
Dynamics of an Electrodynamic Tether System in a Varying
Space-Plasma Environment

John A. Janeski

Dissertation submitted to the Faculty of the
Virginia Polytechnic Institute and State University

in partial fulfillment of the requirements for the degree of

Doctor of Philosophy
in

Aerospace Engineering

Christopher D. Hall, Co-Chair
Wayne A. Scales, Co-Chair

Gregory D. Earle
Craig A. Woolsey

September 13, 2013
Blacksburg, Virginia

Keywords: Electrodynamic Tether, Current Collection, Spacecraft Charging,
Particle-In-Cell Simulations

Copyright 2013, John A. Janeski



Dynamics of an Electrodynamic Tether System in a Varying Space-Plasma
Environment

John A. Janeski

(ABSTRACT)



Electrodynamic tethers have a wide range of proposed applications in the fields of satellite
propulsion and space plasma research. The fundamental purpose of this dissertation is to
improve the understanding of the behavior of an electrodynamic tether (EDT) system in
Earth’s ionosphere. An electrodynamic tether system consists of two satellites connected
by a long tether that generates current to produce either power or thrust via the system’s
electromagnetic interaction with the space environment. Previous electrodynamic tether in-
vestigations decouple the interaction between the tether and the constantly changing plasma
environment. The limiting factor inhibiting the development of a full system model that has
an accurate characterization of the tether/plasma interaction is that the understanding of
that interaction is not well developed over a wide range of system parameters. The EDT
system model developed in this study uses a high fidelity dynamics model that includes a
tether current described by an analytical current collection model whose plasma parameters
are determine by the International Reference Ionosphere. It is first shown that new insta-
bilities are induced in the system dynamics under a basic analytical current model versus a
constant current model.

A 2-D3v Particle-in-Cell (PIC) code has been developed to study the plasma dynamics
near a positively charged EDT system end-body and their impact on the current collected.
Simulations are run over a range of system parameters that occur throughout a LEO orbit.
The azimuthal current structures observed during the TSS-1R mission are found to enhance
the current collected by the satellite when the magnetic field is slightly off of perpendicular
to the orbital velocity. When the in-plane component of the magnetic field becomes large,
the electrons are not able to easily cross the field lines causing plasma lobes form above
and below the satellite. The lobes limit the current arriving to the satellite and also cause
an enhanced wake to develop. A high satellite bias causes a stable bow-shock structure to
form in the ram region of the satellite, which limits the number of electrons entering the
sheath region and thus limiting the current collected. Electron-neutral collisions are found
to destabilize the bow-shock structure and remove its current limiting effects. Additionally,
as the magnetization of the plasma is increased, the current becomes limited by the charged
particle’s inability to cross magnetic field lines. Analytical curve fits based on the simulation
results are presented that characterize the dependence of the average current collected on
the local magnetic field orientations, space plasma magnetization and satellite potential.

The results from the PIC simulations characterizing the magnetic field’s influence on the
tether’s current are incorporated into the system dynamics model to study the behavior of
the EDT system over a range of inclinations. The magnetic field is found to limit the diurnal
variations in the current collected by the system throughout its orbit. As the inclination of
the system’s orbit is increased, the impact of the magnetic field becomes more pronounced
as its orientation sweeps through a larger range of angles. The impact of the magnetic field
on the collected current is, therefore, found to limit the ability of an EDT system to boost
the system’s orbit as the orbit’s inclination is increased. In summary, new system dynamics
have been observed due to the previously unobserved behavior of the current over a range
of end-body configurations.

iii



Contents

Contents iv

List of Figures vii

List of Tables xi

1 Introduction 1

1.1 History and Motivation for the Study of Electrodynamic Tethers . . . . . . . 2

1.1.1 Missions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.1.2 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.2 Tether Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.3 Particle Motion in an Ionospheric Plasma . . . . . . . . . . . . . . . . . . . . 13

1.4 Fundamentals of Tether Current Collection . . . . . . . . . . . . . . . . . . . 19

1.5 Contributions of the Present Study . . . . . . . . . . . . . . . . . . . . . . . 23

1.5.1 Effects of the Local Plasma Environment on the Dynamics of Electro-
dynamic Tether Systems . . . . . . . . . . . . . . . . . . . . . . . . . 23

1.5.2 Investigation of the Current Collected by a Spherical Satellite with
Application to Electrodynamic Tethers . . . . . . . . . . . . . . . . . 23

1.5.3 Electrodynamic Tether Instabilities Induced by the Dependence of the
Collected Current on the Magnetic Field Orientation . . . . . . . . . 24

1.6 Organization of Dissertation . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2 Literature Review 26

2.1 Analytical Current Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

iv



2.1.1 Parker-Murphy Model and Adjusted Parker-Murphy Model . . . . . . 27

2.1.2 Other Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.2 Investigation of Current Collection with PIC Models . . . . . . . . . . . . . 30

2.3 System Dynamics Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3 Effects of the Local Plasma Environment on the Dynamics of Electrody-
namic Tether Systems 34

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.2.1 System Electrodynamics Model . . . . . . . . . . . . . . . . . . . . . 35

3.2.2 EDT System Dynamics Model . . . . . . . . . . . . . . . . . . . . . . 39

3.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.3.1 Effects of Diurnal Current Variation on System Dynamics . . . . . . 43

3.3.2 I-P-M Model Compared to Plasma Motor Generator Data . . . . . . 46

3.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4 Investigation of the Current Collected by a Spherical Satellite with Appli-
cation to Electrodynamic Tethers 52

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.2 Simulation Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.2.1 Boundary Conditions: Particle Injection and Current Collection . . . 55

4.2.2 Poisson Equation Solver . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.3 Tether Current Dependence on System Parameters . . . . . . . . . . . . . . 58

4.3.1 Benchmark Case (θB = 90◦, φsat = 20 V) . . . . . . . . . . . . . . . . 59

4.3.2 Impact of the Magnetic Field’s Orientation . . . . . . . . . . . . . . . 60

4.3.3 Current Dependence on Satellite Potential . . . . . . . . . . . . . . . 67

4.3.4 Collisional Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.3.5 Magnetization Effects: Variation of ωpe/Ωce . . . . . . . . . . . . . . 72

4.3.6 Discussion and Applications . . . . . . . . . . . . . . . . . . . . . . . 73

v



4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

5 Electrodynamic Tether Instabilities Induced by the Variation of the Local
Space Plasma Environment 76

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.2.1 System Electrodynamics Model . . . . . . . . . . . . . . . . . . . . . 77

5.2.2 EDT System Dynamics Model . . . . . . . . . . . . . . . . . . . . . . 78

5.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.3.1 Effects Magnetic Field Orientation on Dynamical Instabilities . . . . 80

5.3.2 Variation of Electrodynamic Tether Motions with System Orbit Incli-
nation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

6 Summary and Recommendations for Future Work 90

6.1 Summary of Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

6.2 Recommendations for Future Work . . . . . . . . . . . . . . . . . . . . . . . 92

Bibliography 94

vi



List of Figures

1.1 A vertically oriented electrodynamics tether system in motor mode. . . . . . 2

1.2 The variation of the current collected by the PMG EDT for a range of end-
body potentials (reproduced from Ref. 87). The arrows at the top of the figure
indicate day-night (arrows pointing down) or night-day (arrows pointing up)
transitions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.3 The position of the tether and end-bodies of an EDT system relative to a
geocentric coordinate system. . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.4 Average profiles for the charged particle densities in Earth’s ionosphere. . . . 15

1.5 A typical temperature profile for the ionosphere plotted along with the elec-
tron thermal velocity, vthe, and relative orbital velocity, v0, of a satellite as a
function of altitude (Figure from Ref. 56). . . . . . . . . . . . . . . . . . . . 17

1.6 Orbit-motion-limited current voltage characteristic for one, two and three
dimensions (from Ref. 46), where J and J0 are the current and thermal current. 20

2.1 A comparison of the existing theoretical models and experimental results from
TSS-1R (reproduced from Ref. 44). . . . . . . . . . . . . . . . . . . . . . . . 27

