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This study compared the mission performance of four propulsion system options (chemical, electric, hybrid
chemical-electric, and single-propellant multimode design) applied to on-orbit servicing vehicles with masses of
100 kg in low Earth orbit (LEO) and 1000 kg in geosynchronous Earth orbit (GEO). First-order sizing routines were
developed for each option, drawing on historical data, propulsion system properties, and standard mass allocations.
The General Mission Analysis Tool was then used to simulate discrete maneuvers common to on-orbit servicing
missions, such as orbit raising, phasing, and disposal, in both LEO and GEO environments. The results were
assessed in terms of propellant use and maneuver time. These maneuvers were subsequently combined into
representative mission scenarios, highlighting tradeoffs among the four propulsion architectures. The results
show that, although chemical and electric single-mode systems excel in one operational dimension (fast transfers
and high propellant efficiency, respectively), they lack flexibility for scenarios demanding both rapid response and
propellant conservation. On the other hand, hybrid and multimode architectures meet broader operational
demands, with multimode servicers providing a AV range four to ten times greater than hybrid propulsion
(1.99 km/s vs 0.2 km/s in LEO and 4.33 km/s vs 0.97 km/s in GEO).

Nomenclature

e = orbit eccentricity
fpary = propulsion-system dry-mass coefficient
g0 = acceleration due to gravity at Earth’s surface, m/s>
Iy = specific impulse, s
Lo = remaining total impulse, N - s
mgy, = spacecraft dry mass, kg
Minery = propulsion system dry mass, kg
my = spacecraft bus plus payload mass, kg
mp = spacecraft propellant mass, kg
Mg = propulsion system mass without propellant mass, kg
Mo = spacecraft total mass, kg

= electric thruster power, W
Reywwyn = Earth radius, m
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spacecraft orbital radius, m
= thrust angle, deg
= eclipse half-angle, rad

\4 = velocity change, m/s
= propulsion system efficiency
= true anomaly, deg
= coasting angle, deg
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I. Introduction

N RECENT years, interest in on-orbit servicing (OOS) has
increased due to its potential to extend mission lifetime, offer
propellant resupply, perform satellite maintenance and repairs, and
contribute to orbital debris mitigation [1-3]. These capabilities support
flexible and sustainable mission architectures via servicer spacecraft
that can assist large constellations or individual client satellites. Indus-
try efforts reflect this growing interest. Northrop Grumman’s Space-
Logistics subsidiary is on track to launch the Mission Robotic Vehicle
in 2026. Starfish Space has secured funding to develop its Otter
servicing vehicles for geostationary orbit, with first missions also set
for 2026 [4,5]. These initiatives underscore the trend toward opera-
tionalizing OOS capabilities to support future space infrastructure.

A critical component of OOS mission design is the selection of
the propulsion system, which strongly influences servicer lifetime,
flexibility, and the number and complexity of servicing maneuvers
[6-11]. Recently, multimode propulsion systems have emerged as a
promising technology for OOS missions. By using a single propel-
lant in both chemical (high-thrust) and electric (low-thrust) modes,
multimode systems allow for dynamic adaptation to time and mass
constraints without needing to preallocate propellant for specific
modes. This dual-mode capability can provide greater flexibility
than traditional chemical or electric systems alone [12].

Early demonstrations of propulsion systems combined hydrazine
monopropellant thrusters with resistojets or arcjets on the same
spacecraft, but these hybrid propulsion system approaches still
required separate propellant feed lines and sometimes separate tanks
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[13]. In contrast, single-propellant multimode designs aim to further
reduce system mass and volume by sharing the same fluid in both
high-thrust and electric modes [14]. Although this study focuses on
a new specific multimode concept, the overarching analysis com-
paring single-mode, dual-tank hybrid, and single-propellant multi-
mode concepts remains applicable to any system with similar high-
thrust and low-thrust performance. In this study, we focus on a
multimode concept using a blend of 1-ethyl-3-methylimidazolium
ethyl sulfate ((Emin][EtSO,]) and hydroxylammonium nitrate, also
known as Froberg Aerospace Multimode Propellant 100A (FAM-
110A) [15,16]. This ionic liquid propellant supports both stable
monopropellant combustion and electrospray emission without
requiring separate gas generators or external water handling in
electric mode [14]. Laboratory demonstrations have shown stable
single-emitter electrospray operation and catalytic decomposition in
a chemical microthruster [17-19]. Compared to other single-
propellant multimode formulations, FAM-110A’s lack of water
content, eliminating volatile bubbling during electrospray, reduces
system complexity [14].

Despite emerging interest in hybrid and multimode systems
[7,10], the literature still lacks a unified methodology for sizing
servicers and defining orbital maneuvers that fully exploit multi-
mode propulsion flexibility. Frameworks that do exist for modeling
and optimizing OOS operations [7,10] integrate propulsion sizing
but remain limited in addressing the dynamic mode-switching
capabilities of multimode systems. Moreover, although the results
we present here were influenced by both the propulsion technology
itself (specific impulse, thrust, and subsystem mass) and the pro-
pulsion system configuration (chemical, electric, hybrid, or single-
propellant multimode), the interplay of these factors has not been
comprehensively explored in previous studies. This study addresses
this gap through the following:

1) A first-order spacecraft sizing routine was developed to con-
sider representative propulsion options (chemical, electric, hybrid,
and single-propellant multimode) for both LEO and GEO servicers.

2) Key maneuvers (such as orbit raising, phasing, and disposal
transfers) were modeled under realistic operational constraints,
including eclipses that limit solar-powered thrusters.

3) A sensitivity study on propulsion system parameters, particu-
larly for the lower-technology readiness level (TRL) multimode
system, was conducted to gauge how variations in specific impulse,
thrust, and subsystem mass affect mission performance and flexi-
bility.

In particular, our approach does not rely on fully optimized or
minimum AV trajectory designs. Instead, representative maneuvers
are defined to reflect realistic tradeoffs between propellant expendi-
ture, maneuver time, and the need for rapid response in servicing
scenarios. This not only enables us to compare how single-mode,
hybrid, and multimode systems perform under both routine and
urgent OOS demands, but it also provides one of the first quantita-
tive demonstrations of the potential mission flexibility afforded by a
single-propellant multimode architecture. By examining how vary-
ing thruster parameters and subsystem masses (Sec. III) shift overall
system capabilities, we explore the multimode system’s ability to
balance fast, impulsive maneuvers with efficient low-thrust spirals
without having to preallocate propellant between two independent
propulsion subsystems. In addition to servicing missions, this dual-
mode flexibility also addresses emerging defense needs; a servicer
could quickly maneuver away from danger with high thrust and then
efficiently return to station once the threat has diminished, an
approach that aligns well with the current U.S. Space Force interests
[20]. To the authors’ knowledge, this is the first quantification of
how single-propellant multimode propulsion impacts operational
agility. This study focuses on capability envelopes, specifically
how the use of multimode propulsion affects flexibility in servicer
mass allocation and mission feasibility across repeated servicing
cycles. Although hybrid and multimode systems allow for the
selection of a propulsion mode at the beginning of each scenario,
this work does not explicitly optimize dynamic mode-switching
timelines within an individual maneuver sequence.

The remainder of this paper is organized as follows. Section II
details the methodology for servicer sizing, including subsystem
mass assumptions for each propulsion architecture. Section III
presents sensitivity analyses that assess the robustness of our find-
ings under variations in thrust, specific impulse, dry mass, and
spacecraft bus mass, especially for the multimode concept. Sec-
tion IV describes the maneuver modeling and presents initial per-
formance evaluations for chemical and electric maneuvers,
highlighting how different thruster modes compare in total propel-
lant usage and mission duration. Section V discusses representative
servicing mission sequences for both low Earth orbit (LEO) and
geosynchronous Earth orbit (GEO) scenarios, illustrating the flex-
ibility of hybrid and multimode systems. Finally, conclusions and
future directions are outlined in Sec. VI.

