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ARTICLE INFO ABSTRACT

Keywords: Five electrodynamic tether simulators (BETsMA v2.0, DYNATETHER, EDTSim, FLEX, and TeMPEST) have been

Electrodynamic tethers cross-verified by running and analysing simulations of increasing complexity. A set of ten simulations without

Mission analysis any tether was run to test the orbital propagators and the implementation of the perturbation force due to

Space debris the non-sphericity of the Earth and its non-homogeneous mass distribution. The environmental models of
the five codes and their implementation were then cross-verified by analysing the evolution of the magnetic
field and the plasma and atmospheric densities. The electric modules of the simulators for electrodynamic
tethers working in the passive mode, i.e., the routines in charge of computing the current and the voltage
profiles along the tethers as well as the Lorentz force, were compared by running simulations with bare tethers.
Configurations with an ideal electron emitter (zero potential drop), a real emitter, and a resistor and an ideal
emitter were considered, as well as round and tape tethers. The electric models of BETsMA, EDTSim, FLEX, and
TeMPEST, which assumed a straight tether, were also compared with the result of DYNATETHER for curved
tethers. The consistency of the five simulators as a whole was tested by preparing performance maps with the
deorbit time versus orbit inclination for a reference scenario and considering tape and round electrodynamic
tethers. Although they implement different models and make different assumptions, the results of the five
codes are consistent for the full simulation campaign. The simulation data and the software to visualize them
are available in a public repository.

1. Introduction range of aspects, limited not only to mission analysis, such as tether
dynamics and control, risk assessment, and performance determi-

Electrodynamic tethers (EDTs) were introduced more than half nation, but also to relevant scientific subjects such as EDT-plasma

a century ago [1] as a promising technology for providing in-orbit current exchange. For instance, particle-in-cell simulations [4-10] and
propulsion without using propellant [2]. More than 15 experiments
have been flown in orbit to test EDTs, with the Plasma Motor
Generator (PMG) EDT experiment being the first to demonstrate the
operation of an EDT in both the active and passive modes [3].
In parallel to hardware development, numerical simulators rapidly
became an effective tool to study, understand, and assess a plethora
of interesting phenomena inherent to EDTs. They cover a broad

stationary [11-13] and non-stationary [14] Eulerian solvers enabled
the study of current collection to and emission from EDT systems.
With respect to simulation tools aimed at mission analysis and perfor-
mance determination, research groups, space agencies, and companies
have developed a number of software packages for EDT system
assessment, such as TetherSim™ [15], TeMPEST [16], FLEX [17],
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DYNATETHER (DYNAT) [18], BETsMA [19,20], and EDTSim [21],
among many others [22-30].

As explained in several monographs [31-34], one of the challenges
in EDT simulation lies in handling the disparate frequencies that nat-
urally appear in tether dynamics, including the slow in-plane and
out-of-plane oscillations, the moderate lateral string modes, and the
fast longitudinal modes. Accordingly, several types of tether models
of different fidelity and computational cost have been developed. For
instance, the simplest model just propagates the orbit of the satellite
and incorporates the action of the Lorentz force by assuming a certain
attitude for the tether. Two examples are the tether being aligned
with the local vertical or spinning at a certain rate inside the orbital
plane. The one-bar tether model captures in-plane and out-of plane
dynamics, whereas N-bar tether models incorporate tether flexibility
effects. Tether elasticity introduces high frequencies and are simulated
by lumped mass and continuous models. Direct application of Newton’s
Second Law, Lagrangian and Hamiltonian methods, Kane’s Equation,
and Minakov theory [35] have been used to write the equations of
motion (find an excellent review in Ref. [36]).

