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In May 2019, the mission concept for Psyche: Journey to a Metal World, led by principal 
investigator Dr. Lindy Elkins-Tanton of Arizona State University, was authorized to enter its 
final design and fabrication phase as part of NASA’s Discovery Program. The planned Psyche 
mission is enabled by solar electric propulsion and will use SPT-140 Hall thrusters to 
rendezvous and orbit the largest metal asteroid in the solar system. The spacecraft requires 
no chemical propulsion and, when launched in 2022, will be the first mission to use Hall 
thrusters beyond cis-lunar space. This paper describes ongoing development of the Psyche 
mission and describes how Psyche will use adapt commercially provided solar power and 
electric propulsion systems to meet the mission’s unique science requirements. 

I. Introduction 
INCE 1992, NASA’s Principal Investigator (PI)-led Discovery Program has amassed a compelling list of mission 
successes: NEAR, Mars Pathfinder, Lunar Prospector, Genesis, Deep Impact, Stardust, Kepler, GRAIL, 

MESSENGER, Insight, and Dawn’s mission to Vesta and Ceres.1 The dramatic success that Dawn achieved by 
completing its primary objectives at Vesta in 2012 and at Ceres in 2016 demonstrates the unique value that solar 
electric propulsion (SEP) brings to NASA by enabling planetary science missions that are impractical or impossible 
to conduct using other methods.2 More broadly, NASA’s Discovery Program has amply demonstrated the benefits of 
that cost capped, competitively awarded science missions bring for space exploration.  

In January 2017, Psyche: Journey to a Metal World, led by PI Linda Elkins-Tanton of Arizona State University 
(ASU), was selected for implementation as part of NASA’s Discovery exploration program. The Psyche mission is 
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enabled by electric propulsion and uses SPT-140 Hall thrusters to rendezvous with and orbit (16) Psyche*, the largest 
metal asteroid in the solar system. The Psyche spacecraft requires no chemical propulsion and, when launched in 2022, 
will be the first mission to use Hall thrusters beyond lunar orbit. The project’s early concept design has been described 
in previous work,3,4 and while the project’s scientific objectives and partnership structure are well established, the 
technical design has matured as detailed engineering design proceeds. Some notable developments include: 

 
• Better understanding of mission requirements has led to a change from a shared xenon cold gas propulsion 

system to a dedicated nitrogen cold gas propulsion system.  
 
• An integrated margin management strategy has been defined for tracking of xenon propellant mass, electric 

propulsion system power, and thruster duty cycle over the project’s lifecycle. 
 
• SPT-140 thruster life validation activities have bridged the gap between the thruster life test, designed for 

commercial Earth-orbiting missions, and the Psyche mission environments, operating conditions, and throttle 
profile. 

 
• Modifications to the Maxar’s Electric Power System 2.0 to support deep space operation out to 3.3 AU Sun-

Probe distance have been identified and detailed design is proceeding. 
 
• Further development has occurred of the all-electric momentum management strategy which will be used in 

cruise and much of orbital operations. 
 
• The operations strategy has matured. This strategy, adapted from Dawn, allows safe autonomous operation of 

the spacecraft in deep space, many light minutes from Earth. 
 
• A unique fault protection system has been designed to protect the spacecraft as it autonomously operates its 

electric propulsion system fully autonomously for weeks at a time. 
 

Psyche’s preliminary design review (PDR) was completed in March 2019, and NASA officially approved the start of 
the final design and fabrication phase (Phase C) in May 2019.5 This paper provides an overview of the current 
spacecraft design, describes changes which have occurred since the initial design concept was published, and provides 
a snapshot of current development with an emphasis on the electric propulsion and power subsystems and their 
interactions with spacecraft design and operations. 

II. Mission Concept Overview 
This section provides an overview of the mission’s science objectives, instrument payload, mission architecture, 

and the unique systems engineering approach used to manage technical margins on the Psyche project. 

A. Science Objectives and Payload 
Psyche is believed to be primarily made of metal, based upon its high radar albedo6, high thermal inertia7, 

featureless reflectance spectra8,9, and relatively high density, though measurement of density vary.10,11,12  The asteroid 
is unique in our solar system with respect to these quantities and its large size, with an effective diameter of about 226 
km.10 The primary hypothesis for the formation of Psyche is that it is the metal core of a planetesimal (a small body 
formed within about 1 million years of the first solids in our solar system) that had its rocky exterior stripped by 
destructive collisions with other solar system bodies. Though this is the primary formation hypothesis, it is far from 
sure: We are certain to be scientifically surprised at what we discover when we arrive at Psyche.  

The Psyche mission has three broad scientific goals: 

1. Understand a previously unexplored building block of planet formation: iron cores. 
2. Look inside the terrestrial planets, including Earth, by directly examining the interior of a differentiated 

body, which otherwise could not be seen. 
3. Explore a new type of world. For the first time, examine a world made not of rock or ice, but of metal. 

 
* The IAU designation is (16) Psyche. For clarity, we will use Psyche throughout this paper. 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The science objectives derived from these goals are: 

A. Determine whether Psyche is a core, or if it is primordial unmelted material. 
B. Determine the relative ages of regions of Psyche’s surface. 
C. Determine whether small metal bodies incorporate the same light elements into the metal phase as are expected 

in the Earth’s high-pressure core. 
D. Determine whether Psyche was formed under conditions more oxidizing or more reducing than Earth’s core. 
E. Characterize Psyche’s topography. 

The team was faced with the challenge of how to select payload instruments to test these science objectives when so 
little is known about the asteroid. The team selected two magnetometers to be placed in a gradiometer configuration 
on a boom, led by MIT and delivered by UCLA; two multispectral imagers lead by Arizona State University and 
delivered by Malin Space Science Systems; a gamma ray and neutron spectrometer (GRNS) led and delivered by 
Applied Physics Laboratory, and a gravity investigation led by MIT and facilitated by processing X-band radio 
transmissions through the spacecraft’s telecommunications system. Additional information on the instrument suite 
can be found in reference 13. 

An early-forming planetesimal would be expected to heat significantly from radiogenic 26Al, and would today be 
completely cold. If the magnetometer detects a field at Psyche, then Psyche is a planetesimal core: its parent body had 
a core magnetic dynamo and the core’s colder exterior permanently recorded the magnetic field. Assuming that Psyche 
formed as a fractionating core solidifying from the outside first, we would expect to measure with the gamma ray 
spectrometer surface nickel content of ~4 wt% (or slightly lower if diluted with other material). If the core solidified 
first and the surface was the last material to solidify, we would expect to measure surface nickel content of 6–12 wt%. 
If the core solidified inside first, we would expect no remnant magnetic field, since there would have been no cool 
surface material to record the field while the dynamo was working. 

If we find very low nickel content, and no coherent magnetic field, then we may arrive at perhaps the most exciting 
hypothesis: Psyche never melted, but consists of highly reduced, primordial metal. This hypothesis would be further 
supported by the discovery of no mantle silicates, but instead reduced silicates mixed on a small scale throughout the 
surface. The likeliest place for such material to exist is closest to the Sun in the early disk, where temperatures are 
very hot (reducing) and light elements might have been volatilized away, leaving heavy elements and metals.   

In addition to the science payload, Psyche also includes a technology demonstration payload: a deep space optical 
communications (DSOC) system that will conduct high-rate communications using lasers between the spacecraft and 
ground stations on Earth in support of future human and robotic deep space missions.  

B. Mission Architecture: Interplanetary Cruise  
The Psyche mission will launch from Cape Canaveral in Florida during a launch period which will likely open in 

late July or early August 2022. The nominal launch period is 20 days with a single launch window available every 
day. The nominal launch profile delivers the spacecraft to a parking orbit for a brief coast before the upper stage 
completes a final burn to place the spacecraft on an Earth escape trajectory. Upon separation from the launch vehicle, 
the flight system autonomously deploys both of its solar arrays, orients itself towards the sun, and maintains a power 
and thermally safe state until it receives instructions via ground commands. 

The mission’s first 90 days are designated as the initial checkout phase. After confirming vehicle health, launch 
telemetry is played back and transmitted to the ground, and the spacecraft’s guidance and navigation state is promoted 
from safe mode to a 3-axis stabilized mode that utilizes star trackers and reaction wheels for attitude control. 
Calibrations are performed on various hardware including the ring-laser gyro based Inertial Measurement Unit, 
attitude sensor alignments are verified, and the thrusters for the electric propulsion (EP) system are deployed. EP 
system preparation tasks occur throughout the initial checkout period, including bakeout and up to a full day checkout 
of each of the four thrusters and gimbals, system-level operations and control tests, and a full-week long-duration 
thrust test that includes reaction wheel desaturation maneuvers conducted using the EP system. Instrument checkouts 
are executed throughout this period, including a magnetometer zero-level measurement prior to use of the EP system, 
imager calibration, and multi-day GRNS checkout. DSOC is expected to be powered on during the third week of the 
mission, with the first optical communication opportunity occurring in the second month of the mission and subsequent 
opportunities recurring regularly throughout checkout and cruise. After initial checkout, the spacecraft enters its cruise 
phase. The cruise phase is divided into three periods: Cruise 1 between Earth and Mars, Mars Gravity Assist, and 
Cruise 2 between Mars and Psyche, and is shown in Figure 1. The cruise phase concludes on the transition to the 
Approach phase. 
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Throughout the two cruise periods, the spacecraft spends the majority of its time thrusting using the EP system. 
An important metric for the efficiency of thrusting is the thrust duty cycle. Thrusting is interrupted by regular high 
data rate communications passes to downlink data, upload new command sequences, and collect radiometric 
navigation data. The thrust duty cycle is the percentage of time that the spacecraft is actually thrusting rather than 
conducting other activities. The higher the duty cycle, the more efficient the thrust arc. Requirements have been 
established for minimum duty cycles which must be maintained during cruise. These requirements are shown in Table 
5.  

