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Abstract

Low Earth Orbit is exceptionally constrained by the increasing number of satellites, increasing collision risks that might
lead to significant losses in technological advancement. Hence, it is imperative to develop techniques such as Active Debris
Removal (ADR) to preserve the usability of the space environment surrounding Earth. A promising ADR technique con-
sistent with contactless operation constraints, which is undergoing rapid development, is known as the Ion Beam Shepherd
(IBS). This revolves around using a highly collimated ion beam to continuously exert a force at a close range on the debris
to achieve a highly controlled deorbiting. However, to date, no demonstration mission has proven this concept in space. This
paper presents a survey of the main research works on the subject of IBS ADR missions along with multiple comparative
analyses between alternative architectures for an in-orbit demonstration mission that could potentially increase the Tech-
nology Readiness Level (TRL) of IBS capabilities for small satellites in LEO. Particular attention is given to the mission’s
critical elements, such as state-of-the-art electric propulsion, techniques for collision avoidance, methods for reconstructing
the dynamics of non-cooperative targets, and hazardous effects connected to IBS. The most critical risks are investigated
in this paper and discussed in detail. Impulse transfer misalignment resulting in tumbling of the target, contamination risk,
problems with acquiring the target based on the visual sensor inaccuracy, attitude control error in the approaching phase,
and electric propulsion reliability are studied here from different angles.
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Abbreviations
ADR Active debris removal

CW  Clohessy—Wiltshire equations
DST Double-sided thruster

EP Electrical propulsion

GEO Geostationary ORBIT

GIT  Gridded ion thrusters

GNC Guidance, navigation, and control
HET Hall effect thrusters

IBS  Ion beam shepherd

Isp Specific impulse

IC Impulse compensation
ICT  Impulse compensation thruster
IT Impulse transfer

ITT  Impulse transfer thruster
LEO Low earth orbit

PD Proportional derivative
RCS  Reaction control system
SDO  Space debris object

SS Space shepherd

TRL Technology readiness level

1 Introduction

For several years, the problem of ever-increasing numbers of
Space Debris Objects (SDO) in orbits around the earth has
come to the attention of scientists and space policy decision-
makers. Earth-orbiting objects, large enough to be tracked,
have been surveyed for possible systematic debris removal,
the reason for this is that collisions between large objects in
space will slowly but surely increase the number of danger-
ous debris fragments. These in turn will produce more debris
and so on in a chain reaction. Objects in low-altitude orbits
(below ~ 500 km) are affected by atmospheric drag. This
lowers their orbit until they re-enter the atmosphere and are
thus naturally removed from orbit. The lower the orbit the
faster it decays. However, for satellites with higher attitudes
this is not the case: based upon the statistical collision stud-
ies, it was determined that objects in orbits approximately
1000 km above the Earth’s surface area are at the greatest
collisional risk.

Looking at the huge amount of space debris already in
existence, Active methods for Debris Removal (ADR) and
on-orbit servicing of satellites along with the compliance
of mission disposal guidelines for new space missions have
been considered effective in stabilizing and eventually mini-
mizing the debris growth and ensuring long-term space sus-
tainability. A large number of various active debris removal
methods have been proposed, designed and developed, each
having their own share of advantages and disadvantages.
The most promising and competitive contact-based meth-
ods include using robotic manipulators, tethers, nets, and
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harpoons, whereas the contact-less methods are laser-based,
ion-beam shepherd ADR methods.

Using a robotic arm to capture the target has been one of
the most talked about and proposed method, but it would
not be suitable for capturing irregular-shaped fast-spinning
debris with no specific capture points [1, 2], until 2021
numerical simulations demonstrated that this shortcom-
ing could be overcoming by a combination of compliant
clamping control and adaptive backstepping-based Trajec-
tory Tracking Control, and propellant consumption could
be reduced. However, it would increase the complexity
of the mission and the mass of the satellite [3]. Another
contact-based promising ADR technology for a long time
has been the use of the Electrodynamic tether, which works
on the principle of the drag thrust produced by the flow of
electrons through the length of the tether in the presence
of the Earth's magnetic field that helps de-orbit the system.
Even though this technology would be simple, lightweight,
and propellant-less, there are certain disadvantages and
risks involved that cannot be eliminated such as very low
Technology Readiness Level (TRL), possibility of severing,
risk of collision with operation satellites, additional tension
control for tumbling debris and tug safety [4—6]. In lieu of
using only a tether, another integrated technology emerged, a
tethered net could also be suitable for non-cooperative spin-
ning objects. In this case, the net would be mounted on a
chaser satellite which when ejected towards the target debris
entangles and wraps around it, then deorbiting by towing the
tethered object to a lower altitude orbit. However, this tech-
nology has a low technical maturity and could involve high
risk in the net closing mechanism [7-9]. Similarly, the usage
of harpoon along with a tether as an ADR method has also
been proposed in many of the research articles, involving a
set of barbs shot from a chaser satellite by means of a tether
for penetrating the debris surface. But it could generate more
and more smaller debris particles on colliding with the tar-
get, and it cannot capture targets with a high tumbling rate,
causing it to rebound off its surface [7, 10, 11].

Contact-less methods of orbital debris removal would
have the obvious advantage of not risking more debris crea-
tion due to violent collisions. Among these contact-less
methods, ground-based and spaceborne laser-based technol-
ogy have been some of the renowned ADR technologies [12,
13]. High-powered pulsed-laser systems shoot onto target
debris to reduce its velocity and eventually lower its altitude.
However, the risk of new debris formation is higher in the
case of these systems. A ground-based laser system would
require to bridge a huge distance to focus a beam on debris
with a very small radius. Furthermore, it would require a
large beam director mirror to obtain high power density
to produce an impactful impulse on the debris target, thus
increasing cost and complexity. A promising, talked-about
ADR technology is the Ion-Beam Shepherd (IBS) method,
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aspects of which will be described in detail throughout this
article. Some of the major motivations in the selection of
this method for technology demonstration are; its contact-
less approach; working concept irrespective of target shape,
material or rotation; reusability feature until fuel depletion
to focus on multi-target removal, high specific impulse due
to its high TRL electric-propulsion technology [14].

