture Load Case Mechanism State
Test Case 1 Breakaway | Engine Burn Unlocked
Test Case 2 | Continuity Engine Burn Unlocked

Test Case 3 | Continuity Launch Locked
Test Case 4 | Dynamic Launch Locked
Test Case 5 | Dynamic Transit Transitional
Test Case 6 | Dynamic Engine burn Unlocked

Breakaway Testing
The breakaway fixture replaces the armature return spring with a plunger allowing the operator to apply
load directly to the back side of the armature with a force gauge (Figure 5).

Test Case 1: during engine burn the solenoid must exert enough force on the armature to react vibration
loads and hold it in the unlocked position. This test sought to characterize the force at which the armature
breaks away from the solenoid, as a function of applied current. A power supply is used to energize the coil
at a constant current level simulating the “unlocked” state of the launch lock. Force applied to the armature
is then slowly increased until the armature is forcibly dislodged from the solenoid bobbin. The test is
repeated as the current is incrementally increased, until the solenoid “saturates” and increasing current no
longer causes a corollary increase in the force required to dislodge the armature. This dataset of breakaway
force as a function of applied current established a proxy to estimate the dynamic force being exerted on
the armature during vibration testing.
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Figure 5. Benchtop Prototype Test Configuration
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Figure 6 plots average breakaway force of the armature, across several trials, as a function of solenoid
current. The saturation inflection occurs around 100 mA, above which breakaway force remains functionally
constant.
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Figure 6. Armature Drop-out force vs. Solenoid Current for Test Case 1

The FEA prediction for maximum armature breakaway force of approximately 100 N was corroborated by
the benchtop test data indicating the flux density and saturation estimates were accurate. However, the
FEA model significantly overpredicted current sensitivity in the non-saturated regime resulting in lower than
predicted power efficiency. This simulation methodology has produced good hardware correlation for
brushless electric motors but needs some refinement for analyzing solenoids. One possible explanation for
the discrepancy is that the effective air gap between the armature and solenoid is greater on the physical
prototype than represented in the model. This could be due to machining tolerances, surface roughness,
material inconsistencies, or some other phenomenon that increases the reluctance of the magnetic flux
circuit.

Continuity Vibration Testing

In the second prototype test setup the armature is spring-loaded as in the flight configuration, but the rotor
is replaced by a facsimile of copper contacts with one contact representing each tooth of the rotor/armature
interface (Figure 7). After being installed into the fixture, the contacts were lapped to create a single
coplanar and parallel contact surface with the armature. Each contact is connected independently to a high-
frequency data acquisition channel, recording and displaying continuity between the armature and the
contacts in real-time during vibration testing. A closed circuit indicates that the armature is in the locked
position while an open circuit indicates the unlocked position. This setup was designed to test possible
failure modes for both the launch case, with the armature in in the locked (unpowered) position, and engine
burn, with the armature in the unlocked (powered) position.

1 The regression found to have the best empirical fit for the full envelope of the solenoid, up to and through
saturation, is a non-linear exponential curve of the form y = A(l - e‘kx), with a fit of R2=0.9957 from 10 to
200 mA. However, in the non-saturated regime, from 10 to 90 mA, a standard logarithmic regression yields
a comparable fit of R2=0.9925. For simplicity, standard logarithmic and exponential fits will be used for
analysis in the non-saturated regime going forward.
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Figure 7. Photo and CAD of Non-operational Vibration Testing Fixture

Test Case 2: during engine burn the armature must remain in the unlocked position at all times otherwise
the rotor could be erroneously locked during operation. This test sought to characterize the current at which
the armature drops out from the solenoid and contacts the rotor facsimile as a function of vibration level. To
find the drop-out point the current is slowly reduced until continuity is detected between the armature and
the fixture contacts?. This test was repeated three times at each random vibration level, increasing in
10 gms increments from 0 to 80 gms to characterize drop out current as a function of vibration amplitude. An
exponential relationship was observed between drop-out current and vibration level (Figure 8).
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Figure 8. Armature Drop Out Current vs. Vibration Level for Test Case 2

2 There is a theoretical failure mode that this setup cannot detect, wherein the armature partially drops out
and is displaced more than 0.25 mm, but then is drawn back to the solenoid before reaching the sensor
contacts, located at a distance 0.5 mm. However, due to the quadratic relationship between air gap and
solenoid force, this is highly unlikely.
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The increase in drop-out current is believed to be primarily attributable to inertial forces acting on the
armature and spring due to acceleration. The combined mass of the armature and spring is approximately
20 grams, which would predict an inertial force of approximately 16 N at 80 grms. From 0 to 80 grms, drop-
out current increases from 7 to 16 mA. Using the data from Test Case 1, this corresponds to an estimated
increase in breakaway force of 19.2 N. Given that the launch lock has no significant predicted axial modes
when in the powered position, inertial force is expected to increase linearly with vibration level. The
expected inverse of the logarithmic increase in breakaway force as a function of linearly increasing current
seen in Figure 6, would be an exponential increase in current to react linearly increasing inertial force which
is borne out in Figure 8.

Even with no head expander and a very lightweight test fixture, the 133-kN (30,000-Ibf) shaker table on
which this testing was performed was only able to reach 80 grms with the qualification ASD profile. However,
given the consistent and repeatable trend of datapoints from 0 to 80 gms, it was deemed reasonable to
extrapolate a predicted minimum drop-out current for the engine burn vibration level of 120 gms. The
predicted minimum drop-out current of 25 mA at 120 gms is well within the non-saturated regime
characterized during Test Case 1.