Additional communications opportunities that do not interrupt the thrust arcs use the low gain antennas. The 
mission makes use of both Thrust Verification and No Downlink Thrust Verification (NDTV) communications passes. 
In Thrust Verification passes, the spacecraft continues to thrust while communicating to Earth on the low gain 
antennas. This allows ground operators to confirm via telemetry that no anomaly has interrupted thrusting. When 
antenna geometry or Earth-Probe distance prohibits closing a data link in the nominal thrusting configuration, the 
NDTV pass allows for the ground to listen for the spacecraft’s radio signal with the expectation that no signal will be 
received from the spacecraft under nominal conditions. If there is an anomaly, the spacecraft would enter safe mode 
and the ground would detect the spacecraft’s safe mode signal. The cruise periods include periodic maintenance 
activities, which are planned four day pauses in thrusting to characterize the solar array, power-on the instruments to 
collect housekeeping data, and collect calibration data. DSOC demonstration opportunities continue through both 
cruise periods, with DSOC communications opportunities provided whenever the spacecraft range to Earth is under 
approximately 2.8 AU.  

The cruise plan includes two periods during which extended EP thrust periods are suspended. These periods are 
referred to as “coast periods” or “coast arcs”. The first coast arc is an operationally enforced coast period (referred to 
as a “forced” coast because a theoretically ideal mass-optimum trajectory would thrust through this period) that begins 
60 days prior to and concludes 10 days after the Mars gravity assist. During this period, thrusting is minimized and 
frequent communication passes are used to minimize navigation errors as the spacecraft approaches Mars. Up to four 
short EP maneuvers are executed to target a Mars flyby at a minimum altitude 500 km above the surface of the planet. 
During the forced coast period, the payload teams take advantage of the proximity to Mars to perform imager and 
GRNS instrument calibrations immediately before and after the flyby. The second coast arc is a multiple week 
“optimal” coast period that occurs at a location between Mars and Psyche where the navigation team has determined 
that it is more efficient for the spacecraft to not thrust than to thrust. 

 

 
Figure 1: Psyche Cruise Mission Summary 

C. Mission Architecture: Approach and Orbital Operations 
Approach and Orbital Operations begin with a gradual approach to the asteroid followed by low thrust transfers 

into four progressively lower science orbits. This architecture progressively increases science data resolution and 
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provides increasingly better gravity field measurements for use in the navigation design. Understanding the structure 
of Psyche’s gravity field is critical to determining the stability of the low thrust transfers and final science orbits. Each 
orbit’s final parameters cannot be defined until after the spacecraft arrives in the vicinity of Psyche, when the gravity 
field can be measured in detail. In the meantime, the project has selected four design reference orbits that are each 
structured to achieve specific science and navigation goals. This allows pre-designed science acquisition plans to be 
used with minor updates, and makes the mission plan insensitive to the final orbital parameters selected. Each orbit is 
designed with specific driving requirements in mind (see Figure 2 and Figure 3):  
 

• Orbit A - determine the gravity field sufficiently to design Orbit B and the associated orbital transfer 
• Orbit B – satisfy imaging requirements by completing topographic mapping of the surface 
• Orbit C - complete gravity science requirements and magnetometry requirements 
• Orbit D – complete GRNS science requirements by determining surface composition 

 
Figure 2: Orbital Operations at Psyche 

The mission plan includes functionally redundant science observations, which helps prevent data loss and improves 
science quality by providing multiple observations under varying conditions.  
 

 
Figure 3: Science Objectives by Orbit 

Approach Phase 
Approach phase begins 100 days prior to the start of Orbit A. The planned thrust duty cycle throughout this phase is 
reduced to 50% to allow for more frequent communications and tracking passes to downlink images for optical 
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navigation and uplink updated navigation solutions to the spacecraft. As the operations team gains knowledge of 
Psyche’s shape, rotation, and gravity field, the team refines the design of Orbit A to ensure it will achieve all its goals. 
Figure 4 shows the transition from interplanetary cruise to Psyche capture, and subsequently to insertion into Orbit A. 

 
 

Figure 4: Psyche Approach Trajectory as seen in Psyche Frame of Reference 
Note: looking down perpendicular to the orbit plane, roughly from the north ecliptic pole, Sun is to 
the left. Dashed line indicates coast periods. 

The science instrument teams perform final checkouts and calibrations during the approach period, including 
conducting a high temperature anneal of the GRNS’s high-purity Germanium crystal. The magnetometer also conducts 
a variety of calibration activities to measure the spacecraft’s magnetic field as a function of solar array gimbal positions 
prior to the start of orbital operations.   
 
Orbit A 
Orbit A’s primary objective is to performs characterization of the body’s gravity, topography and magnetic field. To 
achieve these objectives, the average orbit altitude must be less than 800 km with a groundtrack latitude spacing of 
less than 10 degrees. The altitude chosen is low enough that that the magnetometer will be able to characterize a wide 
range of magnetic fields, while being high enough to avoid stronger perturbations from the gravity field. Design 
reference orbit characteristics are shown in Table 1. 
 
 
 
 
 
 
 
 
 

Table 1: Orbit A Reference Parameters 

The magnetometer and GRNS remain on during Orbit A and continuously acquire data. The imager is commanded to 
capture images at imaging stations on the lit side of the body. While it is on the dark side of the body, the spacecraft 
turns to Earth in order to perform high-rate communications through the High Gain Antenna (HGA). This is shown in 
Figure 5, which shows the science and communication cadence during a single groundtrack repeat cycle. Throughout 
Orbit A, the navigation team collects optical navigation, ranging and coherent Doppler data for navigation and uses 
this data to design Orbit B and the transfer to that orbit. 
 
 

 Design Reference Value 
Resonance 70:9 
Average Altitude 704 km 
Groundtrack Latitude Spacing 2.5 degrees 
Groundtrack Repeat Cycle Time 12.2 days 
Average Period 32.6 hours 
Average Inclination 90 degrees 
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Figure 5: Orbit A Science and Communication Cadence 

 
Orbit B 
Orbit B provides the best lighting conditions at the body, making it the ideal orbit in which to satisfy imaging and 
topography requirements. The altitude must be low enough to satisfy imager resolution requirements and high enough 
to maintain a stable polar orbit with the highest predicted gravity field. Reference orbit characteristics are shown in 
Table 2. 
 
 
 
 
 
 
 
 
 

Table 2: Orbit B Reference Parameters 

Similar to Orbit A, imaging is acquired on the lit side of the body and HGA communications occur on the dark side 
(see Figure 6), with the magnetometer and GRNS acquiring data throughout the orbit. The navigation team continues 
to utilize optical navigation, ranging and coherent Doppler data for navigation and uses this data to design future 
orbits. Orbit B additionally contains a period of solar conjunction after completion of the planned mapping cycles, 
during which the magnetometer and GRNS continue to acquire data but there are no planned imaging or orbit 
maintenance activities.   
 

 
Figure 6: Orbit B Science and Communications Cadence 

Orbit C 
Orbit C’s primary objective is to complete gravity science and magnetometry requirements. In order to meet the 
required gravity field resolution, the spacecraft must be in an altitude less than 1.7 Psyche radii. Reference orbit 
characteristics are shown in Table 3.  
 

 Design Reference Value 
Resonance 46:17 
Average Altitude  293 km 
Groundtrack Latitude Spacing  4 degrees 
Groundtrack Repeat Cycle Time  8.0 days 
Average Period  11.4 hours 
Average Inclination 90 degrees 
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 Design Reference Value 
Resonance 78:49 
Average Altitude 173 km 
Groundtrack Latitude Spacing 2.3 degrees 
Groundtrack Repeat Cycle Time 13.6 days 
Average Period 6.7 hours 
Average Inclination 88.7 degrees 

Table 3: Orbit C Reference Parameters 

Because the orbit period is short, nine orbits are dedicated to science before turning to Earth and performing dedicated 
HGA communications for three orbits. Imaging continues to occur on the lit portions of those nine orbits, with 
Magnetometer and GRNS continuously acquiring data. Radio science is performed with the HGA during the dedicated 
communications orbits and is additionally performed using the low gain antennae (LGAs) during the science orbits.  
This cadence is shown in Figure 7. 
 

 
Figure 7: Orbit C Science and Communications Cadence 

Orbit D 
Orbit D has the primary science objective of utilizing the GRNS to determining elemental composition. To map the 
abundances of major and minor elements, the mean altitude must be less than one Psyche radius. Reference orbit 
characteristics are shown in Table 4. All instruments, including the imager, acquire data in this orbit, although imaging 
is not technically required in this orbit to meet the mission’s primary science requirements. All science acquisition 
will occur nadir-pointed, as required by GRNS. 
 
 
 
 
 
 
 
 

Table 4: Orbit D Reference Parameters 

Similar to Orbit C, the spacecraft does not slew between nadir and Earth pointing between each lit/dark side of the 
orbit due to the short orbital period. Science-dedicated periods cover 13.5 lit/dark cycles, followed by 4.5 lit/dark 
cycles of HGA communications (see Figure 8). The spacecraft experiences eclipse periods, during which all 
instruments that would be acquiring data on the dark side continue to acquire data.  
 

