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Appendix C Summary of SiGe Library Developed under NASA 
COLDTech and LuSTR 

Background: 
The NASA SiGe COLDTech Project (2021-2025, PI John D. Cressler, Georgia Tech) 
demonstrated that SiGe technology can satisfy NASA’s need for a diverse set of electronics 
infrastructure (RF + Analog + Digital) for Ocean Worlds Surface Missions (5 Mrad and -
180ºC on Europa), culminating in a X-band (8-12 GHz) RF receiver demonstration as a 
pathfinder. Those results are easily extensible to a broad set of lunar missions, including light 
side, dark side, and shadowed polar crater deployment, using the same parts, and without a 
protective warm box. 

 
Circuit Technology: 

The GlobalFoundries 90 nm SiGe 9HP BiCMOS technology is a robust, commercially 
available foundry electronics technology that combines 300 GHz SiGe HBTs with Si CMOS 
technology for diverse applications. Each foundry run requires 7-9 months of fabrication 
time. 

 
Available SiGe Electronic Infrastructure and Design Ecosystem: 

 Deep MPW tapeout experience with Global Foundries SiGe 9HP 
 Exhaustive RF measurement capability (to 10K and 67 GHz) 
 Transistor models and simulation test benches 
 Library circuit component documentation and design files 

 
Available RF Circuit Component Library: (to 10K + 5Mrad TID radiation)  

 X-Band RF Receiver (LNA, mixer, VCO, IF amp) 
 X-Band Low Noise Amplifier (LNA) 
 X-Band Down-Conversion Mixer  
 X-Band Voltage-Controlled Oscillator (VCO) 
 X-Band RF Power Detector  
 X-Band Phase Locked Loop (PLL) 
 X-Band Divide-By-2 Frequency Divider 
 X-Band Phase Detector  
 IF Amplifier  
 X-band RF Single-Pole Double-Throw (SPDT) Switch  
 X-band Phase Shifter  
 A Variety of Multi-purpose Analog Bias Blocks 
 Ka-Band LNA (in fab at present) 

 
SiGe Analog Library (COLDTech & LuSTR):  

 1.8-V BiCMOS Low Drop Out (LDO) Regulator w/ PMOS Pass Device 
 3.3-V BiCMOS Linear Voltage Regulator (LVR) w/ NPN Pass Device  
 1.2-V CMOS Time-Interleaved Ringamp LDO  
 1.8-V BiCMOS OpAmp w/ Pseudo Class-AB Output Stage  
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 3.3-V BiCMOS OpAmp w/ Pseudo Class-AB Output Stage  
 3.3-V BiCMOS PTAT Current Reference 
 1.8-V BiCMOS Fixed Inversion-Coefficient Current Reference 
 1.2-V CMOS Constant-gm Current Reference 
 3.3-V BiCMOS Curvature-Compensated Bandgap Voltage Reference 
 1.8-V BiCMOS Comparator 
 3.3-V BiCMOS Comparator 

 
SiGe ECL Standard Cell Library (COLDTech): 

 3.3-V ECL INV (Inverter/ Buffer) 
 3.3-V ECL_OR (2-input OR/NOR) 
 3.3-V ECL AND (2-input AND/NAND) 
 3.3-V ECL_XOR (2-input XOR/XNOR) 
 3.3-V ECL MUX21 (2-to-1 Multiplexer) 
 3.3-V ECL_DFFSR (D-Flipflop w/ set reset capability) 
 3.3-V ECL Reference (Reference circuit that supplies a bias voltage to establish 10uA tail 

current in ECL cells) 
 3.3-V ECL_Simple_Reference 
 3.3-V ECL Voltage_Reference (Supplies a fixed common-mode voltage level centered 

between ECL logic levels (e.g., needed for ECL OR)) 
 3.3-V ECL_TIE_HI (Supplies a logical ECL_HI signal) 
 3.3-V ECL TIE_LO (Supplies a logical ECL_LO signal) 
 3.3-V ECL_INV_PAD_BUFFER (1mA tail current I/O pad buffer) 
 3.3-V Simplified ECL_Memory_Controller (limited I/O) 

 
Pasrt designed for a full SiGe BiCMOS SRAM system (COLDTech): 

 1.2-V PMOS-only SRAM Bitcell 
 3.3-V input stage / 1.2-V output stage ECL Write Amplifier (also useful as LV SiGE 

PECL 3.3V-to-1.2V translator) 
 1.2-V input stage / 3.3-V output stage ECL Sense Amplifier (also useful as LV SiGE 

PECL 1.2V-to-3.3V translator)  
 3.3-V Address Decoder (synthesizable using SiGe ECL Standard Cell Library) 
 1.2-V 6T Standard SRAM Bitcell (CMOS) (demo-only, not intended for reliable extreme 

cold, rad hard) 
 3.3-V Simple Reference 

 
 
References: 

[1] J.D. Cressler, B. Blalock, L. Del Castillo, L. Scheick, and M. Mojarradi, 
“Environmentally Invariant SiGe Electronics for On-Surface Exploration of Ocean Worlds,” 
IEEE Aerospace Conference, 2023. 
 
[2] J.W. Teng, G.N. Tzintzarov, D. Nergui, J.P. Heimerl, Y. Mensah, J.P. Moody, D.O. 
Thorbourn, L. Del Castillo, L. 
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Appendix D: Electronic Packaging for Cold Environment 

D.1 Technology Overview 
Electronic packaging provides a means of electrical interconnection between electronic devices 
and the outside world as well as providing mechanical protection, chemical protection, and 
thermal dissipation paths. The selection of packaging technologies, processes and materials is 
dependent upon the electrical, thermal, functional, mechanical, and environmental requirements 
of the system. System level reliability is determined by the characteristics of each of these 
elements under use conditions and it is dependent upon packaging design, processing, design life 
and the acceptance probability of failure. The reliability of these packaging elements can be 
particularly challenging for cold temperature electronic packaging due to the stresses induced at 
interfaces resulting from the coefficient of thermal expansion (CTE) differences of materials and 
the wide temperature difference between the high and low temperature extremes of the 
application. In practice, these stresses are addressed through the careful selection of materials 
with closely matched coefficients of thermal expansion as well as mechanical design 
compensation for the known expansion differences. It should be noted that the zero-stress 
condition is not room temperature but rather processing temperature. For this reason, low 
melting point solders are particularly attractive. Strength and modulus of the different materials 
within the assembly additionally impact the stress within joints. While many well-designed 
assemblies can withstand limited thermal excursions, repetitive thermal cycling over a large 
temperature range can lead to fatigue failure of joints and interfaces. For lunar applications, 
certain applications will require extended operation at very low temperatures while others must 
withstand multiple thermal cycles over a wide temperature range. Additional challenges may 
result from the concomitant application of vibration at low temperatures or the intermittent 
application of high temperatures that modify material properties. 

As mentioned above, the selection of viable materials for cold electronic packaging is 
significantly influenced by the changes in mechanical and thermal behavior of different materials 
at lower temperatures. The well-known phenomenon of tin pest, in which white -tin transforms 
to the structurally weak (powder) -tin below 13.2 °C (286.2 K), has traditionally been 
addressed through the addition of Pb. With the emergence of Pb-free solders, alternate alloying 
elements and processing may be required [Cornelius, Peng, Christian]. With respect to 
mechanical properties of PbSn alloys, Kostenets showed that pure Sn was brittle at -196 °C (77 
K) and –253 °C (20 K), while pure Pb remained ductile at both temperatures. The tensile 
strength of PbSn alloys was found to increase whereas ductility decreased. Kalish et al. [Kalish, 
1948] evaluated the behavior of multiple Sn-alloy at low temperatures delineating the results in 
numerous plots and metallurgical micro-sectional images. Generally, strength increased with a 
decrease in temperature prior to embrittlement for Sn and SnPb alloys. Alloys containing more 
than 10% Pb remained ductile at progressively lower temperatures as the Pb content increased. Ji 
et al. and Zhou et al. evaluated the fracture mechanisms and constitutive relations of eutectic 
SnPb at cryogenic temperatures and found that ductile fracture transitioned to brittle fracture 
between -150 ℃ (123 K) and -196 ℃ (77 K) [Ji-2021, Zhou-2024]. Due to the impact of strain 
rate and microstructure on the mechanical properties of PbSn alloys at cryogenic temperatures, 
there can be a significant range in published strength values [An]. In and several In alloys are 
known to maintain ductility to cryogenic temperatures and are often used in low temperature 
applications for die attach. Compared to pure In, InPb solders offer improved flow properties and 
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strength for the attachment of parts at cryogenic temperatures. InPb solders remain ductile down 
to -269 ℃ (4.2 K) [Dunn 2016, Fink]. Humpston et al. provide a brief overview of In solder 
alloy flow characteristics, properties and failure modes [Humpston-two ref]. Cheng et al. 
evaluated Cu-In and Ni-In intermetallic growth during low temperature thermal cycling, finding 
that increased intermetallic thickness resulted in the mechanical behavior of the joint being 
dominated by the brittle intermetallic [Cheng, 2009-two]. Issues related to In intermetallic 
formation with thick or unlimited Au have been found [Hlava]. Liu, et al. found electromigration 
of In solder used in the packaging of high power lasers to result in catastrophic failure [Liu]. The 
fatigue behavior of In in cryogenic temperatures was evaluated by Chang and McCluskey. 
Researchers found that In solder fatigue due to creep/stress relaxation was the dominant failure 
mechanism under temperature cycling, and interfacial fracture of the AuIn intermetallic layer 
was the dominant failure mechanism below -55 ℃ (218 K) for intermetallic layers greater than 
15 m [Chang 2009]. Dunn et al. [Dunn, Fink] evaluated the modulus, tensile, and ductility 
behavior of electronic packaging materials at room temperature, -196 ℃ (77 K) (liquid nitrogen), 
and -268.8 ℃ (4.2 K) (liquid helium) as a function of temperature. Test results presented for 
SnPb and Sn-based solder alloys, polyimide/epoxy glass fiber and Thermount PCB materials, 
and various conformal coat polymers. For Sn-based SAC305 (96.5Sn3Ag0.5Cu) solder, the test 
results indicate that the temperature dependence of Young’s modulus and elongation were 
similar to that of eutectic SnPb solder. Ductility was significantly reduced from room 
temperature to -268.8 ℃ (4.2 K) and -196℃ (77 K) for both solder alloys, with both 
transitioning from ductile to brittle fractures. The ultimate tensile strengths of SnPb and SAC305 
solders increased significantly from room temperature down to -268.8 ℃ (4.2 K) and then 
increased moderately from -268.8 ℃ (4.2 K) to -196 ℃ (77 K). For polymers, the glass 
transition temperature can indicate a significant difference in strength, modulus and thermal 
expansion. Kirschman et al. reviewed multiple metallic and polymer-based die attach materials 
for use at cold temperatures and found multiple options for Mars applications. In a review of 
devices, packaging and materials for cryogenic optoelectronics, Bardalen et al. discussed the 
difference in cryogenic properties of unfilled and filled polymers. While the fillers reduce the 
CTE of epoxies and result in a less significant change in modulus at cryogenic temperatures, it 
can negatively impact the fracture toughness [Bardalen]. Researchers also discussed the impact 
of die attach thickness on the stress imparted to brittle materials such as Si die, stating that a 
thicker die attach can result in die cracking. The selected curing point implemented for polymers 
should be considered carefully. While a higher temperature cure may result in a closer CTE 
match with the assembled parts, the additional stress imparted due to the added temperature 
differential can impact the reliability of the assembly. 