EDT simulators are complex numerical tools that include one or
more environment modules and electric and dynamic models for the
tether. Additionally, and depending on the degree of fidelity and com-
pleteness of the simulator, a tether thermal model and a risk module
to compute the collision probability and the tether cut probability
by small debris may also be included. The most common approach
for verifying the simulators is testing each module independently and
analysing certain canonical solutions for which analytical predictions
exist. For instance, the electric model of the tether can be compared
with specialized work on that topic [37-39] and small tether oscilla-
tions around the local vertical should be consistent with linear theory.
Nonetheless, an holistic comparison and the preparation of reference
scenarios, which would both contribute considerably to progress in the
field, are not available. The purpose of this work is to fill this gap and
share with the tether community a database of simulations, metafiles,
and visualization software that will allow cross-verification of any EDT
simulator.

To achieve this goal, this work presents a cross-verification and
benchmarking analysis of five EDT tether simulators developed by
independent research groups. These simulators are

+ BETsMA: Bare Electrodynamic Tether Mission Analysis. Univer-
sidad Carlos III de Madrid.

DYNATETHER (DYNAT); Dynamic Space Tether Simulator. York
University.

EDTSim; ElectroDynamic Tether Simulator.
Exploration Agency.

FLEX; FLEXible tether dynamics simulator. University of Padova.
TeMPEST: TEthered Mission Planning and Evaluation Software
Tool. University of Michigan and Pennsylvania State University.

Japan Aerospace

After verifying the simulators’ orbit propagators and gravitational per-
turbation force, their environmental models in charge of computing the
magnetic field and the plasma and neutral densities were evaluated.
Following this stepwise approach, it then presents results on the testing
of the tether electrodynamic models by considering a point-like ap-
proach for the satellite-tether system. Finally, it presents a parametric
analysis varying the orbit inclination of the tether performance in
a practical scenario: the deorbiting of space debris. The simulation
results, and software to read and visualize the data, are public and
available at the repository [40]. Such a source of information may be
useful for new code developers and tether system developers who wish
to cross-verify their own EDT simulators.

2. General considerations
In order to simplify the cross-verification of other simulators with

the results of this work, the analysis starts with the simplest con-
figuration in Section 3 and increases the complexity progressively in
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Table 1
Common parameters used in the analysis.
Parameter Value Parameter Value
R, 6378.136303 km He 3.98600 x 10'* m?/s?
B, 45.5 kg/m? feN 2
w, 2 cm h, 50 pm
L, 2 km R, 2 mm
o, 354x 107 1/Qm o 2700 kg/m?
M, 500 kg

Sections 4 and 5. Tables with a code number for each simulation are
provided in Appendix. For instance, simulation OPE1 corresponds with
the first simulation aimed at the verification of the Orbit Propagators
and the Environmental models. For each simulation, there is a folder
named with the corresponding code in the public repository [40] that
contains the results of the EDT simulators and a simple code to read and
plot them. Since the five numerical tools considered in this work have
different capabilities, computational cost, and implemented models,
there are some simulations that were not run for certain simulators.
For these cases, the folder contains only the results for a subset of the
five simulators considered in this work.

Table 1 summarizes the values of the parameters that are fixed for
all of the simulations. For instance, when aerodynamic drag is included
in the simulation, Cy, is the drag coefficient of the satellite and M, /g,
is the cross-sectional area of the satellite, where M, is the total system
mass (satellite and tether). For simulations with tape-like tethers, the
length, width, and thickness are L, X w, X h, and, for round tethers, the
length and radius are L; X R;. Tether density and conductivity are p,
and oy, respectively. The Earth radius and gravitational parameter are
Rg and pug, respectively.

Each of the five EDT simulators considered in this work implements
a different set of physical models and numerical algorithms. Conse-
quently, a perfect match among their results would not be expected.
For the same reason, we do not compare the simulation results by
plotting the difference of the output variables; rather, we decided to
present the variables versus time. The goal of this work is not to
look for a match between the simulators that does not exist because
they are implemented differently, neither is it to adapt or combine the
simulators to construct one with the best performances and fidelity. The
objective of the study is to cross-verify the software, understand and
critically discuss the results, demonstrate their consistency, and share
the data to open the possibility of cross-verifying other EDT simulators.
The data and the software to plot and analyse them are both public [40]
and available for further research based on that presented in this work.

