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“Solar Array Driving Assembly” (SADA) used herein
refers to the Assembly composed of the Solar Array
Driving Mechanism (SADM), its driving electronic
(SADE) and the interconnecting harness.
The SADM consists of the actual Solar Array
orientation mechanism, its driving motors, the position
sensing elements, the electrical power and signal
transition parts (slip ring). The electronics that is
required to command and control the Solar Array
orientation and the interfaces to Power and Data
handling subsystems is provided in a separated
electronic unit designated herein as Solar Array
Driving Electronic (SADE).

ABSTRACT
RUAG Space has been selected to design, develop and
to test the Solar Array Drive Assembly (SADA) for the
Mercury Planetary Orbiter (MPO) of BepiColombo.
The activity presented focuses primarily on the
mechanism. The associated drive electronics is not
presented.
The exposure to the harsh thermal and radiation
environment close to Mercury resulted in more
demanding requirements than are usually applicable for
common SADAs. These significantly drive the design
and thus require the development of a completely new
mechanism. Hardly any of the usual concepts or known
components could be taken over from previously
developed SADA designs.
As a consequence, an extensive breadboard test
program will be conducted to mitigate the risks
wherever possible. Some of the results are already
available and are presented within this paper.

1.

2.

DESIGN DRIVERS

There are a large number of requirements that are
specific for the BepiColombo SADA which are more
stringent when compared to the requirements usually
applicable to standard SADMs. The majority of these
requirements were considered significant design
drivers for the BepiColombo SADM.
One of the major design drivers is certainly the extreme
environmental conditions which occur during the 6
years interplanetary journey to Mercury and in
particular the extreme temperatures of the MPO during
the 2 years orbit around Mercury.
As the MPO will not be operated during the 6 year
transfer to Mercury, the mechanism is likely to face
problems related to “cold welding”. Whereas during
the MPO operation problems related to the very high
temperatures such as material or technological
limitations become more apparent. As a consequence,
standard materials or components could not be used.
For example, standard slip rings are normally operated
up to a maximum temperature of 120°C, the
BepiColombo slip ring has to operate at temperatures
up to 200°C.
In order to reduce the temperatures wherever possible,
very good thermal insulation is required. This may
result in large temperature gradients and thus particular
attention has to be paid to maintain bearing loads at an
acceptable level.

INTRODUCTION

The BepiColombo mission is the 5th cornerstone of the
Cosmic Vision scientific program of the European
Space Agency (ESA). It is an interdisciplinary mission
to Mercury in collaboration between ESA and ISAS
(Institute of Space and Astronautical Science)/JAXA
(Japan Space Exploration Agency) under overall
responsibility of ESA. The BepiColombo mission
consists of two scientific orbiters, the Mercury
Planetary Orbiter (MPO) and the Mercury
Magnetospheric Orbiter (MMO) which are dedicated to
the study of the planet of Mercury and of its
magnetosphere. The Mercury Transfer Module (MTM)
is used to carry the two orbiters to Mercury.
To generate the required electrical power the
BepiColombo spacecraft is equipped with two
independent Solar Arrays (one for the MPO and one
for the MTM) which need to be oriented during the
mission. The MPO Solar Array consists of a single
wing. The MTM Solar Array is provided with a double
wing configuration.
Each Solar Array wing orientation is achieved through
a Solar Array Driving Assembly (SADA). The term
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Furthermore due to the generally high temperature and
associated thermal expansion, large relative
displacements are expected which lead to significant
local and global thermo-elastic stresses and undesired
relative movements between different parts and
components (e.g. brush displacement against rotor
tracks).

3.

