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Abstract

This paper describes the development and execution of a unit-level vibration qualification campaign for two
Solar Array Drive Mechanisms for microsatellite and small-satellite platforms: SolarDrive-u and SolarDrive-
S. The objective was to establish a qualification approach decoupled from any single mission or launch
vehicle, enabling reuse across platforms without tuning test levels to mission-specific coupled loads. The
approach integrates a modular fixture, qualification acceleration spectra derived from composite launcher
environments and extracted bus modes, and configurable array mass simulators sized from mechanism
load-path limits and cross-checked against system-level simulations. Qualification test outcomes, modal
checks, and key lessons learned are discussed.

Introduction

The Space Flight Laboratory (SFL) is developing two Solar Array Drive Mechanisms (SADMs) scaled to its
two largest satellite platforms: the SolarDrive-u for a microsatellite class platform, and the SolarDrive-S for
a small satellite platform. The SADM designs consist of motor and drivetrain paired with a twist capsule to
facilitate power feedthrough. These mechanisms are intended for general platform augmentation rather
than for use on a specific mission. Consequently, the qualification campaign for these mechanisms must
be as decoupled as possible from mission-specific elements such as a particular bus layout and the
selected launch vehicle. This paper presents the development and execution of a unit-level vibration
qualification test for these mechanisms. The test philosophy, analytical validation, final qualification
definition, resulting qualification data, and the principal lessons learned are described.

Objective

The overall objective of the SADM qualification campaign is to elevate both mechanisms to Technology
Readiness Level (TRL) 6 through unit-level environmental and lifetime qualification tests [1]. Within this
campaign, the vibration qualification was identified as the most challenging element due to its dependence
on launch vehicle loading and spacecraft structural dynamics. Accordingly, the specific objective explored
in this paper was to develop a unit-level vibration test definition that: (1) provides sufficient confidence for
TRL 6, (2) minimally depends on mission-specific loads or dynamics, and (3) avoids excessive
conservatism that would drive the SADM design toward unnecessary mass or stiffness increases. An
additional requirement was verification that the First Natural Frequency (FNF) of each SADM exceeds 200
Hz, ensuring adequate separation from expected bus and array modes.

Approach

The vibration qualification strategy was developed across three primary domains: (1) design of the modular
vibration fixture that can interface with either SADM model and their respective array mass simulators, (2)
definition of the random vibration qualification acceleration profiles for each axial test, and (3) sizing of the
array mass simulators that apply the worst-case qualification shaft loads during test. While the acceleration
spectra were derived primarily through a top-down systems-level methodology, the array mass simulator
sizing required a combined top-down and bottom-up assessment to balance representativeness and
conservatism.
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Fixture Design
The vibration fixture was designed to provide a rigid, repeatable interface between the SADM and the

shaker table while maintaining access to mechanical and electrical interfaces for functional checks and
installation of the array mass simulators. The fixture supports testing along all three orthogonal axes and
interfaces with either SADM model.

Ideally, the fixture would exhibit a FNF greater than 2000 Hz, fully decoupling it from the random-vibration
test bandwidth of 20-2000 Hz [2]. However, this level of stiffness was impractical within mass and
manufacturability constraints. A minimum FNF of 1000 Hz was established to maintain adequate margin
relative to the anticipated critical SADM modes. Through an iterative finite element design process, a
configuration was converged upon that satisfied these requirements while preserving accessibility and ease
of use.

Acceleration Profiles

Defining launcher-agnostic qualification spectra involved enveloping the range of environments expected
across all prospective launch vehicles while remaining representative of realistic interface loads for small
and microsatellite platforms. The maximum predicted random vibration environments for each prospective
launch vehicle were plotted together, and the highest levels across the spectra were used to construct a
composite envelope. This envelope defined the acceptance level, with the qualification level established as
acceptance +6 dB (Figure 1).

