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Abstract

One of the most challenging problems in lunar exploration is the extreme environment encountered during
the lunar night: the slow rotation of the Moon requires surface systems to endure 14.75 days in complete
darkness, with surface temperatures below -200°C. A similar environment is encountered in the proposed
exploration of the lunar poles, especially in or around permanently shadowed regions. The problem is
exacerbated by the ongoing trend towards privatization and miniaturization of exploration systems, as
radioisotope power sources are unavailable for the majority of these mission and with current plans including
miniature rovers or CubeSat-like surface deployed stand-alone payloads. Previous studies have explored
the development of dedicated low temperature electronics that are able to operate without any additional
thermal control. However, so far these developments have not been widely adopted, because of the high
necessary development effort and the inability of this approach to keep pace with the rapid pace of
development in space electronics. The present thesis investigates the use of the inherent low temperature
capability of existing space electronics through rerating to reduce thermal control efforts.

First, the low temperature rerating potential of an electronic system is explored on the basis of the LUVMI-X
Deployable Payload Platform (DPP) electronics. To this end, the three core systems, the command & data
handling system, the power distribution system and the communication system are examined. For the
command and data handling system, a set of six single board computers is evaluated at low temperatures,
yielding a -109°C limit for the preferred board. A system level test is performed for the power system, yielding
full functionality to -85°C and partial functionality to -123°C. Detailed low temperature testing of each
component shows that an exchange of four components results in a workable design that allows operation
to -120°C. Due to funding limitations, only a low fidelity version of the communication system could be tested
but the results show successful receipt and transmission of S-band signals down to -91°C and
microcontroller responses down to -130°C. The results serve as an example on how electronics can be
operated at temperatures significantly below their manufacturer ratings.

In a second step, a study on energy storage options for lunar night survival is presented. While previous
studies have examined potential low temperature energy storage devices, it is unclear which storage
technology will provide the most benefit for lunar night survival application. Therefore, an overview of existing
energy storage technologies is presented and a pre-selection of promising technologies is made. The
selected devices are tested to determine the temperature dependent capacity. Based on this data, the
theoretical night survival time is calculated for a simplified system for each device and temperature. The
results show that each device has an optimal operating temperature and that dedicated low temperature
batteries do not provide any benefit compared to conventional high energy density batteries.

In a third step, the impact of low temperature rerated components on the night survivability is examined in
thermal simulations of three example systems: The DPP, a lunar polar rover and a lunar lander. A simplified
thermal model of each system is created and exposed to simulated lunar night conditions, while the
necessary heating power is monitored. The results show, that an insular thermal architecture is necessary,
as low temperature components need to be effectively insulated against high temperature components like
the battery to prevent heat loss. It is shown that low temperature rerating can significantly outperform
possible improvements by conventional thermal design, especially for small systems, but only diminishing
returns are achieved for rerating temperatures below -80°C.

Finally, an experimental prototype of the DPP is built in its baseline configuration and in an advanced
configuration that utilizes a rerated power system. The prototypes are tested in thermal-vacuum. The results
confirm the feasibility and benefit of low temperature rerating for improved lunar night survival.



Zusammenfassung

Eines der grof3ten Probleme bei der Erforschung des Mondes sind die extremen Bedingungen wahrend der
Mondnacht: Aufgrund der langsamen Rotation des Mondes miissen Oberflachensysteme 14,75 Tage in
volliger Dunkelheit bei Oberflachentemperaturen von unter -200°C aushalten. Ahnliche Bedingungen
werden auch bei der geplanten Erkundung der Mondpole, angetroffen, inshesondere in oder in der Nahe
der dauerhaft beschatteten Regionen. Frihere Studien haben sich mit der Entwicklung spezieller
Tieftemperatur-Elektronik befasst, die ohne zuséatzliche thermische Kontrolle auskommt. Bislang haben sich
diese Entwicklungen jedoch nicht durchgesetzt, da sie einen hohen Entwicklungsaufwand erfordern und mit
der rasanten Entwicklung der Raumfahrtelektronik nicht Schritt halten kdnnen. Die vorliegende Arbeit
untersucht die Nutzung der inharenten Tieftemperaturfahigkeit bestehender Raumfahrtelektronik durch
Rerating, um den Aufwand fiir die thermische Kontrolle zu reduzieren.

Zunachst wird das Tieftemperatur-Rerating-Potenzial eines elektronischen Systems anhand der Elektronik
der LUVMI-X Deployable Payload Platform (DPP) erforscht. Drei Kernsysteme, das Command- und
Datenverarbeitungssystem, das Energieverteilungssystem und das Kommunikationssystem werden
untersucht. FUr das Command- und Datenverarbeitungssystem wird ein Satz von sechs
Einplatinencomputern bei niedrigen Temperaturen getestet, wobei sich ein Grenzwert von -109°C fur die
bevorzugte Platine ergibt. Fir das Stromversorgungssystem wird ein Test auf Systemebene durchgefiihrt,
bei dem die volle Funktionalitat bis -85°C und eine Teilfunktionalitat bis -123°C festgestellt wird. Detaillierte
Tieftemperaturtests der einzelnen Komponenten zeigen, dass ein Austausch von vier Komponenten zu
einem funktionierenden Design fuhrt, das einen Betrieb bis -120°C ermdoglicht. Eine Low-Fidelity-Version
des Kommunikationssystems wird getestet und die Ergebnisse zeigen den erfolgreichen Empfang und die
Ubertragung von S-Band-Signalen bei bis zu -91°C und die Funktionalitat des Mikrocontrollers bei bis zu -
130°C.

In einem zweiten Schritt wird eine Studie (iber Energiespeicheroptionen fiir das Uberleben in der Mondnacht
vorgestellt. Es wird ein Uberblick (iber bestehende Energiespeichertechnologien gegeben und eine
Vorauswahl an vielversprechenden Technologien getroffen. Die ausgewéhlten Gerate werden getestet, um
die temperaturabhéngige Kapazitat zu bestimmen. Auf der Grundlage dieser Daten wird die theoretische
NachtlUberlebenszeit fir ein vereinfachtes System fur jede Technologie und jede Temperatur berechnet. Die
Ergebnisse zeigen, dass jede Technologie eine optimale Betriebstemperatur hat und dass spezielle
Niedrigtemperaturbatterien im Vergleich zu herkdmmlichen Batterien mit hoher Energiedichte keine Vorteile
bieten.

In einem dritten Schritt wird die Auswirkung von Komponenten mit niedriger Temperatur auf die
Uberlebensfahigkeit bei Nacht in thermischen Simulationen von drei Beispielsystemen untersucht: Der DPP,
einem polaren Mondrover und einer Mondlandefahre. Fir jedes System wird ein vereinfachtes thermisches
Modell erstellt und den simulierten Mondnachtbedingungen ausgesetzt, wéahrend die erforderliche
Heizleistung Uberwacht wird. Die Ergebnisse zeigen, dass eine insulare thermische Architektur notwendig
ist, da Tieftemperaturkomponenten wirksam gegen Hochtemperaturkomponenten wie die Batterie isoliert
werden mussen, um Warmeverluste zu verhindern. Es wird gezeigt, dass die Verbesserung bei niedrigen
Temperaturen die mdoglichen Verbesserungen durch konventionelles thermisches Design deutlich
Ubertreffen kann, insbesondere bei kleinen Systemen. Fir Temperaturen unter -80°C kdnnen jedoch nur
abnehmende Ertrage erzielt werden.

