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Abstract

Autonomous robotic systems designed for extraterrestrial in situ resource utilization (ISRU)
will play a central role in enabling a sustained human presence on the Moon and Mars.
These robots are expected to perform tasks such as regolith excavation, water extraction,
oxygen production, and propellant generation under extremely harsh environmental con-
ditions, including large temperature variations, abrasive dust, high radiation levels, and
significant communication delays with Earth. Consequently, their onboard electrical sys-
tems must operate with high reliability, autonomy, and fault tolerance. A critical enabling
technology for these systems is the isolated power conversion architecture, which dis-
tributes energy from primary power sources to multiple robotic subsystems, including
mobility actuators, drilling systems, sensors, computing units, and thermal management
modules. Future lunar and Martian missions are expected to rely on a combination of
alternative energy sources, including solar photovoltaic arrays with energy storage, fuel
cells, radioisotope power systems, and nuclear surface power reactors, which can provide
continuous and high-density energy independent of sunlight availability. These diverse
power sources require flexible and highly efficient isolated DC-DC power conversion
architectures capable of managing wide input voltage ranges while ensuring electrical
isolation, safety, and system stability across distributed robotic platforms. This literature re-
view surveys recent developments in autonomous isolated power conversion architectures
suitable for lunar and Martian resource extraction robots. The review examines advanced
converter topologies such as resonant converters, phase-shifted full-bridge converters,
dual-active bridge converters, and modular multiport power converters designed for high
efficiency, high power density, and scalable power distribution. Emphasis is placed on
converter architectures capable of interfacing with nuclear-powered systems and other
high-energy-density sources while supporting distributed loads in robotic mining and
processing systems. In addition, the paper reviews emerging autonomous control strate-
gies, including adaptive digital control, intelligent power management, fault detection
and self-recovery mechanisms, and distributed power architectures capable of maintaining
stable operation under dynamic load conditions. The role of wide-bandgap semiconductor
technologies, including silicon carbide (SiC) and gallium nitride (GaN), is also examined,
highlighting their potential to enable higher switching frequencies, improved efficiency,
reduced system mass, and enhanced thermal performance in vacuum environments. Fi-
nally, system-level considerations for integrating isolated power conversion within robotic
ISRU platforms are discussed, including redundancy strategies, power bus architectures,
electromagnetic compatibility, thermal management, and long-duration reliability require-
ments. By consolidating advances across power electronics, autonomous control, and space
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power systems, this review identifies key research gaps and outlines design directions for
next-generation autonomous power conversion systems capable of supporting scalable
lunar and Martian resource extraction infrastructures powered by both renewable and
nuclear energy sources.

Keywords: autonomous power systems; in situ resource utilization (ISRU); DC-DC converters;
power electronics; wide-bandgap semiconductors; GaN; SiC; digital twins; lunar robotics;
Mars exploration

1. Introduction

NASA'’s Moon-to-Mars (M2M) exploration initiative has identified in situ resource
utilization (ISRU) as a key technology for establishing a sustainable human presence on
the Moon and enabling future crewed missions to Mars [1-6]. ISRU involves extracting,
processing, and utilizing locally available planetary resources to reduce dependence on
Earth-based resupply while significantly lowering launch mass, mission cost, and logistical
complexity [3,4]. Within NASA’s Artemis program, ISRU technologies are being developed
for oxygen extraction from lunar regolith, water recovery from permanently shadowed
regions, propellant production, energy storage, and construction material manufacturing.
Future Mars missions are expected to expand these capabilities to include atmospheric
carbon dioxide processing, methane production, autonomous excavation, and large-scale
resource processing [5,6].

Achieving these objectives requires autonomous robotic systems capable of perform-
ing excavation, transportation, processing, construction, and infrastructure maintenance
under extreme environmental conditions. Unlike terrestrial mining operations, extraterres-
trial robotic platforms must operate in environments characterized by extreme temperature
cycling, abrasive dust, radiation exposure, vacuum or low-pressure conditions, and signifi-
cant communication latency with Earth [1,5,7]. These challenges necessitate highly reliable,
energy-efficient, and fault-tolerant electrical power systems capable of autonomous opera-
tion with minimal human intervention.

Recent advances in power electronics have identified isolated power conversion sys-
tems as a critical enabling technology for extraterrestrial robotic platforms. Isolated DC-DC
converters provide galvanic isolation, voltage regulation, bidirectional power transfer, and
distributed power management between primary energy sources and robotic subsystems,
including mobility actuators, drilling mechanisms, sensing units, onboard computers,
communication systems, and thermal management equipment [8,9]. Numerous converter
topologies have been investigated for space applications, including half-bridge and full-
bridge converters, phase-shifted full-bridge (PSFB) converters, resonant converters, dual-
active-bridge (DAB) converters, and modular multiport converter architectures designed
to achieve high efficiency, high power density, and scalable system integration [9-11].

Future lunar and Martian missions will likely employ hybrid power systems com-
bining solar photovoltaic arrays, regenerative fuel cells, radioisotope power systems, and
nuclear fission surface reactors capable of supplying continuous electrical power indepen-
dent of solar illumination (see Figure 1) [6,12]. These heterogeneous energy sources require
intelligent isolated power conversion architectures capable of operating over wide input
voltage ranges while maintaining electrical isolation, efficient energy coordination, and
stable operation under highly dynamic loading conditions.
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Renewable and nuclear power sources enable autonomous robotic resource extraction on the Moon, Mars, and beyond.  —

Figure 1. Al-generated illustrations based on Moon to Mars scope developed by NASA [13].

Significant advances have also been made in adaptive digital control, intelligent
power management, distributed energy coordination, fault diagnosis, digital twins, and
artificial intelligence for autonomous power electronics [14,15]. Furthermore, the rapid
development of silicon carbide (SiC) and gallium nitride (GaN) semiconductor technologies
has enabled substantially higher switching frequencies, increased power density, reduced
converter mass, and improved thermal performance, making these devices highly attractive
for extraterrestrial robotic applications [16]. Together, these developments provide the
technological foundation for next-generation intelligent power conversion systems capable
of supporting long-duration ISRU operations.

Although considerable research has been conducted on individual aspects of power
electronics, autonomous robotics, space power systems, and intelligent energy manage-
ment, the existing literature remains fragmented across these disciplines. Comprehensive
reviews specifically addressing autonomous isolated power conversion architectures for
lunar and Martian resource extraction robots remain limited. Therefore, this paper presents
a comprehensive review of recent advances in isolated converter topologies, autonomous
control strategies, intelligent power management, wide-bandgap semiconductor technolo-
gies, digital twins, fault-tolerant architectures, and system-level integration for renewable-
and nuclear-powered extraterrestrial robotic systems. The paper also identifies current
research gaps and discusses future research directions toward scalable, resilient, and intelli-
gent power conversion systems capable of supporting sustainable ISRU infrastructure on
the Moon and Mars.

