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and it has become hazardous due to the high relative velocities
between satellites. The region has become so dangerous that
some parts of the LEO region are on the cusp of experiencing a
collision cascade event know as the Kessler syndrome [2]. As
this scenario unfolds, the collisional rate increases
exponentially until the entire satellite and debris population is
reduced to pieces of rubble [2], [3]. One of the possible options
to prevent this event is to deorbit any objects being sent up into
these regions at the end of their mission. One of the more
promising deorbit options is to use an electrodynamic tether
(EDT).

One application of bare electrodynamic tether systems is to
deorbit spent satellites and debris from Low-Earth Orbit. In
these systems a hollow cathode plasma contactor sub-system is
used to form a plasma bridge between one end of the tether and
the space plasma in the ionosphere. The electrical contact
function is vital to the operation of a bare electrodynamic tether
system and poor system performance results when the bias
voltage between the contactor and space plasma is a significant
fraction of the tether electromotive force. Specifically, the plasma
contactor bias voltage can affect deorbit time, overall system
mass, and impose requirements that complicate the operation of
the system. A design-decision-support tool, SimBETS, is used to
perform studies by varying plasma cathode bias voltage, satellite
mass, orbital inclination, tether length, and tether width. The
results are used to define plasma contactor system requirements
specific to the characteristics of the debris and tether. Insights
gained from the studies show longer deorbit missions force the
use of larger plasma contactor sub-systems that must be operated
for longer durations, which is especially true for low tether emf
conditions that are encountered in orbits with large inclination.
Fluctuations in operating parameters are predicted by SimBETS
due to changes in plasma density and magnetic field that occur
on every orbit and as a function of altitude during a mission. For
example, an equatorial orbit using a 10-km long, 2-cm wide, 50micron thick tether generates an average current of ~7A with a
peak-to-peak variation of ~4 A at an altitude of 300 km. The peak
tether current determines the design of the hollow cathode
device, and the minimum tether current and hollow cathode
design in combination determine the auxiliary power
requirements of the plasma contactor. In turn, the auxiliary
power requirements can affect system complexity by requiring
the use of batteries and energy harvesting subsystems. One
example is the need to power externally the plasma contactor
during periods when the tether current is below 1 A. Finally, the
overall mission time determines the amount of expellant that is
needed, and a model is presented that predicts expellant mass
and tank size for a given mission.

An EDT is a propellantless propulsion technique in which
two satellites are joined together by a thin conducting material.
When these tethered objects are placed in LEO in a gravity
gradient orientation, the higher satellite experiences a greater
centrifugal force when compared to the gravitational force and
the lower satellite experiences a higher gravitational force
when compared to centrifugal force [4]–[6]. The tether is
pulled taught along the local vertical of the Earth due to the
imbalance of the forces at each satellite. This result is
important because it causes conductive sections of the tether to
sweep across the magnetic field lines of the Earth producing an
electromotive force (emf) along the tether. Electron current
from the space plasma is drawn in using the emf and collected
on bare regions of the tether. This current builds up and flows
down the conductive tether, interacts with the Earth’s magnetic
field, creating a force. This propulsion technique can be used to
either lower or raise the orbit of a spent satellite or piece of
space debris depending on whether the system is passive or
active.
As part of the Bare Electrodynamic Tether System (BETS)
project [7], Colorado State University (CSU) has been
working with other universities and companies to develop the
EDT concept into a ﬂight-ready system for regular use in
future missions [8]. The main focus is for the implementation
of electrodynamic tethers on new objects being sent to LEO to
deorbit them at end of life so that the space debris problem
stops escalating. There are issues associated with EDTs that
need to be addressed prior to their deployment on LEO
satellites. Some of these issues include evaluating
(a) component reliability [4]; (b) catastrophic failure due to
the chances of the tether being cut by debris [9], [10]; (c)
tether strength degradation due to high temperature caused by
electron collection, ohmic, and solar heating [4];
(d) librational and related dynamic instabilities [6], [10], [11];
and incomplete modeling and prediction simulations [12]–
[14]. The work presented in this paper is focused on
improving the modeling, simulation, and testing of a hollow
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I.

O

INTRODUCTION

th

n October 4 , 1957, the Soviet Union launched Sputnik
1 [1]. This satellite was the first manmade object in
Low-Earth Orbit (LEO). Ever since this time, humanity
has continued to fill the LEO region with artificial satellites,
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ribbon/tape-style EDT. One version of the bare tape tether is
where the deployer and main components are connected to the
object being deorbited with the other mass located at the end of
the tether being a dummy mass that extends away from the
Earth for pro-grade orbits. A modification of this configuration
is where the dummy mass is composed of the deployer and
HCPC system as shown in Fig. 1. This configuration was
chosen for the systems studies presented here. Although the
EDT system shown in Fig. 1 is known to be difficult to control
dynamically, its use will not affect comparisons between
different HCPC performance cases.

cathode plasma contactor (HCPC) system for EDTs. The
plasma contactor is important to the operation of an EDT
because it is used to close the electrical circuit between the
EDT and the ionospheric plasma. The main objectives of this
work are:
• Development of a bare EDT design decision support tool
that includes a realistic HCPC system description.
• Discovery of operational requirements of the system and
the sensitivities of EDT sub-system masses due to these
requirements.

As shown in Fig. 1, there are four sections that make up an
EDT system: the deorbit mass; the non-conductive (inert)
tether section, which is meant to help stabilize the system; the
conductive section, which has a bare section that collects
electrons and an insulated section that protects the negatively
biased regions of the tether near the end mass from arcing; and
the end mass, which in our case, contains a deployer and the
HCPC system. There are three points along the conductive
tether section that are important in the following analysis
marked in Fig. 1 as A, B, and C. At point A, the anode voltage,
𝛥𝑉! , is at its highest potential and no electrons are flowing
through this point, i.e. the current, 𝐼! , is zero. However, as one
moves from A to B, electrons collect on to the bare tether due
to the induced emf and the current in the tether grows. The
limit of current collection is based on tether potential, and,
when the tether potential drops to zero at point B, no more
electrons are collected and the tether current is at its maximum.
Beyond this point, the electric potential grows more negative
and begins to collect ions. Ideally, the insulated section would
start at point B, however, point B varies based on
environmental conditions and the HCPC performance. The
insulated section, which is usually no more than 300 m long,
prevents the most negatively biased regions of the tether from
arcing. The electrons exit the tether at the point labeled C and
enter the HCPC system. The HCPC system itself consists of a

The studies performed using SimBETS are discussed in the
sections that follow.
II.