Finite Element Models (FEMs) of both reference platforms, each equipped with its respective SADM and
maximum-sized reference solar array, were excited using the composite qualification spectrum along each
axis. The resulting acceleration responses at the SADM mechanical interface were extracted to capture
spacecraft structural dynamics in addition to the launcher environment.
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Figure 1. Composite Launcher Random Vibration Qualification Level Determination

This approach revealed sensitivity to stowed-array configuration and Hold Down and Release Mechanism
(HDRM) modeling assumptions. To mitigate this dependence and introduce controlled conservatism, the
final axial qualification profiles were defined by enveloping the extracted SADM interface responses while
enforcing NASA GEVS as a minimum floor [3].
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SolarDrive-S Random Vibration Qualification Profile (Y-Axis)
10.00000

1.00000
0.10000 /\,‘ ” 4!
v

0.01000

0.00100

0.00010

Acceleration Spectral Density (g2/Hz)

0.00001
20 200 2000
Frequency (Hz)

——— SADM Response NASA GEVS Qual
Qualification Composite Profile = Y-Axis Random Test Spec

Figure 2. Example of Random Vibration Axial Test Profile Determination (Solardrive-S Y-Axis)

Figure 2 illustrates this process: the launcher composite qualification spectrum (red), the extracted SADM
interface response (blue), NASA GEVS (green), and the resulting axial test specification (black). The
creation of each axial test specification was in accordance to the methods outlined in NASA'’s Finite Element
Modeling Continuous Improvement document [4]. The resultant test levels are summarized in Table 3.

Array Mass Simulators

During launch, a satellite's stowed solar arrays are ideally secured sufficiently such that the array’s inertial
loads are primarily transferred through HDRMs, minimizing the loads transferred through the deployment
hinge and SADM. To ensure conservative qualification levels, modular array mass simulators were sized
to emulate worst-case qualification mechanical loads transmitted to each SADM's output shaft, assuming
non-optimal HDRM designs.

Simulator sizing employed a combined top-down and bottom-up approach. First, representative shaft
reactions assuming nominal HDRM models were extracted from the full-spacecraft simulations previously
discussed. However, these loads were minimal due to the load capture of the HDRMs, and were therefore
insufficient to establish qualification levels. A bottom-up approach followed to determine the maximum
allowable axial and radial shaft loads consistent with the structural margins of each SADM. These
analytically derived limits exceeded the loads observed in the system-level simulations, introducing
controlled conservatism to account for potential non-optimal HDRM performance. Table 1 summarizes the
analytically-determined worst-case array mass simulator sizes for each axial test, Figure 3 illustrates the
frame of referenced used for the SADMs, and Figure 4 details how the array mass simulators are mounted
to the SADM shaft.

Together with the qualification fixture and acceleration profiles, the mass simulators complete a launcher-

agnostic unit-level test configuration that enforces realistic yet margin-protected shaft loading during
vibration qualification.
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Table 1. Array Mass Simulator Sizing Summa

arpD
0.85 kg

X 0.85 kg
Y 2.50 kg 2.50 kg
z 0.85 kg 0.85 kg

Figure 3. Frame of Reference Used for SADMs

Figure 4. Array Mass Simulator Shaft Mounting
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Test Sequence

For each axial test, the qualification sequence consisted of a quasi-static test followed by random vibration,
with low-level sine sweeps performed before and after each run. Short-form functional tests were performed
between axes, with comprehensive functional testing conducted before and after the full vibration
campaign. Due to an unanticipated delay with the SolarDrive-S, only the SolarDrive-p testing was complete
at the time of writing.

Pre-Vibration Functional Testing

The pre-vibration functional testing included a calibration run of the drivetrain which consisted of a full
traversal of the SADM'’s range of motion, followed by a reversal back to the initial limit. A Hall sensor is
senses small magnets on the rotor to detect when the SADM range of motion limit is reached. In addition
to the drivetrain calibration, a power feedthrough test is performed to determine the feedthrough efficiency
of the twist capsule. Together, this test encompasses the mechanical and electrical performance of the
SADMs to be compared post-vibration to determine if any deterioration took place.

Figure 6. SolaDrive-p Mounted to Head Expander for Vertical Axis Testing (Y)

Low-Level Sine Sweep
The low-level sine sweep test was performed to identify and baseline the resonant modes apparent with
each axial test, which was repeated after both the quasi-static and random tests to monitor for mode shifts,
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which would be indicative of damage. To identify all relevant modes, the test swept across the full random
vibration bandwidth at a rate of 4 oct/min, consistent with NASA’s published best practices [5].

Quasi-Static and Random Vibration Testing

The quasi-static sine test was performed to verify the ultimate load capacity and structural margins of the
two SADMs by representing the slow but large accelerations experienced during launch. A survey of the
worst-case quasi-static loads reported in each prospective launch vehicle’s payload user's guides was
completed to determine the most intense level to baseline for the test. The random vibration test was
performed to verify that the test article can survive the dynamic energy and resonances produced by the
launch vehicle. To broadly qualify these mechanisms for a variety of prospective launch vehicles and
consider all possible mounting configurations, two composite profiles were developed for each SADM: a
lateral profile to be used for the X- and Z-axis tests, and an axial profile used for the Y-axis test. The desired
test levels and qualification shaft loads were met for both the quasi-static and random vibration tests.