2.2 Spherical satellite models for a spacecraft in an ionospheric plasma. . . . . . 28

2.3 A schematic of the field aligned currents to the azimuthal currents near an
orbiting satellite at a positive potential (reproduced from Ref. 75). Note that
the current has an increasing radial component as the current radial distance
from the satellite decreases. . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.1 The electrons collected by the positively biased satellite (Φs > 0, relative to
the plasma) of radius a will be those confined within an area of radius r0
(figure adapted from84). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

vii



3.2 Diagram of EDT system frames of reference from Reference 25. (a) Tether
system with frames of reference. (b) The tether reference frame relative to
the orbital frame of body A. . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.3 The time evolution of the electron temperature (Te), number density (Ne) and
tether current. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.4 A comparison of the time evolution of the osculating orbit’s semi-major axis
between the system under a constant current and the I-P-M current over the
system’s last 10 orbits. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.5 The absolute difference between the osculating orbit’s true anomaly in the
I-P-M and the constant current models. . . . . . . . . . . . . . . . . . . . . . 46

3.6 The in-plane tether attitude angle under the influence of a constant current
and the I-P-M current over the system’s first 10 orbits. . . . . . . . . . . . . 47

3.7 The frequency spectrum of the in-plane tether attitude angle with a constant
current and the I-P-M current. . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.8 The out-of-plane tether attitude angle with a constant current and the I-P-M
current. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.9 The frequency spectrum of the out-of-plane tether attitude angle with a con-
stant current and the I-P-M current. . . . . . . . . . . . . . . . . . . . . . . 48

3.10 (a) The current predicted by the I-P-M model for the Test Case system
throughout an orbit. (b) PMG data for a FEP bias level of Φs = 65V from
Ref. 87. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.1 Boundary conditions and simulation geometry for the Particle in Cell model.
The magnetic field angle, plasma temperature and density, orbital velocity
and satellite potential can be varied in order to study the behavior of the
system under a variety of conditions. . . . . . . . . . . . . . . . . . . . . . . 54

4.2 The satellite PIC algorithm. In order to apply the algorithm to simulating
a plasma’s behavior around a spacecraft, the spacecraft geometry has to be
included in the potential solver and the particle mover. . . . . . . . . . . . . 55

4.3 Geometry near the boundary of the spacecraft . . . . . . . . . . . . . . . . . 57

4.4 The average steady state current collected by a spherical satellite biased at
Φsat = 20V and orbital velocity vorb = 0.3vthe as a function the angle between
the local magnetic field vector and its orbital velocity, θB. . . . . . . . . . . 60

viii



4.5 The time evolution of the potential in the simulation box for the benchmark
case (θB = 90◦, Φsat = 20 V), where blue contours represent areas of negative
potential. Figures 4.5(b) and (d) correspond to current minima, while Fig-
ures 4.5(d), (e) and (f) show the potential at current maxima. The fan shaped
structures observed by Vashi and Singh85 form in the ram region of the box
form during current maxima. A steady-state negative potential region forms
in the wake of the satellite. The potential contours are separated by ∆Φ = 15. 61

4.6 The time evolution of the current collected by a spherical satellite biased at
Φsat = 20V and orbital velocity vorb = 0.3vthe for θB = 60◦, 70◦, and 75◦ . . . 63

4.7 The time evolution of the current collected by a spherical satellite biased at
Φsat = 20V and orbital velocity vorb = 0.3vthe for θB = 75◦, 80◦, and 90◦. Note
that the oscillations in the currents for θB = 60◦ (Figure 4.6) and θB = 80◦

have distinctly different frequency characteristics. This suggests a transition
in dominant physics in the space plasma around the satellite between these
magnetic field angle (the behavior between θB = 100◦ and 120◦ is similar). . 64

4.8 The plasma structures present at the current minima (a, c, and e) and maxima
(b, d, and f) in Figure 4.6 and Figure 4.7 for θB = 60◦, 80◦ and 90◦. The
azimuthal current structures seen flowing in front of the satellite for θB = 80◦

and 90◦ are not present for θB = 60◦. . . . . . . . . . . . . . . . . . . . . . . 65

4.9 Steady state lobe structures that form near a spherical satellite biased at
Φsat = 20V, and orbital velocity vorb = 0.3vthe for θB = 0◦. Note the formation
of an enhanced wake due to ion scattering off of the potential surfaces created
by the satellite’s bias.27 The collection radius predicted by the Parker-Murphy
model is represented by the outer circle. . . . . . . . . . . . . . . . . . . . . 66

4.10 Simulations for both collision-less and MCC-PIC cases are plotted against
the two Parker-Murphy models. The current is roughly proportional to the
Parker-Murphy currents below Φsat = 150. Above Φsat = 150, a steady bow-
shock forms around the satellite that inhibits the electrons from entering the
sheath region. Electron-neutral collisions prevent the formation of the bow-
shock structure inhibiting current collection. The analytical curve fit is based
on the data points below Φsat = 150. . . . . . . . . . . . . . . . . . . . . . . 67

4.11 (a) and (b) show that the ion-depletion region drops to zero in the ram direc-
tion for low potentials. Note that (c) and (d) correspond to current minima
and maxima, respectively for Φsat = 125. The sheath can be seen expanding
and contracting. The current is limited when Φsat ≥ 150 by the formation of
the steady-state ion structure ahead of the satellite, (e) and (f). . . . . . . . 69

4.12 Representative time histories of the collected current. The collected current
is highly oscillatory for 75 < Φsat ≤ 125. For Φsat below 75, the oscillations
in the collected current are not significant. . . . . . . . . . . . . . . . . . . . 70

ix



4.13 The current collected as a function of the magnetization of the space-plasma
is shown, as well as an analytical curve fit to the data. . . . . . . . . . . . . 71

4.14 A highly magnetized plasma limits the cross-field transport and thus limits
current collected. A weakly magnetized plasma does not have the large am-
plitude oscillations present in the current collected in a magnetized plasma. . 72

5.1 The variation of the orientation between the magnetic field and end-body B’s
velocity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5.2 The upper plot shows the temperature and number density calculated by IRI
2012 throughout the system’s orbits for an initial orbit inclination of 25◦. The
tether’s current, governed by the P-P-M model, is shown in the lower plot. . 81

5.3 The boost of the semi-major axis of the system over 10 orbits. . . . . . . . . 82

5.4 The absolute difference in the argument of periapsis between the simulation
where the tether’s current is held constant and where it is varied by the P-P-M
model over 10 orbits. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.5 A comparison of the in-plane librations of the tether system when the current
is held constant (top) and when it is determined by the P-P-M model. . . . . 84

5.6 The frequency spectrum of the tether system’s in-plane librations. . . . . . 85

5.7 A comparison of the out-of-plane librations of the tether system when the
current is held constant (top) and when it is determined by the P-P-M model. 85

5.8 The oscillations driven by the out-of-plane component of the electrodynamic
force that are at the system’s orbital frequency have the same amplitude as
the high frequency oscillations driven by the tether’s elastic vibrations. . . . 86

5.9 The maximum in-plane and out-of-plane libration angles under a constant
current and the P-P-M model are shown as a function of initial orbit inclination. 87

5.10 The average current and maximum semi-major axis for the system using the
P-P-M model are shown as a function of initial orbit inclination. . . . . . . . 88

5.11 The upper plot shows the temperature and number density throughout the
system’s orbits for an initial orbit inclination of 75◦. The tether’s current,
governed by the P-P-M model, is shown in the lower plot. . . . . . . . . . . 89

x



List of Tables

1.1 A summary of the tethered satellite missions flown, reproduced from Table 1
in Reference 70. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