THE DESIGN DECISION SUPPORT TOOL:
SIMBETS

To determine the effects of different plasma contactors, a
simulation tool was created that is called SimBETS, which is
short for Simulation of a Bare Electrodynamic Tether System.
This tool was designed to predict EDT induced decay orbits
based on atmospheric and ionospheric models for circular and
elliptic orbits under 1,500 km. Because the tool is designed to
study the effects of plasma contactor performance, orbital
perturbation modeling due to other gravitational bodies besides
Earth as well as accounting for the Earth’s oblateness were not
included. As such, the resulting program is similar in function
to the tether simulation software called TEMPEST, with the J2
(orbital perturbation modeling) option turned off.
A. Bare Electrodynamic Tether System
One of the first decisions made in the layout of SimBETS
was the configuration of the EDT. Multiple configurations
exist; however, the configuration favored by the engineering
community for deorbit missions is a bare wire anode

Fig. 1: A bare wire anode tape-style EDT system where the HCPC and deployer systems serve as the dummy mass.
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Fig. 2 (a). Cathode bias voltage (CBV, 𝛥𝑉! ) versus cathode bias current (𝐼! )
at multiple flow rates for the BET HCPC configuration shown in [8].

Fig. 2 (b). Proposed model of flow rate as a function of cathode bias current,
𝐼! , tether current input to the HCPC. Higher HCPC emission currents require
higher flow rates to avoid unfavorable operating conditions.

Fig. 2 (c). Modeled cathode performance for the proposed BET HCPC
system. This plot is generated by interpolating along the data presented in Fig.
2a based on the model presented in Fig. 2b.

Fig. 2 (d). Three-dimensional representation of cathode bias voltage (CBV,
𝛥𝑉! ) presented in Fig. 2a and 2c as a function of cathode bias current (𝐼! ) and
flow rate.

xenon storage tank, gas feed lines, mounting and connection
hardware, structural components, an HCPC, which for the
BETs configuration is a 6.4 mm diameter hollow cathode with
magnetic field and neutral confinement enhancements, and a
VACCO Xenon Flow Control Module [15].

and this model was further broken down into three
subcategories: the 0 V case, which is currently standard in
modeling bare EDT systems; and the –30 and –50 V cases,
which are both more realistic approximations of the CBV. The
second model used a varying CBV model defined using
experimental data of CBV measured as a function of emission
current and flow rate. The result of this experimentation is
shown in Fig. 2a. Fig. 2a and 2b were then combined to
develop the CBV model shown in Fig. 2c. The curve fit to the
data shown in Fig. 2c is reproduced as Eq. (1), where 𝐼 is the
cathode bias current and 𝛥𝑉! is the CBV. Fig. 2d shows an
overlay of the original experimental data and the new empirical
curve. The differences in Fig. 2d correspond to the constraint
imposed on the flow rate to be a function of emission current
as defined in Fig. 2b.

Although not shown in Fig. 1, an energy-harvesting
element can be added to an EDT system. The energy harvester
can be used to generate power for immediate use in the EDT
system or energy can be stored for later use. It is noted that a
harvester adds a parasitic voltage drop in the circuit that will
add to the CBV voltage drop, and limit the tether current
generated at point C. In the following, it is assumed that the
CBV is only due to the HCPC; however, one could easily
modify the interpretation of CBV values to include an energy
harvester voltage drop.
B. The Hollow Cathode Plasma Contactor Models
Two different models were used to describe the
performance of the HCPC system with regard to the cathode
bias voltage (CBV or 𝛥𝑉! ). The first model uses a fixed CBV
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−12.4𝐼 ! + 99.9𝐼 ! …
!
!
  −  325.5𝐼 ! +   545.4𝐼 …
−  495.5𝐼 + 230.7𝐼 − 0.2
𝛥𝑉! =

−9.5×10!! 𝐼 ! +    …
1.6×10!! 𝐼 !    − 5.3×10!! 𝐼 ! …  
+  0.75𝐼 ! −   5.1𝐼 +   47.2
0

the conductivity of the material making up the conductive
tether, and 𝐴!! is the cross-sectional area of the tether. In Eq.
(4), 𝐸! is the magnitude of the motion-induced electric field
along the tether.

𝑖𝑓  𝐼 > 1

𝑖𝑓  0 < 𝐼 ≤ 1

(1)

The International Reference Ionosphere (IRI) 2007 code is
used to determine Ne and Ni, The IRI has been under
development for over two decades now and has seen version
updates about every 5 years. The IRI version 2012 was
released before SimBETS was developed, but distribution of
the IRI 2012 was halted and so IRI 2007 was used. Equation
(6) was used to determine the electric field created in the
conductive section of tether.

  𝑖𝑓  𝐼 < 0

When the CBV is assumed to be a function of tether current, an
iterative scheme is added to SimBETS, which adds
computational loops to an already computationally intense
simulation. Consequently, it is noted that the varying CBV
model was only run on a limited number of mission scenarios
due to excessive run time.

𝑬𝒎 = 𝒗𝒓   ×  𝑩

In Eq. (6), 𝑬𝒎 is the motionally induced electric field
vector along the tether, 𝒗𝒓 is the relative velocity vector of the
center of gravity of the EDT system with respect to the Earth’s
rotation in the Earth centered inertial (ECI) coordinate system
(CS), and 𝑩 is the magnetic field vector converted from the
North-East-Down CS to the ECI CS. The magnetic field
strength vector is determined by using the International
Geomagnetic Reference Field (IGRF) 2011 code [17]. This
code was developed by a group of modelers associated with the
International Association of Geomagnetism and Aeronomy
(IAGA) in an effort to accurately predict the Earth’s magnetic
field strength at any point nearby the Earth based on data
collected from around the globe.

