A Mission Concept for Removing Multiple Debris using
Formation-Flying Slingshot Spacecraft

Achira Boonrath?, Federico Rossi?, Issa A. Nesnas®, Eleonora M. Botta®*

“Department of Mechanical and Aerospace Engineering, University at Buffalo, Buffalo, NY, United States
b Jet Propulsion Laboratory, California Institute of Technology, La Cafiada Flintridge, CA, United States

Abstract

To mitigate the threat posed by the increasing quantity of space debris populating low Earth or-
bit, innovative, efficient, and cost-effective solutions must be developed to perform active debris
removal. To address this need, the REusable Spacecraft Teams for on-Orbit debris REmoval
(RESTORE) concept is proposed, comprising a team of three or more spacecraft carrying a net
that captures and deorbits small-sized debris through dragging and slingshot ejection maneu-
vers. A preliminary design analysis of the system is performed in this work to demonstrate the
feasibility of the concept. The system performance throughout the different phases of the de-
bris removal mission is evaluated by examining the results of dynamics simulations. Multiple
debris removal mission architectures are examined along with systems engineering of the space-
craft. The RESTORE system is shown to efficiently remove small- to medium-sized debris with
sufficient safety and delta-v margins.

1. Introduction

Low Earth Orbit (LEO) is home to satellites performing many crucial missions, including
providing communication services (e.g., SpaceX’s Starlink), weather forecasting, and Earth en-
vironmental monitoring. However, these satellites are threatened by the increasing amounts of
space debris populating LEO; as indicated in Ref. [1], over 3000 tons of space debris occupy
the region. The collision of debris with other debris or with an active satellite (as in the Cosmos
2201 and Iridium 33 collision [2]) has a cascading effect that grows debris fragments. With this
threat in mind, innovative, efficient, and cost-effective solutions must be developed to perform
Active Debris Removal (ADR).

Proposed ADR methods are classed into contactless and contact-based techniques [3, 4]. Con-
tactless methods employ laser-based systems (in space or ground-based) or ion-beam shepherd
satellites to impart small forces (and therefore small change in the orbital velocity) on the debris
over time. While contactless methods allow the removal systems to be placed at safe distances
away from the target, they require precise beam pointing accuracy, very long deorbiting mission
time, and have prohibitive upfront development costs [3, 4]. In comparison, contact-based ADR
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techniques offer faster solutions, lower research and development costs, and an overall higher
technological readiness level (TRL) in exchange for the need to conduct precise rendezvous and
proximity operations. Contact-based methods involve rendezvousing controlled spacecraft with
the debris, capturing the latter, and then deorbiting it or relocating it to unpopulated graveyard
orbits [3]. Examples of contact-based ADR concepts include robotic arms and tethered systems
[3, 4]. Robotic arms consist of links connected through multiple motorized joints with an end-
effector mounted, allowing for a high degree of control over the motion of the debris after it has
been captured. However, robotic arms require the chaser satellite to match the rotational motion
of (potentially uncooperative) debris before grasping, and need features on the target that can
be grasped. Tethered ADR concepts involve using one or more flexible cables — reeled from
a winch located on a chaser spacecraft — that connect to a debris capture system (e.g., small
robots, harpoons, or nets). Among the proposed tethered technologies, tether-nets are consid-
ered to be the most promising due to their ability to capture and secure tumbling debris robustly
[5, 6, 7, 8]. However, most designs for tether-nets do not allow their flight paths to be corrected
mid-deployment, and nets can generally be deployed out of the chaser spacecraft once only —
i.e., they are not reusable.

The Space Net Robot (SNR) concept — first formulated by Huang et al. [9] — was proposed
to further increase the capabilities and robustness to uncertainties of net-based ADR systems.
The concept involves using multiple small spacecrafts connected to a net for the capture of space
debris, guided via control algorithms for maneuvering right before and during debris capture.
Zhu et al. [10, 11] studied the capture dynamics of SNRs with debris and the feedback control
required to capture multiple debris scattered in very close proximity to each other. Huang et
al. [12, 13, 14, 15] examined the use of robust control laws to manipulate the configuration of
SNRs throughout capture missions. Boonrath et al. and Liu et al. [16, 17] explored the use of
reinforcement learning for the deployment control of SNRs under the presence of environmental
uncertainties. However, existing studies have not considered the required mission profile for the
ADR systems to travel to and capture debris located in different orbits, nor the deorbiting phase
of the mission and systems engineering aspects.

Similar to the SNR concept, but independently conceived, this work proposes REusable Space-
craft Teams for on-Orbit debris REmoval (RESTORE) for ADR missions in LEO. The RE-
STORE system consists of a team of three or more spacecraft carrying a net that captures, traps,
and deorbits debris through dragging and novel slingshot ejection maneuvers. The slingshot
ejection maneuvers consist of the rapid expansion of the net from a compacted form to an almost
entirely stretched-out configuration as the debris is enveloped by it. The maneuver imparts a
AV to the debris relative to the capturing spacecraft, altering its speed and path. The RESTORE
concept combines the advantage of using traditional net-based techniques — e.g., robustness to
uncertainty regarding the system-debris relative position and rotational states — with the reusabil-
ity of robotic arms.

Unlike previous SNR systems, designed to capture a single debris or multiple debris located
in very close proximity to each other (i.e., distances of ~ 100 m apart), the RESTORE system is
envisioned to be capable of capturing and deorbiting multiple debris that are located on different
orbits (i.e., distances of ~ 10 km apart). For each debris, the removal process has the following
phases:

I. Close Rendezvous and Final Approach;
II. Envelopment;
III. Dragging;



IV. Ejection; and
V. Relocation and Phasing.

This work presents models and analyses for the debris capture and deorbiting phases (e.g.,
Phases II, III, and IV), as well as for the mission segments where the RESTORE system trav-
els between the targeted debris (e.g., Phases I and V). The study of Phase I considers the en-
tire rendezvous maneuver, in contrast with prior research that traditionally only examines the
guidance, control, and dynamics for its terminal portion (i.e., from distances lower than 100
m [9, 10, 11, 12, 13, 14, 15, 16, 17]); a novel minimum-energy path-tracking proportional-
derivative (PD) control framework is also formulated for the RESTORE system in this Phase.
By examining the simulation results presented for the novel ejection maneuver (i.e., Phase IV),
preferred design parameters and initial conditions are identified, and insights are acquired regard-
ing the dynamical effects of approximating the system’s threads as rigid, massless rods. Using
the developed models and the favorable parameters found, multiple ADR mission profiles are
proposed and analyzed, considering debris of varying masses and possessing differing orbital al-
titudes and true anomaly offsets from one another. For the first time, to the authors’ knowledge,
the subsystem components the RESTORE system is expected to use are identified and selected,
and the mass budget for each subsystem is formulated. Overall, the results of this work demon-
strate that it is feasible for the RESTORE system to remove multiple small-to-medium-sized
debris that are located on different orbits, requiring a propellant amount that is physically practi-
cal for the spacecraft to carry; such a finding is the first of its kind for a net-based ADR system.

The rest of this paper is laid out as follows: in Section 2, the RESTORE debris removal
mission concept and system are presented. Section 3 details the mathematical models used to
represent the system in the different phases of the mission, and the dynamics of critical phases are
analyzed in Section 4. Using the defined models and the insights acquired from the numerical
analyses, Section 5 presents multiple candidate debris removal mission designs, extending the
previous analyses performed for SNRs, which only considered mission phases right before and
after debris capture. Section 6 discusses the systems engineering of the spacecraft. Finally, the
findings of this work are summarized in Section 7.

2. Concept Overview

2.1. Selection of Debris Objects for Removal

The goal of RESTORE’s ADR mission is to deorbit multiple small-medium-sized debris ob-
jects (defined as approximately 0.1 - 0.5 m in size) located in debris-rich regions within LEO. We
target small-medium-sized debris objects because they are difficult for ground-based sensors to
track long-term compared to massive debris (such as defunct satellites and rocket upper stages),
while still being large enough to incapacitate active spacecraft if accidental collisions occur [1].
In particular, debris in near-circular Sun-Synchronous orbits—located between approximately
770 km and 830 km altitude at approximately 98° inclination—are of interest, as this region has
one of the highest debris concentrations [18, 19]. To identify specific examples of debris to be
removed and locate these, publicly available databases (i.e., Celestrak.org and Space-Track.org
[20, 21]) can be used.

It should be noted that the identification, and subsequent rendezvous by a controlled chaser
spacecraft, of an uncooperative debris was recently demonstrated by the ADRAS-J mission [22].
Although the debris of interest in the ADRAS-J mission is a large (approximately 10 m long)
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rocket upper stage — and therefore easier to track than the considered debris objects of this work
— the mission illustrates the feasibility of performing the necessary tasks required before the
capture phase of ADR missions. It is expected that the combined use of ground-based LEO
observation systems (e.g., the Space Surveillance Network’s GEODSS system [23]) with sensing
equipments (e.g., optical sensors) on-board the RESTORE spacecraft will enable identification,
short-term tracking, and rendezvous to be performed for a small-medium size debris as well.

