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ABSTRACT

Current spacecraft propulsion technologies are broadly divided into chemical and electric propulsion
modes, each of which has unique advantages. It is common for both systems to have a place in interplanetary
spacecraft, but the size, weight, and power required to carry two separate propulsion systems is extremely
limiting for small spacecraft such as CubeSats. The upcoming NASA STMD-funded Green Propulsion Dual
Mode (GPDM) mission will demonstrate on-orbit a novel dual-mode propulsion system known as the GPDM
Propulsion System that uses the AF-M315E/ASCENT green monopropellant to feed both a chemical 100
mN monopropellant thruster and four electrospray thrusters. GPDM will fly a 6U CubeSat in low Earth
orbit and perform orbit-raising and lowering maneuvers to characterize the performance of this dual-mode
propulsion technology, enabling a new generation of future interplanetary small satellite explorers.

The Georgia Institute of Technology Space Systems Design Laboratory (SSDL) is conducting the design,
assembly, integration, testing, and mission operations of the GPDM host spacecraft, as well as the integration
of the GPDM Propulsion System payload, designed by NASA’s Marshall Spaceflight Center (MSFC). The
NASA Marshall Space Flight Center is overseeing the overall GPDM project as well as specific technology
development activities of the GPDM Propulsion System, while electrospray thrusters are supplied by the MIT
Space Propulsion Lab, with additional components supplied by MMA Design, Blue Canyon Technologies,
Quasonix, Xiphos, and Rubicon Space Systems. The GPDM spacecraft will carry the GPDM Propulsion
System into orbit and use a high-power S-band radio to enable real-time operations in low Earth orbit
(LEO) via the NASA Tracking and Data Relay Satellite System (TDRSS). The mission is working towards
a tentative launch readiness date of August 2025, in support of launch and operations commencing in
January 2026. This paper describes GPDM’s overall mission concept of operations, spacecraft overview, and
subsystem breakdown.
1 Introduction effect, pulsed plasma, and electrospray thrusters.
These systems use electric power to increase propel-

Spacecraft propulsion is generally separated into
two broad categories: 1) chemical propulsion and 2)
electric propulsion. Chemical propulsion technolo-
gies include monopropellant, bipropellant, hybrid,
solid, and warm/cold-gas systems. These systems
provide a relatively large amount of thrust and are
relatively inefficient due to the low exhaust veloc-
ity of the accelerated reaction masses. Therefore,
these systems are limited in total delivered AV by
their total propellant load and low specific impulses.
Fig. 1 shows schematic diagrams of several chemi-
cal propulsion systems. On the other hand, electric
propulsion technologies such as gridded ion, Hall-

lant exhaust velocity instead of a chemical reaction
and can achieve much higher specific impulse (Isp)
than chemical propulsion systems, which is advanta-
geous for station-keeping, orbital maintenance, and
interplanetary transfer. However, electric propulsion
systems deliver very low thrust, and therefore can-
not be used when large impulses are required by a
mission architecture such as an orbit insertion in a
short time frame. Fig. 2 shows schematic diagrams
of several types of electric propulsion technology'2.3
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Figure 1: Schematic diagrams of a selection
of chemical propulsion systems.3

CubeSats are small satellites that can be de-
ployed from a range of standardized containers
which allow for their launch as secondary payloads
that pose limited risk to the launch vehicles’ primary
payload. These spacecraft have rapidly proliferated,
with the number of CubeSats launched being well
over 2200 as of October 2023.# Importantly, due
to their typical launch mode being as auxiliary pay-
loads, CubeSat missions, especially those targeting
non-standard orbits, typically do not have the same
degree of control over initial trajectory as traditional
sole-payload missions.”