3.1 EDT System orbital elements for the Test Case and PMG models. . . . . . 42

3.2 EDT system parameters for the Test Case and PMG models. . . . . . . . . . 43

4.1 Parameter Values for Equation 4.13. . . . . . . . . . . . . . . . . . . . . . . 62

5.1 Parameter Values for Equation 5.8 and 5.7. . . . . . . . . . . . . . . . . . . . 78

5.2 EDT System orbital elements. . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.3 EDT system parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

xi



Chapter 1

Introduction

Electrodynamic tether systems typically consist of long, conducting tethers (10-100 km in
length) connecting two satellites (end-bodies). In order for the EDT system to function,
the central body in the system’s orbit must have a strong magnetic field and be surrounded
by a dense space-plasma. The system’s end-bodies must be in electrical contact with the
surrounding plasma in order to collect the electrons and ions that comprise the plasma.
EDT systems generate a potential difference across the tether either by using a power source
to force the potential difference or allowing an electromotive force to develop due to the
tether’s motion across the central body’s magnetic field. The potential difference drives the
electrons that are collected by the end-bodies through the tether to form a current. EDTs
use the electromagnetic interaction between the current and the ambient space environment
to create either power (generator mode) or thrust (motor mode). In either case, the current’s
interaction with the local magnetic field develops a distributed Lorentz force on the tether.
In generator mode, the electromotive force is generated due to the tether’s motion and not
a power source. Therefore, the collected current can be used to power systems onboard
the spacecraft. However, the electrodynamic force generated by the current opposes the
tether’s motion and will de-orbit the system. Conversely, in motor mode, the force acts in
the direction of the tether’s motion and gradually boosts the system’s orbit. The general
configuration for an EDT system in motor mode is shown in Figure 1.1 oriented vertically
relative to its central body. Electrons gyrate down the magnetic field lines and are collected
by the upper end-body. The collected current is then driven through the tether and released
at the lower end-body. The complex physics governing the processes inherent in current
collection are not well understood. The physics that allows the released electrons to ”close”
the current loop is also not well understood. Since the current drives a forcing term in the
system dynamics, an accurate characterization of the current that can be collected under a
variety of plasma conditions is needed in order to completely characterize an EDT’s dynam-
ics. EDT studies typically separate the system dynamics from the system’s interaction with
the ambient space-plasma environment and assume that the electromagnetic interaction can
be held constant. The fundamental purpose of the proposed research is to develop a better

1
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Figure 1.1: A vertically oriented electrodynamics tether system in motor mode.

understanding of the physics present in the plasma near a positively charged satellite in order
to determine its impact on the current collected by an EDT end-body and then ultimately
couple the new physics to a dynamics model of an EDT system in motor mode in order to
study its impact on the tether system’s dynamics. The remainder of Chapter 1 provides an
introduction to relevant fundamental theory and concepts that are necessary to frame the
contributions of the work encompassed in this dissertation.

1.1 History and Motivation for the Study of Electro-

dynamic Tethers

The first space tether applications began with Tsiolkovskii who proposed several tether
related concepts in his famous manuscript Day-Dreams of Earth and Heaven.8 In 1895,
Tsiolkvoskii introduced the ideas of a spinning tether system to create an artificial gravity
environment on a spacecraft and a equatorial tower soaring above geostationary altitude to
access an environment “free” of the effects of Earth’s gravity.7,8 Tsander later proposed a
similar concept of stretching a tapered cable from the Moon to the vicinity of Earth in order
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Table 1.1: A summary of the tethered satellite missions flown, reproduced from Table 1 in
Reference 70.

Name Date Orbit Length Agencyb Comments

Gemini 11 1967 LEO 30 m NASA Spin stable 0.15 rpm
Gemini 11 1967 LEO 30 m NASA Local vertical, stable swing
H-9M-69a 1980 Suborbital 500 m NASA Partial deployment
S-520-2a 1981 Suborbital 500 m NASA/ISAS Partial deployment
Charge-1a 1983 Suborbital 500 m NASA/ISAS Full deployment
Charge-2a 1984 Suborbital 500 m NASA/ISAS Full deployment
Oedipus-A 1989 Suborbital 958 m Canadian NRC/NASA Spin stable 0.7 rpm, mag-

netic field aligned
Charge-2Ba 1992 Suborbital 500 m NASA Full deployment
TSS-1a 1992 LEO 260 m NASA/Italian Space Agency Partial deployment, re-

trieved
SEDS-1 1993 LEO 20 km NASA Downward full deployment,

swing, and cut
PMGa 1993 LEO 500 m NASA Upward deployment
SEDS-2 1994 LEO 20 km NASA Full deployment, local ver-

tical stable
Oedipus-C 1995 Suborbital 1 km Canadian NRC/NASA Spin stable 0.7 rpm, mag-

netic field aligned
TSS-1Ra 1996 LEO 19.6 km NASA/Italian Space Agency Close to full deployment,

severed by arcing
TiPS 1996 LEO 4 km NRO/NRL Long-life tether on-orbit

(survived 12 years)
ATEx 1999 LEO 6 km NRL Partial deployment
ProSEDSa 2003 LEO 15 km NASA Hardware built, but not

flown
MAST 2007 LEO 1 km NASA Did not deploy
YES2 2007 LEO 30+ km ESA Full deployment
a Electrodynamic tether mission.
b ISAS is the Institute of Space and Astronautical Sciance, NRC is the National Research Council, NRO

is the National Reconnaissance Office, and NRL is the Naval Research Lab.
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transfer material from the Moon’s surface to Earth orbit and completed the first numerical
estimates of the cable’s dimensions using steel as the tether’s material.8 One of the first
concepts of an electrodynamic tether was proposed by Alfvén’s solar wind engine.4 The
engine consisted of two opposing, conducting tethers oriented parallel to the solar wind’s
electric field. The system would generate a useable current, while also attaining relatively
high velocities due to the solar wind. Dobrowolny et al.20 provide the first systematic
analysis of a bare electrodynamic tether system in low-Earth orbit.

The work encompassed in this dissertation will focus on the classic ”dumbbell” configuration
shown in Figure 1.1. The dumbbell system consists of two spherical end-bodies in electrical
contact with the surrounding space-plasma (without use of active plasma contactors) con-
nected by a fully insulated, conducting tether oriented vertically. An excellent collection of
introductory papers can be found in Ref. 5. Section 1.1.1 gives an overview of the electro-
dynamic tether missions completed to date. Several EDT system configurations have been
proposed for various applications, discussed in Section 1.1.2.

1.1.1 Missions

A total of eight EDT missions have been flown by a variety of agencies, excluding a mission
whose hardware was built but not flown (ProSEDS). Table 1.1 summarizes all of the tether
missions and their results to date. The Small Expendable Deployer System missions (SEDS-
1 and SEDS-2) were meant to demonstrate the feasibility of the deployer systems that would
be used on the up-coming Tethered Satellite System missions. SEDS-1 demonstrated that
the system could successfully deploy a 2 km long tether. SEDS-2 was meant to show that
a closed-loop control law could be used to stabilize the end-mass payload displace a small
angle away from the local vertical (unfortunately the tether was severed before the mission
was completed).16 The Cooperative High Altitude Rocket Gun Experiments32 (CHARGE-1
and CHARGE-2) sounding rocket missions showed that the current collected by an electro-
dynamic tether system can be significantly increased by the release of neutral gas clouds
via neutral ionization by incoming, high-energy electrons. TSS-1R and the Plasma Motor
Generator (PMG) mission are the most widely studied because they were flown in LEO (the
projected ideal altitude range for EDT operations) and their on-board experiments were
designed to investigate several key EDT concepts. Data from both missions will be used as
validation for the models developed throughout the dissertation.The following two subsec-
tions give a brief summary of the contributions of each experiment to the understanding of
EDT systems.

Tethered Satellite System (TSS-1 and TSS-1R)

The tethered satellite system (TSS) missions were meant to study to performance of an
EDT system. The TSS-1R mission consisted of a 521 kg end-body connected by a 2.5 mm



John A. Janeski Chapter 1. Introduction 5

copper tether 22 km in length to the Space Shuttle, making the TSS system the largest
man-made space structure ever flown.16 The tether deployed to a length of 19.7 km before is
was severed by arcing just above the deployment boom. The science instruments on the sub-
satellite continued to collect scientific data for 3 days after severing from the deployer until
its batteries ran out. Even though the tether was severed by arcing before it was completely
deployed, a number of very useful observations were made. The results from the TSS-1R
mission showed that the current collected by the TSS satellite was 2-6 times higher21 than
the current predicted by the Parker-Murphy model, a model that was previously thought
the predict the upper limit to the current collected by a positively charged satellite in the
presence of a magnetic field.