3. Orbit propagators and environmental models

As shown in Table 2, BETsMA, EDTSym, and TeMPEST use special
orbit propagators like DROMO [41], Gauss, and Cowell, and DYNAT
and FLEX directly integrate Newton’s Second Law in the form F = ma
for the satellites and the particles that are used to discretize the tether.
The five simulators, except TeMPEST, incorporate high harmonics of
Earth’s gravitational perturbations up to different orders. Although not
explicitly shown in the table, the perturbations due to the electrody-
namic force on the tether and the aerodynamic drag acting on the
satellite and the tether can be turned on/off according to the needs
of the analysis.

Table A.1 summarizes the 10 simulations with different initial or-
bital elements and gravitational perturbations that have been selected
to verify the Orbit Propagators and the Environmental (OPE) models.
In these simulations, we did not consider any tether or, if the use of
a tether is mandatory in the numerical tool due to its architecture, a
negligible tether length without Lorentz force and atmospheric drag
was used. Therefore, we basically propagated the orbit of the satellite
under the action of the gravity field. In OPE 1 and OPE 2 we verified
that, without any perturbation, BETsMA and TeMPEST provide the
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Table 2

Basic properties of EDT simulators. Numerical integrators are Runge-Kutta (RK),
Runge-Kutta—Fehlberg (RKF), Gauss-Legendre (GL), and Radau (R). Gravitational
perturbations are Spherical Harmonics (SH) of the Earth’s gravitational field with the
maximum order available in the model inside brackets.

Simulator Orbit Numerical Gravitational
propagator integrator perturbation
BETsMA DROMO [41] RK, RKF, R SH (4th)
DYNAT Not Required RK, RKF, GL SH (13th)
EDTSim Gauss RK SH (70th)
FLEX Cowell RKF, R SH (4th)
TeMPEST Cowell RK N/A
—BETsMA ———-DYNATETHER O EDTSim FLEX

5.1 5.15

5 5.05 5.1 5.2 5.25 5.3

E 749 . . . . .
5 5.05 5.1 5.15 5.2 5.25

Time (days)

5.3

Fig. 1. Evolution of the orbital elements in simulation OPE 9.

Keplerian orbit. Simulations OPE 3 to 8 show that BETsMA, DYNAT,
and FLEX give the same orbit under the J, perturbation for different
eccentricities and inclinations. Finally, in OPE 9 and 10, we compared
the result of these three simulators with EDTSym when Earth’s harmon-
ics up to order 4 are included. As an example, we show in Fig. 1 the
evolution of the semimajor axis, the inclination, and the eccentricity
at the fifth day of simulation with label OPE 9 for BETsMA, DYNAT,
FLEX, and EDTSim. According to simulations OPE 1-10, the orbit
propagators, numerical integrators, and the gravitational perturbations,
are consistent among the five simulators.

Since the orbits in simulations OPE 1-10 are the same for the
five tools, this set of simulations can be also used to benchmark the
environmental models. As shown in Table 3, the codes handle Earth’s
magnetic field model of disparate complexity, several versions of the
International Reference Ionosphere (IRI) model to compute the plasma
density, and different models for the atmospheric density. BETsMA also
has an integrated database of the debris flux obtained from MASTER
2009 and ORDEM 2000 to compute the tether cut probability by small
debris during the simulation. In the case of EDTSim, the software is
compatible with a separate code that uses MASTER8 and ORDEM 3.1
to assess the mission risk.