2.2. Concept of Operations

In this study, it is assumed that the launch vehicle can insert the RESTORE system at a location
near the orbital position of the first targeted debris, and with similar orbital parameters. At the
location of insertion, the RESTORE system is deployed and unfolded (from a compacted con-
figuration) from the launch vehicle. Then, a check of each subsystem (i.e., power, propulsion,
attitude determination and control system (ADCS), communication, sensing, and localization)
is performed, as well as ensuring that the system is stretched-out to the desired amount. Subse-
quently, the ADR mission begins with the RESTORE system performing close-range rendezvous
and final approach maneuvers to initiate the capture of the debris. In Phase II, the RESTORE
system traps the debris using the net located in the center of the satellite formation. In Phase III,
RESTORE applies thrust in the direction opposite to the debris’s orbital velocity to reduce the
perigee of the coupled system. In Phase IV, it performs the ejection maneuver to rapidly release
the debris in the direction opposite to the orbital velocity, thereby slowing it down for direct
deorbiting or substantial decrease in orbital lifetime. In this work, the perigee altitude of each
debris, h4e,, is reduced to below approximately 300 km, thereby decreasing the orbital lifetime of
debris from the order of decades to the order of months due to the sufficiently high aerodynamic
drag [24, 25]. At last, the RESTORE system modifies its orbit to travel to the location of the
next target in Phase V. The ADR process is repeated until the fuel supply is nearly empty. At
that point, the RESTORE system either deorbits itself, or is refueled by a dedicated spacecraft (a
possibility that will be explored in future research). Figure 1 provides visualizations of Phases
I-IV of the mission, where the orange arrow indicates the system’s direction of travel.

1 Final Approach 1I Envelopment 1IT Dragging 1V Ejection

Figure 1. Phases I-1V of debris removal process.

2.3. RESTORE System Design

The RESTORE system consists of a central net (called the net proper) used to wrap and secure
debris objects for removal, and robotic corner elements — called Maneuverable Units (MUs) —
which are attached to the corners of the net proper via corner threads. For this preliminary
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study, a square net with four MUs attached to its corners was chosen, similar to prior work
[6, 26, 16]; however, we note that other designs — including pyramidal, hexagonal, hemispherical,
and conical shapes [8, 27, 28, 29, 30, 31] — were also considered by other researchers for net-
based ADR systems in general. The net threads are constructed out of high-strength fibers, such
as Kevlar or Technora [32]. The MUs are used to maneuver the net to capture debris objects and
perform the subsequent deorbiting maneuvers. For a proof-of-concept mission presented in this
work, the MUs are conceived as nanosatellites (e.g., 2U-3U CubeSats), but the system could
be scaled-up for larger debris. Each MU has subsystems required for autonomous operations in
orbit, including sensing and localization, communication, command and control, propulsion, and
ADCS. A more detailed consideration of each MU’s systems engineering is presented in Section
6.

3. Assumptions and Dynamical Models for the Study of the Debris Removal Mission

This Section details the models — and the associated assumptions — employed to perform the
preliminary analysis of the multiple debris deorbiting mission. Because of the high concentration
of debris in circular orbits around 98° inclination, for this analysis, debris is assumed to be in cir-
cular orbits on the same orbital plane. Consequently, all maneuvers are also assumed to happen
in the same plane. The initial mass of the RESTORE system is defined as mgys o = 4mmu o + Minet
where my is the mass of the net proper and myy is the initial (wet) mass of a MU. The
RESTORE system is equipped with hydrazine monopropellant engines that are assumed to be
perfectly capable of applying thrust as commanded for the MUs; this type of chemical rocket
propulsion is chosen since the technology has flight heritage from previous space missions em-
ploying small-sized satellites [33]. It is assumed that the thrust control units have perfect knowl-
edge of the system’s dynamical states (for the application of feedback control methods), as the
development of a state estimation framework is outside of the scope of this work (though it was
shown to be possible for a similar, albeit much larger, tethered satellite system in [34, 35]). In this
work, the attitude motion of the MUs are not considered, since it is assumed that each MU has
adequate ADCS capability to properly orient the spacecraft throughout the mission (e.g., through
the use of a sliding-model control law alike to that employed for a tethered satellite system in
Ref. [35]). Finally, while we acknowledge that accounting for the randomness that could be
present within the operational environment is vital for the overall mission success', comprehen-
sive treatment of the expected uncertainties is outside of the scope of this work. The RESTORE
system is expected to be successful in its missions even with environmental uncertainties, based
on the fact that previous studies on both passive tether-nets systems and active SNRs (i.e., sys-
tems partially similar in function to RESTORE) have demonstrated that they could successfully
perform the deployment and debris capture tasks even when mission conditions are not ideal.
[5, 16, 36, 37, 38, 39, 40].

3.1. Phase I: Close Rendezvous and Final Approach

Phase I of the ADR mission is separated into two stages as follows. First, at the beginning
of the Close Rendezvous maneuver, the RESTORE system is placed 3000 m behind the debris
in the along-track direction, similarly to what was proposed for a debris removal mission in

'In this work, the RESTORE system’s robustness to variation in the target position is analyzed for the maneuver of
the Envelopment Phase (see Section 4.2).
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Ref. [41]. Throughout the Close Rendezvous maneuver, the spacecraft moves from 3000 m
to a holding position — e.g., 300 m behind the target — on the along-track direction. At the
holding position, the spacecraft is stationary relative to the debris to perform its inspection and
prepare to conduct the subsequent Final Approach maneuver. In the Final Approach maneuver,
the spacecraft maneuvers from its holding position to initiate the capture of the debris.

For both stages of Phase I, the Clohessy—Wiltshire-Hill (CWH) equations are used to describe
the dynamics of the RESTORE system with respect to the debris. In general, the CWH equations
describe the motion of a spacecraft relative to a reference object (in this case, debris) in a circular
orbit around the main attracting body (i.e., the Earth) [42]. Each i-th debris possesses a mean

motion of np; = \/u/R}, where R; is the orbit radius and x = 3.986 x 10°> km?/s? is the Earth’s
standard gravitational parameter. To use the CWH equations, the local vertical, local horizontal
(LVLH) frame D = {D, i,j, k} is defined with its origin centered and fixed to (i.e., such that it
orbits along with) the center of mass (CoM) of the debris D. The directions {f, j, ﬁ} of the D frame
represent the radial, along-track, and cross-track directions of the orbit, respectively. It should
be noted that, since each i-th debris is assumed to be in a circular orbit, the i, j, and Kk directions
are aligned with the orbital position, velocity, and angular momentum of the debris, respectively.
The LVLH frame is drawn in Fig. 2, with the Earth-centered inertial frame O = {0, i, J s K}
(about which the debris orbits), the debris orbital position R;, and the debris orbital velocity V;
also shown.

Inerti
Frame

Figure 2. The LVLH frame defined for the analysis of the Close Rendezvous and Final Approach phase.

A simplified arm-links model — modified from the work by Shan and Shi [43] such that (i) the
masses of the arms in the simplified model are lumped with the MUs and central mass (instead of
being continuously distributed along their lengths) and (ii) the system’s dynamics is non-planar
— is used for the study of this mission phase and is visualized in Fig. 3. For this model, each
MU is linked to the central mass through a spring-damper pair (arranged in parallel) that does
not exert force in compression. The use of a simplified net model is motivated by the fact that
the observed differences between it and the full-net model are relatively small for the maneuvers
of Phase I (as will be discussed further in Section 4.1), with simulations with the simplified net
model requiring a much lower computational cost due to the lower degrees of freedom present.

Newton’s second law can be written for each y-th MU and the central mass as:

my(Pa,;p) =T, +Fr, +Fr, (1)



Simplified Model
Full-Net Model (Modified from Shan
and Shi, 2022)

B
{Fﬂ-&}\
Figure 3. Simplified net system for Close Rendezvous and Final Approach analyses (modified from [43]).

4
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where T,, F;,, and Fr, represent the tension in the y-th arm, the fictitious force due to the non-
inertial LVLH frame, and the applied control force, respectively. The variables m, and mc are
the masses of the y-th MU and of the central mass representing the net, respectively. It should
be noted that the mass of each MU decreases over time with consumption of its fuel, which is

described by:
" E7, (Dl Jr

3)
0 gelsp

m,(f) = myu, —
where iy o is the mass of the y-th MU at the beginning of the maneuver, g, = 9.81 m/s? is the
standard gravitational acceleration of the Earth at sea-level, and I;;, is the specific impulse of the
engine. The forces T,, F;,, and F; ¢ depend on the state of the system and on the i-th debris’
orbit and are computed as:

_ T7e7 if (ly > ly,O)
T, = { 0 if (I, <1,0) @
F;, = my(Snlzlixy + 2nD,,'y'y)'i\ - 2mynD,,-5cyj - mynszizyl:{ (®))
Fic = mc(np xc + 2npYe)i — 2menp iic) — meny zck (6)

The variable e, = r¢/, /1, represents the axial unit vector along the arm direction, computed based
on the position of the central mass C with respect to the y-th MU, r¢yy, and [, = [Ir¢/yl|. The
tension magnitude 7, is determined as T, = kyy(ly — 1 ) + CayVry, Where vy, = Tc)y - ® Vo)l
is the length rate of change of each arm, computed based on ?vc/,, the time derivative of r¢/,
with respect to the D frame. The nominal arm length is computed based on the properties of
the actual net as [ o = 0.5Lgige V2 + l.0, where Lgge is the net proper side length and I is
the corner thread length. As noted by the researchers who first formulated the simplified model,
there is no analytical expression that accurately equates the axial stiffness of the arm-links &, , to
that of an equivalent net [43]. Therefore, this work approximates the axial stiffness and damping
coeflicients of the simplified model as k., = EA/l o (where A, = 7rr§t is the cross-section area
7



of the corner threads) and ¢, = 2mmy0d \/ky/mmu,o (Where £ is the damping ratio). In future
work, an optimization-based approach — such as the framework employed by Boonrath et al.
[44] to identify parameters of a tethered satellite system — may be used to identify the parameters
of the arm-links such that the simplified system dynamics best match that of the full-net model;
however, this is outside the scope of this preliminary mission analysis.