C. Solving for the Current
Knowing the details of the HCPC system performance
allows for the HCPC to be integrated into an EDT circuit
model. SimBETS is specifically designed for one configuration
of an EDT, specifically a bare EDT in which the HCPC system
and deployer are the mass extended toward the Earth for prograde orbits. A bare EDT is an efficient electron collection
scheme that integrates the anodic device needed for an EDT
system into the tether itself. This idea was first proposed by
Sanmartín et al. in [16]. This electron collection scheme was
modeled as a set of coupled, first-order differential equations
that are reproduced here as Eqs. (2) – (5). Note that these
equations assume the tether is always in an orbital motion
limited regime with a radius less than the Debye length and
thermal gyroradius. It also assumes electric shielding and
magnetic channeling are avoided.

𝑑𝐼
=
𝑑𝑦

−

𝑒𝑁! 𝑝 2𝑒Δ𝑉
𝜋
𝑚!

𝑖𝑓  Δ𝑉 > 0

𝑒𝑁! 𝑝
2𝑒Δ𝑉
−
𝜋
𝑚!

𝑖𝑓  Δ𝑉 < 0

0

The set of Eqs. (2) – (5) describes a non-linear boundary
value problem that does not have an analytical solution when
the CBV is non-zero. Bombardelli et al. [18] have developed
an approximate analytical solution that is relatively accurate in
many situations, however, SimBETS does not currently use
these analytical approximation schemes. Instead a MATLAB
boundary value problem (BVP) solver is used. The BVP
method was used to iterate to a solution within 0.01% relative
error except when physical conditions prevented convergence.
The boundary conditions used for this problem are listed in
Eqs. (7) and (8).

(2)

𝑖𝑓  𝑡𝑒𝑡ℎ𝑒𝑟  𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑒𝑑
𝑑𝑉!
𝐼
=
𝑑𝑦
𝜎𝐴!"

(3)

𝑑𝑉!
= −𝐸!
𝑑𝑦

(4)

Δ𝑉 = 𝑉! − 𝑉!

(5)

(6)

𝐼|!!! = 0
𝑉! |!!! = 0
𝑉! |!!! = Δ𝑉!

(7)

𝐼|!!! = 𝐼!
𝑉! |!!! = 𝐸! 𝐿
𝑉! |!!! = 𝑉! |!!! − Δ𝑉!

(8)

In Eq. (7), 𝛥𝑉! is the anode voltage (the voltage of the
tether at point A relative to the space plasma potential) and in
Eq. (8), 𝐼! is the current entering the HCPC system, 𝐿 is the
conductive tether length,  𝐸! 𝐿 is the total emf, and 𝛥𝑉! is the
CBV.

In Eq. (2), 𝑑𝐼 𝑑𝑦 is the rate of current change per unit
length of conductive tether; 𝑒 is the charge of an electron; 𝑁! is
the density of electrons in the undisturbed plasma near the
tether, 𝑝 is the tether cross-sectional perimeter; Δ𝑉 is the
difference between the tether potential, 𝑉! , and the
ionospherice plasma potential, 𝑉! ; 𝑚! is the mass of an
electron; 𝑁! is the density of atomic oxygen (chosen due to its
higher abundance); and 𝑚! is the mass of atomic oxygen. In
Eq. (3), 𝐼 is the tether current at point 𝑦 along the tether, 𝜎 is

D. Solving for the Force
The current along the conductive section of the tether was
determined using the BVP iterative solver. The current in the
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tether interacts with the Earth’s magnetic field and a force is
produced as described in Eq. (9).

applicable to a long tether, it greatly simplifies the orbital
propagation problem, and, since SimBETS was only designed
to compare the relative effects of HCPC performance on an
EDT system, it is appropriate.

!

𝑭=

𝑰𝑑𝑙×𝑩

(9)

!

F. System Specific Calculations
The last part of the simulation uses the simulation results to
determine the expellant mass and specify the components
needed for the HCPC. The EDT system mass is then updated
and the simulation is then solved again. This is an iterative
process that continues until a user defined tolerance is reached
(in this case 10% or 0.1). The details of this part of the code
can be found in [8]. The results output by SimBETS are then
saved and a post-processing program was used to overlay and
compare the information for each of the studies performed.

In Eq. (9), 𝑭 is the force produced, 𝐿 is the length of
conductive tether, 𝑰 is the current per unit length, and 𝑩 is the
magnetic field vector converted from the North-East-Down CS
to the ECI CS. The magnetic field vector is found when
calculating the electric field in the tether using a call to the
IGRF 2011 model.
The magnitude of the EDT force relates to the cross
product of the current vector and the magnetic field vector with
the maximum force being where the magnetic field vector is
orthogonal to the current vector. This principle in combination
with the gravity gradient orientation makes a bare EDT ideal
for deorbiting satellites and space debris in low inclination
LEO orbits. The addition of an EDT system to a satellite also
increases drag by neutral atoms due to the relatively large area
of the multi-kilometer long, tape tether. Although drag induced
by neutral atoms is small in comparison to electrodynamic
drag, SimBETS includes it using a basic atmospheric
calculation to find the neutral atom flux, and the
electrodynamic and atmospheric drag force vectors are then
summed. It is interesting to note that the atmospheric drag
force is always against the EDTs motion and the
electrodynamic force is in the orthogonal direction to the
current and magnetic field vector, which often isn’t aligned
with the atmospheric drag.

G. Validation
SimBETS was validated by comparison to the
electrodynamic tether codes TEMPEST and BETsMA [7].
TEMPEST was developed by the University of Michigan’s
Space Physics Research Laboratory (UM/SPL) in support of
the TSS-1R flight as a tool for simulating the behavior of a
tethered system in space. Flight data from the TSS-1 and TSS1R flights was used to validate TEMPESTs results. Since then,
the bare EDT configuration was added to the simulation as
well as other features. TEMPEST is still in development and
used at UM/SPL, Tethers Unlimited Inc. [19], and
ElectroDynamic Tether Applications [20]. The BETsMA code
is similar to TEMPEST, but designed specifically for bare EDT
studies. It is still in the development phase but will be available
for purchase in the 2014 – 2015 time frame. Using these codes
to validate SimBETS was chosen because there have not been
any bare EDT flights to date. The details of the SimBETS
validation can be found in [8].