There are few active space debris removal missions that
have already been deployed in space successfully. The first
one is the RemoveDebris which has been a low-cost mission
performing ADR using a combination of various technolo-
gies mentioned above: a net, harpoon, a vision-based navi-
gation system and finally a drag sail. This mission involved
experiments that helped mature net and harpoon technolo-
gies in space which had very low TRLs [15, 16]. The world’s
first commercial ADR demonstration was launched on 22nd
March 2021, named as End-of-Life Services by Astroscale-
demonstration (ELSA-d) [17]. This mission includes a
servicer smallsat responsible for performing far and short-
range rendezvous and proximity operations, client search
and inspection, a magnetic capture system with a docking
mechanism. There are a few more ADR demonstration mis-
sions like ETS-VII, ClearSpace-1 and ANDROID that have
been responsible for performing technological testing and
verification of activities required in ADR [3, 18-20].

This paper primarily gives a detailed description of
various design aspects in developing a demonstration tech-
nology based on an ion-beam shepherd concept, structured
as follows. This work only considers a single target debris
removal, since this is a technology demonstration mission,
and involves the least amount of orbital transfers to be
analyzed, allowing a more in-depth study of the deorbiting
maneuver. Section 2 begins with an introduction of the IBS
concept, followed by Sect. 3 which describes a mission
plan proposal that encompasses various relevant phases
such as identifying the target (debris) orbit, approach and
far-range rendezvous, close-range rendezvous and inspec-
tion and deorbiting. The close-range rendezvous section

Fig.1 Schematic of ion beam

shepherd satellite deorbiting

space debris

Shepherd

is further explained keeping in mind a lot of important
factors that include guidance, safe-distance trajectories,
target inspection, navigation, pose estimation and stability
and control of the deorbiting phase. Section 4 further goes
on to discuss the proposed architecture for the mission
that involves both the platform and the propulsion sys-
tem. Section 5 contains discussions about some additional
considerations and risks to give a better understanding of
the entirety of this demonstration mission. Finally, Sect. 6
draws conclusions.

2 The lon Beam Shepherd

The Ion Beam Shepherd (IBS) is a contactless space
debris removal system, initially, this concept was formally
explored in [21] by proposing analytical and control mod-
els. In the IBS the debris orbital motion is actively con-
trolled by exploiting the momentum transmitted by a col-
limated beam of quasi-neutral plasma impinging against
its surface as depicted in Fig. 1. The beam can be gener-
ated with advanced ion engines from a shepherd space-
craft orbiting nearby. This spacecraft, placed at a certain
distance from the object, would use a state-of-the-art ion
thruster pointed towards the debris, called the Impulse
Transfer Thruster (ITT), as well as a second propulsion
system to compensate for the beam reaction to keep a con-
stant distance between the debris and the shepherd satellite
throughout the deorbiting process, the Impulse Compensa-
tion Thruster (ICT).

Since the concept was formally presented, there have
been multiple research groups working in different aspects
of the mission, overcoming some of the limitations. This
work is going to propose an updated review of different
works and analyze the feasibility of a demonstration mis-
sion of the IBS using current small satellite capabilities.

Target

Secondary

Thrusters
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3 Mission proposal

This section reviews the mission operation phases and
parameters required for a successful design of an IBS
mission.

3.1 Mission operations concept

The concept of operations of this mission consists to
launch and to commission the satellites to the selected
inclinations, the schematic can be seen in Fig. 2.

To perform the rendezvous and inspection for this mis-
sion, different phases have been identified:

Identify the Target’s orbit

Approach and far-range rendezvous
Close range rendezvous and inspection
Deorbiting

Phase 2:

« Target's orbit
determination with
ground facilities

* Phasing

Phase 1:
* Service satellite launch
« Initial check out
« Transfer to waiting orbit

Phase 3:
+ Far-range and Mid-range rendezvous
« Trajectory planning/updating
+ Absolute navigation from ground

observation
« In-orbit vision based navigation

Fig.2 ConOps of an IBS mission
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Fig.3 Number of satellites by inclination and altitude
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Altitude in Km

The following subsections will detail each phase, many
of these phases are common to any ADR mission, therefore,
the detail will be stressed only in the phases that are more
specifically related to an IBS mission.

3.2 Identify the target’s orbit

The starting point assumption is that the orbit of the target is
given and serves as an input to the problem statement. While
there is a significant amount of satellites in GEO orbit, a
demonstration mission would be costlier and more difficult
to realize there, therefore, the focus of this work will be done
solely in LEO. Most satellites are in LEO and that is where
the most amount of debris formation might take place. Data-
bases of current operational satellites in orbit can be found
in [22], the list can be exported and sorted according to dif-
ferent parameters, to study possible target orbits, the list was
sorted according to the number of satellites by inclination
and the number of satellites by altitude. The distribution can
be seen in Fig. 3. Out of all these satellites, most of them

Phase 5:
Target's deorbiting
using lon-Beam

Phase 4:
* Close inspection
« Target pose estimation
* Collision avoidance
maneuver
« Target's detumbling
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are in Polar orbit, predominantly around the inclination of
90-98 deg. Regarding the altitude, the greatest concentration
of debris is found between 800 and 850 km in orbit [22].
A full-fledged IBS mission shall possess “multi-mission”
capabilities, that is, to be able to shepherd several SDO dur-
ing its lifetime, therefore, the limited mission duration and a
Av budget are imposed as constraints. Nevertheless, in this
review of different works, only the case for a demonstration
mission of one target will be analyzed. The case for a single
target is considered as it is simpler to analyze as compared to
multi-target rendezvous. Further analysis needs to be carried
out if it is necessary to utilize the same operations procedure
for multiple targets.

3.3 Approach and far-rendezvous

After launch and commissioning, the IBS first reaches a
waiting orbit, typically set at low altitudes to facilitate the
phasing; when an SDO is identified to start the mission, the
orbital parameters of the target will be provided by a ground
tracking station. This phase of absolute navigation requires
Two-line Elements (TLE) data, this allows the Shepherd
Satellite (SS) to start the approach and phasing with the
target and position itself close to it, the endpoint of phasing
is often called the ‘initial aim point’. Locating this point
behind and slightly below the target is the most convenient
solution, as the natural drift will move the inspector slowly
towards the target without additional propulsion maneuvers.
During such drift, residual errors after the last maneuvers
in terms of height, eccentricity, and out-of-plane errors can
be corrected.

Then the phase of far rendezvous starts, it is the start
of the relative navigation phase, to determine the relative
state between the chaser and the target. To study the rela-
tive orbit dynamics, the main equations to be used are the
Clohessy—Wiltshire (CW) equations [23], these equations,
Eq. (1) and Eq. (2), will be used to design the guidance law
in the depicted reference frame in Fig. 4., as well as the
control during the deorbiting phase.