The principal contributions of this review are summarized as follows. First, it estab-
lishes the mission-level context for autonomous power conversion by linking the electrical
power requirements of representative lunar and Martian ISRU robots and processing sys-
tems with candidate renewable and nuclear surface power sources and the environmental
constraints of extraterrestrial operation. Second, it synthesizes and comparatively evaluates
major isolated converter topologies, including wide-bandgap half-bridge and full-bridge
converters, dual-active-bridge converters, phase-shifted full-bridge converters, LLC and
CLLC resonant converters, and modular multiport architectures, with particular attention
to efficiency, power density, soft-switching capability, bidirectional operation, scalability,
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and radiation-related reliability. Third, it integrates power-converter hardware with au-
tonomous operation by reviewing adaptive digital control, intelligent power and energy
management, fault detection and self-recovery, digital twins, artificial intelligence-enabled
predictive maintenance, and SiC and GaN semiconductor technologies. Fourth, it identifies
unresolved system-level challenges and future research directions involving high-voltage
DC distribution, thermal management in vacuum, electromagnetic compatibility, radiation
tolerance, modular redundancy, and long-duration reliability.

The remainder of this paper is organized as follows. Section 2 reviews the electrical
power demands of representative ISRU robotic platforms, candidate renewable and nuclear
energy sources, and the environmental challenges associated with lunar and Martian opera-
tions. Section 3 examines isolated power-conversion architectures, including wide-bandgap
bridge converters, DAB, PSFB, LLC and CLLC resonant converters, comparative topology
characteristics, and radiation-tolerant and redundant converter designs. Section 4 discusses
adaptive digital control, intelligent power management and energy coordination, fault
diagnosis, digital twins, Al-enabled predictive maintenance, and autonomous self-recovery.
Section 5 identifies major research gaps and future development directions in power-bus
architecture and system integration, thermal management in vacuum, electromagnetic
compatibility, reliability, redundancy, and long-duration autonomous operation.

2. Extraterrestrial ISRU Robotic Systems and Power
System Requirements

Extraterrestrial ISRU systems encompass a diverse range of robotic platforms and
resource processing facilities designed to support long-duration lunar and Martian explo-
ration. These systems perform tasks including regolith excavation, material transportation,
oxygen and water production, propellant generation, construction material manufacturing,
and infrastructure maintenance. Because these operations involve highly dynamic electrical
loads and operate under harsh environmental conditions, their power systems must pro-
vide high efficiency, fault tolerance, autonomous operation, and long-term reliability. This
section reviews the electrical power requirements of representative ISRU robotic systems,
available renewable and nuclear energy sources, and the environmental challenges that
influence the design of autonomous isolated power conversion architectures.

2.1. Electrical Power Demands of ISRU Robotic Platforms

The electrical power demand of in situ resource utilization robotic platforms is a criti-
cal design consideration for sustained lunar and Martian exploration missions. Robotic
ISRU systems must be capable of supporting energy-intensive activities including regolith
excavation, material transport, oxygen production, and autonomous construction, requir-
ing power architectures that balance mobility, processing throughput, and operational
longevity. Based on the number of different tasks ISRU platforms are designed to accom-
plish, the power required for each system can vary significantly. Table 1 shows various
ISRU architectures and its estimated required power.

Table 1. Representative Electrical Power Requirements of Lunar and Martian ISRU Systems.

Equipment

Primary Function Estimated Power Requirement

Miniature Thermal
Emission Spectrometer [17]

5.6 W—Operation

Mineralogical and thermal imaging 0.3 W—Standby

Mars Environmental Dynamics Atmospheric and

Analyzer (MEDA) [16]

. o 17 W
environmental monitoring
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Table 1. Cont.

Equipment Primary Function Estimated Power Requirement
Mars Oxygen ISRU Oxygen production from 300 W
Experiment (MOXIE) [17] atmospheric CO,
Radar Imager for Mars’ Subsurface .
Experiment (RIMFAX) [16] Ground-penetrating radar 5-10 W
Drilling and Sample Regolith excavation and 50250 W
Collection Systems [18] sample acquisition
~200 W peak

Sample Analysis at Mars (SAM) [19]

On-site chemical and organic analysis

~average 100 W

Chemistry and Mineralogy (CheMin)

Instruments [20] Mineralogical analysis 46 W peak
Dynamic Albedo of Subsurface hydrogen 13W
Neutrons(DAN) [21] detection

Regolith Excavator (RASSOR for
Comparison) [22,23]

Autonomous regolith
excavation operations

4 W per kg of regolith excavated

Molten Regolith Electrolysis
(MRE) Reactor [24,25]

Large-scale oxygen and
metal production

14,000-56,000 W

Mars Atmosphere and Regolith
Collector/Processor (MARCO POLO)
Atmospheric Processing

Module (APM) [26]

Atmospheric CO, collection
and processing

Day operation ~850 W
Night operation ~50 W

Hydrogen Reduction Reactors [27]

Oxygen extraction from lunar regolith

3300 W

Proton Exchange Membrane
(PEM) Electrolyzers [28]

Water electrolysis and
oxygen generation

1500 W

Laser-Based Road

Regolith sintering and
infrastructure construction

23,000 W—Assume heated
over 10 h

Construction System [29]

2.2. Renewable and Nuclear Energy Sources for Surface Missions

Reliable electrical power generation is one of the fundamental requirements for sus-
tained lunar and Martian exploration. Future extraterrestrial missions are expected to rely
on a combination of renewable and nuclear energy systems capable of supplying both pri-
mary and auxiliary electrical loads while supporting autonomous robotic operations, ISRU
facilities, habitats, communication infrastructure, and scientific payloads [30]. Candidate
power technologies differ significantly in power density, operational lifetime, environmen-
tal resilience, scalability, and electrical distribution characteristics, making the selection of
an appropriate energy source highly dependent on mission duration, geographical location,
and surface operating conditions.

Solar photovoltaic (PV) systems remain the most mature renewable energy technology
for robotic planetary exploration because of their modularity, low maintenance require-
ments, and proven flight heritage [31]. Photovoltaic arrays directly convert solar radiation
into electrical energy and have successfully powered numerous lunar and Mars missions.
Recent studies suggest that solar power can continue to play a major role in supporting
future human exploration of Mars, particularly in equatorial regions where solar irradi-
ance remains relatively high [32]. Compared with nuclear systems, photovoltaic power
plants may require lower transported mass during early mission phases and offer greater
deployment flexibility for modular surface installations. However, solar energy production
is highly dependent on illumination conditions and is significantly affected by seasonal
variations, eclipse periods, and dust accumulation on solar panels. Consequently, hybrid
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renewable energy systems combining photovoltaic arrays with batteries, regenerative
fuel cells, wind turbines, or other energy storage technologies have been proposed to
improve system resilience and ensure continuous operation during extended dust storms
or prolonged periods of low solar irradiance [33].

