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Abstract

ESA's upcoming Venus orbiter EnVision aims to provide a comprehensive understanding of the planet's
evolution. Building on the success of Venus Express, it will map Venus's surface with unprecedented detail,
enhancing insights into its geological evolution. One of the instruments — VenSpec-H — is focusing on the
lower atmosphere and clouds and will analyze volcanic plumes, complementing surface and subsurface
observations. The results are foreseen to support the research teams of BIRA-IASB under Instrument Lead
(IL) Dr. Ir. Ann Carine Vandaele [1,2] and ETH Zirich under Profs. Paul Tackley and Taras Gerya [3,4] —
Co-ILs of the VenSpec-H Instrument — in understanding commonalities and differences between the
planetary evolutions of Venus and Earth. This spectrometer uses an echelle grating to diffract uniform light
for detailed compositional analysis. The spectrometer section is preceded by a band selection based on a
combination of a filter wheel and a fixed horizontal double stripe filter.

This paper focusses on the unconventional approach of developing the Filter Wheel Mechanism (FWM) by
the HSLU in Phase B1 and gives insight on the building and testing of an elegant breadboard that is
currently undergoing a full test campaign at the facilities of FHNW. The development is part of the Swiss
contribution to VenSpec-H, led by ETH and managed by KOEGL Space.

Introduction

Background
EnVision is the fifth medium-class mission of the European Space Agency (ESA) and scheduled for launch

in the early 2030s with the aim of characterizing the internal dynamics, surface features, and atmospheric
dynamics of Venus. This mission will delve into the intricate interplay between Venus's interior, surface,
and atmosphere. Central to EnVision's scientific apparatus are two radar instruments: a synthetic aperture
radar provided by NASA, designed to penetrate Venus's thick atmosphere and capture high-resolution
surface images, and a ground-penetrating radar sounder tasked with mapping the subsurface structure. In
addition to radar capabilities, EnVision is equipped with spectrometers tailored for analyzing the chemical
composition of Venus's atmosphere and surface. These instruments serve to detect shifts in elemental
abundance, potentially indicative of ongoing volcanic activity. Furthermore, EnVision encompasses a radio
science experiment aimed at probing Venus's internal structure and gravitational field.

The spectrometer suite aboard EnVision comprises three distinct channels: VenSpec-M, VenSpec-H, and
VenSpec-U, accompanied by a common Central Control Unit. Notably, each channel provides independent
optics to accommodate diverse imaging concepts and wavelength ranges.
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VenSpec-H (Venus Spectrometer with High resolution) Overview

VenSpec-H is one of the channels in the spectrometer suite. It is designed to monitor minor species within
Venus's lower atmosphere on the night side and above the clouds on the day side. This instrument plays a
major role in characterizing volcanic plumes and other phenomena influencing gas exchange between
Venus's surface and atmosphere. VenSpec-H's focus on volcanic and cloud-forming gases aims to uncover
composition anomalies potentially linked to volcanic activity, complementing observations from VenSAR
and VenSpec-M focused on surface and subsurface features.

During nighttime operations, VenSpec-H will survey the near-surface atmosphere (0 — 20 km) and the
atmosphere beneath the cloud layer (20 — 45 km), while daytime observations will focus on the composition
of the atmosphere above the cloud deck (65 — 80 km). To achieve the primary scientific goals, VenSpec-H
utilizes four highly specific narrow spectral bands tailored for atmospheric probing. Notably, Band #2 is
further divided into Band #2a and Band #2b, a distinction that will be elaborated upon later. Bands #1, #2,
and #3 are particularly instrumental for penetrating the cloud layer during nighttime observations, known as
the spectral night windows of Venus. Further details regarding the scientific objectives of VenSpec-H and
the entire VenSpec suite can be found in [5] and [6].

The overall instrument functional diagram and a 3D image is shown in Figures 1 and 2. After passing a
shutter, the incoming light is filtered by optical filters located on a filter wheel, enters a filter slit assembly
followed by an echelle grating spectrometer, and finally is received by the detector.

Figure 1. VenSpec-H Instrument Functional Diagram
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Figure 2. VenSpec-H Instrument Box Overview

Filter Wheel Mechanism (FWM)
The main functions of the FWM can be summarized as follows:

e hold in place optical filters located on a wheel;
e rotate the filter wheel and place each of the filters in the optical path following a dedicated

observation strategy;
e survive all environmental conditions throughout the complete lifetime of the mission.