 
Figure 8: Orbit D Science and Communications Cadence 

Figure 12-20: Orbit D Characteristics

Altitude varies between 53 km (0.5 Psyche mean radii) and 85.5 km (0.76 Psyche mean radii), with a mean altitude of 71.5 km (0.63 Psyche mean radii). The orbit inclination
of 160 deg. results in a ground track repeat pattern covers from -20 deg. to +20 deg. latitude. The reference trajectory provides an orbit stability (i.e. does not crash or
escape) of more than 90 days (TBR) without orbit maintenance maneuvers. Eclipses and Earth occultations occur periodically throughout orbit D, as described below in
Section 12.11. The maximum eclipse duration is 37 minutes.

Figure 12-21 shows the repeated cadence of science data collection vs. comm data playback and tracking for Orbit D. Like Orbit C, Orbit D uses alternating periods of
science and comm which each span multiple orbit periods. The Orbit D observation cadence is defined by the ebb and flow of eclipse season, which is caused by
precession of the orbit. A full precession occurs over the course of 19 orbits, which corresponds to 18 lit side vs dark side cycles. The Orbit D observing periods are defined
in terms of the lit/dark cycles, each of which has a duration of 3.7 hours (whereas the orbit period is 3.5 hours.)

Orbit D consists of 11 science observation periods with a duration of 13.5 lit/dark cycles (with imaging on lit side of the orbit only), each followed by comm / tracking period
4.5 lit/dark cycles in duration. This provides a comm period duty cycle of 25%. At the beginning of the 6th and 11th observation period of each mapping cycle, there is an
allocation of 3 lit/dark cycles for orbit maintenance which replaces the usual science observations. Therefore, each mapping cycle consists of 198 lit/dark cycles: 142.5 for
science, 49.5 for comm, and 6 for Orbit Maintenance Maneuvers. The second half of the Figure 12-21 shows how mapping cycles line up with the groundtrack repeat cycles.
The Orbit D mapping cycle of 198 lit/dark cycles corresponds to 209 orbits, which is pretty close to the groundtrack repeat cycle of 206 orbits. There are 3.3 groundtrack
repeat cycles and 3.3 mapping cycles.

Figure 12-21: Orbit D Science Cadence

There are no requirements for imaging coverage at Orbit D, however some nadir imaging will continue while on the lit side of the orbit. The data budget includes an allocation
of 40 clear-filter images per orbit during science collection periods. Figure 12-22 shows three samples of potential nadir-pointed imager coverage on the surface of (16)
Psyche: one image; one orbit; and one day (6 orbits). Due to data volume constraints, a typical imaging profile will be more sparse than shown in Figure 12-22.

 Design Reference Value 
Resonance 161:206 
Average Altitude 71 km 
Groundtrack Latitude Spacing 1.1 degrees 
Groundtrack Repeat Cycle Time 30.0 days 
Average Period 3.5 hours 
Average Inclination 160 degrees 
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There are currently 85 days of operational margin bookkept at the end of this orbit, with eight of those days being 
occupied by a solar conjunction.   
 
Transfer Orbits 
All orbital transfers at Psyche are conducted using the EP system. The need to maintain orbital stability during transfers 
under both nominal and off-nominal conditions is a major consideration in the trajectory design. The thrust duty cycle 
is limited to 50%, and the orbits are designed so that in the event of unexpected problems, the spacecraft will avoid 
both impact with and escape from the body for at least 28 days after cessation of thrust. Eclipse duration is also a 
major consideration; eclipses are limited to 65 minutes or less and, as with the stability requirement, no eclipses longer 
than 65 minutes duration can occur for at least 28 days after an unexpected cessation of thrust. The magnetometer and 
GRNS remain on and acquire data throughout all transfers. During the transfer from Orbit C to D, the Gamma Ray 
Spectrometer (GRS) will perform a calibration that is necessary prior to beginning observations in Orbit D. 
 
The transfer between Orbit A and B takes 17 days and includes both an orbital radius and a plane change. The transfer 
from Orbit B to C takes slightly longer, lasting 23 days, and includes both a radius and inclination change. The transfer 
from Orbit C to Orbit D presents some unique challenges in addition to its much longer duration of 138 days. This 
transfer includes thrusting to a higher altitude to perform a more efficient plane change prior to transferring back down 
to the even lower Orbit D. The risks to orbit stability associated with passing through the 1:1 resonance* in this transfer 
are decreased when it occurs at a higher inclination (see Figure 9). The spacecraft will begin to experience eclipses 
during this transfer. 

 
Figure 9: Polar View of Reference Transfer to Orbit D 

Orbit Maintenance Maneuvers 
Occasionally short thrust maneuvers called Orbit Maintenance Maneuvers are needed to maintain orbit stability, orbit 
control, and/or ground track control in science orbits. These maneuvers are conducted using the electric propulsion 
system. The science and engineering activity planning will account for the maximum possible length of these 
maneuver windows, and will avoid planning any additional spacecraft activities during those times (see section III.F). 

D.  System Architecture: Integrated Margin Management  
JPL has well established institutional standards for the management of mass and power margins during mission 

development. However, low thrust missions provide the flexibility to trade system resources in a manner unattainable 
by conventional ballistic missions14, necessitating a nuanced approach to managing coupled technical margins over 
the full project life cycle. Previous work described a standard margin philosophy to be applied to deep space electric 
propulsion missions during concept development.15,16 Psyche has further developed and codified an integrated system 
resource management approach that accounts for changes in design maturity over the project lifecycle. Key to this 
approach is the active management of system margins at the highest level of the project, where trades can be made 
between mass, power, and operations margins with full consideration of the relative risk to all elements of the project.  

The overall objective is to ensure that when launched, the flight system will have the capability to deliver the 
specified mass to the final destination at a time early enough to accommodate the science plan and with sufficient 

 
* A 1:1 resonance occurs when the period of the spacecraft’s orbit is equal to the period of Psyche’s rotation. 
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robustness to accommodate both planned and unplanned thrust outages. As shown in Figure 10, mass and power 
margins for the spacecraft bus (including the cold gas system) and EP system are tracked and managed separately. 
The arrival time, the thrust duty cycle, and the necessary robustness to unplanned thrust outages (referred to as “missed 
thrust” events) are specified as requirements, while mass and power are actively tracked via the margin management 
process. Margins are defined per the formula specified in JPL’s design principles: 

 
Margin = (Allocation – Current Best Estimate)/Allocation 

 
Where allocation is defined to be the maximum possible allowable value. The requirements for robustness to missed 
thrust are summarized in Table 5.  

 
Figure 10: Power and Mass Margins for the Bus and Electric Propulsion System 

Nominal Thrust Duty Cycle 
Up to 80% duty cycle between Earth and Mars 
Up to 85% duty cycle between Mars and Psyche 
Up to 50% duty cycle during Psyche Approach and Orbital Operations 
Off-Nominal Missed Thrust Accommodation 
Tolerate 16 days of missed thrust per year 
Tolerate 10 day missed thrust outage at any time 
Tolerate 22 day missed thrust outage during solar conjunctions 

Table 5: Requirements for Trajectory Robustness 

While the requirements for duty cycle and missed thrust remain fixed throughout the project lifecycle, the requirements 
for minimum acceptable mass and power margin are a function of design maturity as shown in Table 6.  
 

 
PDR 

March 2019 
CDR 

April 2020 
SIR 

Dec 2020 
Launch 

August 2022 

Bus Dry Mass Margin 15% 7% 4% 0% 

Bus Power Margin 20% 15% 10% 10% 

Xenon Propellant Mass Margin 8% 4% 4% 4% 

Electric Propulsion Power Margin 12% 5% 5% 5% 
Table 6: Lifecyle Requirements for Mass and Power Margin 

Bus margin requirements are derived from standards specified in JPL’s design principles, modified to account for the 
high flight heritage of units in the spacecraft. The EP margins were developed and peer reviewed by JPL experts with 
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EP flight experience. The margin plan accounts for the fact that the missed thrust analysis that shows compliance with 
Table 5 is not complete at PDR. At PDR, some EP power and propellant margin is reserved for use to recover from 
missed thrust anomalies. At CDR, when the missed thrust analysis is complete, the power and propellant needed to 
recover from missed thrust is effectively released and incorporated into the propellant budget. Positive, non-zero 
margins are required for bus power, electric propulsion power, and EP propellant at launch. This margin is needed 
because some errors in modeling of solar array power and Hall thruster system performance can only be detected after 
launch. Taken together, the combination of Table 5 and Table 6 form a robust, integrated plan that allows for the 
effectively management and allocation of margin and risk across all elements of the Psyche project across the full 
project lifecycle. 

III. Spacecraft Description 

A. Spacecraft Overview 
Electric propulsion is enabling for the Psyche mission, and it was determined early during the conceptual design 

phase that the Psyche spacecraft would benefit from a high power EP subsystem provided by a commercial satellite 
provider.3 ASU and JPL chose to partner with Maxar (formerly Space Systems/Loral), a company that has built over 
30 Earth orbiting spacecraft that have accumulated over 100,000 hours of active EP operation in space. The team 
developed a spacecraft design that combines Maxar’s experience in high power electric propulsion systems with JPL’s 
experience building highly autonomous spacecraft for deep-space. The architecture is built around a solar electric 
propulsion (SEP) chassis, derived from SSL’s GEO product line, that is coupled with JPL’s deep-space heritage 
C&DH and FSW to form the Psyche spacecraft bus. The SEP chassis incorporates EP, power, thermal, and structure 
subsystems with attitude control system (ACS) sensors from Maxar’s 1300 modular spacecraft platform (see Figure 
12). JPL provides the spacecraft’s main computer and flight software, X-band telecommunications systems (with a 
High Gain Antenna provided by Maxar), and a low voltage power distribution assembly that complete the spacecraft 
bus. The software pulls from the Soil Moisture Active and Passive (SMAP) and Mars Science Laboratory (MSL) 
missions, and its core modules are being developed in partnership with the Europa Clipper project as a new multi-
mission Flight Software Core Product Line. The Command and Data Handling System is a joint effort, with JPL and 
Maxar both providing components for Psyche. The overall spacecraft configuration is shown in Figure 11. 

