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Abstract

The main novelties and capabilities of the second version of the Bare Electro-

dynamic Tether Mission Analysis Software (BETsMA v2.0) are presented. Re-

cent advances on Orbital-Motion-Theory have been incorporated to the electric

model of Low-Work-function Tethers (LWTs). An electric model that considers

a switch to embed a power supply or a resistor between a Bare Electrodynamic

Tether (BET) and an electron emitter is also introduced. For both types of

tethers (LWT and BET) and modes of operations (active and passive), robust

and efficient numerical algorithms to compute the current and voltage profiles

were constructed based on a change of variable proposed in a previous work.

The capabilities of the code are illustrated by considering two relevant scenarios.

For a BET in the passive mode, it was shown that onboard power can enhance

tether performance and reduce significantly the deorbit time. For a BET in the

active mode, a performance map varying the orbit inclination, the length of the

insulated tether segment, and the power was constructed. For both cases, the

code was used to investigate through simulations the conditions to keep constant

the electric current at the electron emitter.
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1. Introduction

The ongoing transformation of the space sector, including new companies,

investors, and the launch of mega-constellations, poses new challenges for pol-

icymakers due to the proliferation of space debris [1]. It is also expected to

trigger in the next future new business opportunities related to on-orbit servic-5

ing, post-mission disposal, and the use of orbits at very low altitudes. Some of

these applications can benefit from the use of Electrodynamic Tethers (EDTs)

that, unlike conventional propulsion technologies, exchange momentum with the

planet’s magnetosphere with no need for propellant (find a review in [2]). In

particular, a Bare EDT (BET) equipped with an Active electron Emitter (AEE)10

operating in the so-called passive mode in Low Earth Orbit (LEO) produces a

drag that deorbits the S/C while providing power for onboard use. If onboard

power is available, a BET in the active mode produces a thrust that can be

used to compensate the air drag or reboost the S/C [3].

Recently, considerable progress has been made to push the development of15

EDT technology forward. Relevant examples include the transition from round

to tape tethers [4, 5, 6], the appearance of new consumable-less solutions to

achieve a good cathodic contact with the ambient plasma such as the Low-Work-

Function Tether (LWT) concept [7, 8] and new and improved active electron

emitters [9], and novel ideas to enhance EDT’s performance and simplicity such20

as the bare-photovoltaic tether [10]. Advances in materials science [11] and the

miniaturisation of space components [12] are also important. Combined with

their versatility, such developments resulted in a renewed interest in EDTs.

TEPCE by the U.S. Naval Research Laboratory, Dragracer by Millennium Space

Systems with a tape tether made by Tether Unlimited, DESCENT [13], and25

MiTEE [12] are some examples of recent missions with tethers. In Europe, the

E.T.PACK consortium is preparing an EDT-based deorbit device [14].

Simulation tools play a key role on EDT development at two different levels.

Firstly, they provide support for carrying out the mission design, including the

detumbling and the tether deployment preparation phases, and the nominal30
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operation. The results of such analyses help for instance to select appropriate

sensors and actuators of the Attitude and Orbit Control System [15]. Secondly,

accurate and flexible simulation tools are necessary to assess EDT’s performance

and allow non-experts and potential investors to evaluate the technology, explore

the use of EDTs in new scenarios, and make decisions. Accordingly, research35

groups and companies have developed EDT simulators with different degree of

accuracy, complexity and computational cost like TEMPEST [16], FLEX [17],

DYNATETHER [18], TetherSimTM [19], and BETsMA [20] among many others

[21, 22, 23, 24, 25, 26, 27, 28]. A central element of these software is the electric

module, i.e. the numerical algorithm in charge of computing the current and40

voltage profiles throughout the tether. Being necessary at every time step to

evaluate the Lorentz force and torque, these algorithms received an important

attention in past works [29, 30, 31, 18] and severely affect the computational

cost, robustness, and fidelity of the simulators.

This work presents a comprehensive description of the second version of45

the Bare Electrodynamic Tether Mission Analysis Software (BETsMA v2.0).

Section 2 explains the EDTs types and modes and sub-modes of operation im-

plemented in the software. A detailed description of the electric module is given

in the Appendixes. Among its main novelties, we highlight here the incorpo-

ration of new results in probe theory to tether modelling, the extension of a50

previously proposed parametrization strategy to improve the efficiency of the

numerical algorithms, and the incorporation of a power supply to enhance the

performances of EDTs in the passive mode. The combination of a power source

with a tether was studied in several previous works [3, 19, 32], but mainly re-

stricted to the so-called active mode for boosting in LEO. This work presents55

an electric model that combines a power source with a bare tether in passive

mode to enhance deorbiting performances. This is relevant for EDT systems

like EDDE [32], which are equipped with solar arrays, and in post-mission dis-

posal scenarios if the solar panels of the satellite are still operative. Simulation

results in the passive and the active modes are presented in Sec. 3. Finally, Sec.60

4 summarizes the conclusions. Complementary to this work, an online interface
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to submit simulations using BETsMA v2.0 has been published [33].

2. The BETsMA v2.0 software

2.1. Basic Information

The first version of the BETsMA software was developed in the framework65

of the FP7/Space project with acronym BETs (2010-2014). Focused on the sim-

ulation of missions by using bare tethers in the passive mode, the software also

implemented the Π− algorithm for the optimal sizing of tethers [34]. Detailed

information about BETsMA v1.0 is available in a manual [35] and a scientific

work [20]. As part of the activities of the FET project with acronym E.T.PACK70

(2019-2022) [14], a second version has been prepared. Table 1 summarizes its ca-

pabilities and provides appropriate references to the scientific works that explain

in detail the physical models and mathematical algorithms. Regarding tether

dynamics, tether attitude can be constrained (tether aligned with the local ver-

tical or spinning at a prescribed angular velocity), or be found self-consistently75

with a dynamic model that substitutes the tether by a set of N inelastic and

articulated bars or a set of particles linked by springs and dampers. Since this

work is focused on the electric models and the preliminary mission design, all

the simulations in this study assumed a straight tether aligned with the local

vertical. Other upgrades are the tether thermal model presented in [2], the80

incorporation of high harmonics of the Earth’s gravitational field, and some im-

provements related to the numerical methods, like adding a numerical integrator

with a variable time step and two types of stop conditions in the simulations.