II. Spacecraft and Propulsion Sizing

In this study, four propulsion architecture options were consid-
ered for small on-orbit servicers operating in LEO and GEO:
1) single-mode chemical propulsion (hydrazine monopropellant),
2) single-mode electric propulsion (Hall-effect thruster with xenon
propellant), 3) hybrid chemical—electric propulsion (two separate
propulsion systems on the same spacecraft, specifically hydrazine
monopropellant thruster and Hall-effect thruster with xenon propel-
lant), and 4) multimode propulsion (a single dual-mode propellant,
FAM-110A, used in both chemical and electrospray thruster modes).

For each option, the total wet mass of the servicer was set to a
fixed value of 100 kg in LEO and 1000 kg in GEO to enable a
consistent comparison. A fraction of this total mass was allocated to
the propulsion subsystem [such as tanks, feed lines, thrusters, and
power processing unit (PPU)], whereas the remainder covered the
other spacecraft subsystems. The assumed wet mass of 100 kg for
the LEO servicing vehicle reflects emerging small-satellite servicing
concepts designed for constellations of microsats and CubeSats, in
which maneuvering requirements and payload accommodations are
relatively modest. In contrast, GEO servicing missions typically
target communication satellites and require larger payload capacity,
extended on-orbit lifetime, and higher AV budgets for orbit-raising
and relocation maneuvers. Consequently, a notional mass of 1000 kg
was adopted for the GEO servicer to align with representative mission
architectures currently under study for large spacecraft servicing.

A. General Sizing Methodology

A first-order iterative sizing approach was used, beginning with
an initial guess of propellant mass. Each propulsion subsystem was
allocated a certain percentage of the total spacecraft mass (e.g., 30%
in LEO), and the remainder was allotted to nonpropulsive subsys-
tems.$ For the hybrid architecture, chemical and electric propellants
were each assigned half of the total available propellant mass by
default (i.e., a 50:50 split). Although this split is not necessarily
optimal for every mission profile, it provides a neutral, baseline
assumption that can be varied if mission requirements dictate
otherwise.

1. Tank Sizing and Residuals

For each estimated propellant mass, spherical titanium tanks were
sized to hold the required propellant and pressurant (density of
4430 kg/m? and tensile strength of 83,000 kPa), following Ref. [22].
A 5% residual mass and 10% ullage fraction were included, con-
sistent with standard spacecraft design practices [23]. The tank
operating pressures were taken from typical values for each propel-
lant, as shown in Table 1, and were considered constant. In reality,
the operating pressure at the thruster inlet may be slightly lower due
to line losses. Using these pressures and the propellant densities, we
computed the necessary tank volumes and derived the wall thickness
from a simple hoop stress approximation for spherical tanks [6].

$See Ref. [21] for a general discussion of subsystem mass allocation in
small spacecraft.



Downloaded by University of Southampton on November 13, 2025 | http://arc.aiaa.org | DOI: 10.2514/1.A36468

Article in Advance / FALCONE ET AL. 3

Table 1 Representative propellant
properties and tank pressures

Propellant  Density, kg/m?  Tank pressure, kPa

Hydrazine 1000 [24] 37,700 [25]
Xenon 1642 [12] 110,000 [12]
FAM-110A 1420 30,000

2. Thruster and Feed System Mass

Thruster masses for chemical and electric modes were estimated
from existing flight or near-flight hardware data (e.g., Refs. [26,27]).
Following Ref. [12], the lines and valves were assumed to be ~50%
of the thruster mass, and an extra 10% margin was added to cover
brackets, fittings, and other minor inert hardware. By iterating on
the resulting total mass of tanks, thrusters, feed lines, and pressurant,
we adjusted the propellant masses until the desired total spacecraft
mass fraction was reached. This iterative process is summarized
in Fig. 1.

B. LEO Servicer Sizing

For a LEO servicer with a total mass of 100 kg, 30% (30 kg) was
allocated to the propulsion subsystem in the baseline case. The
remainder (70 kg) covered the structure, avionics, payload, and
other subsystems, as guided by Ref. [21].

1. LEO System Breakdown

Table 2 lists the assumed component masses for thrusters and
PPUs. For the hybrid system, two sets of thrusters/tanks (one
chemical and one electric) were sized, and for the multimode
system, a single set of thrusters and tanks handled both chemical
and electric modes using FAM-110A. The result of the iterative
sizing procedure is given in Table 3, including the final propellant
masses, tank dimensions, and total dry masses for the propulsion
subsystems.

The multimode system benefits from using a single propellant
and integrated feed hardware for both its chemical (monoprop) and
electric (electrospray) modes, resulting in lower overall dry mass
than the hybrid system.

Input

Calculate
Propellant VVolume

Guess Propellant

Mass

Adjust Propellant
Mass using
Numerical Solver

Output

Wet
Mass Equal to
Desired
Mass?

Sizing Complete

Table 2 LEO servicer thruster and component mass assumptions

Chemical  Electric  Multimode Hybrid

Chemical thruster mass, kg 0.60 [26] —— 0.86 0.60
Electric thruster mass, kg —_ 1.20 [26] 0.13 1.20
PPU mass, kg — —  3.30[27] 3.30 3.30

Table 3  Propulsion system sizing results for LEO servicers

Chemical Electric Multimode Hybrid
Propellant mass, kg =~ 26.21 18.84 23.34 19.46
Propulsion dry 3.56 10.66 6.55 10.2
mass, kg
Propellant tank 0.19 0.14 0.16 0.14 (Chemical)
radius, m 0.12 (Electric)
Pressurant tank 0.14 0.18 0.11 0.10 (Chemical)
radius, m 0.15 (Electric)

C. GEO Servicer Sizing

For GEO servicers, the total mass was set to 1000 kg. Unlike the
LEO case, we used a statistical model from the FADSat database of
462 GEO communication satellites [28], which provides historical
subsystem mass fractions relative to dry mass. These fractions are
then adjusted for a servicing vehicle rather than a purely commu-
nications payload, referencing the Mission Extension Vehicle mass
data in Ref. [29]. Specifically, the large communications payload
fraction is eliminated, reassigning it to propellant and adding an
extra 5% subsystem margin to account for specialized service
hardware (e.g., capture arms and sensors).

Under these assumptions, we found that the total mass of the
propulsion subsystem (both propellant and hardware) amounted to
roughly 46% of the total wet mass for the multimode, electric, and
hybrid servicers. In contrast, the pure chemical servicer allocated
about 61% of its wet mass to propulsion. This higher fraction arose
because the chemical system’s lower power requirements reduced
the mass devoted to the spacecraft power subsystem (e.g., solar
arrays and PPUs), effectively increasing the fraction of total mass
assigned to propulsion. Table 4 shows the final sizing outcomes,
with component-level masses in Table 5

Calculate

Propellant Tank
Thickness and
Mass

Calculate
Pressurant Mass
and Volume

Calculate
Pressurant Tank
Thickness and
Mass

Add Mass of
other Hardware

Fig. 1 Schematic of propulsion system sizing procedure.
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Table 4 Propulsion system sizing results for GEO servicers

Chemical Electric Multimode Hybrid
Propellant mass, kg~ 552.67  356.43 435.98 382.62
Propulsion dry 55.70 103.58 31.66 80.21
mass, kg
Propellant tank 0.53 0.39 0.43 0.37 (Chemical)
radius, m 0.31 (Electric)
Pressurant tank 0.38 0.48 0.29 0.27 (Chemical)
radius, m 0.39 (Electric)

Table 5 Representative thruster masses for GEO servicers

Chemical Electric Multimode  Hybrid

Chemical thruster, kg 1.00 [26] _— 1.00 1.00
Electric thruster, kg — 3.30 [26] 1.90 3.30
PPU, kg —— 3.30 [27] 3.30 3.30

Similar to the LEO case, the multimode propulsion design fea-
tures shared hardware for its chemical and electric modes, leading
to a smaller dry mass (by 48.55 kg compared to the hybrid propul-
sion system). The lower tank pressure for FAM-110A also reduces
the wall thickness and tank mass. These advantages are contingent
on the assumed thruster mass, propellant feed approach, and tank
material.