For long-duration lunar and Martian missions, nuclear power remains the most attrac-
tive option for providing continuous baseload electrical power independent of environ-
mental conditions. Two primary nuclear technologies have been developed for space explo-
ration: radioisotope power systems (RPSs), which convert the decay heat of plutonium-238
into electricity for low-power applications, and fission power systems (FPSs), which employ
controlled uranium-235 fission reactions to generate electrical power ranging from several
kilowatts to megawatts. Radioisotope power systems have successfully supported numer-
ous NASA missions, including Apollo, Pioneer, Viking, Voyager, Cassini, New Horizons,
and the Mars Curiosity and Perseverance rovers, demonstrating exceptional operational
reliability over several decades.

To satisfy the substantially higher power requirements of future ISRU facilities and
human habitats, NASA and the U.S. Department of Energy have jointly developed the
Kilopower and Fission Surface Power (FSP) programs. These systems utilize compact
heat-pipe-cooled reactors coupled with Stirling power converters to provide continuous
electrical power for oxygen production, water extraction, propellant manufacturing, habitat
operations, and robotic mining independent of solar illumination [34]. Nuclear surface
power significantly reduces dependence on large battery storage systems and enables
continuous operation in permanently shadowed lunar regions and during global Martian
dust storms. Nevertheless, the deployment of nuclear power systems introduces additional
engineering challenges, including radiation shielding, reactor startup and control, heat
rejection in vacuum environments, launch safety, and long-term reliability. Consequently,
future extraterrestrial power architectures are expected to integrate both renewable and
nuclear energy sources within intelligent hybrid power management systems to maximize
efficiency, resilience, and mission flexibility.

2.3. Environmental Challenges in Lunar and Martian Operations

The harsh environments of the Moon and Mars present significant challenges for the
design and long-term operation of autonomous robotic systems and their associated power
electronics. These challenges directly influence the reliability, efficiency, and lifetime of
power generation, energy storage, and power conversion systems, making environmental
resilience a primary design consideration for future ISRU missions.

One of the most severe environmental hazards on the lunar surface is the accumu-
lation of highly abrasive and electrostatically charged lunar regolith. Fine dust particles
readily adhere to solar panels, optical instruments, thermal radiators, mechanical seals,
bearings, and electrical connectors, degrading their performance and accelerating mechani-
cal wear [7,35]. Unlike Earth, the Moon lacks both a substantial atmosphere and a global
magnetic field, exposing its surface directly to solar wind plasma, ultraviolet radiation,
and continuous micrometeoroid bombardment. These conditions cause fine regolith parti-
cles to become electrostatically charged and levitated above the surface, allowing dust to
adhere to exposed equipment and interfere with robotic mobility, scientific instruments,
communication hardware, and photovoltaic power generation [36].

Extreme thermal cycling further complicates lunar surface operations. Surface temper-
atures fluctuate from approximately —173 °C during the lunar night to more than 120 °C
during the lunar day, producing severe thermal stresses on batteries, power electronic
modules, semiconductor devices, solar arrays, thermal control systems, structural materi-
als, and electrical interconnections [37]. Repeated thermal expansion and contraction can
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accelerate solder fatigue, insulation degradation, packaging failure, and material aging,
significantly reducing the operational lifetime of electronic systems. Consequently, future
lunar power systems must incorporate robust thermal management, dust mitigation tech-
nologies, radiation-hardened electronics, and fault-tolerant power conversion architectures
capable of maintaining reliable operation throughout extended mission durations.

The Martian environment presents a different but equally demanding set of engi-
neering challenges. Frequent regional and global dust storms suspend large quantities of
fine electrostatic dust within the atmosphere, allowing particles to infiltrate mechanical
joints, optical sensors, electrical connectors, cooling systems, and power electronics [38].
Dust accumulation significantly reduces photovoltaic power generation, degrades opti-
cal system performance, and increases mechanical wear, while suspended atmospheric
dust attenuates both optical and radio-frequency communication signals between sur-
face assets, orbiters, and Earth [39]. In addition, the thin CO, atmosphere provides only
limited convective cooling, placing greater demands on thermal management systems
for high-power electronic equipment. These environmental constraints require future
autonomous robotic platforms to employ advanced dust mitigation strategies, intelligent
power management, fault-tolerant converter architectures, autonomous health monitoring,
and predictive maintenance technologies to ensure reliable long-duration operation on the
Martian surface.

3. Isolated Power Conversion Architectures for Lunar and Martian
Robotic Platforms

3.1. Wide-Bandgap Half-Bridge and Full-Bridge Converter Topologies

Wide-bandgap (WBG) semiconductor devices, particularly gallium nitride (GaN) high-
electron-mobility transistors (HEMTs) and silicon carbide (SiC) MOSFETs, have emerged as
enabling technologies for next-generation high-power-density power conversion systems
intended for lunar and Martian surface missions [40]. Compared with conventional silicon
devices, WBG semiconductors exhibit higher breakdown voltage, lower switching losses,
faster switching speeds, higher junction-temperature capability, and superior power density,
making them well suited for the stringent mass, volume, and efficiency requirements of
extraterrestrial robotic systems [41]. These characteristics enable converter switching
frequencies from several hundred kilohertz to the megahertz range, significantly reducing
the size and weight of transformers, inductors, and filtering components while improving
overall converter efficiency [42].

Half-bridge and full-bridge converter topologies constitute the fundamental build-
ing blocks of many isolated DC-DC converter architectures used in distributed power
systems [43]. Half-bridge configurations are widely employed in compact point-of-load
converters, motor drives, auxiliary power supplies, and medium-power isolated converters
because of their relatively simple structure and high efficiency. In contrast, full-bridge
topologies provide greater power handling capability, bidirectional power flow, and im-
proved transformer utilization, making them particularly suitable for high-power ISRU
applications, including excavation systems, drilling platforms, thermal processing units,
and autonomous construction equipment [44]. These bridge topologies also serve as the
basis for more advanced isolated converters, including phase-shifted full-bridge (PSFB),
LLC resonant, and dual-active-bridge (DAB) converters (see Section 3.2).