An overview of the filter wheel mechanism is given in Figure 3. It provides space for 6 filters, and two
positions used for calibration (one fully closed, one fully open)

Figure 3. FWM overview
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This paper focuses on the development of the filter wheel mechanism. In particular it provides insight in the
development, building and testing of an elegant breadboard with the focus on de-risking the overall
VenSpec-H instrument box development.

Unconventional Development Approach

Challenges
After a high-level phase A study, the need of a Filter Wheel Mechanism became clear to fulfil the mission

objectives of the VenSpec-H instrument that shall use an observation sequence with multiple spectral bands
in both the day and the night of Venus. However, several requirements were not yet frozen or available, as
the satellite architecture was not yet defined.

In addition, the following key challenges were identified:

o the FWM operates very close to sensitive optics and solid lubrication is required,;

e with a nominal operational life of 4 earth years and the required functional pattern, a total of
~2 million revolutions need to be demonstrated,

¢ high repeatability of the filter re-positioning is required (0.1°);

e the spectrometer section operates at cold (-45°C) temperature in Venus orbit. Hence the heat
dissipation (and power consumption) of elements close to this optical bench, like the FWM, has to
be minimized;

e some optical parameters as well as the number of filters and their exact position were still evolving;

e the launch loads needed to be estimated on experience and evolved over the development time;

e the predecessor of the instrument did not include a filter wheel hence the TRL of the initial concept
for the FWM was considered very low (TRL<4).

All this was identified as a significant risk for the VenSpec-H instrument box development, for which all
major components had to be brought to a TRL of 5-6 within 1.5 years after Phase B1 Kick-Off.

Swiss Team for the VenSpec-H FWM
To mitigate risks associated with the development of the mechanism, a specialized consortium was involved
as part of the Swiss VenSpec-H contribution:

e Professors from universities of applied sciences (UAS) in Switzerland bring extensive industrial
experience to the table. In addition, these UAS possess advanced manufacturing and testing
facilities, enabling rapid prototyping, construction, and evaluation.

e Expertise and equipment for space mechanisms is available across several institutions. For
instance, within the VenSpec-H project:
0 At HSLU the core space mechanism expertise is located along with sophisticated design
and manufacturing capabilities.
o FHNW houses state-of-the-art environmental testing laboratories for space instruments,
equipped for vibration, shock, and thermal vacuum testing

e While universities of applied sciences primarily prioritize education, they are typically not
specialized for full-scale space instrument development. As a result, they often encounter
constraints in resources necessary for comprehensive space project management and product
assurance. Therefore, these essential resources were sourced from a specialized company.

Based on this, the FWM work has been implemented as shown in Figure 4. To work in such a consortium,
the members need to rely on each other, be willing to share knowledge between each other and in particular
speak the same “language” and share their tools and templates. In case of the VenSpec-H FWM this worked
very well including the collaboration with BIRA and ESTEC. Many potential obstacles could be solved on
the way in the regular meetings without many formalisms.
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Filter Wheel Mechanism Work

KOEGL Space . HSLU . FHNW
— Project Management 3 FWM Design — Vibration Testing
— Product Assurance — FWM EGSE — TV Test
— FWM Manufacturing — Shock Tests

——  FWM Commissioning

Figure 4. FWM work distribution

Technical Development approach for the VenSpec-H FWM
To meet the technical requirements and challenges, it was decided to reduce the design complexity to the
absolute necessary. At minimum a physical architecture is required as depicted in Figure 5.

Figure 5. FWM minimal physical architecture

The concept relies on the following technical paradigms:

e toreduce tribological issues to a minimum, a direct drive is foreseen, where the filter wheel as well
as the motor are sitting on the same axis and supported by a single bearing pair (i.e., no gearbox
is present);

e as the bearings shall be solid lubricated and the number of changes high, the wear shall be
minimized by low wear distance and as low a preload as possible;
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e to avoid the need of launch locks and to allow minimal heat dissipation by the motor, a stepper
motor is selected;

e the sensor concept shall be as simple as possible;

e if possible avoid the implementation of launch locks.