The increasing capability and demonstrated util-
ity of miniaturized spacecraft over recent years has
led to a desire to use CubeSats for lunar, interplane-
tary, and other deep space missions. The first inter-
planetary CubeSats were the twin Mars Cube One
(MarCO) spacecraft, which were subsequently fol-
lowed by several others, mostly launched into cislu-
nar space. These interplanetary CubeSats have all
been deployed from primary payloads on a trajec-
tory to a similar destination, although in some cases
limited propulsive maneuvers for trajectory correc-
tion have been performed, such as the successful ma-
neuvers performed by the MarCO and EQUULEUS
missions using cold-gas and water resistojet systems
respectively%7.8

In larger modern interplanetary spacecraft, high-
performance electric propulsion often provides the
primary source of AV to enable transfer to a target
body, while separate chemical systems are used for

orbital insertion. For instance, the Dawn spacecraft
used xenon gridded-ion thrusters for its interplane-
tary transfers, while an array of hydrazine thrusters
were carried for orbital insertion and attitude con-
trol®.1® However, in a small spacecraft context, the
size, weight, and power (SWaP) required by two
separate propulsion systems is difficult to support,
which dramatically limits the capabilities of Cube-
Sat missions. This issue is particularly compounded
by the tendency of CubeSat insertions to be dic-
tated by the primary payload, which tends to drive
missions into convoluted trajectory design where the
ability to both have high AV transfer and high im-
pulse maneuvering capability would greatly improve
mission science and technical results.!!
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Figure 2: Schematic diagrams of a selection
of electric propulsion systems.?

In recent years, a push to develop so-called
”green monopropellants” which are less toxic than
the hydrazine traditionally used in monopropellant
thrusters has led to propellants which are hydrox-
ylammonium nitrate (HAN) based ionic liquid at
room temperature. These ionic liquid compounds, in
particular the Advanced SpaceCraft Energetic Non-
Toxic (ASCENT) propellant, also known as AF-
M315E, are capable of being used as the propel-
lant for low-thrust electrospray thrusters as well as
the impulsive monopropellant systems which they
were originally developed for.!! The Green Pro-
pellant Dual Mode (GPDM) mission is a new pro-
gram funded by the NASA Space Technology Mis-
sion Directorate (STMD) which aims to demonstrate
a dual-mode propulsion payload on-orbit using a 6U
CubeSat.
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2 GPDM Mission Overview and Concept of
Operations

Figure 3: GPDM Concept of Operations.

The objective of the GPDM mission is to demon-
strate dual-mode monopropellant and electrospray
propulsion in orbit. In pursuit of this mission, the
primary spacecraft payload is the GPDM Propul-
sion System using the ASCENT propellant. GPDM
is a collaboration between the NASA Marshall Space
Flight Center (MSFC), the Massachusetts Institute
of Technology’s Space Propulsion Laboratory (SPL),
and the Georgia Institute of Technology’s Space
Systems Design Laboratory (SSDL). The mission
project office is located at MSFC, the SPL provides
the electrospray thrusters, and the SSDL is responsi-
ble for propulsion system integration, spacecraft bus
design and integration, and mission operations. The
NASA Small Spacecraft Technology program man-
ages the GPDM project.

The concept of operations (CONOPS) for
GPDM is shown in Fig. 3. After launch, the
spacecraft deploys from a dispenser on the second
stage of the launch vehicle into a low Earth or-
bit. The current baseline is a 520-525 km sun-
synchronous orbit (SSO), although the mission is in-
tended to be able to advantage of a wide variety of
rideshare launch opportunities. The spacecraft will
autonomously undergo initial deployment, boot-up,
de-tumbling, solar panel deployment, and then es-
tablish a comms link. Operators perform subsystem
checkouts, which brings the launch and early opera-
tions (LEOP) phase to a close.

Following LEOP, spacecraft commissioning will
begin and last for 4 weeks, being broken up into a 2
weeks commissioning of the chemical propulsion sys-
tem, a one-week test period for short-duration elec-
trospray thruster operations, followed by one week
of long-duration electrospray operations.