Table 2. Quasi-Static Test Levels Summary

Test Magnitude 209¢g
Duration 2 s/ axis
Sweep Rate 0.5Hz/s
Frequency 19 Hz-22 Hz

Table 3. Random Vibration Test Levels Summar
Test SolarDrive-y SolarDrive-S

X 23.88 grms 26.21 grms
Y 21.55 grms 27.63 grms
4 23.88 grms 26.21 grms

Test Validation and Post-Vibration Functional Testing

Following completion of the vibration test, the SADM underwent post-test inspection and functional
verification to confirm that no structural or operational degradation had occurred. Three criteria were used
to determine successful completion of the qualification test.

First, a visual inspection verified that no damage, deformation, or loosening of mechanical interfaces was
present. Second, drivetrain functionality was confirmed by verifying proper Hall sensor activation and
nominal motor actuation with no indications of abnormal torque behavior or gear train damage. Third, the
electrical transfer unit performance was re-evaluated, requiring the electrical feedthrough efficiency to
remain above 95%.

Structural integrity was further assessed by comparing the natural frequencies identified in the low-level
sine sweeps performed before and after each axial vibration test. A frequency shift exceeding 10% was
established as a threshold requiring further investigation of potential structural degradation or joint
loosening. The measured frequencies for each axis are summarized in Table 4 and remained within this
limit.

Table 4. SolarDrive-u FNF Change Summary

Axial Test Pre-Test FNF (Hz) Post-Test FNF (Hz) Change
X 1102 1029 -6.6 %
Y 385 400 +3.9 %
4 986 963 -2.3 %
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Lessons Learned

The development of a launcher and mission-agnostic unit-level vibration qualification test revealed several
important considerations for reusable SADM qualification campaigns.

First, system-level simulations incorporating HDRM models were unable to quantify worst-case SADM shaft
reactions, with the full-spacecraft results yielding lower loads than fixture-level simulations of the SADM
configured with no array mass simulators. This demonstrated that top-down analysis alone was insufficient
for defining worst-case conditions and reinforced the need for a bottom-up load-path assessment to
establish meaningful qualification loads. For the SolarDrive-y, the bottom-up assessment identified the
primary mounting fasteners as the limiting element along the shaft load path. The original M4 fasteners
were disproportionately weak relative to other critical components. Upsizing to M5 restored a more uniform
structural capacity and reinforced the importance of component-level margin evaluation in reusable
qualification programs.

Second, enveloping launcher spectra does not inherently ensure representative interface loading, as solar
array stiffness and HDRM behavior influence modal amplification. Although the unit-level test employs
inertial mass simulators rather than stiffness-matched panels, array flexibility was incorporated in the initial
system-level simulations used to establish the expected shaft reaction envelope. The final qualification
loads were defined by enveloping these predicted interface reactions and bounding them against the
structural margins of the mechanism. This approach ensures that the imposed test environment
conservatively exceeds mission-level shaft loading without requiring stiffness simulators or replication of
specific panel modes.

Third, initial fixture concepts prioritized monolithic designs trading practicality for dynamic performance. The
development process demonstrated that maximizing fixture FNF alone does not necessarily improve
qualification fidelity. A modular configuration with sufficient stiffness, manageable fixture modes, and
accessible mechanical and electrical interfaces proved more effective in enabling the test in an efficient and
controlled manner.

Collectively, these observations reinforce that vibration qualification philosophy should inform mechanism
architecture early in development. Proactive evaluation of governing load paths and interface margins
enables more uniform structural capacity and minimizes late-stage design revisions driven by qualification
constraints.

Conclusion

A unit-level vibration qualification test was developed for the SolarDrive-uy and SolarDrive-S mechanisms
with the objective of advancing both designs toward TRL 6. The resulting campaign integrates composite
launcher environments, spacecraft dynamic response extraction, and load-path-based mass simulator
sizing to develop a launcher and mission agnostic qualification strategy. By combining top-down
environmental definition with bottom-up structural margin assessment, the final test configuration enforces
realistic yet conservative shaft loading. The process directly informed hardware design decisions and
strengthened structural robustness within the defined qualification envelope. This methodology provides a
transferable foundation for future launcher-agnostic mechanism qualification campaigns in small satellite
programs.
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