Select studies have evaluated the package level reliability of systems at cold temperatures. A 
detailed evaluation on the thermal cycle reliability of chip on board technology for the Mars 
environment (-120 ℃ (153 K) to 85 ℃ (358 K)) was performed by Tudryn et al. [Tudryn], 
Shapiro et al. [Shapiro], and Chen et al. [Chen]. The test matrix for these studies included 
numerous substrates (polyimide, thick film on Al2O3, and low temperature cofired ceramics), 
encapsulants (epoxy, silicone, and parylene), die attachments (epoxy, silicone and In-based 
solder), wire bonds, and solder joints. Following 1500 thermal cycles from -120 ℃ (253 K) to 85 
℃ (358 K), researchers found the main reliability challenge to be wire bonds encapsulated with 
rigid, unfilled polymer encapsulants. No failures were observed for the parylene coated wires 
and no die attach failures were observed. Modeling of the different assemblies found the lowest 
stress conditions to be with the low temperature cofired ceramic, which exhibited the lowest 
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CTE of the different substrates. Following the initial experiments, a second set of test structures 
were developed to evaluate chip on board technologies for power applications. Test structures 
included passive devices attached using In-based solder as well as large diameter Al wire bonds 
for power devices. Multiple failures were observed for 20 mil (500 m) Al wire bonds and no 
failures for 5 mil (125 m) Al wire. The higher strength of the larger diameter wire combined 
with the high coefficient of thermal expansion of Al and resulting stresses were found to be the 
source of the failure. Additional failures were observed within In-based solder attachment to the 
passive devices. This was attributed to the device termination. For both die attach and substrate 
attach, the pattern of the attachment layer can significantly influence the reliability of the 
assembly. The adhesion of polymers to parts can additionally influence the reliability of the joint. 
If different polymers are used for the same assembly (e.g., conductive polymers isolated from 
one another by a non-conductive polymer) the higher strength, higher CTE material may 
influence the adhesion of the lower strength material. This effect was observed for the 
attachment of a device designed for solder attachment. Each of these examples highlight the 
importance of finite element modeling to determine the optimal configuration. However, 
accurate material properties over the entire temperature regime are critical for such models. 

Ghaffarian et al. [Ghaffarian] compared the thermal cycle solder-joint reliability for surface 
mount technology (SMT) packages including column grid array (CGA) to hand soldered plated 
through-hole (PTH) ceramic pin grid array (PGA) assemblies cycled under the following 
conditions (-55 °C to 100 °C (218 K to 373 K), ΔT=155), (-55 °C to 125 °C (218 K to 398 K) 
ΔT=180), and (-120 °C to 85 °C (153 K to 358K), ΔT=205). Researchers showed that solder 
joint degradation was dependent on temperature and temperature differential of thermal cycles. 
For the extreme cold temperature cycle and the extreme stress condition, failure occurred at the 
braze site, while the failure site remained within the column for the lower stress condition. Suh et 
al. similarly found that leadless SMD-0.2 packages exhibited cracking susceptibility when cycled 
below -35 ℃ (238 K) for metal lid parts and below -65 ℃ (208 K) for ceramic lid parts [Suh]. 
Other SMD parts exhibited similar susceptibility for ceramic cracking when attached to boards 
and cycled. The level of stress transmitted to the part is dependent upon board flexure and 
thickness. This again points to the importance of accurate mechanical models. 

Sivaswamy et al. [Sivaswamy] evaluated SiGe wire bond and flip chip hybrid assemblies in 
sealed alumina packages for lunar applications, assuming a lunar temperature range of -180 ℃ 
(93 K) to 125 ℃ (398 K). For this assessment, researchers applied up to 400 liquid to liquid 
thermal shock cycles (-196 ℃ (77 K) to 125 ℃ (398 K)). The SiGe die were attached to 
multilayer Cu thin film conductors with polyimide dielectric using wire bonds (100% In preform 
attach and AlN substrates) or flip chip (In50Pb50 solder balls and Si or Si3N4 substrates) 
electrical connections. Either wire bonded to AlN substrates (multilayer Cu thin film/polyimide). 
No underfill was used for the flip chip assemblies. Two premature wirebond failures were 
observed due to In contamination from die attach and lid failure (resulting in leakage of test 
liquid). No die or substrate attach (pure In onto Al2O3 package) failures were observed and no 
flip chip attach failures were observed following 400 cycles. Yokoyama et al. evaluated Si die 
flip chip attached to Si substrates using pure In solder and found no failures following 100 
thermal cycles from 30 K to 300 K (-243 ℃ to 27 ℃) [Yokoyama]. Flip chip assemblies of 
GaAs die attached to Al2O3 substrates using SnPb, InSn, InPb, and pure In solder joints were 
exposed to 300 shock cycles from 77 K to 300 K (-196 ℃ to 27 ℃) by Yamamoto et al. 
[Yamamoto]. SnPb bumps started to fail at just under 100 cycles, the InPb and InSn solder 
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bumps both started to fail at about 200 cycles and the pure In bumps did not fail after 300 cycles. 
Tong et al. demonstrated that Parylene application resulted in a 2x improvement in SnPb flip 
chip solder joint reliability following thermal cycling from 77 K to 300 K (-196 ℃ to 27 ℃) 
[Tong]. 

Hunter et al. [Hunter] and Bolotin et al. [Bolotin] evaluated system in package technologies for 
Europa applications, with a thermal cycle range of -184 ℃ to 85 ℃ (89 K to 358 K) for 100 
thermal cycles. Researchers tested daisy chain ball grid array (BGA) packages with Sn63Pb37 
solder balls that were assembled onto polyimide daisy chain test boards with electroless nickel 
electroless palladium immersion gold (ENEPIG) plating using Sn63Pb37, In50Pb50 and 
conductive epoxy. Researchers utilized staking and underfill for select assemblies. No failures 
were observed for BGAs attached with Sn63Pb37. Six of the BGAs attached with In solder (4 of 
which were the largest package size) failed between 50 to 100 cycles. There was no correlation, 
positive or negative, with the use of staking or underfill. Researchers suggested that the failure 
could be due to either immature assembly process or material properties. The BGA assemblies 
attached with conductive epoxies were still under test at time of publication. Research has shown 
that the addition of In to Sn based solder can impact the melting point, microstructure and 
mechanical properties of the joint [Sharif, Luktuke]. Understanding the microstructure of the 
joint is particularly important for highly cycled low temperature assemblies. As shown by several 
of the discussed investigations, the volume fraction and mechanical properties of intermetallic 
compounds can influence the joint as much as the mechanical properties of the parent joint 
material. 

The reliability of commercial plastic packages for lunar applications was investigated by Johnson 
et al. [Johnson] Researchers studied two quad flat no lead (QFN) packages (a single 6mmx6mm 
and a single 7mmx7mm) as well as a ceramic quad flat J-lead (CQFJ) package (16mm x 16mm) 
assembled onto 1.6mm thick single sided Megtron6 Boards (ENIG finish), using eutectic Sn/Pb 
solder. Micro-D Sub connectors were additionally modified for cryogenic thermal cycling and 
connected to the boards. The assemblies were cycled from 440 K to 12 K (167 ℃ to -261 ℃) at 
a ramp rate of 2.85 K per minute (K/min) (2.85 ℃/min). No failures have been observed for the 
CQFJ packages following 70 cycles. No 7mm x 7mm failures were observed; potential failure 
within the connector and associated solder connections are being investigated. Solder joint 
failures were observed for the 6mm x 6mm package. Detailed finite element analyses of the 
solder joints, including the fillet height, length, and all other parts of the assembly are underway 
as of writing. Due to the lack of material information on frame, over-mold compound, and the 
PCB material, researchers are currently performing mechanical testing of these materials to 
improve the accuracy of the models. 

Infrared detectors and superconductor systems represent two applications that require continuous 
operation at deep cryogenic temperatures. A detailed description of the packaging for a 
representative heritage infrared focal plan arrays is provided by Bai et al [Bai]. In this example, 
the detector is attached to the read out integrated circuit using In bump bonds. This hybrid array 
is in turn attached to a SiC pedestal, which employs a 3-point mount with adjustable 
spacers/shims for attachment into a mosaic focal plane. Ti mounting feet and molybdenum (or 
Cu/W) spacer shims are attached to the SiC using threaded Invar inserts that are epoxied into the 
SiC pedestal. Invar inserts epoxied into the SiC pedestal are used for additional mechanical 
attachments. Electrical interconnects are provided by Au wire bonds to a rigidflex circuit (Cu 
traces). Ceramic and tantalum capacitors are also mounted onto the rigidflex (attachment 
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material is not discussed). The rigidflex circuit also carries the ceramic and tantalum filter 
capacitors that must be close to the ROIC to achieve lowest noise. The assembly uses 85-pin and 
37-pin Airborn Nano-series connectors. This assembly is limited to an upper use temperature of 
300 K (27 ℃) and has exhibited long term reliability at cryogenic temperatures. Holmes et al. 
[Holmes] discussed assembly of support electronics for detector modules. Researchers employed 
a combination of closely CTE matched interface layers for the Si device and mechanical 
compensation for higher level assembly. The Si ASIC is mounted onto a Si fanout substrate 
which is then mounted onto an Invar table support structure. All are mounted using an epoxy 
with embedded glass beads to control bond thickness. Electrical interconnections are provided by 
Al wirebonds to the fanout substrate and Au wirebonds to the Arlon85N (Cu conductor) printed 
wiring board (PWB) with passive pasts and a 91-pin Airborn nanoconnector. The PWB has a 
hole and slot that is held to the Al chassis with fasteners that constrain vertical movement but 
allow horizontal movement to accommodate CTE mismatches during the temperature cycle. 
Although not strictly stated, the work suggests that the passive devices were assembled using 
Sn63Pb37 solder and standard vapor phase reflow. The design employs several mechanical 
features to control thermal stresses in the parts. The full assembly was exposed to 5 thermal 
cycles between 115 K and 323 K (-158 ℃ to 50 ℃), followed by qualification vibration. 

D.2 Package Qualification Overview 
Qualification of packaging technologies for flight applications over a specified temperature 
range is most often determined through thermal cycling of the assembly or unit. There is not 
currently a single thermal cycle life requirement used by all NASA centers. As outlined in SMC-
S-016, Air Force Space Command Space and Missile Systems Center Standard Test 
Requirements for Launch, Upper-Stage and Space Vehicles (5 September 2014), “The thermal 
cycle test imposes environmental stress screens in an ambient pressure environment to detect 
flaws in design, parts, processes, and workmanship. The thermal cycle qualification test 
demonstrates robustness of the electrical and electronic unit design, operation over the design 
temperature range, and the ability to function during subsequent acceptance testing. The thermal 
cycle acceptance test demonstrates workmanship integrity and the ability of the unit to survive 
and operate properly in the maximum expected conditions of its life cycle.” Thermal cycle 
temperature margins in SMC-S-016 are defined as follows: Acceptance refers to the maximum 
and minimum predicted temperatures (or a minimum range of -24 to 61 ℃ (249 K to 334 K)), 
Protoqualification is 5 ℃ (5 K) beyond acceptance (or a minimum range of -29 to 66 ℃ (244 K 
to 339 K)), and Qualification is 10 ℃ (10 K) beyond (or -34 to 71℃ (239 K to 344 K)).  