In Phase I, the control forces for both the Close Rendezvous and Final Approach maneuvers
are determined through a path-tracking PD controller. For each MU, the path the PD controller
tracks is based on a minimum-energy solution for a reference MU model without the net attached
to travel from a set initial state to a desired final state within a given maneuver time f,4; assigned
for the i-th debris (where “rnd” in the subscript is the abbreviation of “rendezvous”). In the
defined reference model, each MU is simply an independent satellite, where the only applied non-
propulsive force is the fictitious force due to the non-inertial nature of LVLH frame; therefore,
the dynamics of the reference model is linear and is expressed as follows:

Sm,y(t) = Am,ysm,y(t) + Bm,yu;(t) (7)

where §,,, (1) = 2 Viny/ MO Ay p(®]" is the time derivative of the state vector of the reference
model, s,,,(1) = [rm,y/D(t),D V,,,,y/D(t)]T is the state vector of the reference model, A, , is the state
matrix of the reference model, B, , is the control matrix of the reference model, and uf;(t) is the
minimum-energy control of the reference model. The reference model’s A,,,, and B,,, matrices
are defined as follows:

0o 0 0 1 0 0 0 0 0

0 0 0 0 1 0 0 0 0

o 0 0 0 0 1 0 0 0
Any=132 0 0 0 2y, 0] B =1 0 o0 ®

00 0 0 -2mp; 0 0 0 1 0

0 0 -m, 0 0 0 00 1

Based on the linear reference model dynamics, the minimum-energy control input is computed
as:
5 T AT - —1 A —lnd,i
lly(l‘) = _Bm,ye my 10 I)W [Sm,y,O 4 o (fo~fma )sm,y,rnd] 9

where W = fl Qt"“"’ e (0"DB, Bl et dr is the controllability Grammian of the system,
Sm,y,0 18 the initial position of the y-th MU, and s,,, g is the desired final position of the y-th MU
at the end of each maneuver. Note that each y-th MU is assigned unique s,,,,0 and s, ,ma such
that the threads are almost at their natural lengths at the beginning and the end of the maneuvers,
respectively (example sets of initial states and final desired states can be seen in Section 4.1).
At the end of the Close Approach and at the beginning of the Final Rendezvous maneuvers, the
desired speeds of the RESTORE system relative to the debris are set to zero to facilitate its arrival
and departure from the holding position, respectively.

Given the reference control and dynamics for each MU, the actual applied control force and
the associated fuel consumption throughout each stage of Phase I are computed as:

F1,(t) = Kp(tyy/p(t) = Typ () + Kp(PVyn(t) =2 vy p(0)) (10)
& i [Py (o)
sy
Mpropmd,i = ——dr (11)
prop,rnd Z j; % Isp

y=1



with r,/p(f) and D v,,p(?) representing the actual position and velocity of the y-th MU with re-
spect to the debris. The variables Kp and Kp indicate the proportional and derivative gains of
the PD controller, respectively. To represent the change in the system’s speed due to the applied
thrusts, the average Avyg; used by the MUs for the maneuver is computed as:

lind.i F
AVrndt—OZSZf ” ”(T)” (12)

ny (1)

3.2. Phase II: Envelopment

To study the envelopment phase, a high-fidelity model of the net — with the actual net mesh
present — is required such that the contact dynamics of the RESTORE system with the debris
can be represented. The high-fidelity model is implemented within Vortex Studio', a multi-
body dynamics simulation framework, building upon prior work by Botta et al. [6]. We adopt
a lumped-parameter modeling approach, one of the most popular and computationally efficient
models for space net systems [9, 6, 36, 11]. The lumped-parameter model lumps the continu-
ously distributed mass of the net threads into small spherical rigid bodies, called nodes. The
nodes are connected at their CoMs via massless nonlinear spring-damper elements (representing
the elastic nature of their materials) into a grid-like pattern to form the net mesh. As the attitude
motion of the MUs are not considered in this work, the nonlinear spring-damper elements are
also connected at the CoMs of the MUs. A scaled-box friction model and a continuous compliant
contact force model are employed to compute the contact forces. Such lumped parameter mod-
els and continuous compliant contact dynamics formulations have been validated by multiple
researchers in the past [45, 26].

Due to the fact that the RESTORE system is in contact with the debris throughout Phase II (and
therefore influences its orbit such that it is no longer circular), the CWH equations are no longer
viable to represent relative dynamics. Instead, both the spacecraft and the debris are subject to
gravitational accelerations according to the two-body model: for each body (i.e., debris, MUs,
and nodes of the net), the gravitational force F is applied to the CoM as an external force in the
equations of motion:

R()
"HIROIP
where R is the orbital position of each body’s CoM and m is the mass of each body. For the sake
of conciseness, the equations of motion are not reported for the high-fidelity model; instead,
interested readers can refer to prior works by the authors [6, 32] for detailed formulation.

Similar to Phase I, a PD path-tracking control is used to control the position of the RESTORE
system. As contact forces between the system and target are present throughout the envelopment,
it is foreseen that the true dynamics of the MUs will deviate much more from the linear reference
model employed in the previous mission phase. Accordingly, a straight-line path — inspired by
the formulation proposed by Boonrath et al. [16] for guiding the deployment of tethered SNRs —
is defined for each MU to track throughout Phase II:

Fe(1) = (13)

2
rd,y(t) = rO,y + (aenv,lt + a’env,Zt )(renv,y - rO,y) (14)

where r, (?) is the desired position of the y-th MU at time ¢, ry, is the initial position of the y-th
MU at the beginning of the envelopment, and re,y, is the desired final position of the y-th MU

Vortex Studio is developed by the CM Labs Simulations Inc. and is available for research use.
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at the end of the envelopment. The final position reyy,, is user-defined (with examples shown in
Section 4.2), but in general is behind the target in the along -track direction. The position vectors
in Eq. (14) are expressed in the frame & = {E, &, &,, &}, which is centered at (i.e., orbits along
with) the CoM of the debris as if the envelopment maneuver did not occur. This frame definition
was chosen to allow the RESTORE system to use a reference frame independent of its motion
(which would not have been if E was fixed to the actual debris CoM) for guidance during the
envelopment maneuver. The directions {€,, &, &} of the & frame represent the radial, along-track,
and cross-track directions of the orbit, respectively. The axes of the & frame and the final desired
positions for the MUs are displayed in Fig. 4. The variables aepy,; (With a unit of 1/s) and @eny2
(with a unit of 1/s?) in Eq. (14) are positive constants used to adjust the desired velocities of the
MUs with respect to the & frame:

Svd,y(t) = (a'env,l + 2a’env,2t) (renv,y - rO,y) (15)

In general, these constants should be computed such that each MU reaches its desired final po-
sition repy,, by the user-defined duration of each envelopment maneuver f.,y; (an example set of
constants is later provided in Section 4.2). The increasing desired velocity magnitude — due to
the positive (@epy,1 + 2@eny2t) term of Eq. (15) — is designed to facilitate debris trapping, as the
accelerating motion of the RESTORE system with respect to the & frame is expected to promote
sustained contact of the debris with the net throughout the envelopment. To compute the control
force applied onto each MU in Phase 11, Eq. (10) is used with r,, ,,p(?) replaced by r4, (?) for the
path-tracking scheme, while the desired velocity is set to 8Vd,y(t). The costs Mpropenv,i and Aveyy,;
are computed using Egs. (11) and (12), respectively, with #,4; replaced by fepy ;.

Cross-Track, m
o o 8

(renv 3—703)
renv4 rO 4)
8 (renv 1 rO,l)
_60 \%V 2 — 7”0 2/2/

10

Along-Track, m 100 _100
Radial, m

Figure 4. The & frame and the final desired positions for the MUs in Phase II.

3.3. Phase Ill: Dragging

In Phase III, the RESTORE system drags each debris — along the direction opposite to the
orbital velocity — to lower the orbital speed of the coupled system. The dragging maneuver
is required since the ejection maneuver is not expected to impart the entire Avgeo; (that is, the
total change in the orbital speed required for deorbiting) to each i-th debris'. In Phase III, the

ISee Section 4.3 for an in-depth discussion on the imparted Av limitation of the ejection maneuver.
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RESTORE system is set to lower the orbital speed of each debris by Avarg; = (Parag/100)Avgeo,i,
where pgr,g is the Av percent contribution of the dragging maneuver towards the total required
orbital speed reduction. The quantity pgre is determined for each debris based on the total Av
required for deorbiting and the speed change that the RESTORE system is able to induced onto
the debris via the ejection maneuver (see Section 5 for example computations of the value within
debris removal missions.)

For the study of this Phase, it is assumed there is no relative motion between the RESTORE
system and the debris trapped inside; therefore, the bodies are modeled together as a single
lumped point-mass subject to gravitational accelerations according to the two-body model (see
Eq. (13)). With this model, the Avge,; required for an impulsive, Hohmann-like maneuver can
be computed for each i-th debris (with orbital radius R;) as follows:

u 1 1
Avieos = | 1[5 = 1|2 (= - 16
Vdeo. ‘ R; H(Ri zadeo,i) (16)

where dgeo; = ((Mdeo + Ro) + R;) /2 and Ry = 6378 km is the nominal radius of the Earth. Ac-
cordingly, Tsiolkovsky’s rocket equation can be used to compute consumed fuel mass Mprop,drag,i
required for Phase III:

_A"drag.i
Mprop,drag,i = M0,drag,i l—e & (17)

where mg drag; 15 the combined RESTORE system and debris mass at the start of the dragging
maneuver.