Despite their superior electrical performance, WBG-based converters must operate
under the harsh environmental conditions encountered on the Moon and Mars. Extreme
thermal cycling, vacuum or low-pressure environments, radiation exposure, abrasive dust
contamination, and prolonged autonomous operation impose significant challenges on
semiconductor packaging, gate-drive circuitry, magnetic components, and insulation sys-
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tems. Although numerous studies have demonstrated that GaN devices exhibit excellent
tolerance to total ionizing dose (TID), concerns remain regarding single-event effects (SEE),
threshold-voltage drift, leakage-current degradation, and long-term gate reliability un-
der high-radiation environments. Consequently, future extraterrestrial converter designs
should integrate radiation-aware device selection, fault-tolerant gate drivers, optimized
thermal paths, EMI suppression techniques, autonomous health monitoring, and intel-
ligent protection strategies. These design considerations enable WBG half-bridge and
full-bridge converter topologies to provide compact, efficient, and highly reliable iso-
lated power conversion for distributed robotic platforms and future lunar and Martian
surface infrastructure.

3.2. Dual-Active-Bridge (DAB) Converters

The Dual-Active Bridge (DAB) converter has emerged as a preferred topology for
spacecraft electrical power systems due to its symmetrical isolated full-bridge architecture,
which utilizes two active bridges on either side of a high-frequency transformer. This
structure employs the transformer’s leakage inductance as the primary energy-transfer
element, enabling seamless bidirectional power flow by modulating the phase shift between
the two bridges. Such bidirectionality is critical for lunar and Martian missions, allowing
a single converter to function as both a battery charger during solar periods and a boost
regulator during eclipse phases. Furthermore, DAB converters provide essential galvanic
isolation, which protects sensitive onboard avionics from high-voltage transients generated
by dynamic loads like electric propulsion thrusters [45-47].

A defining advantage of the DAB topology is its inherent ability to achieve Zero-
Voltage switching for all semiconductor devices, which significantly reduces switching
losses and electromagnetic interference. When integrated with WBG devices (such as SiC
or GaN), DAB converters can achieve peak efficiencies approaching 99% while operating
at frequencies that dramatically reduce the mass and volume of magnetic components.
NASA-funded research has successfully demonstrated interleaved GaN-based DAB mod-
ules capable of operating in cryogenic environments, making them suitable for extreme
planetary surface conditions [48-50].

To maintain high efficiency across the volatile input/output voltage ranges charac-
teristic of spaceborne energy storage, advanced modulation strategies beyond standard
Single-Phase Shift (SPS) are often required. Schemes such as Triple-Phase Shift (TPS) pro-
vide additional degrees of freedom to minimize circulating currents and backflow power,
ensuring ZVS across the entire operational envelope even under mismatched voltage
conditions. For systems with multiple voltage domains—such as the International Space
Station’s mix of 160 V solar, 120 V distribution, and 28 V battery buses—the DAB topology
can be extended into the Triple-Active-Bridge (TAB) configuration. This multi-port evo-
lution allows for omnidirectional power flow between three or more buses using a single
magnetic core, achieving up to a 40% reduction in system volume compared to traditional
multi-converter baselines [51,52].

3.3. Phase-Shifted Full-Bridge Converters

Phase-shifted full-bridge (PSFB) converters are among the most widely adopted iso-
lated DC-DC converter topologies for medium- and high-power applications because they
combine transformer-based galvanic isolation, fixed-frequency operation, high efficiency,
and soft-switching capability. Power transfer is regulated by introducing a phase shift
between the two bridge legs, while transformer leakage inductance and device output
capacitance enable zero-voltage switching (ZVS), thereby minimizing switching losses,
reducing electromagnetic interference, and increasing converter power density. Com-
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pared with conventional hard-switched full-bridge converters, PSFB converters provide
improved efficiency over a wide operating range and are well suited for high-voltage,
high-power applications.

The inherent advantages of PSFB converters make them attractive candidates for lunar
and Martian power distribution systems, where isolated conversion is required between
high-voltage DC buses supplied by nuclear reactors or photovoltaic arrays and distributed
robotic loads, including excavation actuators, drilling systems, thermal processing equip-
ment, sensors, communication modules, and onboard computing platforms. Furthermore,
PSEB converters can readily interface with SiC MOSFETs and GaN HEMTs, enabling higher
switching frequencies, reduced transformer size, lower conduction losses, and improved
overall converter efficiency [53].

Although PSFB converters have demonstrated excellent performance in terrestrial ap-
plications, their deployment in extraterrestrial environments presents additional challenges.
Under light-load conditions, the loss of zero-voltage switching can increase switching
losses and reduce converter efficiency. Additional concerns include circulating current,
transformer volt-second imbalance, parasitic oscillations, electromagnetic interference,
radiation-induced degradation, and thermal management under vacuum conditions [54].
Recent research has therefore focused on adaptive dead-time optimization, synchronous
rectification, digital control, radiation-aware gate-driver design, and autonomous fault
detection to improve converter robustness and long-term reliability. These advances po-
sition PSFB converters as one of the most promising isolated converter architectures for
future nuclear-powered and renewable-powered ISRU systems operating on the lunar and
Martian surfaces.

3.4. Resonant Converter Architectures for Space Applications

Resonant converter architectures have become an integral component of advanced
space power systems because they offer high conversion efficiency, high power density,
reduced electromagnetic interference (EMI), and soft-switching operation [10]. Unlike
conventional pulse-width modulation (PWM) converters, resonant converters employ
inductive-capacitive (LC) resonant networks to shape voltage and current waveforms,
enabling zero-voltage switching (ZVS) and/or zero-current switching (ZCS). These soft-
switching mechanisms substantially reduce switching losses, minimize semiconductor
stress, and permit significantly higher switching frequencies, thereby reducing the size and
mass of transformers, inductors, and filter components. Such characteristics are particularly
advantageous for spacecraft, lunar bases, Mars habitats, and autonomous in situ resource
utilization (ISRU) systems, where mass, volume, thermal management, and long-term
reliability are critical design constraints.

Among the various resonant topologies, the LLC resonant converter has emerged
as one of the most widely adopted solutions for isolated high-frequency power conver-
sion because of its wide input-voltage operating range, excellent efficiency, and ability
to maintain soft-switching over a broad load range [55]. Bidirectional CLLC resonant
converters further extend these capabilities by enabling efficient energy exchange between
batteries, fuel cells, and distributed DC buses, making them attractive for energy storage
systems, electric mobility platforms, and modular surface power architectures [56]. In addi-
tion, series resonant converters (SRCs), parallel resonant converters (PRCs), and hybrid
resonant switched-capacitor converters continue to be investigated for high-voltage and
high-reliability space applications due to their potential for increased power density and
reduced magnetic component size [57].