Nominal operations will then begin. The cur-
rently proposed communications architecture in-
volves the use of daily contact with the spacecraft

via the NASA Near Space Network’s (NSN) Track-
ing and Data Relay Satellite System (TDRSS). Dur-
ing real-time operations, limited data is relayed to
the operators in real-time, while higher-fidelity pay-
load data is stored for later downlink. Further de-
tails of nominal operations will be detailed in Section
4. Finally, at the end of mission life, the spacecraft’s
remaining fuel will be expended to bring the mission
to a low enough altitude to enable atmospheric reen-
try. The mission is currently scheduled to launch no
earlier than (NET) Q4 2025.

3 Spacecraft Overview

Sprite module (Rubicon)

Antennas (Haigh-Farr)

Figure 1: GPDM Spacecraft overview

Figure 4: GPDM spacecraft bus showing ma-
jor subsystems.

The GPDM spacecraft is a 6U CubeSat de-
signed to be launched via a tab-type CubeSat dis-
penser. The major spacecraft subsystems are the
attitude determination and control system (ADCS),
the communications system (COMM), the command
and data handling system (C&DH), and the electri-
cal power system (EPS). The spacecraft’s technol-
ogy demonstration payload is the GPDM Propul-
sion System, which includes a single Sprite inte-
grated chemical propulsion module, four electro-
spray thrusters, and a compact pressure reduction
system (CPRS) which interfaces between Sprite and
the electrosprays. Fig. 4 shows the spacecraft with
major subsystem components labeled - details of
each system are discussed in the following sections.

3.1 GPDM Propulsion System

The GPDM Propulsion System is a dual-mode
propulsion system that draws upon elements of two
previous CubeSat-scale propulsion systems and com-
bines them with a common propellant tank. The
chemical portion of GPDM Propulsion System uses
the same 100 mN ASCENT thruster used in the Lu-
nar Flashlight Propulsion System (LFPS) developed
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by MSFC which was integrated at the SSDL before
launch.'?

Figure 5: The flight-qualified LFPS in the
SSDL clean room?

In the case of GPDM, there is only a single 100
mN thruster mounted center-line on the spacecraft’s
long thrust axis as part of a Sprite propulsion system
supplied by Rubicon Space Systems which integrates
the 100 mN thruster, ASCENT propellant tank,
propellant management devices, Foxglove Model 2
chemical propulsion controller, and control valves.
Foxglove Model 2 was previously developed by the
SSDL.

Figure 6: EDUs for the MIT electrospray
propulsion system showcasing the emitter ar-
rays.3

The Sprite structure is made from additively
manufactured titanium and operates in a blow-down
feed mode. An auxiliary propellant feed port allows
propellant delivery to the electrospray thrusters.
The 100 mN thruster has a steady-state Isp of 215
s and 1200 Ns of total impulse under purely chem-
ical propulsion. Typical pressures in the chemical
propulsion feed system run between 275 psi. The
chemical system uses heaters to keep the propellant
at temperature and to pre-heat the catalyst bed in

the thruster to greater than 400 °C!3.14

The electric propulsion system used in GPDM
Propulsion System is the ion Electrospray Propul-
sion System (iEPS) under development at the MIT
SPL. Using ASCENT propellant, the iEPS has pre-
viously been shown to produce 5-20 plN of thrust
with an Isp of 1800-2800 s. The iEPS thrusters use
propellant reservoirs to store their propellant and
operate in near-vacuum conditions, with a 10 psi
upper limit. A Power Processing Unit (PPU) de-
veloped by Espace, Inc. delivers the +/- 2.0 kV of
electric potential at 4+/- 350 pA required for ion ac-

celeration.!?
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Figure 7: Functional block diagram of the
GPDM Propulsion System.

The CPRS is the connecting link between the
Sprite tank and the electrospray thrusters. Fig.
7 shows a functional block diagram of the GPDM
Propulsion System, wherein the CPRS makes up the
propellant delivery and pressure reduction lines be-
tween the Sprite tank and the electrospray thrusters.