 

 
Figure 11: Psyche Spacecraft Overview 
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Figure 12: Psyche Spacecraft Integration and Test Flow 

Maxar’s 1300 satellite structure has been optimized over decades of continuous production to achieve both 
flexibility and low cost. The Psyche spacecraft combines the smallest and lightest 1300 structure available with a 
medium size solar array and support for a large capacity Xenon electric propulsion system. All 1300 design adaptations 
use a standard core central composite cylinder fabricated on a common tool. Manufacture of Psyche’s central cylinder 
(shown in Figure 13) was completed in February 2019.   

 

 
Figure 13: Central Cylinder Structure for the Psyche Spacecraft 

 Refinements made to the Psyche spacecraft structure after the concept development phase were all drawn from 
standardized design elements used to customize each 1300 to accommodate mission specific payloads. These include: 

 
• Refinement of the magnetometer and High Gain Antenna support structure on the +Z face 
• Support for three nitrogen cold gas propellant tanks supported off the central cylinder 
• Support for a sunshade for the DSOC payload 
• Customized locations and support bracketry for Cold Gas Thrusters and Sun Sensors 

 
Primary propulsion is provided by SPT-140 Hall effect thrusters, which were first flown by Maxar in 2018 and 

have been successfully operated on five Maxar spacecraft. The SPT-140 thrusters provide higher thrust levels and 
lifetime than the SPT-100 system successfully used on over 30 Maxar spacecraft since 2004,17 at about three times 
the power consumption.  The propulsion subsystem is further discussed in section III.B. 
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The power system architecture is split between Maxar and JPL, with most of the hardware supplied by Maxar 
using elements of its EPS 2.0 power subsystem. The power subsystem is discussed in more detail in section III.D. 

For guidance and control, the Psyche spacecraft is three-axis stabilized and uses commercially available star 
trackers and ring laser gyros for inertial attitude and rate measurements. Four reaction wheels, mounted in a pyramid 
configuration, are the primary means of attitude control. Trade studies performed after the initial concept study include 
the choice of inertial measurement unit, as well as the distribution of sun sensors to maximize field of view coverage 
during safe mode. Another major trade over the course of Phase B concerned use of the cold gas system to support 
tip-off from the launch vehicle and safe mode scenarios when the wheels cannot be used. The original concept design 
used xenon cold gas thrusters for secondary propulsion, but these were changed to nitrogen cold gas thrusters in order 
to provide sufficient thrust during the Science Phase. The methodology of attitude control for Psyche is described in 
more detail in section III.E. 

In the fall of 2017, JPL’s new Flight Software Core Product Line (FCPL) was selected as Psyche’s software 
baseline. This architecture allows software to be organized into modules which are allocated to time and space 
partitions and run in the Green Hills Software INTEGRITY Real Time Operating System (RTOS) environment. 
Among other benefits, partitioning provides improved fault containment by preventing faults in one software 
component from propagating to another. Core software components based on MSL/SMAP heritage include basic 
infrastructure (e.g. initialization, timekeeping, inter and intra component messaging, etc.), input/output (IO) interfaces 
(e.g. 1553 bus management, serial IO, etc.), data storage services and management of uplink and downlink functions. 
Psyche’s mission-specific modules, including functionality such as power management, fault protection and attitude 
control, are also in development.  

Psyche has a fully redundant Command and Data Handling (C&DH) system, components of which are being 
developed by both JPL and Maxar. The Rad750 processor in the Psyche Compute Element (PCE) hosts the flight 
software that forms the heart of the C&DH system. The PCE collects and stores engineering and science data in non-
volatile memory and formats the data for downlink to Earth. The PCE incorporates many heritage MSL interfaces, 
including high speed serial interfaces for the science instruments and a 1553 data bus. The PCE controls the SEP 
chassis via two RS-485 serial data lines that use Maxar’s proprietary M-Bus protocol to connect to three Maxar 
provided units: the Attitude Control Electronics (ACE) (which in turn provides command and telemetry interfaces for 
ACS sensors and actuators), the router, and the Smart Battery Tray (see Figure 14). The 1553 bus provides the interface 
to the inertial measurement units and star trackers. Maxar’s proprietary S-Bus protocol is used internal to the SEP 
Chassis to interface to thermal, propulsion, pyro and power components.  

 
Figure 14: Maxar C&DH Units control all SEP Chassis Hardware except for ACS sensors. The primary 

interfaces between JPL provided Compute Element and the SEP Chassis are 1553 and RS-485 

The Psyche spacecraft uses an X-band Small Deep Space Transponder (SDST) to communicate with the Deep 
Space Network (DSN). The spacecraft supports X-band uplink at rates of up to 2 kbps via a 2m fixed HGA, or via a 
network of three body-mounted LGAs which are oriented to provide wide field of view uplink coverage. The 
spacecraft uses a 100 W Traveling Wave Tube Amplifier (TWTA) to enable downlink rates of 180 kbps via the HGA 
at over 4 AU from Earth. The spacecraft can also downlink via a selected LGA, which ensures a downlink data rate 
of at least 10 bps in safe-mode at over 4 AU Earth-Probe distance. The HGA, provided by Maxar, leverages their 



 
 

The 36th International Electric Propulsion Conference, University of Vienna, Austria 
September 15-20, 2019 

14 

substantial experience manufacturing antennas for communications satellites. The remainder of the 
telecommunications equipment is provided by JPL and draws heritage from previous missions such as Juno and Dawn. 
Following selection, trade studies were performed regarding the location of the LGAs to maximize coverage during 
science and safe mode, the inclusion of low-pass filters to minimize interference between uplink and downlink, and 
the addition of multiple waveguide switches to provide robustness across a range of failure scenarios. 

The thermal system architecture is fairly similar to Maxar’s geostationary communication orbit (GEO) satellites 
and uses heaters to maintain minimum allowable flight temperatures and passive radiators with heat pipes to dissipate 
excess heat – with sizes and placement adjusted to accommodate Psyche’s sun ranges (1 AU to 3.33 AU Sun-Probe 
distance). Refinement of the thermal subsystem design since selection included selecting the dimensions for the 
embedded heat pipe matrix within the +Y and –Y facing equipment panels. The location of optical surfaces and louvres 
on the exterior of the panels is optimized to achieve allowable flight limit temperatures for the units to be installed on 
the interior of the panels. Multiple trade studies conducted on the thermal accommodation of DSOC led to the 
implementation of a dedicated thermal cold zone separated from the rest of the heat pipe matrix. This thermally 
isolated zone keeps DSOC’s temperature sensitive hardware below its maximum operating temperature. 

Figure 12 shows the overall spacecraft integration and test flow. Maxar produces the SEP chassis on their 
spacecraft production line in Palo Alto. A test computer and test software taken from Maxar’s standard 1300 product 
line is used to conduct end-to-end functional testing on the SEP chassis before it is shipped to JPL. In parallel with 
SEP chassis integration, Maxar delivers the spacecraft’s +Y equipment support panel to Pasadena, where JPL 
integrates the main computer, flight software, and telecom subsystems onto the equipment panel, and then tests these 
elements with the payload in a tabletop environment. When the SEP chassis is delivered to Pasadena, the +Y panel is 
integrated onto the spacecraft, and then the spacecraft proceeds through system-level functional and environmental 
test and delivery for launch. JPL is responsible for final spacecraft assembly, test, and launch operations, all of which 
occur at JPL’s facilities in Pasadena. Following Maxar’s standard practices, both xenon and nitrogen propellants are 
loaded onto the spacecraft prior to shipment to launch base. This enables a relatively short, fast launch campaign prior 
to launch. 

B. Electric Propulsion Subsystem  
The electric propulsion system for Psyche is based on Maxar’s geostationary heritage SPT-140 subsystem,18 with 

focused modifications to enable deep-space operation. The system includes four SPT-140 thrusters, each paired with 
its own Xenon Flow Controller (XFC), as shown in the block diagram in Figure 15. Two Power Processing Units 
(PPUs) are cross-strapped to the four thrusters through Thruster Auxiliary Support Units (TASUs). The TASUs 
incorporate cross-strapping relays, the discharge filter capacitor, electrostatic discharge protection, and ground-test 
features. Either of the PPUs can power any of the four thrusters. Two thruster/XFC pairs are mounted on each of two 
Deployable SPT Modules (DSMs). The DSMs are mounted on either side of the spacecraft and include independent 
actuators for thruster articulation in two axes. Propellant storage is provided by seven composite-overwrapped 
pressure vessels that are ganged together; each can hold up to 155 kg of xenon for a total storage capacity of 1085 kg. 
The Propellant Management Assembly (PMA) contains parallel-redundant pyrotechnic valves, latch valves, and 
mechanical regulators for propellant isolation and distribution to the XFCs, as well as four pressure transducers to 
monitor tank storage and downstream pressure regulators. The entire system is single-fault tolerant with the exception 
of the tanks, propellant lines, and mechanical portions of the DSM actuators. Further details of the propulsion system 
architecture, including the xenon propellant budget, are provided in a companion paper.19 

The most significant changes to the heritage Maxar system are in the XFC and PPU designs to enable the wider 
propellant flow range required for Psyche. The mission requires power throttling down to 0.9 kW discharge power, 
significantly lower than the 3.0 kW low-power limit used in commercial applications. The heritage XFC uses a 
thermothrottle which does not have the required flow throttling range, so a new XFC based on a proportional flow 
control valve (PFCV) has been developed.20 The Psyche XFC provides the same functionality as the heritage unit but 
with a wider range of flows, while using components that have already been flight-qualified and flown. Changes are 
also required to the PPU design to be able to drive and control the PFCV.21   

Modifications to the PPU and XFC designs are also made to accommodate the unique low-power operating 
conditions at Psyche. Thruster testing has shown that the cathode-to-ground voltages at lower powers became 
significantly more negative than observed in thruster operation at 3.0 to 4.5 kW discharge powers, and that those 
voltages are mitigated by flowing additional xenon to the cathode and applying a modest current to the cathode 
keeper.22 Hence, the XFC includes an additional flow path to allow for higher flow rates to the cathode at low powers20 
and the PPU cathode ignitor supply is modified to provide a steady-state keeper current at discharge powers less than 
1.5 kW.19  
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Figure 15:  Electric Propulsion Subsystem Schematic. 