Recent advances in wide-bandgap semiconductor devices, particularly SiC MOSFETs
and GaN HEMTs, have significantly enhanced the performance of resonant converters by
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enabling switching frequencies from several hundred kilohertz to the megahertz range
while maintaining high conversion efficiency [58]. The resulting reductions in transformer
size, filter volume, cooling requirements, and overall system mass are particularly ben-
eficial for extraterrestrial missions where payload weight directly impacts launch cost.
Furthermore, resonant converters are increasingly being considered for integration with
NASA'’s Fission Surface Power (FSP) systems, photovoltaic arrays, regenerative fuel cells,
and future high-voltage DC distribution networks envisioned for long-duration lunar and
Martian surface infrastructure.

Despite these advantages, resonant converters continue to present several design
challenges for extraterrestrial deployment. Performance may deteriorate under light-load
operation because of reduced soft-switching capability, while converter characteristics
remain sensitive to resonant component tolerances, magnetic parameter variations, and
frequency-dependent control. In addition, prolonged exposure to radiation, vacuum envi-
ronments, abrasive dust, and extreme thermal cycling can adversely affect semiconductor
devices, magnetic components, insulation systems, and passive elements. Consequently,
current research is increasingly focused on adaptive frequency control, digital twin-assisted
converter monitoring, radiation-tolerant magnetic materials, fault-tolerant control strate-
gies, and autonomous health management systems capable of supporting long-duration
planetary missions. These advances position resonant converter architectures as one of
the most promising isolated power conversion technologies for future robotic mining sys-
tems, ISRU facilities, habitat power distribution networks, and nuclear-powered lunar and
Martian surface operations.

3.5. Comparative Analysis of DAB, PSFB, LLC, and CLLC Conuverter Topologies

Selection of an isolated DC-DC converter for lunar and Martian ISRU systems should
not be based solely on peak conversion efficiency. The selected topology must also satisfy
mission-specific requirements related to rated power, input- and output-voltage variation,
direction of power flow, load-transient response, soft-switching range, power density,
electromagnetic compatibility, control complexity, radiation exposure, fault isolation, and
modular scalability. The relative importance of these criteria varies considerably among
mobile robots, drilling systems, energy-storage interfaces, scientific payloads, thermal-
processing equipment, and centralized ISRU plants.

Table 2 provides a comparative assessment of the dual-active-bridge, phase-shifted
full-bridge, LLC resonant, and bidirectional CLLC resonant converters. Because converter
power rating, efficiency, and power density depend strongly on semiconductor technology,
switching frequency, voltage ratio, magnetic-component design, cooling method, pack-
aging, and control strategy, the quantitative values shown in the table represent selected
hardware demonstrations rather than fundamental limits of the topologies.

The comparison indicates that no single converter topology is optimal for every ex-
traterrestrial power-conversion function. The PSFB converter represents a mature and
robust option for predominantly unidirectional conversion from a high-voltage nuclear
or photovoltaic bus to relatively stable, high-power loads. The LLC converter is particu-
larly attractive when maximum power density, low EMI, and high efficiency are required
within a reasonably controlled voltage-conversion range. In contrast, the DAB converter is
generally preferable when inherent bidirectional power transfer, modularity, and flexible
interconnection among batteries, fuel cells, and distributed DC buses are primary require-
ments. The CLLC converter combines the bidirectional capability of an active-bridge
architecture with the reduced switching losses of resonant conversion, but it requires more
complex resonant design, control, and parameter management.
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Table 2. Concise comparison of isolated converter topologies for extraterrestrial ISRU systems.

Criterion DAB PSFB LLC CLLC
Power level Medium-high; Medium-high Low-medium; scalable =~ Medium-high
modular

Efficiency/ Very high/high High/high Very high/very high ~ Very high/high
power density ery hig g g g ery high/very hig ery hig g
Soft switchin ZVS; broad with ZVS mainly at ZNS/ZCS ZNS/ZCS in

& advanced modulation medium-high load near resonance both directions
Bldlreicﬁlonal Inherent Not inherent Gepgrally Inherent
capability unidirectional
Voltage range Wide range; Moderate range; Frequency-dependent; =~ Wide range; most

and control

complex control

simpler control

component-sensitive

complex control

Radiation-related
considerations

More active switches;
good modular
fault isolation

Fewer switches, but
sensitive to
voltage overshoot

Low switching stress;
sensitive to passive-
component drift

More devices and
passives; supports
modular recovery

Best suited for

Batteries, fuel cells,
DC-bus interties

High-power
unidirectional loads

Avionics and compact
point-of-load supplies

Bidirectional storage
and regenerative loads

Main limitation

Circulating current and
control complexity

Light-load loss of ZVS

Limited reverse
power and
frequency variation

High component count
and control complexity

3.6. High-Power-Density and Radiation-Tolerant Converter Designs

High-power-density and radiation-tolerant converter designs are essential for future
space power systems because spacecraft, lunar surface assets, and Martian ISRU platforms
must operate under stringent constraints on mass, volume, efficiency, thermal manage-
ment, and long-term reliability [45]. Modern converter architectures increasingly leverage
wide-bandgap SiC and GaN semiconductor devices, high-frequency magnetic components,
soft-switching techniques, advanced packaging technologies, and integrated thermal man-
agement to maximize efficiency while minimizing passive component size and overall
system mass [59]. Compared with conventional silicon-based converters, these technologies
enable significantly higher switching frequencies, lower switching losses, and improved
power density, making them particularly attractive for extraterrestrial applications.

Unlike terrestrial power electronics, space-qualified converters must also withstand
radiation-induced degradation resulting from total ionizing dose (TID), displacement
damage, and single-event effects (SEE), including single-event burnout, gate rupture,
threshold-voltage drift, and leakage-current degradation [60]. Consequently, radiation-
tolerant converter designs employ device derating, radiation-characterized semiconductor
components, fault-tolerant gate drivers, redundant converter modules, and reconfigurable
power architectures to improve operational robustness and mission lifetime [61]. These ap-
proaches are especially important for isolated DC-DC converters interfacing high-voltage
nuclear or photovoltaic power sources with robotic actuators, drilling systems, thermal
processing equipment, sensing instruments, communication payloads, and onboard com-
puting systems.

N + 1 modularization does not reduce the intrinsic SEB susceptibility of an individual
semiconductor. Instead, it converts a properly contained single-module failure into a re-
coverable system-level event. Its effectiveness therefore depends on conservative voltage
derating, radiation-characterized SiC or GaN devices, transient suppression, rapid fault de-
tection, bidirectional module isolation, autonomous reconfiguration, and the elimination of
common-mode failure mechanisms. The combination of radiation-aware topology selection
and modular redundancy provides a practical foundation for long-duration, self-recovering
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power conversion systems supporting lunar and Martian robotic resource extraction. Future
converter architectures are expected to integrate high-power-density topologies with intelli-
gent thermal management, EMI suppression, autonomous protection, modular redundancy,
digital health monitoring, and predictive maintenance. Such integrated designs will signifi-
cantly improve converter resilience while supporting long-duration autonomous operation
in the extreme thermal, radiation, and dust environments encountered on the Moon and
Mars. Collectively, these technologies represent a critical foundation for next-generation
extraterrestrial power systems supporting sustainable robotic resource extraction, surface
infrastructure development, and future human exploration.