The upgrades of BETsMA v2.0 are highlighted with bold font in table 1.

BETsMA v2.0 computes the cut probability by small debris of round and85

tape-like tethers using the model in Ref. 4 and considering the debris flux of

ORDEM-2000 or MASTER-2009. All the results of this work have been found

with MASTER-2009 that, as explained below, may be an adequate choice for

conservative estimations. For circular orbits with altitude below 800 kilometers

and two different inclinations (60◦ and 98◦), we compared the space debris flux90
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for the small debris size (below 1 meter) given by MASTER-2009 and the latest

version MASTER 8, which considers 2016 as reference year. Depending on the

altitude, the inclination and the debris size, we found that the flux provided by

MASTER 8 is a factor between 2 and 8 lower. This is because the minimum

and the maximum of the solar cycle 24 happened in 2008 and 2014, respectively.95

The former are periods where the small space debris accumulates and the latter,

i.e. the solar maximum, have a cleansing effect. The Fengyun-1C anti-satellite

test in 2007 and Cosmos-Iridium in 2009, that resulted in a high number of

small debris, were close to the reference year of MASTER-2009. Many of these

fragments were removed during the solar maximum of 2014, which preceded the100

reference year of Master 8. This data suggests that MASTER-2009 is adequate

for the preliminary analysis of missions using EDTs. However, it is desirable

that future versions of BETsMA v2.0 will contain updated values of the debris

flux for, at least, two years (corresponding to solar minimum and maximum).

Although it does not affect to tether performances in the actual version of the105

software, BETsMA v2.0 provides an estimation of the total number of ATOX

impacting the tether during the mission. Such information is important due to

the negative effect of ATOX on certain materials. For a tether of perimeter pt

and length Lt, the aerodynamic drag is computed by using a cross-sectional area

of ptLt/π, which is valid for round and tape-like tethers. All the environmental110

models depend on time, except the ones related with the debris flux that are

found from ORDEM-2000 or MASTER-2009 models. Besides limitations aris-

ing from the physical assumptions used to construct the models, which should

be known by the user as part of the common know-how on tethers, there are no

limitation for any of the physical parameters. The only exception is the maxi-115

mum duration of the simulations because the mission should finish by the end

of 2015 due to limitations related with the actual implementation of the envi-

ronmental model. However, this is minor issue because an appropriate starting

date can be found by taking into account past and actual data of the solar cycle.

BETsMA v2 includes electric models for BETs [3] and LWTs [7, 8, 40] in

both passive and active modes. The operation mode depends on the directions
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Table 1: Characteristics and physical and mathematical models of BETsMA v2. SCL and

RD refers to passive electron emission by the tether in Space-Charge-Limited conditions and

following Richardson Dushman law, respectively. Upgrades with respect to the first version

of the software are highlighted in bold.

Environmental Models

Gravitational field Up to 4th order harmonics

Magnetic field Dipole/Eccentric Dipole/IGRF [36]

Ionospheric Plasma IRI [37]

Air density CIRA [38]/NRLMSISE-00 [39]

ATOX NRLMSISE-00 [39]

Debris flux MASTER-2009/ORDEM-2000

Tether Models

Tether Type BET [3]/LWT [7, 8, 40]

Tether Cross-section Round/Tape

Tether Attitude Aligned with local vertical/spinning/

N-bar model [41]

N-particle model [41]

Thermal Model Local balance [2]

Operation mode Passive/Active

Electron collection laws OML [3]/Beyond OML [42, 31]

Electron emission laws EE with potential drop VC , SCL + RD [43]

Perturbation forces Lorentz force

Aerodynamic drag.

Gravitational potential harmonics

Algorithms

Orbit propagator DROMO [44]

Tether sizing tool π-algorithm [34]

Numerical integrator Runge–Kutta–Fehlberg (RKF45)

RADAU

Stop conditions Final altitude/

Mission duration
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of the tether current (I = I(x)ut) and the motional electric field in the tether

frame (Em = vrel × B) that appears in the unperturbed plasma due to the

tether-to plasma relative velocity (vrel) and the ambient magnetic field (B) [3].

Here, x is the coordinate along the straight tether measured from the anodic

point A and ut is an unit vector along the tether and pointing from the cathodic

point (C) to the anodic point (A) as shown in Figs. 1 and 2. In the passive

mode, one has Em · I > 0 and, in LEO, the Lorentz force

FL =

∫ La

0

I ×Bdx ≈ LaIav (ut ×B) (1)

is a drag (FL · v < 0) that deorbits the S/C. Symbols La, v, Iav denote the

length of the tether segment that carries the electric current, the velocity of the

S/C, and the average current along the tether.

Iav =
1

La

∫ La

0

I(x)dx (2)

In the active mode, a power supply is needed to make Em · I < 0 and, in LEO,120

the Lorentz force is a thrust (FL · v > 0) that can be used to re-boost the S/C

or compensate the aerodynamic drag. The average current in Eq. (1) is found

by integrating the current profile I(x) along the EDT. Therefore, Iav depends

on the type of EDT, its longitudinal structure, and the operation mode.

2.2. Description of the EDT Systems125

Figure 1 shows the longitudinal structure of the two EDTs considered by

BETsMA v2 in the passive mode. Both of them have an inert (non-conductive)

segment between points Z and A of length Linert. This segment does not con-

tribute to the Lorentz force in Eq. (1), but increases the aerodynamic drag and

is convenient to enhance the gravity gradient restoring torque and mitigate the130

dynamic instability of EDTs [21].