SchlieBlich wird ein experimenteller Prototyp der DPP in seiner Basiskonfiguration und in einer
fortgeschrittenen Konfiguration gebaut, die ein rerated power system verwendet. Die Prototypen werden im
Thermal-Vakuum getestet. Die Ergebnisse bestatigen die Durchfihrbarkeit und den Nutzen der
Umschaltung auf niedrige Temperaturen, um das Uberleben in der Mondnacht zu verbessern.
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1 Introduction

1.1 Motivation

This section is a modified excerpt from (Biswas et al. 2021b), written by the author of this thesis

After decades of very limited activity, a renaissance of lunar exploration has started in recent years. Perhaps
kick-started by the Lunar X-Prize and by the desire of space agencies to explore the resource potential of

the Moon, a large number of surface missions have recently been announced by agencies and private
enterprises. This new wave of Il unar surface exploratd.i
and possibly culminating in the announced crewed NASA Artemis landings in the mid-2020s, targets more

ambitious science objectives and will be more sustainable than Apollo era exploration. An overview of current

missions in planning is shown in Figure 1-1: Until 2029, a total of 30 lunar missions are in planning by
institutional and commercial entities from all over the world. Out of these 30 missions, 21 include a surface

segment that will attempt a soft landing on the Moon, ten of these will include a rover for mobility and at least

one manned surface mission (Artemis 3) is planned.
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Figure 1-1: Graphical overview of currently planned lunar missions (ESA 2020)

For any lunar surface mission, one of the most demanding challenges is the extreme environment of dust,
radiation, vacuum and especially its thermal environment. In the absence of a tempering atmosphere,
surface temperatures range from about 50 K to 390 K, depending on daytime, latitude and surrounding
topography (Williams et al. 2017). Maximum daytime temperatures are more moderate near the poles, but
low solar elevation causes significant shadowing by local topography that severely impact surface
temperatures. In addition, the relatively long duration of a lunar month (average synodic lunar day) of
29.531 days (Vaniman et al. 1991) lead to an average nighttime duration of 354.4 h. In the absence of solar
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illumination and faced with the extremely low temperatures of the surface and space, there will be no external
energy source available.

Keeping systems operational during the lunar night requires thermal control to keep internal temperatures
within component envelopes. Insulation, such as multi-layer insulation (MLI), low emissivity coatings or
aerogel reduce heat loss at night, but excessive insulation causes overheating during the day. Ensuring
reliabl e operation dur i prgbablydghe mastdemandwngehergy $toragenchatlengee r i o d
that will be faced in the exploration of the solar systemo(Petro 2020). This is especially true for some of the
currently planned missions. Building on the advances in spacecraft miniaturization demonstrated by CubeSat
technology in recent years, many of the proposed or planned missions involve surface systems with a mass
of less than 25 kg. Examples include the Sorato (4 kg) and Polar Ice Explorer (12kg) rovers of ispace inc.
(Walker 2018), Cuberover (4 kg) from Astrobotic (Astrobotic 2020a), Mission One (5 kg) of Pulispace (Khan
et al. 2018) or the stationary Robex Remote Unit concept (3 kg and 10 kg) (Tsakyridis et al. 2019). Together
with further similar examples, these standalone units make a new class of lunar surface systems that are
considerably smaller than what has flown previously. Considering the significant time, effort and cost
involved in the preparation and execution of any lunar mission, it should be a priority to maximize the
operational lifetime of deployed systems. Despite this, it is expected that the majority of early commercial
lunar systems are not planned to survive the first lunar day (Petro 2020).

Even missions that do not aim for full nighttime survival can already face similar challenges. One of the major
objectives among the current lunar missions is the desire to explore the lunar polar areas, either to
investigate cold trapped volatiles deposits, to benefit from the unique illumination environment or simply
because it has not been visited by any mission before (Carpenter 2019; Lawrence 2016). In these regions,
the lunar day and night cycle does not follow its normal trajectory, as the low solar elevation and harsh lunar
topography cause long shadows and thus irregular illumination patterns. This causes many large
permanently shadowed regions (PSRs) and a few small areas with higher illumination and shorter nights.
Accessing PSRs, which are the prime locations for the exploration of lunar volatiles, requires rovers to
temporarily operate in shadow on with surface temperatures as low as 50 K (Williams et al. 2017).

Previous studies have proposed various approaches to address extreme environments encountered in
space exploration, such as the development of low temperature tolerant systems, new insulation strategies
or the provision of external energy supplies through remote energy transfer. However, so far the majority of
these approaches could not be successfully implemented because of insufficient technical maturity or
excessive development effort. The present thesis investigates low temperature rerating of existing electronic
components as a fast and cost effective method to improve lunar nighttime operational capability, without
sacrificing daytime performance.

1.2 Background

1.2.1 Previous Robotic Lunar Missions

The very first spacecraft to perform a soft landing on the Moon was the soviet Luna-9 lander in 1966, a small
sphere shaped probe that carried a single camera and a radiation detector. Equipped with primary batteries,
the probe lasted for four earth days on the surface (Huntress and Marov 2011). Further 22 missions have
succeeded it since, as Table 1-1 shows. The US Surveyor program managed to safely land a total of five
landers. These landers were the first that were designed for lunar night survival. Temperature sensitive
electronics were housed in two warm electronics boxes that were insulated by MLI and kept at +4.4°C and -
17.8°C by electric heaters from a 3500 Wh battery. Radiators were decoupled by a set of bimetallic switches
(NASA JPL 1966). Surveyor 3 died during its first lunar night, the other four managed to survive up to six
nights with varying degrees of damage. Surveyor 6 and 7 even achieved a combined 120 hours of night-
time operation (NASA JPL 1969; Creel 2018).

In addition to the short-term manned excursions, a set of long-term experiment packages was deployed
during the manned Apollo missions: The Early Apollo Scientific Experiments Package (EASEP) of Apollo 11
and the Apollo Lunar Surface Experiment Packages (ALSEP) of Apollo 12 to 17. EASEP was solar powered
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but with Radio-isotopic Heater Units (RHUs) and survived its first lunar night but died during noon on the
second day. The following ALSEP packages operated flawlessly for up to 98 lunar day/night cycles (Creel
2018) and were shut down only due to programmatic reasons. Each package consisted of a central control
station, a Radioisotope Thermo-Electric Generator (RTG) as power supply and of multiple payload units.
The central station was heavily insulated to keep its electronics between -17.8°C and +51.7°C. The
electronics were enveloped by MLI and separated from the main structure by thermal insulators. The wires
between that connected the different units were thermally decoupled from the electronics by manganin
inserts (Harris 1972).

In 1970 and 1973, the Soviet Union deployed the two remote operated Lunokhod rovers on the lunar surface,
which were also major successes in terms of lunar night survivability. With masses of 756 kg and 836 kg,
the two solar powered rovers managed to survive ten and four months. The rovers used a pressurized
chassis that allowed internal heat transfer through forced convection, an intricate mechanism that allowed a
lid to close over the main radiator to reduce heat loss at night and a massive RHU with 11 kg of polonium-
210 to provide warmth during the night. Lunokhod | eventually failed when the pressure in its chassis
suddenly dropped, which likely caused internal overheating and Lunokhod Il was lost when it scraped a
crater wall, causing dust to settle on the radiators and solar panels, which caused critical thermal and power
issues (Huntress and Marov 2011).

After the end of the Apol WwitbhtheYutarpvertin2@l3 inaakedithe engl of agfarlyCh a n g ¢
four decades without human activity on the lunar surface. TheCh a n g 6 e Bas teaignedd¢oroperate for

12 months and the rover for three months. Its thermal controlsystemused a fAsubcabind appr
systems that were obsolete after landing were housed apart from systems that were needed after the landing.

This way, heating power was concentrated only on those elements that were still needed. Internal heat

transfer was facilitated by loop heat pipes and two phase thermosyphons. An external RHU provided heat

for the lunar night, which was connected to switchable heat pipes, allowing the heat flow to be shut-off during

the day (Sl et al. 2014). The lander furthermore features a small RTG to provide electrical base power supply

during the lunar night, when solar power is not available (Ye et al. 2017). Yutu featured a similar design,

though no it had no RTG and entered a hibernation mode duringt he | unar ni ght . I n 2019,
to perform the first far side landing, relying on a mostly identical design. So far, both landers and the second

Yutu rover are still fully operational while the first Yutu rover survived at least 31 months but lost mobility in

the first lunar night (Krebs 2019). A more detailed examination of the thermal design of these missions is

given by Bauer (2021).

In conclusion, previous missions have displayed successful lunar night survival capability by relying on
RHUs/RTGs to supply heat/power. The non-nuclear Surveyor landers achieved some night survival by
relying on passive survival.