4. Autonomous Control, Intelligent Power Management, and
Wide-Bandgap Technologies

4.1. Adaptive Digital Control Strategies

Adaptive digital control has become a cornerstone of modern high-power-density
power converters because it provides superior dynamic response, robustness, flexibility, and
autonomous operation compared with conventional analog control techniques. Advances
in digital signal processors (DSPs), field-programmable gate arrays (FPGAs), and system-
on-chip (SoC) platforms have enabled the real-time implementation of sophisticated control
algorithms for isolated DC-DC converters, resonant converters, and bidirectional power
conversion systems [62]. Unlike fixed-gain proportional-integral (PI) controllers, adaptive
digital controllers continuously update control parameters in response to input-voltage
variations, load transients, component aging, and thermal drift, thereby maintaining high
conversion efficiency and stable operation over a wide operating range [63].

A variety of adaptive control techniques have been proposed for switching converters,
including model predictive control (MPC), sliding-mode control (SMC), adaptive P1/PID
control, deadbeat control, fuzzy logic, artificial neural networks (ANNSs), reinforcement
learning (RL), and hybrid intelligent control strategies. Among these approaches, MPC
offers excellent transient response and constraint handling, while sliding-mode control
provides strong robustness against parameter uncertainties and external disturbances. Arti-
ficial intelligence-based controllers further improve nonlinear compensation and adaptive
decision-making without requiring highly accurate mathematical models.

The adoption of SiC and GaN power devices further increases the need for adaptive
digital control because these devices operate at significantly higher switching frequencies
than conventional silicon technologies. Consequently, precise timing, adaptive dead-time
compensation, digital gate-drive optimization, and high-speed sampling become essen-
tial for minimizing switching losses and electromagnetic interference while maximizing
converter efficiency. For lunar and Martian surface missions, adaptive digital controllers
also enable autonomous operation under radiation exposure, extreme temperature cycling,
communication latency, and rapidly changing robotic loads. Emerging technologies such
as digital twins, edge computing, artificial intelligence, and prognostics and health man-
agement (PHM) are expected to become integral components of future adaptive control
systems, enabling intelligent, resilient, and self-healing power converters for long-duration
extraterrestrial exploration.

No single control strategy is optimal for every ISRU operating condition. A practical
mission-oriented architecture should therefore employ multiple control layers, with each
layer assigned functions that match its response speed, computational requirements, and
reliability needs. As shown in Figure 2, adaptive PI/PID or sliding-mode control can be
implemented at the local converter level to provide fast and deterministic voltage and cur-
rent regulation, reject abrupt disturbances from drilling, excavation, and robotic-actuation
loads, and initiate immediate protection during abnormal conditions. Fast local current
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and voltage loops may employ adaptive PI/PID, deadbeat control, or appropriately de-
signed SMC to provide deterministic regulation and immediate protection. MPC may
operate at the converter or power-distribution level to coordinate DAB, CLLC, multiport,
and redundant converter modules while enforcing electrical and thermal constraints. Al,
digital twins, and prognostics and health management may operate at a slower supervi-
sory level to predict load demand, identify degradation, optimize energy allocation, and
recommend reconfiguration.

Control Strategy Most Appropriate ISRU Applications Principal Advantages Principal Limitations

. LQC?.I voltage an'd current loops; » Low computational burden; ¢ Limited multivariable constraint
Adaptive auxiliary and point-of-load deterministic; handling; reduced performance
PI/PID converters; PSFB and LLC @ mature and relatively under severe nonlinearities or

) near nominal conditions easy to verify rapid mode changes
DAB, CLLC, and multiport * Predictive response; * Model-dependent;
MPC converters; modular power 1~ explicit constraint handling; high computational and
sharing; battery and LLEE supports multivariable and memory requirements;
DC-bus coordination B multi-objective optimization greater implementation
complexity
Drilling, excavation, propulsion, A * Fast TGSPENSGQ - o Chattering, EMI, ripple,
and constant-power loads P strong robustness to loal g
SMC R abrs t ‘i @) and parameter variations; meagqrgment an'Se.bi
e t} N P limited dependence on sensitivity, and possible
Isturbances precise models switching stress
Supervisory energy management; » Learns complex nonlinear * Requires representative
Al-Based nonlinear compensation; ” @ behavior; can compensate for training data; difficult
Control fault diagnosis; é o) == 4% | unmodeled dynamics and ;englca,t'oni_C?Tqutt?;Tal
health-aware adaptation degradation e IL{oU=gl=CIStiaU N
J egr behavior
Hybrid Integrated robotic platforms ' * Combines deterministic * Increased integration,
Hierarchical and distributed lunaror ~ ~ £ local protection with communication, cybersecurity,
Martian microgrids Aoezll predictive and intelligent and validation complexi
Control s supervisory optimization By
Recommended Architecture \

1. Fast Local Control {=7F 2. Converter ( System 25 3. Supervisory Intelligence
7 Adaptive PI/PID or SMC # V=f Coordination # = Al digital twins, and

i MPC for multivariable prognostics for health-aware

for deterministic regulation
o) and immediate protection optimization, power sharing, adaptation and mission-level
& and constraint handling “===—  optimization

A hybrid hierarchical architecture is generally preferred for lunar and Martian ISRU systems.

. J

Figure 2. Applicability of Adaptive Control Strategies to Lunar and Martin ISRU Power Systems
(AI-Generated).

4.2. Intelligent Power Management and Energy Coordination

Intelligent power management and energy coordination constitute the supervisory
layer of future extraterrestrial power systems, enabling multiple power sources, energy
storage units, robotic platforms, and ISRU processing facilities to operate as an integrated
autonomous energy network. Unlike conventional spacecraft power systems that primarily
regulate power generation and distribution, future lunar and Martian infrastructures must
dynamically coordinate nuclear reactors, photovoltaic arrays, batteries, fuel cells, mobile
robots, excavation equipment, communication systems, and habitat loads under highly
uncertain and time-varying operating conditions [64].