Moog (East Aurora, NY) assembled a development-model XFC with engineering-model valves and flow-
restricting orifices manufactured using their heritage processes.20 The unit includes a solenoid valve for flow isolation 
and a proportional flow control valve for flow control upstream of the cathode-leg and anode-leg orifices. The cathode 
flow fraction can be changed from the nominal 5% used for high-power conditions to 9% for low-power conditions 
by actuating a latch valve. Unit-level testing at Moog was used to demonstrate required performance and the unit was 
shipped to JPL for integrated testing. Initial testing of the XFC with a qualification-model thruster and laboratory 
power supplies successfully demonstrated the ability to control propellant flow to the thruster over the required flow 
range with the required cathode flow fraction. Additional details regarding the XFC design and testing can be found 
in reference 20.  

The PPU design changes for Psyche were incorporated into an existing engineering-model unit that was also 
shipped to JPL for system integrated testing with the development-model XFC and the qualification-model thruster.21 
The primary goal of the integrated testing was to validate the PPU design changes in a system environment, e.g. the 
PFCV control circuitry, new low-power operating mode, and the associated new logic and control functions. Testing 
included startups, steady-state operation, and throttling between power levels across the entire required operating 
power range for Psyche of 0.9 to 4.5 kW thruster discharge power. It also included forced off-nominal and stressing 
operating conditions to test system responses; transient system responses; and system fault protection functions. These 
tests were successfully completed in July 2019. Additional details regarding the PPU design changes and the system 
integrated testing can be found in a companion paper.21 

The SPT-140 thrust and propellant flow rate performance models used for trajectory analysis, called the throttle 
curves, have evolved as additional thruster performance data have been obtained. Initial models were based on 
development-model-thruster test data and a simple model of the effects of facility pressure on thruster performance.  
The throttle curves presently used for trajectory analyses have improved significantly with the use of flight thruster 
acceptance test data, improved knowledge of the effects of background pressure as a function of power, and the first 
set of Maxar SPT-140 flight data. The pressure-effects test results provided new information on the magnitude and 
behavior of the effects of pressure on thruster performance at different power levels.22 Similarly, the first Maxar flight 
results provided quantitative information on in-space performance at the single throttle condition used for that 
mission.19  Together those results, along with the Psyche thruster acceptance test data, can be used to create beginning-
of-life throttle curves for the mission. Thruster performance changes with operating time (i.e. aging effects)23 can also 
be incorporated to predict the performance at any given point in the mission. One of the throttle curves developed 
using these data which is now being used for mission design trade studies is shown in Figure 16.19  
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Figure 16.  Example of SPT-140 Throttle Curves Used for Trajectory Analysis Trade Studies.   

 The Psyche mission will require the largest total xenon throughput of any space mission flown to date. At the 
project’s preliminary design review, the total required xenon load was projected to be 1030 kg, of which 1007 kg 
would need to be (or could need to be, in the case of propellant margin) processed by three of the SPT-140s to allow 
for single-fault tolerance. The main life test of the SPT-140 was designed for commercial missions23 and it was later 
extended to demonstrate low-power operation and additional throughput for Psyche.18 At completion the full life test 
demonstrated 10,371 hours of thruster operation with a total propellant throughput of 500 kg and a total impulse of 
8.79 MN-sec,18 the latter of which is 160% of the mission-required total impulse per thruster.19 Although this validates 
the total impulse required for the Psyche mission, there are three notable differences between the life test operating 
conditions and those for the Psyche mission:  the background pressure, thruster magnetic field strength, and the throttle 
profile. To bridge this gap, model simulations were performed to assess thruster erosion for Psyche operating 
conditions and environments. The simulation results showed that thruster usage requirements, including an additional 
50% margin, were well within the wear capability of the thruster. Discussion of the models, their validation, and the 
Psyche simulations can be found in a companion paper.24 

C. Cold Gas Propulsion Subsystem  
There are two primary drawbacks to the use of Hall thrusters for a reaction control system: the low thrust generated 

and high power consumed. An additional, small propulsive attitude control system is needed to accomplish short 
duration, power-critical and time-critical maneuvers, such as immediately after launch vehicle separation and 
contingencies where the solar arrays have lost lock with the sun. A small xenon cold gas thruster (CGTs) subsystem, 
similar in scope to what Maxar flies on its all-EP commercial spacecraft, was initially selected for Psyche. A 
comparison of the propulsive maneuvers planned for the EP vs. CGT subsystems is shown in Table 7. Requirements 
on the CGTs are summarized in Table 8 
 

 Electric Propulsion Cold Gas 
Launch   
Post-Launch Detumble and Sun Acquisition  X 

Cruise   
Primary Propulsion X  
Momentum Management X  
Asteroid Orbital Ops (Prox Ops)   
Orbit Transfers X  
Orbit Maintenance X  
Momentum Management  X 
Off-Nominal Scenarios   
Safe Mode Turns  X 
Safe Mode Wheel Desaturation  X 

Table 7: Planned Usage of Electric Propulsion and Cold Gas Propulsion Systems for Psyche 
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Requirement Rationale 

Fault tolerance Single Allows for a single hardware failure without impacting 
mission 

Tank capacity >45kg Allows for multiple 3-sigma contingency scenarios if fully 
loaded. Final decision on loaded mass is not required until 
late in the build. 

Minimum propellant load 12.5kg Budget for propulsive maneuvers not feasible via Hall 
Thrusters, hold-up, leakage 

Torque across any axis >0.5N-m Allows for contingency mitigation under required durations 
Thrust >0.25N 
Minimum impulse bit <32mN-sec Allows for dead-banding and precise momentum management 

Table 8: Overview of Psyche Cold Gas Subsystem Requirements 

As shown Figure 17, the CGT system has undergone the three major design iterations since the initial concept study 
was completed. The concept study baseline was a regulated xenon system that shared propellant with the Hall thrusters. 
The advantage of sharing tanks included reduced dry mass, reduced propellant volume, and operational flexibility as 
xenon budgeted for one propulsion system could be used for the other as needed. However, during detailed design it 
was realized that the amount of Joule-Thompson cooling across the xenon regulator at the CGT flow rates is two 
orders of magnitude above that for the Hall thruster subsystem. Comparing the fluid’s enthalpy:25 
 

• An SPT-140 at full power (16mg/sec) with the pressure dropping from 2700psi to 37psi requires 
1W of heat to mitigate the temperature drop. 

• Two xenon cold gas thrusters, regulated at 100psi, with a combined flow rate of 1.3g/sec require 
86W of heat to mitigate the temperature drop. 
 

To maintain the xenon CGT flow rates, a new regulator design and a massive increase in heater power would be 
required. The risk and cost of a new component design were deemed unacceptable for the mission, especially in a 
propulsion system primarily intended for contingency use. 

The second iteration was an unregulated xenon system, which would maintain the operational advantages of shared 
tankage without the regulator. An unregulated system requires that the CGTs be capable of operating at a range of 
pressures varying from 2700 psi to 37 psi. The thrust from a CGT is a direct function of pressure (technically quasi-
linear for xenon). Without dramatically increasing the size of the CGT coil, the thruster’s orifice had to remain small 
in order for the thruster valve to open at high pressure. This limited beginning of life (BOL) thrust to an acceptable 
3N, but with a corresponding end of life (EOL) thrust of only 25mN.26 This is an order of magnitude smaller than the 
requirement (Table 8) and is also an order of magnitude smaller than the thrust generated by the SPT-140 thruster 
itself. Achieving 0.25 N at EOL would have required maintaining 350 psi pressure in the tanks, resulting in a hold-up 
xenon mass of 90kg. This effectively eliminated the advantage of a shared tank EP/CGT spacecraft. 

The third and final iteration uses a separate regulated nitrogen CGT system based on previously qualified hardware, 
with no large qualification or redesign efforts required. There are two independent, fully redundant, thruster strings. 
Three 82-liter nitrogen tanks are isolated from the rest of the system via latch valves during launch, while series 
redundant regulators limit thruster inlet pressures to < 400 psi. Pressure transducers, a filter, and fill/drain valves 
complete the subsystem. As shown in Figure 18, thrusters 5/6 and 11/12, operated in pairs, allow for rotation about 
the X axis. The remaining eight thrusters provide rotation about the Y and Z axis. Each thruster is rated to 0.5 N thrust 
and 70 seconds specific impulse at 350 psi inlet pressure. All six thrusters firing on a single string result in a 4.5g/sec 
flow rate. The thrust vs. tank pressure curve for the Moog 58E151 thruster is shown in Figure 19. Unless an excessive 
amount of contingency propellant is used (Table 9), the system will meet the required 0.25 N thrust level through end 
of mission. 

