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Abstract

On the 14th of April 2023, the JUICE spacecraft was successfully lifted into space by an Ariane 5 rocket
from Guyana Space Centre in French Guyana. JUpiter ICy moons Explorer is an ESA science mission
dedicated to the investigation of the Jupiter and its Galilean moons, and it will be the first spacecratft to orbit
a moon of another planet beyond Earth.

The JUICE spacecraft includes many appendages and a High Accuracy Accelerometer (HAA), part of the
3GM instrument [1], which will investigate the gravity field of the Galilean moons. The HAA consists of three
identical acceleration sensors (one per axis) and is inherited from the Bepi-Colombo ISA instrument. The
HAA displays a high accuracy in the mg range at low frequency up to 3.5 Hz.

Deployment monitoring is generally achieved by using redundant microswitches. However, the
microswitches were not redundant in some appendages and some microswitches failures were monitored
on both Bepi-Colombo and Solar Orbiter. It was therefore decided to investigate if there was any possibility
to use any other onboard sensor to get additional information relevant to the appendage’s monitoring. The
focus was put on the observability of the latch event (as the appendages will later have to face some orbit
loads resulting from the Main Engine burns).

The paper addresses both analytically and experimentally with the flight data how the accelerometer could
help confirm the correct deployment of some JUICE appendages. In some cases, the in-flight accelerometer
data could be compared with the gyroscope signals.

The paper presents the flight data and shows how the accelerometer data helped confirm the deployments
for the MAGBOOM [2] and the LP-PWI booms [3]. Unexpectedly, it also contributed to the Root Cause
Analysis of the RIME deployment in-flight anomaly [4].

The JUICE Spacecraft

The JUICE spacecraft will provide a thorough investigation of the Jupiter system in all its complexity with
emphasis on the three potentially ocean-bearing Galilean satellites, Ganymede, Europa and Callisto, and
their potential habitability. The JUICE spacecraft carries the most powerful remote sensing, geophysical,
and in situ payload complement ever flown to the outer Solar System (Figure 1). The payload consists of
ten state-of-the-art instruments plus one experiment that uses the spacecraft telecommunication system
with ground-based instruments. The payload includes :

e adeployable MAGBOOM, 10.6-meter long supporting five remote sensing units [2],

o four identical Langmuir probe booms [3],

e adeployable dipole low-frequency RIME radar antenna [4].

* ESA ESTEC, Noordwijk The Netherlands, Email: ronan.leletty@esa.int
** THALES Alenia Space Italia, Gorgonzola, Italy
* Sapienza University of Rome, Rome, Italy

Proceedings of the 47" Aerospace Mechanisms Symposium, NASA Langley Research Center, May 15-17, 2024

289


mailto:ronan.leletty@esa.int

Airbus Defense and Space oversaw the design, integration and test of the spacecraft. The deployment of
the appendages are monitored by classical microswitches (with the exception of the RIME antenna,
monitored by two cameras). All appendages were designed to be deployed as part of the Near-Earth
commissioning phase.

Figure 1: JUICE Spacecraft in deployed configuration
The High-Accuracy Accelerometer

The High Accuracy Accelerometer is part of the 3GM instrument, whose main science goals are the
measurement of Ganymede, Callisto and Europa gravity fields, and probing the atmosphere of Jupiter by
means of radio occultations. The gravity measurement can be affected by the spacecraft (S/C) sloshing
and therefore an HAA has the ability to accurately measure the low frequency accelerations of the S/C
along the 3 axis. The HAA is inherited from ISA (ltalian Spring Accelerometer) on board the ESA Bepi-
Colombo probe en-route to Mercury. It consists of three identical acceleration sensors, arranged along the
3 axes and its front-end electronic (Figure 2). The acceleration sensor is based on a suspended mass,
whose motion is detected via capacitive coupling to a set of dedicated plates. The resonance frequency of
the coupled system is 3.5 Hz. Therefore, the accelerometers can sense any acceleration below this
frequency.

The HAA is located in the PX vault (protected from Jupiter’s intense radiation field) and close to the S/C

Inertial Measurement Unit, which includes three gyroscopes. The standard telemetry rate for the angular
rate is 1 Hz and can be increased up to 8 Hz for troubleshooting.
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Figure 2: HAA Detector Unit (without external MLI)
The LP-PWI Booms’ Deployment

The Langmuir Probe boom is a very lightweight two-segment 3-meter long deployable boom [3]. The
combination of the four booms when deployed allows measuring the three-dimensional electrical field in
the Jovian environment. The Langmuir Probe boom uses a single microswitch to monitor the effective
latching of both the base hinge and the central hinge. The central hinge latches first (because it see a lighter
inertia).