D. Thruster Performance Assumptions

Tables 6 and 7 summarize the thruster properties assumed for
LEO and GEO servicers, respectively, spanning chemical (high
thrust and moderate Iy,) and electric (low thrust and higher /)
modes. The hybrid system simply combines the single-mode chemi-
cal and single-mode electric options without further optimization or
synergy. The multimode system uses a single liquid propellant for
both a monoprop thruster (I, = 226 s) and an electrospray thruster
(I, = 1000 s), drawing on data from Refs. [12,15].

High-thrust levels for the chemical thrusters were scaled from a
representative 6U CubeSat thruster hydrazine monopropellant.
Thrust for the low-thrust electric mode was calculated from

T=2n( P ) M)
Isng

where T is the thrust, P is the thruster input power, I, is the specific
impulse, g is the standard gravity, and 7 is the thruster efficiency.
Efficiency values are based on current low-thrust propulsion tech-
nology [26]. These propulsion system parameters serve as the base-
line for mission and maneuver analysis throughout the rest of the

Table 6 Thruster properties for GEO servicers

Chemical  Electric  Multimode  Hybrid

High thrust, N 128.21 —— 128.21 128.21
Low thrust, mN —— 32.11 49.95 32.11
High I, s —_— 2000 1000 2000
Low I, s 250 —_— 226 250
Power, W —_— 700 700 700
Efficiency —— 0.45 0.35 0.45

Table 7 Thruster properties for LEO servicers

Chemical _ Electric  Multimode  Hybrid

High thrust, N 12.82 —_— 12.82 12.82
Low thrust, mN 3.06 7.14 3.06
High Iy, s e 2000 1000 2000
Low Iy, s 250 —_— 226 250
Power, W —— 100 100 100
Efficiency — — 0.30 0.35 0.30

paper. Overall, the sizing outcomes (Tables 3 and 4) show that a
single-propellant multimode approach can reduce propulsion dry
mass relative to a dual-mode hybrid system while still providing
comparable or superior total propellant load. However, the multi-
mode chemical-mode I, is somewhat lower than typical hydrazine
thrusters, which can lead to higher propellant usage for short
impulsive maneuvers. The tradeoffs among these systems are fur-
ther examined in the next sections, focusing on the sensitivity
analysis of propulsion system parameters, orbital maneuvers, AV
requirements, and mission durations.

III. Sensitivity Study of Multimode Propulsion System

Multimode propulsion concepts are new and emerging. The
properties of the multimode propulsion systems described in the
previous section are estimates and best guesses based on the current
technology. These properties may evolve as the specific multimode
technology described here matures, and these properties could
change for different future multimode technologies and approaches.
This section explores the effect of changes in the properties of
multimode propulsion systems on servicer spacecraft overall capa-
bilities. In particular, the analysis here explores how changes in
thrust magnitude, specific impulse, propulsion system dry mass, and
spacecraft bus mass can affect the size of the multimode propulsion
module and the corresponding effect on the servicer spacecraft
overall mission capabilities. The results are compared with those
of servicer spacecraft using traditional propulsion approaches.

A. Sensitivity Study of Thruster Parameters

Propulsion system parameters (i.e., specific impulse and thrust
magnitude) and propulsion system mass were investigated to deter-
mine how their variations from the current design point influence
the overall system performance. The baseline multimode parameter
values (Tables 6 and 7) are based on the modified theoretical data
from Berg and Rovey [12], adjusted to account for performance
losses at small scales and to ensure a higher flow rate in electrospray
mode for operational feasibility [30]. Given that hardware testing is
ongoing, additional deviations from these nominal values may occur
in practice.

The thrust and specific impulse values were varied by up to
+10%, whereas the propulsion system dry mass was varied from
—50 to +100% for the multimode system and from —50 to +50%
for the other systems, representing the multimode system’s develop-
ment status compared to the other flight-tested systems. The LEO
and GEO thruster parameters documented in this study were then
shifted within these bounds, and the total AV capability of each
system was computed using the ideal rocket equation. The total
mass was still assumed to be 100 kg for the LEO servicer and
1000 kg for the GEO servicer.

Although the multimode propulsion system motivated this sensi-
tivity study owing to its lower technology maturity, relative varia-
tions were applied to the other propulsion systems for consistency.
This approach provides a common parametric sweep that allows
direct comparison of how thrust, /,, and dry mass deviations affect
the overall capability of each architecture. Although established
chemical and electric systems are less likely to exhibit such large
deviations in practice, including them in the same variation bounds
highlights their relative robustness and ensures a uniform sensitivity
framework across all propulsion modes.

Figures 2 and 3 illustrate how variations in [g,, thrust, and
propulsion system dry mass affect the AV capability of LEO and
GEO spacecraft, respectively. The baseline design point is indicated
by a diamond marker. Because hybrid and multimode architectures
each use two propulsive modes, their total AV is expressed as a
range of possible values. For hybrid systems, the upper limit is
found by depleting all chemical propellant before consuming the
electric propellant, whereas the lower limit reverses this sequence.
For the multimode system, the upper limit is obtained by expending
all propellant in the low-thrust mode, whereas the lower limit is
found from expending all propellant in the high-thrust mode. Any
AV value within these bounds is achievable through different
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Fig. 2 Sensitivity study of LEO thruster parameters.
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Fig. 3 Sensitivity study of GEO thruster parameters.

chemical and electric propulsion usage or burn sequences, indicat-
ing the degree of flexibility available for mission design after the
spacecraft is in orbit.

AV is a primary indicator of a spacecraft’s on-orbit maneuvering
capacity and mission lifetime; a larger AV budget typically translates
into a greater number of possible maneuvers. Systems with higher
specific impulse have correspondingly higher AV and therefore
exhibit greater mission capability. In contrast, thrust magnitude does
not affect the total AV, although it influences the time required to
achieve AV. Reductions in propulsion system dry mass also increase
AV, but the effect is smaller than variations in Iy,. Consequently, the
AV capability is most sensitive to changes in I,.

Although the specific impulse of state-of-the-art thrusters is not
likely to change significantly, the multimode thruster parameters
may deviate more substantially from current estimates and thus
produce notable changes in servicer capability. For instance, a
10% improvement in the multimode thruster’s specific impulse in
LEO could yield up to 50 m/s and 260 m/s additional AV for the
high-thrust and low-thrust modes, respectively. In every variation
scenario considered here for LEO (Fig. 2), the multimode system
has a AV range roughly an order of magnitude larger that that of the
hybrid system, illustrating the increased flexibility afforded by
sharing propellant between two thrusting modes. Similarly, a 10%
Iy, increase in GEO applications could provide an additional
560 m/s of AV in the low-thrust mode and 125 m/s in the high-
thrust mode. Across all variations for GEO (Fig. 3), the multimode
AV range is about four times larger than that of the hybrid system.