The system features a single isolation valve
mounted in a manifold block, followed by four indi-
vidual thruster valves mounted in paired manifolds
that control the flow of propellant to each electro-
spray thruster. These valves are flight-proven, hav-
ing previously flown on LFPS. The manifolds on the
two sides of the Sprite module are connected via steel
tubing welded onto the blocks, while the final stretch
from the manifold blocks to the electrospray fittings
uses Teflon tubing to ensure electrical isolation of the
iEPS thrusters. Filters are placed upstream of each
valve to reduce foreign object debris (FOD) risk, and
Lee Company ViscoJet compact multi-orifice restric-
tors are used to reduce the system pressure from the
250 psi of Sprite down to the 10 psi operating pres-
sure of the iEPS thrusters.
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Figure 8: Block diagram of the GPDM
Propulsion System control scheme.

Finally, the overall GPDM Propulsion System
controller is called Foxglove Model 1, developed by
the SSDL. Foxglove Model 1 and controls Sprite as
well as all four electrospray thrusters and the five
CPRS control valves. The controller is radiation-
hard and has interfaces with the Sprite Foxglove
Model 2 controller as well as the valves and PPU.
The rest of the spacecraft interfaces with the GPDM
Propulsion System via a single RS-422 line located
on Foxglove Model 1. 5V and 12V power lines for the
GPDM Propulsion System are also routed through
Foxglove Model 1.

Software for the controller is written using the
JPL-developed F’ flight software framework. As of
summer 2024, flatsat testing of the GPDM Propul-
sion System control system using flight-like avionics
and simulators of peripherals such as valves, thermo-
couples, heaters, e-spray thrusters, and the chemical
thruster is well underway. Flight software Revision
1 for the GPDM Propulsion System is also complete.

Structure

Foxglove Model 1

Sprite

Electrospray Assemblies

Figure 9: CAD exploded view of the GPDM
Propulsion System.

Fig. 9 shows a CAD view of the GPDM Propul-
sion System integrated payload, with the PPU fac-
ing the viewer and Foxglove Model 1 mounted across
from it. The Sprite chemical propulsion system is
the large additively manufactured module in the cen-
ter of the image. The large manifolds on the side
of Sprite are the isolation and electrospray control
valves, with the Viscojets integrated into the mani-
folds. Teflon tubing (not shown) connects the exit of

the manifolds to the fittings on the end of the iEPS
thrusters.

3.2 Attitude Determination and Control Sys-
tem

Figure 10: BCT XACT-50 integrated ADCS
system.!®

GPDM requires a robust ADCS system to point
the spacecraft’s thrust axis for maneuvers. The se-
lected ADCS system for GPDM is the Blue Canyon
Technologies (BCT) XACT-50, which integrates a
star tracker, reaction wheels, torque rods, GPS re-
ceiver, and coarse sun sensors. The XACT-50 will
determine spacecraft position and velocity from GPS
data (L1/L2), provide pointing for both chemical
and electrospray maneuvers, and use its star tracker
and coarse sun sensors to determine spacecraft atti-
tude.

The XACT-50’s onboard torque rods will pro-
vide the primary means for reaction wheel unload-
ing, with the GPDM Propulsion System’s electro-
spray thrusters providing an additional means of de-
saturation. Unlike on the Lunar Flashlight mission,
GPDM will not use the XACT-50 as a pass-through
to command the propulsion system to allow for more
direct control in support of its technology demon-
stration mission!2.1%

3.3 Communications

The GPDM communication architecture was pri-
marily driven by the direction to use NASA-affiliated
assets through the Space Communication and Nav-
igation (SCaN) and the technical project PI's de-
sire for real-time operation of the spacecraft in a
”joystick” mode, wherein spacecraft operators will
be able to have more direct control over the space-
craft in case of unexpected events during the tech-
nology demonstration. Several communication ar-
chitectures were investigated, including commercial
direct-to-Earth (DTE), NASA asset-provided DTE,
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and space relay (SR). Ground-pass and link budget
analysis was performed to evaluate the options, with
the major criteria being the total number of available
contacts, total contact time, and total data downlink
over the 9-month nominal mission. Fig. 12 shows a
block diagram of the integrated communications ar-
chitecture.

