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Abstract—International guidelines recommend removing any
artificial body in Low Earth Orbit (LEO) within 25 years from
mission completion. Among disposal strategies, electrodynamic
tethers appear to be a promising option for LEO, thanks to the
limited storage mass and the minimum interface requirements to the
host spacecraft. In particular, recent technological advances make it
feasible to deorbit large objects with tether lengths of a few kilometers
or less. To further investigate such an innovative passive system,
the European Union is currently funding the project E.T.PACK
— Electrodynamic Tether Technology for Passive Consumable-less
Deorbit Kit in the framework of the H2020 Future Emerging
Technologies (FET) Open program. The project focuses on the design
of an end of life disposal kit for LEO satellites. This kit aims to
deploy a taped tether that can be activated at the spacecraft end of life
to perform autonomous deorbit within the international guidelines.
In this paper, the orbital performance of the E.T.PACK deorbiting
kit is compared to other disposal methods. Besides, the orbital decay
prediction is parametrized as a function of spacecraft mass and tether
system performance. Different values of length, width, and thickness
of the tether will be evaluated for various scenarios (i.e., different
initial orbital parameters). The results will be compared to other
end-of-life disposal methods with similar allocated resources. The
analysis of the more innovative system’s performance with the tape
coated with a thermionic material, which has a low work-function
(LWT), for which no active component for the cathode is required,
will also be briefly discussed.

The results show that the electrodynamic tether option can be a
competitive and performant solution for satellite disposal compared
to other deorbit technologies.

Keywords—Deorbiting performance, H2020, spacecraft disposal,
space electrodynamic tethers.

I. INTRODUCTION

HE increasing number of artificial objects in near-earth
space is creating growing concerns among the scientific
community due to the hazard they pose on the spacecraft
population. In particular, it has been estimated that collisions
between large pieces of space junk or with operative spacecraft
might cause cascade effects up to the creation of artificial belts
of debris in the most crowded orbits, as firstly hypothesized
by Kessler [1].
The first aspect of the problem is related to the current debris
population. To face this aspect, many space debris capturing
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and removal methods have been proposed and tested in recent
years to stabilize the growth of space debris number [2]. These
key technologies are necessary to reduce the current number
of large and massive objects in space [3] and clean up space,
only if both good coordination between all the space-related
actors and an effective removal policy are provided [4].

However, to fully address the space debris problem, there is
a second aspect of fundamental importance: newly launched
objects are expected to comply with end-of-life disposal
guidelines. This condition is even more relevant for the recent
introduction of large constellations of thousands of small
satellites (e.g., [5]-[7]), which will significantly a ffect the
space environment. As a reference, the Starlink constellation
provider has launched into orbit 540 satellites to June 15, 2020,
with plans to deploy up to 1500 spacecraft on an orbit shell
with an altitude of 500 km (orbits inclination of 53 deg) and
about 2800 spacecraft on a range of altitudes between 1100
and 1350 km [8]. Current international guidelines recommend
several actions to mitigate the instruction of new satellites on
the environment (e.g., the 25-years instruction to deorbit all
new satellites within 25 years since mission completion if their
deployment orbit altitude is below 2000 km [9]). In the
meantime, concerns are still arising on the effectiveness of
these guidelines on controlling the growth of space debris
population [10]-[12].

In this context, all major satellite providers are currently
moving towards a self-regulating approach to respect at least
the 25-years recommendation. In this context, in 2018, the
European Commission awarded an H2020 Future Emerging
Technologies (FET) Open project titled “Electrodynamic
Tether Technology for Passive Consumable-less Deorbit
Kit” (E.T.PACK), that aims at the development of a
Deorbit Kit prototype based on electrodynamic tether
technology [13]. In this paper, the orbital performance of the
electrodynamic tether technology is evaluated and compared
to other end-of-life disposal technologies, namely chemical
propulsion and drag-sail devices, for four reference
configurations concerning satellites that are about to be
launched in the next few years (i.e. EarthCARE, a large
satellite for earth observation in sun-synchronous orbit, and
three different large constellation spacecraft orbiting at
altitudes from 1000 km to 1500 km). Moreover, a series of
numerical simulations for the electrodynamic tether technology
has been completed to underline several parameters’
influence on the technology performance.