3.4. Phase IV: Ejection

For the study of Phase IV, many combinations of system design parameters are considered
to maximize the debris ejection speed. Because of the large number of numerical simulations
required to analyze the designs, the high-fidelity net model is unsuitable for the study of this
Phase due to its high computational cost. Therefore, to acquire insight into the effects of con-
trol and design parameters on the system dynamics, a computationally-efficient (yet sufficiently
accurate) simplified model of the net-debris system is considered (see Fig. 5)'. This model is
similar to the arm-links model described in Section 3.1, however, some additional simplifications
are made. Specifically, due to the very short duration of the ejection phase, gravitational acceler-
ation (which acts almost identically on both the RESTORE system and the debris) is neglected.
The dynamics of the simplified model is taken to be planar, as the ejection maneuver is designed
to be symmetric such that the dynamics of the MUs are similar in the cross-track and radial di-
rections. Because of this symmetry, only 2 MUs (i.e., bodies P and Q) are present within the
planar model. To represent the net and debris being in contact throughout the ejection maneuver,
the debris is assumed to be rigidly attached to the RESTORE system’s center H. Right before
the ejection maneuver, the RESTORE system is initially configured such that (i) the bodies P,
0, and H are stationary relative to the C frame, (ii) the arm-links are stretched to their natural
lengths, and (iii) the arm-links are rotated at an angle of ¢ relative to the negative along-track
direction. The frame C = {C,¢,, ¢,,¢;} is centered at (i.e., orbits along with) the CoM of the

The dynamics of the simplified model is validated against sample ejection scenarios simulated using the high-fidelity
model (see the discussions of Section 4.3.3)
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debris as if it had not been ejected; this was chosen such that the speed of the debris relative
to the C frame is representative of how much the ejection maneuver changes the debris’ orbital
speed. The directions {&,, €,, €} of the C frame represent the radial, along-track, and cross-track
directions of the orbit, respectively. Lastly, the model is assumed to be valid until right before
the RESTORE system is fully stretched out (i.e., when the debris is expected to be released from
the net’s center).
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Figure 5. Simplified net-debris system for Phase IV a) at the beginning and b) at the end of the maneuver.

Newton’s second law can be written for each body in the planar simplified model as:

mp(Cap;c) = Frp(—cos ¢&, + sin ¢&,) + Tp(cos Y&, — siny&,) (18a)
mH(CaH/C) = —Tp(cos Y&, —siny&,) — Tp(cos Y&, + siny&,) (18b)
mo(Cagc) = Fro(—cos ¢&, — sin ¢&,) + Tp(cos Y&, + sin y&,) (18¢)

For the equations above, the discontinuous spring-damper model is again adopted to describe the
dynamics of the arm-links, where the tension magnitudes Tp and Ty are described by Eq. (4). It
should be noted that the length of each arm-link can vary over time, as the model allows it to be
greater or smaller than its natural length. The applied thrusts are set to have equal and constant
magnitudes of Frp = Fr o = Fr. Itis assumed that the propulsion system maintains a constant
thrust angle ¢ throughout the ejection. The masses mp = mg = 2mpy + 0.25my are of 2 MUs
and a portion of the net lumped into points P and Q, while the mass my = mp + 0.5my is of
the debris and a portion of the net lumped at the center H. Similar to the model used for the
analysis of Phase I, mp and mg decrease over time depending on the histories of applied thrusts,
in accordance with Eq. (11). The unstretched arm length is computed as lzo = 0.5Lgge + let0,
while the stiffness and damping properties of the system are computed in the same manner as in
Section 3.1.

Given the assumption that the MUs maneuver symmetrically (i.e., that points P and Q move
symmetrically about the €, axis), the planar model described by Eq. (18) possesses three degrees
of freedom (DoF). Therefore, to describe the dynamics of the RESTORE system during the
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ejection phase, the following three scalar differential equations must be solved:

mpip = Frsing — T siny (19a)
mpyp = —Frcos¢ + T cosy (19b)
m[.]:)}].] = —2Tp COSlﬁ (19C)

where T = Tp = Ty is the tension magnitude in each of the arm-links. Variables Xp and jp are
components of the acceleration of point P with respect to the C frame, while j is the along-track
component of the acceleration of point H with respect to the same frame. The fuel consumed by
the end of the ejection maneuver is

Tejt,i 2F ZFTI ..
Mprop,ejt,i = f ! dr = 9 (20)
0 gelsp gelsp

where 7. ; is the duration of the ejection maneuver for the i-th debris.

3.5. Phase V: Relocation and Phasing

After Phase IV, RESTORE relocates and maneuvers to the phase of the next debris and re-
peats the entire process of trapping and ejection till it runs out of fuel. We use classical orbital
mechanics to approximately compute the required changes to the system’s orbital speed and the
corresponding fuel consumption, and model the spacecraft as a single lumped point-mass subject
to gravitational accelerations according to the two-body model (see Eq. (13)). Orbital maneuvers
in this Phase are assumed to be impulsive.

Figure 6 displays a diagram of the relocation process, where the larger blue circular orbit (with
radius R;) represents the original orbit of the deorbited debris, the black elliptical orbit represents
the orbit the RESTORE system is on after the completion of Phase IV, and the red circular orbit
(with radius R;,) represents the orbit of the next debris. The variables V;; and V,; represent
the inertial velocities of the RESTORE system with respect to the Earth-centered inertial frame
inertial frame O right before and after the impulsive thrust application. Assuming that the im-
pulsive thrust application occurs at the intersection of the elliptical transfer orbit and the orbit of
the (i + 1)-th debris (as seen in Fig. 6), the cost of the relocation maneuver Avy,; is determined
through the use of analytical expressions for an impulsive non-Hohmann transfer [46]. Accord-
ingly, the fuel mass consumed by the RESTORE system for the relocation maneuver, #prop reo,i» 1
computed via Eq. (17) with Avgp,g; and mg grag,; Teplaced by Avye,; and mq eo,; (i.€., the system’s
total mass right before the relocation maneuver), respectively.

After the RESTORE system is in the same orbit as the next debris targeted for removal, a
phasing maneuver is performed to catch up to the debris. Figure 7 displays the diagram of the
phasing process, where the debris and spacecraft are assumed to have an initial true anomaly
offset of Ofser,i+1- Within the figure, the red orbit represents the initial RESTORE system orbit,
and the green orbit represent the phasing orbit. The phasing maneuver cost Avp; can be deter-
mined analytically for a two-impulse phasing maneuver [46]. The fuel mass consumed by the
RESTORE system for the phasing maneuver, mppp,i, is computed via Eq. (17) with Avgrag i
and mo grag,; Teplaced by Avp; and mgp; (i.e., the system’s total mass right before the phasing
maneuver), respectively.
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Figure 6. Diagram of the relocation process.
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Figure 7. Diagram of the phasing process.

4. Numerical Analyses of the Rendezvous, Envelopment, and Ejection Phases

This Section presents the numerical analysis of results from simulations performed for the
Rendezvous, Envelopment, and Ejection phases of the mission. Unlike the Dragging and Re-
location and Phasing phases, where the Av and fuel costs can be computed analytically (see
Sections 3.3 and 3.5 for the associated justifications and assumptions, respectively), these three
phases are modeled numerically; accordingly, we assess the performance and fidelity of the pro-
posed models and control schemes through numerical experiments. Moreover, in Phases I and IV,
the results obtained with the simplified models of the net are compared against a higher-fidelity
lumped-parameter net model simulation. In Phase IV, we also use the high-fidelity net mode to
verify whether the maximum tension experienced by the RESTORE system in the structurally-
demanding ejection process remains under the maximum tensile limit of the threads.

All simulations use the design parameters presented in Table 1, while the contact properties of
the lumped-parameter net are computed in accordance to Ref. [47]. The initial mass of each MU,
of 3.5 kg, is set such that it is below the 4.0 kg limit for 2U-Cubesats [33], while the mass of the
net proper, My, is computed to be 0.54 kg based on the net’s geometry and material properties
[47]. Each MU is assumed to be equipped with a chemical rocket propulsion system, with a
thrust saturation limit of 22 N [48], to control its motion. For the study of Phases II and III,
two debris masses of mp = 0.5 kg and mp = 3.0 kg are considered to examine the performance
of the proposed control schemes under multiple conditions. In Phase II, both debris (cuboid in
shape) are set to have initial rotation speeds of approximately 29°/s (within the range of observed
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rotation speeds of actual debris [49]). All debris objects in the case studies of this Section are
located on a circular orbit at an altitude of 780 km above the Earth’s surface.

Table 1. Physical properties of the RESTORE system.