{}& = 3n’x + 2ny

y = —2nk (1)
7= —n’x
wheren = /£

aB’

These equations have a closed-form solution as follows:

x(t) = Au;”xin(m) - <3x0 + 2%)cos(nt) + (4x0 + 2:—[”)
(@) = (6x0 + 4;—0 )sin(m‘) + ZiTocos(nt) — (6nxg + 339 )1 + (yo - Zj—?) 2)

z(1) = zgcos(nt) + jfxin(nt)

Chaser

Fig.4 Reference frame for CW equations

wherex,, Y20, X9, Vo> Zo are initial values of position and
velocity coordinates. These equations are going to be used not
only in the Far Rendezvous but mostly in the Close Rendez-
vous phase of the mission.

During the first approach, vision-based navigation will get
the relative attitude and Lidar is used for ranging between the
inspector and the target, this one is also important to maintain
a safe distance, the final point of the rendezvous is at a distance
of fewer than 500 m in the direction of velocity for the CW
relative frame (V-bar) to the target.

3.4 Close rendezvous and target’s characterization

Uncooperative objects with unknown physical properties pose
many technical difficulties and not one method is suitable to
deal with all types of scenarios. Obtaining accurate pose infor-
mation of uncooperative objects still remains a difficult task
and selecting the correct sensors and estimation algorithms are
critical. Moreover, trajectory planning is a prerequisite for pre-
cise demonstration of navigation, pose estimation, and execu-
tion of fault-tolerant formation flying maneuvers between the
chaser and the target in the close-range phase.

3.4.1 Guidance

In close-proximity flight, the capability of reducing the col-
lision risk, as well as of determining with high accuracy the
target relative position and attitude, has a significant impact
on the control system design and required control power and,
consequently, on mission and satellite costs. Therefore, the
adoption of a suitable guidance solution, in terms of relative
trajectory design, can play a key role.

Every servicing mission needs two essential steps for
guidance to be implemented. First, defining the form of
trajectory and boundary conditions, and second, trajec-
tory updating and optimization. The first step determines
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in which form the chaser will follow the target to reach a
close distance and what constraints should be considered.
Mission constraints make a huge difference between these
trajectories and let mission designers prioritize one method
over another. Collision avoidance, thruster saturation, veloc-
ity boundary conditions, plume impingement avoidance and
real-time generation of trajectories with low computational
expense are the most important constraints of this phase.

The second step of guidance is computing onboard a
feasible trajectory from the actual configuration of the
chaser spacecraft to the desired point. The computation of
the trajectory is executed in real-time by the path planner
algorithm. This algorithm should cover both translational
and rotational trajectories of the chaser for the case of the
6 Degrees of Freedom dynamic. The path planning algo-
rithm must be able to enforce path constraints such as sensor
pointing, mission time limits, thrust budget, and collision
avoidance. Since the thrust is a crucial factor for the satellite,
low-thrust/thrust-optimal trajectories are desired.

The following issues will be discussed in this part:

e Optimization of safe distance maneuver

e Inspection trajectory design

e C(Collision avoidance maneuver with a failure tolerant
algorithm

3.4.1.1 Safe distance trajectory When a spacecraft con-
ducts a proximity operation, it is important that the chaser
satellite remains near the target without getting too close
to cause a collision. Considering the Clohessy—Wiltshire
(CW) frame, the target satellite is at the origin as in Fig. 5.
The safety requirement will be presented as a constraint on
the state of the chaser spacecraft:

r_min < r < r_max 3

When the state r is described as r = (x, y, z, X, y, Z)T

Satisfying all the constraints is quite challenging and the
verification process has its own challenges due to the fol-
lowing reasons:

Fig.5 The chaser satellite safe
distance

\ Chaser
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1. The target spacecraft often has its own control policy,
which may not be known ahead of time (or at all). The
safety verification process should be robust to some
bounded maneuvering by the target satellite.

2. The safety verification process should allow maximum
flexibility in designing the controller, As designing a
spacecraft controller is challenging for this phase.

Some existing guidance strategies that have been pro-
posed for autonomous rendezvous and proximity operations
to an uncontrolled target in the last decade are known as:

e Glideslope Algorithm: It is used inherently to provide
guidance for spacecraft to perform flybys, and depart
from the target vehicle in a circular orbit, enabling the
spacecraft to circumnavigate the target spacecraft in any
plane. It calculates the velocity corrections required to
follow a predefined linear velocity profile for a mission,
with a certain set frequency. The algorithm blends path
planning and velocity control algorithms, enabling auton-
omous docking to a cooperative tumbling target [24].

e Mixed Integer Linear Programming: It seeks to alter the
objective function by maximizing or minimizing the
combination of parameters, variables and several con-
straints on the variable. It is implemented to attain min-
imum-fuel, fixed-time maneuvers coupled with inherent
constraints due to collision avoidance. The fuel expendi-
ture is minimized by optimizing the values of the controls
in each interval. The MILP-based path planner has two
important strengths: first, it provides fuel-optimal tra-
jectories and second, path constraints can be enforced,
including plume impingement and passive safety under
thruster failures toward the end of the trajectory [25].

e Model Predictive Control (MPC): It is developed to solve
constrained trajectory optimization problems when exe-
cuted in a closed loop for the entire maneuver. The MPC
employs the dynamics model of the system to sample
the state vector for a relatively short time horizon in the
future starting from the current instant. The discretized
controls and states are subsequently used to formulate a
constrained optimization problem, which is solved using
common numerical techniques [26].
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e Rapidly exploring Random Tree: It searches for high-
dimensional spaces that exist in the samples drawn
randomly from the search space. The space-filling tree
grows incrementally towards unsearched areas that have
been determined based on the problem at hand. Starting
from the current position of the vehicle, the algorithm
randomly builds a space-filling tree of the 3D space. The
vehicle trajectory is obtained using the consecutive nodes
of the randomized data structure that minimize a cer-
tain performance index while respecting path constraints
[27].

e Inverse Dynamics in the Virtual Domain (IDVD): It
imposes a trajectory of the vehicle using a set of inter-
polating functions defined in the virtual domain of time.
Upon inverting the dynamics model of the system, state
variables, controls, path constraints and performance
index are expressed as nonlinear functions in the virtual
domain of the parameterized trajectory and its deriva-
tives. By linking the known endpoint conditions such as
the position and velocity with the functions’ polynomial
coefficients, the boundary conditions of the trajectory are
enforced [28].

e Quasi-analytical guidance algorithm: It helps achieve
the capability of rendezvous and dock in the presence of
tumbling objects. Similar to other guidance and control
algorithms, it seeks to allow for spacecraft to capture an
uncooperative and tumbling object under constraints that
the spacecraft is exposed to, including speed bounds, col-
lision avoidance etc. It also finds numerous applications
in the areas of in-space assembly, satellite servicing, and
active debris removal (ADR) [29].