A recent study by Mariani et al.58 brings to light the existence of azimuthal currents in the
ram hemisphere of the TSS satellite, as observed in data from the TEMAG experiment, that
are not characterized by existing theories of spacecraft charging. TEMAG consisted of two
triaxial magnetometers mounted on a fixed boom 118 cm and 173 cm from the spin axis of
the TSS sub-satellite. The sub-satellite was spin-stabilized, allowing the magnetometers to
record a full 360◦ measurement of the magnetic field in the the sub-satellite’s equatorial plane.
Mariani et al. study two events where the current in the tether was held constant for longer
than the full spin period of the satellite (which allows TEMAG to complete a full revolution
around the satellite). TEMAG data showed significant deviations from the ambient local
magnetic field (as predicted by the IGRF95 model) in both radial and azimuthal magnetic
field components in the ram hemisphere. As a result of these observations, Mariani et al.
proposed the existence of clockwise azimuthal currents ahead of the TSS satellite as the only
explanation for the magnetic field deviations. Thus, the data from the TSS-1R experiment
showed both the current collected by an EDT system is higher than the current predicted
by the Parker-Murphy model and the existence of small scale azimuthal currents developing
ahead of the TSS satellite.

Plasma Motor Generator (PMG)

The Plasma Motor Generator system is the most successful EDT mission to date. The PMG
system consisted of a 0.5 km insulated copper tether connecting a Delta II second stage
to a far end package (FEP), and each end-body was equipped with hallow cathode plasma
contactors.87 The PMG tether mission produced several interesting results related to the
system’s current closure, namely that the active plasma contactors allowed near-field current
loop closure. The mission also demonstrated that the current in an EDT system is fully
reversible, allowing the tether to operate in both motor and generator configurations.16 The
PMG mission data exhibited significant differences in the current collected by the system
in day and night ionospheric conditions while holding the collecting body at a constant
potential and without any control on the tether’s current. The data set from the PMG
mission is extremely valuable when trying to develop accurate models for an EDT system
because it is the only existing data that shows the behavior of the collected current under
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Figure 1.2: The variation of the current collected by the PMG EDT for a range of end-body
potentials (reproduced from Ref. 87). The arrows at the top of the figure indicate day-night
(arrows pointing down) or night-day (arrows pointing up) transitions.

a variety of plasma conditions while the system parameters are held constant. The order of
magnitude drop in collected current between the day and night sides that is seen in the PMG
results shown Figure 1.2 is attributed to the drop in charge particle density and temperature,
and the resulting decrease of plasma turbulence that aids in the transport of particles across
field lines. In addition, the system’s orbit was chosen such that it flew over the Hilo, Hawaii,
VHF radar site in order to detect plasma waves generated by the system’s motion through the
ionosphere. The first ever observations of ion-acoustic solitons propagating along magnetic
field lines were completed by the ground based radar as the PMG mission flew over.
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1.1.2 Applications

Electrodynamic tethers have a wide variety of both science and engineering applications.
As already mentioned, the anticipated primary application for EDT systems is to alter the
system’s orbit via the electrodynamic force generated by the collection of current from the
surrounding space-plasma acting on the tether. The EDT system’s ability to provide thrust
without the use of propellent provides a tantalizing concept for extending satellite missions in
Earth’s ionosphere without the need to replenish the system’s source of propellent. Another
application that has been suggested for the generator mode configuration is space debris
removal. In generator mode, the current driven through the tether by the emf interacts with
Earth’s magnetic field to induce a drag force on the system that can be used to de-orbit space
debris when a EDT is attached to the object. Additionally, EDT systems in generator mode
offer an unlimited power source for LEO spacecraft that have an ready source of propellant
to counteract the drag generated by the tether (EDT systems have been proposed as power
systems for the International Space Station (ISS) and interplanetary exploration spacecraft).
The current that is collected by system in generator mode can then be used to power systems
aboard the spacecraft.

A recent study has shown that the number of space debris objects in LEO will continue
to increase even if all satellite launches were suspended today.55 Many of the LEO debris
objects are a result of the collision of dead satellites, such as the break up of the Fengyun-
1C (FY-1C).40 Since LEO satellite operations have become an integral part of our society,
the reduction of space debris is critical in order to maintain our ability to operate satel-
lites in LEO. EDT systems in generator mode have been proposed as a means of removing
large pieces of debris (e.g. the Electrodynamic Debris Eliminator62). The basic concepts
behind electrodynamic tether debris removal are momentum exchange (discussed later in
this section) and electrodynamic drag. Large pieces of debris can be gradually de-orbited by
attaching a long tether to them and allowing the electrodynamic force to act as an additional
source of drag. Unfortunately, Levin et al.53 showed that the risk of collision between the
tether attachment system and the debris mitigated the benefits of using EDT drag systems.
However, the analysis of Levin et al.53 showed that momentum exchange electrodynamic
tether systems are the most viable option for debris removal.

The concept of using a tether for momentum exchange to boost a payload into a higher
orbit with out use of a second rocket stage has existed since Andreev and Konstantinov3

proposed the idea of a space escalator. The Momentum-Exchange/Electrodynamic-Reboost
(MXER)43,78 tether system concept combines the concepts of momentum exchange and elec-
trodynamic tethers. The concept of the MXER tether system is based on a rotating tether
∼ 100 km in length, with various components (solar arrays, power systems, etc.) distributed
along its length. A payload launched from Earth’s surface will rendezvous with an end of
the tether as it reaches the lowest point in the tether’s rotation. Half a rotation later, the
tether will release the payload, launching it into a higher orbit and transferring momen-
tum to the payload. MXER will use its electrodynamic tether to regain the momentum
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that was lost to boosting the payload. The projected ∆v for the payload is ∼ 2.4 km/s.43

Momentum-exchange electrodynamic tether system, therefore, provides a re-useable means
to boost a payload’s orbit without the need for additional (and expensive) rocket stages. A
useful cross-section of literature pertaining to both electrodynamic tethers and momentum
exchange tethers is provided in Ref. 14. A reversal of this concept (capturing the payload at
the high point in the system’s rotation and releasing the payload at the system’s low point)
could be used for debris removal and de-orbiting satellites.

Ionospheric scientists can also take advantage of the strong coupling between the ionospheric
space-plasma and an electrodynamic tether system to design experiments to study the physics
behind several types of plasma disturbances in the ionosphere. The most basic measurements
possible involve high-impedance EDT systems and are based on deviations from the expected
emf generated across the tether.6 The deviations from the expected emf will be driven by
the presence of perturbing electric fields. High impedance EDT systems have the potential
to provide new insight into the variations in weak electric fields that drive some ionospheric
electrodynamics. Additionally, EDT systems at high magnetic latitudes can sample the
difficult to measure component of the electric fields parallel to the magnetic field and provide
new information about the polar ionospheric environment.

Low-impedance EDT systems can be used to generate large scale plasma disturbances in
the ionosphere. A system that consists of two contactors connected by a fully insulated
tether couples two physically separate regions of the ionosphere. Wave pulses are generated
along magnetic field lines as current is absorbed and released. The frequency of the pulse
is governed by the time the tether end-body is in contact with a given magnetic field line.6

In this manner, slow extraordinary (SE), fast magnetosonic (FM) and Alfvén waves can be
radiated by the tether system into the cold ionospheric plasma.22,35,68 The PMG experiment
was designed to generate ion-acoustic waves because the system was orbiting at a velocity
greater than the ion-acoustic wave velocity in the ambient plasma. The VHF radar system
place in Hilo, HI detected ion-acoustic solitons modes radiating off of the system.87 Arrays
of electrodynamic tethers time modulating their currents with a 90◦ phase shift can also be
used to excite Whistler modes.68 Each of the waves modes discussed here occur naturally in
the ionosphere, however they are governed by unpredictable processes in the space plasma.
EDT systems would allow scientists to generate a known wave species at a known time, thus
allowing them to design experiments around specific phenomena associated with each wave
mode.

The ability of electrodynamic tethers to modify the surrounding space plasma environment
enable them to modify particle populations present near their end-bodies. Incoming high-
energy charged particles are trapped in Earth’s magnetosphere by magnetic mirroring in a
region knows as the Van Allen radiation belts.45 Spacecraft traveling through the radia-
tion belts need to be protected from these high-energy particles via expensive shielding.88

Using ground stations to generate wave fields that will scatter the particles out of the Van
Allen belts is relatively inefficient.68 Electrodynamic tethers can be used to either generate
Whistler modes that mimic the natural diffusive processes that decay trapped particles or
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scatter particles into the loss cone of the magnetic field line to which they are fixed off of the
large potential structure that forms around a bare tether.69 Thus, electrodynamic tethers
can also be used to remediate the Van Allen radiation belts.