Bearing configuration selection

Two options were identified for the bearing configuration selection (Figure 6). Option a) relies on a simple
duplex back-to-back bearing configuration whereas b) is a classical configuration with bearings being
further apart. Option a) was selected, as it allows for simple pre-load setting and characterization at the
bearing manufacturer, hence reducing integration time and the need for special integration devices.
However, to minimize the required preload of the bearings as well as the bearing diameter to optimize
lifetime, for option a) the CoG of the rotating parts (filter wheel, shaft, motor and sensor) is required to be
placed as close as possible to the center of the bearing pair.

Figure 6. Bearing concept options

Motor concept
A stepper motor solution is foreseen, where the detent torque of the motor is sufficient to stop filter wheel

rotation during launch. A major resulting derived requirement is to balance the filter wheel statically and
dynamically about the rotation axis. In addition, the motor current shall be switched off during observations
at stable positions of the stepper motor. Hence, a motor with a high number of steps is required, which also
leads to a relatively large diameter.

Sensor concept
During the first months of the project, an absolute rotary sensor was implemented. However, the final sensor

selection needed to be left open until the control concept was clear. Therefore, the decision was taken to
put the sensor at a location where minimal design change would be required later in the project, i.e., at the
rear of the mechanism.

Procurement challenge

The prime technical risk identified during the first weeks of the project was the performance of the bearing
system. Therefore, it was decided to build as fast as possible a breadboard and perform a mission-
compatible life test. The challenge was to have representative hardware ready within approximately one
year, although many things, such as launch load environment and temperatures were still unclear.

The approach that was taken was rather unconventional. Based on some inputs from [1] and the experience
of the first author, axial, radial and bending loads were defined for the bearing pair using simple calculations.
In addition, a thorough calculus was performed with the highest possible changing speeds of known stepper
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motors, taking into account the expected number of filter changes and thus obtaining the total number of
bearing revolutions over lifetime. Furthermore, preliminary thermal calculations defined the expected
operational temperature range. After applying the typical margins, various bearing suppliers were contacted
to see if they would have a solution readily available with lowest possible lead time. At this stage, the
detailed design had not been started. Once a viable solution was available, design was further matured
with this option included, and procurement was initiated already. For risk mitigation purposes, in addition to
the solid lubricated bearings — with still longer lead time — a set of oil lubricated bearings was procured with
a short lead time to be used during commissioning of the drive electronics without risking the degradation
of the solid lubricated version.

A similar approach was taken with the motor procurement. Here, a frameless configuration was needed
which considerably reduced the choices. During discussions with potential providers, a solution was found
to use a readily available motor with some geometric out-of-tolerances that were not acceptable for their
originally intended use. As also here the design and manufacturing were not yet started, the out-of-tolerance
issues were dealt with by the design and an appropriate integration jig.

As for the sensor, for the breadboard it was decided to use the one with lowest possible lead time that was
suitable for TV testing and could be made available for space later on.

Breadboard Filter (breadboard) Wheel Design
The concept being so reduced and to avoid discussions on representativity of upcoming tests, the originally
planned simple breadboard design evolved into a full-scale almost-final design as shown in Figure 7. The
design builds on the Concept a) from Figure 6.

The fused silica filters are placed in recesses of an aluminum wheel. In order not to overload the glass by
the clamping forces from the screws, the load is distributed by a special aluminum clamp ring that is
preloaded by an optimized, ring-shaped leaf spring made from titanium. For the required close position an
aluminum plate of the same diameter as the filters is foreseen with an adapted thickness. The open position
will be equipped with a mass compensator ring for static and dynamic balancing of the wheel.

The filter wheel is mounted onto the directly driven shaft. It can be dismounted for integration purposes
without disassembly of the actuator part. The shaft system is caried by a duplex bearing pair in back-to-
back configuration from ADR. Stainless steel is used for races and balls, the cages are PGM HT, the
lubricant is sputtered MoS2. To be able to operate the breadboard outside a vacuum chamber, the
breadboard is equipped with a fitting for purging with dry Na.

The drive is facilitated by a 1°/step stepper motor from SAFRAN/SAGEM. To reduce micro-vibration, the
motor will be driven in micro-stepping mode. The filters are located at stable positions of the motor when
the driver electronics is in idle mode. This allows a reduced power consumption during observations and
thus minimizes dissipation into a demanding cavity. To allow as many observation cycles as possible, the
rotation speed of the motor is set to 80°/s. Due to the relatively high torque of the motor, the start-up
acceleration phase is comparably short, the wheel reacts almost instantly. The procured motor eccentricity
issue of the stator is solved by allowing radial adjustment of its titanium holding structure — that is needed
anyways to match the CTE of the stator — into the housing structure. The alignment is performed using a
simple self-centering clamping type solution with the bearing seats being the reference.