A multi-body model of this boom using MSC ADAMS was developed to evaluate the swept envelope during
its deployment. The model also provides the shock at the S/C interface occurring at the end of the
deployment. Since this spring-aided boom does not include any damper, the end-deployment shock is
sizing the strength of the boom.

Analysis
To investigate if the HAA could detect the difference of torque behavior between a latch and a non-latched

LP-PWI boom, the following assessment was performed (Figure 3):

1. Extraction on the S/C deployed configuration (full tank) of the transmissibility functions between the
LP-PWI boom torques at base hinge and the three HAA sensors

2. ldentification of an impulse filter corresponding to these transmissibility functions

3. Convolution of the computed transient torque functions (estimated from a multi-body model of the
deployment) with the estimated impulse filters at the previous step; comparison of the estimated
accelerations at HAA level with the functional performances of HAA, check the received signals
with the HAA saturation threshold

4. Computation of the Fourier transform of the received signal on the three HAA channels

This study concluded that the HAA will be able to monitor the deployments; the 15t bending mode of the LP-
PWI booms is estimated at 1.78 Hz and nicely fits in the HAA bandwidth. It was therefore decided to switch
on this accelerometer quickly after launch and to monitor the appendages deployments with the
accelerometer (in addition to the usual microswitches). In case the boom fail to latch, the 15t bending mode
would not exist; the failure case shows the boom bouncing back several times.
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Figure 3a: LP-PWI analysis: transient torque during the deployment computed by MSC ADAMS multi-
body simulation — nominal deployment

Figure 3b: LP-PWI analysis: transient torque for a failed latch at Base Hinge location
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Figure 3c: LP-PWI analysis: computed time series at HAA location for a nominal deployment

Figure 3d: LP-PWI analysis: Fourier transform of the HAA computed signals for the nominal behavior

On ground verification

Due to the fast nature of the LP-PWI boom’s deployment, several gravity off-load approaches bring a
significant drag effect on-ground (like helium balloons or a movable trolley) and could not be used. The
supplier of the LP-PWI boom (Astronika (Poland)) developed a deployment table, which off-loads the boom
via two ball transfer units (Figure 4). The main engineering resulting issue is that at spacecraft level this
table needed to be brought up to 4.3 meters and properly aligned with respect to the gravity vector error
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with an accuracy better than 0.1 deg in both axis thanks to a specially developed MGSE. The on-ground
deployment tests at boom and the S/C level gave similar results, allowing verification of MLI clearances.

Figure 4: a) LP-PWI boom on the deployment table, b) deployment table close to the S/C

LP-PWI Deployment flight data

The four LP-PWI booms were deployed from May 22" to 26t (one boom per day). The telemetries have
shown a repeatable deployment behavior for all booms, despite a different thermal environment. Despite
all microswitches working nominally, the HAA telemetries were received and compared to the predictions.

It can be seen that the estimated peak acceleration along the X axis was 6e-3 m/s”2, while the flight data
give a peak value of 5e-3 m/s”2 (Figure 5). The Fourier transform of the flight HAA data gives a maximum
value at 1.9 Hz, also close to the prediction. The spectrum is dominated by the low frequency Solar Array
mode (especially the in-plane mode at 0.89 Hz), the 1st, 2" bending modes of the MAGBOOM at 0.45 Hz
and 3@ MAGBOOM mode at 2.6 Hz.

Figure 5: Example of in-flight data with interpretation: Langmuir Probe boom deployment read by HAA in
m/s”2: a) time data, b) Fourier transform

The MAGBOOM Deployment

Contrary to the Langmuir Probe booms, the JUICE (three segments, 10.6-meter long deployable)
MAGBOOM is huge and features a synchronized deployment and redundant microswitches on its root
hinge to monitor its deployment [2]. Its deployment was also modelled by the supplier SENER (Spain) with
an MSC ADAMS model. The challenge was the size of the swept envelope. As such, it was not the focus
of the HAA monitoring during the commissioning (it was expected that the HAA will be saturated), but the
HAA telemetries were made anyway available.
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On-ground verification
As this boom has a damper (speed regulator function), the helium balloons used as gravity off-load system

have an acceptable level of drag (Figure 6) at low speed. This will be later confirmed by comparing the
deployment time on ground with the deployment time in flight.