SADM DESIGN DESCRIPTION

3.1. Overall SADM Design Features
The overall SADM design as shown on the figure
below compromises the following main components:
•
•
•

Exceptionally for BepiColombo is the orientation of
solar panels with respect to the sun. The solar panels
must be oriented 90° away from the sun due to the very
high solar flux in the mercury orbit. By this unusual
orientation, sufficient cooling of the solar array wings
by radiating into deep space is guaranteed while still
sufficient power can be retrieved from the solar arrays.
A drawback of this BepiColombo specific feature is
that, the solar wings must be oriented by the SADA
very accurately (< 0.2°). In the normal case with
standard SADM’s < 1.0° is more than sufficient.
Very small pointing errors would ultimately result in
an overheating of the solar arrays due to the
significantly increased solar array area facing the sun.
This effect is not experienced on standard SADM’s
where the solar array wing is oriented towards the sun.
Another consequence of this feature is that in case of
an emergency (power-off of the spacecraft), the solar
array wing must be rotated very rapidly away from the
solar irradiance. Therefore high acceleration and speed
requirements apply. In detail, the SADA must able to
accelerate including the power-on sequence of the
SADE (approx. 0.5s) within one second to a maximum
speed of 6°/sec. It should be noted that the required
maximum speed for BepiColombo is approximately
one order of magnitude larger than the capability of
existing SADM designs. Ultimately at SADM level,
high torque capability with a relatively small gear ratio
to achieve the required speed is therefore demanded.

•
•

Slip Ring Assembly (SRA), composed of a
power and signal slip ring
Front Bearing Assembly (FBA)
Position Sensors (coarse and fine
potentiometer)
Gear Assembly using spur gears
Customized Hybrid Stepper Motor

Figure 1. SADM Design Overview.
Some of the design features that are BepiColombo
specific are presented in more detail in the following
sections.
3.2. Front Bearing Assembly
The front bearing assembly compromises a customized
duplex angular contact ball bearing. These feature
ceramic balls and bearing rings made from steel. This
combination has been selected in order to reduce the
risk of cold welding during the 6 years journey to
Mercury.

Due to the large number of instruments and
experiments sensitive to micro-vibrations on the MPO,
the SADM must be designed to emit a minimum of
perturbations. Therefore low torque noise is required.
Some other important requirements compared to
regular SADM’s worth mentioning are:
•
•

The High Voltage difference of Power lines
(163V)
Susceptibility to Separation Shocks when the
MPO orbiter is released from the MTM
spacecraft after 6 years of interplanetary
journey.

Figure 2. Front Bearing Assembly.
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Furthermore the power and signal part of the rotor is
thermally insulated by a low conductive material.
The carbon brushes themselves are bonded on to an
elastic blade to achieve the necessary preload. The
current is transferred from the carbon brush to the
stator wires by the use of additional wires which are
sintered directly into the carbon brushes. Consequently,
no current is transmitted by the supporting blades.
Both types of contact slide on copper tracks, coated
with a dedicated gold alloy. For redundancy
considerations, there are always two brushes in contact
per track.

The ball bearing races will be sputtered with MoS2. to
provide the lubrication. Wet lubrication has not been
considered due to the associated evaporation losses at
the very high temperatures (200°C).
To minimize the significant heat flux coming form the
solar array (SA) into the SADM, the SA interface
flange is thermally isolated from the slip ring rotor by a
low conductance material. Additionally, thermal
washers are placed between the bearing assembly and
the front flange in order to avoid undesired thermal
gradients across the ball bearings. Particular attention
has been paid in selecting a material that can withstand
high stress levels and provide a CTE similar to steel.
The Solar array interface flange is made from titanium
for strength reasons and to further reduce the heat flux
from the SA to the SADM. For a precise fit and to
transfer shear loads, positioning pins are foreseen
between the SA and the SADM interface. As the
spacecraft itself is made from aluminum, the S/C
interface flange is made from aluminum as well in
order to avoid significant thermal mismatch.

In order to prevent arcing between power forward and
return lines due to potential differences, an insulating
spacer which is 35 mm wide has been introduced. This
arcing barrier is profiled to increase the free path which
further improves the isolation performance.
Furthermore to reduce the probability of creation of
any conductive path generated by the eventual
agglomeration of conductive particles debris, all power
and signal lines are separated from each other by
insulating shims.

3.3. Slip Ring Design
The slip ring design as shown figure 3, consists of a coaxial assembly of a power and signal rotor, the housing
and power and signal brush block assemblies.