The Jovian space environment offers the optimal operating conditions for electrodynamic
tether systems to be used to explore Jupiter’s moons. The primary drawback to near-
Earth operations is that EDT systems require a power source to maintain the potential
difference across the tether that drives its current in motor mode. However, in the Jovian
space environment offers two advantages when compared to Earth’s ionosphere: Jupiter’s
magnetic field at its surface is an order of magnitude greater and the stationary orbit for
Jupiter is about one-third the relative distance.68 Therefore, electrodynamic tether’s can
operate above Jupiter’s stationary orbit in thrust mode without the use of a power supply
because the Jovian magnetic field sweeps past the satellite system, inducing an emf in the
tether in a direction that drives a current that will produce a thrust. The strong magnetic
field and low stationary orbit altitude combine to create a co-rotating plasma environment
that allows for “free” Lorentz force thrusting for EDT systems above the Jovian stationary
orbit.13,68 The “free” thrusting allows the tether system to adjust its orbit so that it can
maneuver between the Jovian moons.

In summary, the operation of electrodynamic tethers depends on the interaction between the
space environment surrounding the EDT system. Several tether missions have successfully
proved that EDT systems can provide both thrusting and power generation for satellite sys-
tems in LEO. The strong coupling between the tether and its space environment allow for
EDT systems to be used as scientific instruments to study ionospheric phenomena that gen-
erate relatively weak electric fields. The next three sections provide the fundamental theory
needed to understand the basic tether system dynamics, the system’s space environment and
the physics governing the current collected by the tether system.

1.2 Tether Dynamics

Tethered satellite systems provide a stable means to connect two structures in space due to
gradients in the forces experienced by large tethered systems.23 This section will cover some
of the basic operating principles and essential dynamics needed to understand the motion of a
tether system. The failure of the ATEx open loop control system during deployment30 showed
that additional dynamical issues exist in the system’s dynamics during deployment and
retrieval, but the topics of deployment and retrieval are outside the scope of this dissertation.
For the purposes of introducing the fundamental dynamics associated with tethered satellite
systems, the dynamics of a simple, fully deployed dumbbell configuration oriented along the
local vertical will be considered in order to facilitate a discussion of the basic motions of the
system. Consider an electrodynamic tether consisting of two masses, mA and mB, (where
mA > mB and mB is the upper mass), connected by a rigid tether of length L and linear mass
density, ρ. The tether’s dynamics can be broken down into two separate motions: the motion
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Figure 1.3: The position of the tether and end-bodies of an EDT system relative to a
geocentric coordinate system.

of the system’s mass center, Rc and the pendular motion of the tether. The tether’s shape
is defined by the general coordinate, s, where s(RA) = sA and s(RB) = sB, shown relative
to the geocentric reference frame in Figure 1.3. For a rigid tether, s simply describes the
line connecting mA and mB. The equation of motion of the system’s mass center is governed
primarily by the Newtonian gravitational field, with additional accelerations included in a
perturbation function:8

R̈C +
µRC

R3
= wc

wc = (∇U)C +
G2

M
+
IT
M

(sA − sB)γAB ×B +
Φoth

M

(1.1)

where Rc is the vector stretching from Earth’s center to the center of mass of the EDT
system, µ is the Earth’s gravitational constant,wC is the perturbing acceleration function,
and the total mass of the system, M , is given by

M = mA +mB +

∫ sB

sA

ρds = mA +mB + ρL (1.2)

The first term in the perturbation function is the gradient of the gravitational force function,
U , taken at the system’s center of mass, which can include terms for the Sun, Moon and other
planets, but does not include the main Newtonian component since it is already included
on the left hand side of Equation 1.1. The second term in wC defines the second order
gravitational perturbations and is maximized in the vertical orientation. The maximum
perturbation due to G2 is given by

|G2|
M

= 3
µ

R2
C

(
ri
RC

)2

(1.3)
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where ri is the tethered system’s inertia radius. For the system in this example, the inertia
radius is

ri ≈ (sA − sB)

√
1

mA

(
mB +

mT
3

)
(1.4)

where mT is the total mass of the tether. The third term in the wC is the acceleration due
to the Lorentz force acting on the tether due to the tether’s current, IT , and local magnetic
field, B. Here, γAB is defined as

γAB =
RA −RB
sA − sB

(1.5)

The current, IT , is assumed to be positive in the direction of s, that is from body B to
A. The last term in the equation for wC contains accelerations from aerodynamic drag,
solar radiation pressure, micrometeorite impacts, and any thrusters attached to the tether
system.8

The primary motion describing the movement of the tether itself is the pendular motion that
is driven by both the gradient of the gravitational force along the tether and the electrody-
namic force. For the moment, consider an non-electrodynamic tether system with a rigid,
massless tether of length L and whose end-bodies can be approximated by point masses
orbiting in a circular orbit. The gravitational force acting on a point mass, m, orbiting at a
distance r from Earth, along the radial vector pointing from Earth’s center of mass to the
body is4

Fg = −µm
r2

(1.6)

The centrifugal force acting on the body is

Fc = mrω2
sys (1.7)

where Ω is the orbital angular velocity of the body. The net force acting on the point mass
in a circular orbit must be zero. Therefore, the orbital velocity is

ω2
sys =

mu

r3
(1.8)

Returning to the tether system in question, in order for the system to be oriented vertically,
each element must have the same angular velocity, ωsys. In order for the system to follow a
circular orbit, there must exist a point , r0, between the two masses where the net centrifugal
force and the gravitational force are equal. If body A is the lower mass, then the net force
acting on body A is dominated by the gravitational force (towards Earth). Conversely, the
force acting on B is dominated by the centrifugal component (acting away from Earth).
Therefore, a tension in the tether is developed. Now perturb the system slightly away from
vertical by an angle α in the orbital plane and an angle β out of the orbital plane. Since
both the centrifugal and gravitational forces act in the system’s orbital plane, the vertical
force acting on the end-body at distance l down the tether from r0 (end-body A) can be
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approximated by the sum of the net force acting at point r0 and the gradient of the force in
the vertical (radial) direction

Fv = Fr0 + l cos(α)∇
[
mArω

2
sys −

µmA
r2

]
(1.9)

where, by definition Fr0 = 0. Thus, using a small angle approximation, Equation 1.9 can be
reduced to:

Fv = mAl
[
ω2
sys + 2

µ

r3

]
= 3mAlω

2
sys (1.10)

The out-of-plane component of the net force is simply the out-of-plane component of the
gravitational force:

Fo−p = −mµ
r2

l sin β

r
= −mω2

syslβ (1.11)

Note that there is not a component of the net force acting on the body in the direction of
the system’s motion. The in-plane torque is therefore

τα = −l sinαFv ≈ −3mAl
2ω2

sysα (1.12)

The out-of-plane component of the torque is the sum of the torque due to the out-of-plane
component of the force and the vertical component:

τβ = −Fvl cos(α) + Fo−pl sin(β) ≈ −4mAl
2ω2

sysβ (1.13)

Since τα = mAl
2α̈ and τβ = mAl

2β̈, the equations of motion for the tether’s libration for
small angles are

α̈ = −3ω2
sysα

β̈ = −4ω2
sysβ

(1.14)

The forces acting on the tether’s libration angles are therefore restoring forces on both the
in-plane and out-of-plane angles. The system is therefore stabilized about the local vertical
by the restoring forces acting on it. Each restoring force is primarily composed of the gravity
gradient force. Thus, when oriented vertically, tether systems are said to be gravity gradient
stabilized. Both the TSS-1R and the PMG tether system were gravity gradient stabilized.