GSFC-STD-7000B, “General Environmental Verification Standard (GEVS) for GSFC Flight 
Programs and Projects”, which is used by multiple centers, states that allowable flight 
temperatures correspond to the individual unit operational and non-operational limits that are 
based on hardware capability, not thermal analysis predictions, and are as broad as possible. 
Protoflight is 10 °C (10 K) beyond AFT limits. As an alternative to Protoflight testing of flight 
hardware, projects can test dedicated hardware to a Qualification limit of 15 ℃ (15 K) above and 
below AFT and test flight hardware at an Acceptance test level of 5 ℃ (5 K) above and below 
AFT, assuming that there are no differences between qualification and flight hardware. While the 
standard recommends testing to these limits for all flight hardware, it recognizes that the full 10 
℃ (10 K) may not be possible with cryogenic hardware (< 120 K) (-153 ℃) for some passive 
cryogenic systems, in the extreme cryogenic range, due to test setup limitations, and performance 
testing limitations outside the normal temperature range. While long transitions to cryogenic 
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temperatures may have structural effects on passive cryogenic hardware, operational conditions 
must be considered when determining cryogenic system cycling conditions. Individual standards 
at other NASA centers call out similar test margins for testing of flight hardware; however, the 
number of cycles is intended to demonstrate workmanship integrity and the ability to operate 
properly. GEVS separately discusses hardware that is susceptible to thermally induced structural 
fatigue (such as solar arrays). In this case, thermal cycle testing “shall be performed on prototype 
hardware. The life test should normally be performed at the worst case (limit level) predicted 
temperature extremes for a number of thermal cycles corresponding to the required mission life. 
However, if required by schedule considerations, the test program may be accelerated by 
increasing the temperature cycle range (and possibly the temperature transition rate) provided 
that stress analysis shows no unrealistic failure modes are produced by the accelerated testing.” 
Packaging qualification is not discussed separately. MIL-STD-883-1010.9, “Department of 
Defense Test Method Standard-Environmental Test Method for Microcircuits-Temperature 
Cycling” outlines temperature ranges and a test methodology for evaluating assemblies. 

For the European Space Agency, ECSS-Q-ST-70-61C, “Space product assurance: High 
reliability assembly for surface mount and through hole connections” discusses the qualification 
of packaged assemblies in detail. It is worth noting that this standard additionally includes 
several lessons learned, such as the likelihood of ceramic chip capacitor cracking due to board 
flexure, that could be very useful to avoid unnecessary failures. The minimum and maximum 
board temperatures seen by the component in the intended mission profile and ground testing 
must be covered. The corresponding number of thermal cycles for the on-ground qualification 
and in-orbit environment shall be covered at least with a safety margin of 2. The modified 
Coffin-Manson (Norris-Landzberg) equation can be used for the calculation of the equivalent 
thermal cycles. The coefficients used for the equation defined in the standard are valid for SnPb 
solder joints as the failure point [ECSS-Q-ST-70-61C]. Equivalent thermal cycles are either to 
accelerate thermal cycles, reducing the amount of time required for test, or to limit fatigue 
damage of parts by reducing the temperature range and increasing the number of cycles. JPL 
design practices require that electronic hardware be capable of “surviving thermal cycle 
environments that are three times the service life, which includes the planned preflight ground 
testing environments, worst-case expected mission cycles with worst-case flight temperature 
excursions, operational self-heating, and power on-off temperature cycling.” A package 
qualification process similar to that applied at JPL is provided by Ghaffarian [Ghaffarian, 2024]. 
For each of the fatigue susceptible processes discussed, the process begins with determination of 
total cycles and temperature limits of the application. In certain cases, there are very few extreme 
cycles and many cycles in a much narrower temperature range. For these cases it is important to 
break down the number of cycles and the ranges. Mission Environment Application Life 
(MEAL) for the purposes of electronic packaging is generally concentrated on thermal cycle life 
[NESC-MEAL]. 
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Appendix E: Power and Energy Storage Electronics for Cold 
Environments  

E.1 Power System Applications of Cold Electronics 
This appendix addresses the topics first discussed in section 7.8. but in greater detail and with 
supporting figures. The following section covers power options for lunar missions and where 
cold electronics plays a potential role. We consider the primary power functions, the types of 
circuits that are required and where use of cold electronics is applicable. For lunar missions, the 
electrical power systems (EPS) break down to the following functions:  
 Power Generation 
 Energy Storage 
 Main Bus & Power Distribution 
 High Power Electric Motor Drives 

In this discussion, Power Generation is limited to Photovoltaic Solar arrays. Energy storage is 
unique in that it involves electrochemistry that is very sensitive to temperature and drives much 
of the thermal design of space systems. The main bus and power distribution manage spacecraft 
power by controlling power generation, controlling energy storage charge and discharge 
functions, and controlling power to the spacecraft loads. Although electric motors are not 
commonly considered part of an Electric Power System EPS, we are including high power 
electric motors drive electronics because of the dramatic impact they have on a spacecrafts 
power quality and stability. In the Artemis program, there is a trend toward high power electric 
motor drives, to replace traditional hydraulic and mechanically driven mechanisms. Aside from 
the expanded demand for electrical power these all-electric drives have very high peak power 
demands and impose voltage transients that have a profound impact on the power architecture. 
Note that all these electric drives will be exposed to the lunar night and polar environments, and 
some operate near or in contact with cryogenic propellants. Cold-electronics technologies 
designed for compatibility with these cold environments will assure reliable operation for lunar 
missions.  

E.1.1 Cold Electronics for Lunar Power Hibernation & Recovery for Lunar Night Survival 

For lunar nights, the lunar power hibernation strategy was developed specifically for the low-cost 
robotic missions of the Commercial Lunar Payload Services (CLPS) program. The current 
generation of CLPS landers only expect to operate for a single lunar cycle. The reason for such a 
short operating life is the lack of existing electronics that are proven to physically tolerate and 
reliably operate at temperatures that may be as cold as -173 °C to -223 °C (100 K to 50 K) 
(Williams et al, 2017). Hibernation is a strategy that addresses the absence of night power 
generation and the practical limits of energy storage, when designing a system to survive the 
extreme cold environment of a 354-hr lunar night (Oeftering, 2022). The normal approach would 
be to use large batteries sized to power heaters for the duration of the lunar night. Unfortunately, 
this consumes mass reserved for the payload.  

Alternatively, a spacecraft power system can hibernate through the night and reactivate at dawn 
using a smaller battery and retaining its payload capacity. Note that hibernation is initiated when 
the battery SOC reaches a lower limit at which point the battery is disconnected and science 
payloads and communications is lost for the balance of the lunar night. Use of hibernation is 
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based on the demonstrated ability of COTS Li-ion cells to tolerate a cryogenic freeze-thaw cycle 
while retaining its charge capacity. Prior work that demonstrated that 18650 cylindrical cells are 
capable of tolerating the freeze/thaw cycle down to -223 °C (50 K) is further discussed in the 
Energy Storage section D2. 

The hibernation approach is based on the expectation that high quality electronic construction 
will likely tolerate the lunar night temperatures for a limited number of cycles. However, there is 
little data available that suggests they are capable of reliably cold starting and operating at those 
temperatures. Therefore, recovery from hibernation depends on the cold-electronics to manage 
the recovery process. To illustrate the need for cryo-electronics for a solar powered lunar 
mission, we will walk through the following lunar hibernation dawn recovery sequence. 

Prior to lunar dawn, all systems are unpowered, and the battery is isolated from the main bus. 
The Spacecraft is at the lowest temperature of the cycle and the battery cells are most likely 
frozen. The following is the is the hibernation recovery sequence. 
 At dawn the solar arrays are illuminated, and the array open circuit voltage will quickly 

climb. 
 An over-voltage protection circuit shunts excess array voltage to keep it within safe limits.  
 When the array voltage is stable, the main bus controller (MBC) initializes and regulates the 

array output. 
 The MBC selectively applies power to the Battery Management System (BMS) and supplies 

power for pre-heater circuits to warm up the battery and avionics.  
 The BMS is powered up independently of the battery by the MBC which then monitors the 

battery temps and voltages and will manage the warming process until cells reach their 
normal operating temperature 

 At battery operating temps, the BMS pre-charges the battery, as needed, to match the main 
bus voltage.  

 When voltages match, the MBC reconnects the battery to stabilize the main bus. 
 Once all the avionics reach their operating temperatures, the MBC enables power distribution 

to power-up the avionics and starts-up the systems.  

E.1.2 Lunar Power Generation: Photovoltaic Solar Arrays 

Solar Array (photovoltaic) power generation remains the dominant means of generating power 
because it is light weight, simple design, and proven reliability at a relatively low cost. Solar 
arrays have been shown to tolerate extremely cold temperatures. Solar array power has a 
negative temperature coefficient down to approximately -160 °C (113 K) (depending on cell 
type) therefore, solar cell power output increases as temperature decreases (Boca 2019). Like all 
semiconductors, electron mobility increases as lower temperatures reduce thermal scattering. 
However, below -160 °C (113 K) temperature, cell output will begin to diminish due to non-
thermal scattering mechanisms along with decreased carrier population due to carrier freezeout.  

Note that in 2024 the JAXA SLIM lunar lander successfully survived -170 °C (103 K) and 
transmitted data after each of three lunar night cycles.  

Findings: Photovoltaic Solar Arrays 
 Photovoltaic solar arrays are semi-conductors and thus can be expected to have a similar 

behavior to other electronics when exposed to extremely cold temperatures.  
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 Solar Array Cryo-Tolerance: The bare devices are tolerant of the extreme cold albeit there is 
a concern for thermal shock damage. Cold tolerance depends on the packaging materials and 
methods. 

 Solar Array Cryo-Operability: PV cells should cold start and operate at cryo-temperatures. 
However, further investigation, beyond this assessment, is needed to fully characterize array 
behavior and limitations for the lunar surface environment. 

 Generally, solar array output increases with colder temperatures due to a drop in internal 
resistance. Cold array open circuit voltage is dramatically greater than a warm array.  

 Some form of over-voltage protection is needed to prevent electronics damage and potential 
arcing.  

E.1.3 Main Bus Power: Solar Array Regulation Electronics 

Solar arrays can produce excessive power when user loads are light. Solar arrays are composed 
of PV cells in series called “strings” to achieve a desired voltage. These strings are then 
combined in parallel to a achieve a desired current output and drive the spacecraft power bus. 
For space applications, solar array power regulation often employs a direct energy transfer 
(DET) method involving Sequential Shunt Switching Regulator (S3R). Alternatively, a more 
modern approach is to use a Maximum Power Point Tracker (MPPT) that involves an 
intervening converter to help maximize the performance of the arrays while stabilizing the bus 
voltage.  

Solar Array Overvoltage Protection: Normally a spacecraft starts up when battery power is 
applied. However, in the lunar power hibernation scenario the batteries are frozen and must be 
isolated from the main bus. As the arrays begin generating power at lunar dawn the main bus 
relies entirely on power from the arrays without a battery to moderate voltage swings. PV solar 
arrays tend to generate substantially higher open-circuit voltages at extreme cold temperatures.  

Therefore, an over-voltage protection circuit can be employed to shunt excess power to reduce 
the voltage. The overvoltage protection set-point would be set well above the normal operating 
voltage, so it does not interfere with normal operations. In hibernation recovery process, this 
circuit must be capable of operating at lunar dawn temperatures. Once the power regulation 
circuits are active this protection is no longer needed. This function may be provided by a simple 
analog circuit tied directly to the main bus.  

Findings: Solar Array Overvoltage Protection 
 A simple analog circuit can prevent damage from high open circuit voltages.  
 Si MOSFETS, or GaN HEMT high-voltage high-power switching parts are available as 

COTS. 