Parameter Value
Net Side Length Lgg., m 10.0
Net Mesh Length /0, m 0.833
Net Proper Thread Radius 7y, m 0.0005
Net Proper and Corner Thread Density p, kg/m? 1390
Net Proper and Corner Thread Young’s Modulus E, GPa 70
Net Proper and Corner Thread Damping Ratio £,- 0.106
Corner Thread Length /.9, m 15
Corner Thread Radius r., m 0.001
MU Mass myy, kg 3.5

4.1. Numerical Study of Phase I: Close Rendezvous and Final Approach

First, we examine the dynamics of the simplified model proposed in Section 3.1. The system’s
dynamics in both the Final Approach and Close Rendezvous stages were observed to be very
similar; accordingly, we only show the simulation results for the Final Approach stage of Phase
1. With the state of the y-th MU represented as s, (f) = [r,, MO Vyy p(®]7, the initial conditions
(in m and m/s) for each MU and central mass are symmetrically defined as:

s,(0) = [£15.45,-300, +15.45,0,0, 0]2 (21a)
sc(0) = [0,-300,0,0,0,0]7, (21b)

The initial states of each MU’s linear reference model are set to be identical to the initial states
of the corresponding actual MU (i.e., Siny,0 = $,(0)). The desired final state at ;¢ = 1600 s for
each MU — with a final approach speed of vy, mq — is symmetrically defined as:

Smy.md(tma) = [£15.45,0, £15.45,0, =/ .mq, 017 (22)

We impose a non-zero final speed, as the RESTORE system will need to perform the envelopment
maneuver — where each MU flies past the CoM of the debris to enclose it within the net proper
— right after Phase I is completed. The gains for the PD controller are heuristically tuned and
selected as Kp = 100 N/m and K = 50 Ns/m, respectively, for the simulations of this Phase.
The resulting trajectory for the Final Approach stage is shown in Fig. 8(I), where the path of
the RESTORE system can be seen traveling from a holding position 300 m behind the debris
(in the along-track direction) to a position right in front of it. This maneuver is chosen to allow
the RESTORE system to initiate the envelopment maneuver (i.e., Phase II) from the front of the
debris and then enable a smooth transition to the subsequent dragging phase (i.e., Phase III).
Figure 8(II) displays the tracking error between the reference positions and the actual positions
of the 4 MUs; it can be seen that the errors are minimal for most of the flight, indicating that
the tension forces acting on the MUs are sufficiently small for the PD controller to overcome,
allowing the RESTORE system to track the desired trajectory. We also compared the posi-
tions of the MUs in the simplified arm-links model against those obtained with the high-fidelity
15
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Figure 8. Plots concerning the Final Approach maneuver.

lumped-parameter net model (simulated with the same initial conditions, applied CWH forces,
and control law described in Section 3.1); the differences are less than 1 x 10™* m throughout
the entire maneuver, showing that the simplified model is sufficiently accurate in simulating the
MUs dynamics within Phase IV. For this Final Approach scenario, it was found that the max-
imum thrust magnitude required for the control of the MUs during the maneuver, of approx.
0.0048 N, is minimal compared to the control saturation limit, of 22 N. All MUs combined were
also found to only consume approximately 5.1 g of fuel for the maneuver. Interested readers
may refer to Appendix A for additional results concerning time histories of the applied thrusts
and fuel consumed for the MUs, as well as a study on how the final time 7,4 and the desired final
speed for each MU v,q affect fuel consumption.

4.2. Numerical Study of Phase II: Envelopment

This subsection examines the ability of the guidance scheme defined in Section 3.2 to conduct
the envelopment maneuver. The initial position (in m) for each MU in the & frame — based on
the system’s final configuration at the end of Phase I such that the net is almost fully stretched
out — is set to be the following:

ro, = [+15.45,0,+15.45] (23)

The desired final positions (in m) for the MUs — required by the path-tracking PD control — are

defined symmetrically as:
Tenvy = [£5.0,-100, £5.0]% (24)

This choice of final desired positions commands the MUs to move closer together in the radial

and cross-track directions, while simultaneously slowly dragging the debris along the negative

along-track direction. We empirically selected a maneuver time of #.,, = 30 s for the sample

debris envelopment simulation. For the desired position and velocities (per Eqs. (14) and (15)),

the variables @.yy,; and aepy» are selected as 0.0153 1/s and 0.0006 1 /s%, respectively, such that
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each MU travels from r(, to re,,, approximately within f.,,. The gains for the PD controller
were heuristically tuned as Kp = 15 N/m and Kp = 5 Ns/m for this phase.

For the analysis of Phase II, two scenarios are considered, each employing debris with masses
of mp = 3.0 and 0.5 kg. In the nominal scenario, the debris is initially positioned such that it is
located on the center of the RESTORE system (see Fig. 9(I)), while in the non-nominal scenario,
the debris is initially positioned such that its CoM is offset from the net’s CoM by 3 m in the
radial direction (see Fig. 9(II)). The misalignment of the net and the debris may be the result of
imperfect sensing and actuation capabilities within a real mission; accordingly, the non-nominal
scenario represents a case study where conditions are not ideal for the RESTORE system. As
seen in Fig. 9(I), which displays snapshots taken throughout the high-fidelity simulation of Phase
IL, the system is able to perform the envelopment maneuver successfully in the nominal scenario.
The defined maneuver plan was found to be successful with debris masses of mp = 3.0 kg (the
case shown in Fig. 9(I) and mp = 0.5 kg, indicating that the proposed guidance scheme and
control are robust to some degree of debris parameter variations. The maximum thrust required
for the maneuver (of approximately 12 N per each MU for both the considered debris masses)
and the corresponding fuel consumed for the entire maneuver (of approximately 0.010 kg and
0.013 kg per MU for mp = 0.5 kg and mp = 3.0 kg, respectively) are relatively low. In the
non-nominal scenario, the RESTORE system is again successful in performing the envelopment
maneuver for debris with masses of mp = 3.0 kg (the case shown in Fig. 9(II)) and mp = 0.5 kg,
indicating that the system is robust to offset in the debris relative position in the radial direction. It
is interesting to note that even though the CoMs of the net and the debris are initially misaligned
in Fig. 9(II)), by the end of the envelopment at ¢+ = 30 s, the debris is approximately located
at the center of the system. It is also found that the maximum thrust required and the total fuel
consumed are nearly identical in the nominal and non-nominal scenarios. Therefore, it is shown
that the proposed maneuver scheme has sufficient performance to conduct the envelopment of the
debris, even without an ideal initial net-debris alignment. The limitation of the proposed control
scheme (e.g., the upper debris mass limit beyond which the path-tracking PD control would no
longer work) is left to be a topic of analysis within future work.

4.3. Numerical Study of Phase IV: Ejection
4.3.1. Effects of Varying System Parameters on the Ejection Dynamics

For the analysis of the Phase IV, we first study the effects of varying the system parameters
and the applied control on the debris ejection using the planar simplified model of the net-debris
system presented in Section 3.4. Phase IV is vital for the planning of the ADR mission, as the
amount of Av imparted by the maneuver dictates the remaining amount of debris deorbiting Av
that is required by the dragging phase (i.e., Avgr,g). Since the RESTORE system incurs a much
lower orbital energy reduction from the ejection maneuver than from the dragging maneuver,
maximizing of the debris ejection speed (and therefore minimizing the Avgr,g required) is highly
desirable. With this in mind, we study the effects of the control and design parameters defined
in Section 3.4 — including ¢ (i.e., the initial y), ¢, mp, mymup (i.e., the initial mass of each
MU), I.o, and F7 — on these figures of merit. For all numerical simulations of this section,
the simulation end time is set as either the instance when ¢ = 90° (i.e., when the system is
flattened-out) or fejymax = 15 s, whichever is less.

The system is first simulated with the angles Y and ¢ varying; parameters Fy = 2 -22 = 44
N, leeo = 15 m, mp = 0.5 kg, and myuo = 3.5 kg are fixed across scenarios!. Figure 10 displays

!Here, the thrust magnitude is set as Fr = 2-22 = 44 N due how in the planar model, bodies P and Q each represent
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Figure 9. Snapshots from the high-fidelity simulation of Phase II.

3D surface plots of the final debris velocity component in the —€, direction (i.e, =y (f;0)), the
final RESTORE system’s CoM velocity component in the —¢€, direction (i.e., =ycom(Zejt)), and the
total fuel consumed (i.e., mpopejt) as functions of the varying angles. Due to ejection symmetry,
the magnitudes of Yy (%) and ycom(%ej) are equivalent to the final speeds of the debris and of
the RESTORE system’s CoM with respect to the C frame, respectively. The quantity ycom(?) is

computed as follows:

. _ mp(D)yp(1) + mo(1)yo(1) + Myeyu (1)
Yeam(®) = mp(t) + mo(f) + Mye (23)

In Fig. 10(I), we observe that the initial angle v has a larger effect on —y(fj;) compared to
the thrust angle ¢. For 30° < ¢ < 80°, relatively little change in —yy (%) is observed. However,

2 MUs of the full system (see Section 3.4).
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an approximately linear inverse relationship exists between —yg (%) and . For example, with
¢ = 80°, —yu(t) is approximately 60 m/s and 20 m/s for initial ¥ = 15° and ¥ = 60°,
respectively. There is a region of exception to this general trend for 74.58° < ¥y < 80° and
20° < ¢ < 27.5°, where the observed —yp(fj;) values are noticeably greater than the —y g (feji)
values immediately outside of the said region. This phenomenon will be further investigated
through the other subplots of Fig. 10.

In Fig. 10(II), =ycom(Zt) is examined for varying o and ¢. A lower —ycom(Zeje) is desired as it
corresponds to a lower amount of orbit correction the RESTORE system needs to perform after
debris ejection. From Fig. 10(II), ¢ must be maximized at 80° to achieve the lowest —ycom(Zejt)-
Furthermore, it is interesting to note that for high values of ¢ (i.e., above approximately 70°),
the angle i has a relatively minor effect on —ycom(%ej). A region of exception to the general
trend is observed here too, where —ycom(%eje) is relatively high with large ¢ and small ¢. In
fact, —ycom(fejr) and —yg(tej) are almost the same in that regime; this behavior shows that the
debris is dragged by the RESTORE system instead of being ejected when such combinations of
parameters are applied to the system.

The fuel consumed for Phase IV of the mission is examined in Fig. 10(III). It should be noted
that, because the thrust applied for Phase IV is constant over time, the fuel consumed and the
total ejection time are proportionally related (see Eq. (20)). A lower amount of fuel consumed
— and therefore lower total time of the ejection maneuver — is desired. To achieve these goals, ¢
must be as high as possible (i.e., 80° in this study). Even though higher ¢ yields smaller fuel
consumed and maneuver time, Y should be selected as a relatively small value to maximize the
debris ejection speed, as per Fig. 10(I). In Fig. 10(II), the high amount of fuel consumed, and
therefore a long simulation completion time, for large ¢y and small ¢ is further evidence that,
for such combinations of parameters, the debris is dragged by the RESTORE system rather than
being ejected. This is also confirmed by the fact that all the simulations in this region reached the
maximum allotted time of #ej;max = 15 s, indicating that ¢ never reached 90° in these scenarios;
the mathematical cause of this phenomenon will be explored in Section 4.3.2. Outside of the
discontinuous region, f ranges from approx. 0.9 s to 4.9 s. Overall, according to the results in
Fig. 10, it is preferable to employ angles ¢y = 15° and ¢ = 75° for the ejection maneuver.