Even though the electrodynamic force was not included in the discussion of gravity gradi-
ent stabilization, the development of the electrodynamic force is the primary focus of this
dissertation and how it impacts both the orbital and pendular motions of the tether. The
motion of the tether system throughout its orbit induces an electromotive force (emf) across
the tether as it sweeps through Earth’s magnetic field. The emf generated by the tether’s
motion is given by8

Ei = −
∫
L

〈B,v×R′〉ds (1.15)
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where s is again the parameter along the tether, the prime denotes differentiation with respect
to the tether parameter s, (′) = ∂/∂s, R(s, t) is a vector valued function that describes the
tether’s shape in the Earth Centered Inertial (ECI) reference frame, B is the magnetic field
vector in ECI and v is the velocity of tether element ds relative to the moving space plasma.
On board power systems can apply a control voltage, Ec, to the tether, whose impedance
is given by Gt. The remaining elements of the system (e.g. the plasma contactors, the
ionospheric current path, on-board components, etc.) have a total impedance, Ge. The
voltage balance for the entire system is thus,

IT (Gt +Ge) = Ei + Et (1.16)

where IT is the current in the tether collected from the space-plasma. The quantities E
and IT are again defined as positive in the direction of the tether parameter s. The local
magnetic field, therefore, exerts an electrodynamic force acting on the tether per unit length,
given by:

F = ITR′ ×B (1.17)

The electric power consumed (or produced) over the entire circuit defines the rate of the
mechanical work performed on the tether by the distributed force:

−EIT =

∫
L

〈ITR′ ×B,v〉ds = IT

∫
L

〈B,v×R′〉ds (1.18)

In generator mode, E = Ei and the current driven through the tether acts to brake its orbital
motion. The electric power EiIT is generated at the cost of an equivalent amount of orbital
energy.8 However, in thruster mode, a control voltage is implemented across the tether such
that Ec = −kEi where k > 1. The control bias switches the direction of the current flow,
aligns a component of the electrodynamic force in the direction of the tether’s motion and
pumps energy into the system’s orbit.

An electrodynamic tether’s motion is impacted by the electrodynamic force that acts along
the tether’s length. Both the system’s orbit and its pendular motion are affected by the
magnitude of the electrodynamic force. This force is governed by the interaction of the
tether system and the local space environment, which is in turn determined by the dynamics
of the charged particles in the space-plasma. The next section focuses on introducing the
basic physics governing charged particle motion in Earth’s ionosphere and the key parameters
that characterize a space-plasma.

1.3 Particle Motion in an Ionospheric Plasma

The ionosphere is comprised of a space-plasma, a quasi-neutral gas of charged and neutral
particles that display a collective behavior. A gas is said to be quasi-neutral if it can be
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assumed that nk ≈ ne ≈ n (where ne and nk are the number densities of the species present
in the plasma, and n defines the plasma density that is equal to the number density of each
species), yet still enables the local electromagnetic forces driving the plasma’s dynamics to
exist. The formation of an ionosphere is driven by the presence of a neutral atmosphere and
an ionizing agent (e.g. high energy photons).45 The ionosphere is defined by three regions
between approximately 60 km and 1000 km: the D-region (60 km to 85 km), the E-region
(85 km to 140 km) and the F-region (140 km to 1000 km).56 The ionization of the neutral
atmosphere creates the ionosphere via photoionization (where most of the photons originate
from the Sun) and energetic particle precipitation.42 The characteristics of a general electron
density profile, shown in Figure 1.4a, are governed by several competing processes. As the
the neutral atmosphere absorbs the solar spectrum of EUV and UV radiation, it ionizes
via photoionization to form a space-plasma and its temperature increases (the concept of
temperature will be discussed later in this section). The balance of the recombination rates of
ions and electrons (the rate at which ions and electrons combine to form a neutral atom) with
the rate of photoionization provides an upper bound on the plasma density.42 The variation
of the plasma’s density with altitude is dependent on the increasing recombination rate and
neutral density, and decreasing photon flux with decreasing altitude, where a maximum
density occurs around 300 km in the F-region. The ion populations in each region (see
Figure 1.4b) are stratified by Earth’s gravitational field. The average electron density also
varies by an order of magnitude between the midlatitude dayside ionosphere and the nightside
ionosphere because of the decrease in the photon flux that drives the photoionization process.
The density peak around 300 km in the profile in Figure 1.4a is known as the F-peak and
its altitude ranges between 200 km and 400 km depending on the state of the ionosphere.

Electrodynamic tether applications assume satellite operation in Low Earth Orbit (LEO)
around the F-region of the ionosphere due to the high electron density. The space environ-
ment in this region consists of Earth’s dipole magnetic field immersed in a plasma of neutral
particles, oxygen ions and electrons (along with small densities of the other ion species).
There are several fundamental parameters associated with charged particle dynamics that
are used to characterize the state of a space-plasma. As charged particles move through
Earth’s magnetic field, ~B, with velocity ~v, they experience a Lorentz force

mk
d~v

dt
= qk(~E + ~v× ~B) (1.19)

where mk and qk are the mass and charge of the kth species (e.g. electron, hydrogen ion,
oxygen ion, etc.). The magnetic field in LEO is typically modeled as a dipole tilted at
11◦. Additional perturbations can be added to the magnetic field dipole model to account
variations in Earth’s core and crust. The Lorentz force induces gyro-motion of charged
particles about a guiding center corresponding to a magnetic field line. These particles
gyrate with a cyclotron frequency

Ωck =
|qk|B
mk

(1.20)



John A. Janeski Chapter 1. Introduction 15

(a) The diurnal variation of the electron density with solar
activity (Figure from Ref. 17)

(b) The electron and ion composition of the ionosphere as a function of
height (Figure from Ref. 39).

Figure 1.4: Average profiles for the charged particle densities in Earth’s ionosphere.
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and a radius from the gyro-motion’s guiding center

ρLk =
mkv⊥o
|qk|B

(1.21)

where the terms ρLk and Ωck denotes the Larmor radius and cyclotron frequency of particle
species k. The Larmor radius for ionospheric particles is approximately 3 cm for electrons
and 6 m for oxygen ions. The gyro-motion of particles about field lines and their low thermal
energy in the ionosphere result in particle motion that is fixed to magnetic field lines.

Another important concept that defines a space-plasma is the plasma’s temperature. The
most probable distribution of the velocities of the particles in a gas in thermal equilibrium
is known as a Maxwellian distribution.15 The Maxwellian distribution for the kth species of
plasma particles is given by:

f(~v) = n

(
mk

2πKTk

)
exp

(
−1

2
mk||~v||2/KTk

)
(1.22)

where K is Boltzmann’s constant. The width of the Maxwellian distribution is determined
by the constant Tk, which is used as the definition of the species’ temperature. Since the
species average kinetic energy per degree of freedom is 1

2
KTk, temperature is usually defined

in units of energy.15 Since the temperature of a species is defined in terms of its velocity
distribution in a plasma, disturbances in a plasma that can affect a particle’s velocity will
also affect its temperature. Thus, species in the same plasma can have unequal temperatures
due to differing collision rates in situations where the plasma does not last long enough to
attain thermal equilibrium. Additionally, due to the magnetic field’s significant influence on
particle motion, plasmas tend to have varying temperatures parallel and perpendicular to
the magnetic field. However, the temperature in a plasma decreases with decreasing altitude
(a typical temperature profile is shown in Figure 1.5) due to the attenuation of the solar flux
as the Sun’s photons are absorbed by photoionization processes. A plasma’s temperature
should not be confused with the concept of heat because the low density of a space-plasma
translates to a small heat capacity.15 Note that satellites in LEO near the F-peak are orbiting
at v0 ∼ 0.045vthe, where vthe is the electron thermal velocity.

Particle collisions are a means of transferring energy (and temperature) between space-
plasma processes, such as waves and other plasma disturbances, and species. There are
two different types of collisions in a plasma: coulomb collisions between charged particle
species and neutral collisions between the plasma and neutral particles. Collisions between
charged particles (electron-electron, ion-electron and ion-ion) can result in the diffusion for
like particle collisions.15 The effect of charged particle collisions with neutrals is determined
by the time scale of the plasma process being studied, τ , and the collision frequency. The
collision frequency between the kth particle species and a neutral atom is given by

νkn = nnvthkσn (1.23)

where nn is the neutral number density, vthk is the thermal velocity for the kth species and σn
is the collision cross-section of the neutral atoms.34 If νknτ >> 1, then plasma is said to be
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Figure 1.5: A typical temperature profile for the ionosphere plotted along with the electron
thermal velocity, vthe, and relative orbital velocity, v0, of a satellite as a function of altitude
(Figure from Ref. 56).
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collisional and its motion is dominated by the motion of the neutral gas. If νknτ << 1, then
the plasma is collision-less and collisional effects can be neglected. However, if the plasma
is in the weakly collisional regime, then the slow rate of energy transferred to the neutrals
by collisions will damp out any disturbances or waves present.