TDRS-7 u
LAUNGHED: 1995
]
TDRS-8 P )
LAUNCHED: 2000 g .
".i. v .

l _TDRS-13
LAUNGHED: 2017

o ore..... S
L4

TDRS—H]H
LAUNCHED: 2002

DRS-12
INCHED: 2014

LAU!

Figure 11: The current fleet of TDRS satel-
lites operated by NASA, comprising the
space segment of the NSN.16

A combination of the request for real-time con-
trol and program costing estimates led to the selec-
tion of a SCaN-operated SR architecture using the
Tracking and Data Relay Satellite (TDRS) single-
access (SA) service as the primary communications
system for GPDM. Signals from the mission opera-
tions center (MOC) at the SSDL will be routed via
SCaN as a bent pipe through the TDRSS in geo-
stationary orbit down to GPDM and vice-versa. To
conform to government mission resilience standards,
FIPS-140 encryption is implemented in software to
protect commands.

1
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Figure 12: GPDM communications system
schematic.

The primary communication system of the
GPDM project is a high-power S-band transmitter
and receiver developed by Quasonix. The TIMTER
transmitter allows for frequency tuning in 0.5 MHz
steps between 2200.5 MHz to 2300.5 MHz, support-
ing a wide variety of modulation schemes including

BPSK, QPSK, OQPSK, and UQPSK. Using a built-
in solid-state power amplifier, the transmitter sup-
ports a maximum of 10 W RF or +40.0 dBm trans-
mit power with a power draw of 32 W at 28 V.17

Figure 13:
transmitter.1?

Quasonix TIMTER compact

Meanwhile, the RDMS single-channel compact
receiver can receive between 2025 MHz to 2110 MHz
with the same variety of modulations with a noise
figure of 3.5 dB. The RDMS draws 21 W of sustained
power at 28 V.18 The RDMS incorporates a built-in
low-noise amplifier (LNA). Both systems have sig-
nificant flight heritage on launch vehicles. Fig. 13
and Fig. 14 show manufacturer-provided images of
TIMTER and RDMS S-band units.

The integrated communications system incorpo-
rates both Quasonix Rx and Tx units, which send
and receive signals from the spacecraft flight com-
puter via the IO interface board, as well as an RF
front end and two sets of S-band antennas in the
corresponding frequencies.

Figure 14:
ceiver.18

Quasonix RDMS compact re-

Link budget analysis for the downlink from
GPDM via TDRS to the ground was performed us-
ing the general free-space link budget equation in
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the log domain, where Fj is energy per bit, Ny is
the noise figure, EIRP is the Equivalent Isotropic
Radiated Power, L is the free path space loss, % is
the gain to noise temperature ratio, DR is the data
rate, and Ly,qrgin is the link margin.

Ey 1 Gy 4B
Fo(dB) = EIRP(dBW) — Ls(dB) + T ( K )

+228.6dB — 10 * log(DRps) — Lmargin (1)
f,—g is set to be 10 dB, which corresponds to a
bit rate error of roughly le-5 for QPSK modulation,
which is usable on a spread-spectrum TDRS sys-
tem?%.19 The equation for EIRP is as follows:

EIRP = Pemitted(dBW> + Gantenna (dB)

- Lpointing - Lsystem (2)

Using the system parameters of transmitter
power P.pitteq = 7.8dBW, assumed antenna gain
Gantenne = 5dB, assumed pointing loss Lysinting =
1.0dB, and assumed additional system line losses of
Lgystem = 0.5, spacecraft FIRP is determined to
be 14.8dBW . Free-space path loss Ls(dB) is deter-
mined using the following equation:

Ls(dB) = 92.45 4 20log(d) + 20 * log( f) (3)

Ls; = —191dB using a baseline median transmit fre-
quency f of 2.25 GHz and a distance d of 40000 km,
which accounts for some passage past the Earth’s
disk. The TDRS SA service has a % figure of 9/5
4B 20 With this analysis, the primary S-band sys-
tem supports telemetry downlink data rates of up
to 25 kbps via TDRS SA with a link margin of 15.4
dB. A similar analysis shows command uplink rates
of 25 kpbs with a total link margin of 9.4 dB.