£80

=60

1T Final RESTORE CoM —¢, velocity com-
1Final debris —¢, velocity component. ponent. I1T Total fuel consumed 17prop ejt-

Figure 10. Ejection phase dynamics quantities obtained by varying ¢ and ¢.

The system is next simulated with varying mp and myy o; the parameters ¢y = 15°, ¢ = 75°,
Fr = 44 N, and Il o = 15 m are fixed across scenarios, and Fig. 11 reports the results. In
Fig. 11(D), it is observed that, as can be expected, mp has a much larger effect on —ypy(tej)
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compared to mpu,. Similar trends are observed in Fig. 11(II), except that —ycom(Zejr) only
increased to approximately 2.2 m/s at the maximum (i.e., approximately 20 times less than the
maximum observed —yg(%;)). It is interesting to note that —ycom(%j) becomes negative for
mp > approximately 1.0 kg; this indicates that it is possible for the RESTORE system to gain
velocity in the positive along-track direction as a product of the ejection maneuver. Fig. 11(III)
examines the fuel consumed; as expected, lower debris mass and lower MU mass result in lower
fuel consumed for the maneuver (and correspondingly, lower ejection time).

—Ycom(textejt), M/S

II Final RESTORE CoM -¢, velocity com-
1Final debris —¢, velocity component. ponent. I1T Total fuel consumed 7prop ejt-

Figure 11. Ejection phase dynamics quantities obtained by varying initial MU mass and debris mass

Next, we study the effects of varying the corner thread unstretched length /.o and the thrust
magnitude Fr; parameters mp = 0.5 kg, myuo = 3.5 kg, ¢ = 15°, and ¢ = 75° are fixed across
scenarios. Fig. 12(I) shows that —yy(%.;.) increases proportionally with both parameters; how-
ever, F'r has a much greater effect on the quantity, which is to be expected as a result of the clear
association between applied thrust and experienced acceleration (i.e., change in velocity) per Eq.
(19). Similar trends to those of Fig. 12(I) are observed in Fig. 12(II-III), where —ycom(Zej) and
total fuel consumed are maximum, at approximately 2.2 m/s and 0.11 kg, for /o = 15.0 m and
Fr = 44 N. In contrast, the effects of varying the corner thread length on the ejection time are
minimal.
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Figure 12. Ejection phase dynamics quantities obtained by varying corner thread length and thrust magnitude.
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4.3.2. Equilibrium Analysis for the Ejection Dynamics using a Rigid-Arm Model

In Section 4.3.1, situations were observed in which the debris is dragged by the RESTORE
system in the Ejection Phase. This unintended behavior should be avoided and its cause in-
vestigated, as when it occurs, the fuel required for the maneuver increases significantly. The
observations made for Fig. 10 indicate that for the specified initial net and thrust angles, the time
derivatives of ¢ are close to zero (i.e., the system is close to its equilibrium configuration); ac-
cordingly, an equilibrium analysis for the equations of motion is suitable to investigate the cause
of this behavior. However, because of the discontinuous nature of the equations of motion in
Eq. (19) — resulting from the tension dynamics defined by Eq. (4) — the three-DoF model is not
suitable for such an analysis. With this limitation in mind, a further simplified model is derived
and employed for the following equilibrium analysis, where — assuming that the arm-links are
stiff and in tension during the ejection — each arm-link is approximated as a rigid, massless rod
connecting either point P or Q to the central mass H. With these assumptions, the dynamics of
the system can be fully described using two DoF (i.e., using yy and  as the system’s generalized
coordinates), and its equations of motion can be determined using the Euler-Lagrange equations:

cd(OL)_ oL _
i (ay'y) ayn O (209
d 0L\ oL
cd (Ep) -5 =0 (26b)

where L = 0.5myy?, + mp(y%, + 29ulof sin(y) + (lpy)?) is the Lagrangian of the two-DoF system,
which is also equivalent to the kinetic energy of the system with respect to the C frame. The

. . . a 3
length of the rigid arm is defined as lo = 0.5Lgge+/ci0. The variable Q,, = Frp- ;;I/f =Frp- ;;":
is the generalized force corresponding to the generalized coordinate yy, while Q,, = Frp- 62';6' =
Fro - a?ff is the generalized force corresponding to the generalized coordinate . Expanding
the above equations and solving for j; and ¢ results in the following equations of motion:

. sin(y) — Bl

Yoy = — ﬁl. zlﬁ Balo 27a)

lo(—2mp sin” () + my + 2mp)
b= Bimy + 2B1mp — 2B>lomp sin(y) 27b)

2mpl2(—2mp sin® () + my + 2mp)

where 81 = 2F7ly(sin ¢ cos iy —cos ¢ sin ) and 8, = —2mploys® cos() — 2F cos ¢. The two-DoF
model and the three-DoF model were found to exhibit very similar dynamics overall; interested
readers may refer to Appendix B for simulation results.

To perform the equilibrium analysis using the two-DoF model, the time derivatives of Eq.
(27b) are set to zero'; the equation can then be algebraically simplified to yield the following
expression:

0 = my(sin ¢ cos ¥ — cos ¢ sinyy) + 2mp sin ¢ cos Y (28)

'Note that Eq. (27a), which describes the translational dynamics of the two-DoF system, is not considered for
equilibrium analysis, since the focus here is to determine why the system’s shape — as described by ¥ — does not change
over time in the outlier scenarios.
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The expression is observed to depend on mp, my, ¥, and ¢, indicating that the model’s equilib-
rium solution depends on the employed mass properties, as well as its initial geometry and the
direction of the applied control force.

To acquire insights into how changing system parameters affect the equilibrium solution for the
two-DoF model, the values of Eq. (28) are plotted in Fig. 13 using varying my, ¢, and ¢ values,
with mp fixed to 7.27 kg as was done to obtain the results of Fig. 10. A family of equilibrium
solutions for varying ¢ and ¢ is shown in Fig. 13(I) for debris masses varying between 0.5 kg
and 3.0 kg. It can be seen that, for any given ¢ value, the corresponding iy for the displayed
curves are smaller for greater debris mass; for example, with ¢ = 20°, the equilibrium solution
corresponds to ¥y = 82° and ¢ = 62.9° for the 0.5 kg and 3.0 kg debris, respectively. For
the 0.5 kg debris case, Fig. 13(II) provides a heat map of || at + = 0, constructed using Eq.
(27b), together with the corresponding equilibrium solutions. The outlier data points from the
discontinuous region of Fig. 10 are also marked as red dots, and are found to be in the dark-blue
band in the neighboring region of the equilibrium solution curve, where the initial acceleration
magnitude is small (i.e., below approx. 5.5°/s?). These results confirm that ¢y and ¢ only need to
be close to the equilibrium solution for i to be small enough such that the dragging phenomenon
is observed. Nonetheless, it should be noted that, according to the conclusions of Section 4.3.1,
the RESTORE system should ideally employ parameters that are far from those of outlier data
points (e.g., ¢ = 75° and ¢y = 15°) for optimal overall ejection performance; therefore, the
unintended dragging phenomenon is unlikely to occur for the system in actual ADR missions.
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Figure 13. Plots for the equilibrium analysis of i/ for Phase IV.

4.3.3. Results of Ejection Simulations Performed using the High-Fidelity Model

Using the preferred system design and control parameters found from the study of the planar
simplified model, we are now in a position to use the high-fidelity model to compute the tension
the RESTORE system experiences throughout the ejection maneuver and determine whether any
thread breakage will occur. Debris masses of both mp = 0.5 kg and mp = 3.0 kg are considered
for this analysis. The high-fidelity system possesses a geometric configuration described by
Yo = 15°, with the ejection performed using control parameters F7 = 22 N and ¢ = 75°. For
mp = 0.5 kg, maximum tensions of 273 N and 427 N, respectively, were experienced by the net
and the corner threads at the conclusion of the maneuver (i.e., when the debris is released from the
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net) at approximately 2.6 s. With mp = 3.0 kg, the net proper and corner threads achieved lower
maximum tensions, of 114 N and 74 N respectively, also at the conclusion of the maneuver at
approximately 2.8 s. The lower maximum tensions experienced with mp = 3.0 kg are explained
by the decreased acceleration experienced by the system as a result of the same applied thrust.
Considering that the ultimate tensile strength of Technora is approximately omax = 3350 MPa
[50], the maximum allowable thread tensions are computed as:

Thetmax = ﬁo—maxﬂ'rﬁe[ =901.1N (29a)
Tetmax = ﬁo-max”rgt =3604.6 N (29b)

where the coefficient 8 = 0.3425 quantifies how packed the fibers strands are in each thread
[32]. The maximum tension experienced by the corner threads and net proper in the two cases
are observed to be between approximately 8% and 30% of the tensile limits, signifying that the
RESTORE system can withstand the ejection maneuver for small-medium sized debris.

It should be noted that, in the high-fidelity simulation with mp = 0.5 kg, —yg (%) was changed
by 63.2 m/s throughout the ejection. With the planar simplified model of Section 3.4 (i.e., the
three-DoF model), -y () was changed by 61.0 m/s, which is very similar. However, in the
high-fidelity and simplified model simulations with mp = 3.0 kg, —yy(tj;) was changed by 28.2
and 32.3 m/s, respectively; this larger difference suggests that the simplified model is less accu-
rate when a larger debris mass is used. More in-depth ejection dynamics comparison between
the simplified and high-fidelity net models will be a subject of future research.