In the case of the BET (top panel in Fig. 1), the software considers a bare

segment of length Lb between points A and P, and a conductive and insulated

segment of length Li between point P and the S/C (points Si). The former is in

charge of the passive electron collection and the latter is used to avoid an electric135
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Figure 1: Longitudinal structures of a BET (top) and a LWT (bottom) in passive mode.

arc between the tether and the S/C. The total length of the active segment in Eq.

(1) is La = Lb+Li. At the S/C, the model considers a switch with three possible

connections that can be changed during the mission. The electric current can

flow through different electric elements between points Si, with i = 1, 2, 3, and

the AEE, which emits any current at the cost of a potential drop VC < 0. When140

connected through path S1, S2, and S3, the insulated segment is connected

directly to the AEE, a variable resistor with resistance R(t), or a power supply

that delivers an electric power We, respectively. The switch provides 5 sub-

modes of operation for the BET in passive mode: [i] standard (R = We = 0),

[ii] power harvesting (R = R0 and We = 0), [iii] current limited (We(t) and145

R(t) determined dynamically to make the current at the cathode (IC) be below

certain maximum ImaxC ), [iv] constant power (R = 0 and We = We0), and (v)

constant current [R(t) and We(t) are adjusted dynamically to make IC = I∗C ].

As shown in Table 2, the state of the switch is fixed for each sub-mode, except

for the current limited and the constant current sub-modes, where the switch150

state is dynamically changed during the simulation between points S1 and S2

and S2 and S3, respectively. The particular operation sub-mode and constants

R0, We0 and I∗C are part of the configuration of the simulation. Additionally,

it is possible to add constraints on the maximum available power and allowed

current at the cathode [find more details in Sec. 3 that presents simulations for155
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the sub-modes (i), (iv), and (v)].

Table 2: Summary of the sub-modes implemented in BETsMA v2.0 .

Mode Sub-mode Switch State Characteristics

Standard S1 R(t) = We(t) = 0

Power Harvesting S2 R(t) = R0, We(t) = 0

Passive Current Limited S1, S2 R(t) and We(t)\IC(t) ≤ Imax
C

Constant Power S3 R(t) = 0, We(t) = We0

Constant Current S2, S3 R(t) and We(t)\IC(t) = I∗C

Standard N/A We(t) = We0

Constant Current N/A We(t)\IC(t) = I∗C

Station-keeping N/A We(t)\ (FL + FA) · v = 0

For the LWT (bottom panel in Fig. 1), the full active tether is coated

with a Low-W material. The tether itself is responsible for the passive electron

collection between point A and the (zero-bias) point B and the passive electron

emission between points B and B∗ in space-charge-limited (SCL) conditions160

and between B∗ and C according to the Richardson-Dushman (RD) law. Since

coated with a Low-W material, segment A−B∗ also emits electrons. However,

these electrons are captured again by the LWT because it is positively polarized

with respect to the plasma in that segment. Similar to the top panel, it would be

possible to prepare configurations combining a LWT with a resistor to harvest165

electric power or with a power supply to improve the performance. Currently,

these sub-modes of operation are not implemented in BETsMA v2 for LWTs.

As shown in Fig. 2, the longitudinal structure of both tether types in active

mode are very similar. Moving from point Z to S, one finds an inert (non-

conductive segment), a bare segment for electron collections, a conductive and170

insulated segment to avoid electric arcing and improve the efficiency [3], and

the positive pole of a power supply that provides an electric power We. For

BETs (LWTs), the negative pole of the power supply is connected to an AEE
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(a tether segment of length Lc and coated with a low-W material). Three

sub-modes of operation have been implemented for EDTs in active mode (see175

Table 2): [i] constant power (We = We0), [ii] constant current (the power is

adjusted dynamically to reach IC = I∗C), and [iii] station-keeping (the power is

dynamically adjusted to meet the condition (FL + FA) ·v = 0 with FA the total

aerodynamic force on the tether and the S/C).

Figure 2: Longitudinal structures of a BET+AEE (top) and a LWT (bottom) in active mode.

2.3. Electric Module180

As shown in previous works on BETs [3, 45, 46] and LWTs [7][43][8][40],

computing the current profile I(x) for each of the four configurations in Fig.

1 and 2 requires a specific analysis. For convenience, we moved the mathe-

matical details to the Appendix and enumerate here the main novelties and

contributions of this work. Firstly, a recent progress on Orbital-Motion-Theory185

to determine the SCL/non-SCL transition point [47] was incorporated in the

LWT model, thus improving the accuracy of the physical model. Secondly, the

parametrization strategy first proposed in Ref. [31] for BETs in the passive

mode has been extended to cover BETs in the active mode and LWTs in the

passive and the active modes. As shown in Sec. 3, it impacted notably on190

the efficiency and robustness of the software. We finally highlight the complex

longitudinal structures of the tethers shown in Figs. 1 and 2, and the use of a

power supply in the passive mode.
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For convenience, we now analyze the impact of the input power on the

average current Iav of a BET in the passive mode. Since this is a novel feature

of the electric model, an analysis is needed before presenting simulation results in

Sec. 3. As shown in Appendix B, the normalized average current iav of a BET

with cross-sectional area At and conductivity σt depends on the normalized

potential drop of the AEE (φC), the dimensionless resistance (r) and input

power (we), and the normalized lengths of the insulated (ξi) and bare (ξb) tether

segments [find the definitions of these parameters in Eqs. (A.16) and (A.17)]

Iav
| Em | σtAt

≡ iav (ξb, ξi, φC , r, we) (3)

For a conventional BET (i.e., ξi = φC = r = we = 0), one has iav ≤ 1 for all

ξb. In particular, iav admits the approximate form iav ≈ 0.3ξ
3/2
b for ξb << 1195

and the exact form iav = 1− 1/ξb for ξb ≥ 4 [45, 48]. A natural question is the

effect of we on iav.