Figures 2 and 3 show the effect of variation in propulsion system
dry mass on servicer AV capability. The dry mass of the multimode
system was varied from —50 to +100%, which is wider than the
other propulsion approaches because of its lower maturity. The

results show that even a 100% increase in dry mass from the nominal
design point reduced AV only by roughly 20% for the LEO multi-
mode servicer and 7% for its GEO counterpart. The smaller LEO
vehicle is more vulnerable to mass growth penalties because the
propulsive system dry mass is a larger fraction of the overall space-
craft mass budget.

B. Sensitivity Study of Propulsion-System Dry- Mass Fraction

This subsection investigates how variations in 1) nonpropulsive
system mass and 2) propulsion subsystem mass growth affect the
achievable mission AV and overall system flexibility. Unlike pre-
vious sections that assessed performance at fixed mass allocations,
this analysis explores how AV capability shifts across a spectrum of
design choices and in the presence of structural mass and payload
uncertainty. Specifically, we evaluate the propulsion-system dry-
mass fraction, defined as

mg
mg + mp

@

S pary =

where my is the propulsion system mass without propellant mass,
including tanks, thrusters, feed lines, pressurant, PPUs, and mount-
ing hardware, and m p is the usable propellant mass. Note that m ¢ and
m,, are dependent on each other because as m,, increases, the tank
and pressurant mass must also increase and therefore mg increases
(as described by the sizing procedure in Fig. 1). The dry-mass
fraction is a measure of propulsion system efficiency; a lower
f pary Teflects a more favorable mass allocation toward propellant,
enabling longer maneuvering capability for the same system mass.
This analysis is twofold; in the first part, the allocated nonpro-
pulsive mass m; (i.e., bus plus payload mass) is varied over a wide
range, from 0.5 kg to nearly the total system mass, and the corre-
sponding mg and mp are then calculated under the constraint:

ms +mp + mp = My 3

with m, held constant (100 kg LEO and 1000 kg GEO). For each
value of m;, the resulting AV is computed using the ideal rocket
equation, and the corresponding mg and mp are used to calculate
f pary- This parametric sweep yields families of solutions for each
propulsion architecture, revealing how maneuvering capability (AV)
evolves as the available mass for the propulsion system changes. In
the second part of the analysis, we assess the effect of multimode dry
mass growth. The aforementioned analysis is repeated for the multi-
mode case, assuming the nominal propulsion dry mass mg is
doubled. This case is deliberately chosen to stress the system and
examine its robustness under worst-case assumptions. The results
quantify performance degradation in terms of both increased fpary
and reduced AV, enabling exploration of the response of the servicer
architecture to extreme mass penalties owing to lower propulsive
efficiency, heavier components, unforeseen integration challenges,
subsystem overdesign, or late-stage hardware changes.

Figures 4 and 5 show the results for GEO and LEO servicers,
respectively. The bottom right of each curve represents a servicer
with the smallest payload m;, and therefore the most propellant,
largest AV, and lowest dry mass fraction f 4. Moving up and to
the left along the curve is increasing servicer miy;. Single-mode
architectures (chemical and electric) appear as single f 4, versus
AV curve. In contrast, hybrid and multimode systems span continu-
ous AV ranges bounded by their minimum and maximum AV
extremes (where LT is the low-thrust mode and HT is the high-
thrust mode, computed as discussed in the previous section). The
baseline design point is marked by a circle, whereas the red shaded
region represents the multimode results assuming double mg. The
trends for all cases show that larger m; values reduce the propellant
allocation, increasing f 4, and reducing the available AV.

Considering the GEO servicer shown in Fig. 4, the multimode
system exhibited the lowest f 4, for a given AV, with a nominal
range extending from approximately 1.27-5.60 km/s and f 4, near
0.072. However, doubling the propulsion dry mass shifted this to a
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Fig. 4 Variations in f 4,y for the four GEO servicers as a function of
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Fig. 5§ Variations in f 4, for the four LEO servicers as a function of
their AV budget; HT, high thrust; LT, low thrust.

higher f 4 of 0.14 and reduced the AV range to 1.15-5.07 km/s, a
decrease of roughly 9% in the upper bound and a decrease of 10% in
the AV range. Although the hybrid system exhibited a slightly
higher f 4y of 0.19 (35% higher than that of the multimode system
under doubled mass assumptions), its AV range was narrower
(4.78-5.75 km/s). Notably, even under this significant mass growth
scenario, the hybrid system upper bound of 5.75 km/s still
exceeded the stressed multimode 5.07 km/s by only 13%, demon-
strating the multimode system’s resilience to substantial dry mass
increases for GEO servicers.

Figure 5 presents the results for the LEO servicers. In this case,
the smaller total spacecraft mass made the designs more sensitive to
increases in propulsion system mass. The nominal multimode con-
figuration exhibited the lowest f 4 (0.225) and provided a broad
AV range of 0.58-2.57 km/s. A 10% increase in nonpropulsive
mass from its baseline value of 70-77 kg increased the f 4y to
0.276 and compressed the AV range to 0.40-1.77 km/s, a 31%
reduction in maximum AV. When the propulsion dry mass was
doubled, f qry increased sharply to 0.426 (an 89% increase from the
nominal case), and the AV range further narrowed to 0.42—-1.84 km/s.
Despite this highly conservative scenario, the maximum AV
decreased by only 28%, indicating a degree of robustness in the
design. For comparison, the hybrid system started with a slightly
lower f 4 of 0.351 than the double-mass multimode case, but it
offered a narrower operational band, with AV ranging only from
2.24 to 2.44 km/s.

Overall, the multimode concept demonstrates the greatest nomi-
nal flexibility in AV capability across both orbital regimes, along
with the lowest f 4, values. However, this performance advantage
comes with increased sensitivity to propulsion subsystem growth. In
the LEO case, doubling mg led to an 89% increase in f 4 and a
28% reduction in maximum AV compared to only a 9% decrease in
maximum AV for the GEO case. This contrast highlights the
reduced tolerance to mass overgrowth in smaller spacecraft, where
increases in subsystem mass can impact performance. These results
emphasize the importance of early-stage robustness analysis and
conservative mass budgeting, particularly for missions with tight
margins or evolving payload requirements.

IV. Maneuver Modeling and Performance

This section describes the modeling approach and representative
results for the four propulsion system options (chemical, electric,
hybrid, and multimode) used by servicer satellites in GEO and LEO.
Each servicer is assumed to loiter above the client spacecraft in
either a “graveyard orbit” (GYO; 300 km above GEO) or a “perch
orbit” (50 km above LEO). The overall mission concept includes
four potential servicing scenarios: 1) upgrade, 2) relocate, 3) dis-
posal, and 4) investigate. Each scenario comprises one or more
orbital maneuvers, such as raising or lowering from the loiter orbit
to the client orbit, adjusting phase to match or shift true anomaly,
and short station-keeping arcs. For example, an upgrade might entail
lowering or phasing into the client orbit, delivering equipment or
propellant, and then raising back to the loiter altitude. A relocate
scenario might lower or phase to the client, relocate it to a different
orbital slot, and then return the servicer to its loiter orbit. Other
scenarios follow a similar combination of raising, lowering, phas-
ing, and station-keeping sequences.