E. Orbital Propagation
The accurate calculation of force is important because it
directly affects orbital propagation. SimBETS uses a RungaKutta-Fehlberg Order 4,5 method to predict the EDT orbital
path. This method was chosen because of its ability to enforce
a minimum desired relative error (chosen to be 1×10!! ). The
differential equation, which describes the orbital path, is shown
in Eq. (10).
𝒓=−

𝜇
𝑭
𝒓+
𝑟!
𝑚!

III.

RESULTS

SimBETS was used to study the effects of HCPC
performance on a bare electrodynamic tether mission. The
studies conducted were used to show details important for the
EDT community to consider with regard to the HCPC.
Specifically, six software-in-the-loop (SIL) studies were
completed. The SIL studies are set up as relative evaluations
and include: comparison of constant and varying cathode bias
voltage (CBV); comparison of three fixed CBV values (0 V,
−30 V, −50 V); comparison of three orbital inclinations (0o,
35o, and 71o), comparison of three satellite masses (500 kg,
1,000 kg, and 1,500 kg), comparison of three tether lengths
(2.5 km, 5 km, and 7.5 km), and comparison of three tether
widths (1 cm, 2 cm and 3 cm). A single simulation was also
performed using a varying CBV and a thicker tether of 100
microns as compared to the standard thickness of 50 microns.
Note, due to excessive calculation time, a varying CBV, 71o
inclination study was not performed. The Control Case selected
to relate the studies to each other corresponds to: an ideal
HCPC performance at a CBV of 0 V, 0o orbital inclination,
circular orbit, 1,000 kg satellite mass, and a 5 km long bare
conductive tether with 300 m of insulation and 5 km of inert
tether that are both 2 cm wide, and 50 microns thick. The
starting date and time of all simulations was chosen to be April

(10)

In Eq. (10), 𝒓 is the acceleration vector of the center of gravity
of the EDT system in the ECI CS, 𝜇 is the gravitational
standard parameter that is defined as the gravitational constant
times the mass of the Earth, 𝑟 and 𝒓 are the magnitude of the
position vector and the position vector of the center of gravity
of the EDT system in the ECI CS, respectively, 𝑭 is the force
exerted on the system or by the system, and 𝑚! is the mass of
the EDT system. It is important to note that force is calculated
discretely along the tether and summed because the current
varies along an orbit. Equation (10), however, is defined in
terms of a single point under a point load. For spacecraft orbits,
the path of an object is defined by its center of gravity. For
most spacecraft analyses, this assumption is valid. The “point
load at a single point” assumption is made in SimBETS as
well; however, it is accomplished by assuming the EDT is a
rigid, or dumbbell style, tether that always remains oriented
along the local vertical. Although this assumption isn’t fully
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15, 2012 at 12:00 AM Coordinate Universal Time. This
corresponds to a solar medium condition. This starting time
avoids the use of extreme ionospheric conditions that occur at
solar minimum and maximum, and, hence, is a good choice for
comparison studies.

Figure 3a shows the EDT orbit decaying but also shows
that even though the orbit starts circular, the varying
electrodynamic drag force in the day and night regions cause
the orbit to become elliptic and exhibit resonant effects.
Although oscillations are present, Fig. 3b shows the semimajor axis continuously decreasing meaning the orbit is always
decaying. The user selects the final semi-major axis where the
simulation is terminated. This paper uses a semi-major axis
corresponding to an altitude of 300 km above the Earth’s
equator to determine the de-orbit time. The atmospheric drag at
this altitude is relatively large and time to re-entry is short.

A. Control Case
Multiple parameters can be used to describe the orbit
propagation of an EDT system. Of most general importance is
deorbit time, but EDT system outputs such as current and the
corresponding expellant flow rate are of specific importance to
the HCPC. Figure 3a is a plot of the altitude above the World
Geodetic System ’84 (WGS84) ellipsoid as a function of time.
The altitude is equal to the radial distance minus the Earth’s
equatorial radius in this case because the orbit is in the
equatorial plane.

Orbital eccentricity and inclination related plots are shown
in Figs. 3c and 3d, respectively. Although these parameters
remain small, they show the resonant effects discussed in
relation to Fig. 3a in more detail. There are two resonances
present in the plots. As the tether orbits the Earth, the induced

Fig. 3 (a). Altitude above the WGS84 ellipsoid versus time for the simulation
of an EDT system with the parameters deﬁned in the Control Case.

Fig. 3 (b). Semi-major axis of the orbit as a function of time.

Fig. 3 (c). Eccentricity versus time. Note the very small values of eccentricity,
which suggest the orbit remains nearly circular.

Fig. 3 (d). Inclination versus time. Note the small values of inclination, which
suggests the EDT remains in a nearly equatorial orbit.
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electrodynamic drag force varies due to the magnetic field and
electron densities. If the higher drag force occurs on the
perigee of an orbit, the orbit becomes more elliptic. However,
if the higher drag force occurs on the apogee of an orbit, then
the orbit becomes more circular. In most EDT missions, the
majority of the drag forces occur in a manner that typically
causes the eccentricity to grow over time. When the tether does
not cross the Earth’s magnetic field lines orthogonally,
varying, out-of-plane drag forces are induced and cause the
resonances in the inclination plot shown in Fig. 3d. It should be
noted that as the orbit altitude enters the ~350 – 300 km range,
the drag force varies less over an orbit such that the
eccentricity starts to stabilize or even decrease. The orbital
parameters shown in Fig. 3 reproduces what other EDT
programs have predicted and supports the validity of SimBETS
[8], [21].