The thick solid lines in panels (a)-(c) in Fig. 3 show iav versus ξb for ξi =

φC = r = we = 0. The other lines correspond to the same parameters, except

the ones indicated in the labels. For instance, panels (a) and (b) display the200

effect of the potential drop of the AEE and the electrical resistance of the

resistor, respectively. They provide evidence about the correct implementation

of the electric model because they coincide with previous results in the literature

[45, 31]. Panel (c) shows the impact of adding a power supply that works

collaboratively with the motional electric field. Clearly, tether performances are205

improved and, similarly to bare-photovoltaic tethers [10], the average current

can exceed the short-circuit current (iav > 1) for a high enough input power.

It is well-known that, as compared with a fully bare EDT, insulating a

tether segment close to the power supply of an EDT in active mode improves

its efficiency [3, 40]. This statement holds because the electrons collected close210

to the power supply contribute little to the force but consume energy from

the power supply. In general, the same result applies for an EDT in passive

mode and equipped with a power supply. However, the impact of the insulated

segment is modest because the bias is the largest near the power supply for a
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Figure 3: Panels (a)-(c) show iav versus ξb ≡ Lb/L∗ for ξi = r = φC = we = 0 (except

otherwise indicated). Panel (d) displays iav versus Li/La for La/L∗ = 1, r = φC = 0, and

several values of we.

tether in active mode but the lowest for the proposed tether in the passive mode.215

In fact, it is negative (and there is no electron collection) for real AEE (φC < 0).

These comments are corroborated by panel (d) in Fig. 3, which shows iav versus

the ratio Li/La for r = φC = 0, La = Lb + Li = L∗, and several input powers.

For we = 0, insulating a tether segment always deteriorates the performance in

the passive mode. The larger the insulated fraction, the lower iav. However, for220

we 6= 0, iav exhibits a maximum at a certain fraction of Li/La. Nonetheless, as

advanced, the improvement in the performances is modest. For this reason, we

will take Li = 0 in our simulations in the passive mode.
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3. Simulation results

This section presents simulations with BETsMA v2.0 in deorbiting and re-225

boost scenarios. Emphasis is made on the deorbiting maneuver aided by onboard

power, and in deorbiting/reboost missions with constant current by varying dy-

namically the resistance of the resistor and the supplied power. Due to their

larger maturity as compared to LWTs, we focus the analysis on BETs.

IRI, IGRF, NRLMSISE-00, MASTER-2009, and up to 4th order harmonics230

are used for computing the plasma density, the magnetic field, the density of

neutrals, the flux of small debris, and the Earth’s gravitational field. The tether

is always aligned with the local vertical. Table 3 summarizes the parameters

used in the simulations. We consider a 500-kg satellite with ballistic coefficient

βS = 50 kg/m2 orbiting initially in a circular orbit. The drag coefficients of the235

satellite and the tether are CD = 2. The tether has a total length of 2 km and a

tape-like cross-section of dimensions 2.5 cm× 40 µm. The potential drop of the

AEE is VC = −30 V . The starting date of the simulated missions is January

1st, 2000.

Table 3: Parameters of the simulation.

Property Value Property Value

H0 800 km HF 300 km

La 2000 m Linert 0

wt 2.5 cm ht 40 µm

σt 3.54× 107 1/Ωm ρt 2700 kg/m3

MS 500 kg VC -30 V

CD 2 βS 50 kg/m2

3.1. EDT in passive mode240

3.1.1. The constant power submode

We first study the deorbiting from an orbit of 800 km of altitude. The

mission is considered accomplished when the altitude reaches 300 km. Following
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the conclusions of Sec. 2.3, we set Li = 0 and then La = Lb = 2 km. The input

power is constant in the simulations, except when the electric current at the245

AEE exceeds Imax = 5 A. For these particular time steps, the electric module

first finds the required power to have IC = Imax at the AEE and then compute

the current and voltage profiles accordingly.

Panels (a) and (b) in Fig. 4 show the deorbit time obtained in a set of

simulations varying the inclination of the initial orbit. For clarity, different limits250

in the vertical axes were used in these two panels. For inclination below 60◦,

the EDT deorbits the satellite in less than 2 months without any power and the

tether cut probability by small debris is well below 1% [panels (c) and (d)]. For

higher inclinations, EDT’s performances obviously decrease and the benefits of

using available onboard power to improve tether performances become evident.255

For instance, for the interesting commercial case of Sun-Synchronous orbits (98◦

of inclination), the deorbit time for We = 0, 50, 100, 250 and 500 W are 277,

183, 158, 128 and 108 days and the cut probabilities are 1.25, 0.78, 0.68, 0.54

and 0.45%. As compared with the case with We = 500 W, increasing the power

to 1 kW (not shown) does not improve considerably the performances. These260

results show that even relatively short EDTs (2 km) can be used for the fast

deorbiting (within a few months) of heavy satellites (500 kg) from high-inclined

orbits if the available onboard power is used.

For simulations with constant power, the electric current can reach high

instantaneous values. For instance, the dashed black line in panel (a) of Fig.265

5 shows that the evolution of the current at the cathode for a simulation with

i = 60◦ and We = 100 W takes values above several amps. Since the tether

conductivity is assumed to be constant, and the AEE can emit any current at the

cost of a potential drop that is constant in the actual version of the software,

these high currents raise the question about the impact of these hypotheses270

on the results. To get some insight, we ran a set of simulations varying the

inclination and using BETsMA v2.0 in the current limited mode with 100 W of

available power. The input power (or the value of the resistor) were adjusted

dynamically in the simulation to have a current at the cathode below 1.5 A. It
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Figure 4: Simulation results of the deorbit time versus initial orbit inclination for the param-

eters in Table 3.

was found that the impact on the performances is moderate. For instance, in275

the worst case of i = 90◦, the deorbit time increased less that 10%.

The impact of the solar cycle on the tether performances was investigated

by repeating the simulations for We = 100 W in Fig. 4, but now using 1/1/1995

as the starting date. This date corresponds to a solar minimum and, since the

plasma and air densities are lower, the electrodynamic and the aerodynamic280

drag decrease and the deorbit time increases. For inclinations up to 65◦, we

found that the deorbit time is a factor two higher than the one presented in Fig.