Recently, some methods showed strengths over other
algorithms. The trajectory should be easily stored on board
and be a low thrust solution. The trajectory should also be
able to be rapidly reshaped using the coefficients previously
optimized and the most current data from the navigation
system. MPC [30], IDVD [31], and Quasi-analytical solu-
tions [32] are growing rapidly due to their flexibility and
great optimization results. We follow the MPC approach

ap

(a) (b)

as it is a method for both control and trajectory optimiza-
tion, it is well-studied, nonlinear optimization is available,
and constrained maneuvers (like low-thrust maneuvers) are
already performed using this method. Moreover, MPC ena-
bles online optimization for real-time operations of collision
avoidance.

3.4.1.2 Target inspection Optical inspection of the target
is required at close ranges during autonomous rendezvous.
The target inspection and imaging phase is the vital part and
the ultimate objective of the mission. The relative motion of
the chaser should be exploited to fully characterize the tar-
get in the inspection phase. The trajectory must be passively
safe, hence natural motion shall be explored to achieve rela-
tive orbits, which do not threaten the safety of this phase.
The criteria to select the relative trajectory are (1) passive
safety compliance (2) invariance to target geometry and atti-
tude motion (3) optimal sun-phase angle and avoidance of
Field Of View (FOV) occultation [33].

Three different scenarios have been discussed recently.
One of the very common approaches is to exploit the in-
plane motion of the chaser around the target which is shown
in Fig. 6(a). This is an easy trajectory to be designed. How-
ever, as the target attitude motion is unknown, this trajectory,
which is limited to one specific plane, is risky for complete
imaging and covering the target from different angles. More-
over, the relative orbit crosses the V-bar twice in its natural
motion which means that the chaser intersects the target
orbital path. The along-track orbit determination is more
uncertain with respect to the radial and cross-track compo-
nents because of the coupling between the semi-major axis
and orbital period. This problem can be solved by inserting
an across-track component that results in an out-of-plane
trajectory shown in Fig. 6(b). This trajectory guarantees full
coverage of the target and reduces the risk of collision with
the target. It also foresees passive trajectories that drift along
the v-bar coupled with a cross-track motion component. As
a disadvantage, the FOV acquisition is poor, Earth is in the
FOV when the trajectory is centered on the target, and target
attitude motion still affects the trajectory.

(O]

Fig.6 Relative motion in target inspection phase, a in-plane, b out-of-plane, ¢ drifting
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Considering the state vector defined as:

CIONOXOHONOXOE

The CW equations state transition matrix is derived as:

considering power constraint and maximum thrusting
window.

x(1) 4—-3cosnt O 0 % sin nt %(1 —cosnt) 0 X
y(t) 6(sinnt—nt) 1 0 —5(1 — cos nt) %(4 sinnt —3nt) 0 Yo
MON I 0 0 cosnt 0 0 %sinnt %9 (4)
x(t) 3nsinnt 0 0 cos nt 2sinnt 0 %o
() —6n(l —cosnt) 0 0 —2sinnt 4dcosnt —3 0 Yo
(1) 0 0 —nsinnt 0 0 cosnt |\ %

The term (y, — %5‘0) produces a constant offset in y(t) and

(6nx, + 3y, )7 makes y(t) an increasing function. Hence, to
have a no-offset condition, the first term should be elimi-
nated. Therefore, the initial condition would be:

2.
Yo = =Xy ©)

n

To achieve the non-drifting condition, the initial condi-
tion should remove the second term and thus, it should be
chosen as:

Yo = —2nx, (6)

So, the solution for the in-plane motion of the chaser sat-
ellite will be written as:

x(t) = —Agcos(nt + a)
(1) = 2Aysin(nt + ) (7

The out-of-plane motion is decoupled from the in-plane
motion and its solution takes the shape of a simple harmonic
oscillator:

2(t) = Bysin(nt + ) ®)

where amplitudes A, B, and phase angles a, f§ are con-
stants dependent on the initial conditions.

Using the above equations we can design different trajec-
tories. Hence, the trajectory that completes target coverage
regardless of its attitude motion, considers collision avoid-
ance motion, which is robust and can be applied to different
targets and has a high Field Of View acquisition would be
selected. This trajectory is a drifting out-of-plane trajectory,
which gives the flight profile that includes a wide range of
relative attitude and position in the region around the target
(meaning different sun-phase angles and line-of-sight) dur-
ing the inspection phase.

The relative orbital transfer between hold orbits and
inspection orbits is performed using the MPC method with
thrust and duration constraints derived from the electric
propulsion system. The algorithm allows a safe reconfigu-
ration and results in a specific maximum Av per maneuver

@ Springer

3.4.2 Navigation

Navigation refers to the determination, at a given time, of
the vehicle's location and velocity (the "state vector") as well
as its attitude. This capability is critical to autonomously
rendezvous to noncooperative space targets. Therefore, it is
a common challenge for ADR missions, the latest advances
can be performed utilizing the existing advanced technology.
Autonomous systems would be able to service the major-
ity of space debris and end-of-life satellites using the same
algorithms and methods [34].

In general terms, during absolute navigation, the main
sensor to be used to reduce the orbital propagation error can
be a GNSS receiver such as the Global Positioning System
(GPS) used to obtain the position, typical sensors used for
attitude control can be used in Attitude Determination.

To determine the relative state between the chaser and the
target, different options are available:

e Vision-Based Navigation (VBN): The solution is
obtained using optical devices. The relative position and
attitude are determined individually, or both at the same
time.

e Radar: The Time of Flight measurement of the emitted
signal can quantify the range but not the relative position.

e Lidar: Light detection and ranging, same as radar, with
extended ranges.

The main difficulty at the beginning of the closing phase
lies in recognizing properly the target. The TLEs are of lit-
tle help since their large cross-track error (up to a few hun-
dred meters) does not significantly reduce the target search
area in the image, so that many candidates can be simul-
taneously visible. Kinematic trajectory analysis is thus the
preferred way for the target detection when initiating the
approach, an algorithm such as the proposed in [35] can be
used, which identifies a number of centroids of the objects
acquired by the optical sensor, the algorithm needs first to
collect a sequence of images to be able to detect a candidate
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trajectory. An extra sensor for ranging like a Lidar would
come into aid to identify the correct object.

During the relative navigation for close rendezvous, con-
cerning position, velocities, attitude, and angular rates, the
chaser is ready to start an inspection before initiating its
deorbiting mission; this inspection may include a fly-around
maneuver to acquire the approach axis.