Table 1-1: Previous examples of long-term payload supporting equipment on the lunar surface

Mission Nation Mass (dry) [kg] Year  Power Night-Survival Performance Source
Supply
Luna9 Lander UDSSR 105 1966 - First Soft Landing (Huntress and
Marov 2011)
Lunal13 Lander UDSSR 113 1966 - - (Huntress and
Marov 2011)
Lunal6 Lander UDSSR 1970 - Sample Return -
Lunal?7 Lander UDSSR 1970 - - -
Lunal?7 UDSSR 756 kg 1970 Solar Operated for 10 months (11 lunar days (Howell 2016;
Lunokhod1 /Battery + Huntress ad
RHU Marov 2011)
Luna20 Lander UDSSR 1972 - -
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Mission Nation Mass (dry) [kg] Year  Power Night-Survival Performance Source
Supply
Luna21 Lander UDSSR 1973 - -
Luna24 Lander UDSSR 1976 - -
Luna24 UDSSR  ~800 kg 1976  Solar Operated for 4 months, died therme (Zak 2018)
Lunokhod2 /Battery + problem due to dust on radiator
RHU
Surveyor 1 Lander USA ~300 kg 1966  Solar Survived first lunar night, some dat (NASA JPL 1966)
/Battery until 6th day
Surveyor 3 Lander USA ~300 kg 1967  Solar Died during first night (NASA JPL 1967)
/Battery
Surveyor 5 Lander USA ~300 kg 1967  Solar Survival until 4tmight (NASAIPL 1969)
/Battery
Surveyor 6 Lander USA ~300 kg 1967  Solar 40h operation during 1st night, bu (Creel 2018)
/Battery damaged
Surveyor 7 Lander USA ~300 kg 1968  Solar 80h operation into first night, survivec (Creel 2018)
/Battery until second
Apollo 11/ EASEP USA ~50 kg 1969  Solar Survived first night, died at noon secor (O'Brien 2019
11 /Battery + night
RHU
Apollo 12/ ALSEP USA 25 kg 1969 RTG Survived 98 lunar day/night cycles (Creel 2018)
12
Apollo 14/ ALSEP  USA 25 kg 1971 RTG Survived 83 lunar day/night cycles (Creel 2018)
14
Apollo 15/ ALSEP  USA 25 kg 1971 RTG Survived 77 lunar day/night cycles (Creel 2018)
15
Apollo 16/ ALSEP USA 25 kg 1972 RTG Survived 68 lunar day/night cycles (Creel 2018)
16
Apollo 17/ ALSEP USA 25 kg 1972 RTG Survived 60 lunar day/night cycles (Creel 2018)
17
Chang'e 3 Lander China 1200 kg 2013  Solar 8 years + (Li et al. 2015)
/Battery +
RTG
Chang'e 3 Rover  China 120 kg 2013  Solar Total of 31 months, but problems fron (Li et al. 2015)
/Battery + 1st night on
RHU
Chang'e 4 Lander China 1200 kg 2019 Solar 24 months + (Krebs 2019)
/Battery +
RTG
Chang'e 4 Rover  China 120 kg 2019  Solar 24 months + (Krebs 2019)
/Battery +
RHU
Chandrayaar? India 1250 kg 2019  Solar Planned for 14 days (failed) (Sundararajan
Vikram Lander /Battery 2018)
Chandrayaar2 India 27kg 2019  Solar Planned for 14 days (failed) (Sundararajan
Pragyan Rover /Battery 2018)
Beresheet Israel 600kg 2019  Solar Planned for 3 days (failed) (eoPortal
/Battery Directory 2019)
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1.2.2 Currently Planned Missions or Mission Concepts

An overview of the currently planned missions or mission concepts is given in Table 8-1. Launch dates were
taken from publications or press releases and are usually optimistic estimates. Some of the mission concepts
do not yet have sufficient funding for a flight mission and may never actually fly. Few publications include
data on expected surface lifetime, but all of the listed systems are solar / battery powered and do not include
RHUSs. The only mission that fully plans for night-time survival is the VIPER rover, which will use the relatively
short nights of a solar oasis near the South Pole (see section 1.2.3). So far, no details have been published
on the thermal control system of VIPER, except that it may contain loop heat pipes with actuated valves to
regulate heat flow and reduce heat loss at night (Patton 2021). It is likely that all mission operators will
attempt to revive their systems on the surface after the first night, but no specific provisions in that regard
have been found in the published literature.

While any mission will benefit from the ability to survive the lunar night, some missions also require to operate

in shadow. This is especially relevant for missions designed to investigate permanently shadowed regions,

for example to detect cold trapped volatiles. In these cases, the mission success dependsonthes y st e md s
ability to operate in complete shadow with environmental temperatures similar to, or colder than those found

during the lunar night and the thermal control systems of these systems are specifically designed to operate

both during the day and in shadow. For reference, the following paragraphs show a few thermal design
examples of some of the planned systems.

The first example is the Peregrine lander. It is developed by Astrobotic and will first fly in 2022 as part of the
NASA CLPS program and will operate at a mid-latitude of approximately 45°. It has a wet mass of 1283 kg
and a design lifetime of 8 earth days. As a large system, one of the challenges of this design are the large
differences in heat flux experienced by the different parts of the lander. The sun facing side and top mounted
solar panels will get hot, while the parts in shadow will get rather cold. The design was therefore simplified
by restricting the orientation of the lander on the surface, which enabled specific design solutions for the hot
and cold sides, but the lander may take damage if its orientation on the surface is off by more than 45°.
Components are placed on the lander depending on their temperature limits and heat dissipation. The
thermal design also includes a heat switch between transponder and radiator and a diode heat pipe, which
is switched off by the influence of lunar gravity. Critical components for the thermal design were the battery
(+10é35AC) and t-heé 55 AMBYEoR018)dAnimage of the Peregrine thermal model is
shown in Figure 1-2.

Figure 1-2: Thermal models of the Peregrine lander (Mauro 2019) [left] and LUVMI (Fau et al. 2019) [right].

Figure 1-2 also shows an ESATAN model of LUVMI. LUVMI and its successor LUVMI-X are concept rovers
with a mass of about 50 kg that carry a suite of instruments for the exploration of volatiles in and around cold
traps near the lunar poles. As such, it is adapted to the low solar elevation angles near the poles, with the
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vertically mounted solar panel. In this configuration, the top surface is white painted to act as radiator, while
the rest of the rover chassis is insulated by either VDA coating or MLI. It is worth noting, that in this case,
the thermal hot case is experienced when the solar elevation is highest, which occurs when the rover is
positioned on a sun facing slope. The rover also needs to be capable to operate in shadow for up to 48 h,
which is achieved by thermally decoupling the rover avionics from the radiator with a heat switch. The most
critical components for LUVMI are the battery ((1 0 € 6 0 AC) and t he nh@égaFaetn
al. 2019; Losekamm et al. 2021). A similar design is used for the 18 kg MoonRanger rover, which is
scheduled to fly on the Masten-XL lander in 2022. Like LUVMI, it is designed to operate in the Polar Regions
and in shadow. Its avionics are mounted to the top surface of the chassis that acts as radiator, though no
heat switch is used in this design. The in-shadow operational time is not disclosed, but it needs to activate
its survival heater after approximately one hour to keep its critical components within operational
temperatures (-1 0 é 3 5 @i€ch et al. 2020). An image of the MoonRanger thermal model is shown in Figure
1-3.
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Figure 1-3: Render images of the Sorato rover design (left), thermal model of the MoonRanger micro-rover
(right) (Fisch et al. 2020)

An even more challenging design is implemented for the Sorato rover, which has a mass of just 4 kg. No
mass was available for an external solar panel, so the solar cells are directly mounted to the chassis. To
thermally decouple the high absorptivity cells from the chassis, the cells are attached directly onto the MLI
covering the rover. As with the other rover examples, the avionics are mounted to the top surface of the
rover, which is covered with a silver-teflon coating for high emissivity to act as radiator. Its most critical
component is the battery (-5 é 4 5 A@Kawa et al. 2018; Tanaka 2018).