4. Such a factor grows linearly up to a maximum of 2.8 for 90◦ of inclination

and drops to 2.4 at Sun-synchronous orbit. Since the initial altitude is high (800

km), the Lorentz drag is clearly dominant over the aerodynamic drag for most285

of the simulation.
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3.1.2. The constant current submode

Keeping constant the current at the cathode can help to avoid the instabil-

ities that can appear in certain AEE like hollow cathodes for low current levels

and also to maximize their lifetime. The scenario is illustrated by considering290

the parameters of Sec. 3.1.1 and an initial inclination of 60◦. Given a target

current I∗C and a maximum available power Wmax
e , the software determines

at every time step the resistance R of the resistor and the input power We of

the power supply that satisfy the condition IC(t) = I∗C under the constraint

We(t) < Wmax
e . It starts by computing IC0, which is the current at the cathode295

for R = We = 0. If IC0 > I∗C , then the code finds the value of R to have

IC = I∗C . If IC0 < I∗C , it computes ImaxC , which is the current at the cathode

for the maximum available power Wmax
e . For ImaxC < I∗C , the code sets the

power equal to Wmax
e . Otherwise, it determines We in order to meet the con-

dition IC = I∗C . Once the input power and the resistance are known, the code300

computes the current and voltage profiles needed for the Lorentz force.

Solid red lines in panels (a), (c), and (e) of Fig. 5 show the current at the

cathode, the power provided by the power supply, and the power dissipated in

the resistor for I∗C = 1 Amp and Wmax
e = 100 W. The right panels present

a detail of the same magnitudes around the tenth day of the mission. For305

convenience, the results of the simulation in the standard mode (We = R = 0,

dashed black lines) are also included. As shown in panel (a), the electric current

has very large variations in the standard mode: from zero (when Em · ut < 0)

to several amps. In the constant current sub-mode, it practically varies from

zero during short periods with Em ·ut < 0 to the target value, where it spends310

most of the time. A detailed inspection of panels (b), (d), and (f) provides more

useful information. For instance, just after the beginning of the tenth day, the

current goes to zero because Em · ut < 0 and the code sets We = RI2C = 0.

Afterwards, it is observed that the target current is reached with R = 0 and We

varying below the maximum Wmax
e . There are phases in panel (b) where IC is315

below I∗C because We in panel (d) reaches the maximum available power Wmax
e .
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There are also other phases where IC = I∗C with We = 0. This corresponds to

intervals in panel (f) where the resistor is active and it acts as a current limiter.

One concludes that the injection of power, even if small, can be beneficial to

reach a constant (or almost constant) current at the AEE.320

Figure 5: Evolution of the current (top), the power (middle), and the power dissipated in the

resistor (bottom), in the standard and the constant current modes for inc = 60◦.

3.2. EDT in active mode

3.2.1. The Constant Power Submode

The performances of EDTs in reboost scenarios were studied by considering

the parameters of Table 3, and initial and final orbits with altitudes 450 km

and HF = 600 km, respectively. The total length of the active segment is325

La = Li + Lb = 2 km. A deep parametric analysis varying the inclination

of the initial orbit, the power, and the insulated-to-active tether length ratio

fi = Li/La was carried out (find a summary of the results in Fig. 6). Panels

17



(a),(c) and (e) show the required reboost time versus the orbit inclination for

different values of the power and fi = 0.5, 0.65 and 0.8, respectively. For clarity,330

panels (b), (d), and (f) show the same information but with a different upper

limit in the vertical axis.

The reboost time is well below one month for low and middle inclinations.

For instance, for 60◦ of inclination, fi = 0.65 and We = 400, 700 and 1000 W,

the reboost time is around 22, 15, and 12 days, respectively. The parametric335

analysis also highlights the importance of making a correct design of the tether

to reach high performances. For instance, if we focus on the case with 90◦ of

inclination and 400 W of power, we observe that the reboost time is 307, 174,

and 214 days for fi = 0.5, 0.65, and 0.8. Therefore, the performances are quite

sensitive to the length of the insulated segment. This parametric analyses,340

which requires a low computational cost, can play an interesting role in the

design of EDT reboost missions. Since they use precise environmental models,

perturbations, etc, they can provide an accuracy that is halfway between the

one provided by analytical or semi-analytical studies [3, 46, 49] and detailed

dynamic studies [50, 51, 52].345

To assess the impact of the solar cycle, the set of simulations with fi = 0.65

and We were repeated but using 1/1/1995 as starting date. As compared with

the case of deorbiting shown in Sec. 3.1.1, the solar activity has a moderate

impact. In fact, the decrease in the aerodynamic drag is beneficial in this case

as the force that needs to be overcome for raising the altitude is lower (i.e.,350

a smaller Lorentz force is necessary). For instance, for inclinations up to 65◦,

the reboost time is a factor 1.25 larger than the one shown in Fig. 6. Such a

factor increases with the inclination and reaches a value around 1.5 for 90◦ and

Sun-Synchronous orbit.

3.2.2. The Constant Current Sub-mode355

The constant current sub-mode for a tether in the active mode is similar to

the one presented in Sec. 3.1.2, but no resistor is needed as the modulation of

the power is enough. The software determines and uses at every time step the
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Figure 6: Time for reboosting a 500-kg satellite from a circular orbit of 450 km of altitude to

600 km by using an EDT of dimensions 2 km× 2.5 cm× 40 µm. In panels (a)-(c) the fraction

of the insulated segment is 0.5, 0.65, and 0.8, respectively.

required power to meet the condition IC(t) = I∗C , with I∗C a prescribed value.

In case the required power is larger than the maximum available power Wmax
e ,360

the current and voltage profiles are computed by setting We = Wmax
e and the

current at the AEE is lower than I∗C . To illustrate this sub-mode, we considered

the same parameters of Sec. 3.2.1, 60◦ of inclination and fi = 0.65.