Fig. 2 shows the evolution of the three components of the magnetic
field in the Geocentric Equatorial Inertial frame given by the Interna-
tional Geomagnetic Reference Field (IGRF) model for BETsMA, DYNAT,
EDTSim, and FLEX in simulation OPE 9. The match among these four
numerical tools is good. The same study and conclusion was found for
OPE 1 and OPE 2 by comparing BETsMA and TeMPEST. As a related
product of this analysis we also compared the component along the
local vertical of the motional electric field, i.e., E,, = (v, X B) - r/r,
which involves the magnetic field and the relative velocity between the
spacecraft and the ambient plasma v .. This is a key variable for EDTs
because it appears naturally in the electric module (see Section 4). A
good match was found in OPE 1-10 for the five simulators.
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Table 3
Environmental Models. Magnetic field models: Dipole (D) and Eccentric Dipole (ED).
Simulator Magnetic Plasma Atmospheric Debris
field properties density flux
BETsMA D, ED IRI 2012 NRLMSISE-00 MASTER 2009
IGRF 2005 CIRA ORDEM 2000
DYNAT D, ED IRI 2012 NRLMSISE-00 -
IGRF 2020
EDTSim D, ED IRI 2016 NRLMSISE-00 MASTER 8
IGRF 2012 ORDEM 3.1
FLEX D, ED IRI 2012 NRLMSISE-00 -
IGRF 2005
TeMPEST IGRF 1991 IRI 1990 MSIS-86 -
CIRA
‘7BETSMA —— - DYNATETHER O EDTSim FLEX
-5
x10
5
< 0
mx 4
-5 1
5 5.05 5.1 5.15 5.2 5.25 5.3
%1078 Time (days)

5.15
Time (days)

5.2

5.1

5.15
Time (days)

5.2 5.25

Fig. 2. Evolution of the magnetic field components in the Geocentric Equatorial Inertial
frame in simulation OPE 9.

The cross-verification of the plasma density is a bit more complex
because, although the five numerical tools use the International Refer-
ence lonosphere (IRI), each simulator implements a different version.
Even if two simulators were to use the same version, the outputs pro-
vided by the codes could be different due to a different configuration of
their input parameters and data file. Nonetheless, the plasma densities
obtained from BETsMA, EDTSim, and FLEX in OPE 9 (see top panel in
Fig. 3) present a very good match. The same conclusion was found for
the atmospheric density (see bottom panel in Fig. 3). Some differences
were observed for DYNAT. The comparison of BETsMA and TeMPEST
in OPE 1 and 2 (not shown) reveals that the profiles versus time present
the same features (for instance the variations in day and night-side
conditions), but the plasma density and the atmospheric density from
TeMPEST is up to a 30% larger. As shown in Section 5, such a difference
translates to a deviation in the assessment of tether performances.

4. Tether electrical models

The electrical models are one of the most integral elements of EDT
simulators. Since they are responsible for computing the current and
voltage profiles throughout the tether, they are essential for evaluating
the Lorentz perturbation. As shown in Table 4, the five simulators
consider a bare EDT equipped with an active Electron Emitter (EE).
They primarily use the high-bias orbital-motion-limited (OML) law for
electron collection [37] and an EE model that considers the emission
of any current at a cost of a potential drop V- < 0. In the case
of BETsMA, the code also includes low-work-function tether [36,42]
and bare-photovoltaic tether models [43]. In general, tethers can be
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—BETsMA ——— -DYNATETHER © EDTSim FLEX

x10"

5.05 5.1 5.15 5.2 5.25 5.3
Time (days)
x10712
1 ‘ ‘ ‘ ‘ ‘
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>
=
3
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Time (days)

Fig. 3. Evolution of the plasma density (top) and air density (bottom) in simulation
OPE 9.

Table 4

Electric Models. EDT Type: Bare tether equipped with active Electron Emitter (Bare+EE)
and Low-Work-Function Tether (LWT). Operation modes: Active (A) and Passive (P).
Operation submodes: Standard (S), Current Limited (CL), Current Constant (CC), Power
Harvesting (PH), Constant Power (CP), Station-Keeping (SK), Libration Suppression (LS).
Tether attitude model: Aligned with the local Vertical (ALV), Spinning inside the orbital
plane at a constant rate (S), Self-consistently (SC) found by solving a tether dynamic
model that can be an N-bar model, a lumped mass model (LM), or a continuous tether
model (CM).