A. GMAT Modeling and Key Assumptions

General Mission Analysis Tool (GMAT) [31] is used to propagate
orbits and compute relevant quantities, such as propellant consump-
tion, thruster on time, and total maneuver duration. Except for
station-keeping, in which lunar/solar perturbations and atmospheric
drag are considered, the force model includes two-body orbital
dynamics. All spacecraft maneuvers are modeled as finite time
events rather than impulsive maneuvers. Burn durations and coast-
ing intervals are automatically determined using GMAT’s differ-
ential corrector with a Newton—Raphson update scheme (forward
difference derivatives; maximum 50 iterations), which iterates until
the target semimajor axis and eccentricity are achieved. This
approach provides a realistic, although not optimized, assessment
of each propulsion system’s operation in a servicer mission. High-
thrust maneuvers are executed as two short arcs with an intermediate
coast (near-Hohmann transfers), whereas low-thrust maneuvers are
modeled as continuous tangential spirals. GMAT’s built-in differ-
ential correctors solve for burn durations, thrust directions, and
coasting arcs to reach the target orbit or phase. Furthermore, the
GMAT flexible scripting environment allows the implementation of
custom control logic. This was used to define steering maneuvers
that mitigate eccentricity oscillations in GEO and to replicate
thruster shutdowns during eclipses in LEO, which were identified
using a built-in dual-cone shadow model. The specific implementa-
tion of this control logic is detailed in the corresponding maneuver
sections that follow.

B. GEO Maneuver Modeling
1. GYO Raising and Lowering

In GEO, a fundamental maneuver involves transferring between
the client orbital altitude and the GYO roughly 300 km above it. For
high-thrust (chemical) propulsion, this transfer is approximated
by two near-Hohmann maneuvers: one to adjust the apoapsis (or
periapsis) and a second to circularize, as shown in Fig. 6. The thrust
vector is assumed parallel to the velocity vector (or antivelocity for
lowering) during each burn, and the GMAT differential corrector
determines the required burn lengths and coast intervals to achieve
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Fig. 6 Schematic for orbit lowering in high-thrust mode.

the target semimajor axis and eccentricity. In contrast, low-thrust
(electric) propulsion is modeled as a multirevolution spiral, as
depicted in Fig. 7, in which the servicer thrusts nearly tangentially
to the orbit until its semimajor axis reaches the target value. At
GEO, small thrust misalignments can cause oscillations in the
orbital radius or eccentricity. To mitigate these effects and achieve
a near-circular final orbit, a steering law adapted from Ref. [32]
(originally for Geostationary Transfer Orbit (GTO) to GEO trans-
fers) was applied. This steering law was implemented in the GMAT
mission sequence by applying thrust only within a specific true
anomaly range of 150-210 deg near apoapsis, which was found to
provide good performance for circularization.

Tables 8 and 9 list the sample results for raising a GEO servicer to
the GYO with and without carrying a 2500 kg client (from Ref. [33]
as a representative upper bound for GEO satellites). As expected,
carrying a client significantly increased the total mass, leading to
higher propellant demands and longer low-thrust spirals. Each
propulsion architecture has characteristic tradeoffs, such as chemi-
cal systems requiring more propellant for rapid maneuvers, or

S?'vicer
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&

Start Low AV
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Start
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Fig. 7 Schematic for orbit lowering in low-thrust mode.

Table 8 GEO servicer: GYO raise performance (no client)

Propellant ~ Thruster Total time,

Propulsion mode used, kg on time days AV, m/s
Chemical (high thrust) 443 84.67 s 0.5 10.90
Electric (low thrust) 0.56 3.93 days 4.88 10.92
Multimode (high thrust) 4.90 84.65 s 0.5 10.90
Multimode (low thrust) 1.12 2.54 days 3.66 10.95
Hybrid (high thrust) 4.43 84.67 s 0.5 10.90
Hybrid (low thrust) 0.56 3.93 days 4.88 10.92

Table 9 GEO servicer: GYO raise performance
(with 2500 kg client)

Propellant Thruster Total
Propulsion mode used, kg on time  time,days AV, m/s
Chemical (high thrust) 15.49 296.36 s 0.5 10.88
Electric (low thrust) 1.94 13.73 days 14.8 10.89
Multimode (high thrust) 17.13 296.2 s 0.5 10.88
Multimode (low thrust) 3.88 8.82 days 9.84 10.88
Hybrid (high thrust) 15.49 296.36 s 0.5 10.88
Hybrid (low thrust) 1.94 13.73 days 14.8 10.89

electric modes stretching out the total maneuver time while using
far less propellant. Overall, the hybrid system uses less propellant in
its high-thrust mode than the multimode’s chemical mode (owing to
higher specific impulse), whereas the electric mode of the multi-
mode system can shorten thruster on time compared to a Hall
thruster because of higher thrust at the same power level.

2. Phasing

Another frequent GEO maneuver is adjusting the servicer’s true
anomaly by a specified phase angle (e.g., 90 deg) to rendezvous
with or relocate a client. In this study, the high-thrust strategy used
two finite maneuvers plus optional coasting arcs, allowing the
servicer to catch up or fall behind at a controlled rate and then
recircularize, as shown in Fig. 8. In contrast, the electric (low-thrust)
strategy continuously increased or decreased the orbital radius to
create the required phase drift and then restored the original radius
after closing the phase gap (Fig. 9). In either case, a coasting interval
can be included by switching the thruster off entirely. During coast-
ing, the phase drift is driven by natural mean-motion differences.
One way to quantify the total coasting duration is through

7First AV
Maneuver

Second A
Maneuver

4
Coasting Orbit
(n-1 times)

. v __End Low AV
\ Maneuver

\
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Fig. 9 Phasing maneuver using low-thrust mode.
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A(pphasing = A¢raise + A¢10wer + Ad)coasting
A¢rz1ise = Aqslower

A _ A¢coasting
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where A¢,,;. and A¢,,e; represent the portions of the phase angle
covered during the raising and lowering arcs, and A@q,ging 18 the
fraction covered by the coasting orbits for a low-thrust strategy. In
general, for both chemical and electric strategies, longer coasts can
reduce the total AV but extend maneuver time, whereas limited or
no coasting shortens the timeline at the expense of additional
propellant. This tradeoff is especially noticeable in high-thrust
maneuvers, in which propellant usage grows rapidly when time
reductions are prioritized.

Tables 10 and 11 summarize an illustrative 90 deg phasing
maneuver without and with a 2500 kg client. For the low-thrust
options, no coasting was performed, which prioritizes total maneu-
ver time over propellant savings. In contrast, high-thrust systems use
eight coasting orbits without the client and 15 coasting orbits with
the client; these values were chosen to achieve at least a 50%
reduction in maneuver time compared to low-thrust spirals. This
choice represents a time-constrained operational tradeoff. Increasing
the number of coasting orbits generally reduces the total AV
requirement by taking advantage of mean-motion drift but at the
cost of significantly longer maneuver timelines. In principle, the
absolute minimum AV for a given phase angle can be made arbi-
trarily small by selecting a phasing orbit infinitesimally close to the
client orbit. However, this would require an impractically long
(approaching infinite) coasting time. Conversely, reducing the
coasting duration shortens the timeline but increases the total AV.