The resonances shown in Fig. 3a – 3d and elsewhere in this
paper are caused by the rotation of the Earth and the incoming
solar radiation that bombards the Earth’s atmosphere and
magnetic field. The ﬁrst resonance is caused by compression
and expansion of the Earth’s ionosphere and magnetic ﬁeld
between the night and day side of the Earth. This results in an
electrodynamic forcing function with a period of one orbit, or
~90 minutes. The second resonance is caused by the
misalignment of the Earth’s magnetic field with the geographic
North Pole and the rotation of the Earth. As the Earth rotates,
the magnetic pole rotates about the geographic pole. As this
rotation continues, the magnetic ﬁeld and electron density
change over the course of a day. Combining this behavior with
the EDT crossing the Earth’s magnetic field at non-orthogonal
angles causes the electrodynamic drag force to no longer be in
the orbital plane. The end result is modification of the EDT
orbital inclination so that it begins to align with the Earth’

Fig. 4 (a). Emf as a function of altitude.

Fig. 4 (b). Emf induced in the tether as a function of time. Higher emf occurs at
lower altitudes because the magnetic field and orbital velocity increase with
lower altitude.

Fig. 4 (c). Anode voltage as a function of deorbit time. Although emf rises, the
anode voltage drops because tether current rises and resistive voltage drops
increase as the EDT drops to lower altitudes.

Fig. 4 (d). Current at end of tether (𝐼! )  as a function of time. This rises because
electron density rises as the altitude of the EDT drops.

7
Fig. 4 (a). Emf as a function of altitude with an overlay of the emf versus
altitude and emf versus deorbit time (horizontally reversed) profile.

Fig. 4 (b). Emf induced in the tether as a function of time. Higher emf occurs at
lower altitudes because the magnetic field density and orbital velocity
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Fig. 4 (e). Magnitude of the total drag force as a function of time. This rises
because current and magnetic field magnitudes rise as the altitude of the EDT
drops.

Fig. 4 (f). Expellant ﬂow rate as a function of time. The ﬂow rate of expellant is
directly related to current by the ﬂow rate versus emission current curve
presented in Section II.B.

geomagnetic equatorial plane while simultaneously increasing
eccentricity. This out-of-plane drag force is not only unequal
around an orbit but it is also unequal day-to-day due to variable
ionospheric conditions. For the particular date and time and
orbit chosen, the rotation of the magnetic pole aligns with the
dayside of the Earth such that more “out of plane” force is
produced when the pole is on the opposite side of the Earth,
and, as such, the EDT force slowly increases eccentricity and
inclination.

The anode voltage plot, Fig. 4c, shows how the difference
between tether potential and plasma potential at point A varies
with time. At certain points, the change in voltage is on the
order of ~500 V. As the entire system deorbits, however, these
local maximum and minimum points and the average anode
voltage decrease to lower voltages due to higher tether currents
and conditions closer to the ohmic-limited short circuit
condition. This result is due to higher electron densities at
lower altitudes.

These resonant phenomena can be useful to engineers
interested in controlling a tether orbit because more favorable
orbital parameters can be achieved by turning the tether current
“on” and “off” during an orbit. It should also be noted that the
resonant effects increase with decreasing altitude. This relates
to the magnetic ﬁeld and electron density increasing with
decreasing altitude.

The current at point C versus time plot, Fig. 4d, is useful
because it allows one to determine if the HCPC system will
need to use its heater and keeper during an orbit to keep the
cathode operating. For the Control Case, the current does not
drop below 1 A and will, therefore, not require the use of a
heater or keeper after start up. Figure 4d also shows that the
system must be able to handle up to a maximum of 9 A with a
5 A variation over the course of the mission. Drag force
variations shown in Fig. 4e range from 100 – 1,500 mN, which
is significant in comparison to an ion or Hall thruster. It is
noted that the force grows faster in comparison to the current
and emf. This result is because the drag force is a function of
the product of current and magnetic ﬁeld strength, both of
which increase with time. The thrust fluctuations shown in Fig.
4d decrease with time due to lower variations of plasma
density and tether current at lower altitudes.

Figs. 4b – 4f show system parameters as a function of
deorbit time. Each can be useful to a system engineer in
various ways. One example would be its use in defining
maximum and minimum HCPC operating conditions as well as
required responses such that the HCPC system does not hinder
the performance of the tether. Figure 4a shows that the general
trend of the data plotted as a function of altitude is similar to
the trend of the data plotted as a function of altitude. As such,
observations made based on deorbit time are very similar to
plots based on altitude.

The current collected by the tether also affects the HCPC
system because flow rate is based on the emission current
curve defined in Section II.B. The result of this relation is
shown in Fig. 4f. Much like current, the expellant flow rate
versus time plot can be used by system engineers to determine
the necessary responses and limits an HCPC gas feed system
must meet over the course of a mission. Figure 4f indicates that
the flow controller must be able to adjust the flow by ~1 sccm
during every ~90-min orbit. One of the most noticeable
characteristics in Fig. 4f is that the flow is not allowed to drop
below 2 sccm. This is because of the minimum requirement
designed into the emission current-flow rate scheme. The

Figure 4b shows a very steady but increasingly resonant
emf with time; moving from an initial trough to peak amplitude
of 400 V to a final trough to peak amplitude of 450 V. This
steady increase is associated with the change in altitude
because with decreasing altitude comes increasing magnetic
field strength and orbital velocity. A higher emf is useful
because it allows more current to be gathered and thus more
drag force to be produced. This is why at lower altitudes the
deorbit rate is faster compared to higher altitudes.
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Table 1 shows that the conductive tether mass is the largest
contributor to the tether. Aluminum is currently considered the
best option based on its conductivity-to-mass ratio and
strength, however, if a shorter, narrower, or thinner conductive
tether was used; say a 2-km long, a 1-cm wide, or a 25-micron
thick tether; the mass could be further decreased. In Studies 4
and 5 in [8], tether lengths and widths are varied to determine
their effect on the EDT system.