Owing to the high real-time data rates which can
be achieved using the TDRS data relay system, high-
fidelity 1 Hz telemetry is able to be streamed to
mission operators on all subsystems. During crit-
ical activities such as chemical burns and propel-
lant refills, 4Hz data for fluid system sensors may
be streamed in real-time. Overall, the communica-
tions architecture of the GPDM mission enables a
real-time spacecraft-to-ground integrated link with
sufficient margin using the TDRS data relay service
with adequately high data rates to enable GPDM’s
intended real-time operations mode.

3.4 Command and Data Handling

The C&DH system for GPDM receives com-
mands from the ground, forwards real-time and

stored telemetry back, and interfaces with all other
subsystems. The primary flight computer is the
Xiphos Q7S, a radiation-hard flight computer with
considerable flight heritage that incorporates both
a dual-core ARM processor and a pair of FPGAs
for IO and watchdog functionality. The GPDM
flight software (FSW) deployment will be onboard
the Q7S.

=

Figure 15: GPDM avionics integrated inter-
face diagram.

The Q7S communicates with the other spacecraft
subsystems via the IO interface board, which also
routes power using electrical pass-throughs. Fig. 15
shows an interface diagram of the integrated GPDM
avionics system, with power and communications
lines with the relevant mechanical connections high-
lighted. The interface board, along with the Q7S
and the EPS, forms the GPDM bus avionics (AVI)
stack. The primary method of communication is
via RS-422 serial communication, although the Irid-
ium transmitter uses the older RS-232 line. Serial
communication lines that are beyond the standard
2 RS-422 lines aboard the ARM processor are im-
plemented in the Q7S IO FPGA and are physically
connected to the IO interface board.

Figure 16: Xiphos Q7S rad-hardened flight
computer.?!

The Q7S’s processing capability allows for the
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use of a Linux-based deployment of the JPL F’
framework as the core architecture, which imple-
ments many common spacecraft functionalities by
default. The GPDM FSW is organized around a
general state manager, and various subsystem man-
ager components receive commands from and send
telemetry to the general state manager. Each sub-
system manager is then linked via subsystem IO to
the subsystem controllers to perform commanded
actions. Fig. 17 shows the top-level GPDM F’
deployment block diagram, with built-in F’ compo-
nents shown in yellow and custom GPDM compo-
nents in green.

Figure 17: GPDM flight software func-
tional diagram, with GPDM-specific compo-
nent highlighted in green.

A notable set of FSW components is the sequence
of components that manage spacecraft-to-ground
communications. This set of components includes
the radio manager, telemetry framer/deframer, and
decrypter components. All inter-subsystem and
space-to-ground communication follows the Space
Packet Protocol established by the Consultative
Committee for Space Data Systems (CCSDS).22

A telemetry packet received by the receiver and
initially processed by the radio driver will pass via
RS-422 serial channel through the interface board to
the flight software, where it will be initially handled
by the radio manager. The radio manager outputs a
bitstream to the TC Deframer component, which ex-
tracts CCSDS telecommand (TC) packets. The TC
packet fields are then decrypted, and the FSW deter-
mines if the telemetry packet received is a command
or file packet, which is then forwarded to either the
F-Prime Command Dispatcher or the onboard File
Service manager respectively. Downlink from the
spacecraft is handled effectively in the reverse man-
ner, although the packets use the CCSDS telemetry
(TM) protocol.

Ground-side command and telemetry data send,
receive, and encryption are handled by the Tele-
science Resource Kit (TReK) ground data system

(GDS), which was originally developed for use by
ISS payloads.??

3.5 Electrical Power System

Figure 18: MMA 112 W LunaH-map derived
deployable solar array.?4

The EPS for GPDM consists of three major com-
ponents: the EPS regulation board, the spacecraft
batteries, and the deployable solar arrays. The EPS
regulation board is a part of the overall GPDM AVI
stack which provides 5V and unregulated battery
power to the rest of the bus. The board charges
the batteries from the solar panels, balances individ-
ual cell charges inside of the batteries to maximize
battery lifetime, and provides telemetry of the EPS
system state.