For the breadboard, a resolver was designed and installed. Nevertheless, after the breadboard was built, it
was identified that the feedback loop on the foreseen drive electronics will need to drive the FWM in open
loop to reach the necessary speeds and thus for the flight units the resolver will be replaced by redundant
reference Hall sensors.
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Figure 7. FWM breadboard design overview

The structural materials are similar to the foreseen flight design and structurally and dynamically fully
representative. However, some compromises needed to be made to keep the tight schedule. For example,
AL 7075 T6 was quickly at hand although we recommend using AL 7075 T7351 for flight. The bearings and
the motor are fully flight representative.

To be representative in all aspects of a bearing life test including pre-conditioning by vibration loads and
thermal cycling, a full set of mechanism, structural and thermo-elastic analyses was performed showing the
required margins.

The major differences from the current perspective between the breadboard and the later flight design are
the mentioned sensors, some material adaptations, the final coatings, and some installation and referencing
items.

The mass of the breadboard including the cables and bolts is 1.3 kg with a filter wheel mass of ~0.2 kg.

Lessons Learned from Assembly and Commissioning

With the mentioned procurement mitigations, parts and components came in timely. The oil-lubricated
bearings were very handy for exercising the integration of the FWM. Also, this “lubricated” version was very
useful to setup the EGSE. However, the building of the breadboard helped to identify and solve two issues,
as described in the following sections.

Changing Dummy Filters
The original purpose of the breadboard was to de-risk potential lifetime issues with the bearings. In this
context the design of the wheel itself aimed at being a representative mass and inertia dummy. For fast
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procurement purposes filter dummies were planned to be made of aluminum with representative mass. The
clamp design was foreseen for the next phase of the project.

While the items were in production, we came up with the idea to replace the aluminum dummies with glass
billets from the same material as intended for the flight filters. Due to out-of-tolerances of the thickness of
the glasses, they were cracked at the surface after clamping at the edge and torquing the screws.

As a consequence, the filter mounting was completely revised and structurally analyzed. This resulted in a
design and build of an elegant and light clamping system of the filters. New undamaged glasses were
mounted in the adapted clamping system, confident now that the mechanical launch loads could be
survived.

Using Off-the-Shelf Drive Electronics

Flight electronics being still in the design phase, a temporary flexible control system was required, where
we could adapt the mechanism settings easily. Instead of building an EGSE from scratch, it was decided
to buy an off-the-shelf stepper motor driver that could be commanded using an USB interface and that
allowed controlling the motor both in closed and open loop. Besides the motor driver, the controller also
required a transducer unit for the resolver control and A/D conversion of the read values. The setup is
shown in Figure 8.

Filter wheel mechanism

Resolver r— \
Tem per
Stepper motor ature
Resolver to sensor
551 transd ucer
Temperature
Logging
] Stepper motor : CO000 I 1
‘ driver L Computer
USE to Serial
converter Python scripts

Figure 8. EGSE Setup

Being able to exercise with the FWM breadboard with oil bearings turned out to be most useful. After a
number of iterations in setting up the controller, still a number of issues remained:

e The flight electronics will drive the FWM in open loop using micro-stepping and will switch off motor
power at the filter positions. When using this philosophy with the temporary controller randomly at
different filter locations the current switch-off leads to hiccups in the wheel movement. Later tests
of the FWM with a flight electronics breadboard that became available did not show any hiccups.

e The resolver was kept in the system and was intended to be used as a passive measurement
device for the positioning error during tests. It turned out that the transducer/resolver had quite a
large error compared to the requirements. This was diagnosed with a completely stopped and
unpowered motor.
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The micro-stepping with the controller worked properly and was tuned to the same value as foreseen for
the flight electronics. A way was found to incrementally reduce the maximal drive current of the motor by
Python scripts running on the EGSE computer. It allowed to slowly reduce and ultimately find the minimum
startup current at the instant step loss was detected with the resolver.