These trade studies illustrate the careful effort need to adapt commercial space hardware to new applications. 
Maxar’s standard commercial cold gas thruster subsystem was originally designed for use at beginning of life for 
launch vehicle detumble in situations where the xenon tank pressure is relatively high.26 The requirements for Psyche 
expanded the use of cold gas to end of life, which created drawbacks which were not fully understood during the 
original mission concept study. Careful scrutiny and multiple design iterations were needed to converge on a robust 
implementation that meets all subsystem requirements throughout the life of the mission. 
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Figure 17. Block diagrams for the Psyche cold gas thruster subsystem evolutions. 

 

 
Figure 18: Placement of Cold Gas Thrusters on the Psyche spacecraft 
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Figure 19: Cold Gas Thruster subsystem thrust and pressure curves vs. mass usage. 

 
  Mass (kg) 
Maximum Potential Load Mass (2700psi, 45C) 45.9 
Launch Detumble 0.9 
Initial Checkout/Commissioning 0.2 
Momentum Management 2.4 
Allocated Leak 2.1 
Tank Residuals 6.9 
Minimum Required Load for Nominal Mission 12.5 
If Loaded, Available Nitrogen Propellant for Contingencies 33.4 

Table 9: Nitrogen Cold Gas propellant budget 

D. Power Subsystem  
 A major achievement for Psyche’s power subsystem design is its ability to adopt hardware originally designed for 
use in Earth orbit to a mission that travels to Sun-Probe distances as high as 3.33 AU. Conducting a deep space mission 
poses unique challenges to a system designed to operate in the traditional operational setting of GEO spacecraft. In 
particular, the solar array’s electrical behavior changes substantially as the current and voltage characteristics of 
photovoltaic cells vary as a function of temperature and solar intensity (see Figure 20). The power management 
electronics must accommodate the full range of solar array operating conditions as the spacecraft travels away from 
the sun over the cruise duration.  
 
Power Subsystem Heritage and Architecture 

Maxar has over 14 years of flight heritage with power subsystems using Lithium (Li) ion batteries. Its first-
generation Li-Ion power subsystem, developed in the early 2000’s, consisted of two main units: the battery control 
electronics (BCE) and the power control unit (PCU). The BCE provided individual cell charging and telemetry for 
each cell for increased reliability and safety while the PCU provided boost converters that up converted battery voltage 
to supply a regulated power bus at a voltage matching the voltage of the solar array. Psyche uses a second generation 
electrical system (EPS 2.0) that incorporates lessons learned and takes advantage of the maturity in Li-Ion cells to 
make an even more reliable and efficient power subsystem. The individual cell charging topology in the original BCE 
has been replaced with bulk battery cell charging, similar to electric cars, providing both higher efficiencies and a 
simpler design. EPS 2.0 also consists of two main units: a battery tray and a new PCU. The battery tray retains the 
battery telemetry of the heritage BCE, while the new PCU now includes a battery charger along with improved boost 
converter technology and solar array regulation. With bulk charging of batteries, a wider range of battery sizes and 
capabilities is available, allowing the power system to easily scale to both smaller and larger spacecraft. The first 
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generation Li-Ion power subsystem has successfully flown on over 60 missions, and EPS 2.0 was launched into space 
for the first time in 2019. 
 

 
Figure 20:  Solar Cell I-V Curves Differ Substantially as Sun-Probe Distance varies from 1 AU to 3.33 AU 

The Psyche mission adopts a version of EPS 2.0 that has been modified to account for the deep space mission 
profile. Maxar’s GEO spacecraft use a shunt limited system to provide power from the array to the spacecraft bus, 
including the EP system, at a nominal regulated voltage of 100 V. Shunt limited systems work efficiently when the 
array’s peak-power operating voltage is close to the target voltage for the power bus. For the Psyche mission, the solar 
array’s peak-power voltage varies from 60 to 105 V. The PPU for the SPT-140 is qualified to receive power from a 
100 V regulated bus and is therefore incompatible with this wide voltage range.   

The solution to this incompatibility comes directly from Maxar’s Earth orbiting spacecraft. When GEO spacecraft 
are in eclipse, discharge converters are used to boost voltage from batteries (which can vary from 40 V-100 V) to 
create the regulated 100 V power bus. Because the solar array voltage range to be accommodated for Psyche is 
enveloped by this GEO application, the battery discharge converters can be repurposed without modification to 
directly boost solar array voltage to create a 100 V regulated power bus regardless of distance from the sun. This 
“boost-regulated” architecture is depicted in Figure 21. 

 

 
Figure 21:  Discharge converters from Maxar’s GEO heritage PCU boost 

Solar Array Voltage and Create 100 V Regulated Power for the PPU 

An enabling feature of the power system design is the selection of a solar array voltage which is less than 100 V 
at the start of the mission, when the spacecraft is closest to the sun. At the beginning of life, when solar fluence and 
array output power are highest, discharge converters boost the array output voltage to the regulated bus voltage of 100 
V. The resulting power conversion losses are easily tolerated by the spacecraft, as kilowatts of excess power are 
available at beginning of mission. As the spacecraft moves away from the sun, the optimal solar array peak power 
voltage rises as the arrays cool. The solar array is designed so that the array’s peak power voltage, including solar 
array degradation and low intensity illumination effects, reaches 100 V at end of mission. At this point, because the 
array voltage matches the bus voltage, the power conversion boost stage is no longer needed, and it is replaced with a 
diode pass-through circuit from the solar array to the PPU. This eliminates boost stage conversion losses, thus 
conserving power when array power is at its minimum and all available power is required for spacecraft operation. 
The conversion efficiency effectively increases from 97% to 99% as the spacecraft approaches Psyche, maximizing 
power available for science operations. Any solar array voltages over 103V will be shunted back to the array using 
the shunt electronics within the Power Control Unit (PCU), providing bus regulation and overvoltage protection.  

This SEP power train design trades higher losses when solar power is abundantly available in return for high 
efficiency when solar power availability is low. It also uses flight proven hardware that is more economical than 
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sophisticated, dedicated deep space-specific peak power tracking approaches that strive to minimize power train losses 
over the entire mission. This solution ensures that the power conversion losses are reduced to the lowest possible level 
at the minimum available power point, which occurs at the furthest distance from the sun.   
 
Power Electronics 
 Figure 22 provides a more detailed view of the Psyche power subsystem.  As previously described, the PCU is 
powered by the solar array and batteries and performs the core subsystem function of creating a regulated 100 V 
spacecraft bus. It is comprised of the following cards: 
 

• Sequential Shunt Unit (SSU) (x4):  Shunts excess solar array power when the solar array is operating above 
the regulation voltage setpoint 

• Boost Converter Tray (x3):  Boosts solar array voltage to 100V when the array is operating below 100 V, 
passes power through to the bus when the array is operating at 100 V or higher. 

• Discharge Converter Tray (x2):  Extracts power from the battery as required and boosts it to 100 V 
• Charge Converter Tray (x3):  Charges the battery on FSW command 
• Error Amplifier Tray:  Provides control logic and error signals for the power bus regulation control loops 
• I/O Tray:  Provides key input and output interfaces to the Psyche Computer Element (PCE) and other 

subsystems via the router (see Figure 14) 
• Capacitor Tray:  Adds capacitance to the intermediate solar array power bus to ensure regulation stability 
• Battery Switch Tray:  Provides an interface between the battery and converters and includes relays to isolate 

failed converters if necessary 
• Array Switch Tray:  Provides an interface between the solar array and converters and includes relays to 

isolate a failed converter if necessary 
 

 
Figure 22:  Psyche Spacecraft Power Subsystem Block Diagram 

Low Voltage Power Topology  
 While some spacecraft loads, including the PPUs, operate directly off fused outputs from the 100 V power bus, a 
number of loads, including the science instruments, require a much lower input voltage. The spacecraft contains Mini 
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Low Voltage Converters (MLVCs) that downconvert the 100 V bus to a regulated 32 V +/- 0.6 V supply, with each 
MLVC capable of providing up to 350 W. The MLVCs are arranged in parallel in an N+1 redundancy scheme, where 
the system can lose an entire unit and still meet its performance requirements. 

While the majority of the power subsystem is provided by Maxar, certain power distribution and power 
management functions are performed by a JPL-provided Power Distribution Assembly (PDA).  The internally 
redundant PDA is comprised of three Power Switch Slices (PSSs), two Remote Engineering Units (REUs), and two 
Housekeeping Power Converter Units (HPCUs). The PSS, a shared development with the Europa Clipper project, is 
an internally redundant power distribution slice that provides 32 channels of high and low side switching; a total of 
three PSSs are required to meet the spacecraft load count needs. The REU is a block redundant power management 
card with extensive JPL heritage, including the Curiosity and SMAP missions, that contains autonomous control logic 
that can execute fault management functions independent of the main computer. The HPCU is a block redundant card 
that provides secondary voltages to the REU as well as some auxiliary PDA functions, such as communication bus 
cross-strapping. The key advantage of the PDA is that it provides communication interfaces and fault protection 
functions that have shared heritage with the PCE on previous JPL missions. 

Downstream of the MLVCs, the spacecraft’s low voltage loads (i.e. those operating on ~31 V) are provided 
switched powered by either Maxar power distribution hardware or by the PSSs in the JPL-provided PDA. The loads 
are generally allocated based on the delivering organization, so SEP chassis equipment is primarily powered by the 
Maxar power distribution hardware while JPL provided equipment is powered by the PSSs; however some Maxar 
loads are capable of being switched on/off through via the REU in the PDA during contingency scenarios. 