Table 1. Main component mass and total mass of the three EDT subsystems
Component
Satellite

Mass [kg]

Percent

Total [kg]

1,000

94.55

1,000

1.88

19.91

Tether
Inert

5.50

0.52

Conductive

13.50

1.28

Insulated

0.91

0.09

HCPC System

3.56

Plasma Contactor

0.35

Xenon Flow Control
Module

1.40

Xenon Lines

0.04

0.00

Frame

0.53

0.05

Fasteners

0.02

0.00

Electronics

0.40

0.04

Xenon Storage Tank

1.30

0.12

Tank Connector

1.10

0.10

Xenon Gas

0.13

0.01

32.40

3.06

Deployer
Total

The component with the highest mass in Table 1 is the
deployer, adding 1.5 times as much mass as the tether.
Reducing this mass is a goal of ongoing research in EDTs [7].
The components listed under the HCPC System in Table 1 all
have relatively low mass compared to the tether and deployer.
The expellant ﬂow controller and tank represent most of the
HCPC mass. An important note is the small amount of xenon
required for this mission, which is trivial compared to the
overall mass of the EDT system. The expellant mass is low
because the Control Case deorbit time is very short (6.3 days).
Orbits with higher inclination and finite CBV voltage result in
longer deorbit times and more expellant mass as detailed in the
comparison studies presented below.

37.68

0.03
0.13

Each study uses the data provided by the Control Case for
comparison Due to the large assortment of outputs available for
comparison; only notable variations and extremes in outputs
are shown and discussed.

32.40
1,057.59

B. Study 1: Equatorial Orbit with Various Fixed and Varying
Cathode Bias Voltage Models
Study 1 focuses on the effects of the HCPC bias voltage
when the initial inclination of the system is at 0o inclination (an
equatorial orbit). The fixed CBVs considered are 0 V, −30 V,
and −50 V. The fixed CBV model results are then compared
against results obtained with a varying CBV. With increased
fixed CBV magnitude, it was assumed that less current would
be produced and, therefore, less drag, which would increase
deorbit time. This result is shown in Figs 5a – 5f. Besides
current, drag, and voltage, the CBV can also have an effect on
the classical orbital elements (COEs). It is noted that some of

2 sccm minimum flow was chosen to prevent the HCPC from
entering an unstable operation. The result is smaller
fluctuations in flow rate at higher altitudes where the tether
current at point C is lower.
Of the outputs provided by SimBETS, the most important is
deorbit time. Companies are currently restricted by an imposed
regulation of 25 year to deorbit spent satellites, however, it is
anticipated that this time will be signiﬁcantly shortened in the
near future to ensure that collisions in LEO do not occur. The
Control Case has a deorbit time of only 6.3 days. The deorbit
time as well as the variation of the deorbit time due to CBV
will be a primary focus in the following studies. SimBETS also
outputs the masses of the components of an EDT system, and
trends can be used to direct optimization. Table 1 shows the
mass of the components in an EDT system for the Control
Case. The fraction of EDT system and tether mass (~58 kg) to
the total mass is ~6%. A deorbit maneuver using a chemical
rocket from 850 km to 300 km for the same satellite mass of
1,000 kg is estimated to have a system mass (propellant
excluded) of ~200 kg and use a total of ~130 kg of propellant,
assuming the specific impulse is ~300 seconds. This results in
an additional 330 kg of total mass that must be launched into
orbit. Comparing costs, a large commercial satellite (~10,000
kg) costs about ~$165 million to launch into LEO (using a
United Launch Alliance Atlas V 401), which corresponds to
$22k per kilogram. The launch cost of the chemical rocket
deorbit system is 330  𝑘𝑔  𝑥  $22𝑘/𝑘𝑔     =     $7.3𝑀. The launch
cost of the EDT deorbit system would be $1.3M, a ~$6M
difference. Although the mass of the chemical rocket system is
much heavier, it has some advantages including shorter deorbit
time and proven heritage within the space community.

Fig. 5 (a). Profile comparison of deorbit times for CBV of 0 V, −30 V,
varying, and −50 V using the Control Case parameters. Note the difference
between the 0 V and –50 V case. Also note, the very small difference between
the –30 V and varying CBV cases.
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Fig. 5 (b). CBV versus time as a function of CBV at 0 V, −30 V, Varying,
and −50 V. Note, how the CBV of the varying case sits closer to the –30 V
case. Also note how the variations of the varying CBV decrease with deorbit
time (i.e. indirectly altitude).

Fig.5 (c). Variation of the inclination due to CBV at 0 V, −30 V, varying, and
−50 V as a function of deorbit time. Note the increasing variation as the deorbit
time increases.

Fig.5 (d). End current versus time as a function of CBV at 0 V, −30 V,
varying, and −50 V. Note how the profiles have changed very little with only
an offset being present.

Fig. 5 (e). Expellant flow rate versus time as a function of CBV at 0 V, −30 V,
varying, and −50 V. Note how the profile is sinking more and more into the 2
sccm limit.

the plots in Figs. 5a – 5f only contain outlines of the data
output by SimBETS. This was done in an effort to allow the
reader to better distinguish the effects of CBV.

Figure 5c shows how CBV affects orbital inclination.
Slightly slower growth is observed for the fixed –50 V
condition. This occurs because higher magnitude CBV values
limit the tether current at point C, which results in lower drag
forces and less impact on the EDTs orbital parameters.
Comparison of the fixed 0 V and –50 V CBV cases in Fig. 5d
shows that the average current decreased by nearly 1 A.

Figure 5a shows the deorbit time from 850 km to 300 km as
a function of CBV. The consideration of CBV for a relatively
simple deorbit of ~150 hours shows that ~7.2% more time is
required to deorbit when a worst case CBV of –50 V is
specified. For the case being considered, this only adds ~11
hours, a trivial amount when compared to atmospheric drag
related deorbit times of >50 years. The varying CBV model
shown in Fig. 5a actually agrees well with the -30 V case. This
is because the average of the varying CBV (~35 V) is close to
the fixed –30 V condition as shown in Fig. 5b.