Solar Array Sequential Shunt Switching Regulator  

(S3R) is a form of Direct Energy Transfer (DET) where, normally, multiple array strings are 
connected to main bus and thus deliver power directly (Mohapatra et. al., 2024, İnce et.al., 
2023). When the array input exceeds the current demands of the loads, the excess power is 
shunted and radiated as heat. The S3R depends on an upper voltage setpoint to determine when 
array strings need to be shunted. Often the strings selected to be shunted are in a fixed sequence. 
Similarly, as loads exceed the array input and the main bus voltage drops, the shunting sequence 
is reversed. Normally, batteries connected to the main bus will suppress the switching transients 
and help stabilize the bus. 
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To assure batteries are charging while the array is illuminated, the main bus upper set point is 
above the battery’s voltage and thus receives charge current. Whenever all the string outputs are 
connected, and the array output still falls short due to high current demand, the battery discharge 
current normally makes up the shortfall.  

S3R regulation can be performed by an all-analog circuit. In its default state, all array strings are 
connected to the main bus. This assures that the power system is self-starting without a battery. It 
is well suited for mission with hibernation cycles or missions where there is a risk of a dead 
battery. Further, S3R is not dependent on an operating flight computer.  

All parts must also tolerate the voltage and current transients that attend S3R regulator switching. 
For Power Hibernation the electronic circuits must also be both cryo-tolerant and cryo-operable.  

Findings: Sequential Shunt Switching Regulator (S3R) 
 S3R Regulator is a form of direct energy transfer and provides a simple solar array regulation 

scheme may be crafted by simple analog op-amps, voltage reference devices, and various 
discrete diodes, switching transistors, resistor and capacitors. All need to be capable of a cold 
start and operate reliably at -223 °C (50 K).  

Solar Array Regulation: Maximum Power Point Tracker (MPPT)  

This method of array regulation employs a circuit to maximize array output for a given set of 
array conditions including illumination, temperature, and even adjustments for array degradation 
effects (Schirone et al. 2024). The array strings are not directly connected to the main bus; power 
is transferred via an intervening converter circuit that isolates the array from the main bus. The 
circuit effectively manipulates its load impedance so that the array voltage and current coincides 
with a “maximum power point” where array output is most efficient. The array output voltage 
may, however, be above or below the desired main bus voltage thus the DC-DC converter 
adjusts its output to match the desired main bus voltage. This makes it easier to combine the 
output of multiple strings while also eliminating the switching transients seen in S3R systems. 
The MPPT is managed by a digital algorithm that monitors multiple array sensors and calculates 
the maximum power point.  

Findings: Maximum Power Point Tracker Array Regulation 
 MPPT is a more complex regulation scheme involving DC-DC conversion stage and circuits 

that adjust the load impedance on the array output.  
 MPPT must provide step-up/step-down converters to maintain main bus voltage as array 

voltage varies with temperature.  
 MPPT requires a digital microcontroller/FPGA to execute the MPPT control algorithm.  
 The digital controls must cold start and operate reliably at -223 °C (50 K) and likely requires 

a custom controller rendered in Si Fully Depleted Silicon on Insulator (FDSOI) CMOS or 
SiGe. 

 Analog instrumentation and low power controls may need some form of temperature 
compensation to adjust for analog parameter drift with decreasing temperatures and assure a 
successful cold start. 

 Low power LRC passives with low parameter drift at cryo-temperatures are available 
commercially.  



 

NESC Document #: NESC-RP-23-01876, Vol. 2 – Appendices A - F Page #: 50 of 198 
 

E.1.4 Main Bus Power: Spacecraft Battery Management  

Rechargeable batteries allow the spacecraft to store energy and act as a source of power when the 
power generation is non-functioning (e.g., solar array in the dark). Energy storage also allows 
power to be supplied when the power demand exceeds the output capability of the power 
generation. Lithium-Ion batteries are the most common form of energy storage for both robotic 
and human spacecraft.  

Lunar long day-night cycles pose a tough problem for the Solar Array/Battery power 
architecture. For lunar operations, the mass of the energy storage required to survive an entire 
354-hour lunar night is the main problem. The battery must store enough energy to support 
operations but also provide heater power to keep the battery at a suitable operating temperature. 
For a small spacecraft to survive the lunar night the battery mass dominates spacecraft mass in 
relation to a typical payload capacity. For small robotic spacecraft the best option may be to go 
into power hibernation until lunar dawn, if night lunar operations are not required. Recent testing 
demonstrated that cylindrical Li-Ion cells that can survive a freeze-thaw cycle. Surprisingly the 
cells also recover their initial charge capacity when restored to normal temperatures.  

Typically, initial spacecraft power up is initiated by connecting the battery power to the main bus 
often at spacecraft separation. Typically, solar arrays are not yet deployed at initial start-up, so 
the power system is entirely dependent on the batteries. However, for Lunar surface operations 
where the spacecraft may be recovering from a hibernation cycle, the start-up will depend on the 
solar array. (Discussed further in Lunar Power Hibernation section) 

As noted in the Power Generation section, batteries are essential not only for storing energy to be 
used when generation is unavailable, but also for stabilizing the main bus. Further, batteries often 
allow the main bus to support short-term high-power demands that greatly exceed the normal 
power generation capacity. Most missions have modest power demands with occasional high 
demand events (e.g., landing, ascent, orbital maneuvers) that can require many times the power 
of steady state operations. Virtually all missions employ batteries both for energy storage and 
meeting peak loads. A wider discussion of energy storage capabilities and needs at low 
temperatures, particularly related to the effect of cell chemistries on low temperature 
performance, is provided in the Energy Storage section below.  

Battery Charge Functions: A main bus control function (often a part of the flight computer) 
controls the array deployment and then attitude control points arrays at the sun. Array power is 
managed and matched with the spacecraft power demand. Solar array regulation schemes can 
manipulate the main bus voltage to assure that batteries are charged when solar illumination is 
high. For large spacecraft with multiple busses and batteries, dedicated charge/discharge control 
units are used. 

Lithium-Ion batteries have high charge capacity but are notorious for becoming dangerous if 
charge currents exceed their charge rate limitations (JSC-20793 Rev D). This is particularly true 
at low temperatures where ion mobility is low and excess charge current results is excessive 
heating and potential ion damage to the electrodes. Lithium-Ion cells require a constant current 
and a constant voltage charge schemes at different phases of the charge cycle. For Lunar power 
hibernation and recovery, the charge controls must be inhibited while the battery cells are frozen 
at lunar dawn.  
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Battery Thermal Management Functions: For power hibernation, the BMS is powered 
independent of the battery by the main bus. Note that at lunar dawn, in the early phases of 
hibernation recovery, the main bus is operating directly off the solar array alone (not stabilized 
by a battery), therefore, the BMS power supply will need to tolerate and filter out the main bus 
power voltage transients. 

For Lunar surface applications the BMS functions include battery SOC control, voltage and 
temperature monitoring, and management of the thermal recovery of the battery following a 
hibernation cycle (Oeftering 2022). 

In daylight, the battery will have varied exposure to the Sun’s heating and will likely have hot 
and cold sides. Keeping the temperatures among the cells (and thus cell voltage) uniform 
improves performance while minimizing degradation. This implies that the battery BMS must 
manage the distribution of temperature through multiple heaters that apply heat, as needed, to 
assure a uniform temperature rise. The BMS will need multiple closed loop temperature controls. 
Once a normal safe operating temperature is achieved the BMS will need to evaluate the 
condition of the cells and the overall SOC. If the battery SOC is too low to safely reconnect 
without disruptive surge currents, then the BMS may perform a pre-charge to match the main bus 
voltage. When all conditions are met, the BMS signals the MBC to reconnect the battery.  

After many cycles, the cells degrade non-uniformly and may exhibit varied cell to cell charge 
characteristics. This may require the BMS to perform charge balancing to assure all cells are 
uniformly charged. For fault detection and battery safety, embedded sensors will be needed to 
detect a failed cell and isolate it to prevent a thermal runaway and the destruction of entire 
battery and the mission. Note that JSC established that 18650 cells at a SOC of 40% or less will 
not go into thermal runaway when shorted due to insufficient energy. 

The above functional description of the BMS implies a suite of electronic devices. The BMS will 
require digital controller to execute control algorithms and provide a data link to enable it to 
exchange data and commands with the Main Bus Controller and coordinate heater power.  

Findings: Battery Thermal Management & Charge Control 
 Battery management will benefit from a combination of analog and digital electronics 

capable of a cold start at temperatures as low as -223 °C (50 K). 
 Battery Management must be capable of tolerating main bus power input that is not stabilized 

by a battery. 
 Battery charge control must be inhibited until cells are warmed to their normal operating 

range.  
 Battery Management must manage the thermal conditioning to assure that all cells warm up 

uniformly, particularly at the freeze/thaw point where cells voltages change rapidly. 

References 

Oeftering, R., “Power Hibernation for Low-Cost Solar Powered Lunar Missions”, CLPS 2022 
Survive the Night Technology Workshop, Dec 2022 

E.1.5 Main BusPower: Power Distribution 

The Main Bus manages the interactions between Power Generation, Energy Storage, and Power 
Distribution. Power Distribution channelizes power and protects the main bus from load faults. 
Power Distribution also provides voltage conversion as needed. 
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Main Bus Controller: In a simple spacecraft the “main bus” connects the Power Generation to 
the Energy Storage and the Power Distribution elements of the system. The Main Bus requires 
control circuits that can coordinate the solar array output, assure that main bus power meets the 
load demands and coordinate the charging of batteries (Oeftering 2022). For lunar missions that 
need to survive multiple day/night cycles including long hibernation cycles, the main bus 
electronics are responsible for initial power start-up at lunar dawn, which is also the coldest point 
of the cycle. In the extreme cold, the main bus electronics will need to manage electric heaters 
and methodically bring the spacecraft batteries up to an operating temperature. The main bus will 
need to provide array power to a dedicated BMS that manages the recovery of the batteries SOC.  

Findings: Main Bus Controller 
 Main Bus Controller is responsible for monitoring Solar Array output and managing the 

power recovery process when array output is sufficient to support a stable start up. 
 Main Bus Control will need a combination of analog and digital electronics capable of a cold 

start at temperatures as low as -223 °C (50 K) at lunar dawn. 
 Main Bus Controller will require LRC passives for analog circuits and transient filters 

suitable for cryo-temperatures.  
 Main Bus Controller must coordinate array regulation and power loads to assure stable 

operation. 
 Main Bus Controller must supply power to the BMS. 
 Main Bus Controller must manage power for pre-heating of batteries and avionics for 

hibernation recovery.  
 Main Bus Controller must communicate and process commands and data with Solar Array 

Regulator, BMS and Flight Computer and power distribution.  

Power Distribution Functions (PDU) 

Modern power distribution systems involve more than simple On/Off switching of circuits. They 
are responsible for the organized start-up of avionics and flight computers. They monitor loads 
and provide status to flight computers. For large power systems step-down voltage conversion is 
required. In recent years, there is an emphasis on power quality that involves suppressing or 
tolerating voltage transients, assuring that faults are properly isolated from the main bus and 
maintain stability margins between power sources and loads (NASA GP 10009, SAE AS5698). 

DC-DC Power Converters: For many applications a voltage converter is used to assure that the 
avionics receives a stable voltage even if the main bus voltage is not stable. For example, if the 
arrays are in eclipse and the battery voltage drops the converter will automatically boost the 
voltage to a nominal level. For large systems the main bus voltage may be set at a high voltage 
and the PDU must step-down high voltage to lower secondary bus voltages suited to powering 
avionics loads.  

The actual converter circuit is composed of a small number of discrete elements including, 
transistor switches, diodes, capacitors, inductors, and occasional resistors. Some DC-DC 
converters employ transformers to provide galvanic isolation. Typically, a dedicated 
microcontroller monitors output feedback and provides PWM control of the switching elements. 
Most discrete parts are available in materials suited for cryo-operations. It is important the 
inductor magnetics and capacitors are suited for operation over wide temperature. The control 
ICs will need to be tested and qualified for cryo-operation.  
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Power Distribution Switching: The power distribution units employ switching to “channelize” 
the power so each avionics subsystem can be powered separately. Switching is remotely 
commanded to facilitate sequential starts, enable load shedding and power balancing. Power 
Switching usually employs a simple FET switch and a FET driver. Typically controlled by a unit 
level digital controller that provides ON, OFF, and RESET commands.  