Because of the increased navigation accuracy require-
ments, in many cases, a different type of sensor than in the
previous phase has to be used for the final approach. In this
case, toward the end of the closing phase, the acquisition
conditions for the new sensor type have to be met. The rule
of thumb is that the measurement accuracy must be of the
order of 1% of range or better [36].

3.4.3 Pose estimation

Achieving reliable pose estimation of uncooperative satel-
lites is a key technology for enabling IBS removal missions.
The non-cooperative nature of the target becomes the real
challenge that underlies pose estimation (the visual markers
of attitude and distance), meanwhile, the inability to accom-
plish this goal can lead to the disruption in the deorbiting
mission, forcing the SDO to tumble or rotate about the prin-
cipal axis.

Attaining the goal of approaching close to the trajectory,
requires a coherence relay between guidance and naviga-
tion. Navigation and estimation of the pose provide the
framework to update guidance algorithms for the onboard
generation of the approach trajectory. Previous literature
has explored the introduction of a novel pose determination
method based on Convolutional Neural Networks (CNN) to
provide an initial guess of the pose in real-time on-board.
The method involves discretizing the pose space and training
the CNN with images corresponding to the resulting pose
labels [37]. Since reliable training of the CNN requires mas-
sive image datasets and computational resources, the param-
eters of the CNN must be determined prior to the mission
with synthetic imagery. Such a robust system requires reli-
able training of the CNN, combined with coherent datasets
that appropriately account for noise, color, and illumination
characteristics expected in orbit. Implementing a monocular
camera ensures pose estimation under low power and low
hardware complexity [38]. However, one caveat is that the
monocular camera provides a clear image sequence limited
by the observation condition. Therefore, it is necessary to
study the pose estimate of the space object from a single
image case. Existing computer vision methods rely on fram-
ing a prior shape model built based on the structural similar-
ity of objects in a specific category, and the pose estimation
of the unknown object that is reduced to a 3D-to-2D shape
fitting problem where the parameters of shape and pose are
estimated simultaneously. However, this logic is limited in

the case of space objects, mainly due to the fact that the
structure cannot be mapped similarly to commonly acces-
sible objects like chairs or cars.

Considering the 3D pose of unknown space objects from
a single image, noting that there are plenty of constraints
among the components of typical space objects can be con-
sidered an alternative. From this, a hierarchical shape model
of space objects can be proposed to describe the prior infor-
mation of the object geometry, which represents the con-
straints among components of objects in the form of data
gathered from the probability distribution. Therefore, with
the support of the hierarchical shape model proposed, the
pose estimation of unknown space objects can be conducted
from a single image. To achieve mission objectives, the algo-
rithms, including the navigation filter, for model-based, non-
cooperative pose estimation using data from Lidar systems
operate in the same frequency spectrum as range finders but
are capable of creating 3D point clouds of scanned objects
[39]. Multiple samples of a moving target using Lidar can
provide enough information to perform the pose estima-
tion of the target. Stereo cameras are capable of acquiring
sparse 3D point cloud information similar to Lidar, although
it requires a bit more processing. Data generated by camera
sensors are more textured than Lidar scans. Lidar is more
accurate over longer ranges and functionality. On the other
hand, the range of stereo cameras is often limited by the
baseline distance between the left- and right-hand cameras.
Therefore, a couple of uses of both will be advantageous to
the mission objectives. Non-cooperative pose estimation is
performed using point cloud data generated by a series of
Lidar images.

To develop a strong background for guidance inference
from this knowledge, the dynamics model for proximity
operations between a controlled chaser spacecraft and an
uncontrolled target should be well-defined, considering that
the model has path constraints required for safe maneuver-
ing. Scans of satellite surfaces were matched with the known
computer-aided design (CAD) models of the targets [39].
Shortcomings due to probable poor initial guess have been
addressed in the reference [40] by implementing a novel
clustered viewpoint feature histogram (CVFH) method.

From the existence of the state-of-the-art CNN, the model
contains a local receptive field, which maps through the
whole image to detect the features of the spacecraft. This
detailed process converts the image pixels into numerical
data by interpreting the attributes in the pixels with their
respective local receptive field to correlate neurons of the
first hidden layer. The information from these images is then
passed through the layers of neurons until the pose at the
final layer is determined. Trained CNN has the built-in abil-
ity to drive direct empirical correlation of the images and
estimated poses. Finally, this solution is coupled with an
EKEF to perform the pose estimation of the target.
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3.5 Stability and control of the deorbiting mission

Several studies have been published so far to study the atti-
tude evolution, stability, and control of the SDO, Fig. 7 pre-
sents a diagram showing the evolution of the approaches.

The work in [41] creates the first 3-D numerical assess-
ment and simulations of the IBS relative dynamics and con-
trol problem with the Ion Beam Interactor Simulator (IBIS),
the equations of motion are implemented for two types of
debris, spherical and cylindrical; a three-axis Proportional
Derivative (PD) controller on the shepherd satellite is used
to provide stable relative motion for both types of target
debris while the problem of the debris attitude stability and
control was not studied.

To study the motion of the debris due to the ion beam
begins with the proposition of models to describe the distri-
bution of an ion plume: the optimization and testing issues
of ion beam thrusters for an IBS mission were addressed
in Refs. [42, 43], the evolution of the quasi-neutral plasma
plume sufficiently far from the thruster (far-field region) can
be approximated with a self-similar fluid model that hinges
on two main parameters, namely the upstream beam diver-
gence angle and the plasma Mach number. In practice, the
radius of a section containing 95% of the total current of
the beam is commonly taken as the local width of the beam.
State-of-the-art ion engines can be as low as 10-15 degrees.

Regarding the interaction of the ion beam with an SDO,
the authors of Refs [14, 44, 45] developed simplified algo-
rithms for determining the forces transmitted by an ion
beam using the central projection of the SDO. More detailed
results from experimental studies of the prolonged expo-
sure of the ion beam on an object are described in [46],
and expressions are derived for setting up a correspondence
between the conditions of accelerated laboratory tests and
the conditions of long-term exposure of an SDO to a plasma
beam, modeled as on Earth's ionosphere.