The current profile is also important because it is used to
determine the expellant flow rate. Figure 5e shows the
expellant flow rate as a function of time for the four CBV
conditions. Much like the current profile, the expellant flow
rate profile is shifted to lower values as the magnitude of the
CBV is increased. The fixed –50 V CBV case remains at the 2sccm minimum flow rate condition longer and more frequently
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compared to the other conditions. Although there are
differences in flow rate between the various CBV conditions,
the difference in total expellant mass was very small at ~1%. It
is concluded that there is little reason to increase the accuracy
of a simulation by better modeling the HCPC flow controller
system or the CBV for EDT missions with satellites at 0o
inclination.

no longer in the near ideal location for emf and current
production, it was expected that longer deorbit times would
result.
Figure 6a shows the altitude of the EDT as a function of
deorbit time. For an inclination of 35o, the deorbit time is just
under ~12 days, a near doubling when compared to the Control
Case of 0o inclination. At 71o inclination, the deorbit time
increases to 60 days, which is about a factor of 10 larger than
the Control Case. Although 60 days is a relatively long period
of time, it is very short compared to the ~50 – 100 years it can
take for a satellite to deorbit due to atmospheric drag. The 60day long period is also very short compared to the 50,000 hr
lifetimes demonstrated by hollow cathodes in ground-based life

C. Study 2: Various Orbital Inclinations and Various Fixed
and Varying Cathode Bias Voltage Models
The second study focuses on the effects of orbital
inclination on the EDT system discussed in Section III.A.
Orbital inclinations of 0o, 35o, and 71o were tested with the
same CBV conditions as in Study 1. Because these orbits are

Fig. 6 (a). Altitude versus time of 0o, 35o, and 71o inclined orbits using CBV
of 0 V, −30 V, varying, and −50 V. Note it takes nearly 10 times longer to
deorbit a satellite at 71o inclination than at 0o inclination. This is caused by the
emf being unable to provide the minimum load requested by the HCPC
system.

Fig. 6 (b): Eccentricity versus time of 0o, 35o, and 71o inclined orbits using
CBV of 0 V, −30 V, varying, and −50 V. Note, the 71o inclination case has the
lowest change to eccentricity including a large increase near the end of its
mission. It also has no secondary resonance as seen in the 0o and 35o
inclination cases. These effects are caused by variations associated with
magnetic field line and electron density, location of the geomagnetic north
pole with respect to the EDT, and orbital velocity.

Fig. 7 (a). Emf induced in the tether versus time as a function of inclination
and CBV of 0 V, −30 V, varying, and −50 V. Note how the emf is near zero
during parts of an orbit.

Fig. 7 (b). End current versus time as a function of inclination and CBV of 0
V, −30 V, varying, and −50 V. Note how the current is zero for the high
inclination case. This is caused by the emf being unable to provide the
minimum load requested by the HCPC system.
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tests.

most likely not be as large as the difference between the 0 V
and the –50 V cases, but large enough that systems analysts
interested in high inclination missions will have to consider the
varying CBV condition to obtain more accurate results. This is
because the varying CBV model will result in finite current
when the emf is low while the fixed CBV value of –30 V
would result in no current until the emf rises above –30 V.

The CBV condition also strongly affects deorbit time as
shown in Fig. 6a when one compares the 0 V and –50 V
conditions for this particular study; a full 24% increase is
observed between the two CBV values. This difference in
deorbit time demonstrates how the CBV becomes increasingly
important at high inclination where less emf is available to
drive current through the tether. Here the ratio of the load
imposed by the HCPC to the available emf becomes much
more significant.

Much like in Section III.A, the eccentricity plot, Fig. 6b,
shows the movement of the orbit from circular to a slightly
elliptic orbit. As before, this result is caused by a varying
electrodynamic drag force along each orbit around the Earth.
However, some interesting events occur when the orbital
inclination parameter is studied. At 0o inclination, uneven drag
forces cause the orbit to move toward a more eliptic orbit
despite drag forces occurring near the apogee that tend to

It was not possible to complete the simulation for the 71o
inclination, varying CBV model case due to long
computational times. Although no data are available, it is
expected that a larger difference will be observed between the
–30 V fixed and the varying CBV models. The difference will

Fig. 7 (c). Expellant flow rate versus time as a function of inclination and
CBV. Note how the flow rate never drops below 2 sccm. This is because of
the continuous flow rate versus emission current scheme shown in Fig. 3b.
The positive side of the flow rate plot is that there is almost no control scheme
required because the deviations in flow rate are so minimal.

Fig. 7 (d). Drag force versus time as a function of inclination and CBV of 0 V,
−30 V, varying, and –50 V. Note in the inset, the drag force produced at certain
points along the orbit is zero This is caused by the emf being less than the CBV
load imposed by the HCPC system.

Fig. 7 (e). Deorbit time as a function of system mass. Note how the slope of
the –50 V case at 71o inclination has changed from the other parameters. This
is caused by the change in system components used in the mission.

Fig. 7 (f). Masses of different components in the EDT system as a function of
CBV and orbital inclination. The deployer mass is 32.4 kg and the tether mass
is 19.9 kg.
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circularize the orbit. For the 35o inclination case, the 0o
inclination result is applified by a factor of 2 reaching almost
twice the eccentricity value as the Control Case. This effect is
caused by the orbit plane passing through stronger regions of
magnetic field and denser plasma regions of the ionosphere.
These stronger and denser regions are present at this inclination
due to the tilt of the Earth with respect to the sun and the
location of the geomagnetic North Pole.

Figures 7e and 7f show the masses of the EDT components
and demonstrates how orbital inclination and CBV affect the
overall mass. For most of the cases, the system mass remains
unchanged, but, due to the long deorbit time associated with
the high inclinations and high CBV, the xenon mass becomes
large, which forces the use of a larger storage tank and
mounting hardware, as shown in Fig. 7f. The slope change
evident in Fig. 7e is due to changes in the size of the gas tank
and mounting hardware. This occurs because commercial off
the shelf (COTS) gas tanks are only available in discrete sizes
[8].

Figure 6b shows that the growth and amplitude of
oscillations in the eccentricity are substantialy reduced for the
71o inclination case. This occurs because the drag force is very
small and there is very little difference between the drag forces
at the apogee and perigee of the orbit from one orbit to the
next. Another interesting observation about the 71o inclination
eccentricity plot is that near the end of the orbit, the
eccentricity begins to decrease. This altitude region is also
where the drag force is no longer zero during any part of the
orbit. In addition, the drag force at low altitudes is being
applied more uniformly along an orbit and this begins to
reverse the effects of the earlier non-uniformly applied drag
force.

IV.