In conclusion, currently planned small lunar surface systems rely on classical thermal design strategies, with
insulated and heated compartments, typically coupled with some device to regulate the heat loss towards
the radiator like heat switches or variable conductance heat pipes. This limits these systems to very short
periods of in-shadow operation. Passive survival has not been investigated in depth. Radioisotope heaters
are not available for a majority of these missions.
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1.2.3 Related Research at the Chair of Astronautics (TUM)

Lunar Volatiles Scout (LVS)

The Lunar Volatiles Scout is a small, integrated instrument for soil sampling and analysis designed for the
search of volatiles bound in lunar regolith, developed by the Chair of Astronautics (TUM), OHB System and
the Open University. During operation, the instrument inserts a heating element surrounded by an enclosing
shell into the regolith. The heating element releases volatiles that are then analyzed by a miniature ion-trap
mass spectrometer (Biswas et al. 2020). Due to its small size and moderate mass, the instrument is
particularly suited for operation on small rovers that allow the instrument to determine the lateral distribution
of volatiles within the range of the rover. However, the most interesting targets for investigation of lunar
volatiles are the polar areas, where volatiles are suspected to exist in large quantities in cold traps, especially
in permanently shadowed regions. Thus, optimal application of the LVS instrument requires a rover that is
able to enter and operate in permanently shadowed regions. Mission studies have been performed
(Losekamm et al. 2022; Gscheidle et al. 2022), showing that this is feasible, but operational lifetime of the
rovers in shadow is constrained by the necessity to compensate heat loss by battery powered heaters.
Methods to reduce heat loss would extend operational lifetime and thus increase mission success and
scientific return. Two images of the LVS are shown in Figure 1-4.

i |
g |
g Y

Figure 1-4: Rendered image of the LVS with linear actuator and SurfCam++ imager (left) and image of the LVS
prototype attached to the LUVMI-X platform during a demonstration campaign.

Deployable Payload Platform (DPP)

The Deployable Payload Platform standalone payload platform was designed to carry the Volatiles & Context
Analysis Suite Sensor to perform stationary long-term measurements of the lunar exosphere, especially
changes of the exosphere caused by outgassing events of lunar volatiles bound in polar cold traps. Such
events could occur during (micro-) meteorite impacts or changes in illumination, especially during sunrise.
The DPP adheres to a 2-Unit CubeSat form factor and is designed to be carried by the LUVMI-X rover
platform (Losekamm et al. 2021). It consist of the payload and a support module, featuring an independent
power system with solar cells and battery, a communication system with an S-Band transceiver and patch
antenna for direct-to-earth communication and a Command & Data Handling module (CDH). A detailed
description of its elements can be found in 0.

As sunrise is the most important event to observe for the payload, night-time survival would be highly
beneficial for the DPP. The original design achieved a 48 h survival period in shadow with a 96 Wh battery
module, which would be sufficient to withstand shorter temporary shadowing periods that occur frequently
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in certain areas at the lunar poles. However, the ability to survive longer in-shadow periods will allow the
DPP to be used in wider areas and allow for longer accumulation times for the volatiles in its environment.
For this reason, methods were investigated to improve the night-time survivability of the payload.

HotDock mini b 4
(Rover Interface)

Communication

S-Band Patch
Module

Antenna

Command & Data
Handling

Power
Distribution

Volatiles Context System

& Analysis Suite
Battery

’,

Support Module

Deployable Payload Platform

Figure 1-5: Render image of the LUVMI-X Deployable Payload Platform (left) and the Support module in detail
(right)

1.2.4 Classification and Elements of Robotic Lunar Surface Systems

Robotic lunar surface systems can be classified by type, size, launch date and power source. Figure 1-6
shows the landed masses of historic lunar missions and near future planned lunar missions from Table 1-1
and Table 8-1. It is shown that while the planned manned return to the Moon will included surface systems
as large as or even larger than the Apollo landers, a significant amount of new systems will be much smaller
than even the ALSEP systems of the Apollo era. Surface systems can further be distinguished by their power
source, which is either solar / battery powered, solar / battery powered with RHU assistance, nuclear
powered or externally powered. The focus of the present thesis are solar / battery powered systems of
smaller size, since it is a highly relevant group with many exciting missions of this type in planning and it is
the group for which lunar night survival is the most challenging.
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Figure 1-6: Past and planned lunar surface missions by landed mass.

Finally, robotic surface systems can be classified by their degree of autonomy into: landers, rovers,
standalone payloads and payloads. Depending on this class, each system contains different electronic
subsystems, as shown in Figure 1-7. Payloads are the simplest class and are usually subsystems of one of
the other classes. There is a wide variety of existing payloads and payload concepts, all of which can require
different elements. However, usually a payload contains a sensor element specific to its application and a
more generic payload computer or On-Board computer. An overview of existing payloads for the NASA
CLPS program is presented in Table 8-2. Standalone payloads complement the payload elements by a
power system that typically includes solar cells and a battery or an RTG and a communication module and
antenna. Landers include all of the elements of a Standalone payload, but additionally have a propulsion
system and flight avionics like an ADCS and navigation sensors like cameras. However, if the lander does
not plan to relaunch, these elements are not required to operate after landing. Rovers also contain all of the
elements of a standalone payload in addition to navigation sensors / cameras, motion controllers and
actuators, which also need to survive during the lunar night.
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Figure 1-7: Venn diagram showing elements of different types of robotic lunar surface systems
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1.2.5 Definitions

Lunar Night Survival

For robotic systems, survival of the lunar night means the retention throughout or reestablishment of
operational capability after the lunar night, including responsiveness towards the control center. Night
survival may be achieved passively or actively. Passive survival means a system is switched off during the
night, active means it remains operational. Passive survival of an entire system likely also means reduced
thermal control capability, which likely results in subsystems exposed to temperatures close to environmental
temperatures. Active survival usually includes active thermal control that maintains subsystem temperatures
within acceptable limits. While some of the results of this thesis are relevant to passive survival, its main
focus is active survival, as this also includes active operation in shadow.

Also, due to the peculiar illumination conditions at the lunar poles and the lack of an atmosphere, the
conditions in local shadow on the lunar day side are very similar to the lunar surface in the depth of the night.
For this reason, for the context of this thesis, night survival and survival in local shadow are considered
equivalent.

Electrical, Electronic and Electro-Mechanical (EEE) Components

While the low temperatures associated with lunar night survival can be challenging to all components of a
lunar surface system, this study is restricted to its impact on Electrical, Electronic and Electro-mechanical
(EEE) components, as these elements are responsible for the core functionalities of surface systems and
they are also the most susceptible to low temperatures. EEE components include but are not restricted to
batteries, power management elements, radio transceivers, microcontrollers, actuators and sensors. A list
of EEE components relevant to space systems is provided by ECSS Executive Secretariat (2021).

1.3 State of the Art

1.3.1 Recent Studies on Lunar Night Survival

With the recent resurgence in interest in lunar exploration, a number of recent studies have also investigated
lunar night survival strategies. The proposed solutions follow three basic themes: reduce the heat loss
through improved insulation, ensure external power supply, or increase low temperature tolerance.

10
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All lunar surface systems use insulation to reduce the heat loss of surfaces in shadow, but the extent of
insulation that can be practically implemented is limited, mainly because excessive insulation can cause
overheating during the lunar day. Practical designs include heat switches, louvers or other methods to
actively or passively regulate heat flow, but maximum turn-down ratios remain limited. In addition, even full
coverage of a rover body with MLI will not be sufficient to achieve full night survival, therefore more elaborate
insulation methods are necessary.