The paper is organized as follows. Section II describes the
considered disposal methods. Section III compares the deorbit
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performances of electrodynamic tethers, chemical propulsion
systems, and drag sails, showing that the first option is
more attractive, particularly for satellites at high altitudes.
Section IV lists all the different system parameters taken into
account, explains their influence on the system behavior by
showing the results of a large set of simulations, and describes
a strategy to compute the relationship between parameters
and system performance. Besides, the innovative concept of
Low Work-function Tether (LWT) is briefly introduced and
discussed. Relevant conclusions are drawn in Section V.

II. END-OF-LIFE SELF-DISPOSAL METHODS

End-of-life disposal systems can be classified into capturing
methods (e.g., tentacles, arms, net, harpoon) and removal
methods. The latter category includes self-disposal methods
involving devices originally mounted on the spacecraft and
methods requiring an additional satellite chasing and acting
on the target debris [2], [14]. In this paper, three major
classes of self-disposal methods have been considered: drag
augmentation devices (e.g., sails), propulsion systems, and
electrodynamic devices (e.g., ElectroDynamic Tethers, EDT).

Drag sails have been extensively studied for spacecraft
re-entry [15], [16] and recently tested in space as disposal
systems for low altitude orbits [17], [18]. Current studies aim
at implementing strategies to enhance their capabilities even
for higher altitudes, for example, through ionospheric drag
[19], and at developing kits to be installed as independent
modules on spacecraft (ADEO - [20]-[22]).

Propulsion-based disposal methods can wuse chemical
thrusters and can be implemented through either a dedicated
kit or on-board systems [23]. However, they need to adequately
address technological issues, such as propellant leakage or
degradation in prolonged storage time, and attitude control
demands during disposal maneuvers [24].

Electrodynamic tethered systems appear to be a promising
option as they could overcome the mass requirement limitations
of traditional propulsion-based systems and are effective in a
broader range of altitudes compared to drag augmentation
devices. Electrodynamic tethers collect ionospheric electrons
(Bare Electrodynamic Tethers - BET [25]) from the
plasma environment and re-emit them through a cathode or a
“Low-Work-Function” segment of the same tether by using
thermionic and photoelectric effects (Low Work-function
Tether — LWT [26], [27]). In both configurations, the
resulting electric current flowing through the conductive
tether generates a drag Lorentz force thanks to the
interaction with the [Earth’s magnetic field that
progressively decreases the satellite’s orbit altitude, causing
its re-entry into the atmosphere.

Those three technologies’ deorbiting performance has been
analyzed and compared for a set of Low Earth Orbit (LEO)
satellites planned to be launched soon.

ITI. PERFORMANCE ANALYSIS OF DIFFERENT
SELF-DISPOSAL TECHNOLOGIES

Following the Inter-Agency Space Debris Coordination
Committee (IADC) guidelines, end-of-mission disposal

TABLE I
SIMULATED SATELLITES FOR THE DEORBITING COMPARISON WITH
DIFFERENT TECHNOLOGIES

Company/
Satellite Type mass [Qh'] [I; CI'] Ref.
Name [kg] m 9
] Commun. 83 planes
(Sf;ﬁi) Constel. 386 111352% (53 - [30]
(4425 S/C) 81)
Commun. 11 planes
Telesat Constel. 800 11%(1%_ (374, [[21211’
(117 S/C) 99.5) .
Commun.
Astrome Constel. 150 1515 30 [33]
(200 S/C)
EarthCARE
(Earth EO 2270 400 97 [34]
Explorer 6)

The main parameters, such as mass, altitude, and orbit inclination of
each study case are listed.

devices are a fundamental priority for LEO satellite, especially
for

1) satellites planned for highly desirable orbits, like Earth
Observation (EO) satellites for which sun-synchronous
orbits are preferred, and

2) satellites planned to operate in soon-to-be densely
populated orbits, namely part of large commercial
constellations.