The results of Test Case 2, when combined with the data from Test Case 1, provided a high degree of
confidence that the armature can be reliably held in an unlocked position at the required vibration levels
with ample solenoid force and electromagnetic saturation margin.

Test Case 3: during launch the mechanism is unpowered and the spring must maintain constant positive
interlocking between the armature and rotor. This test sought to verify that the armature is held in constant
contact with the rotor facsimile while exposed to random vibration. If an interruption in continuity is detected
on one or more contacts, this could mean that the armature has lost preload and is tilting or lifting away
from the rotor. This could potentially lead to a loss of engagement of the locking interface if displacement
is high enough. In this test case, momentary losses in continuity of single contacts began to be detected
around 20 gms with interruptions becoming more frequent across the three contacts as vibration amplitude
increased. In a friction brake this loss of preload would be considered a failed condition due to the resulting
loss of holding torque, but the interlocking teeth of this lock only allow movement if armature displacement
is more than the height of the teeth. The continuity sensors provide only a binary indication of armature
position, so displacement could not be accurately determined with the data collected. Thus, Test Case 3
was deemed inconclusive prompting additional prototype testing.

Dynamic Prototype Testing

The third and final prototype test setup integrated the solenoid, spring, and armature with a movable rotor
and a flight-like internal housing geometry with anti-rotation features and interfaces (Figure 3). In this
configuration the lock is fully operable and precise torque can be applied to the rotor while undergoing vibe
by using a force gauge to pull a cord wrapped around a pulley (Figure 9).

Test Case 4: during launch the mechanism is unpowered, and the spring must maintain constant positive
interlocking between the armature and rotor. This test sought to verify that rotation cannot be induced
through manipulation of the rotor while the mechanism is exposed to random vibration. For this test the
prototype was tested under a full representative load of 4.2 N-m and up to 60 gms. This test validated the
mechanical durability of the armature teeth and the ability of the spring to maintain positive interlocking at
approximately double the launch case qualification vibration level. Quick reversing loads were also tested
to verify that the rotor teeth cannot “sneak in” under a chattering armature.
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Test Case 5: at the end of a transit period, prior to firing the engine, the launch lock must be disengaged
while under a load of approximately 0.3 N-m. This test case sought to determine whether the armature can
be pulled in under this load. Throughout the prototype testing campaign, the lock was repeatedly
successfully disengaged under external loads in excess of 1 N-m. The prototype was also successfully
engaged and disengaged under load while being vibed, although this is not an expected operational case.

Test Case 6: during engine burn the mechanism must remain unlocked at all times. This test sought to
confirm that the rotor can move freely while the launch lock is experiencing vibration loads in the unlocked
state. No interference was detected between the armature and rotor the armature at vibration levels up to
60 gms. However, because the testing facility could not achieve the predicted amplified qualification
vibration level of 120 gms, the results from Test Case 2 remain the strongest supporting evidence for
successful operation during engine burn.
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Figure 9. Photo and CAD of the Dynamic Vibration Testing Fixture
Conclusions

This novel launch lock mechanism design represents a significant step forward in capability compared to
friction brakes. The lighter armature and less stiff spring result in lower holding power consumption and
dissipation under vibe, and the toothed interface is able to react approximately 30x more torque. The results
of the prototype testing campaign provided a high degree of confidence that this design will meet mission
requirements.

¢ Launch Case: while exposed to vibe in Test Case 3, continuity sensors indicated that there may
be some movement of the armature while in the unpowered state, however Test Case 4 confirmed
in that any displacement is not of sufficient magnitude to permit undesired movement of the rotor
or interfere with the load holding capacity.

o Transit Case: Test Case 5 demonstrated the ability of the armature to disengage while exposed to
significantly greater than the required load, obviating the need for an active load relief scheme as
described at the end of the design section.

o Engine Burn Case: Extrapolating predicted drop-out current from the vibration testing performed
for Test Case 2 and correlating that with data from Test Case 1, indicated that the solenoid can
produce ~2x the force required to prevent drop-out at 120 grms.

Inspecting the soft magnetic alloy armature under magnification after the conclusion of prototype testing

showed that all the shallow teeth maintained their sharp vertical edges and showed no signs of significant
yielding or deformation on the contact surfaces (Figure 10).
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One area of forward work is to better understand the poor correlation between predicted efficiency from
FEA and empirical test data. The EDU units and the first four flight/qual units have all been measured and
have in-family drop-out force vs. current performance to the prototype unit, so the conclusions of the
prototype development testing effort are believed to be applicable to all units that successfully pass
acceptance testing (which includes drop-out force vs. current measurement). The model correlation will be
reevaluated in the process of developing a next-generation, electrically redundant version of this
mechanism in the coming year.

Contact
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Figure 10. 150X Magnified Image of 0.25-mm Armature Teeth After Testing

After prototype testing, Honeybee Robotics successfully manufactured three Engineering Development
Unit (EDU) TVC actuators containing launch locks of this design and subjected them to full-load benchtop
testing. The launch lock successfully met system-level requirements demonstrating its reliability and
functionality under load. Qualification and flight units are currently in production and expected to undergo
environmental acceptance and qualification testing in 2024.
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