Modern intelligent energy management systems employ predictive control, optimization-
based scheduling, distributed control, machine learning, and multi-agent coordination to
optimize energy utilization while satisfying constraints related to efficiency, reliability,
battery state-of-charge, thermal limits, and mission priorities. These capabilities are par-
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ticularly important for ISRU operations, where excavation, material transport, oxygen
production, propellant manufacturing, and thermal processing generate highly variable
electrical loads. Intelligent coordination also enables cooperative energy sharing among
large excavation rovers, small scouting robots, swappable tools, and centralized ISRU
hubs through dynamic power allocation based on mission objectives, terrain conditions,
equipment health, communication delays, and available generation capacity [65].

Future planetary energy management systems are expected to integrate digital twins,
artificial intelligence, and prognostics and health management to continuously assess sys-
tem health, predict energy demand, optimize resource allocation, and autonomously recon-
figure power distribution following component degradation or unexpected disturbances.
Consequently, intelligent power management should be regarded as a fundamental archi-
tectural layer for autonomous isolated power conversion systems, providing the resilience,
scalability, and energy awareness required for sustainable robotic resource extraction and
long-duration human exploration of the Moon and Mars.

4.3. Fault Detection, Diagnostics, and Self-Recovery Mechanisms: Digital Twins and Al-Enabled
Predictive Maintenance

Fault detection, diagnostics, and self-recovery are essential capabilities for next-
generation autonomous power conversion systems supporting lunar and Martian ex-
ploration, where maintenance opportunities are extremely limited and communication
delays prevent continuous human supervision. Unlike conventional protection systems
that respond only after catastrophic failures, intelligent converter architectures continuously
monitor electrical, thermal, and mechanical parameters to identify incipient faults before
they propagate into system-level failures [66]. Common failure modes in isolated DC-DC
converters include semiconductor degradation, transformer insulation aging, capacitor
wear-out, gate-driver malfunction, thermal overstress, radiation-induced single-event ef-
fects, and sensor or connector failures [67]. Modern fault diagnosis combines model-based
observers, state estimation, signal processing, and machine learning algorithms to detect ab-
normal operating conditions using voltage, current, temperature, vibration, and switching
waveform signatures.

Digital twin technology has emerged as a powerful framework for intelligent diag-
nostics by maintaining a real-time virtual representation of the physical power conversion
system synchronized with operational telemetry [68]. By continuously comparing predicted
and measured system behavior, digital twins enable early detection of parameter drift,
thermal imbalance, magnetic component degradation, and semiconductor aging while
providing accurate estimates of remaining useful life (RUL) and supporting autonomous
fault isolation [69].

A concrete digital-twin architecture for an autonomous space power converter can be
organized into six coordinated layers. The physical converter and sensing layer monitors
voltages, currents, temperatures, switching states, and environmental conditions, while
the embedded data-acquisition layer filters, timestamps, and processes these signals in
real time. The multi-fidelity virtual-model layer combines reduced-order electrical, control,
thermal, and degradation models for onboard operation with higher-fidelity models for
detailed analysis. The online synchronization and parameter-estimation layer continuously
update model states and health-sensitive parameters using measured telemetry. The fault-
diagnosis and prognostics layer compares measured and predicted behavior to detect
anomalies, isolate likely component faults, and estimate remaining useful life. Finally,
the autonomous decision and recovery layer uses these results to derate or isolate failed
modules, activate redundant converters, reroute power, adjust operating conditions, or
shed noncritical loads while maintaining mission-critical ISRU functions.
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Artificial intelligence further extends these capabilities through machine learning,
deep learning, reinforcement learning, and prognostics and health management (PHM)
techniques that enable predictive maintenance and autonomous decision-making [70].
Al-enabled maintenance systems can forecast component degradation, optimize mainte-
nance schedules, prioritize mission-critical loads, and automatically reconfigure converter
operation to maximize system availability and reliability. Following fault diagnosis, au-
tonomous self-recovery mechanisms can isolate failed converter modules, activate redun-
dant hardware, reroute power through alternative distribution paths, adjust converter
operating conditions, and safely shed nonessential loads while maintaining critical mission
functions [71]. The integration of digital twins, edge computing, Al-enabled predictive
maintenance, and self-healing control establishes a resilient power management framework
capable of supporting long-duration robotic resource extraction and sustainable human
exploration on the Moon and Mars.

5. Research Gaps and Future Development Directions
5.1. Power Bus Architectures and System Integration Switching

Future lunar and Martian missions will require scalable, fault-tolerant power archi-
tectures capable of integrating diverse power generation, energy storage, and utilization
systems within a unified electrical network [72]. High-voltage DC (HVDC) distribution, typ-
ically operating between 300 and 1000 V, is emerging as the preferred architecture because
it minimizes transmission losses, reduces cable mass, and enables efficient long-distance
power delivery across planetary surface infrastructure [73]. These HVDC buses interface
with isolated DC-DC converters that supply regulated power to robotic excavators, ISRU
processing facilities, habitats, communication systems, and scientific payloads [74]. Dis-
tributed Power Management and Distribution (PMAD) systems employing intelligent solid-
state power controllers (SSPCs) further improve system resilience through autonomous
load prioritization, fault isolation, reliabilities, and dynamic power routing [75]. NASA’s
Fission Surface Power (FSP) architecture envisions modular plug-and-play power buses
that can accommodate future expansion of habitats, robotic fleets, and ISRU facilities
without significant modifications to the primary electrical network [76]. Coupled with
distributed communication networks and intelligent energy management, these architec-
tures establish the foundation for autonomous planetary microgrids capable of supporting
long-duration exploration missions [77].

In addition, the above mentioned HVDC distribution for lunar and Martian infrastruc-
ture may introduce significant risks related to electrical arcing and insulation breakdown,
governed by Paschen’s Law, which dictates that the breakdown voltage of a gas is a function
of the product of pressure and the distance between conductors. To ensure the reliability
a few design mitigation strategies such as rigorous mandate to maintain minimum spacing
to prevent arcing between high-voltage pins, advanced insulation and sealing that utilize
hermetic sealing to prevent insulation aging (caused by the combined effects of vacuum
exposure and ionizing radiation), corona mitigation via geometry by avoding sharp edges
and utilizing rounded geometries must be implemented [78].