In this section, the performance of the different disposal
methods mentioned above is compared for the EO satellite and
the large communication constellation spacecraft listed in [28],
[29]. Table I lists the four satellites taken into consideration
for this comparison.

From accurate simulation results, electrodynamic devices
effectively deorbit satellites in the 1-ton mass range with tape
width as small as 2 cm and lengths as short as 3 km [35].
One of the E.T.PACK deorbiting kit configurations considered
a tape tether 2.5-cm wide, 3-km long, and 40-pum thick,
which has a tether mass of about 8 kg. Consequently, in
the following set of simulations, the mass allocated for the
compared technologies, i.e., exclusively for the drag sail itself
or solely the chemical propellant, regardless of the rest of the
device system, was set equal to 8 kg, and the deorbiting time
has been evaluated. In the simulations, no attitude analyses
have been carried out, so there are no stability problems or
effects due to the spacecraft’s tumbling during deorbit.

A. Drag Augmentation Devices

The analysis of a neutral drag sail’s deorbiting performance
has been performed through a numerical simulator developed
in MATLAB® R2020b [36]. The numerical simulator cogists
of an orbit propagator where the specific drag force Fj, is
implemented as

— 1 A A
Fo=—~5Cpp W’j 2 \orat| Uret (1)

tot

where Cp is the drag coefficient (fixed at 2.2), p is the
air density, Uye) is the relative velocity of the spacecraft with
respect to the air, Apap the cross-sectional area of the drag
augmentation device, and m;,; the total mass of the spacecraft
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and the device. In particular, the atmosphere is modeled as
co-rotating with Earth and its density has been computed
through the NRLMSISE-00 Atmosphere Model [37]. No
additional wind models have been included. The code has
been validated through the comparison with the results in
[38]. A recent development in drag sails is related to the
ADEO drag sail family, which is currently being developed
under the European Space Agency’s direct supervision by a
large team of European stakeholders [20]. For these
simulations, the adopted deorbiting system is ADEO-L [21],
which has been designed with the following characteristics:

« for satellites between 100-1500 kg;

e 25 m? drag-sail subsystem;

¢ volume in stowed condition: 400 mm x 400 mm x 160

mm;

« total mass of about 7-10 kg.

The EarthCARE case has been simulated, even though it
does not strictly comply with such characteristics, recognizing
its low altitude as a particularly favorable parameter for the
successful deorbiting. Table II reports the deorbiting time for
each study case. Some research works [15] state that purely
atmospheric disposal systems are effective below 1300 km,
whereas additional intervention is needed above that altitude.
However, a more realistic altitude for drag sails is 800 km,
since at 1300 km the atmosphere density is ten times smaller
than at 800 km, and a ten-time bigger sail would be required
for the re-entry. In this study, all the reference systems have an
altitude lower than 1300 km; however, the large constellation
satellites did not deorbit within 25 years. It is evidently
due to the limited allocated resources, whereas a very large
drag augmentation device would have possibly deorbited the
satellites. However, it is imperative to point out that while a
neutral drag sail can help satisfy the 25-year re-entry guideline
for a satellite in mid-LEO altitudes, neutral drag sails are
practically incapable of reducing the impact risk with other
spacecraft during deorbiting. An object’s impact risk with
other objects in space is given by its “Area x Deorbit Time”
product. For a neutral drag sail, the deorbit time is inversely
proportional to the area, and consequently, by deploying a
large sail, the “Area x Deorbit Time” product is practically
unchanged with respect to that of the satellite without the sail.
In brief, drag augmentation devices do not reduce the impact
risk with other space objects during deorbit.