The ion beam interaction with the SDO attitude dynam-
ics and control during contactless de-orbiting is included in
[47], the main simplifying assumption is that the relative

lon Plume Studies
[42], [43]

‘ = k! Control of the SDO
lon bearn interaction | : v motion | rv>
with SDO P D (49, [50]
[44], [45], [46] /

Relative Formation using

hydrazine thrusters
[47], [51], [52]

First Numerical ‘ ’
Assessment IBS [41]

Fig. 7 Diagram of the advances in control techniques for the IBS mission
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position between the debris and the shepherd center of mass
can be estimated at all times with no error. Semi-analytical
relations were provided to be used for the evaluation of the
beam force transmitted to a spherical target in a generic
position with respect to a conical beam. Modified beam-
perturbed CW equations in circular orbits for the relative
motion of the SS-SDO system were derived. Finally, to
attain the goal of contactless de-orbiting, the stability of
the relative motion was investigated, the relative dynamics
are unstable, in the open-loop case the beam action further
destabilizes the maneuvers.

The studies in Refs. [48, 49] focus on the dynamics of
a solid under the influence of ion flow and gravitational
momentum. For the case of plane motion, a comparison
of the descent times in different motion modes was carried
out. It is also discovered that in low Earth orbits, the atmos-
phere begins to exert a significant influence. Additionally,
it was shown that the motion of the space debris around its
center of mass has a significant effect on its removal time.
In addition, in [50] another important factor that influences
the motion of a body is mentioned, at a given altitude the
effect of the atmosphere is significant, a rough estimation
shows that for a body on a circular orbit of 250 km altitude,
the magnitude of the drag force is comparable to the force
created by the ion flow.

Relative control of the IBS formation based on conven-
tional approaches is studied in Refs. [47, 51, 52]. These
papers assume that the spacecraft has high impulse thrust-
ers that allow the control system to apply forces in orthogo-
nal directions, the low specific impulse (Isp) thrusters are
used to provide the stability and performance of the rela-
tive motion. However, a low Isp of such thrusters together
with a long-lasting de-orbiting phase reduces the economic
attractiveness of the IBS concept and limits its multi-mission
capabilities. This feature and the duration of the de-orbiting
phase imply that the mass of propellant to control the Shep-
herd relative position can result in an important share of the
total propellant consumption of the mission.

Stabilization SDO
motion
[48], [56], [57], [58]

Relative Formation and
out-of-plane maneuvers
with EP ICT

[53], [54], [55] [60]

Control in non-
circular orbits
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A different control strategy presented in [53] focuses on
the reduction of the propellant consumption by maximizing
the de-orbiting rate of the SDO; it is achieved by maintain-
ing a maximum magnitude ITT thrust. At the same time,
the thrust of the ICT can be adjusted to control the relative
motion of the SS. Furthermore, to minimize propellant con-
sumption, Ref. [54] suggested using a small variation of the
thrust in the ICT to keep the in-plane relative position of
the SS between certain boundaries. The results of Ref. [55]
expand the capabilities of this approach, by applying the
strategy to the out-of-plane relative position of the SS, it is
shown that the spatial relative position requirement for the
formation can be controlled by varying two main values: the
yaw angle of the SS and thrust of the ICT; This strategy sim-
plifies the architecture of the control system while reducing
its cost, and saving propellant. A problem with this approach
is that it can maintain the required relative position of the
underactuated SS with a periodic error; this is a minimum
problem when the orbits have very low eccentricity, but this
error grows as eccentricity increases which could lead to
problems for debris objects in high eccentric orbits that need
to be removed.

Previous research have shown that an object's attitude
motion has a significant impact on the efficiency of the ion
beam transportation process [48], in [56] an unperturbed
motion of the system in a circular orbit is studied, two cases
of descent of space debris were compared, calculations have
shown that the time difference in time spent on descent with
and without SDO attitude control motion can be significa-
tive. At the same time, the saving of fuel spent on the space-
craft position control is around 16% for engines.

In [57, 58] a control law for 3D motion of an SDO is
considered, the aim was to provide stabilization of the object
oscillations in an equilibrium state. It is proposed to change
the thrust of the ion engine to change the orientation of
the passive object. When applying the force to a cylindri-
cal target, it is found that the orientation of the cylindrical
object, corresponding to the maximum value of the force
generated by the ion beam, does not coincide with stable
equilibrium positions. To keep the object in this position,
additional efforts are required. A phase trajectory on which
the average ion beam force is maximum in absolute value
was determined.

Finally, the dissertation [59] addresses the problem of
relative motion control in eccentric orbits using methods of
robust control theory, but here, like in Ref. [48], is assumed
that there is a set of multiple thrusters, which applies con-
trol actions in all orthogonal directions. To use only EP, the
reference [60] focuses on debris removal methods in non-
circular (eccentric) orbit, the research investigated the viabil-
ity of using a single IC to control the relative position of the
ion-beam shepherd in eccentric orbits. Two controllers were

used for the shepherd satellite: a time-invariant and periodic
linear-quadratic regulator. Both maintain the relative posi-
tion of the shepherd with periodic errors, which grow as
orbital eccentricity increases, a problem similar to the one
found in [55]. The controller can be designed with a peri-
odic reference input to reduce the relative position errors and
improve the efficiency of the ion momentum transmission.

The final steps to consolidate the strategies for control of
an IBS deorbiting mission are related to the implementation
of robust control techniques that include conditions, to name
a few: non-ideal estimation of the target’s relative position
and orientation, the influence of eclipses in sensors, opti-
mal solutions minimizing propellant consumption, non-rigid
body dynamics control techniques of the stability of the SS
due to its large solar arrays, etc.

4 Architecture of the IBS

It is important to note that even if the studies and research
about the IBS have been appearing continuously in confer-
ences and journals, until the date of the writing of this manu-
script, no formal mission proposal using the IBS concept
has been presented yet. There could be several reasons for
this, including the low TRL of some of the key technologies.

This section aims to review the architecture for an IBS
mission and find the missing links for a demonstration mis-
sion. The main aspects analyzed are the necessary propul-
sion system and platform design for the Ion Beam Shepherd
mission. The propulsion subsection reviews the available
suitable choices of thruster engines and comparative analy-
sis among them. The platform subsection reviews graphical
analysis of time, specific impulse, mass, and power with
respect to thrust force to deorbit target debris.

4.1 Propulsion

Some of the design considerations that have been made for
the IBS missions, keeping in mind earlier research, are as
follows:

i. Improved thruster performance by reducing thruster
power and efficient utilization of mass
ii. Decreased thruster mass suitable for a small shepherd
satellite (<500 kg)
iii. Higher thrust force and large thrust time
iv. Increased Isp during deorbiting debris for faster
maneuverability
v. Highly converged ion beam for efficient irradiation

Among all the available electrical propulsion technolo-
gies, the electrothermal propulsion type including resistojets
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and arcjets provide extremely low impulse (Isp), and low
propellant efficiency compared to the other two varie-
ties which are electrostatic and electromagnetic thrusters.
Among these, electrostatic gridded ion thrusters (GIE), hall
thrusters (HET) and Stationary Plasma Thrusters (SPT) have
been identified as the best suitable choices due to their high
efficiency and higher specific impulse.