Dashed black lines in panels (a) and (b) of Fig. 7 show the evolution of

the current at the AEE in the simulation of Sec. 3.2.1, i.e. with a constant365

power and equal to We = 400 W . It is evident that operating the EDT with

a constant power in the reboost mode produces significant variations of the

current at the electron emitter. Besides vanishing for Em · ut > 0, the current

varies from around one to two amps, which may not be optimal for the lifetime

and the operation of the emitter. Solid red lines in Fig. 7 display the results370
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by using the constant current sub-mode with I∗C = 1 A and Wmax
e = 500 W.

A power below 400 W is needed to reach 1 Amp at the emitter during most

of the maneuver. Nonetheless, there are phases where a power above 500 W

is necessary to reach the target current. These phases are identified as the

segments where power We saturates to 500 W [panel (d)] and the current at375

the cathode is below 1 Amp [panel (b)]. For this particular set of parameters,

moving from the constant power sub-mode to the constant current sub-mode

increases the reboost time from 21 to 30 days. In return, the operation of the

electron emitter is eased.
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Figure 7: Current at the cathode (top) and injected power (bottom) for the constant power

(dashed black lines) and the constant current modes (solid red lines).

4. Conclusions380

The electric module, i.e. the algorithm that computes the current and

voltage profiles throughout the tether, is a critical component of EDT soft-
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ware because it affects its computational cost and versatility. In the case of

BETsMA v2.0, its electric module handles BETs and LWTs in active and pas-

sive modes and integrates recent results on Orbital-Motion-Theory (OMT) for385

emissive probes. As shown in the Appendix, a parametrization proposed in a

previous work for BETs in passive mode has been used and extended to cover

the two tether types and modes. An important conclusion validated by the

simulation campaign of this work is that such strategy yields an efficient and

robust code. For instance, 1 day of simulation is typically computed in less390

than 1 second by a regular workstation. All the simulations of this work, which

include parametric analyses of deorbiting and reboost scenarios varying orbit

inclination, input power, and tether longitudinal design, are performed in less

than 2 hour of machine time. These figures only apply to the tether model as-

sumed in this work, which corresponds to a straight and inelastic tether aligned395

with the local vertical. The computational cost of the N-bar and N-particle

dynamic models for the tether that are available in the software (and were not

discussed in this work) is much higher. Regarding versatility, the proposed ar-

chitecture for the EDT system combines a resistor and a power supply. This

allows analyses to cover an interesting range of sub-modes like constant power,400

constant current, current limited, etc. Besides opening the possibility to study

a larger variety of missions, having access to these sub-modes in the simulation

tool helps to assess the impact on the performances of additional requirements

or constraints. For instance, mitigating the dynamic instability of electrody-

namic tethers may require to limit the electric current whereas the operation of405

the electron emitter and its lifetime can pose boundaries to the maximum and

minimum current and its rate of variation. Analysis with the sub-modes of the

simulation tool provides key information for the design of the system, like the

requirements for the resistor and the power supply.

The simulation analysis revealed that adding a power supply between the410

bare tether and the electron emitter produces important benefits in deorbiting

scenarios. Since the tether operates in the passive mode, such a power supply is

not essential, but the performances of the system are enhanced. For instance, it
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was shown that the required time for deorbiting a 500 kg satellite from a circular

orbit of 800 km of altitude and 98◦ of inclination by a 2 km×2.5 cm×40 µm BET415

decreases from 277 to 158 days by adding 100 W of power. This conclusion is

particularly important in post-mission disposal scenarios where the solar panel

of the satellites could still provide a significant amount of power. The use of

this power by the tether would require a certain level of integration with the

satellite but this would be largely compensated by the potential benefits. Aided420

by this power, and even at high inclinations, a relatively short tether could

deorbit satellites within a few months according to the simulation results.
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Appendix A. Basic concepts and models

The computation of the average current in Eq. (2) needs the current profile

I(x), where x is the tether coordinate measured from point A in Figs. 1 and

2. As usual in EDT modelling [3], we introduce the following dimensionless

variables

i(ξ) =
I(x)

|Em|σtAt
, φ(ξ) =

V (x)

|Em|L∗
, ξ =

x

L∗
(A.1)

where I = I(x)ut is the electric current, V (x) is the tether-to-plasma bias,

Em ≡ (vrel ×B) ·ut, σt and At are the tether conductivity and cross-sectional

area and

L∗ ≡
(

2At
pt

)2/3(
9π2meσ

2
t |Em|

128e3N2
0

)1/3

, (A.2)

is a characteristic length gauging ohmic effects [3]. In Eq. (A.2), pt, me, e, and430

N0 are the tether perimeter, electron mass, elementary charge, and unperturbed
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plasma density. Subscripts for i, φ and ξ denotes their values at a specific point

in Figs. 1 and 2. For instance, we will write iP = i(ξb) and φA = φ(0).

The dimensionless variables are very convenient because the normalized

tether-to-plasma bias is then governed by [3]

dφ

dξ
= i(ξ)∓ 1 (A.3)

where the upper and lower signs hold for the passive and active modes, re-

spectively. Equation (A.3) is coupled with the normalized electric current i(ξ),

which depends on the particular type of tether segment. If bare, the current

profile is governed by [3]

di

dξ
=


3
4

√
φ φ > 0

3
4

√
me
mi

√
−φ ≈ 0 φ < 0

(A.4)

where, as usual in bare tether analysis, we assumed Orbital-Motion-Limited

(OML) law for high bias (e|V |/kTe >> 1). Current collection beyond the OML

regime is incorporated in BETsMA v2 through a re-scaling of the variable L∗ as

explained in Ref. 31. In the cathodic segment, we used that the electron-to-ion

mass ratio is very small (me/mi << 0) to write di/dξ ≈ 0. For a tether segment

coated with a low-W material we use

di

dξ
=


−kc φ < φ∗

−kc φφ∗ φ∗ < φ < 0

3
4

√
φ φ > 0

(A.5)

where

kc =
ptL∗(JRD + Jph)