It may seem counterintuitive that low-thrust, continuous maneu-
vers resulted in lower total AV compared to high-thrust solutions,
especially given the gravity losses associated with long-duration
thrusting. This outcome reflects the fundamentally different way
each strategy accomplishes the phasing. The low-thrust approach
leverages small, continuous adjustments to the semimajor axis,
creating a slight change in orbital period. Over many revolutions,
this small drift accumulates to achieve the desired phase shift;
therefore, most of the maneuver is accomplished naturally by orbital
dynamics, with only modest burns needed to initiate and later cancel
the drift. The gravity losses are therefore minor compared to the AV
saved by allowing sufficient time for the maneuver. In contrast, the
high-thrust case is deliberately constrained to complete phasing
much faster (e.g., within 8-15 days). To achieve such a short time-
line, the servicer must enter a phasing orbit with a large semimajor

Table 10 GEO servicer: 90 deg phasing performance (no client)

Propellant ~ Thruster Total
Propulsion mode used, kg on time time, days AV, m/s
Chemical (high thrust) 69.17 22.05 min 8.8 175.80
Electric (low thrust) 271 19.93 days 20.66 53.00
Multimode (high thrust) 76.23 21.97 min 8.8 175.80
Multimode (low thrust) 6.78 15.44 days 17.74 66.74
Hybrid (high thrust) 69.17 22.05 min 8.8 175.80
Hybrid (low thrust) 2.71 19.34 days 20.67 53.32

Table 11 GEO servicer: 90 deg phasing performance
(with 2500 kg client)

Propellant ~ Thruster Total
Propulsion mode used, kg on time time, days AV, m/s

Chemical (high thrust) 135.60 43.55 min 15.79 97.63
Electric (low thrust) 4.96 35.99 days 37.69 27.84
Multimode (high thrust) 150.78 43.46 min 15.79 97.63
Multimode (low thrust) 12.30 28.47 days 29.83 34.53
Hybrid (high thrust) 136.58 43.54 min 15.79 97.63
Hybrid (low thrust) 499  36.22 days 37.74 28.01

axis difference, producing a higher mean-motion drift but also
requiring larger initial and final burns. Consequently, the AV
reported for high thrust reflects the requirement for a rapid transfer
rather than the lowest possible propellant expenditure. Furthermore,
by incrementally adjusting the orbital period and allowing natural
orbital drift, low-thrust propulsion effectively reduces the required
net velocity increment, resulting in a significantly lower total
AV (e.g., approximately 28-67 m/s) compared to the roughly
98-176 m/s typically required by impulsive high-thrust maneuvers.
Thus, low-thrust approaches exchange maneuver duration for sub-
stantially reduced velocity increments, a trend consistently observed
throughout this study.

3. Combined Lowering and Phasing

Many realistic scenarios require orbit lowering (e.g., from the
GYO to the client orbit) while adjusting the phase. In this case, the
high-thrust mode is modeled with three finite maneuvers (see
Fig. 10): 1) lowering the periapsis to the client altitude, 2) modifying
the apoapsis for coasting or phasing (with the semimajor axis and
eccentricity set by the chosen number of coasting orbits), and 3) a
final burn to circularize at the client orbit with the desired phase
closure. In contrast, the low-thrust mode uses a spiral descent
strategy (Fig. 11) that can be augmented with an “active coasting”
phase by deliberately raising the orbit above its initial altitude to
significantly reduce the maneuver time for large initial phase angles.
This approach increases the angular rate difference between the
servicer and the client, reducing the time spent in purely passive
coasting.

Servicer Coasting Orbit

(n-1 times)

R
Second AV
*<Maneuver

~
~

.
Maneuver, ~
P

Fig. 10 Combined lowering and phasing in high-thrust mode.
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Fig. 11 Combined lowering and phasing in low-thrust mode.
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A(ﬁ = A‘ﬁaclive_coasting + A(plower_maneuven
A¢active_coasting = A¢activecoastUP + Aqsuc:tivecoastDOWNv
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where A¢ is the total phase shift required. The terms A, ivecoastUP
and A@,qivecoastbown Tepresent the phase angles covered during the
respective raising and lowering segments, respectively, within the
active coasting phase. Figure 11 illustrates the resulting combined
lowering and phasing maneuver in low-thrust mode.

The decision between active and passive coasting was determined
by the magnitude of the phase shift required before the final descent.
Initially, the phase angle that will be naturally closed during the final
spiral-down maneuver (A@jower maneuver) Was precomputed using a
GMAT function. The remaining phase angle to be closed while
loitering in the intermediate orbit A¢.,, Was then compared to a
user-defined threshold (25 deg in this study). If the required phase
shift exceeded this value, an active coast was performed to reduce
waiting time; otherwise, the servicer simply waited in a passive
coast at its initial altitude.

The active coast maneuver began with an “up” burn, during
which the servicer thrusted tangentially to raise its orbit. This
orbit-raising phase continued until the remaining phase angle to
be closed was reduced to a secondary user-defined threshold of
15 deg. Note that the two thresholds were chosen as reasonable
heuristics for this GEO scenario. The peak altitude of this temporary
phasing orbit was therefore not a fixed target but was dynamically
determined by the time required to satisfy this intermediate phasing
condition. Immediately afterward, the servicer reversed thrust to
execute a “down” burn, which continued until the servicer’s semi-
major axis returned to its original GYO altitude, symmetrically
closing the remainder of the active coast phase angle. Once the
correct phasing was achieved at GYO, the servicer initiated the final,
continuous spiral down to the client orbit. This process, illustrated in
Fig. 11, ensured that the servicer arrived at the correct phase and
altitude. Although it required slightly more propellant than a purely
passive coast, it significantly reduced the mission timeline com-
pared to waiting for natural orbital drift to close the phase gap.

In the present scenario, the high-thrust system performed 15
coasting orbits to cut the total maneuver time by at least 50%
compared to the low-thrust spirals. This method completed the
maneuver in roughly 2 weeks but demanded about 10 times more
propellant than an electric spiral, as indicated in Table 12. Similar to
other maneuvers, the multimode system uses more propellant than
single-mode systems in each mode (owing to marginally lower
specific impulse), but it can reduce electric maneuver times by
taking advantage of higher available thrust.

3

C. LEO Maneuver Modeling

In LEO, the servicer was assumed to loiter in a perch orbit
approximately 50 km above the client spacecraft, in a representative
53 deg inclination orbit commonly used for operational constella-
tions and thus serving as a realistic reference for near-term servicing
missions. Consequently, only coplanar maneuvers were considered.
The same basic maneuvers (raising, lowering, phasing, or their
combinations) remained applicable, but the presence of Earth-
shadow eclipses complicated low-thrust operations. Whenever the
servicer entered eclipse, the solar-powered electric thruster was

Table 12 GEO servicer: combined 90 deg phasing and GEO
lowering performance (no client)

Propellant ~ Thruster Total

Propulsion mode used, kg on time time, days AV, m/s

assumed to be inoperable. Eclipse entry and exit points were deter-
mined using GMAT’s built-in dual cone shadow model with the
Earth as the occulting body. To avoid eccentricity growth caused by
thrust asymmetry, the low-thrust simulations used a symmetric
thrust scheme. Under this scheme, the thruster was shut off during
eclipse and within a symmetrically defined angular region around
the eclipse line (Fig. 12). Outside this “keep out” zone (green
shaded zone in Fig. 12), the propulsion system thrust vector was
aligned with the inertial velocity vector, thus maintaining near-
circular spirals. Without this symmetric thrust scheme or another
steering control law, the orbit would expand or contract preferen-
tially in the sun-facing direction, leading to an increase in eccen-
tricity. The necessity of throttling off for part of each orbit
effectively raised the total maneuver time because a fraction of each
orbit was spent coasting through eclipse.

This symmetric thrust scheme was implemented directly in the
GMAT script by calculating the angle between the satellite position
vector and the sun direction projected into the orbital plane. The
nonthrusting keep-out zone was centered on the anti-sun line, and its
angular size was determined by the geometry of Earth’s shadow. For
a given orbital radius rg,, the eclipse half-angle f is calculated as

. (R
B = arcsm(M
Tep

The thruster is commanded off whenever the servicer’s angle from
the anti-sun line is less than f. This ensures that thrusting occurs
symmetrically outside of the eclipse region, preventing cumulative
eccentricity growth.