An analysis of some of these thrusters based on their
performance attributes is presented in Table 1. The SPT-
140 provides maximum thrust and has minimum mass [61].
The HiPeP thruster provides a very large Isp but its power
consumption is unreasonably large [62]. Even though the
CAMILA-HET has minimum power consumption it pro-
vides a really less thrust force and has lesser efficiency as
compared to the NEXT thruster which has maximum effi-
ciency and the T6 thruster which provides very high Isp
[63, 65]. The T7 thruster on the other hand provides higher
efficiency and Isp compared to T6, yet it has a larger mass
and a TRL of 5 [65].

Another concept that has proved to be promising is the
Double-Sided Ion thruster (DST), gradually shaping from
a mere idea to demonstrated technology within a span of
a few years [66]. Some of its advantages include simpler
subsystem architecture, lower cost, lower total mass, and
half RF power compared to two single-ended thrusters. In
[67], the thruster was designed where power and low beam
divergent requirements were identified. A model was devel-
oped to predict its performance and using this model design
parameters such as size, ion optics geometry, and beam volt-
age of the thruster were determined. The advancement in
[68] dealt with the optimization of EP in IBS, which made
it possible to identify optimal operating points of both ITT
and ICT individually [64, 69]. It was found that minimizing
either total dedicated mass or total thruster power for two
different beam voltages of the two thrusters was needed,
depending on the mission specifications. It was also studied
that beam expansion majorly reduces momentum transfer
to the target object, which in turn affects the efficiency of
IBS technique. In addition, there could be a reduction in the
increase of beam divergence by a high operational voltage.

The authors felt it was wise to investigate different tech-
nology thrusters, specifically HET for ICTs since it has a
better thrust-to-power ratio compared to ion thrusters [53].
Later, there was an experimental campaign that displayed
promising results regarding the double-sided thruster. Four
different configurations were tested namely: Active IT Beam
(AIT) with inactive IC, Active IC Beam (AIC) with inac-
tive IT, Active Double-sided thruster (ADST) with only one
grid as part of IT ion optics system, and ADST with screen
grids located at each ion optics side, the thruster operated
in double-sided mode with both sides of thrusters active. A
comparative analysis was studied for all the configurations
[68]. Results showed that the IT:IC thrust ratio depends on
three factors which are screen grid voltage, Radio Frequency
Generator power, and mass flow rate. In fact, to achieve IT
and IC thrust force, accel voltage is required to be changed.
It was also possible to extract two ion beams from the same
discharge chamber such that the IC ion optics side gener-
ated approximately 30% more thrust compared to IT [59].
Currently, the TRL is 5 for DST, however, further system
prototype demonstration in space could make it one of the
future absolute choices for IBS missions.

4.2 Platform

The work in [14] presents a preliminary design methodol-
ogy for an IBS mission, it is based on determining design
and operational constraints that can be achieved by a fea-
sible solution. Ultimately, there are two main constraints
that define the possible mission: the separation distance
with respect to the SDO to be deorbited, and the thrust
level. It is desirable to keep the separation distance as
short as possible, to maximize the level of thrust and mini-
mize the time of deorbiting while keeping a too close dis-
tance could result in back sputtering contamination effects
and increased risk of collisions. On the other hand, high
values of thrust increase the back sputtering and also the
power consumption requirements, which would increase
the mass of the satellite.

Table 1 Comparison of main characteristics of Electric Propulsion thrusters: Technology, power, Isp, thrust, mass, TRL

EP technology Thruster name Power [W] Isp [s] n [%] Thrust [mN] Mass [kg] TRL
GIE XIPS (25 cm) 4200 3800 67 165 13.7 9
GIE T6 5000 >4000 68 30-230 31 9
GIE T7 7000 > 4000 NA Up to 290 13 5
GIE NEXT 6900 4190 70 236 52 9
Xe Ion engines via microwaves HiPEP 30,000 8900 80 540 Very high 9
Hall Effect Thrusters CAMILA-HET 250 1570+73 43+3.7 13.9+0.6 <12 9
Stationary Plasma Thruster SPT-70 700 1500 45 40 1.5 9
Double Sided Ion Thruster DST (IT & IC) 416 1545 18.5 IT: 3.6, IC: 6.5 10.6 5
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From the point of view of cost limitations, a demon-
stration mission for the IBS would most likely be feasible
within a small satellite form factor, therefore, the compan-
ion software application [70] developed in [14] is taken as
a reference to estimate the sizing of a small feasible IBS
spacecraft. The input parameters are described in Table 2,
unlike other references cited before, the target is set to be
a small debris object, not exceeding 200 kg, a larger target
would necessarily result in a bigger SS. The initial orbit
has an altitude of 700 km for the reasons explained in
Sect. 3.2, the thruster and plasma parameters were selected
to coincide with the Stationary Plasma Thruster. The con-
straints indicate that the distance from the target will be
between the range of 9 to 23 m, the lifetime of the mission
has to be below 150 days, with a worst-case Momentum
Transfer Efficiency (nB) of 0.15. A Reaction Control Sys-
tem (RCS) is included in the platform for approaching
maneuvers and possible momentum unloading.

The results seen in Fig. 8 show a feasible space of
solutions with the selected input parameters, accord-
ing to different combinations of separation distance and
thruster force, the deorbiting time is expected to be around
60-90 days, it is noticeable that the power needs are very
demanding, the required power consumption can be as
high as close to 2.3 kW, which could result in dispropor-
tionately large solar arrays for a small platform.

5 Additional considerations and other risks

This section describes the additional risks and considera-
tions that are evident in the IBS method.

Table 2 Parameters used for the design case of a small platform

5.1 Backflow contamination

As a result of the interaction of the incoming beam with the
outgoing ions and neutrals from the debris backscattered, the
intrusion of a debris body in the plasma plume may compli-
cate the satellite environment. This environment can affect
negatively the performance of the IBS subsystems through
various interactions: the appearance of parasitic currents on
biased surfaces, degradation of solar array panels, thermal
control, and other surfaces, or attenuation and refraction of
electromagnetic wave transmission and reception due to the
enhanced plasma density.