B. Chemical Propulsion

Among the propulsion-based disposal technologies, solid
propellants have proven to be attractively simple, reliable, and
low cost, despite their limited specific impulse and limited
flexibility [39]. Disposal maneuvers with chemical propulsion
have the advantage of a shorter operational time (in the range
of one orbital period) when compared to tether and drag-sail
deorbiting strategies. Besides, tethers and drag sails require
dedicated modules, whereas propulsive maneuvers are usually
performed with hardware already on board the S/C. On the
other hand, a specific amount of propellant has to be stored
for the entire operational life and saved for disposal at the
end of the mission. A single-impulse maneuver to lower the

TABLE II
DEORBITING CAPABILITIES FOR DRAG SAIL TECHNOLOGY FOR THE
CASES REPORTED IN TABLE I

Company/
Satellite Type Deorbiting Time
Name
SpaceX Cé) mmuln ) 25
. onstel. > years
(Starlink) (4425 S/C)
Commun.
Telesat Constel. > 25 years
(117 S/C)
Commun.
Astrome Constel. > 25 years
(200 S/C)
EarthCARE
(Earth EO 60 days
Explorer 6)
TABLE III

DEORBITING PERFORMANCE FOR CHEMICAL PROPULSION FOR THE CASES
REPORTED IN TABLE I

Mass-fixed Perigee-fixed
Csoigﬁ?g / Type Alt. achieved pr(%pellam
Name P [km] Perigee mass
- [km] [kg]
ommun.
(gfaﬁfn’]‘() Constel. 1150 950 32.5
(4425 S/C)
Commun.
Telesat Constel. 1248 1150 74.5
(117 S/C)
Commun.
Astrome Constel. 1515 950 17.3
(200 S/C)
EarthCARE
(Earth EO 400 370 13.7

Explorer 6)

The fourth column lists the perigee achieved with a single-impulse given
by the same mass allocated for the other two systems, while the fifth
column shows the mass required to lower the perigee to 350 km.

perigee has been considered, considering a typical value for the
specific impulse of 240 s. Two separate sets of computations
have been implemented:

1) the first set corresponds to the perigee achieved by an
8-kg propellant impulse,

2) the second set corresponds to the propellant necessary for
achieving a 350-km perigee, recognizing that at that
altitude, the drag would help in naturally deorbiting the
spacecraft within one year [40].

Table III summarizes the results, showing that with the Av
obtained by the same allocated mass of the tether system (8
kg), the perigee of the transfer orbit is higher than 950 km
for all the large constellation cases; therefore, they are not
expected to deorbit naturally, unless other interventions are
adequately implemented. As for the EO satellite, the altitude
decrease is still limited; however, the perigee is low enough
to let it naturally deorbit within some months.

C. Electrodynamic Tethers

For all the simulations regarding the EDT results,
FLEXSIM, a software tool developed in FORTRAN has been
employed.

FLEXSIM is a simulator for tethered satellite systems
developed at the University of Padova, where the tether is
constantly aligned with the local vertical direction while
deorbiting. The electrical properties of the tether are related
to its geometry and to a lesser extent its temperature, that
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affects the electrical conductivity. The electrical current
distribution along the tether is modeled based on the
Orbital-Motion-Limited (OML) electron collection regime
[25]. Perturbations such as lunisolar (third body) attraction and
higher-order gravitational harmonics (4x4 gravity model) are
also included. As for the environmental models, the
International Reference Ionosphere IRI-2007 [41], the
International Geomagnetic Reference Field - IGRF [42], and
the NRLMSISE-00 Atmosphere Model [37] are implemented.
Stability problems are not addressed in this paper. However, a
common practice for guaranteeing stability is to limit the
current flowing through the tether, decreasing somewhat the
rate of decay in the latter (and shorter) part of deorbiting. In the
simulations shown herewith, no current limits are activated.
Besides, the nonzero potential drop at the cathode reduces the
system’s overall performance [35]. In these simulations, the
voltage drop at the cathode is set equal to 40 V, a typical value
for a hollow-cathode plasma contactor. Smaller potential drops
would lead to faster deorbits, especially for high-inclination
orbits.