In a study for the (cancelled) Lunar Mission Survival Module (MSM) for the Selene-2 mission concept, Ogawa
et al. (2014) have proposed the deployment of a two-layered tent like structure that encloses the MSM, with
each tent layer consisting of MLI (see Figure 1-8). The system furthermore relies on the extremely low
thermal conductivity of the regolith below the tent to prevent heat loss. As a result, the system achieved
simulated lunar night survival in a thermal vacuum experiment. A similar design was proposed by Kim (2020)
with the Thermal Shelter concept. This concept consists of a deployable two layer tent created from MLI and
inflatable pillars. The structure is deployed by a rover during the lunar day. It can therefore utilize the thermal
energy of the enclosed hot regolith, though reportedly only a 22% reduction in heat loss is achieved for the
rover. A more advanced version of this concept was proposed by Sacksteder et al. (2010) in the form of the
Thermal Wadi. The design increases the available thermal mass by creating a solid rock from regolith
through melting. This thermal mass, also enclosed by a tent like structure can be used to heat a rover during
the night. Finally, Ulamec et al. (2010) proposed to submerge a payload container in regolith, such that only
the solar cell covered upper lid remains visible. This enables the design to fully leverage the insulating
properties of the regolith and can enable night survival for the investigated system. These concepts manage
to significantly increase the thermal insulation for the investigated systems. However, the proposed solutions
also strongly affect the overall system architecture, are difficult to deploy and in most cases also lack
technological readiness. This makes them difficult to implement with existing designs for landers / rovers.
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Figure 1-8: Left: Selene 2 MSM (Ogawa et al. 2014); Top Right: Thermal Shelter concept (Kim 2020); Bottom
Right: Thermal wadi concept (Sacksteder et al. 2010)
A possible way to supply power to surface systems at night is by remote transmission from lunar orbit. In
theory, an orbiting platform of sufficient size could supply power to a surface element through either solar
reflectors (Bewick et al. 2011) or active radiofrequency or laser transmission (Torres Soto and Summerer
2008). However, such systems suffer from multiple drawbacks. Remote power transmission is inefficient
even over short distances but will be extremely inefficient over very large distances. Orbit selection is crucial,

11
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as lower orbits will reduce transmission distances, but increase relative velocities and shorten visibility times.
In any case, these concepts lack technical maturity and will add substantial cost to any mission scenario.
Therefore they will not be relevant in the near future.

Another approach is to use the specific illumination conditions at the lunar poles, where the local night for
highly elevated sites can be significantly shorter. For example, several locations on the rim of Shackleton
crater receive illumination for 94% of the lunar year (Solar Oases), reducing the maximum duration of the
local night to just 43 h (Emerson J. Speyerer and Mark S. Robinson 2013). The approach can also be viable
for certain rover missions if missions are designed to chase the sun. For example, Colaprete et al. (2018)
proposed a mission scenario for the solar powered Resource Prospector rover near the North Pole that
extended the baseline mission duration from 12 to 46 days by using this approach. The mission concept has
since evolved into the Volatiles Exploration Polar Exploration Rover (VIPER) and the traverse has been
refined to sustain a 90 day mission duration (Colaprete et al. 2020a). While this method can be very effective,
it is restricted to a few very specific regions and may not be suitable for all missions. It also requires a
minimum in-shadow survival capability to bridge the remaining nighttime periods.

1.3.2 Low Temperature Tolerant Systems

There are three basic approaches for the operation of space systems in extreme environments, such as low
temperatures. The first approach is to protect the systems from the environment by the means of insulation,
heaters and other thermal control means. In the context of lunar night survival, this approach requires
excessive insulation, which is impractical for many, especially smaller missions. The second approach is to
design systems that are tolerant to the environmental conditions. This would be the best option, but it is
considered prohibitively expensive as it requires all components to be specifically designed for a given
environment and may not be physically possible in all cases. Finally, hybrid architectures (see Figure 1-9)
are possible, in which some tolerant systems are exposed to the environment and non-tolerant systems are
protected by insulation. At this point, the majority of lunar systems follow the first approach, with most
electronics housed in a central Warm-Electronics-Box (WEB) and peripheral components such as motors
protected by heaters and further insulation. Hybrid systems have been used to some extent for Mars
systems, for example the Mars Exploration Rovers MER and Mars Science Laboratory (MSL) rover used
low temperature tolerant motors and motor controllers that were located directly at the joints instead inside
the WEB (Kolawa 2007) and required no further heating in addition to conventional electronics housed inside
a heated compartment.

A hybrid architecture was recently investigated on a theoretical level for the LUVMI-X rover (Urbina et al.
2019). Low temperature tolerant components were used to reduce the necessary heating power during the
lunar night. An inventory of existing low temperature components was presented and a hypothetical low
temperature architecture of a rover was compared to a conventional baseline architecture. It was shown that
the low temperature architecture could enable a 30% increase in operational time in shadow.

12
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Figure 1-9: Hybrid system architectures for extreme environments (Kolawa 2007)

Electronic Systems

Most semiconductors remain operational at temperatures well below common ratings. Empirically
determined low temperature limits lie at -150°C for bipolar silicon, -180°C for CMOS, -230°C for SOI and -
269°C for SiGe bipolar CMOS, while theoretical limits are at -269°C for all of the above (Kolawa 2007).
Specialized cryogenic electronics exist and are widely in use in various physics disciplines, such as super-
conduction, various detector technologies, quantum computing, lasers and others (Gutiérrez-D et al. 2001).
Specialized cryogenic electronics are also used extensively in space telescopes, as lower temperatures
reduce noise, especially for infrared measurements. For example, the cryogenic side of the James Webb
space telescope features actuators, multiple detectors and data acquisition electronics, the coolest of which
need to operate at a temperature below 7 K (Wright et al. 2015). However, the main spacecraft electronics
and more sophisticated data handling units are kept at the illuminated side of the spacecraft and maintained
at 298 K (Greenhouse et al. 2004). A review of past space missions utilizing cryogenics is provided by
Lindner et al. (2001).

However, such systems are often not directly applicable to the challenges posed by space exploration. For
a lunar mission, electronics systems need to operate throughout a wide dynamic temperature range over
multiple cycles. In addition they must withstand the harsh radiation environment and must withstand the
journey to the Moon, including vacuum exposure, launch loads and varying thermal environments. This
poses a much greater challenge than continuous operation at a stationary cryogenic temperature. Multiple
research efforts have been undertaken in the past to close this gap and to develop low temperature
electronics for space exploration purposes.

In the late 90s, NASA JPL investigated low temperature avionics for the Nanorover study, a proposed
miniature rover that was planned to land on an asteroid as part of the MUSES-C mission. The rover was
envisioned with a mass of 1.3 kg, a volume of 1.666 cm?, an average power consumption of 2.5 W and an
infrared and X-ray spectrometer as payload. Due to the small dimensions, classical thermal design
architectures were deemed as unfeasible, therefore the electronics were designed to work in a temperature
range of -170 to +125°C. The study investigated the operation of a set of standard electronic components at
these temperatures and presented the plans for the development of a complete avionics system with on-
board computer, motor controllers for ten brushless DC motors, payload electronics, temperature monitoring,
solar cells and 9600 baud rate radio transceiver (Newell et al. 2001). However, the mission was cancelled
and the project was not pursued further.

13
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A similar research effort in this direction was made at NASA Glenn Research Center in the early 2000s, with
the goal of developing cryogenic electronics for unspecified space exploration missions. For the research,
the group evaluated both commercial-of-the-shelf (COTS) and custom-made components. A range of
standard components that were either procured as COTS or manufactured specifically for the purpose was
evaluated over a wide temperature range, down to liquid nitrogen temperature of -196°C. The program
yielded good solutions for MOSFETSs, DC/DC converters, ADCs, bipolar transistors, oscillators, operational
amplifiers, diodes, temperature sensors and PWM controllers (Patterson 2001; Patterson et al. 2002a;
Patterson 2003; Patterson et al. 2006; Patterson et al. 2008; Ray et al. 1995).

Building on these successes a research project at the University of Arkansas has investigated the design of
a DC motor driver capable of operating from -230°C to 130°C. The project included the evaluation of COTS
resistors, capacitors, diodes and the custom design of an 8051 compliant microcontroller and has shown
promising results (Bourne et al. 2008; Garrett et al. 2007 - 2007). However, it is unclear if the project could
be concluded successfully, as no follow on studies seem to have been published.

More dedicated research on the use of COTS components was performed by Buchanan et al. (2012) on
various ICs for an address driver board, by Valiente-Blanco et al. (2013) on resistors, diodes and capacitors
for general purposes and by Ihmig et al. (2015) on flash memory for terrestrial cryogenic storage applications
for biomaterials. Other studies investigated cryogenic application of power electronics to improve efficiencies
in terrestrial power conversion elements (Rajashekara and Akin 2013 - 2013; Gui et al. 2020). More recently,
research in the context of supercomputing and quantum computing has investigated cryogenic operation of
memory elements as a way of improving computation speeds (Shamiul Alam et al. 2021). In all cases,
suitable solutions could be identified, though the approach has multiple problems. When components are
operated outside of their specifications, the manufacturer does not ensure reliability. This means that failure
temperatures can vary for different production lots and there are even significant deviations within
component batches, especially for temperatures close to the overall failure temperature. This means that
either each used component needs to be tested individually, or a significant safety margin should be used
to account for this uncertainty. In any case, component batches need to be verified, as the same component,
type may come from different manufacturing lines that may use slightly different materials. Aside from
reliability concerns, low temperatures can also change the behavior of components. This may affect any
component, examples include changes of bandwidth for filters, changes in gain for amplifiers, changes in
frequency for oscillators, changes in power supply stability and many more. A more detailed list is provided
by (Carrasco et al. 2018). The software CoolSPICE offers a simulation environment that is able to account
for some of these effects (Akturk et al. 2012).