Simulator EDT Cross Mode (Submodes) Tether
type section attitude
BETsMA Bare+EE Tape P (S, CL, ALV, S,
LWT Round PH, CC, CP) SC (N-bar, LM)
BPT A (CP, CC, SK)
DYNAT Bare+EE Tape P (S, CL, PH) ALV, S
A (CP, CC, SK) SC (CM)
EDTSim Bare+EE Tape P (S, CL, PH, LS) SC (LM)
Round A (CP, CC, SK)
FLEX Bare+EE Tape P (S, CL, PH) ALV, SC (LM)
TeMPEST Bare+EE Round P (S, PH) ALV
A (CP)

operated in the passive mode (E, = (v, X B)-u, > 0) and in the active
mode (E,, = (v, X B)-u, <0), where u, is an unit vector pointing from
the EE to the opposite tether tip.

4.1. The passive mode

The standard configuration of an EDT in the passive mode (E,, > 0)
is a bare tether connected to the EE. In low Earth orbit (LEO), it pro-
duces a drag force that deorbits the spacecraft. If a variable resistor of
electrical resistance R is located between them, the electric current can
be limited and power can be harvested. If the resistor is substituted by a
power source that injects a power W,, the electric current and the EDT
performance are enhanced [20]. Making the current flow through the
resistor or the power supply, and selecting appropriate instantaneous
values for R(r) and W,(r), enable the possibility of keeping the electric
current constant at the EE. An adequate control law for the variable
resistor can be also used to suppress the libration of EDTs. Regarding
a tether in the active mode, which produces a thrust force in LEO,
the system can be operated with constant power or with non-constant
power to keep the current at the EE constant or to facilitate station
keeping. Although we did not cross-verify all of these tether modes and
submodes in this work, Table 4 presents a summary of the software
capabilities in terms of operation modes and physical models for the
anodic and the cathodic contacts.
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To test the electrical models, we considered the initial conditions
and time given in the caption of Table A.2 and the parameters of
Table 1. This set of simulations includes the Lorentz perturbation and
we considered tape-like and round tethers depending on the capabilities
of the software (see Table 4). Simulations with BETsMA, FLEX, and
TeMPEST kept the tether attitude constrained along the local vertical,
whereas DYNAT and EDTSym also simulated the dynamics of the tether
attitude. Consequently, the trajectory provided by each software was
different. However, as explained below, this is irrelevant for the effec-
tive comparison of the electrical model when appropriate dimensionless
variables are used.

The normalized average current,

L
/ I(x)dx,
0

depends on the following dimensionless parameters for a straight tether
operating in the passive mode [20,37]

i:v <§l =

where L, is the length of the bare tether and L, is the characteristic
length that gauges ohmic effects: [37]

G ()

Ignoring ion collection, and for V-
average current takes the form [44]

1 1

S 1
E,oA, L )

i

av

L,
L.

Vo RoA, W,

= . . ~ . 2
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Simulations EM 1 in Table A.2 aimed at verify that the simulators
fulfil Egs. (4)-(5). The top panel in Fig. 4 shows the results of BETsMA,
FLEX, and EDTSim for the tape tether. The bottom panel displays
the results for BETsMA, EDTSim, and TeMPEST for the round tether.
For convenience, we also plotted Egs. (4)—(5). As shown by the two
panels, the match among the simulators and the analytical laws is
good. However, there are some differences that should be discussed.
First, FLEX does not find numerically the solution of the nonlinear
equation that should be solved in the electrical model of Ref. [37].
Instead, the software implements asymptotic solutions of the nonlinear
equation [45]. On the other hand, FLEX and BETsMA set equal to zero
the current when E,, is negative (i.e., the EE is in the wrong position).
However, when E, is negative, EDTSim and TeMPEST compute the
current and voltage profiles by considering a floating tether, i.e., with
zero current at the tether tips and considering the electron and ion
collection in the anodic and cathodic tether segments. For this reason,
the results of these two simulators also exhibit a lower branch of i,,. As
shown in the inset of the bottom panel in Fig. 4, the agreement among
the two software is also good for this lower branch.