Overcurrent Fault Detection and Isolation: The PDU typically provides fault (short) detection 
and fault isolation (trip) function much like a conventional circuit breaker but with the additional 
ability to reset on command. The PDU channels Includes overcurrent detection that monitors a 
current sensor and “Trips” the circuit by overriding the FET Driver input and forcing the FET to 
turn off (Tripped State) to isolate the faulted load. Note, unlike common fuses and breakers, 
distribution switching does not rely on thermal mechanisms for the trip function, so the isolation 
circuit is innately less sensitive to thermal conditions. Modern power distribution units employ 
automatic “current limiting” as part of fault isolation function.  

Current Limiting significantly alters the basic trip function. An overcurrent detection circuit 
triggers a current limiting circuit that then throttles the current to a preset limit. The current 
limiting changes the FET transistor from operating in the saturated region “ON” to operating in 
the linear region. With the current limited, the trip function no longer monitors current but rather 
monitors the voltage drop across the switch circuit. In case of a severe short-circuit, the voltage-
drop will be large and the circuit trips immediately. However, minor over-currents or brief 
transients that fall within preset current and time limits, the over-current will be tolerated without 
a trip. Current limiting tends to desensitize the system to transients while keeping fault currents 
isolated from the main bus and improving overall power quality (NASA GP 10009). 

Power distribution employs analog devices that are subject parameter shifts at cryo-temperatures 
and thus will need to be qualified for cryo-operations. 

Findings: Power Distribution 
 PDU Power will need to cold start at lunar dawn and manage isolated power channels for 

avionics and various loads.  
 Digital controller is needed to execute start sequence and support load management, and 

status communications that is suited to cryo-temperature operations. 
 Analog instrumentation and circuits must be capable of cold-start and cryo-temperature 

operation.  
 PDUs may need to provide voltage conversion depending on the power architecture.  
 PDUs distribute the power via remotely controlled switched channels. 
 Analog circuits are needed to provide fault detection and fault isolation to individual 

channels.  
 Analog current limiting circuits help isolate transients and improve spacecraft power quality.  
  

REFERENCES 
NASA GP 10009 Rev A, “GATEWAY PROGRAM ELECTRICAL POWER QUALITY 
SPECIFICATION FOR 120 VDC”, May 11, 2020 
SAE AS5698A, “Space Power Standard”, SAE International 2018 
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E.1.5 High-Power Electric Motor Applications  

In the latest generation of spacecraft, we have seen a dramatic shift from traditional mechanical 
and hydraulic power systems to all electric power. Modern rare earth magnets for high torque 
motors and high-speed electronics for power modulation and regenerative braking makes use of 
distributed motors feasible. Further we are seeing need for electrically driven cryopumps to 
combat propellant boil off and enable in space cryogenic propellant storage. There are some 
cases where electric motors may be used for cryo-propellant engine turbopumps. This implies 
that motors and their drive electronics will be exposed to cryogenic temperatures. 

High Power Electric Actuators: The development of high-power, light-weight rare earth 
Permanent Magnet Brushless DC (BLDC) motors and fast acting motor control ASICs, enable 
nearly instantaneous speed and torque control. The advent of very large reusable boosters owes 
their success to the application of lightweight, very responsive electric actuators for engine thrust 
vector control (TVC). These same electric actuators will be used to land Artemis Lunar Landers. 
This places the actuators and drive electronics in the lunar environment.  

Propellant Cryo-Cooling Motors: Unlike Apollo, the Artemis Human Landing Systems (HLS) 
program is using cryogenic propellants for all phases of flight. Artemis is also the first time we 
expect to see in-space refueling of cryogenic propellants. Tanker spacecraft and in orbiting 
refueling stations are part of the architecture. The Lunar landers require storing propellants in 
LEO and lunar orbit for several months. To minimize propellant boil-off losses, we need to 
combat cryogenic propellant boil-off with Cryo-coolers to chill and condense propellant vapors 
into liquids. A lander may employ multiple cryocoolers each requiring several kilowatts of 
power. This requires motor drive electronics in-close proximity to cryo-propellants. 

High Power Motor Control Electronics: Motor Control circuit will be a mixed signal device 
that has digital functions and analog inputs for reading in motor sensors and analog output for 
controlling the motor drive power switches. A mixed signal microcontroller can process motor 
hall effect sensor inputs to determine the rotor position and manage the electronic commutation 
of 3 phase inverter FETs. Motor speed is also extracted from the sensor inputs and the controller 
manipulates the input voltage via a PWM power converter to manage the motor speed. LRC 
parts are available in materials that have low sensitivity to cryo-temperatures. Three phase 
inverters require switching transistors (Si and GaN) that are suited to cryo-temperatures. Motor 
position and speed feedback involve hall effect sensors and supporting analog instrumentation. 
These will need to be qualified for cryo-temperatures. Alternatively, there is a “sensorless” 
approach that uses digital signal processing to extract position and speed from the motors back 
EMF characteristics without Hall effect sensors. The Infineon Motix IMD70xA Integrated Motor 
Controller, for example, is based on the ARM Cortex-M0 32-bit microcontroller and provides 
many motor control functions including safety functions that protect the motor and the battery 
power source (Infineon Technology, 2024). 

Regenerative Braking Electronics: Regenerative braking now appears on large spacecraft with 
electric actuators particularly for TVC applications. In this case, the momentum of the actuator 
and the mass of the hardware being moved will cause the motor to act as a generator. 
Regenerative braking puts the power back onto the DC bus. The path to the main bus requires 
that the outputs of the 3 motor phases be combined and back fed into a bi-directional converter. 
The intent is to use the regenerative current to return energy to the batteries. Although batteries 
may have a high output current capability their input or charging current capability is likely 
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much smaller. This means the regenerative current cannot be absorbed quickly by the battery and 
the bus voltage spikes. To suppress the overvoltage spikes and capture the energy, a bank of 
capacitors may be required.  

Regenerative Braking uses many of the same parts as the motor drive circuit. To capture the 
regenerative power may require high-voltage capacitors composed of materials that maintain 
performance at cryo-temperatures.  

Findings: High-Power Actuator Motor Drives 
 High power motors and actuators are becoming prevalent for large scale human lunar lander 

missions, 
 Advanced motor technologies are displacing hydraulic and mechanical power 

transmission for responsive high-power actuators for thrust vector control. 
 High-power electric turbo-pumps are being considered for pumping cryogenic 

propellants for lunar lander engines.  
 Electric cryo-coolers for boil-off suppression are in current designs placing electronics in 

proximity to cryogenic propellants.  
 High-power motors generate high voltage/current transients, particularly if they involve 

regenerative braking, threaten the stability and power quality of the power bus.  
 Many of these applications are in the cold lunar environment, or operating in proximity to 

cryo-propellants, or both.  
 Digital Motor Microcontroller, or FPGA suited to cryo-temperature applications are needed. 

 Runs a control algorithm processes motor direction, position & speed feedback. 
 Generates 3ph timing and commutation logic and manages PWM motor power. 
 Requires a digital micro-controller rendered in Silicon or Silicon-Germanium 

 Analog Motor Control circuits (Hall Effect, feedback signal amps, A/D &D/A, Voltage 
reference), suited to cryo-temperature applications are needed.  
 3ph Motor FET Drivers and FET switching.  
  DC-DC PWM motor power regulator (discrete switching transistors & LRC parts).  

 High power LC parts for transient filters suitable for cryo-temperature may involve a mix of 
COTS and custom fabrication.  

E.1.6 High Voltage Transient Suppression 

Because of the growing use of electric motors used in direct drive actuators, pumps and 
compressors, we are observing very large voltage transients on power buses. This is further 
aggravated by the use of regenerative braking that can cause current reversals and voltages 
spikes.  

Note: The NASA Gateway GP 10009 Electrical Power Quality Spec specifically calls 
out, “Large inductive loads, such as large solenoids, stepper motors, valves, contactors, 
etc., require voltage transient suppression to control EMC emissions and reverse energy 
requirements.” 

To assure high power quality and stability, high voltage transient suppression devices suited to 
cryotemperature operations are needed.  

Voltage Transient Filters: Transients can be suppressed by adding a series inductor (L) and 
shunt capacitor (C) components to a power line to attenuate voltage transients by acting as a high 
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impedance to high frequency transients. LC filters can also remove voltage ripples from 
switching power supply and converter outputs. There are LC components that will tolerate cryo-
temperatures however parameter drift over a wide temperature range must be considered in their 
selection.  

Transient Voltage Suppression TVS devices: Another approach is to use a Transient Voltage 
Suppression (TVS) device that shunts any transient voltage over a preset limit. These are 
typically semiconductor diodes devices that normally exhibit a high impedance that do not alter 
the power circuit’s behavior unless an overvoltage occurs.  

Zener Diode: Zener diodes are commonly used to clamp a voltage at a specific value. When a 
reverse bias voltage is applied and reaches a specific breakdown voltage (Zener Voltage) the 
diode conducts current acting as a voltage regulator. The Zener diode has an unusual temperature 
coefficient behavior where the coefficient may be positive or negative based on the Zener 
voltage. This is due to two competing effects, the avalanche effect and the tunneling effect. At 
Zener voltages above 5V, the avalanche effect dominates with a Positive Temperature 
Coefficient (VBD Decreases with Decreasing temperature). At Zener voltages below 5V the 
tunneling effect dominates and thus a Negative Temperature Coefficient (VBD Increases with 
Decreasing temperature) (Basit, et al, 2013). 

TVS Diodes (Transorb): A transorb is similar to a Zener diode and conducts when the 
breakdown voltage is exceeded. The transorb is specifically designed for fast response and to 
handle large voltage transients. The temperature sensitivity is assumed to be similar to Zener 
diodes. 

Punch-Through Diode is regarded as better suited for very low voltage applications such as 3-
volt or 1-volt circuits than a Zenner diode. Punch Through diodes have a positive temperature 
coefficient so as temperature decreases their breakdown voltage decreases. Relative to other 
diode types, the Punch-Through diode breakdown voltage exhibits a low temperature coefficient, 
thus their temperature characteristics are less sensitive to temperature. 

Metal-Oxide Varistor (MOV) is regarded as a non-linear resistor where its nominal high 
resistance drops when a threshold voltage is exceeded and conducts large currents to suppress a 
high voltage. They are bi-directional and work for both AC and DC circuits. ZnO based varistor 
breakdown voltage has a very small dependence on temperature which may make them suitable 
for cryo-temp operations (Lawless et al,1988). 

Findings: High Voltage Transient Suppression 
 The increasing use of high-voltage electric motors for direct drive applications requires a 

wider use of high voltage transient suppression devices. 
 LC transient filters components suited for cryo-temperatures will likely require a mix of 

COTS and custom fabricated components. 
 Transient Voltage Suppression is often based on diodes with a set breakdown voltage.  
 Zener Diode have a breakdown voltage temperature coefficient and can be positive or 

negative depending on operating voltage. 
 Transorb is similar but designed for fast response and high voltages.  
 Metal-Oxide Varistor (MOV) is regarded as a non-linear resistor constructed from ZnO and 

aimed at high voltages applications with low sensitivity to temperature. 
 Many TVS devices have not been fully evaluated for cryotemperature operation. 
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E.1.7 Analog Electronics for Power Applications at Cryotemperatures 

Analog circuits operate in the linear region and are very sensitive to variations in operating 
parameters due to temperature changes. In fact, many temperature sensors exploit this sensitivity 
to provide accurate temperature measurements. Analog ICs often have special “temperature 
compensation” circuits that senses temperature and provide feedback to alter the circuit 
parameters in a way that counteracts the effects of temperature change. Temperature 
compensation rarely extends beyond the 125 °C to -55 °C range. Circuits rendered from 
semiconductors with low sensitivity to temperature such as Silicon-Germanium and Gallium-
Nitride should provide reliable cryotemperature performance.  