3.4. Gear box
A two stage spur gearbox is used to provide the
necessary transmission between the motor and the SA
output shaft. An overall gear ratio of 1:48 has been
selected to provide the required torque capability and
to achieve the required maximum speed at the same
time. In order to avoid any significant exported
disturbances (microvibrations), it should also be noted
that the gear ratio had to be selected to ensure that the
motor is not operated at a frequency close to the
eigenfrequencies of the spacecraft.
The gears are specifically developed for the
BepiColombo SADM. They feature a newly developed
teeth profile with the aim of reducing the sliding
motion between the gears. This improves the
performance of the gearbox, in particular the exported
torque noise.
The gears are lubricated with MoS2 as temperatures in
excess of 100°C are present and these prohibit the use
of wet lubrication. The coating has also been selected
to avoid potential cold welding.

Figure 3. Slip Ring Assembly.
The slip ring provides a total of 55 lines, with 22
dedicated to transfer power with a current up to 12 A
and 33 lines, dedicated to transfer signals up to 1 A.
Two different technologies were chosen for the signal
and the power transfer.
For the power transfer, carbon brush contact
technology has been selected in order to be compatible
with the extreme thermal environment and very high
currents to be transferred. For the signal transfer,
standard wire brush technology has been selected
which requires less space than carbon brushes. The use
of gold alloy wires for the signals is feasible as this part
is placed behind the gearbox and rear bearing
providing a natural thermal shield to keep the
temperatures to an acceptable level for this technology.

Figure 4. MPO SADM Gearbox.
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The centre gear wheel assembly is placed on a flexible
element that pushes elastically against the first gear
stage during the slow mode. This is compensating
thermal deformations and partially manufacturing
inaccuracy and thus reduces the gearbox noise
generation. In order to prevent that at high torques
(acceleration and deceleration phase) the pinion
ratchets, a dedicated counter wheel is implemented.
3.5. Position Sensor
During normal operation of the SADA, the actual
position of the solar array wing is calculated by the
SADE by means of step counting. However in case of a
power-off or step loss, the SADA must be able to
retrieve the position immediately with an accuracy of
0.2°. As due to the data acquisition accuracy of the
SADE, the accuracy of the position sensor has to be
better than 0.1°.
The availability of space compatible or qualified
position sensors providing the aforementioned
accuracy is rather limited. Several sensor options
including Inductodyns, Resolvers or Optical Encoders
were investigated. None of these were considered
suitable for the BepiColombo SADM application. The
Resolver had to be omitted mainly for mass and
envelope reasons, whereas the Optical Encoder and
Inductsosyn were not compatible with the thermal and
radiation environment of BepiColombo. Moreover the
latter requires complex electronics which drives both
cost and mass.
Ultimately, the most attractive solution was found to be
a coarse/fine potentiometer. The main benefit of the
potentiometer is its robustness to the thermal and
radiation environment. In addition, they are very
simple and thus moderately priced. The main drawback
is that they rely on sliding contacts and are therefore
prone to wear.
In general, the lifetime of the coarse potentiometer is
considered uncritical. However due to the transmission
ratio between the coarse and the fine potentiometer, the
fine potentiometer will undergo approximately.
850’000 revolutions (including ECSS lifetime factors).
In order to mitigate this risk, the fine potentiometer
will be tested at breadboard level. Some results are
already presented in this paper.
The potentiometers feature ESA qualified Polymid
PCBs from Printca (DK). They consist of a frameless
potentiometer disc and a crabber. Both items will be
integrated by Ruag into the potentiometer assembly as
shown on figure 5.
The potentiometer has a trapezoid characteristic and
provides an additional “digital” track to indicate if the
mechanism is positioned on the raising or falling slope.
Similarly to other potentiometer designs, the one
selected here also has a dead band.

Figure 5. Potentiometer Assembly.
Particular attention has been paid to make sure that the
dead band of the fine potentiometer is never
overlapping the dead band of the coarse potentiometer
as this would result in non-interpretable position sensor
signal at a specific position.
The dead band also limits the accuracy of this position
sensor approach. For that reason, rather large
potentiometer discs have been selected to minimize the
dead band. Consequently, the overall accuracy
calculated from the coarse and fine potentiometer is
0.063° at the output shaft of the SADM. Adequate
electrical shielding is foreseen to protect the
potentiometer signals from any electrical disturbances
from the stepper motor.

4.