5. Comparison of Deorbiting Scenarios

With the models analyzed and validated, we now proceed to quantitatively assess the perfor-
mance of the RESTORE system in several ADR scenarios of interest. As in Section 4, the initial
mass of the RESTORE system is assumed to be mgys o = 14.54 kg. We consider two ADR mis-
sions requiring the removal of 5 debris objects with mp = 3.0 kg and mp = 0.5 kg, respectively.
The debris objects are assumed to be clustered relatively close together with orbit altitudes of
{782,781,780,779,778} km and true anomaly offsets of 5° between debris.

In both scenarios, the mass of the RESTORE system decreases after each mission phase' in
accordance with the fuel consumption formulations presented in Section 3. In Phase I, the re-
quired Avg; for each debris includes contributions from Close Rendezvous and Final Approach
stages (as described in Section 3.1) with the maneuver times (assumed to be the same for all 5
deorbiting events) of #,q; = 3200 s and f,,9; = 1600 s, respectively. At the end of the Close Ren-
dezvous stage, the system is set to have the same orbital velocity as the debris (i.e., Vimd = 0).
The final system speed relative to the debris at the end of the Final Approach stage is selected
to be vma = 0.2 m/s, based on the analysis of Section 4.1. In Phase II, due to the high com-
putational cost of the full-net simulations, the total fuel consumptions are assumed to be 0.052
and 0.04 kg for mp = 3.0 kg and mp = 0.5 kg, respectively, based on the performed sample
simulations. The Aveyy; costs for mp = 3.0 kg and mp = 0.5 kg were similarly assumed as 3.3
and 2.7 m/s, respectively.

To deorbit each debris (via the maneuvers of Phases III-1V), the RESTORE system changes its
orbital speed by only Avyr,,, as it was demonstrated that the RESTORE system’s CoM speed is

IFor the numerical simulations of Phases L, II, and IV, the initial mass of each MU, mmu,0. 1S approximated to be
equal to the average mass of all 4 MUs at the end of the previous mission phase.
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minimally altered (< 2.2 m/s) throughout the ejection maneuver (see Fig. 11(II)). To achieve the
deorbiting goal of modifying the circular orbit of each debris (with approximately 780 km orbit
altitude) to an elliptical orbit with a targeted perigee altitude of hge, = 275 km, approximately
Avgeo = 138 m/s is required. Through the ejection maneuver, the RESTORE system can impart
speed changes of approximately 30 and 62 m/s for mp = 3.0 kg and mp = 0.5 kg, respectively
(see Fig. 11); therefore, pgrag is set to be equal to 100(1 — 30/Avge,) = 78% and 100(1 —
62/Av4eo) = 55% for mp = 3.0 kg and mp = 0.5 kg, respectively. The developed models
and control algorithm for Phase IV ignored the stabilization of the RESTORE system after the
ejection maneuver; accordingly, the fuel cost required for Phase IV — computed via Eq. (20)
— is multiplied by 1.5 (as a heuristic estimate) to approximate the fuel needed for stabilization.
Quantities regarding Phase V of the mission (i.e., Avyeo,; and Avp;) are computed via analytical
classical orbital expressions as described in Section 3.5 under the assumption that the spacecraft
performs k = 10 phasing orbits to meet-up with each debris. It is noted that Phase V is not
performed after the ejection of the last debris, as the RESTORE system has already completed
its mission at that point.

Table 2. Mission quantities of ADR scenario with pqr.g = 78%, msys o = 14.54 kg, mp = 3.0 kg

Quantities Debris1 Debris2 Debris3 Debris4 Debris5
tot,i» DI 18.091 18.088 18.084 18.081 1.37
AVingi, km/s 0.003 0.003 0.003 0.003 0.003
AvVeny i, km/s 0.003 0.003 0.003 0.003 0.003
AVgrag i, km/s 0.107 0.107 0.107 0.107 0.107
AVyeo i, km/s 0.109 0.109 0.109 0.109 0

Avp;, km/s 0.007 0.007 0.007 0.007 0

Aviy i, km/s 0.230 0.230 0.229 0.229 0.113
Miinalis K 12.886 11.350 10.055 8.847 8.167
Total Quantity

Avigt = i) Avieris km/s  1.034
(msys,O — Mfina1)/4, kg 1.593

Tables 2 and 3 display ADR mission quantities — including total time, Av costs, and total
fuel consumption — for the removal of 5 debris objects with mp = 3.0 kg and mp = 0.5 kg,
respectively. The increased pgr,g — required due to the reduced acceleration that can be imparted
onto the heavier debris during the ejection maneuver — affected both the relocation and deorbiting
maneuvers costs. With mp = 3.0 kg and mp = 0.5 kg, the costs Avye,; and Avgp,; are close to
77 m/s and 76 m/s and to 109 m/s and 107 m/s, respectively. As expected from the Av cost
differences, the RESTORE system consumed much less fuel (1.146 kg/MU) when it was tasked
with deorbiting debris with mp = 0.5 kg in comparison to debris with mp = 3.0 kg (requiring
1.593 kg/MU). In Section 6, it will later be shown that such an amount of fuel can be carried by
MUs constructed using commercial off-the-shelf components with flight heritage.

The effects of varying additional mission parameters on the overall mission cost are examined
in Table 4 for six unique scenarios. Unless listed otherwise, the Avio and (1gys,0 — Mfina1)/4 values
are computed using the same methods and assumed parameters as for the construction of Tables
2 and 3. Case 1 is the most challenging scenario, with 3-kg debris, larger orbit altitude separation
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Table 3. Mission quantities of ADR scenario with pgrag = 55%, mgyso = 14.54 kg, mp = 0.5 kg

Quantities Debris1 Debris2 Debris3 Debris4 Debris5
toti» DI 18.101 18.097 18.094 18.090 1.37
AVing i, km/s 0.003 0.003 0.003 0.003 0.003
Aveny. i, km/s 0.003 0.003 0.003 0.003 0.003
AVgrag i, km/s 0.076 0.075 0.075 0.075 0.075
AVyeo.i, km/s 0.077 0.077 0.077 0.077 0

Avp;, km/s 0.007 0.007 0.007 0.007 0

Avy i, km/s 0.166 0.166 0.166 0.166 0.084
Mfinal.i> KE 13.39 12.331 11.347 10.436 9.955
Total Quantity

Avig = Z?:l Avieri, km/s  0.745
(msys0 — Mana1) /4, kg 1.146

(Rp,; — Rp,i-1), and larger true anomaly spacings O,q:¢ between different debris. Comparatively,
Case 4 presents the least challenging scenario, where the debris objects are of lower mass and
closer together. The debris orbit altitudes are {790, 785, 780,775,770} km in Cases 1-2, and
{782,781,780,779,778} km for all other cases. It should be noted that Cases 3-4 are the same
as those examined in detail in Tables 2 and 3, respectively. The analyses in Table 4 also con-
sider hypothetical scenarios in Cases 5-6, where it is hypothesized that more effective ejection
control can be developed in the future to enable increased debris ejection speeds, resulting in the
reduction of pgr,g values to 63% and 32.5% for mp = 3.0 kg and mp = 0.5 kg, respectively.

Table 4. Case studies for varying deorbiting mission parameters.

Case RD,[ - RD,[—l» km mp, kg 90I'fset» ° pdrag, % Avtots km/s (msys,() - mﬁnal)/4s kg
1 5 3 72 78 1.438 1.949
2 5 3 5 78 1.059 1.618
3 1 3 5 78 1.034 1.593
4 1 0.5 5 55 0.745 1.146
5 1 3 5 63 0.897 1.437
6 1 0.5 5 325 0.466 0.804

In Table 4, it can be seen with Case 1 that as much as 1.949 kg of fuel per MU (i.e., 7.8
kg for the entire RESTORE system) is needed to deorbit 5 debris objects with mp = 3 kg.
It is observed that choosing debris objects with small true anomaly offsets from one another
(such as in Case 2) notably reduces the required Avyy, as a product of smaller phasing burns.
Comparing Cases 2 and 3 it can be concluded that selecting a debris cluster with lower orbit
altitude separation has a relatively small effect on the overall mission costs. Instead, the mission
cost is notably reduced for lower debris mass (see Case 4). Finally, Cases 5 and 6 demonstrate
that increasing the deorbiting Av contribution of the ejection maneuver (i.e., lowering pgrag) can
notably reduce mission costs as expected. As an example, only 0.804 kg/MU of fuel is needed
in Case 6 compared to 1.146 kg/MU in Case 4.
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6. Systems Engineering

It is natural to ask whether the MUs proposed in this effort can be realized with existing
high-TRL technology. Accordingly, in the following analysis, we briefly study the systems en-
gineering aspect of RESTORE, i.e., the envisioned subsystems required for each MU. First —
although it was neglected for the modeling and simulation analyses within this work — each MU
must have an ADCS to perform pose estimation and appropriately orient the RESTORE system
through the mission. To provide the required thrust for maneuvering throughout the ADR mis-
sion, a chemical rocket propulsion system is required. Each MU is also equipped with a GPS
receiver for far-range navigation and with a monocular camera to allow for visual debris inspec-
tion and close-range navigation. To store and process telecommand data from mission control
and compute the appropriate thrust control inputs, each MU requires a command and data han-
dling (CDH) computer. For communication, transceivers and antennas must also be present to
uplink and downlink to and from the RESTORE system. Each MU is equipped with a battery,
integrated power board, and solar panels to store and generate electrical power. Lastly, as is typi-
cal for small spacecraft, thermal control of each MU is performed passively via insulation layers
[33].