σtAt|Em|
(A.6)

and JRD and Jph the current densities due to the thermionic and the photoelec-

tric effects (find formulas in Ref. 40). Equation (A.5) considers OML current

collection (bottom), and SCL (middle) and non-SCL (top) electron emission. As

recently shown by detailed kinetic analysis of emissive probes with cylindrical

geometry in the framework of the Orbital Motion Theory [47], the transition

bias φ∗ that separates SCL from non-SCL regimes depends on the tether radius-

to-Debye length ratio (ρ = Rt/λDe), the tether-to-electron temperature ratio
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(δt = Tt/Te), the ion-to-electron temperature ration (δi = Ti/Te) and the emis-

sion level

β(δt) =

(
2πmekBTe

h2pN
2/3
0

× δt

)3/2

exp

(
− Wt

kBTe
× 1

δt

)
(A.7)

with hp the Planck constant, Wp the work function of the coating, and we

assumed that the probe emits electrons following the Richardson-Dushman law.

For typical LEO and LWT operational conditions, φ∗ can be approximated by

the minimum between zero and the law [47]

φ∗ =
kBTe

e | Em | L∗
× φp1β

k0+k1
[
1−
(
1−a β

β1

)
exp
(
− β
β1

)]
(A.8)

with

φp1 =0.05ρ− 0.67
√
ρ+ 0.13, (A.9)

β1 =44ρ−0.9, (A.10)

k0 =0.94, (A.11)

k1 =− 0.016ρ+ 0.313
√
ρ− 0.017 (A.12)

a =
1

2
[1 + tanh (ρ− 1)] (A.13)

Since our work considers tape-like tether, we will use Eq. (A.8) with the equiv-

alent radius Req = wt/4, which was shown to be appropriate for probe analysis435

at high bias (e|V |/kTe >> 1) [53].

Regarding the insulated segment, the current is constant (iP = iS) and the

integration of Eq. (A.3) gives

φSi = φP + (iP ∓ 1) ξi (A.14)

with ξi = Li/L∗.

The normalized bias difference between points C and Si at the top panel of

Fig. 1 is

φC − φSi ≡ fi (iC) =


0 i = 1

riC , i = 2

−weiC i = 3

(A.15)
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where iC is the dimensionless current at the AEE. Therefore, the electric model

for a BET depends on the normalized lengths

ξb ≡
Lb
L∗
, ξi ≡

Li
L∗

(A.16)

and the dimensionsless parameters

r ≡ AtσtR

L∗
, we ≡

We

σtE2
mAtL∗

, φC ≡
Vc

|Em|L∗
< 0, (A.17)

which correspond to the normalized resistance, input power and potential drop

at the AEE, respectively.

For a BET, the current profile is given by the solution of Eq. (A.3) and

(A.4) together with (A.15), the equations for the insulated segment, and the

boundary conditions

i(0) = 0, φ(ξb + ξi) = φC (A.18)

For a LWT, Eq. (A.4) should be substituted by Eq. (A.5) and the boundary

conditions are

i(0) = 0, i(ξb + ξi + ξc) = 0 (A.19)

However, as shown in Ref. [31] for BETs in passive mode and later for other

tether types and modes [40, 10], solving a boundary value problem can be

avoided by using an appropriate change of variable and finding (analytical)

series expansion of the two functions

Fs(z) ≡
∫ z

0

sinh1/3 ζdζ (A.20)

Fc(z) ≡
∫ z

0

cosh1/3 ζdζ, (A.21)

which appears naturally in the analysis of the bare segment. Appendix B and440

Appendix C give more details about the algorithms.

Appendix B. Passive mode

Appendix B.1. BET

The use of Eqs. (A.3) (with the minus sign) and (A.15) in Eq. (2) gives

iav ≡
Iav

|Em|σtAt
=

1

ξa

∫ ξa

0

i(ξ)dξ = 1−φA − φS
ξa

= 1−φA + fi(iP )− φC
ξa

(B.1)
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with ξa = (Lb+Li)/L∗ ≡ ξb+ ξi and iP = iS = iC . Therefore, the computation

of iav does not require the detail of the full current profile but just the two local

variables φA and iP . They are found from the circuit equation

gPBET (iP ) ≡ φC − fi(iP )− (iP − 1)ξi − φP (iP ) = 0 (B.2)

and the analysis of the bare segment (see below), which gives the relation φP (iP ).

As shown in Ref. [10], the integration of Eqs. (A.3) (with the minus sign)

and upper (A.4) with the boundary conditions i(0) = 0 and φ(0) = φA depends

on φA. For φA = 1, one finds

φ(ξ) =

(
1− ξ

4

)4

(B.3)

i(ξ) = 1−
(

1− ξ

4

)3

(B.4)

This solution is only valid for ξ < 4. In case ξb ≡ Lb/L∗ > 4, then we have

φ = 0 and i = 1 in the segment 4 ≤ ξ ≤ ξb. For φA < 1, the profiles are

φ(v) =
(

1− φ3/2A

)2/3
sinh4/3 v (B.5)

i(v) =1−
√

1− φ3/2A cosh v (B.6)

ξ(v) =
4

3

(
1− φ3/2A

)1/6
[Fs(vc0)− Fs(v)] (B.7)

where we defined the variable cosh vc0 ≡ 1/

√
1− φ3/2A . If ξb < ξAB with

ξAB ≡
4

3
(1− φ3/2A )1/6Fs(vc0), (B.8)

then no cathodic segment develops. Otherwise, Eqs. (B.5)-(B.7) are only valid

from 0 ≤ ξ ≤ ξAB and, from ξAB ≤ ξ ≤ ξb we have

i(ξ) =iP (B.9)

φ(ξ) =(iP − 1)(ξ − ξAB), (B.10)

which are obtained from Eq. (A.3) and bottom (A.4) with the boundary con-
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ditions i(ξAB = iP ) and φ(ξAB) = 0. For φA > 1, one finds

φ(v) =
(
φ
3/2
A − 1

)2/3
cosh4/3 v (B.11)

i(v) =1 +

√
φ
3/2
A − 1 sinh v (B.12)

ξ(v) =
4

3

(
φ
3/2
A − 1

)1/6
[Fc(v)− Fc(vs0)] (B.13)

with sinh vs0 ≡ −1/

√
φ
3/2
A − 1. This regime only happens for high enough we445

and no cathodic segment develops.