In simulations EM 2 in Table A.2, we set ¥V = =50 V to check for
the correct implementation of the EE potential drop. The data from
the simulations were filtered to collect particular time steps at which
the normalized potential were equal to ¢ = —0.60 + 0.01 and ¢c =
—1.20 + 0.01 for the tape tether (top panel) and to ¢ = —0.05 + 0.01
and ¢ = —0.20+0.01 for the round tether (bottom panel). As expected
from Eq. (2), the results lie in a smooth line and the results of the four
simulators are consistent, as shown in Fig. 5. A similar conclusion holds
from EM 3 (not shown), for which we set V- = 0 and a finite value for
the resistance of the resistor.

Previous discussion did not include DYNAT simulations because a
separate analysis is needed. Unlike the other simulators that are based
on a straight-tether electrical model, DYNAT implements a multiphysics
finite element electrical model. It discretizes the tether into several
segments and computes the current and voltage profiles by taking into
account that, for each element, the projection of the motional electric



G. Borderes-Motta et al.
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Fig. 4. Normalized average current versus L, /L, for simulations EM 1. Top and bottom
panels correspond to tape and round tethers.
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Fig. 5. Normalized average current versus L, /L, for simulations EM 2. Top and bottom
panels correspond to tape and round tethers.

field along the direction of each segment is different. To cross-check
DYNAT, we ran simulation EM 1 and, once finished, filtered the data
to select specific instants where the variations of E,, for the elements
were smaller than 0.01%. As shown in Fig. 6, it was verified that, for
conditions when the tether was almost straight during the simulation,
the code predicted Egs. (4)—(5) for a large enough number of elements.
Interestingly, for a low number of elements DYNAT overestimates the
tether current.

4.2. The active mode

The standard electrical model for EDTs in the active mode (E,, < 0)
considers an insulated segment of length L, . between the bare tether
of length L, and a power source that provides a power W, to drive an
electric current in the opposite direction to the motional electric field.
For a straight tether, the normalized average current in the active mode
(ig) depends on the parameter [37,46]

(

In order to cross-verify the electric model in the active mode, we ran
simulations EM 4 and EM 5 in Table A.2 with TeMPEST and BETsMA

L, L
L,

ins VC W,

A —Zms  C 0 ""e
L |Ey| L, E26AL)’

lav

(6)
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Fig. 6. Normalized average current versus L,/L, for simulations EM 1 in DYNAT.
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Fig. 7. Top panel: i,, versus normalized power for L, ~ L, in simulation EM 4.

Bottom panel: i,, versus L,/L, for W, /o E2A L, ~ 0.2 in simulation EM 5.

(both of them with a round tether of 2-mm radius). EM 4 involves
Ve =0, a long tether of total length equal to 10 km and L;, /L = 04,
and a power input of W, = 50 W. Such a choice is convenient because
it allows cross-verification of the simulators with Ref. [46]. The line
for L, = L, in Fig. 2 of Ref. [46] is in perfect agreement with the
top panel of Fig. 7, which corresponds to the simulation results of EM
4 at particular time steps at which the condition 0.96 < L, < 1.04L,
is met. A second test is shown in the bottom panel of Fig. 7, which
presents i, versus L/L, for EM 5 that considers V. = =50 V, L = 2
km, L; /L = 0.25 and W, = 50 W. In order to obtain a smooth line, the
results of the simulations were filtered for specific time steps satisfying
the conditions 0.197 < W, /o, E2 A, L < 0.203. This cross-verification of
simulations EM 4, EM 5, and the result of Ref. [46], which effectively
varied the four dimensionless parameters appearing in Eq. (6), indicate
that the electrical model for the tether in the active mode is well
implemented in BETsMA and TeMPEST.