The use of plasma thrusters involves backflow contami-
nation risks by itself. The two most relevant processes are
charge-exchange collisions (CEX) between ions and not-ion-
ized propellant, which produce slow ions that might return
onto the spacecraft if the radial electric field pushes them
towards e.g. solar panels, and deposition of thruster mate-
rial particles sputtered from thruster walls that can become
charged. These hazards are normally accounted for in satel-
lite design, mainly by skewing beam axes away from solar
panels and other sensitive equipment at a certain angle, so
that satellite life is not substantially affected [21].

However, for the IBS concept, it is important also to
assess the formation of CEX ions due to collisions with
the neutral xenon atoms returning from the debris, and the
effect of incoming sputtered material. Xenon ions do not
pose a serious contamination hazard for exposed satellite
surfaces such as solar panels, although they might give rise
to parasitic current flows between biased surfaces. A low-
pressure cloud of neutral xenon gas and particles is expected
to occur naturally around the debris surface irradiated by the
ion beam thruster configuration. As they expand into the
vacuum, these neutrals may give rise to CEX ions close to
the debris surface [71].

Target Body Space Shepherd
Mass Equivalent radius Mass SS RCS propellant  Structure mass PPU Conver- Platform power Max power
mass sion n
200 kg Im 373 kg 15 kg 125 kg 0.9 500 W 2400 kW
Ion Thruster
and Plasma
Plume
Max. Thrust Min. Thrust Max. Power Min. Power Isp range (min—max) Thruster n'T Divergence
angle
40 mN 20 mN 1 kW 450 W 2000s 2500 s 0.45 15 deg
Orbit Constraints
Initial altitude  Final altitude Eclipse fraction Drag coeff Collision avoid- ~ Sensor sensitiv- ~ Max. lifetime ~ Min. MTB nB
ance ity
700 km 500 km 0.38 22 9m 23 m 150 days 0.15
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Fig.8 Design envelop including contour lines for constant values of total power (top left), deorbiting time (top right), and total mass of space-

craft (bottom)

Detailed quantification of the importance of this effect
requires knowledge of the neutral density. However, it can
be anticipated that for an IBS acting on debris sufficiently far
from the IBS, ion densities near the surface are low enough
to neglect the formation of CEX ions.

Due to the larger distances being considered, most CEX
ions occurring far downstream in the plume are expected
to be pushed away radially with an angle large enough
from the centerline as to not come back upon the satel-
lite, additionally, plasma sheath electric potential might
be beneficial as it pulls those ions and hinders their back
streaming. Assuming a spherical expansion from the sur-
face of a sphere of approximately 1 m radius, sputtered
material flux would be about 100 times lower when it
reaches the IBS (at ~ 10 m distance from the debris) [72].

@ Springer

Assessment of the effects of this flux on the IBS lifetime
requires improving this coarse estimate and detailed study
of particle—surface interactions close to the structural
interface of the IBS. To summarize, the effect of back
sputtering is a risk that can be considered in the mission,
however, the effect of it is not threatening the longevity
and purpose of mission objectives.

5.2 Torque due to misalignment of thrust
and center of mass

If the resultant thrust force produced by the ITT and the
ICT is misaligned with the center of mass, this thruster
force vector misalignment causes a moment around the
center of mass of the satellite during thruster operation. If
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this disturbance moment is not adequately rejected by the
satellite control system, it could cause significant errors
when precise maneuvering is required, for example during
satellite maneuvering when in close proximity to another
satellite. This disturbance torque problem is mentioned in
[73], it is proposed the use of reaction jets, gimballing the
thruster nozzle, off-modulating a multi-thruster system. This
is possible for the IBS given that the IBS includes an RCS,
which has a limited amount of propellant to use. An alterna-
tive would be to use reaction wheels to compensate for the
moment, but the disadvantage is the build-up momentum
in the reaction wheels that needs to be dumped by using
another actuator like a magnetic torquer.

To evaluate the best solution, it is of foremost impor-
tance to estimate the thruster force response character-
istic with a sufficient degree of accuracy. The work in
[75] describes the roll torque produced by NASA’s Evo-
lutionary Xenon Thruster (NEXT) ion thruster through
a combination of theoretical calculations and magnetic
field simulations. In Ion thrusters, not only the mechani-
cal misalignment of the thrusters can produce an off-axis
force, the nature of the ions flowing through grids and
the presence of magnetic field lines can create thrust mis-
alignment errors, more precisely, the possible sources of
error are:

e Beamlet Deflection Due to Grid Misalignment.

e Magnetic Field Produced Torque due to the ions subject
to the Lorentz force.

e Placement of the neutralizer cathode, although usually
dismissed in comparison with the previous ones.

Theory calculations and measurements of the distur-
bance torques are presented in [74], the ion thrusters
produce a roll torque about the thrust axis due to both
rotational grid misalignments and the magnetic field that
leaks out into the plume. This effect is non-negligible and
must be considered as a potential risk in Ion Beam thrust-
ers. The past experience of Ion Thruster missions utiliz-
ing ion thrusters was mentioned, these missions utilized
hydrazine to counteract the ion thruster produced roll
torque, and some missions were ended when the onboard
hydrazine was depleted, such is the case of the Dawn
mission, the roll torque estimated prior to launch was
less than the actual roll torque observed in flight. How-
ever, the clocking misalignment measurements correctly
predicted the directions of roll torque. Therefore, a more
convenient method to mitigate this risk would be measur-
ing roll torque before launching it, using an electrostatic
probe that will coincide qualitatively with thrust vector
measurements made on the same thruster, therefore pre-
dicting the effects of this torque. This ultimately allows

sizing the actuators accordingly with their respective
moment unloading techniques.

6 Conclusions

Every new technology comes with certain benefits and
challenges. Some of the benefits of IBS are: (a) it is appli-
cable to the removal of multiple target debris, (b) this tech-
nology works irrespective of the size, shape, material, or
its rotational state, (c) it is reusable technology unless fuel
is completely depletion, (d) it has no necessity of docking
which makes it a contactless technology, (e) it is cost-
effective, and (f) has future prospects like transportation,
space mobility, in-orbit assembly of large infrastructures.

This technology can operate only in close range due to
beam divergence effects and pointing errors. The momen-
tum transfer concept is ineffective considering the mass of
the debris and the thrust produced. Collision avoidance,
sputtering of the debris and the backflow of Ions are the
biggest challenges of the IBS method. The fallout from the
plasma plume interaction between the spacecraft and the
debris also adds to the challenges of using IBS. In spite
of these challenges, years of study and investigation have
shown that if organizations could work towards develop-
ing it and increasing the TRL, it could be one of the most
promising and efficient long-term solutions to this persis-
tent problem of space debris.
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