Variables φA and iP in Eq. (B.1) are found by applying a Newton-Raphson

method to Eq. (B.2) with φA as the unknown. Given a value of φA, function

gPBET is evaluated as follows. If φA > 1, then we first compute vb by solving

ξ(vb) = ξb from Eq. (B.13) and, once vb is known, φP and iP are obtained by450

evaluating Eqs. (B.11)-(B.12) with v = vb. If φA < 1, we first compute ξAB

from Eq. (B.8). For ξb < ξAB , we first compute vb by solving ξ(vb) = ξb from

Eq. (B.7) and then φP and iP from Eqs. (B.5)-(B.6) at v = vb. Otherwise,

it is necessary to compute vAB by solving ξ(vAB) = ξAB with Eq. (B.7), and

then iP evaluating Eq. (B.6) at v = vAB and φP with Eq. (B.10) evaluated at455

ξ = ξb.

Appendix B.2. LWT

For a LWT with a coated segment of length Lc, the normalized average

current in passive mode is

iav =
1

ξc

∫ ξc

0

idξ =
1

ξc

∫ ξc

0

(1 +
dφ

dξ
)dξ = 1− φA − φC

ξc
(B.14)

where ξc = Lc/L∗ and variables φA and φC are obtained by doing a detailed

analysis of the current and voltage profiles. Regarding the anodic segment

(φ > 0), they are given by Eqs. (B.6)-(B.7) because for a LWT in passive mode460

(and without any power supply) we always have φA < 1. These laws are valid

within the range 0 ≤ ξ ≤ ξAB , where ξAB is given by Eq. (B.8).

Regarding the cathodic segment, variables kt and φ∗ are evaluated by using a

mean tether temperature Tt = (TA+TB)/2, where TA and TB are the minimum
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and maximum temperatures. They are reached at the anodic point (A) and the

zero-bias point (B) because the Joule heating is zero and maximum at these two

points. Such a property couples the electric and thermal model in the software.

The current and voltage profiles are then found by following Ref. 43 closely.

For the range ξB∗ ≤ ξ ≤ ξC , the integration of Eq. (A.3) with the minus sign

and top Eq. (A.5) with the boundary conditions i(ξC) = 0 and φ(ξB∗) = φ∗

gives

φ(ξ) =φ∗ +
kc
2

[
(ξc − ξB∗)

2 − (ξc − ξ)2
]
− (ξ − ξB∗) (B.15)

i(ξ) =kc (ξc − ξ) (B.16)

For the tether range ξAB ≤ ξ ≤ ξB∗ , we integrate Eq. (A.3) and middle

Eq. (A.5) with the boundary conditions φ(ξAB) = 0 and i(ξAB) = iB = 1 −√
1− φ3/2A to find

i(ξ) =1−
√

1− φ3/2A cosh

[√
kc
|φ∗|

(ξ − ξAB)

]
(B.17)

φ(ξ) =−

√
|φ∗|(1− φ3/2A )

kc
sinh

[√
kc
|φ∗|

(ξ − ξAB)

]
, (B.18)

The coordinate of the SCL/non-SCL transition point is found by imposing bias

continuity at ξB∗

ξB∗(φA) = ξAB +

√
|φ∗|
kc

sinh−1

(√
| φ∗ | kc
1− φ3/2A

)
(B.19)

The bias at the anodic point, φA, is found by solving the nonlinear algebraic

equation gPLWT (φA) = 0 with

gPLWT ≡


kc [ξc − ξB∗ ]− 1 +

√
1− φ3/2A cosh

[√
kc
|φ∗| (ξB∗ − ξAB)

]
ξB∗ < ξc

−1 +

√
1− φ3/2A cosh

[√
kc
|φ∗| (ξc − ξAB)

]
ξB∗ > ξc

(B.20)

where ξAB(φA) and ξB∗(φA) are given by Eqs. (B.8) and (B.19).
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Appendix C. Current and voltage profiles in active mode

Appendix C.1. BET465

BETsMA v2 computes the normalized average current for BETs in the active

mode by following previous works [3, 46] but with two modifications. First, a

non-ideal active electron emitter (VC 6= 0) is consider. Second, in order to

speed-up the code, BETsMA does not leave certain lengths in integral form

[see for instance Eqs. (16a) and (16b) in Ref. 46], but takes advantage of the

analytical series of function Fs and Fc. For instance, the anodic length is given

by [40]

Lanodic
L∗

(φA, iB) =


4
3

(
1− φ3/2A

)1/6
[Fs (vcf )− Fs (vc0)] , φA < 1,

4
[
(1 + iB)

1/3 − 1
]
, φA = 1

4
3

(
φ
3/2
A − 1

)1/6
[Fc (vsf )− Fs (vs0)] , φA > 1,

,

(C.1)

which is obtained from Eq. (A.3) (with the positive sign) and upper Eq. (A.4)

with i(0) = 0 and φ(Lanodic/L∗) = 0. Here cosh (vcf ) = (1 + iB) /

√
1− φ3/2A ,

cosh (vc0) = 1/

√
1− φ3/2A , sinh (vsf ) = (1 + iB) /

√
φ
3/2
A − 1, sinh (vs0) = 1/

√
φ
3/2
A − 1.

Appendix C.2. LWT

The electric model of BETsMA v2.0 for LWTs in the active mode is presented470

in Ref. [40], except that now the SCL transition point is given by Eq. A.8.
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