5. Tether system performance

After cross-verifying the orbit propagators, the environmental mod-
els, and the electric models, it is also possible to make an assessment of
the tether system performance provided by the simulators. This is the
next logic step because it helps to test the correct implementation of
the Lorentz force in the numerical tools. For the analysis, we chose the
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Fig. 8. Deorbit time versus inclination for simulations PER 1 (top) and 2 (bottom).

relationship between the deorbit time and the orbit inclination, which
provides an interesting reference scenario with a practical application
for EDTs. As shown in Table A.3, we defined two performance simu-
lations: one for tape tethers (PER 1) and the other for round tethers
(PER 2). In addition to the parameters given in Table 1 (for tape and
round tethers), we used in the simulations the parameters of Table A.3
together with the ones used in simulation EM 1 (see Table 4).

Due to its computational cost, this specific analysis was restricted to
the numerical tools that can keep the tether attitude constrained along
the local vertical, which are BETsMA, FLEX, and TeMPEST (see right
column in Table 4). This decision is also based on intrinsic features of
the dynamics of EDTs. A parametric analysis varying the inclination
and including tether dynamics, for instance by using a bar-based or a
particle-based dynamic model, is very difficult because completing a
successful deorbiting maneuver while including tether dynamics needs
inevitably the use of passive dampers, an inert tether segment, or the
implementation of specific control laws for the current in order to
avoid the dynamic instability of EDTs [22]. A detailed design should
be done for each inclination and each of the five simulators in this
work implement a different strategy to keep the amplitude of the tether
oscillations bounded during the deorbit maneuver.

The top panel in Fig. 8 shows the deorbit time versus the orbit
inclination for BETsMA and FLEX in PER 1 (tape tether). In this case,
the match is almost perfect, as expected by the previous results shown
in Sections 3-4. For the case of PER 2 (round tether), the compari-
son shows that TeMPEST predicts deorbit times slightly shorter than
BETsMA. This difference is due to the slightly larger plasma and air
densities of TeMPEST (see Section 3).

The performance of the codes is also an interesting topic. Among the
relevant figures of merit, the computational cost is probably one of the
most important when making decisions about the most suitable code
to perform certain analyses on tether systems. However, a quantitative
comparison of the computational cost of the five codes is of limited
value because, as explained in Section 2, each simulator implements
different physical models. Additionally, the simulations were run on
different machines. Nonetheless, it is possible to provide an estimation
and qualitative information about the computational costs.

Simulations with the tether Aligned along the Local Vertical (ALV)
are the ones with the lowest computational cost. They completely
ignore tether dynamics and propagate the trajectory of a point mass
under the actions of the Lorentz force and the other perturbation forces.
As shown in the right column of Table 4, BETsMA, DYNAT, FLEX,
and TeMPEST can do simulations with the ALV model. To give a
reference point for the computational cost, we mention that BETSMA
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in the ALV mode and using a fixed time-step Runge—Kutta integrator
can simulate about 0.6 days of mission per second by using a laptop
(3.2-GHz CPU). The computational cost increases considerably when
tether dynamics is included in the simulations and it depends strongly
on the type of tether model. For instance, if the tether is modelled as
a set of rigid bars (inelastic-but-flexible tether model), the short scale
of the fast longitudinal waves along the tether are removed and some
computational resources can be saved. For BETsMA, and using two rigid
bars for modelling the tether, the computational cost using an implicit
and variable-time-step Radau integrator is about 0.8 days per hour (2.1-
GHz CPU). The most demanding simulations are the ones with elastic
tethers, which can be modelled as a set of lumped masses (LM) or
a continuous tether model (a partial differential equation). BETsMA,
EDTSim, and FLEX do implement the former. To give a reference, the
computational cost of an EDTSim simulation using 41 mass points is
about 2.4 days of simulation per day using a 3.40-GHz CPU. In the
case of the continuous tether model of DYNAT, the computational cost
is about 1.2 days of simulation per day using 10 tether elements and a
4.2-GHz CPU.