SiGe and GaN devices are not as widely used as silicon and tend to be applied to niche 
applications. In the case of SiGe, it is used in millimeter wavelength wireless communications 
device including 5G applications. NASA Space Technology Mission Directorate (STMD) 
funded work has demonstrated SiGe integrated circuits that are suitable for cryogenic 
temperature applications. However, custom fabrication is required. STMD funded work has also 
demonstrated the GaN devices are suitable for operation at cryogenic temperatures. GaN devices 
are becoming increasingly prevalent in commercial power switching applications and high-
power RF applications where it competes with SiC. However, GaN appears to be available only 
as discrete devices and not as more complex ICs.  

Although Si BJTs suffer from carrier freezeout, Si MOSFETs (particularly FDSOI (Fully 
Depleted Silicon on Insulator) devices) are proving to be effective at cryotemperatures. FDSOI 
CMOS has the unique ability to use “Back Bias” to adjust gate threshold voltages as a means of 
temperature compensation. FDSOI CMOS can be used for both digital and analog applications 
and is already produced as complex IC devices (Cassé et al. 2020, Bensouiah, 2022). 

Findings: Analog Electronics for Power Applications at Cryotemperatures 
 Si BJT devices are prone to carrier freeze-out and least desirable for cryo-applications. 
 Si MOSFETs are more suited to cryo-temperatures than Si BJT devices.  
 Si FDSOI CMOS has a back-bias capability that may be useful as a temperature 

compensation technique. FDSOI is also available as highly integrated devices. 
 SiGe semiconductors is preferred for low-power cryo-temperature applications, and they 

have been produced as analog ICs. However, SiGe will likely require custom fabrication.  
 GaN HEMT devices are available as COTS, and are efficient and stable over a wide 

temperature range and demonstrated to reliably cold-start as low as 10 K. 

E.1.8 Digital Electronics for Power Applications at Cryotemperatures 

Digital electronics transmit signals as simple binary states which makes them innately less 
sensitive to variations in signal and to noise. It also makes the circuits less sensitive to low 
temperature. Generally, bulk CMOS technology is most widely used for microprocessor scale 
logic. Some versions of the ARM architecture have been produced in FDSOI CMOS. 

Findings: Digital Electronics for Power Applications at Cryotemperatures 
 Very large-scale silicon digital ICs are widely available as bulk CMOS devices. 
 Some COTS digital microcontrollers and FPGAs have demonstrated cryo-temperature 

operation.  
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 Si FDSOI CMOS has been shown to work at very low cryotemperatures. It has a back-bias 
capability that may be useful as a temperature compensation technique. FDSOI is also 
available as highly integrated devices. 

 SiGe digital devices should perform well at cryotemperatures, but they are not widely 
available and will require custom fabrication. 

E.1.9 Mixed Signal Devices for Power Applications at Cryotemperatures.  

Many modern microcontrollers and Application Specific Integrated Circuits (ASIC) devices have 
a digital core with analog features such as, analog-digital and digital-analog converters, signal 
amplifiers, comparators, voltage references, and load drivers. These are commonly built into a 
single die. Tests have shown that digital functions work at cryotemperatures while the analog 
functions in the same circuit may act erratically particularly in cold-start situations. This implies 
that a COTS mixed signal device may not be suited for cryotemperatures.  

Findings: Mixed Signal Devices for Power Applications at Cryotemperatures.  
 Mixed signal FDSOI CMOS transistor devices with back bias capability may be effective for 

cryotemperature devices. 
 SiGe digital devices should perform well but the available level of integration is limited.  
 SiGe devices will likely require custom fabrication. 

E.1.10 Power Switching Transistors for Power Applications at Cryotemperatures 

Simple discrete switching elements are often used for ON/OFF switching of high voltages, pulse 
width power modulation, and motor phase commutation and speed control. They may be driven 
by either digital or analog circuits by acting through a gate driver circuit. As simple devices there 
are multiple semiconductor options.  

Findings: Power Switching Transistors for Power Applications at Cryotemperatures 
 Si Bipolar devices are prone to carrier freeze-out and least desirable for cryo-temperature 

switching applications.  
 Si MOSFETS generally see a modest increase in gate threshold voltage as they approach 50 

K and exhibit decreasing breakdown voltage. 
 SiGe semiconductors is preferred for cryo-temperatures at low-power but are less suited for 

high power due to low breakdown voltage.  
 Silicon-carbide MOSFETs may not be well suited to cryo-temperatures due to larger 

increases to on-resistance and gate threshold voltage compared to their silicon counterparts.  
 GaN HEMT devices are efficient, suited to high power, stable over a wide temperature range, 

and demonstrated to reliably cold start as low as 10 K.  
 GaN is generally available as COTS discrete devices. 

E.1.12 LRC Passives for Power Applications at Cryotemperatures 

Cryogenic performance of passive devices (inductors, resistors, and capacitors) is based on the 
material thermal properties and structure of the device construction.  

Findings: LRC Passives for Power Applications at Cryotemperatures 
 Metal film and wire wound resistors are insensitive to temperature and are available as 

COTS. 
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 Electrolytic capacitors based on liquid electrolyte are not suitable for cryotemperature 
applications. 

 Capacitors using dielectric materials that are relatively insensitive to temperature are 
available as COTS parts however, they generally have less capacity than electrolytic 
capacitors. 

 Capacitors based on Radiation Crosslinked Acrylate Monomers can maintain high 
performance at cryogenic temperatures and are available. Requires custom fabrication.  

 Air-core inductors will operate at cryotemperatures but have low inductance.  
 Nano-crystalline and amorphous inductor cores appear best suited to cryotemperature 

operation. 
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E.2.1 Energy Storage 

Energy storage is used on all spacecraft today for several critical functions including load 
levelling to support peak power demands, and for providing power during eclipse periods or 
nighttime operations. With the advent of high reliability lithium-ion batteries in 1991 and their 
first infusion into space applications in 2001, this technology is used in conjunction with solar 
array and radioisotope thermoelectric generator (RTGs) power generation for all missions today. 
Battery modules are comprised of multiple cells to provide the overall capacity and voltage 
required for an application, with the voltage determined by the number of series cells in a string 
and the overall capacity determined by the number of strings combined in parallel. For example, 
a 28 volts (V) battery would typically target a string length of eight cells to achieve a voltage 
range of 24 to 32.8V, since the rated voltage range for most cells is in the 3.0 to 4.1V range.  

Multiple strings are then combined to meet the required energy balance for the power system 
design. The performance of the battery is largely dictated by the cell design and chemistry, 
which includes the selection of the cathode, anode and electrolyte materials. In particular, these 
factors have a strong influence on the performance of the cell, particularly with regard to 
temperature. Cell capacity (Ah) is calculated from the product of discharge duration (hours) and 
current (Amps) in a constant-current discharge. Discharge rates are often expressed as “C-rates.” 
A C-rate is a measure of the rate at which a battery is discharged relative to its maximum 
capacity. A 1C rate means that the discharge current will discharge the entire battery in 1 hour, 
and C/5 rate represents discharging the cell over five hours. 

Battery cells are available in two basic formats, prismatic and cylindrical. Early flight batteries 
were typically comprised of prismatic cells that were custom designed and fabricated for space 
applications. Some missions, such as Dragonfly and Psyche, still use this format although it is 
becoming less common. Today, commercial-off-the-shelf (COTS) cylindrical cells have been 
widely adopted for space applications. These COTS cells are the same type used in many 
terrestrial electrical vehicles and consumer electronics.  

Cylindrical COTS cells are available in a standard form factor that is 18 mm in diameter and 65 
mm in height (18650 format) in the 2.8-4.0 Ah range or increasingly in a geometry that is 21 mm 
in diameter and 70 mm in height (21700 form factor) in the 4.5-5 Ah range. The value of these 
cells comes in the high reliability offered by the large-scale manufacturing processes used to 
fabricate them. Also, they contain safety features such positive thermal coefficient and current 
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interrupt devices, that are lacking in larger prismatic cells. Cells typically undergo an extensive 
parts screening processes to identify cells that will comprise the flight lot, with flight battery 
vendors such as ABSL maintaining proprietary protocols for manufacturing flight batteries. 

When designing and selecting batteries for operation at low temperatures, it is important to 
consider if the cells only need to be survivable (that is experience a non-operational extended 
cold soak at temperatures below the rated limited of the cell) or if they need to operate (that is 
charge and discharge) at the low temperature. A further consideration for operation is whether 
they are both charged and discharged at low temperature, or if they are only discharged at low 
temperature. Recent lab testing [1, 2] as well as flight experience (such as on the JAXA SLIM 
Lunar Lander and the Mars Ingenuity Helicopter [3]) have clearly demonstrated that COTS cells 
can undergo multiple freeze-thaw cycles in an non-operational state with little to no impact on 
performance. The effect of long-term freeze-thaw cycling, freeze-thaw rates, and other such 
variables on performance have yet to be quantified. Cells modified with low temperature 
electrolytes can also be charged at higher temperatures (typically > 0 °C) and then discharged at 
low temperatures with little impact on overall performance (albeit with limitations on the rate 
capability). This could occur in lunar environments, for example, where charging may occur in 
full sunlight and then driving may occur in dark or shadowed regions. There is also self-heating 
of batteries during discharge, which can provide some improved performance in cold 
environments. Full operation (charging and discharging) of battery cells at low temperature, 
however, presents significant challenges. 

Unlike solid-state devices, lithium-ion batteries feature a liquid electrolyte which serves as a 
medium to transport ions between the anode and cathode during charging and discharging. 
Lithium-ions are intercalated and deintercalated from the anode and cathode during these 
charge/discharge cycles. These transport processes are all thermally activated, and therefore 
adequate performance depends on maintaining a sufficient temperature to enable a reasonable 
rate capability. Typically, cells are rated for operation in the -20 °C to +30 °C range at moderate 
rates (e.g., discharge at C/5) []. Wider temperature operation out to -40 °C and +60 °C can 
typically be achieved, however, this comes with a limitation in the rate capability when 
discharging cells at low temperatures, and cycle life if operating for extended periods at the high 
temperature end. 

To maintain operation within the typical cell design limits, significant efforts are directed toward 
thermal design of the battery in flight applications. An early example of this approach was 
implemented on the Mars Exploration Rovers, which utilized a thermal enclosure based on 
aerogel insulation, radioisotope heating units (RHUs) as well as survival heaters. Thermal 
switches were used to maintain the proper temperature balance at the battery. The battery on the 
Opportunity Rover survived for 14 years of operation using these thermal design approaches. 
The Mars Science Laboratory (MSL) and the Mars 2020 rover battery design included titanium 
bipod standoffs to limit thermal conduction between the rover and the battery, with thermal 
power provided by heat generated from the Multi-Mission Radioisotope Thermoelectric 
Generator.  