EPS Board

Connector

Figure 19: GPDM EPS board diagram.

The development of a new EPS board by the
SSDL in support of the large power requirements of
the GPDM mission and also represents a major in-
crease in the capabilities of the SSDL to support
high-performance CubeSat missions. The GPDM
EPS has a primary purpose of providing the space-
craft bus with both regulated 5V and unregulated
battery voltage (10.8V-12.6V). To support this mis-
sion, the EPS utilizes cell balancing to charge the
batteries selectively to increase battery longevity,
while also incorporating features such as individual
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switches that allow for on/off control of individual
subsystems and a watchdog circuit round out the
features of the EPS board. Fig. 19 shows a block
diagram of the EPS board. As of mid-spring 2024,
the EPS board is in its second design revision, with
functional testing nearly complete.

The individual battery packs of GPDM are mod-
eled after the systems flown on Lunar Flashlight
and each consists of three commercial 18650-series
lithium-ion batteries connected in series via con-
ductive nickel strips to allow for bus battery volt-
age between 12.6V and 10.8V. The three batter-
ies are secured within an aluminum housing for
structural and modal resilience, with temperature
probes and heaters attached to the outside of the
heat-conductive housing. Finally, a small PCB is
mounted atop each battery pack, feeding all power
lines, sensors, and heating elements for each cell.

Figure 20: GPDM battery pack EDU during
initial assembly. Note that

These cells are then wired in parallel via the EPS
board to enable a modular arrangement of the space-
craft battery. A five-battery pack configuration with
a total energy storage of 16750 mAh was chosen for
the mission, allowing for maximum endurance dur-
ing eclipses and off-nominal situations. This con-
figuration is effectively fifteen 18650-series cells in
a 3-series 5-parallel configuration. Fig. 20 shows a
prototype version of an individual battery pack be-
fore testing.

Power budget analysis showed that the primary
drivers of spacecraft power consumption are the
S-band transmitter (32 W), the S-band receiver
(21 W), and the GPDM Propulsion System (up to
18.31 W during short chemical maneuvers). The
MMA Design eHaWK 27AS112, which previously
flew on the Artemis I Lunar Polar Hydrogen Mapper
(LunaH-Map) mission, was selected as the primary
solar array.?? This system provides 112 W of peak
power, which is sufficient across a full orbit to sup-

port the 89.4 W power draw of the spacecraft in its
most high-power operating mode without the need
for any charging orbits to replenish depleted batter-
ies between mission activities. This rapid cadence
is necessary due to the constrained mission timeline
of 9 months and limited daily access to TDRS SA

service.

4 Mission Operations

Sequence Generation m Mission Ops Team

Fight RlesCheck :

— Wission scheduler

Miission Planming
Storage

Figure 21: GPDM mission operations infor-
mation flow diagram.

The development of the operational documents
for GPDM is currently in early development. SSDL
is drawing on previous experiences operating the Lu-
nar Flashlight spacecraft for NASA to develop the
GPDM Mission Operations Plan (MOP).?® Fig. 21
shows the mission operations information flow envi-
sioned for GPDM, wherein a core group of student
controllers who make up the core GPDM operations
team serves as the interface between program man-
agement and the principal investigator at MSFC and
the GPDM spacecraft via the telecommunications
link provided by NASA SCaN assets.
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INACTIVE

~>Turn on DMPS 5V &
12V, ADCS, RX/ TX

->Keep most TXAPID
Rates super low (0.01
Hz), focus mainly on
Key Telemetry APID
(0.1 Hz,

>Log All Telemetry

ACTIVE / SCIENCE

- Turn on DMPS 5V & 12V,
ADCS, RX / TX

- Keep standard APID
Rates (1 Hz for most
subsystems)

- Log All Telemetry
Intemally at Standard
Rates

- Perform Chemical Bums,

>FSW Saves Data into
INIT File

- Do Not Allow Propulsion

Internally at Standard
Maneuver commands. Rates
(ESpray/Chemical

Thruster)

Electrospray Buns for
Orbit Maneuvers

- All Commands are valid in

>Perform E-Spray Bum
Active/Science Mode

(24+ Hours)

->Chemical Maneuver
ccommands will be
rejected

Figure 22: GPDM state diagram showing the
spacecraft primary software states.