6. Conclusions

This work cross-verified the key components of five EDT simulators:
BETsMA, DYNAT, FLEX, EDTSim, and TeMPEST. These key components
include their orbit propagators, environmental models, electrical model
in the passive mode, and overall performance of an EDT system (deorbit
time versus inclination). Although each code has a different architec-
ture and may use different environmental models, orbit propagator,
numerical integrator, etc., a good agreement has been found among
them. Therefore, the results indicate that the simulation data that have
been published in a public repository as part of this work is relevant
information to boost the development of tether software.

During the process of cross-verifying the five simulators, we found
some implementation errors in some of the software that, although they
would not have affected the overall conclusion about previous mission
analysis and/or performance assessment, it is important to eliminate.
Such flaws have been only detected after making the comparison
presented in this work and thanks to the reference cases that have
been created. Their identification from the results of a single code was
difficult due to the high complexity of EDT simulators. This experience
suggests that the repository of data generated in this work may be
useful for the tether community.

In addition to the simulation results, tables summarizing the capa-
bilities and the physical and numerical models implemented by the five
simulators have been prepared. They provide a broad view of the state-
of-the-art of EDT simulators. Quantitative values of the computational
cost have also been provided and related to the degree of fidelity of
the models. As expected, the cost is mainly driven by the type of
tether dynamic model (aligned with the local vertical or spinning at
a prescribed angular velocity, flexible and inelastic, or flexible and
elastic). Therefore, the information provided in this work is relevant
to make an informed decision on the best software to carry out a given
analysis.

The work intentionally omitted certain modules of EDT simulators
that are beyond the scope of this study. The most important is the mod-
ule responsible for simulating tether dynamics. As shown in Table 4,
flexible and inelastic N-bar models, flexible and elastic lumped mass
models, and continuous models are available in some of the simulators
discussed in this work. They may be cross-verified in a future work to
complement the database of public simulations.
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Appendix. List of simulations

See Tables A.1-A.3

Table A.1

Simulations aimed at the verification of the Orbit
Propagators and the Environmental (OPE) models.
All the simulations have initial conditions with zero
argument of the perigee, right ascension, and true
anomaly. Simulation start time is 00:00:00 of January

1st, 2000.
Code Initial orbit Perturbations
OPE 1 e=0.005, i =0° None
OPE 2 e =0.005, i =90° None
OPE 3 e=0.000, i =0° J2
OPE 4 e =0.000, i =75° J2
OPE 5 e =0.000, i =90° J2
OPE 6 e =0.000, i =98° J2
OPE 7 e=0.005, i =0° J2
OPE 8 e =0.005, i =90° J2
OPE 9 e=0.000, i =75° SH (4th)
OPE 10 e =0.005, i =98° SH (4th)

Table A.2

Summary of the simulations to verify the electrical models. All the initial conditions
have vanishing argument of the perigee, right ascension, and true anomaly, and
e = 0.005, inc = 60°, H, = 600 km. Simulation start time is 00:00:00 of January 1st,

2000.

Code

Mode Parameters

EM 1
EM 2
EM 3
EM 4
EM 5

Passive
Passive
Passive
Active
Active

Ly=2km, V,=0V, R=0Q, W, =0 W
Ly=2km, ¥,=-50V, R=0Q, W, =0 W
Ly=2km, V, =0V, R=50Q, W, =0 W
Ly=6km, V,=0V, L, =4 km, W, =50 W
Ly=15km, ¥, = =50 V, Ly, = 500 m, W, =50 W

Table A.3

Simulations aimed at the verification of performances of EDTs.
All the simulations have initial conditions with zero argument
of the perigee, right ascension, and true anomaly. Simulation
start time is 00:00:00 of January 1st, 2000.

Code

PER 1
PER 2

Parameters

Tape tether (2 km x 2 cm X 50 pm) + EM 1
Round tether (2 km X 2 mm ) + EM 1
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