OUTLINE OF BREADBOARD TESTS

4.1. General
In order to mitigate the risk of a failure during QM
campaign, significant breadboard tests will be
performed in advance to the QM activity.
As the BepiColombo SADM is a completely new
development, components such as bearings, gearbox
could not be representatively breadboard tested at a
very early stage due to unavailability of its designs.
Nevertheless a SADM breadboard being representative
of all SADM functions apart from the signal and power
transfer is required to allow early verification at system
level. In principle it will be a SADM EM without slip
ring.
Due to the very limited time and resources available to
perform parallel testing at component level and to
assemble and test this SADM breadboard, it has been
decided to follow a sequential assembly and test
characterization approach for the breadboard. In detail,
the front and rear bearing will be integrated in the
housing and will undergo, torque and bearing heat
conductance
measurements
under
different
environmental conditions. As shown on the figure
below, this breadboard will already feature the SADM
housing and the fully representative interfaces to the
platform and the solar array.
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In order to take advantage of this SADM breadboard
and to minimize the risk for the QM, it will undergo a
complete qualification campaign including, vibration,
shock, static load testing, TV-cycling and lifetesting.
The drawback of this solution is certainly that some
characterizations take place later than if a parallel test
approach is followed. However from experience on
previous programs, performing a characterization at
component level, non representative boundary
conditions/interfaces are quite often applied which in
some cases may introduce test issues that would not
exist in reality.
A clear benefit of this test approach is that by having a
breadboard representative in all interfaces (apart power
and signal transfer) to the QM, the test rig can be
verified before the QM testing starts.
However, some tests that are not covered by this
activity or are particularly critical will be tested in
parallel. Consequently, the slip ring and the
potentiometer which are life critical are tested with
separate breadboards.
The results of this test campaign are presented in the
following sections.

Figure 6. SADM Breadboard (Step 1).
This offers the advantage that also the interfaces can be
tested at a very early stage.
Consequently the gearbox will be added. The gearbox
including the front and rear bearing will now undergo a
torque characterization (friction/resistive) in vacuum

4.2. Slip Ring Testing
In parallel to this activity, a dedicated breadboard has
been developed to test the slip ring technology with
respect to the BepiColombo specific environment.
The slip ring breadboard featured a limited number of
power tracks (carbon brush) and signal tracks (wire
brush).

Figure 7. SADM Breadboard (Step 2).
Finally the motor assemblies including the
potentiometers will be added and the complete SADM
will be characterized together with the SADE.

Figure 9. Slip Ring Breadboard.

Figure 8. SADM Breadboard (Step 3).
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harness over the lifetime test, rather than any changes
of the contact resistance.

It went through an extensive test program which
included:
•
•
•
•

Electrical Noise:
As the test harness does not contribute to the electrical
noise measurement, the obtained data provides
appropriate information to assess the health of the slip
ring over life.

Electrical Performance testing as static and
dynamic resistance, noise, electrical insulation
and dielectric strength
Random Vibration and Shock Testing
TV Cycling
TV Lifetest

Although the noise levels, in particular for the power
slip ring, gradually increased over the lifetime, the
obtained noise levels during the last hot dwell (end of
life) were well within the specification.

Prior to the TV cycling and lifetest, the unit has been
subjected to random vibration levels up to 19.3 grms
and shock levels up to 1500 g.
During the TV and lifetest, the temperature was
controlled at the breadboard interface resulting in
temperatures on the slip ring of around -40°C in cold
and +175°C under hot conditions. Current was passed
through the slip ring during the whole TV and lifetest.
Moreover, it should be noted that the slip ring
breadboard completed more than 70’000 revolutions
which corresponds to three times the life required for
the BepiColombo mission including the ECSS margins,
i.e. approximately six times the nominal life.
The results achieved throughout the complete test
campaign with this breadboard were well within the
expectations. Nevertheless the results of some tests are
presented in more detail in the following:

Table 2. Noise on power and signal contacts.
The increase of the noise on the power lines (carbon
brushes) throughout the life is consistent with the
number of wear particles found after the lifetest. As no
noticeable wear has been found on the wire brush slip
ring, the noise remained fairly constant on the signal
lines. The reason that more wear debris has been
generated on the power section is the significantly
larger sliding distance (larger rotor diameter and
contact surface) compared to the signal section.
Furthermore the carbon/gold combination (having a
soft material sliding on relatively hard material) is
more prone to wear than the gold/gold contact of the
signal slip ring. This observation is consistent with the
experience and heritage available at RUAG.
Nevertheless from this breadboard activity, it has been
found, that more wear debris appeared to be generated
at the very beginning of the lifetest as no run-in of the
brushes was initially performed. This initial higher
wear rate can be explained by the initial shape of the
carbon brushes that do not perfectly match the track
geometry. After only a few 100 revolutions, a far better
conformity (by wear) between brush and track is
achieved. Consequently the slip ring breadboard tests,
have confirmed the necessity of a running-in of the
carbon-brushes (followed by wear particle cleaning)
before the final integration of the brush blocks into the
QM and FM slip rings. This method is standard at
RUAG for this contact technology.

Electrical Resistance:
The total resistance measured during the lifetest for
each line of the power and signal slip ring is presented
on the following table.

Table 1. Measured line resistance.
Due to limitations of the test set-up, it was not possible
to directly measure the resistance between the
brush/track contacts. As a consequence, the contact
resistance has been extrapolated from the obtained data
taking into account the test harness static resistances
and electrical diagram. Within the given accuracy of
this extrapolation method, the specified contact
resistance (approx. 10 mohms) has been confirmed for
both the power and signal slip rings throughout the
lifetest. Nevertheless the above measurements show
that no significant degradation in terms of contact
resistance took place over the lifetime. However, it
should be noted that the resistance measured on the
power lines scattered significantly. The main
contributor for this scattering is the presence of
unpredictable temperature distributions in the test
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4.3. Potentiometer Testing

0.5

deadband
0.4

In order to mitigate the risk of a lifetime failure at a
very early phase of the project, the potentiometer will
be breadboard tested. The component will be subjected
to the following tests:

•
•

0.2
Linearity / [%]

•

0.3

0.1
0
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Potentiometer characterization, including
accuracy/linearity measurement under
different environments and speeds
TV-Cycling
Lifetest under hot and cold condition in
vacuum representative to the BepiColombo
sequence
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-0.4
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Figure 11. Measured Potentiometer Linearity.

The test will be performed on the test rig shown on the
figure below.

Nevertheless it should be noted that a look-up table is
planned to be implemented on the SADE to
compensate the nonlinearity effects of the
potentiometer. However should the subsequent testing
confirm that the linearity is within 0.3%, a
compensation at SADE level is no longer required.

5.

CONCLUSION

The design of the BepiColombo SADM is completed
and the breadboard tests performed so far showed that
the design is sound. In particular, good results were
achieved on the slip ring breadboard which confirms
that the carbon brush technology is adequate for the
BepiColombo SADM. Moreover the SADE
engineering breadboard (EBB) showed performances
well within the specification.
Although the slip ring as one of the most critical
components has already been successfully tested, some
important tests are still outstanding. They include in
particular, the transmitted torque noise and accuracy
tests. These tests will be performed together with the
SADE EBB allowing a very early verification of the
SADE/SADM electrical interfaces in addition.

Figure 10. Potentiometer Test Set-up.
The potentiometer discs are mounted on a hot/cold
plate. Contrary to most of the designs, the
potentiometer disc is stationary and the crabber
assembly will rotate. Additional heaters are attached to
hot/cold plate to achieve the relatively high
temperatures required for BepiColombo.
The crabber assembly is mounted on the driving shaft
and will be driven by a standard brushless DC-motor.
As the motor will be operated outside, the necessary
transmission between the crabber assembly and the
motor is done via a feed-through in the vacuum
chamber. A 28 bit optical encoder is fitted between the
motor and the crabber assembly to compare the
potentiometer output signals against the actual position.

Once the outstanding breadboard tests have been
successfully completed, no significant issues are
expected for the QM and FM phase as all components
including the test rigs will have already been tested at
breadboard level.

Currently only the results from the first
characterization tests in air are available. So far very
good results have been achieved.
The linearity is approximately 0.3% which is an order
of magnitude better than that the 3% that was expected
by design.
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