A more recent example is the battery on the Farside Seismic Suite (FSS), which will operate on a 
commercial lunar lander. The battery temperature in this case is regulated using the Planetary 
and Lunar Environment Thermal Toolbox Elements (PALETTE) technology [5]. This 
technology features an inner enclosure isolated by titanium tubes and surrounded by spacer-less 
multi-layer insulation layers, with an effective emittance e* of < 0.01. In addition to these 
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features, a passive reverse operation differential-thermal-expansion thermal switch (ROD-TSW) 
and miniature loop heat pipe (LHP) are installed in series to provide a variable conductance 
thermal path from the inner enclosure to the outer enclosure. This technology prevents the 
battery from becoming too hot or cold (i.e., with the allowable flight temperature range being -
8oC to +35oC), in the extreme lunar environment. This is contrasted with the battery on the Lunar 
Environmental Monitoring Station (LEMS) seismometer mission, in which the COTS battery 
will be operated down to -35 °C, thereby limiting its cycle life. Although careful thermal 
management of batteries is a viable approach, there are situations were minimizing this need 
results in system benefits. This could be through lower mass and complexity (i.e., no need for 
thermal loops or thermal isolation hardware) or though low energy (by reducing heater loads). 

The performance of cells is largely dictated by the cell chemistry, which in the case of COTS Li-
ion technology means the use of a graphite anode, a metal oxide cathode (such as 
LiNi0.8Mn0.1Co0.1O2) and a lithium-ion salt (such as LiPF6) dissolved in a blend of organic 
carbonates for the liquid electrolyte. Typical carbonates include ethylene carbonate (EC), 
propylene carbonate (PC), and dimethyl carbonate (DMC). The capacity and overall 
performance of the cell is largely dictated by the electrode couple, and it is difficult to deviate 
from the state-of-the-art technologies that are incorporated into well-manufactured COTS cells. 
The most logical component to alter to improve wide temperature performance is the electrolyte 
since it is easier to customize and incorporate into existing cell designs. The conductivity of the 
electrolyte drops at low temperature due to viscosity effects and reduced transport of the ions, 
and the performance at low temperature can be improved by altering the electrolyte to minimize 
the impact of these phenomena.  

Liquid electrolyte parts such as methyl propionate (MP) with a melting point of -88 °C and 
boiling point of +80 °C impart a wider operating range upon the cell. This can allow discharging 
at low rates (typically 50-100 hour discharge rates) down to temperatures as low as -80 °C, and 
discharging at moderate rates (C/5) to as low as -60 °C. Cells operating at these temperatures 
were demonstrated with JPL internal R&TD programs, a DOE-funded project, as well as part of 
the Europa Lander battery development project, and are undergoing further development with 
the Army (Figure D-1).  
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Figure D-1. High specific energy at -40 °C  

observed when using a low-rate charge and discharge (100 hours) with Moli 18650 cells using 
modified low temperature electrolytes. No lithium plating observed when charging to 4.10V at -40 

°C using low-rate charge [6].  

However, charging at low rates still presents significant challenges, due the process of lithium 
plating (Figure D-2). This is a phenomenon whereby the lithium ions in the cell do not properly 
intercalate into the graphite anode, but rather form metallic particles on the surface of the anode. 
This phenomenon can lead to a rapid degradation of the cell performance and presents significant 
reliability and safety challenges since plating can occur in the form of dendrites, which can 
puncture the polymer separator which isolates the anode and the cathode. This can lead to an 
internal short within the cell. This can in turn cause the cell to lose charge over time, or in the 
extreme, lead to rapid internal cell heating and an eventual catastrophic venting of the cell. 
Different approaches have been investigated for reducing the propensity for plating to occur at 
low temperatures, such as designing new electrolytes and additives [7]. 
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Figure D-2. Baseline Moli 18650 cell with standard electrolyte  

displaying evidence of plating during low temperature charging 
The voltage plateau seen at the early stages of discharge is evidence of plating [6] 

An alternative approach to using carbonate-based liquid electrolytes is to employ liquified gas 
electrolytes, supporting operation between -60 and +60 °C. This is typified by the technology 
demonstrated by South8 Technologies (San Diego, CA) and is based on the use of gases such as 
1,1-difuoroethane. These electrolytes can be combined with standard COTS battery cell 
electrodes, to support discharge down to -60 °C. Charging at temperatures below -20 °C still 
presents challenges, however (Figure D-3).  

  
Figure D-3. South8 cells showing discharge down to -60 °C after charging at +25 °C (left)  
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and map of allowable charge rates and temperature 
showing charging at only very low rates at <-30 °C is possible (2.7 Ah 18650 cell with graphite 

anode and NMC811 cathode) [8] 

Li-ion cells are currently being manufactured featuring higher silicon content at the anodes, and 
recent testing indicates that these silicon anodes can support discharging at temperatures as low 
as -60 °C, offering a higher specific energy relative to cells using pure graphite anodes [9]. Other 
alternative electrodes based on conversion processes (where the ion transporting current reacts or 
alloys with the anode instead of intercalating within its layers) have shown promise in extending 
performance to lower temperatures. These conversion processes lend themselves to more facile 
kinetics relative to intercalation, potentially enabling higher rates to be achieved at lower 
temperatures. Research in alternative conversion electrodes has been performed by various 
groups under the support of NASA Early Career Faculty program, and some of these systems 
have shown promise. Cells using sodium as an anode in a conversion cell have shown operation 
as low as -80 °C in prototype laboratory cells, achieving 100 low-rate cycles at -60 °C. More 
research and development are needed to mature this technology to the level of full operational 
cells [10]. 

As indicated, low-rate operation in the -60 to -90 °C range likely represents a limit to battery 
cells utilizing standard intercalation electrodes and is only possible at very low rates (Figure C-
4). Double-layer capacitors or supercapacitors also can offer operation to temperatures < -40 °C 
[11]. Although the technology offers a much lower specific energy relative to lithium-ion battery 
technology (5-20 Wh/kg vs. 250-300 Wh/kg), it does not suffer from plating concerns. This is 
due to the fact that capacity is stored at the electrochemical double-layer, formed at the interface 
of a liquid electrolyte and two high surface area electrodes. The most critical electrolyte design 
factors are minimizing the solvent viscosity and achieving a high dielectric constant to avoid the 
precipitation of the electrolyte salt at low temperatures. It does not depend on thermally activated 
processes related to intercalation and chemical conversion of the electrodes. Higher rates are also 
possible relative to Li-ion technology. Cells with modified electrolytes can operate at < -40 °C 
(Figure D-5). It is possible to combine the two technologies into a battery-supercapacitor hybrid 
design, to offer advantages of both technologies. 
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Figure D-4. Quallion BTE cells (0.25 Ah) 
using modified low temperature electrolyte. 

Cells were charged at +20 °C and discharged as low as -90 °C over 200 hours [6]

Figure D-5. Custom double-layer capacitor modified for low temperature operation to -70 °C [12]

E.2.2 Energy Storage: Battery Hibernation 

The power hibernation approach, discussed earlier, is based on the ability of COTS 18650 Li-ion 
cells to tolerate a freeze/thaw cycle and recover its initial charge capacity once the cells are 
returned to their normal operating temperature. The first description of Li-ion cells successfully 
surviving a freeze/thaw cycle at cryogenic temperatures was reported by the Indian Space 
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Research Organization (ISRO) in 2018 (Nandini, et al, 2018). This work suggested that a lunar 
spacecraft could survive the lunar night by hibernating until the next lunar day. In 2019, NASA 
(GRC) performed some initial tests at LN2 temperatures but had mixed results.

Figure D-6. Preliminary Hibernation Testing in GN2 at 80 K, 1 Atmosphere.

In GRC’s preliminary tests with GN2 chilling at 1 atmosphere a cell voltage abruptly drops to 
zero volts at roughly -70 °C (200 K). This is explained by the electrolyte freezing and thus the 
electrochemical activity ceases. When the temperatures were raised the cell voltage recovered 
again at roughly -70 °C (200 K). Some cells recovered without incident however 2 out of 5 
experienced a sudden open circuit failure or a ruptured the built-in burst disc. Subsequent 
examinations revealed that the open circuit was cause by a distortion of the burst disk that caused 
an internal circuit interruption device (CID) to break the contact due to an internal overpressure.
The cell with the ruptured burst disk was a consequence of an internal overpressure event that 
was high enough to exceed the burst disc limit. A cutaway section of an 18650 cell is shown in 
Figure D-6 that illustrates the CID, Burst Disc, safety features and seal construction.

Destructive analysis revealed no evidence of an electrical short, no evidence of overheating, and 
no evidence of a chemistry or electrode damage. An analysis of the cell materials revealed that 
the polypropylene seal, that also serves to isolate the positive cell cap, will shrink at three times 
the rate of the other materials. Thus, it was suspected that the cell seals were allowing 
atmospheric gas to enter the cell when cooled. Since the internal pressure would also become 
negative relative to the outside atmosphere, outside gases would be drawn into the cell and 
condense. When warming, the cell’s seal would rapidly expand and trap the condensed gas. As 
temperatures returned to normal the pressure rises and distorts the burst disc enough to trip the 
CID device and eventually ruptures the burst disk. 
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Figure D-7. COTS 18650 Cell Construction Details
GRC further investigated the ISRO work and determined that they had tested in a vacuum rather 
than in one atmosphere. GRC refined test rig for full vacuum and found that all cells recovered 
successfully without damage. GRC concluded that for cryogenic tests on COTS 18650 cells, it is 
essential to perform the tests in a vacuum to maintain a positive internal pressure on the seal. All 
subsequent freeze/thaw tests in vacuum have since been successful.

Figure D-8. Hibernation Testing 18650 Cells 
in cryocooled vacuum chamber down to -223 °C (50 K)

In 2023 GRC tested cells from NASA’s Strategic Reserve Stock of 18650 cells that are normally 
reserved for space flight missions. Cells were chilled down to 50K and recovered. The observed 
change in charge capacity after a hibernation cycle ranges from -0.1% to -1.1% (Miller, 2023).

As noted earlier the Mars Helicopter Ingenuity (including six Sony VTC4 18650 Li-on cells) 
reached temperatures of approximately -80 °C (193 K) and was able to fly upon warming to the 
allowable flight temperatures for approximately 341 freeze-cycles (sols). This further 
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demonstrates Li-Ion 18650 cell tolerance of freeze-thaw cycles. Note that the helicopter cells 
operated at an atmospheric pressure that was less than 1% of Earths atmospheric pressure. 
Therefore, the cell likely maintained a positive internal pressure against the seals that prevented 
any significant gas intrusion into the cells.  

Recent STMD STRG Early Career Faculty Research ECF22: In 2022 the STMD Space 
Technology Research Grant-Early Career Faculty Program awarded Prof Zhu of University of 
California at Santa Barbara and Prof Hatzell of Princeton University research grants to 
investigate the freeze/thaw characteristics of lithium-ion cells and their long-term effects on cell 
performance. The PIs are investigating and characterizing the cell Freeze/Thaw process. They 
are trying to determine how the cells successfully recover from the freeze thaw cycle. Further, 
they are examining the internal chemistry, electrolyte/electrode interactions, and physical 
structure of the Li-ion cell using two different techniques.  

ECF22 P.I. Prof Zhu is focused on the thermo-mechanical degradation that may limit electrode 
operating life. She employs Micro-Raman and transient grating spectroscopy (TGS) techniques 
for analyzing chemical property changes (Zhu 2024). In addition, she uses acoustic time-of-flight 
(ToF) to detect changes in the material speed of sound as a material transition from liquid to 
solid.  

As the electrolyte freezes, certain constituents freeze first and this causes the portion that does 
not freeze to be forced into pockets of high concentration that eventually freezes. These 
concentrations appear to dissolve back into solution when the electrolyte thaws and thus the 
process is reversible. Further potential structural changes during the freezing process are 
apparently reversed upon thawing. Prof Zhu tested cells through a series of charge/discharge 
cycles with and without freeze thaw cycles and did not see a clear difference in capacity change. 