In addition to the single particle motion, plasmas display collective motions in the form of
plasma oscillations. Suppose an electron is displaced from a background of uniform ions.
The electric field induced by the electron’s displacement generate a restoring force that pull
the electrons back to their original positions. The inertia of the electrons cause them to
overshoot their original positions, causing another restoring force to develop. The oscillation
of the electron is on such a small time scale that the much more massive ions do not have
time to react. The electrons continue to oscillate around their original positions due to the
restoring force of the ions. The frequency of electron’s oscillation defines the characteristic
frequency of the plasma’s oscillation, termed the plasma frequency:

ωp =

(
ne2

ε0me

)1/2

(1.24)

where ε0 is the permittivity of free space. Since each of the parameters in Equation 1.24
is constant except the plasma density, the plasma frequency (and hence the frequency of
oscillations in the plasma) depend primarily on the plasma’s density.

The plasma’s behavior is also defined by the shielding of applied electric field potentials.15

Suppose a satellite biased to a potential, φ0, is placed in an ionospheric plasma. The satellite
will be surrounded by a non-neutralized region that will shield the electric field created by
the satellite from penetrating into the rest of the plasma. The thickness of this region can
then be calculated by determining the potential distribution in the plasma using Poisson’s
Equation

ε0∇2φ = −e(ni − ne) (1.25)

where ni and ne are the ion and electron number densities, respectively. For a single ion,
the thickness of the non-neutralized region, the Debye length λD, is defined as

λD =

√
ε0KTe
ne2

(1.26)

and is a measure of the distance over which the potentials that develop within the plasma
are screened. For an ionospheric plasma, the Debye length is approximately 1 cm. Once a
charged particle moves a Debye length away from another charged object, the electrostatic
interaction between the two bodies can be assumed to be negligible. Therefore, the definition
of quasineutrality can be updated to state that a quasineutral plasma is one where λD << L,
where L is the characteristic size of the plasma. The non-neutral region around a satellite
defines its sheath and is typically several Debye lengths in thickness.

Each of the parameters mentioned (Debye length, species temperature and density, plasma
frequency, cyclotron frequency and collision frequency) are required to define space plas-
mas in simulations. The fundamental parameters (temperature and density) on which the
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characteristic time and length scales of the plasma depend can be accurately calculated by
the International Reference Ionosphere (IRI).12 IRI is an internationally accepted model for
the non-auroral ionosphere that is comprised of monthly data from a world wide network of
facilities. IRI is used to generate the temperature and density parameters for several of the
models in this dissertation in order to incorporate accurate variations in the plasma state
into the tether/plasma interaction.

1.4 Fundamentals of Tether Current Collection

There is a wide range of techniques that have been proposed for collecting current in an
EDT system. These techniques can generally be split into two categories: active and passive
plasma contactors. Passive contactor electrodes offer the significant advantages of simplified
end-body design, minimum mass and increased system robustness.79 The common configu-
rations for passive contactors include conductive spherical end-bodies, partially bare tethers,
and gridspheres. Active current collection enhance the end-body’s electrical connection with
the surrounding plasma using a plasma generation source, such as the Hallow Cathode As-
sembly on the PMG mission.87 The tether system model developed in this dissertation will
make use of a passive plasma contactor and thus, this section will focus on processes related
to passive techniques for current collection.

The physics of the current collected by an EDT end-body is very similar to that of spacecraft
charging, with the primary differences of higher bias potentials and a means to transport
the collected charge away from the body (the conducting tether). Therefore, most of the
theory pertaining to tether current collection has it roots in spacecraft charging. The text
by Lai49 provides a thorough development of the spacecraft charging problem. First, some
basic terminology needs to be introduced for specific charging situations as defined by Lai:49

• surface charging occurs on conducting spacecraft where charges remain on the surface.

• absolute charging refers to a uniformly charged spacecraft, which as a result has only
one potential Φ0.

• differential charging can occur on spacecraft composed of electrically separated sur-
faces. In this case, the surface potentials will depend on both the material and the
surrounding space environment, which may be anisotropic.

• deep dielectric charging occurs due to the penetration of very energetic ions or electrons
(MeV or higher) deep into dielectrics, which are nonconductors.

The electrodynamic tether end-bodies considered here collect current in the absolute charging
state, where the end-body has a uniform potential.
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Figure 1.6: Orbit-motion-limited current voltage characteristic for one, two and three di-
mensions (from Ref. 46), where J and J0 are the current and thermal current.

There are several sources of charging or current flux to a positively biased satellite system.
The primary current sources are the electrons and ions that are incident on the spacecraft’s
surface and these sources will be discussed in detail throughout the rest of this section.
Typically, the ambient electron flux is greater than the flux of ions simply because the
electrons move faster due to the smaller mass (when kTe = kTi, ve ≈ 46vi for hydrogen
ions). In the sunlight, energetic photons scattered electrons off of the satellite’s surface,
creating a photoemission current away from the spacecraft that can exceed the ambient
current sources arriving at an unbiased spacecraft.49 Secondary and backscattered provide
a source of electron flux away from the satellite’s surface. Secondary and backscattered
emissions are formed when a primary electron impacts a surface and either backscatters
or energizes an electron near its impact site enough to cause the electron to escape. The
magnitude of the backscattered and secondary electron flux therefore depends on the surface
properties of the spacecraft. The final source of particle emission away from a satellite that
needs to be discussed as active plasma contactors, such as the Hallow Cathode Array on the
PMG mission,87 that release a beam of electrons or ions in order to modify the impedance
of the surrounding space-plasma.

Orbit Motion Limited (OML) theory is one of the fundamental models used to describe
charge particle collection by both Langmuir probes and spacecraft. A Langmuir probe is a
charged body (typically a spherical, cylindrical or planar probe) that when immersed in a
plasma collects a current based on a predetermined voltage. OML theory is used to relate the
potential of the probe and the current collected to the charged particle density in the plasma,
typically displayed via current-voltage curves, such as the one shown in Figure 1.6. OML
theory can also be applied to charged spacecraft moving through a space-plasma. Consider
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a charged particle traveling at a velocity, v, infinitely far away from a biased spacecraft that
attracts the particle. As the particle moves towards the spacecraft, conservation of energy
states that:

mv(r)2

2
+ qφ(r) =

mv2

2
(1.27)

where q and m are the charge of the attracted particle. The maximum impact distance is
calculated using the conservation of angular momentum of the particle:

mvh = mvaa (1.28)

where a is the radius of the probe, va is the velocity of the particle v(a) when it touches the
probe tangentially at r = a, and h is the distance from the center of the probe at which a
particle can originate in order for it to intersect the surface of the probe tangentially. The
kinetic energy of the particle at infinity is approximately mv2/2 = kTe. Substituting the
particle’s kinetic energy and Equation 1.28 into Equation 1.27 results in impact distance

h = a

(
1− qφ

kT

)1/2

(1.29)

and impact velocity:

va = v

(
1− qφ

kT

)1/2

(1.30)

Assuming perfect collection by the surface of the spacecraft, every particle inside the radius
r = h will be collected. Therefore, the current collected will be the the flux through the
surface area through the sphere of radius h. Thus, the current collected by the satellite,
I(φ), is given by:

I(φ) = 4πh2nqv (1.31)

Substituting Equations 1.29 into 1.31 gives the current collected by a spherical satellite:

I(φ) = 4πnqva2
(

1− qφ

kT

)
(1.32)

Note that if the spacecraft is unbiased (φ = 0), then satellite collects the current I(0) =
4πnqva2. Equation 1.32 is known as the OML-current collection formula for spherical space-
craft and was originally derived in Ref. 59. OML current curves for different Langmuir probe
geometries are shown in Figure 1.6. Orbit motion limited theory, however, does not apply
to a space-plasma that is partially magnetized. Parker and Murphy61 developed a similar
model to account for the presence of a magnetic field. The Parker-Murphy model will be
discussed in detail in Chapter 3.