In light of the amount of successful research on low temperature operation of components, some
manufactures have begun to include lower temperatures in their qualification procedures. An overview of
such commercially available low temperature rated components is provided by Urbina et al. (2019), though
at this point, availability is limited to a few specialized components. For the sake of completeness, Hassan
et al. (2018) provides a review on the current state of the art for the design of specialized low temperature
chips, but this is considered outside the scope of this thesis.

1.3.3 Low Temperature Tolerant Components

Based on an abundance of previous studies, a large body of data is available on the low temperature
compatibility of specific components.

Resistors:

A study from the Universidad Carlos 11l de Madrid (Valiente-Blanco et al. 2013) investigated multiple types
of resistors between room temperature and -180°C. Of the investigated types, Ceramic body wire wound
resistors and Ceramic composition resistors performed the worst with deviations of >100% and >25% over
the investigated temperature range. Copper clad steel wire and vitreous enamel coating resistors, Carbon
film resistor with alumina core, Metal film Cu-leaded resistors and Metal glaze leaded resistors performed
satisfactorily with less than 10% deviation. Metal film Holco series and Metal film tinned copper leaded wire
resistors showed the best low temperature performance with less than 1% deviation over the temperature
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range. After thermal cycling, all of the investigated resistors recovered their original resistances, except the
ceramic body wire wound resistors, which showed significant deterioration. In a similar investigation, Bourne
et al. (2008) reached the same conclusions, with satisfactory results for Thin film, Thick film, Power film,
Wirewound and Metal foil resistors and significant deviations for ceramic based resistors. However, in their
study, carbon based resistors showed the greatest deviations due to thermal cycling (1%).

Capacitors:

Valiente-Blanco et al. (2013) have also investigated various capacitor types between room temperature and
-180°C. It was shown that aluminum electrolytic and ceramic capacitors were unsuitable for low temperature
application, as aluminum electrolytic capacitors lost all of their capacitance at -40°C and ceramic capacitors
only retained around 50% at this temperature. Impregnated metallized paper, metallized PET film and solid
tantalum capacitors retained more than 80% of their original capacitance and Mica capacitors remained
almost unchanged. Thermal cycling showed significant degradation for ceramic capacitors and minor effects
on solid tantalum capacitors, but no effect on Impregnated metallized paper, metallized PET film and solid
tantalum capacitors. In a similar study, Bourne et al. (2008) another set of capacitors, confirming the high
suitability of Mica capacitors. They further showed that NPO ceramic is also highly suitable with negligible
deviation at -180°C and that Polyester capacitors may also be used but only retain 90% capacitance at -
180°C. In their study, thermal cycling had very little effect on NPO ceramic, while Mica and polyester showed
up to 0.5% change in capacitance due to cycling.

Inductors:

Gerber et al. (2004) investigated four different types of inductor core materials at low temperature from 10 Hz
to 100 kHz: Molypermalloy powder cores, high flux powder cores, Kool Mu cores and ferrite cores. The
results show that high flux powder cores and molypermalloy powder cores show very little deviation between
25°C and -180°C. Kool Mu cores retain about 60% of their inductance at -180°C. Ferrite cores already lose
about 30% of their inductance at -50°C and only retain about 20% at -180°C. In general temperature effects
were not dependent on frequency. A similar study was conducted by Chen et al. (2018), in which N87 ferrite
and Vitroperm war investigated. At -180°C the N87 retained about 20% of its permeability at 20 kHz, while
the Vitroperm retained about 60%.

Diodes:

Bourne et al. (2008) tested a range of 11 Schottky, Switching and Zener diodes that were chosen to represent
a selection of different semiconductor materials based on Si, GaAs and Ge semiconductors. Supplier ratings
indicated lower operational temperature limits between -65°C and -50°C. The purpose of the study was
qualification down to -230°C, therefore the authors were concerned about carrier freeze out in Si diodes.
However testing was only performed down to -184°C, as only a liquid nitrogen testing facility was available.
The results showed satisfactory results for the GaAs Schottky, Si Schottky, Si Switching and Si switching
diodes. Forward voltages increased by about 20% for most devices at -184°C, while incremental resistances
remained mostly stable or decreased. Reverse breakdown voltages also decreased with temperatures,
especially the GaAs type but all retained at least the ability to block low voltages. The investigated
Germanium based diodes exhibited a very high forward voltage drop the authors therefore discourage the
use of this type and encourage the use of SiGe type diodes. The study further investigated a set of three
types of silicon based Zener diodes. All Zener diodes worked at -184°C, however in all cases the reverse
diode voltages decreased by about 10%.

MOSFETs and Derived Semiconductor Devices:

In general, low temperatures do not necessarily degrade MOSFET operation, however some performance
parameters can change. MOSFET gain usually even increases with lower temperatures and the threshold
voltage becomes more positive for n-channel MOSFETSs and more negative for p-channel MOSFETs (Newell
et al. 2001). MOSFET operation at low temperatures has been investigated in multiple studies with good
results and at different temperatures (Newell et al. (2001): -170°C, Bourne et al. (2008): -184°C, Maddox
(1976): -269°C). Literature reviews of MOSFET operation at very low temperatures are provided by
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Rajashekara and Akin (2013 - 2013) and Gui et al. (2020) with regard to power electronics, indicating good
functionality of various types below -170°C.

Newell et al. (2001) also successfully tested the following derived components at -170°C and with a 50krad
radiation exposure: Power MOSFETSs, Analog Multiplexers, Operational Amplifiers, Analog Switch, Analog
to digital converters (ADC). A problem occurred with the investigated operational amplifiers: two types were
tested, one rad hard that did not work well at low temperatures, one that worked well at low temperatures
but that was not rad hard. Therefore the non-rad hard component was selected and additional tantalum
shielding was used. The same additional shielding was needed for the ADCs. Unfortunately, the study did
not provide actual part numbers or suppliers. One long-term issue was mentioned however, that is hot carrier
injection. This is caused by mobility of carriers from the channel to the gate oxide and in turn cause build-up
of charge that can lead to eventual failure. Carrier mobility is increased at low temperature, therefore the life
time of MOSFET components will likely also decrease in cold temperatures. The authors provide a
conservative minimal estimate of eight months for the investigated parts in such conditions. In conclusion,
MOSFETSs and derived components seem to generally work well down to temperatures of -170°C and even
below.

Microcontrollers:

Specialized low temperature microcontrollers have been developed previously. Newell et al. (2001)
described the full implementation of a rover avionics system, including a Mongoose V microprocessor that
was successfully tested at -170°C. They further outlined the fundamental operation of semiconductors at
these temperatures and discussed some failure modes. For example, Microcontrollers can fail due to
increased propagation delays. This can theoretically be alleviated by reducing input system voltage, though
this may not be practical in some systems. Hollosi et al. (2008) developed an 8051-pin compatible Null
Convention Logic microcontroller based on the IBM SiGe5AM 0.5 pum process. The device was successfully
tested down to -271°C.

Memory Units:

Ihmig et al. (2015) have investigated multiple batches of flash memory units at temperatures down to -196°C
for monitoring of cryogenic bio-storage applications. Six batches of commercially available, low voltage serial
flash memory units of undisclosed types, manufactured at different times and from two different countries of
origin were investigated. At -185°C, approximately 80% of the investigated devices remained functional, at
-196°C, this rate dropped to about 50%. No detailed information was given on the overall pass rates at
temperatures between room temperature and -185°C. However, an investigation of the mean program time
showed largely unchanged behavior of the devices down to -80°C, program times start to significantly
increase at -130°C and continue to rise more steeply until -185°C.