ECF22 P.I. Prof Hatzell is using a Synchrotron X-ray computer tomography (XCT) imaging 
technique to image the freeze thaw process in real time (Hatzell, 2024). She is focused on the 
cell electrochemistry and changes during the freeze thaw process. A series of 150 
charge/discharged cycles (1C) with interleaved freeze thaw cycles indicated very little 
degradation. X-ray computed tomography imaging of the cells “jelly roll” structure appears 
normal when 1C was used in combination with freeze-thaw cycles. 

However, a distinct degradation of charge capacity is observed if charge/discharge rates are 
raised to (4C). XCT imaging of cells operated at 4C rates revealed distinct deformation occurred 
without a freeze/ thaw cycle. Further, cells operated at 4C and then a subjected to freeze/thaw 
cycle exhibited additional deformation in the inner layers. Suggesting 4C cycles alters the 
materials making them more prone to distortion during a freeze/thaw cycle. 

Both PI’s have independently determined that, assuming a low charge/discharge rate, the 
Freeze/Thaw cycle barely effects the rate of degradation in charge capacity over many cycles. 
Testing at varied states-of-charge (SOC) suggests that the SOC does not seem to have a 
significant effect on charge capacity after freeze/thaw cycles. However, at high charge/discharge 
rates the cell experiences interior jelly roll degradation that is further aggravated by freeze/thaw 
cycle.  

This suggests that we should expect that COTS cylindrical cell Li-Ion batteries to survive and 
provide a substantial number of hibernation cycles provided that the charge/discharge rates are 
limited to 1C. ECF22 work continues through the end of 2025.  
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GRC is developing a specialized BMS to manage the recovery of Li-Ion batteries coming out of 
hibernation. This work is done under a STMD Early Career Initiative project named ICE-CHILL  

Findings: Energy Storage: Battery Hibernation 
 COTS Cylindrical 18650 Li-Ion cells have been demonstrated to survive a freeze/thaw cycle 

down to -223 °C (50 K) and recover their charge capacity when returned to normal 
temperatures.  

 No discernable degradation of charge capacity was noted.  
 COTS cells with polymer seals are unreliable at cryogenic temperatures and risk ingesting 

and trapping condensed gases and resulting in overpressure damage at normal temperatures if 
operated in at I atmosphere. Perform hibernation cycles in a vacuum.  

 Investigations by two STMD PIs on Li-Ion freeze/thaw behavior confirmed that degradation 
rate was very small and has a small effect on overall cell life.  

 High charge/discharge rates (4C) have a dramatically more pronounced effect than the freeze 
thaw cycle on cell operating life. 

 Provided charge/discharge rates are kept low (1C) we can expect COTS Li-Ion cells to 
tolerate many hibernation cycles. 
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E.3 Gap analyses 
Photovoltaic Solar Arrays  

 Need full scale solar array test data for operation down to -223 °C (50 K). 
 No design rules for solar arrays surviving multiple lunar night cycles. 
 Need to assess the risk of thermal shock at lunar dawn. 

 Solar Array Regulation Electronics 
See gaps below, 
Solar Array O/C Overvoltage Protection 

 No guidelines for handling of high open circuit voltage. 
Solar Array Regulation: Sequential Shunt Switching Regulator 

 AS3R regulation circuit at spacecraft scale tests at cryo-temperatures is needed.  
 Cryo-Temperature characterization test data for shunt regulation parts is needed.  

Solar Array Regulation: Maximum Power Point Tracker (MPPT) 
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 Cryo-Temperature characterization test data for MPPT digital controls, analog and power 
switching parts is needed at cryo-temperature and capable of a cold start at 50 K.  

 A demonstration of MPPT array regulation at spacecraft scale in cryo-temperature and 
capable of a cold start at 50 K is needed. 

Spacecraft BMS Cold Electronics 
 Need to demonstrate a charge control and battery management capable of a cold start and 

operation at 50 K. (Note there is STMD funded work at GRC called “ICE-CHILL” 
project.) 

 Need battery management guidelines for hibernation recovery. 
Main Bus Controller 

 Would benefit from a microcontroller/FPGA proven to cold start and operate at cryo-
temperature down to 50K. 

 Need high voltage LRC passives prove to cold start and operate at cryo-temperature 
down to 50 K. 

Power Distribution Unit (PDU) 
 Would benefit from a digital microcontroller proven for cryo-temperature operations. 
 Need power conversion controls and parts for cryo-temperature operations. 
 Need Analog fault detection, fault isolation and current limiting circuits for cryo-

temperature operations. 
High-Power Electric Motor Applications  

 Need Microcontroller for motor control proven for cryo-temperature operations. 
 Need 3-phase motor commutation controller suited for cryo-temperature operations. 
 Need Hall Effect motor sensors suited for cryo-temperature operations OR an alternative 

sensor-less scheme (requires digital signal analysis). 
 Need DC-DC PWM voltage control circuit suited for cryo-temperature operations. 

High Voltage Transient Suppression 
 Need characterization data regarding TVS devices, Transorbs, Punch Through Diodes and 

MOV devices at cryo-temperatures. 
Analog Electronics for power applications at cryotemperatures 

 There are no published guidelines on analog temperature compensation techniques for 
cryotemperature applications. 

 Silicon-Germanium properties for analog applications at cryogenic temperatures are not 
well known in industry. 

 FDSOI CMOS properties for analog applications for cryogenic temperatures and the 
potential ability to exploit back bias for temperature compensation is not well known. 

Digital Electronics for power applications at cryotemperatures 
 Need further evaluations of COTS digital devices for cryo-temperature cold start and 

operations at 50K. Many have been demonstrated to 77K (LN2) but few have 
demonstrated cold start at 50K. 

 SOI-CMOS properties for digital applications at cryo-temperatures and the potential to 
exploit back bias for temperature compensation are not well known in industry. 

Mixed Signal Devices for power applications at cryotemperatures.  
 Need an approach for COTS devices that combine digital and analog circuits at cryo-

temperatures. 
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 Need to determine a semiconductor of choice for mixed signal applications at cryo-
temperatures.  

Power Switching Transistors for power applications at cryotemperatures  
 Gallium-Nitride properties at cryogenic temperatures are not well known in industry. 
 Need an approach to qualifying GaN devices for long operating life for cryo-applications.  

LRC Passives for power applications at cryotemperatures 
 There have been a number of studies that evaluated passive devices at cryotemperatures. 

Some COTS passives are suitable for cryogenic temperature operations. Some passives 
require special fabrication. However, no comprehensive guideline of LRC passives 
properties for power applications at cryotemperatures to 50 K appears in literature. 

Energy Storage 

 Li-ion batteries can be discharged as low as -60 to -90 °C at low rates, however, they 
cannot be charged at these temperatures due to issues with Li plating.  

 Li-ion cells cannot be discharged at high rates at temperature < -40 °C. 

 The effects on battery lifetime during electrical and thermal cycling at low temperatures 
are not well understood, with inadequate data and models to evaluate the effects of 
plating on lifetime as well as the mechanical effects of multiple freeze-thaw cycles. 

 Traditional intercalation electrodes based on graphite and used for most Li-ion cells today 
limit performance of cells. Alternative and conversion electrodes based on lithium 
titanate, silicon, lithium metal or on electrochemically active liquid systems offer 
approaches for operating < -80 °C and have been recently study but are at TRL < 3 for 
use in space applications. 

 Electrochemical methods for energy storage are unlikely to support adequate energy 
storage at cryo-genic temperature, due to fundamental limitations with thermally 
activated processes. 

Energy Storage: Power Hibernation 

 The polymetric seals on COTS 18650 and similar cells shrink substantially at cryo-temps 
an allow external atmosphere to enter and become trapped causing a overpressure failure 
when returned to normal temperatures. An improved cell seal suitable for 
cryotemperatures is needed.  

 Need new procedures and test parameters for hibernation and recovery of Li-Ion 
batteries.  

 There has been no lunar mission explicitly designed to exploit a power hibernation 
strategy.  
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Appendix F Technical Interchange Meeting and Presentations 
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AFRL 
Alpha Core, Inc. 
Amentum 
Analog Devices 
APL 
Aspen Consulting Group 
Athens Consulting, LLC 
Boeing 
CACI International 
CoolCAD Electronics 
Crane Aerospace and Electronics 
DPA Components Int'l 
Frequency Management International (FMI) 
Frontgrade Technologies 
Georgia Tech 
Honeybee Robotics 
Honeywell 
IDA 
Infineon Technologies 
Intelligent Fiber Optic Systems Corporation 
(IFOS) 
Iris Technology Corporation 
Kyocera AVX 
Lockheed Martin 
MDA 
Micron Technology 
MIT Lincoln Laboratory 
Motiv Space Systems 
NASA GSFC/GRC/LaRC/JPL/JSC/MSFC 
NASA NEPP/NESC/STMD 
Northrop Grumman Corporation 
Presidio Components, Inc. 
Rensselaer Polytechnic Institute 
STMicroelectronics 
Tap Engineering 
Topline Corporation 
TTM Technologies 
University of Tennessee 
USAF 
Vanderbilt University 

Viasat 
Vishay 
Vorago 
Voyager Technologies 
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Background, Goals and Objectives 

 The NASA Engineering and Safety Center (NESC) is conducting an assessment of the 
state of cold capable electronics for future lunar surface missions. The intent is to enable 
the continuous use of electronics with minimal or no thermal management on missions of 
up to 20 years in all regions of the lunar surface. 

 The scope of the assessment is to capture the state of cold electronics at NASA, 
academia, and industry, applications and challenges for lunar environments, and gap 
analyses of desired capabilities vs the state of the art/practice, and provide guidance for 
cold electronics selection, evaluation and qualification and recommendations for 
technology advances and follow-on actions to close the gaps. A draft report of the 
assessment will be shared with attendees a week before the meeting. Attendees are urged 
to read the report beforehand. 

 The goal of the TIM is to capture your feedback with regards to the findings of the report, 
especially in the areas below: 
 Technologies, new or important studies or data that we missed. 
 Gaps (i.e. requirements vs available capabilities that we missed). 
 Additional recommendations, suggestions, requests, that we missed. 

Agenda 
Day 1, April 30, 2025 
8:00 – 9:00   Sign-in 
9:00 – 10:00   Introduction – Y. Chen 
10:00 – 11:00   Environment and Architectural Considerations – R. Some 
11:00 – 12:00   Custom Electronics – M. Mojarradi 
12:00 – 13:00   Lunch 
13:00 – 14:00   Power Architecture – R. Oeftering  
14:00 – 14:30   Energy Storage – E. Brandon 
14:30 – 15:30   COTS/MIL Electronics – J. Yang-Scharlotta  
15:30 – 16:00   Passives – R. Oeftering 
16:00 – 17:00   Materials & Packaging and Qualification (Packaging) – L. Del Castillo 
17:00 – 17:30   Qualification (Electronics) – Y. Chen and J. Yang-Scharlotta 
18:30  Dinner 
Day 2, May 1, 2025 
8:00 – 9:00   Sign-in 
9:00 – 12:00   Review and discussion of key findings  
12:00 – 13:00   Lunch 
13:00 – 15:30   Follow on work concepts & discussions.  

15 min each from industry primes and subsystem developers  
What would you like to see developed and how would it impact your 
future missions/platforms? 

15:30 – 17:30   Follow on work concepts & discussions 
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15 min each from technology & component developers, academia, 
government agencies, etc. 
What would you like to be funded to do and what are benefits to 
NASA/missions? 

18:00 – 18:15   Wrap up – Y. Chen 
 
Included in this appendix is all of the presentations from the NESC team during the TIM: 
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