5.2. Thermal Management in Vacuum Environments

Thermal management remains one of the most significant challenges for high-power-
density power converters operating on the Moon and Mars because heat dissipation relies
primarily on conduction and radiation, with little or no convective cooling available [79,80].
The widespread adoption of SiC MOSFETs and GaN HEMTs has increased converter switch-
ing frequencies and localized heat fluxes, requiring more effective thermal management
strategies to maintain semiconductor junction temperatures within safe operating limits.
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Current space-qualified solutions employ high-conductivity baseplates, vapor chambers,
heat pipes, loop heat pipes, phase-change materials, and high-emissivity radiators to reject
waste heat efficiently into the surrounding environment [81]. In addition, repeated ther-
mal cycling between extreme lunar day and night temperatures accelerates solder fatigue,
bond-wire degradation, insulation aging, and thermal interface material deterioration,
reducing converter lifetime [82]. Consequently, recent research has emphasized integrated
electro-thermal design, lightweight thermal structures, additive manufacturing, and digital
twin-based thermal monitoring to optimize heat dissipation while reducing system mass.
These technologies are expected to play a critical role in improving converter efficiency, reli-
ability, and operational lifetime for autonomous robotic systems supporting long-duration
lunar and Martian missions.

5.3. Electromagnetic Compatibility, Reliability, and Long-Duration Operation

Electromagnetic compatibility (EMC), reliability, redundancy, and long-duration op-
eration are fundamental design requirements for autonomous power conversion systems
supporting future lunar and Martian exploration. High-frequency switching converters
based on wide-bandgap SiC and GaN devices offer substantial improvements in efficiency
and power density; however, their fast-switching transitions and high voltage slew rates
(dv/dt) and current slew rates (di/dt) significantly increase conducted and radiated elec-
tromagnetic interference (EMI), potentially degrading communication systems, navigation
sensors, scientific instruments, and autonomous control electronics [83]. Effective EMI
mitigation therefore requires a system-level design approach incorporating optimized
printed circuit board (PCB) layout, minimized parasitic inductance, common-mode and
differential-mode filtering, shielded cables, controlled gate-drive switching, soft-switching
converter topologies, spread-spectrum modulation, and electromagnetic shielding to ensure
compliance with spacecraft EMC requirements [84].

Beyond EMC considerations, planetary power converters must maintain continuous
operation for many years while withstanding radiation exposure, extreme thermal cycling,
abrasive dust contamination, vacuum environments, and progressive component aging.
These harsh operating conditions demand converter architectures with exceptionally high
reliability and fault tolerance [85]. Modern space power systems increasingly employ mod-
ular redundancy, intelligent solid-state power controllers (SSPCs), fault-tolerant converter
topologies, redundant communication networks, and reconfigurable high-voltage DC dis-
tribution buses capable of autonomously isolating failed components while maintaining
uninterrupted operation of mission-critical loads [86]. Such self-reconfigurable architecture
significantly improve system availability and mission resilience by preventing localized
failures from propagating throughout the power network.

Emerging digital technologies are further transforming the reliability of autonomous
extraterrestrial power systems. Digital twins, artificial intelligence (Al), edge computing,
and prognostics and health management (PHM) enable continuous monitoring of converter
health, thermal behavior, switching characteristics, insulation degradation, and remain-
ing useful life (RUL) estimation. Al-enabled diagnostic algorithms can detect abnormal
operating conditions, predict impending failures, optimize maintenance schedules, and
autonomously initiate corrective actions before catastrophic failures occur. Combined with
intelligent energy management and autonomous fault recovery, these technologies estab-
lish self-healing power conversion architectures capable of adapting to changing mission
conditions without human intervention.

Future lunar and Martian surface infrastructure will likely consist of interconnected
nuclear reactors, renewable energy sources, robotic mining systems, ISRU processing plants,
habitats, communication nodes, and autonomous transportation networks operating as
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distributed planetary microgrids. Consequently, next-generation power conversion systems
must integrate high-efficiency converter topologies with EMC-aware design, radiation-
hardened components, modular redundancy, intelligent fault management, and Al-assisted
predictive maintenance. Such architecture will provide the resilience, scalability, and long-
term reliability required to support sustained robotic resource extraction and future human
exploration on the Moon and Mars.

6. Conclusions

This review examined the space mission requirements, isolated converter topologies,
autonomous control strategies, wide bandgap semiconductor technologies, and system
integration challenges associated with power conversion for lunar and Martian ISRU
robots. Future ISRU platforms must interface heterogeneous energy sources, including solar
photovoltaic systems, batteries, regenerative fuel cells, radioisotope power systems, and
fission surface power with loads ranging from low-power sensing and onboard computing
to high-power excavation, drilling, electrolysis, thermal processing, and construction
equipment. Consequently, galvanic isolation, wide input-voltage capability, high efficiency
and power density, bidirectional power transfer, fault tolerance, and autonomous operation
are fundamental requirements for extraterrestrial power-conversion architectures.

The comparative analysis indicates that no single converter topology is optimal for
all ISRU applications. PSFB converters provide a mature, fixed-frequency solution for
medium- and high-power unidirectional loads, although their soft-switching range may
narrow under light-load conditions. LLC converters offer high efficiency, low electromag-
netic interference, and high-power density near their designed operating range, but their
performance is sensitive to resonant-component tolerances and wide frequency variation.
DAB converters provide inherent bidirectional power transfer, modularity, and flexible
energy coordination, making them particularly suitable for batteries, fuel cells, regenera-
tive robotic loads, and DC-bus interconnections; however, circulating current and control
complexity may increase under large voltage-ratio mismatches. CLLC converters combine
bidirectional operation with resonant soft switching but require more complex resonant-
network design and control. A heterogeneous architecture that assigns different topologies
to mission functions according to their electrical and operational requirements is therefore
preferable to a single universal converter solution. SiC and GaN devices can enable higher
switching frequencies, reduce magnetic-component size, improved efficiency, and increased
power density. Nevertheless, these benefits do not eliminate the challenges associated with
radiation-induced degradation, thermal cycling, vacuum heat rejection, electromagnetic
interference, packaging reliability, and long-duration component aging. Mission-ready
converters should therefore combine radiation-characterized devices, conservative electri-
cal derating, fault-tolerant gate drivers, effective thermal and EMI management, modular
redundancy, and autonomous health monitoring. Hierarchical control architectures that
integrate deterministic local regulation and protection with predictive system coordination,
digital twins, fault diagnosis, prognostics, and supervisory intelligence provide a practical
path toward resilient and self-recovering operation.

Future research should prioritize the experimental validation of integrated converter
systems under representative combinations of radiation, vacuum or low-pressure operation,
abrasive dust, extreme thermal cycling, and highly dynamic robotic loads. Additional priori-
ties include standardized high-voltage DC distribution architectures, interoperable modular
converter interfaces, N + 1 redundancy, autonomous fault isolation and power rerouting,
digital-twin validation, and long-duration hardware-in-the-loop and fault-injection testing.
Overall, autonomous isolated power conversion is a foundational enabling technology
for scalable lunar and Martian ISRU infrastructure. Its successful development will re-
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quire the coordinated integration of advanced converter topologies, wide-bandgap power
devices, intelligent control, fault-tolerant system design, and mission-level power and
energy management.
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