Hanamura et al. (1986) have investigated Static Random-Access Memory (SRAM) devices at -196°C and -
269°C and have shown that the devices not only remained operational, but that propagation delays and chip
select-access times have been reduced. Wyns and Anderson (1989) have investigated multiple Dynamic
Random-Access Memory (DRAM) units from five different manufacturers at temperatures down to -184°C.
No failures were observed above -98°C and some tested devices remained operational down to -184°C.
Improved access times and memory retention were observed.

Clocks:

Patterson et al. (2006) have investigated two solid-state resistor-tunable oscillators and a silicon-germanium
voltage-controlled oscillator at very low temperatures. All three devices were able to operate down to -195°C,
however the solid-state resistor-tunable devices showed a continuous, but nonlinear decrease in output
frequency, resulting in a 5-7% decrease at -195°C, while the silicon-germanium device showed a 5%
increase at -195°C at all investigated voltages.

In a later study, Patterson and Hammoud (2010a) have investigated the following COTS silicon oscillators
at low temperatures: A LTC6906H from Linear Tech (rated -40 to +125°C), an ASFLM1 from Abracon (rated
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0 to +70°C), an EMK21 from Ecliptek (rated -40 to + 85°C), a STCL1100 from STMicroeletronics (rated -20
to +85°C) and a SiT1100Al from SiTime (rated -40 to + 85°C). Of these devices, the ASFLM1 exhibited the
best low temperature performance (despite the poorest low temperature rating) and operated with very little
deviation down to -190°C. The EMK21 and SiT1100Al operated with even less deviation but only down to -
110°C, below which their output became unstable and showed fluctuations in frequency. The STCL1100
was able to operate down to -190°C, but showed a 50% change of frequency at this temperature and the
LTC6906 was only able to operate in a stable manner down to a temperature of -55°C. The five devices
were also subjected to twelve thermal hot / cold cycles, but no significant changes in the operational
characteristics were observed.

Digital Interfaces:

Shepherd et al. (2013 - 2013) have designed a High Temperature Silicon-on-Insulator Null-Convention-Logic
data interface module for digital interfacing of peripheral instruments on extreme environment spacecraft.
The device was RS-485 compliant, operated from -175°C to 225°C, demonstrated a data rate of over
35 Mbps and was moderately radiation tolerant. In a similar study, a RS-485 and ISO 11898 compatible
SiGe BICMOS transceiver was designed and built for an extreme temperature range by England et al. (2014).
The devices was successfully tested and has proven to be operational from -183°C to 117°C. The transceiver
was shown to also be radiation tolerant up to a TID of 2 Mrad and enabled a maximum data rate of 20 Mbps.
No information was found on the viability of COTS parts in this category.

Voltage Converters and Regulators

Patterson et al. (2006) have investigated the low temperature behavior of multiple custom built and some
COTS DC-DC converters. The custom built devices were built from COTS parts of CMOS and MOSFET
type and were able to operate down to -196°C. Of the investigated COTS converters, some operated down
to -80°C and others down to -120°C. Similar results were obtained in a follow on study (Patterson and
Hammoud 2010b), in which nine types of COTS DC/DC converters were investigated. Most devices were
rated down to -40°C, one was rated at -20°C and one was rated at -55°C. Of the investigated devices, one
ceased to work at -40°C (Calex 24S3.15HE, rated -40 to +100°C), one at -80°C, three at -120°C, two at -
160°C, one at -180°C and a single one continued to work below -195°C (Power Tend PT4110A).

Optocouplers:

Patterson et al. (2010) tested a Fairchild gate drive Optocoupler of type FOD3150 at temperatures between
-190 to +110°C. The device was able to operate without change from -100 to +110°C and continued to
operate down to -190°C, but with a significant change in propagation delay. In the test, this lead to a
discrepancy between input and output signal duty cycle and will be relevant in cases where fast switching is
necessary. Thermal cycling was also performed for 12 cycles and the results showed little effect on the
device was observed.

Communication Systems:

The only known instance of a low temperature implementation of a space communication system was
developed for the Nanorover by Newell et al. (2001). For this rover, a 9600 baud rate radio was developed
and tested for operation at -170°C. However, very little information on this design is provided. No information
on the use of COTS parts in this context has been found.

Motor Controllers:

The Nanorover design also included ten custom designed three phase brushless DC motor drivers with Hall
Effect sensor interfaces. The devices were tested successfully for operation at -170°C, but no further
information was provided (Newell et al. 2001). Bourne et al. (2008) presented a custom designed motor
driver for brushed DC motors for a temperature range from -230°C to +130°C. However, only components
have been tested, testing of the completed device was not reported. Patterson et al. (2002b) have
investigated the design of a stepper motor controller for extreme environments down to -243°C. For this
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purpose a set of switching devices, logic devices and drive circuit components were tested down to -263°C.
A majority of parts functioned well during performance and cycle testing, though some devices failed at
- 193°C. The development found utilization in the Mid-Infrared instrument of the James Webb Space
Telescope (Wright et al. 2015).

Field Programmable Gate Arrays (FPGA):

Keymeulen et al. (2007 - 2007) have reported the use of a FPGA on a Xilinx protoboard with a 100 MHz
PowerPC and 2 MHz clock to implement a reconfigurable analog array for extreme temperatures. They
report successful operation of the FPGA at -180°C, but no detailed analysis is presented.

Solders

In addition to component functionality, die attachment is a concern. Potential problems for soft solders are
differences in thermal expansion coefficients (CTE) leading to temperature induced mechanical stresses and
brittleness at low temperature. Cold temperatures generally increase the strength and decrease the ductility
of soft solders. Thermal cycling generally aggravates these problems. Multiple soft solders have been
extensively used for low temperature applications. Recommended types include indium / indium alloy solder
and PbSn alloys with high Pb and low Sn content or with an addition of Sb. Discouraged are high Sn content
alloys. Hard solders (i.e. brazing) will likely be more reliable, but increased strength of the die attachment
may transmit more CTE induced stress to the components and generally require significantly higher
temperatures during assembly. A detailed overview on the topic is given by Kirschmann et al. (1999).

Summary

Table 8-3 provides a summary of the data on low temperature data for electronic components presented
above. It should be noted that pperformance parameters change for all components with temperature.
Successful application in literature does not necessary transfer to other applications, it does however give
an indication which components are the most likely to cause problems. Exact manufacturing details (e.g.
dotation of a semiconductor) influence performance and are not usually known to the end user. The same
component, sold by the same supplier can vary, as individual production lots may differ in relevant details
like substrate composition, process resolution etc, resulting in changing low temperature performance. This
problem is exacerbated by the fact that such changes are not usually transparent to the user and can only
be determined by in-depth research, if at all. Operational temperature rating is not a good indicator for low
temperature performance. Devices with an extremely poor low temperature rating may prove to work well at
cryogenic temperatures, while others with a good rating may turn out to not work beyond their specified
range.

Newell et al. (2001) recommend to use digital functions as much as possible. In case analog circuits are
necessary, close loop feedback systems (such as in an operational amplifier) are recommended. Classical
analog circuits that are based on characterized values of capacitance, inductance or similar are likely
affected by large temperature changes and will therefore need to be carefully recharacterized (Newell et al.
2001).

1.3.4 Batteries

For lunar night survival, energy storage is the most critical function. Unfortunately, batteries are typically also
the most critical part in terms of operational temperature and either become unstable at high temperatures
or lose their capacity at low temperatures. The current state of the art for rechargeable batteries both for
terrestrial and for space applications are lithium ion batteries, due to their high energy density and cycle life
(De-Leon 2017). Practical energy densities of common state of the art cells are as high as 260 Wh/kg and
typical operational temperatures range between -20°C and +60°C.

No battery technology exists that can deliver meaningful amounts of energy at temperatures below -150°C,
for this reason batteries will need to be heated to remain operational during the lunar night. Dedicated low
temperature batteries exist and have been investigated in the context of space exploration, but minimum
achievable operational temperatures are only as low as -60°C (Smart et al. 1999b; Smart et al. 1999a; Smart
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et al. 2004; Smart et al. 2008; Smart et al. 2010; Smart et al. 2017; Saft 2014). In addition, due to the high
additional effort of ensuring low temperature capability, these cells tend to have lower energy densities than
common state of the art cells. It is therefore unclear if the use of low temperature batteries will increase
operational lifetime during the lunar night or if the lower energy density also translates into shorter lifetimes.
Some lithium ion batteries have already been proven to withstand passive cryogenic freezing batteries
(Grandjean et al. 2019; Nandini et al. 2018), though it is not yet clear if that is also valid for other cell types.