Figure 6 : Deployment of the MAGBOOM using helium balloons

Flight data

The MAGBOOM was successfully deployed on April 21t, 2023, For this deployment, the exchange of
moment of inertia between the appendage and the S/C body is significant and the HAA data are very
perceptive in revealing the S/C body rotation. Surprisingly, there was no obvious sign of the HAA saturation,
especially during the hold down release mechanism (HDRM) firing.
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Figure 7: Example of in-flight data with interpretation. MAGBOOM deployment read by HAA (acceleration
in m/s”2 as a function of time)

RIME Antenna Flight Data
It was initially not expected to use the HAA to monitor the deployment of the RIME dipole antenna,
consisting of two identical monopoles (PX and MX) and developed by STI (Germany). An analysis was

carried out before the launch to assess whether the HAA could contribute to the monitoring in a similar way
as for the LP-PWI booms. As reported in [4], the deployment of this antenna did show an in-flight anomaly;
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for this reason, all troubleshooting attempts were monitored with high frequency gyro and HAA data. There
was no representative on-ground experimental data available, because such lightweight antenna is difficult
to test on the ground; any gravity off-load system would provide a significant drag effect and drastically
influence the dynamic behavior.

Analysis
An assessment was done with the MSC ADAMS multi-body model of the RIME antenna with a methodology
similar to the one used for LP-PWI (Figure 8). It was concluded that it will be difficult yo monitor the latching
of the RIME antenna hinges by the HAA as the non-linear behavior of the RIME antenna was found difficult
to model.

Figure 8 : Procedure used to estimate the HAA reading level during the RIME antenna deployment

Flight data
Due to the encountered in-flight anomaly [4] and for trouble-shooting purposes, all sensors were switched

on with the highest possible sampling frequency during the successful release on May 12t, 2023. The
gyroscope signals were monitoring at 8 Hz and gave the opportunity to compare them with the HAA signals
(Figure 9).

The comparizon between the accelerometer and the gyro data on the same event (the 2" RIME monopole
on the MX side) (Figure 9) shows:
- the initial HDRM shock is difficult to isolate, and overall, the HAA data are difficult to interpret
(except the usual Solar Array modes being excited),
- the moment of inertia exchange between the antenna and the spacecraft is clearly visible on the
Y-axis and Z-axis gyroscopes.

For this deployment, two monitoring cameras were available and key to understanding the in-flight
deployment. It is interesting to note that the Z-axis gyroscope reveals a significant rotation of the spacecraft
for the MX monopole (but not the PX monopole) and this can be attributed to this MX deployment that did
not happen in the plane (Xs/c — Zs/c), as concluded by the analysis of the monitoring cameras [4].
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Figure 9a: RIME deployment a) PX monopole gyro data (in rad/s as a function of time)

Figure 9b: MX monopole HAA data (in m/s"2 as a function of time)
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Figure 9c: MX monopole gyro data (in rad/s as a function of time)
Conclusion and Recommendations

The in-flight accelerometer data show an excellent time resolution and a good agreement with the
predictions for the lightweight LP-PWI booms’ deployments. The successful latching can be confirmed by
looking at the accelerometer data. It is noted as a lesson learned that the damping coming from the S/C
structure and harness appears to be frequency dependant:

- much less than considered in the analysis at low frequency,

- higher than considered in high frequency (i.e., HDRM shocks).

In general, the HAA data have been found very useful in characterizing the low-frequency appendages
modes during the commissioning of the AOCS subsystem. This is promising in view of the capability of
HAA to monitor the tanks’ sloshing during the JUICE science phase.

However, this good achievement on the LP-PWI booms’ deployment (thanks to the 15t boom’s mode in the
HAA bandwidth) cannot be generalized to other appendages’ deployments for several reasons:
- End-deployment shocks have only a well-defined signature for a fast deployment (i.e., excluding
motorized and dampers),
- Appendage modes are largely mixed with other appendage modes, starting with the ones from the
Solar Array wings. Identifying the modes may be tricky especially in a single event case of a
deployment.

For these reasons, it remains recommended to include a redundant microswitch monitoring the latching
event at the end of the deployment.
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