1. Perch Orbit Raising and Lowering

Traveling between the perch orbit and the client LEO altitude can
be completed in minutes by a chemical system, which performs two
near-Hohmann maneuvers. An electric mode, however, may require
days or weeks of tangential thrust, interrupted by eclipse downtime.
Tables 13 and 14 present representative results with and without a
227 kg client. The chemical mode is the fastest but consumes more
propellant, whereas the electric mode significantly reduces propel-
lant usage if the mission can accommodate longer transfers. The
multimode system again shows higher propellant consumption in

Start AV
Maneuver

— Thrust ON
— Thrust OFF
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Eclipsing
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L
Servicer

Fig. 12 Example of a LEO lowering maneuver in low-thrust mode,
accounting for eclipse constraints.

Table 13 LEO servicer: perch raise performance (no client)

Propellant ~ Thruster Total
Propulsion mode used, kg on time time AV, m/s
Chemical (high thrust) 1.1 211.0 s 50.7 min 27.2

Chemical (high thrust) 41.47 6.68 min 15.55 103.87 Electric (low thrust) 0.14 22.29 days 34.67 days  27.48
Electric (low thrust) 4.28 30.23 days 35.68 84.06 Multimode (high 1.22 211s 56.73 min  27.21
Multimode (high thrust) 45.77 6.67 min 15.55 103.87 thrust)

Multimode (low thrust) 10.61 24.12 days 29.93 104.64 Multimode (low thrust) 0.28 9.56 days 14.63 days  27.18
Hybrid (high thrust) 41.47 6.67 min 15.55 103.87 Hybrid (high thrust) 1.20 211s 56.73 min  27.21
Hybrid (low thrust) 4.28 30.23 days 35.68 84.06 Hybrid (low thrust) 0.18 16.7 days  25.55 days  27.19
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Table 14 LEO servicer: perch raise performance
(with 227 kg client)

Propellant Thruster Total AV,

Propulsion mode used on time time m/s
Chemical (high thrust) 3.61 690.54 s 62.71 min  27.22
Electric (low thrust) 0.46 77.29 days 118.33 days 27.61
Multimode (high 3.99 690.14 s 62.70 min  27.22
thrust)

Multimode (low thrust) 0.91 32.06 days  49.06 days  27.33
Hybrid (high thrust) 3.92 690.32 s 62.70 min  27.20
Hybrid (low thrust) 0.60 57.24 days  87.64 days  27.02

each separate mode but benefits from increased electric thrust that
accelerates the spiral maneuvers.

2. Phasing and Combined Maneuvers

LEO phasing is modeled similarly to GEO. High-thrust solutions
rely on brief maneuvers and possible coasting arcs, whereas low-
thrust solutions gradually spiral the orbit radius, suspending thrust
during eclipses. Tables 15 and 16 show a 90 deg phasing maneuver
without and with a client, respectively, and Table 17 covers a more
complex sequence involving both lowering and phasing. In the
latter, low-thrust systems applied a continuous thrust—coast cycle
while following the symmetric thrust scheme to mitigate eclipse
interruptions. Owing to the higher orbital angular speed in LEO, an
“active coasting” approach does not yield the same benefits it
provides in GEO. Consequently, a passive coasting phase was
adopted, wherein the servicer orbited at its initial altitude until the
phasing angle to be closed equals A¢yer» at Which point it per-
formed the lowering maneuver that canceled out the remaining phase
offset. The total coasting time At can be computed such that

Table 15 LEO servicer: 90 deg phasing performance (no client)

Propellant ~ Thruster Total
Propulsion mode used, kg on time time, days AV, m/s
Chemical (high thrust) 3.73 11.9 min 2.71 93.33
Electric (low thrust) 0.06 14.5 days 15.67 11.77

Multimode (high thrust) 4.11
Multimode (low thrust) 0.17
Hybrid (high thrust) 4.04
Hybrid (low thrust) 0.09

11.85 min 2.72 93.05
9.59 days 10.81 16.70
11.85 min 2.72 93.04
12.58 days 13.75 13.24

Table 16 LEO servicer: 90 deg phasing performance
(with 227 kg client)

Propellant Thruster Total AV,

Propulsion mode used, kg on time time, days m/s
Chemical (high thrust) 12.22 38.97 min 2.73 93.40
Electric (low thrust) 0.10 26.20 days 27.37 6.08
Multimode (high 13.47 38.85 min 2.73 93.33
thrust)

Multimode (low thrust) 0.31 17.22 days 18.41 9.30
Hybrid (high thrust) 13.27 38.94 min 2.73 93.47
Hybrid (low thrust) 0.16 22.74 days 2391 7.20

Table 17 LEO servicer: combined 90 deg phasing and LEO
lowering performance (no client)

Propellant ~ Thruster Total

Propulsion mode used, kg ontime  time,days AV, m/s
Chemical (high thrust) 3.79 6.1 min 2.69 94.76
Electric (low thrust) 0.14 22.66 days 40.74 27.49
Multimode (high thrust) 4.63 6.74 min 2.69 94.61
Multimode (low thrust) 0.28 9.59 days 18.26 27.5
Hybrid (high thrust) 4.1 6.08 min 2.7 94.68
Hybrid (low thrust) 0.18 16.9 days 30.11 26.93

Start Low AV
Maneuver —Thrust ON

—Thrust OFF

Coasting Phase

| - LEO
| Eclipsing __]Sun,
i| Region

Client
S

-
Servicer
Fig. 13 Combined lower and phasing maneuver using passive coasting
phase in low-thrust mode for LEO.

Aeoase = A — Adprower

where A¢.,c Was closed entirely by natural mean-motion
differences. This approach limits propellant usage while allowing a
gradual shift in phase. Figure 13 illustrates the combined lowering
and phasing maneuver in a low-thrust mode with passive coasting.

Similar to GEO, high-thrust maneuvers minimize total time but
can require an order of magnitude more propellant than low-thrust
spirals. When the mission can accommodate longer durations, the
low-thrust approach conserves fuel but may be extended further by
multiple daily eclipses.

V. Mission Performance

The GMAT-modeled maneuvers from Sec. IV were combined
and simulated to form three distinct mission sequences at GEO: an
upgrade, a relocation, and a disposal scenario. In all cases, the
servicer started in its loiter orbit and lowered to the client orbit,
adjusting phase as necessary. For an upgrade scenario, the servicer
transferred a prescribed mass (e.g., new payload elements) to the
client satellite, enhancing the client capabilities [2]. In the relocation
scenario, the servicer transferred the client to a different orbital slot
and then returned to the loiter orbit. In the disposal scenario, the
servicer transported the client to its designated disposal orbit and
then returned to its loiter altitude. After each scenario, the servicer
remained in its loiter orbit for a specified duration (30 days) before
the next scenario began.

A MATLAB script executed the corresponding GMAT maneuvers
in accordance with the designated mission scenario [31]. The states of
the client and servicer were updated at each step after each maneuver,
and metrics such as mass and maneuver time were recorded. To
compare the chemical, electric, hybrid, and multimode propulsion
systems, each scenario was repeated for up to n cycles; this sequence
of scenarios was a mission. In this study, the total mission time was set
to less than approximately 10,000 h (420 days), aligning with the
expected lifetime of electric propulsion systems of similar perfor-
mance [34], which limits the number of repeated scenarios to a
maximum of six. Hybrid and multimode architectures allow a choice
of propulsion type (high or low thrust) at the start of each scenario. In
this study, the propulsion mode was selected at the start of each
mission scenario rather than dynamically switched midmaneuver.
This approach reflects the focus of this study on achievable mission
envelopes and total impulse usage. If a system does not have sufficient
remaining propellant to perform an upcoming scenario, the simulation
halts, and the number of completed scenarios is recorded.