Georgia Tech SSDL will serve as the primary
mission operations center (MOC) for GPDM. Op-
erators assigned to the MOC serve simultaneously
as spacecraft flight directors and controllers in ”tac-
tical” operations, a role in which they control the
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spacecraft in real-time according to pre-planned ac-
tivities. Meanwhile, these same operators will plan
out future command sequences and procedures by
participating in activity planning. All new activi-
ties are then subjected to verification and validation
using the GPDM spacecraft testbed. When those fu-
ture activities are acted on in the tactical MOC, the
operators who took the lead in developing the plan
for the spacecraft’s upcoming activity will serve as
the flight director while the activity is underway.

Fig. 22 shows the spacecraft’s primary states.
The nature of GPDM as a technology demonstra-
tion mission in which direct operator control over
the propulsion module payload is desired leads to
a simplified onboard state machine. After launch,
the spacecraft deploys into the INIT state, in which
systems turn on, subsystems are checked out, the ve-
hicle detumbles, and the solar arrays are deployed.
In the INIT state, the spacecraft receiver powers
on, and under three-axis control, the vehicle awaits
ground direction via TDRS. Fig. 23 shows a more
detailed view of autonomous flight software actions
in the INIT state.

FSW Verifies Working Subsystems

T+30min

FSW Saves Data into INIT File
|

FSW: SAFE

INIT Mode Produces and Logs APIDs at 0.1Hz

Figure 23: GPDM flight software state dia-
gram during a launch and early operations
(LEOP).

After the initiation of contact with the space-
craft operators, the spacecraft switches itself into the
ACTIVE/SCIENCE state, in which all commands
sent are directly performed by the spacecraft, and
the ground controllers directly ”joystick” the vehi-
cle. Notably, a real-time telemetry stream of 1Hz
is sent to operators via TDRS and chemical burn
commands to the GPDM Propulsion System are en-
abled in this mode. Sequences uploaded for elec-
tric propulsive maneuvers extending beyond a single
ground contact may continue into the INACTIVE
state. Fig. 24 shows the activation diagram of this
state.

Between contacts after deployment, the space-
craft is kept in the INACTIVE state, in which
the spacecraft transmits low-rate telemetry and per-
forms any long-duration electric propulsion maneu-

vers that may have been sent in the last contact.

jr e Miechanically Enabled |

l ——— Eiectrically Enabled |

| = FSW Ensbled i

! Activity or Event i

| W Sybsystem Turned ON |

| NN Fsw Mode i

m [ — Y |

PROP 5V PWR ON

ACTIVE Mode Produces, Logs,
and sends APIDs at 1Hz

FSW: INACTIVE

Figure 24: GPDM f{flight software state dia-
gram during a delta-v maneuver sequence.

Data products such as orbit parameters, sub-
system health telemetry, and high-fidelity thruster
sensor data downlinked from the spacecraft will be
generated by the TReK GDS and post-processing
tools built on top of TReK, to be distributed to the
GPDM principal investigator at MSFC.

5 Conclusion

This paper describes the initial design and sys-
tems engineering development of NASA’s Green
Propulsion Dual Mode mission. The GPDM Propul-
sion System blends the components from previous
successful missions in chemical and electric propul-
sion to produce a novel hybrid system that puts the
advantages of both systems in a CubeSat-sized pack-
age. The Georgia Tech SSDL is now preparing for
the mission’s critical design review before spacecraft
assembly, integration, and testing begin. Subsystem
EDUs are currently undergoing developmental test-
ing and assembly of the GPDM flatsat testbed is
underway. Based on current schedules, GPDM will
fly the first dual-mode propulsion system and be the
first CubeSat to be operated via the TDRS in late
2025, blazing the trail for a new era of interplanetary
explorers.
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