After the initial switch was made to the EPS 2.0 architecture, a concern was identified with the series low voltage 
fusing architecture. The initial design had protection fuses between the MLVCs and the PSSs in General Fuse Unit 
(GFU) assemblies, while the PSSs also had fuses internally at the outputs of it power switch channels. The concern 
was that in the case of a short in a load powered by a PSS, the fuses in the GFU could blow prior to the fuse in the 
PSS due to their paralleled configuration and the associated risk of fuse imbalance. In such a scenario, power to that 
entire PSS and all its loads (up to 32) would be eliminated rather than just removing power to the single faulty load. 
A trade was performed and the decision was made to separate the low voltage bus into a “Maxar Bus” and a “JPL 
Bus”, with the former consisting of a set of MLVCs powering Maxar hardware and the latter consisting of a set of 
MLVCs powering JPL equipment. The Maxar Bus would have GFUs downstream of the MLVCs, but the JPL Bus 
would have no GFUs. The removal of fuses upstream of the PSSs resolved the described fusing concern, and had other 
benefits, including higher input voltage to instruments, lower harness design and integration complexity, and an 
overall more robust system design. Note that while the PSS design was updated to use resettable solid state circuit 
breakers instead of fuses for load overcurrent protection, the same blow timing concern exists, and the solution of 
segregated buses is still valid. Soon after this trade was completed, concerns were raised with the high level of noise 
that the GRNS cryocooler would conduct onto the bus. Given the earlier decision to split the low voltage bus, it was 
a clear solution to similarly give the cryocooler its own bus (with dedicated MLVCs) to prevent it from impacting 
other loads. Therefore the spacecraft now has three separately isolated 31 V buses:  The Maxar Bus, JPL Bus, and 
GRNS Cryocooler Bus (see Figure 22). 
 
Power Generation 

Power is generated by a solar array composed of two wings, each having five separate panels with 65 solar cell 
strings. The strings are predominately 35 cells in length, which achieves a peak power point of 100 V at 3.33 AU. 
There are also a few 34-cell strings present due to layout constraints. The 65 strings are wired into five circuits and 
sent through Solar Array Drive Assemblies (SADAs) to the SSUs. The solar array uses SolAero ZTJ triple junction 
cells, which have a BOL AM0/28°C efficiency of 29.5%. Half-wafer cells of 27.55 cm2 area are used, resulting in a 
total array active area of 62.6 m2. At 1 AU and 71°C, the array is capable of producing over 21 kW, although only 9.5 
kW is available to the spacecraft due to the current limit on the boost converters. At Psyche conditions of 3.33 AU 
and -105°C, the array is capable of producing 2.3 kW.   

ZTJ cells have extensive heritage in GEO and low Earth orbit, and are currently in use at Mars for the NASA 
MAVEN and Insight missions. They have undergone extensive test campaigns for use at Jupiter/Europa (5.5 AU) and 
Saturn (9.1 AU).27,28 The results have demonstrated strong performance from the cells even in high radiation, low 
intensity/low temperature (LILT) conditions. While LILT conditions are not as severe at 3.33 AU as they are at Jupiter 
and Saturn, some deleterious effects are observed. A critical step in mitigating these effects in the flight cells is 
screening them for a threshold fill factor limit in low intensity/room temperature (LIRT) conditions. While screening 
the flight lot in LILT test conditions would be ideal, such high volume testing would be cost prohibitive; LIRT 
screening has shown to be a sufficient criteria for mitigating poor LILT performance.29 
 



 
 

The 36th International Electric Propulsion Conference, University of Vienna, Austria 
September 15-20, 2019 

23 

Energy Storage 
Spacecraft energy storage is implemented with a single 7,170 Watt-hour Li-Ion battery, which provides power 

during eclipses or when the flight system power requirements exceed the solar array capability. The battery is a Maxar 
heritage unit used for GEO missions composed of a single string of 13 Li-ion cells, with an EOL rating of 144 Ah 
after 15 years in a GEO environment. The battery open circuit voltage ranges between 35.2 and 54.6 V. Each cell 
incorporates a cell shorting device which is able to bypass a failed cell, with the subsystem architecture being able to 
tolerate up to two failed cells. The battery voltage is upconverted to a regulated 100V bus by a dedicated set of 
discharge converters. To charge the battery during sunlight operations, the charge converters in the PCU down-convert 
100V bus power to provide charge power in a constant current charge mode. Charge control is provided autonomously 
by battery management software in the PCE, with the charge algorithm specifically tailored for the Psyche mission 
profile. The battery design includes a battery management unit, referred to as the Smart Battery Tray (SBT). The SBT 
provides telemetry for every cell in the entire battery, controls battery temperature, and allows cell balancing (as the 
cells are normally charged in bulk). The latter function is particularly critical in preserving battery health.  
Furthermore, the charge algorithm is designed to maximize the battery energy by relying on thermal and state of 
charge control in various mission phases.  

Although the eclipse profile at Psyche is relatively simple, there is a case where a unique combination of the eclipse 
time, orbital period, EP thrusting requirements, and fault tolerance requirements provide a motivation for maximizing 
battery performance. The combination of these conditions results in a negative energy balance over five orbits in the 
Orbit D eclipse season, meaning that battery energy removed during the eclipse is not replenished fully over the sunlit 
period. Figure 23 shows the evolution of the battery’s state of charge (SOC) as a function of time during the battery 
sizing scenario, where five nominal eclipses of 60 minute duration are followed by a fault that results in loss of 
spacecraft attitude and entry into spacecraft safe mode at the beginning of the sixth eclipse. This leads to a relatively 
deep battery discharge while the spacecraft recovers sun pointing and starts charging the battery. The spacecraft then 
enters another eclipse that further discharges the battery before returning to sunlight. The simulation results show that 
battery SOC remains above the minimum 30% level defined in JPL’s design principles even with a worst-case 
combination of circumstances. The analysis was performed assuming the minimum rated battery energy, as defined 
by the EOL nameplate capacity. Reducing battery degradation by strictly managing battery temperature and SOC 
throughout the mission can improve the performance by close to 10% (with the minimum SOC being above 43%).   
In addition, Maxar has qualified the battery for use at 20% SOC in Earth orbit, which effectively provides additional 
energy margin for the Psyche application. 

 

 
Figure 23: Worst-Case Battery Sizing Scenario – Multiple Eclipses Followed by a Fault in Orbit D 

E. All-Electric Attitude Control  
The Psyche spacecraft includes a Guidance, Navigation and Control subsystem (GN&C) for use throughout the 

mission. The Psyche spacecraft contains no chemical propulsion system, so all control functions are conducted using 
a combination of reaction wheels wheels, electric propulsion, and cold gas thrusters. Psyche GN&C supports detumble 
following launch vehicle separation, followed by solar array deployment and acquisition of inertial reference. GN&C 
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also provides Earth pointing of the body-fixed HGA and the DSOC payload for communications, implements flexible 
inertial pointing of the science instruments for checkouts and calibrations, and allows inertial pointing of the EP thrust 
vector to support cruise mission thrusting.  

Along with providing functions for managing the stored Reaction Wheel Assembly (RWA) momentum, the 
GN&C flight software implements control laws for pointing the solar arrays and positioning the EP thruster gimbals. 
After arrival in orbit around Psyche, GN&C provides nadir and off-nadir pointing control for the science instruments, 
along with time-profiled pointing of the EP thrust vector to accomplish orbit transfers and orbit maintenance.  

GN&C additionally supports spacecraft "safe mode", providing fault protection with functions for detumble, sun 
acquisition and Sun-referenced attitude control using either RWAs or Cold-Gas System (CGS) thrusters. The GN&C 
software also implements an Earth-pointed RWA based “standby” mode. Attitude sensors on the Psyche spacecraft 
include Honeywell Miniature Inertial Reference Unit (MIMUs), Jena-Optronik star trackers and an eight detector 
“fan” configuration of Adcole coarse sun sensors (CSSs). Each sensor is redundant. For nominal inertial attitude 
estimation, star tracker attitude fixes are combined with a bias-corrected MIMU-based attitude estimate using a “fast 
observer” algorithm. For safe mode, attitude estimation is sun-referenced, using only the uncorrected MIMU and sun 
sensor. A 360 degree, single axis sun search achieves full-sky sun coverage.   

Nominal 3-axis attitude control is accomplished using a pyramid of four Honeywell HR 16-100 reaction wheels 
operated near zero momentum. To increase torque authority and disturbance momentum capacity, the nominal 
configuration uses four wheels, but 3-wheel operation is fully supported, providing three for four redundancy. Backup 
attitude control for use during initial detumble and CGS safe mode is provided by a regulated nitrogen cold gas system 
with six thrusters per branch. The CGS also provides an alternate RWA momentum unloading capability to supplement 
the use of EP-based momentum control.  

Unlike Deep Space 1 and Dawn, which used the EP gimbals for direct attitude control of two axes while the EP 
thruster is operating, the Psyche GN&C uses RWAs for full 3-axis control even while thrusting.3 GN&C performs 
nominal RWA unloading and momentum control using torques generated by the EP system. The approach is similar 
to that used for Maxar's GEO communications satellites. The RWAs provide 3-axis control of the spacecraft attitude 
while a low-bandwidth momentum control algorithm positions the EP gimbal to direct the thrust vector near the 
vehicle center of mass. Small offsets to the EP thrust vector produce torques that allow near continuous unloading of 
two transverse axes of RWA momentum.  