1500

1000§
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——SpaceX

—Telesat
Astrome

——EarthCARE |

Altitude [km)]
3
o

0 . . .
0 100 200 300 400 500

Time [days]

Fig. 1 Deorbiting performance of the electrodynamic technology for the
cases reported in Table T

Fig. 1 shows that EDT systems can deorbit successfully
and efficiently all the satellites considered within 1.5 years,
far below the 25-year guideline and with a limited allocated
mass. It should also be noted that unlike what happens for drag
augmentation devices, the “Area x Deorbit-Time” product is
drastically reduced because the deployed tape, besides being
subject to the atmospheric drag, produces an electrodynamic
drag force that is typically two to three orders of magnitude
stronger than neutral drag for altitudes above 700 km.

An additional attractive feature of the EDT systems is that
they can provide, during the deorbiting phase, a maneuver
capability through tether current modulation, which is highly
desirable for avoiding collision with large trackable objects.

IV. PERFORMANCE OF ELECTRODYNAMIC TETHER
TECHNOLOGY

The promising EDT deorbiting system has been recently
recognized by the European Commission that granted the FET
Open project E.T.PACK, within which a deorbit kit prototype
has to be developed [43], [44]. The team is currently working
on developing a 12U CubeSat as a Deorbit Kit Demonstrator
prototype to increase the technology readiness level (TRL)[45].
E.T.PACK deorbit kit is taken as reference configuration,

and its geometry, as well as its target orbit, are slightly varied
to point out the effects on the deorbiting performance. All
the orbits are initially 600-km circular orbits, and no current
limiter is activated. The parameters considered are set as
following:

o thickness varying between 40 pm, 60 pm, 80 pm;

o width varying between 2 cm, 2.5 cm, 3 cm;

o tether length varying between 500 m, 1500 m, 3000 m;

« satellite mass varying between 12 kg, 24 kg, 36 kg;

« orbit inclination varying between 0 deg, 25 deg, 55 deg,
75 deg, 98 deg.

The complete set consists of 405 simulations with all the
combinations of the parameters mentioned above. Therefore,
the orbital decay prediction is computed as a function of
spacecraft mass, tether length, width, thickness, and orbital
inclinations.

The selected parameters affect the system’s deorbiting
capabilities since they influence in different ways the current
flowing through the tether. For example, the thickness and
width of the tape increase the tether’s cross-sectional area;
therefore, its electrical resistance decreases, allowing for a
higher current, provided that all the other conditions remain
constant. Changing the area exposed (to space) of the tether,
the received and emitted thermal fluxes change in the same
manner, and the equilibrium temperature stays about the same.
Even though the general trends of the relation between these
parameters and the system performance may be predictable
(see Figs. 2, 3, and 4), assessing analytically their effects is not
always immediate, since most of them interact concurrently to
define the overall performance and their influence is in general
nonlinear, except for the influence of the overall system mass.

300
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T 9200
@ @ —+—w=2cm
Q B5p -e-w=25cm
g £ w=3cm
£ i 100
=
< 50
0,__==—_—_——{._
0 20 40 60 80 100

Inclination [deg]

Fig. 2 Influence of different values of width of the tether on the deorbiting
performance of the EDT. Each point in the plot identifies the maximum
deorbiting time among all the results of the subset of simulations with a

specific tether width and a specific inclination. The effect of different values

of width is more evident for high inclination orbits

In this study, given the large amount of data and the
nonlinear nature of the relationship between the parameters
and the deorbiting performance, a neural network generated by
the MATLAB® Deep Learning Toolbox has been employed
to establish such relation. A single hidden-layer feed-forward
neural network was used with

e a5 x 405 Input Matrix, where the five rows contain the
varying parameters and the 405 columns correspond to
the total number of simulations or samples;
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Fig. 3 Influence of different values of thickness of the tether on the
deorbiting performance of the EDT. Each point in the plot identifies the
maximum deorbiting time among all the results of the subset of simulations
with a specific tether thickness and a specific inclination
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Fig. 4 Influence of different values of length of the tether on the deorbiting
performance of the EDT. Each point in the plot identifies the maximum
deorbiting time among all the results of the subset of simulations with a

specific tether length and a specific inclination

e a I x 405 Output Matrix, where each element
corresponds to a deorbiting time.