In the near future, multiple emerging technologies like lithium metal anodes and sulfur based cathodes
promise to significantly increase practical energy densities and early prototypes are already available (Liu et
al. 2019; Ould Ely et al. 2018; Oxisenergy 2019; SolidEnergy Systems 2019), some of which have been
specifically developed for low temperature environments (Cai et al. 2020). However, current prototypes still
suffer from limited temperature stability, cycle life and safety concerns, which make them unsuitable for use
in space applications.

In terms of primary batteries, the current state of the art for space exploration are lithium thionyl chloride
cells. Cells of this type achieve energy densities of up to 700 Wh/kg and are rated to temperatures as low
as -60°C. However, extractable energy densities decrease with temperature and the highest energy densities
can only be achieved if the cells are discharged at very low currents, requiring discharge times in excess of
the two weeks of lunar night. Higher current cells are limited to about 450 Wh/kg. Cells of this type have
been used on various space exploration missions, for example on the Rosetta / Philae comet lander mission
(Cénac-Morthé et al. 2016). Other promising types include Lithium carbonmonoflouride cells with current
energy densities also reaching 700 Wh/kg and lithium iron disulfide cells with energy densities of only up to
350 Wh/kg but good low temperature performance (Krause et al. 2018).

1.3.5 Mechanisms & Structures

Cryogenic mechanisms exist and have been in use in various disciplines, including space applications.
Examples include cryocoolers (e.g. Stirling coolers) and fluid control devices for cryogenics fuels (e.g. fuel
pumps, valves). For this reason, a wide range of solutions exists and many can be bought of the shelf.

Cryogenic mechanisms require dry lubricants, such as lamellar solids (e.g. molybdenum / tungsten disulfide,
graphite, and boron nitride), polymer coatings (e.g. PTFE, PEEK, and Polyimide), soft metal coatings (e.g.
gold, lead) or low shear strength solids (e.g. sulfides, fluorides). Drawbacks include higher friction, shorter
lifetimes and higher susceptibility to contamination than wet lubricants. Cryogenic bearings are available,
based on CTE-matched materials. Actuators, such as motors or piezoelectric actuators also exist. (Urbina
et al. 2019).

1.3.6 Research Gaps

While past successes of lunar surface systems in terms of night-time survival and operation must not be
understated, the underlying solutions are not applicable to some of the problems faced by current designers.
Reliable nighttime survival and operation was only achieved by the use of RHUs and RTGs, which are
unavailable to most of the current landers and rovers. The solar and battery powered Surveyor landers
achieved some success in this regard, but were plagued by failures and could only operate for limited times
(see section 1.2.1). The majority of currently planned missions will rely on solar / battery power and therefore
providing nighttime survival or operation capability remains challenging. Some systems plan for in-shadow
operation to achieve specific science goals, but significant provisions need to be made in terms of insulation
and energy storage. Therefore, there is a lack of strategies to enable lunar nighttime survival and operation.
This is especially true since improved miniaturization has enabled the design of some fairly small systems
(see section 1.2.2) with less margins for thermal control and a more challenging surface area to volume ratio.

Some dedicated night survival strategies have been developed and published, based on improved insulation,
external power supply concepts or improved low temperature tolerance. However, the improved insulation
or external power supply concepts rely on bulky or impractical solutions that are incompatible with proposed
mission architectures or are not practical for the foreseeable future (see section 1.2.3).
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The use of low temperature tolerant or hybrid systems has been previously investigated by numerous studies
for many applications. Low temperature compatibility can either improve the nighttime survivability or reduce
the thermal control burden for lunar surface systems. Due to thex Y dependence of heat loss in vacuum,
even moderate differences in temperature can significantly change required heating power. This approach
is particularly promising, because it can be implemented with existing designs and requires only limited
modification of the thermal control system. However, while there have been many successful applications of
such technology in terrestrial applications and in space telescopes, no actual successful planetary
exploration missions have materialized despite a number of promising research projects.

These previous research efforts aimed to develop electronics for an extremely wide temperature range,
which would allow their application on many planetary mission without additional thermal control. A
visualization of the targeted temperature ranges of previous studies is shown in Figure 1-10. However, the
problem with this approach is that a wide temperature range also requires a higher development effort.

Almost all parts, even consumer electronics can be used between 0°C and 60°C. The lower or higher the
targeted operational temperature limit, the less existing parts can be utilized, meaning a higher selection and
qualification effort or the necessity to develop custom parts. For example, Newell et al. (2001) developed a
complete rover avionics system from scratch, including the custom design of a microcontroller. In addition to
the high development effort, these highly specialized parts are also less likely to be reused by other missions.
Furthermore, such custom developments will not be able to keep the pace of development of the more and
more privatized space community. Modern missions increasingly rely on standardized of-the-shelf
components developed in the context of the nanosatellite boom of recent years, but the majority of these
parts receive standard temperature ratings (see section 2.4).

The majority of studies that developed low temperature applications largely relied on the selection and
requalification of existing components with common temperature ratings. It is likely to assume that most
elect ronics systems can be used beyond tather than inrtha waded
fabrication process, the key differences between specialized products and their consumer grade
counterparts lie in character and extent of the quality assurance measures they are subjected too (Bauer
2020). However, while previous studies have used this method to design systems with fairly ambitious low
temperature limits and a growing number of studies have presented results on low temperature suitability of
individual components, there is no discussion on the achievable benefits of this approach vs. the required
effort. A targeted lower temperature limit will result in fewer useable parts and thus in a higher selection and
requalification effort. Atthe same time, there will likely be diminishing returns for increasingly low temperature
limits for components. Thus, instead of complete redevelopment of surface exploration systems for low
temperature compatibility, it may be more beneficial to attempt to modify and requalify existing state-of-the-
art systems to a moderate target temperature limit determined by a careful trade-off between effort and
potential benefit. This is the key premise of this study.

While there has been extensive research of the low temperature compatibility of individual components and
dedicated development of new systems, so far little research has been published on the suitability of larger
assemblies or subsystems. A particular knowledge gap is the low temperature usability of microcontrollers
and related elements. Microcontrollers represent the core element of a majority of electronic systems and
are therefore indispensable.

Particular attention must also be paid to the energy storage system. A wide range of technologies exist,
some specifically developed for low temperature utilization (see 1.3.4), but it is currently unclear, which
technology is ideal for lunar night survival and how the technology needs to be operated to achieve optimal
results. In addition, it is unclear how batteries and low temperature re-rated components can be integrated
i nt o a ternsatdesigidsuch that operational lifetime during the lunar night can actually be improved.
If the lower temperature limit of the utilized components exceeds the minimum environment temperatures,
some measure of thermal control is still necessary. It is also likely that the re-rating potential of different
subsystems will diverge. Especially the energy storage system will require a much higher operational
temperature as the rest of the electronics. A classical hybrid architecture (see Figure 1-9), in which hardened
electronics can be exposed to the environment and non-hardened components are insulated and thermally
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controlled may not be possible. Instead, a layered hybrid architecture could be needed, in which each system
is kept within its required limits and the system as a whole is arranged in such a way that only minimal
heating power is necessary. While this is not fundamentally new, it is unclear if such a design can be
implemented into a relatively small system like the DPP and still provide sufficient operational benefit to
justify the additional design effort.

Passive survival could also be an important strategy to extent operation of systems beyond the first lunar
day. This involves the controlled shutdown of a system before the lunar night, in which it would cool down
without any heating to almost ambient temperatures and a controlled wake-up procedure once solar
illumination returns. While this method would not allow operation during the night, even the survival of a
single night would already double the duration of an average planned mission. However, very little research
is currently available on the challenges involved with this approach and it is unclear what system designers
can do to improve chances of survival.

Figure 1-10: Visualisation of targeted operational temperature ranges of previous low temperature studies.
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