Hall effect thrusters create a “swirl” disturbance torque that must be account for in operation. Since swirl torque 
is aligned with the thrust axis, it can not be directly unloaded using a two-axis gimbal and continuous unloading. 
During cruise, when the inertial thrust vector changes only slowly, the remaining axis of momentum (along the thrust 
vector) will be unloaded every few days using short (~15 min) EP-unload burns using a thruster on the opposite side 
of the spacecraft. Once in orbit around Psyche, where the inertial thrust direction will change more quickly, continuous 
unloading can be used to accomplish most of the required momentum control so dedicated EP-unload burns are 
expected to be rare. If required, EP unloading can be supplemented with momentum adjustment burns using the CGS 
thrusters.    

Psyche’s core attitude estimation and control algorithms have high commonality with algorithms used on the 
Cassini, SMAP and the Europa Clipper missions. Momentum control algorithms for Psyche are being developed using 
high fidelity simulations that include detailed disturbance models for SPT-140 swirl torque, solar radiation pressure, 
and small-body gravity gradient torques. 

F. Autonomous Operations Strategies 
The primary challenge for the operations team is to maintain the flexibility and responsiveness needed to conduct 

the science mission while operating at a previously unexplored body at distances over 30 light-minutes from Earth. 
Psyche’s concept of operations is based on strategies that were developed for the Dawn mission, which successfully 
conducted low thrust orbital science campaigns at Vesta and Ceres in 2012 and 2016 respectively.2 The operations 
team utilizes onboard command sequences to minimize ground-spacecraft interactions needed to control the 
spacecraft. Command sequences contain lists of commands, including simple logic checks and directives, that are 
uploaded to the spacecraft and execute autonomously at pre-designated times or under pre-designated conditions. The 
operational strategies used during the cruise and orbital operations phases are described below. 

 
Cruise Operations 

During cruise, command sequences are created using a four-week build process, uplinked to the spacecraft, and 
then execute over a four-week period (see Figure 24). Sequences control EP thrust arcs, momentum unloads, and 
communications passes with Earth, and include commands that turn the spacecraft to and from the thrust attitude, 
power on and configure the telecommunications system for both low-gain and high-gain antenna passes, stream real-
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time and recorded telemetry, and conduct radio passes that collect navigation data using ranging, doppler, and Delta-
Differential One-Way Ranging (Delta-DOR). The sequences also conduct routine engineering maintenance and 
science calibration activities as necessary. In addition to the command sequences, the operation team also uplinks the 
latest navigation data to the spacecraft in the form of ephemeris polynomials and thrust pointing polynomials used for 
thrusting and pointing the spacecraft. 

Each four-week build period accommodates two sequence review cycles and, for the majority of cruise, allows for 
sequential (as opposed to concurrent) development of sequence packages. Since commitments for DSN antenna time 
are negotiated eight weeks in advance, the planning and execution cycle is designed to fully utilize the DSN schedule. 
Sequence development and execution periods can be lengthened or shortened as necessary to accommodate special 
operational scenarios. 

 

 
Figure 24: Cruise Command Sequences are Developed Using a Four Week Build Process 

The first year of cruise operation corresponds to the prime period for DSOC operations. Operational “windows” 
for DSOC activity are incorporated into the nominal sequence design, and special DSOC specific sequences are used 
to incorporate updates into the plan on a faster two-week development cycle. During DSOC operations, the operations 
team provides navigation updates to the spacecraft and to DSOC’s ground elements at an increased cadence to support 
the tight pointing accuracies required by the DSOC payload.  

 
Approach and Orbital Operations 

During Approach and Orbital Operations, the commencement of science activities and need for frequent 
navigational updates lead to an accelerated operational pace and the concurrent development of command sequences 
packages. As the spacecraft enters Psyche’s sphere of gravitation influence, the accuracy of the orbital determination 
(OD) solutions used for navigation degrade more rapidly than during interplanetary cruise, and the thrust plan becomes 
more sensitive to EP thruster performance. To compensate, the schedule for incorporation of OD data into thrust 
sequences is compressed so the latest thrust performance data and OD solution available can be used in the sequence 
package (see Figure 25). A preliminary science operations plan is developed with the instrument teams prior to the 
start of the sequence build process and routine engineering activities and science operations are scheduled and 
coordinated at the beginning of the build cycle. Thrust sequences are treated differently because the detailed thrust 
profiles are still undefined at the beginning of the build cycle. To compensate, thrust “windows” are included in the 
sequence execution schedule, and the navigation team subsequently designs the most optimal thrust arcs that fit within 
these windows. The windows allow the operations team to plan science and engineering activities around the 
maximum possible length thrust arc that the navigation team may need for each maneuver. This approach allows 
operators to mature science and engineering sequences without having to wait for the thrust sequences to mature. In 
some cases, such as Orbit Maintenance Maneuvers, it may not be known until within a day of the beginning of the 
thrust arc whether execution of a maneuver is actually necessary. 

In order to maintain the high pointing control accuracy needed for science operations, the operations team supports 
a late update process for science sequences. A portion of the four-week build cycle that would normally be used for a 
second sequence review pass is instead used to either create a new spacecraft ephemeris and/or to shift the timing of 
science sequences based on the latest OD data. This late update process is also be used to update any science sequences 
that require updated timing adjustments.  
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Figure 25: The Build Process for Approach and Orbital Operations Sequences Incorpoates Multiple Thrust 

Sequence Design Cycles 

G. Fault Protection for Deep Space Low Thrust Missions 
The Psyche spacecraft is single-fault tolerant, meaning that no credible fault can result in failure to achieve mission 

success. Single fault tolerance is implemented primarily via cold-spare block redundancy, with cross-strapped 
interfaces between most hardware (including all interfaces between JPL and Maxar hardware) that provide small fault 
containment regions and multiple fault tolerance across critical functions.     

Fault protection on-board the Psyche spacecraft is implemented in hardware and software. Hardware-based fault 
protection provides mitigation for low-level faults isolated to a particular hardware unit (e.g., error detection and 
correction for memory upsets). Software-based fault protection provides mitigation for component-, function-, and 
behavioral-level faults that require autonomous hardware swaps, span multiple hardware units, require coordination 
of multiple actions across subsystems, and/or trigger system safe mode (e.g., excess attitude control errors, commands 
loss timer expiration, low battery state of charge). All software-based fault protection is delivered by JPL and 
implemented via centralized fault protection engine in the PCE. 

Because the spacecraft is located many light-minutes from Earth, long communication outages with the ground 
are an expected condition. The Psyche spacecraft autonomously detects and responds to faults and can autonomously 
achieve a sustainable power-safe, thermal-safe, and communicative safe mode when Flight System health is 
threatened. If safe mode is triggered, the spacecraft will stop execution of on-board command sequences, power-off 
non-critical hardware, switch to LGA communication, and point its solar arrays to the Sun. In order to minimize cold 
gas propellant usage, Psyche primarily uses a reaction wheel (RWA) based safe mode, but Psyche will also have a 
cold gas thruster based safe mode to deal with RWA-faults and low power faults. Aside from launch, there are no 
time-critical/mission-critical events and the Psyche spacecraft is therefore designed to fail-safe and remain in safe 
mode for up to 34 days, until ground operators can diagnose the fault and return the spacecraft back to nominal science 
operations. The mission’s missed-thrust margin (see Table 5) accounts for safe mode occurrences during cruise and 
science operations. 

Because Psyche uses a cold-spare architecture, careful consideration is taken to ensure safe recovery in the event 
of a main processor (PCE) fault. The PDA contains the hardware, logic and interfaces necessary to independently 
detect a PCE fault, and will swap the main computer to the backup unit if a serious fault is detected. The swap can 
take several minutes, and during this time there is no software control onboard the spacecraft. All spacecraft hardware, 
including heaters and actuators, must be put into a safe state during this potential flight software outage, and the REU’s 
personality PROM (PPROM) provides a mechanism to place devices onboard the spacecraft into a safe state when the 
PCE is not operational. 

Because thrust time is a resource to be preserved, the Psyche fault protection design incorporates features to limit 
the amount of missed thrust that occurs due to a fault. One example of this is a “light-touch” fault response mode that 
maintains star tracker- and reaction wheel-based pointing and HGA communications, for quick ground-based recovery 
from low severity faults. Another example of this is limited graceful recovery from some hardware faults before 
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demoting to safe mode, such as resetting the star tracker so the spacecraft can “fly-through” radiation-induced SEEs 
rather than immediately entering safe mode. 

IV. Conclusion 
(16) Psyche is a unique body in the solar system that is composed almost entirely of metal. Psyche: Journey to a 

Metal World will explore for the first time what a metal world looks like, how was it created, and how its formation 
relates to the other planets in the solar system. As potentially the only exposed metal core in the solar system, Psyche 
may provide answers to fundamental questions on how the planets formed that cannot be answered in any other way 
except by visiting this unique world. 

The Psyche mission is enabled by electric propulsion and will use SPT-140 Hall Thrusters to rendezvous with and 
orbit (16) Psyche. The spacecraft requires no chemical propulsion and, when launched in 2022, will be the first mission 
to use Hall Thrusters beyond lunar orbit. This paper provided an overview of the current spacecraft design, described 
changes which have occurred since the initial design concept was developed, and provided a snapshot of current 
developments with an emphasis on the electric propulsion and power subsystems and their interactions with spacecraft 
design and operations. The design of the Psyche mission was presented at a preliminary design review in March 2019, 
and continues to evolve and mature. The current design provides a firm basis for future development of the mission 
as the team works towards a critical design review in April 2020. 
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