The lesson learned and recommendation is that with the same effort a better FWM controller could be
implemented from scratch including all functionalities needed.

Life Testing the FWM Breadboard

In Figure 9 the FWM breadboard is shown as used for functional tests, mounted on the shaker for X-Axis
vibration tests and in the TV chamber. It shall be mentioned that it includes 8 glass dummies representing
the filters.

Figure 9. FWM breadboard as used for functional, vibration and TV & life testing

A major issue with breadboard life tests is the question about representativity. To minimize discussions on
this topic, a full flight-standard qualification level test program was set up and agreed with ESA, as shown
in Figure 10.

The program started with the commissioning and tuning of the FWM breadboard with the oiled bearings
together with the EGSE, then changing the configuration to the solid lubricant version, followed by initial
functional tests, a full vibration test campaign, a full thermal cycling campaign in vacuum and finally the life
test sequence. As the shock test levels were not yet clarified and shock was deemed more detrimental for
the optical elements than the bearings, it was decided to perform the shock tests after the life test sequence.

At the end of the test campaign the breadboard will be stripped down, thoroughly examined and refurbished

with the oil lubricated bearings and integrated in a breadboard of the VenSpec-H Instrument box for further
micro-vibration testing.
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Figure 10. FWM BB Test Program

Functional Test Program
The functional test sequence was fully automated and controlled by a Python script. It consists of the
following sequence as also depicted in Figure 11:

(1) driving two revolutions (720°) forwards and backwards at nominal current (0.18 A)

(2) driving two day cycles at nominal current (0.18 A)

(3) driving two night cycles at nominal current (0.18 A)

(4) driving two revolutions (720°) forwards and backwards at reduced current (0.06 A)

(5) performing the repeatability test movement

(6) performing the minimum startup current measurement starting from each filter position
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Figure 11. FWM BB functional test sequence

Vibration Test Levels

The most demanding test levels are the random vibration levels reaching peak values (3*g_rms) of
85.3 g. They are derived from [7] and cross-checked with preliminary analyses of the VenSpec-H instrument
box. During testing, the damping levels were relatively low, hence some notching was applied in regions
where the instrument box provided high attenuation. Also, cross-coupling on the base was noticed, as
actually expected. The applied and measured values are shown in Figure 12 for the x-axis test — which was
most severe.

Visual inspection after vibration did not reveal any damage on the structural parts nor on the dummy glass
filters. The functional tests revealed a slightly increased start-up current, but still in the acceptable range.

At 0dB: max. acceleration on the filter Resonance frequencies well above the

wheel axis: required 140 Hz

X: 76.9 g_rms

Y: 27.59_rms Frequency shifts very small
Z. 56.7 g_rms

Figure 12. FWM BB Vibration test in x-direction of the FWM
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TV and Life Test Levels
The testing temperature ranges for the FWM have been derived from specifications and thermal analyses
of the VenSpec-H instrument box:

e Non-Operational: -50°C to + 70°C 3-hr dwell time
e Operational Qualification Thermal Cycling: -25°C to +25 °C 3-hr dwell time
e During Life Test -15°C to +15 °C 24-hr dwell time

During each operational test (both Thermal Cycling and Life Test) the FWM rotates half the time
continuously forward and half the time backwards. At the end of the dwell time, the functional tests are
repeated with the adaptation that at hot temperatures the daytime sequence is performed and at cold the
nighttime sequence.

Based on the mission duration, the observation time and the shown measurement sequence a total number
of 1.4 million revolutions is expected during the mission. In addition, an absolute maximum of 50000
revolutions is estimated during ground testing. From this, the life test duration including margin sums up to
1.9 million revolutions in total.

At the time of the submission of this paper the FWM performed 1.24 million revolutions. The evolution of
the minimum start-up current is shown in Figure 13.

Figure 13. FWM BB Minimum Start-Up Current evolution

It can be seen that, except for fluctuations well inside the measurement accuracy range of the electronics,
the values are very stable.

Conclusions

An elegant breadboard of the FWM for VenSpec-H has been built and is undergoing an extensive test
campaign. The development approach followed and implemented by a consortium of universities of applied
sciences showed much flexibility allowing for quick adaptations and improvements during an early phase
of this space project. Another notable advantage is that this endeavor facilitated the training of aspiring
engineers for the space industry through their involvement at the UAS.
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