CONCLUSION

Spent satellites and space debris are becoming a growing
issue for the continued use of outer space near Earth. This
problem could be mitigated using bare electrodynamic tethers.
The SimBETS code was developed and used to show that
HCPC performance can affect EDT mission duration in some
cases. Specifically, it was found that the cathode bias voltage is
important, causing a ~0.14% per volt increase in deorbit time
for 0o inclination orbits and ~0.49% per volt increase in deorbit
time for 71o inclination orbits. This can result in a 14%
increase at 0o orbital inclination and 49% increase at 71o
inclination with a combined cathode bias voltage and energy
harvester load of 100 V. Fixed cathode bias voltages are found
to be simple to simulate and they result in relatively short
computational times, however, cathode bias voltages vary with
emission current. To address this fact, a model was
implemented that varies the bias voltage and flow rate with
emission current that was based on experimental
measurements. For orbits with low inclination where adequate
emf is generated, a fixed cathode bias voltage could be selected
that matched simulations run with the varying bias model. At
higher inclination, a fixed cathode bias voltage resulted in
periods on an orbit where the tether current is zero. This isn’t
accurate, and the use of the varying cathode bias voltage model
is warranted even though its use results in longer
computational time. The mass of the EDT system was also
studied. The present study focused on the effects of inclination.
Larger EDT systems and more expellant mass are required due
to unfavorable magnetic field orientation and ionospheric
conditions at high orbital inclinations. Ongoing work includes
studies of how auxiliary power, required to operate a
conventional HCPC, will impact EDT mass and complexity. A
recently developed hollow cathode plasma contactor that uses
calcium aluminate electride was introduced that would improve
the performance of high inclination missions due to its ability
to be cycled on and off without the need for auxiliary heater
power.

The increase in deorbit time is related to the tether current
and emf as the object orbits the Earth. Figure 7a shows the
extreme differences between the emf generated for the 0 V, 0o
inclination orbit and for the −50 V, 71o inclined orbit. The
difference between the two is the result of the tether crossing
the Earth’s magnetic field line at nearly right angles for 0o
inclination and at low angles for 71o inclination. For fixed
CBV conditions less than ideal, the emf isn’t great enough to
overcome the load imposed by the HCPC. This prevents the
tether from creating any current since the current is a function
of tether bias above the space plasma potential. The inset in
Fig. 7b shows that the current at point C is indeed zero at some
points during a mission for the non-zero inclination cases. If
the current, 𝐼! , becomes zero, it would be desirable to switch
off the HCPC, however, it is challenging to turn ‘on’ and ‘off’
a hollow cathode multiple times during a 90-min orbit, and, to
avoid this, stored power must be available to operate the keeper
and heater power supplies to keep the hollow cathode
operating. The stored power could be collected by an energy
harvesting system, but this complicates the overall system, and,
when adequate emf is available, the additional load of the
harvesting system would reduce the tether current at point C
over the condition where no harvester was used. Recent,
instant-start cathodes based on calcium aluminate that do not
require heater power may be one way to overcome the effects
of low tether currents that occur at high inclinations [22].
Unfavorable operation at 0 A of tether current at point C also
increases expellant use because, if the hollow cathode is not
switched off, the HCPC system must continue to expel gas
whether the HCPC is emitting electrons or not.
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Cathode Bias Voltage

13
10 July 2014 | 13

Spacecraft Charging Technologies Conference 2014 - 121 Viewgraph

End Current
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Effect of Orbital Inclination
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Effect of Orbital Inclination

0o incl.
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71o incl.
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System Mass
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Conclusion
Space debris issue is growing.
–Mitigated using bare EDTs.
 SimBETS code developed.
 CBV varies with emission current.
–Model developed using experimental measurements
 Equivalently average CBV can be used where
appropriate.
 At high orbital inclination, a varying CBV model is
required.
–Longer computational time
 HCPC Load is important


18
10 July 2014 | 18

Spacecraft Charging Technologies Conference 2014 - 121 Viewgraph

Questions?

Derek.blash@gmail.com

John.D.Williams@colostate.edu
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Space.com: Electrodynamic Tethers: Getting into the Swing http://www.space.com/521-electrodynamic-tethers-swing.html

Spacecraft Charging Technologies Conference 2014 - 121 Viewgraph

BACKUP
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Overview


Acronyms
– EDT = electrodynamic tether
– HCPC = hollow cathode plasma contactor
– CBV = cathode bias voltage



Motivation
– Remove spent satellites and space debris
– Use bare EDTs
– Further define system requirements and research areas



Objectives
– Bare EDT design decision support tool w/ realistic HCPC system description
– Determine HCPC system effect
– Determine system operational requirements and sensitivities
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HCPC Operations Model: Experimental Data

22
10 July 2014 | 22

HCPC Operations Model: Cathode Bias Voltage
as a Function of Cathode Bias Current and Flow
Rate
Spacecraft Charging Technologies Conference 2014 - 121 Viewgraph
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Validation: TeMPEST Full Deorbit (Set Electron
Density)
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Validation: TeMPEST Full Deorbit (Varying
Electron Density)
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The Tilt of the Magnetic North Pole
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http://tropicalstormshurricanepredictionsideagirl.wordpress.com/tag/axial-tilt-earth-right-angle-to-orbit-axisof-m agnetic-pole-rotation-10-23-44-south-magnetic-pole-north-geographical-pole-tropic-of-cancer-capricorn/
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Semi-Major Axis Versus Deorbit Time

27
10 July 2014 | 27

Spacecraft Charging Technologies Conference 2014 - 121 Viewgraph

Control Case: Inclination Versus Deorbit Time
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Anode Voltage Versus Deorbit Time
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Control Case: Electromotive Force Versus
Altitude
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Main Component Mass & Total Mass of the
Three EDT Subsystems
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Inclination Versus Deorbit Time
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Volumetric Flow Rate Versus Deorbit Time
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Eccentricity Versus Deorbit Time
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Study 2: Electromotive Force Versus Deorbit
Time

71o incl.

0o incl.
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Study 2: End Current Versus Deorbit Time

0o incl.

71o incl.
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Study 2: Volumetric Flow Rate Versus Deorbit
Time

71o incl.

0o incl.
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Orbital Inclination and CBV Versus Mass
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Excludes 20 kg Tether
and 40 kg Deployer