After each scenario, the remaining total impulse of the servicer is
calculated as

[tot = IsngmP (4)
where mp is the mass of propellant left onboard the servicer. As with

AV, total impulse is a measure of mission lifetime and maneuver-
ability, but unlike AV, it does not depend on the servicer’s dry mass.
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Systems featuring both low-thrust and high-thrust modes (i.e.,
hybrid and multimode) have a maximum and minimum total
impulse available, respectively, rather than single values. These
bounds are found by assuming, respectively, that the entire sequence
is flown in either low-thrust or high-thrust mode. In the hybrid
system, total impulse is given by

Itot = Isp,chmP.c + Isp,egOmP,e (5)

where the subscripts ¢ and e denote high-thrust and low-thrust
parameters, respectively. In contrast, all propellant in the multimode
system can be allocated to either high-thrust or low-thrust mode.

Four distinct GEO missions are shown and analyzed in this
section: a sequence of upgrade scenarios to a client 90 deg away
(n = 6 cycles), a sequence of upgrade scenarios to a client 45 deg
away (n = 6 cycles), a sequence of 90 deg relocation scenarios
(n = 6 cycles), and a sequence of 90 deg disposal scenarios (n = 6
cycles). In the upgrade scenarios, the servicer transferred 5 kg of
mass to the client each cycle and then remained in the loiter orbit for
30 days. During this 30-day wait, station-keeping was performed
using the low-thrust mode if available. Figures 14 and 15 show the
total remaining impulse versus time in these upgrade scenarios. In
the relocation scenario, only servicers with a low-thrust mode were
able to complete the mission and return the servicer to the GYO for a
30-day station-keeping interval, as shown in Fig. 16. Finally, the
disposal scenario repeated a 90 deg disposal cycle with a 30-day
wait before each subsequent disposal, as shown in Fig. 17.

In Figs. 1417, the leftmost end of each line denotes the servicer’s
initial total impulse available at the beginning of life, which is
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Fig. 14 Total remaining impulse of all propulsion systems vs mission
time for a sequence of upgrade scenarios to a client 90 deg away.
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Fig. 15 Total remaining impulse of all propulsion systems vs mission
time for a sequence of upgrade scenarios to a client 45 deg away.

identical across all four missions owing to the same initial propellant
load. Each marker represents the end of a scenario and the beginning
of the next scenario. There are two lines each for hybrid and multi-
mode spacecraft that represent missions executed with only low
thrust (stars) or only high thrust (circles). Figure 14 shows solid red
circles that represent the results for a GEO servicer using high-thrust
multimode propulsion and conducting six upgrade scenarios to a
client 90 deg away. The servicer had an initial total impulse of 1 X
10 N - s and required 275 days to complete the six upgrade scenar-
ios. After the first upgrade scenario, the servicer had 0.9 x 10° N - s
of impulse remaining and required 230 days to complete the remain-
ing five scenarios. In general, and as expected, the data show that
missions completed with electric (low-thrust) propulsion consis-
tently retain the largest total impulse but incur the longest cycle
times. The results also show that the most substantial decrease in
total impulse occurred during relocation maneuvers (Fig. 16), which
had the highest AV requirement and therefore used the most pro-
pellant among the four scenarios.

For both upgrade and disposal scenarios (Figs. 14, 15, and 17),
the areas bounded by the high-thrust and low-thrust lines of multi-
mode or hybrid systems illustrate the wide range of total impulses
available when different thrust modes are selected, thus reflecting
the flexibility gained by dual-mode architectures. In other words,
the shaded areas represent the capability of multimode and hybrid
systems to perform maneuvers with different modes, also known as
mission flexibility. Although pure chemical and pure electric systems
may appear effective in some respects (fast and efficient, respec-
tively), they lack the capability to switch thrust modes as mission

6
7‘g<10

o
o 3

o
3

b
3

Total Impulse Remaining (N-s)
£ o

® Electric
¥ Hybrid 1
“ Multimode

w
3

L L L

3 I
0 100 200 300 400 500 600
Elapsed Mission Time (days)

Fig. 16 Total remaining impulse of low-thrust propulsion modes vs
mission time for a sequence of relocation scenarios.
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needs evolve. Chemical propulsion is fast but propellant-intensive,
limiting long-term servicing utility. Electric propulsion conserves
propellant but prolongs maneuvers, risking delays for urgent client
requests. On the other hand, multimode and hybrid systems are
capable of fulfilling both high-priority and long-term servic-
ing needs.

The hybrid system uses preallocated propellants for its high-
thrust and low-thrust modes, which can limit its total impulse if
one mode becomes depleted. In contrast, the multimode system’s
single-propellant tank can be used in either high-thrust or low-thrust
mode. This design provides a larger region of feasible total impulses
and hence greater mission flexibility. Figures 14 and 15 show that
the hybrid system in high-thrust mode could not complete all six
cycles in the upgrade scenarios, whereas the multimode in high-
thrust mode fulfilled all six cycles. The hybrid system could not
complete all cycles because the chemical propellant ran out before
completing all requested cycles, although electric propellant
remained available. Similarly, Fig. 17 shows that the hybrid high-
thrust mode completed only three of the six disposal cycles, whereas
the multimode high-thrust mode completed six, after which the
servicer can still switch to low-thrust mode as needed. This capabil-
ity underscores the enhanced adaptability of multimode propulsion
for a broad range of servicing demands.

VI. Conclusions

A comparative analysis of chemical, electric, hybrid, and multi-
mode propulsion was performed for two notional OOS vehicles: a
100 kg LEO servicer and a 1000 kg GEO servicer. A first-order
sizing methodology was used to estimate tank dimensions, thruster
masses, feed-system hardware, and pressurant requirements for each
propulsion architecture while holding total spacecraft mass con-
stant. Based on the propulsion technology choices and correspond-
ing mass estimates made here, for the GEO design, the multimode
system exhibited the lowest propulsion-system dry-mass fraction
(fdp = 0.07) and largest AV range (1.27-5.6 km/s). Although the
LEO multimode servicer did not achieve as low a propulsion-system
dry-mass fraction as the chemical system, it still demonstrated a
broader feasible AV range than single-mode or hybrid alternatives.

Furthermore, sensitivity studies indicated that improving specific
impulse had the greatest effect on overall mission capability,
whereas propulsion system mass was a secondary but still important
factor, especially for smaller LEO servicers. For example, in LEO,
10% improvements in specific impulse led to an increase of approx-
imately 260 m/s and 50 m/s in the low-thrust and high-thrust
modes of the multimode servicer, respectively. In GEO, the same
improvements led to an increase of approximately 560 m/s and
125 m/s, respectively.

Additionally, GMAT-based maneuver simulations in LEO and
GEO showed that chemical thrusters can complete certain maneu-
vers up to approximately 900% and 138% faster than electric
thrusters, respectively. However, they may require more than an
order of magnitude more propellant for comparable phasing trans-
fers, with a 93.5% increase for LEO and a 71.46% increase for
GEO, which could render their use impractical. While hybrid archi-
tectures incorporate both thruster types, preallocating chemical and
electric propellants can prevent completing multiple high-thrust
maneuvers if mission demands shift. In contrast, the single-
propellant multimode system eliminates this preallocation, achiev-
ing six full scenarios in a GEO disposal sequence compared to the
hybrid system’s chemical thruster, which ran out of fuel after only
four scenarios.

Overall, across simulated upgrade, disposal, and relocation sce-
narios, the multimode approach showed a more effective balance
between urgent high-thrust needs and efficient low-thrust station-
keeping than single-mode or hybrid systems. This indicates that
multimode propulsion has potential as a flexible and resilient path-
way to future high-intensity OOS, supporting both near-term oper-
ations and future high-intensity servicing architectures.
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