The hidden layer contains 15 neurons with a sigmoid
activation function, the backpropagation for the training is
solved by the Levenberg-Marquardt algorithm. The training
set has been reduced to a 70% of the original set (283
samples); the remaining 30% of the samples of the set is
equally divided into a validation set (61 samples) and a
testing set (61 samples). The training set is used to train the
network, which analyzes the set over different epochs (i.e.,
one epoch is when an entire training set is passed forward and
backward through the neural network once) and learns the data
features to predict the output of future new data accurately. The
validation set is employed during training to avoid over-fitting
and to measure network generalization. Lastly, the network
uses the test set after the training to establish the network
capabilities independently. An accurate network has to show
good performance for all the sets. Fig. 5 shows the network
behavior for the three separate subsets (top right, top left, and
bottom left) and the entire data set (bottom right). In each
plot, the network targets (i.e., the deorbiting time in days) are
represented on the x axis: these are the results of FLEXSIM
simulations. The network outputs (i.e., the prediction of the
deorbiting time) are represented on the y axis. A black circle
represents each simulation. The solid line identifies the linear
regression curve, whose equation is expressed on the y axis
for each set. A dotted black line is representing the prediction

of the “perfect” network, for which the outputs of the network
(Y) are equal to the targets (T). These results show that
all the fitting curves are in good agreement with the Y=T
curve, meaning that the neural network can easily capture the
nonlinearities of the tethered system behavior and predict its
performance accurately.

Training: R=0.99988 Validation: R=099988
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Fig. 5 Output of the performance of the neural network created for
estimating the deorbiting performance of a tether satellite. Three plots
correspond to the performance of the neural network in the three subsets
(training set, validation set, and testing set), while the bottom left plot
contains the entire set performance

In more than a decade, Padova university has developed a
FORTRAN simulator called FLEX, including the effect of the
flexibility of the tether discretized as lumped masses. The more
accurate model enables the system to describe a moderately
higher Lorentz force that slightly shortens the deorbiting phase.
However, FLEX requires additional computational and time
resources that are not straightforwardly compatible with a
parametric study such as the one just described.

Future  developments of the EDT technology include
enhancing the tether system with the coating of a Low Work-
function material able to emit electrons efficiently without
using a dedicated component such as the active electron
emitter. The most promising coating material so far is the
electride C12A7:e- [27]. This improvement leads the system to
require fewer resources (mass, power) than before and reduce
the device complexity. This new system performance has been
preliminarily analyzed in [27].

V. CONCLUSION

In this paper, the electrodynamic tether (EDT)
technology has been described and compared to traditional
chemical propulsive systems and drag augmentation devices.
An additional set of 405 simulations with different
geometrical and orbital parameters has been evaluated to
analyze their effect on the system’s overall performance.

The electrodynamic tether technology is promising
compared to the other options thanks to: (1) the reduced mass
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budget, (2) the limited control requirement from the host at
the end of the mission, which makes it more attractive than
propulsion systems, (3) the range of operational orbits (up
to the highest large constellation orbital shells, that are
unsuitable for drag sails), and (4) the possibility to
perform collision avoidance maneuvers during disposal.
Electrodynamic tethers, particularly the E.T.PACK kit, will
be also suitable for high-altitude large constellation
spacecraft that otherwise would require large amounts of
propellant and cannot be deorbited with drag sails.

Further investigations on the effect of other parameters on
the overall electrodynamic tether performance will be carried
out, including comparisons with other deorbiting systems.
Additionally, further studies will be considering the application
of Deep Neural Networks on the estimation of the deorbiting
performance of a tethered system, including parameters such
as a different initial date for the deorbiting phase (this will
involve different solar activities), a different initial altitude (so
to span the entire LEO range), the activation of a current
limiter (for stability reasons) and an extensive study of
interesting orbital conditions, such as polar orbits.
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