Table 5 proposes a strawman design for a MU that uses existing, commercially available sub-
systems. The table lists the subsystem component masses for each MU, as well as the combined
total mass. Most of the component mass values were obtained from Ref. [33], which details the
state-of-the-art technologies currently in-use with small spacecraft. It should be noted that all of
the named subsystem components in Table 5 have flight heritage with flown nanosatellites and
microsatellites. The system mass limit for each MU is 3.5 kg, as used in the analyses of this
work. The MU frame structure mass was set to 0.300 kg to account for the 2U frame mass as
per Ref. [51] (0.206 kg) plus fairings, passive thermal control systems, as well as possible struc-
tural reinforcements needed to attach the net (0.094 kg, i.e., approximately 50% of the frame
mass). The mass budget for the harnessing equipment was based on the component mass budget
allocated for the flown gbee50-LTU-OC 2U Cubesat [52].

A mass budget of 0.100 kg is also included to account for miscellaneous propulsion system
components other than the engine itself (e.g., the propellant storage tank, and engine microcon-
troller). Therefore, to comply with the mass limit of 3.5 kg, the maximum amount of fuel allowed
is 1.218 kg. It is noted that, according to the debris removal missions presented in Tables 2 and
3, three pieces of 3-kg debris — using (msys 0 — Mana3)/4 = 1.121 kg/MU of fuel — or five pieces
of 0.5-kg debris — using (msys 0 — Mfinat,5)/4 = 1.146 kg/MU of fuel — can be removed from orbit
within the available fuel budget.

We also assess the MU’s power consumption. Based on the required subsystem components
of each MU, Table 6 lists the power consumption of the electrical components and the duty cycle
percentages d; and d; assigned for different power consumption modes. The first duty cycle d; is
allocated when the RESTORE system is in coasting mode — to travel between debris — in Phases
I and V. For this power mode, the system minimally activates the control of the main engines
and ADCS to maneuver the spacecraft to the desired orbits and orient the spacecraft’s solar
panels towards the sun for electrical power generation. Note that in this work, as a first-order
approximation, the electrical power required to operate the engine microcontroller is assumed
to be equal to the amount required to operate the ADCS system. The main thrusters themselves
also require some electrical power for valve actuation and component heating. Most of the
downlink of the system’s status information and the uplink of the telecommand data are set to
happen during the coasting mode as well. In this mode, the on-board camera is not needed as the
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Table 5. System components and mass.

S/C component Component Name Total Mass, g
S/C Structural Components

2U Structure [53] 2-Unit CubeSat Structure 300
Solar Panels [54] ISIS Small satellite solar panels 100
Harnessing [52] - 120
GNC

Camera [55] NanoCam C1U 169
GPS Receiver [33] piNAV-NG 24
GPS Antennae [33] piPATCH-L1E1 50
Integrated ADCS [33] TADCS-100 400
Electrical

Battery and Power Board [56] Compact Electrical Power System 2(A) 189
Computing Hardware

On-Board Computer [57] ISIS On Board Computer 100
Communication

Transceiver [33] NANOcomm-2 110
Antennae [33] NanoCom ANT430 30
Propulsion

Thruster [48] MR-106L 22N 590
System Miscellaneous (see text) 100
Fuel - 1218

spacecraft’s GPS system performs the navigation. The duty cycles assigned for the transceiver
and GPS receiver in this power mode are set to be similar to those of Ref. [58], which examined
the systems engineering of an 8U Cubesat-sized spacecraft designed for debris deorbiting. With
the planned subsystem duty cycle allocations, the power consumption is approximately 11 W;
this is similar to the power consumption observed with similar-sized flown Cubesats [59, 60].

From the instance when the RESTORE system comes into close proximity with each debris
until the end of the ejection (i.e., Phases II-IV), the active control mode is activated, with duty
cycle dy. In this mode, both the main propulsion and ADCS control systems are set to high
activity. The on-board camera is also set to be active — except for during the dragging phase
where the debris is trapped inside the system — to observe the debris’s state and allow the sys-
tem to perform relative navigation with it. As the RESTORE system is envisioned to perform
debris removal maneuvers autonomously with minimal inputs from ground stations, uplinking
and downlinking of data during Phases II-IV are kept to a minimum. With these planned subsys-
tem duty cycle allocations, the power consumption is approximately 31 W, significantly higher
than in the coasting mode, but still capable of being supplied by the chosen "Compact Electrical
Power System 2(A)" spacecraft component [33, 56].

7. Conclusion

This work proposed the RESTORE system and the corresponding mission concept to address
the growing demand for ADR solutions. The RESTORE system combines the advantages of
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Table 6. System components and power consumption.

S/C Component Component Name Power, mW d,, % dy, %
GNC

Camera NanoCam C1U 1300 0 75
GPS Receiver piNAV-NG 124 50 50
Integrated ADCS TIADCS-100 2700 10 100
Computing Hardware

On-Board Computer ISIS On Board Computer 550 100 100
Communication

Transceiver NANOcomm-2 5000 40 10
Propulsion

Engine Controller* - 2700 10 75
Engine Valve Actuator MR-106L 22N 25100 10 75
Engine Components Heater =~ MR-106L 22N 10060 50 50
Total Quantities

Total Power - - ~11000 mW  =~31000 mW

contactless debris removal methods (i.e., the reusability and robustness to uncertainties in the
debris states) with the advantages of contact-based removal methods (i.e., high control authority).
To demonstrate the feasibility of the concept for removing small-to-medium sized debris, we
performed a preliminary design analysis of the system and assessed its performance in relevant
LEO ADR scenarios.

This study first provided an overview of the system and mission concept. Then, models for the
system were presented to explore the dynamics and fuel-cost estimates for the various phases of
the ADR mission. In particular, we used numerical models to study the Close Rendezvous and
Final Approach, Envelopment, and Ejection phases. The RESTORE system could successfully
perform maneuvers to approach and capture debris using a reference-path tracking PD controller.
The RESTORE system could also safely perform the slingshot ejection maneuver, imparting
a significant change to the debris’s orbital speed while incurring only a minor change to the
system’s orbital speed. The systems engineering of the concept indicated that the construction
and deployment of the RESTORE system are feasible with present technology.

Additional research must be done to further demonstrate and analyze the capabilities of the
RESTORE system. Perturbation forces, such as (but not limited to) residual atmospheric drag
and non-spherical gravitational potential, will be the focus of future simulations to study the
system’s dynamical behavior within a more realistic environment. Algorithms for state estima-
tion must also be developed for the system to conduct robust navigation throughout the ADR
mission. To enable the system to handle uncertainties in the state estimation, robust or adaptive
thrust control techniques should also be formulated for the different phases of the mission. Safety
constraints will also be considered in future work for the control design process, thus ensuring
that the MUs do not collide with each other or the debris. More research is also needed to an-
alyze strategies for mitigating entanglement risks of debris with the mesh of the net (e.g., using
low-friction coating substances on the threads, determining preferred net mesh sizes, or using a
membrane in place of a net). The possibility of performing in-orbit refueling of the RESTORE
system by another spacecraft after the last debris has been deorbited should be explored as well.
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Appendix A. Additional Results for the Analysis of Phase I
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Figure A.1. Additional Plots concerning the Final Approach maneuver.

Figure A.1(I) displays the magnitude of the thrust forces commanded by the PD controller
in the Final Approach maneuver; the thrusts applied on the MUs are minimal compared to the
maximum available thrust magnitude, of 22 N. It should be noted that this small-magnitude
(compared to the saturation limit) thrust profile could be achieved via the pulse-width modulation
of each thruster, though further research must be done to verify the control approach when it is
applied onto a physical thruster. Fig. A.1(II) displays the fuel consumption by the MUs for the
maneuver. All MUs each consume less than 1.3 g of fuel, with the combined system only using
approximately 5.1 g of fuel.

Figure A.2 displays the total fuel consumption as a function of the final time #,,q and the
desired final speed for each MU v/ mq. The total fuel consumption increases for lower #;,q and
higher vy mq, though it is clear that vy g has a larger effect. This finding indicates that more
flexibility is allowed for selecting the desired maneuver time compared to the final approach
speed (which has to be kept relatively low).

29



Sy 02 2000 Qe
"%

Figure A.2. Total fuel consumed for the Final Approach maneuver as a function of f;ng and vy, rng-

Appendix B. Comparison of 2-DoF and 3-DoF models for Phase IV

The dynamical similarity between the three-DoF and the two-DoF models must be verified
to ensure that the latter can be used as a substitute for the former in the equilibrium analysis of
Section 4.3.2. For the verification, the results of Fig. 10 are reproduced and shown in Fig. B.1
using the two-DoF model. It can be appreciated that the simulation results for the two models
are very similar across the varying initial ¥y and ¢ angles employed, with both sets of results
exhibiting discontinuities for large ¢ and small ¢ values. Outside the discontinuous region, the
values for —yg (%) and —ycom(tee) are found to be similar between the two models, although
they are slightly higher with the two-DoF model than with the three-DoF model (see Figs. 10(I-
II) and B.1(I-II)). For example, with ¢ = 80° and o = 15°, —yg(t;o) is approx. 60.2 m/s and
67.7 m/s for the three- and two-DoF models, respectively. Meanwhile, the values for mpop.ejt
are indistinguishable between the two models (see Figs. 10(II) and B.1(IIl)). The authors also
replicated the results of Figs. 11 and 12 using the two-DoF model; they are omitted, for brevity,
as they were found to be very similar between the models.
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Figure B.1. Ejection phase dynamics quantities obtained by varying ¥ and ¢ for the rigid arm-links model.
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