Current collection models that based conserving aspects of single particle motion (such as
OML theory and the Parker-Murphy model) do not take into account the collective behavior
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of the plasma near the satellite. Sheath-based theories attempt to include the motion of the
plasma motion as a whole by examining the behavior of the electron’s distribution function in
the presence of a biased satellite. Consider a satellite positively biased relative to the ambient
plasma potential. The potential in the plasma will vary from the satellite’s bias potential
to the potential of the ambient plasma. Per the earlier discussion on Debye shielding, the
plasma tends to shift around charged bodies to confine the area of potential variation to
within a few Debye length’s of the satellite.15 The sheath is defined by the layer of potential
variation near the boundary of the satellite. Sheath current collection models stem from the
assumption that the edge of the sheath is defined by the boundary where the electric field
abruptly changes sing and the electrons shift from one to two dimensional acceleration.44 The
primary drawback of sheath based models for use in complex computational models is that
they require the solution Poisson’s equation to determine the sheath’s thickness. Another
disadvantage of sheath models is that they do not account for the sheath’s asymmetry in
the presence of a magnetic field. Several sheath based models will be briefly discussed in
Section 2.1.2.

In addition to a variety of sources of current collection, several different geometries for EDT
plasma contactors have been proposed: passive metallic balloons, partially bare tethers,
gridspheres and active plasma contactors. Current collection by passive metallic end-body
(or satellite) is the subject of the remainder of this dissertation and will not be discussed
here. Partially bare tethers have twenty to eighty percent of the tether’s length exposed
to the plasma environment. The Momentum Exchange and Recovery (MXER) mission was
going to be the first to use partially bare tethers.31 Since partially bare tethers can stretch
over many kilometers, they can collect a constant current when passing through regions of
variable charged particle densities, such as plasma bubbles. Hence, bare tethers have been
considered due to their ability to maintain a constant current under a variety of plasma
conditions. Gilchrist et al.31 compared the collection efficiency of a bare cylinder, tape
tether and mesh tether in a dense, high speed plasma and concluded that tape tethers with
widths above a Debye length are most efficient. However, Gilchrist et al.31 noted that mesh
tethers may be a better design due to their survivability with respect to micro-meteoroid
impacts. Stone et al.79 proposed the use of gridspheres as a lighter, more efficient means
of current collection. Gridspheres are essentially a conducting mesh structure in the shape
of a sphere. The mesh structures give incoming electrons two chances to be collected via
the electron’s ability to cross the interior of the sphere. Therefore, gridspheres can collect
current in both the ram and wake directions. Khazanov et al.44 compared the efficiency of
gridspheres and solid spheres as passive plasma contactors and concluded that gridspheres
would require about half of the mass of a solid sphere to collect the same amount of current.
Active plasma contactors are systems that release particles into the vicinity of collecting
body to modify the plasma around the contactor in order to reduce the impedance between
the contactor and the plasma. Active plasma contactors have been demonstrated to improve
the current collected by an EDT tether system during the PMG mission.87 The work in this
dissertation, however will focus on current collection by passive spherical satellites that are
positively biased and whose only source of current is from electron and ion fluxes from the
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ambient space plasma.

1.5 Contributions of the Present Study

The survey of the introductory material discussed in the previous sections motivates the
primary contributions of this dissertation. Even though there exists a large body of research
investigating the dynamics of an electrodynamic tether system, the literature is relatively
sparse on the topic of the coupling between the system’s dynamics and the state of the local
space-plasma environment. A full review of the literature will be given in Chapter 2. For
the purposes of understanding the contributions of this dissertation, it is sufficient to simply
state that previous investigations of EDT systems decouple the tether’s dynamics from the
space-plasma state’s effect on the tether’s current and vice versa. The primary factor limiting
the ability to incorporate the physics of the current collection into the system’s dynamics is
that the complex processes that govern the behavior of the current collection are not well
understood. The goal of each section is to incrementally develop a better understanding
of the interplay between the tether system’s dynamics and the state of the surrounding
space-plasma.

1.5.1 Effects of the Local Plasma Environment on the Dynamics
of Electrodynamic Tether Systems

A simple analytical model for the current collected by the EDT system governed by IRI
2012 is combined with a high fidelity tether dynamics model to create the first EDT system
model that couples the affects of the diurnal variations in the tether’s current observed
in the PMG mission into an EDT system’s dynamics. The dynamics of the new system
model are compared to a model where the current is held at a constant value. The current
oscillations from the simulation matches the characteristics of the data collected during the
PMG mission. Additionally, new instabilities are observed in the tether’s dynamics that
are driven by the oscillations in the state of the plasma throughout the system’s orbit.
The oscillating current was found to pump energy into the librations of the tether out of the
system’s orbital plane and drive the out of plane oscillations unstable. The diurnal variations
in the current also introduced new modes into the tether’s oscillations in the orbital plane.

1.5.2 Investigation of the Current Collected by a Spherical Satel-
lite with Application to Electrodynamic Tethers

As discussed in Section 1.4, the current collected by an electrodynamic tether end-body is
typically modeled by a spherical satellite traveling through a space-plasma. A parametric
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study of the variation of the current collected by a spherical satellite with both system and
plasma parameters is completed. The research focused on improving the understanding of
the plasma dynamics near a positively biased satellite moving through the ionosphere and
to characterize the effects that the dynamics have on both the structures and the current
accrued by the satellite. The simulations run for Chapter 4 comprise the first set of Particle-
in-Cell simulations to investigate the effects of sweeping through a range of magnetic field
orientations and collisions on the current collected by a positively biased satellite. The
variation in the magnetic field’s orientation was found to induce the formation of two different
types of structures as the orientation of the magnetic field varies from parallel to anti-
parallel relative to the EDT end body’s orbital velocity. When the magnetic field is near
perpendicular to the satellite’s orbital velocity, the magnetic field induces azimuthal current
structures that enhance the current arriving at the satellite. A magnetic field that is parallel
(or anti-parallel) to the satellite’s velocity forms lobed structures that limit the current. The
satellite’s bias relative to the plasma’s potential was also found to induce the formation of a
bow-shock structure when raised above a certain level. The bow-shock significantly limited
the current arriving at the satellite. The introduction of collisions into the space-plasma
inhibited the formation of the bow-shock structure and its current limiting affects were
negated. Additionally, increasing the ratio between of the cyclotron frequency to plasma
frequencies was found to limit to current collected. Analytical curve fits were generated to
characterized impact that the variation each parameter has on the current collected by the
satellite.

1.5.3 Electrodynamic Tether Instabilities Induced by the Depen-
dence of the Collected Current on the Magnetic Field Ori-
entation

Thompson et al.80 develop a curve fit function to the current-voltage characteristics of
the TSS-1R sub-satellite based on the Parker-Murphy model. The variation in the current
collected by an electrodynamic tether end-body with the local magnetic field orientation
observed in the Particle-in-Cell simulations is incorporated into the curve fit form developed
by Thompson et al. to build a plasma parameter dependent, numerical current collection
model. The plasma parameters are again determined by the International Reference Iono-
sphere 2012 model. The dynamics of an electrodynamic tether system are studied under
the influence of both a constant current and the plasma-parameter dependent model over
a range of orientations. The results from this study show that as the inclination of the
system’s orbit increases, the average current collected decreases. The decrease in average
current cancels out an increase in the component of the electrodynamic force out of the
system’s orbital plane known to drive an instability in the tether’s librations and reduces
the ability of the electrodynamic force to increase the system’s altitude. The results indicate
that electrodynamic tether systems will have smaller pendular motions on orbits with large
inclinations, but will not be as effective at boosting the system’s orbit.
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1.6 Organization of Dissertation

The remaining chapters of this dissertation are organized in a manner that will lead the reader
through the development of the first electrodynamic tether system model that couples models
for the dynamics and plasma interactions. Chapter 2 will review the literature pertaining
to the study of both the dynamics of electrodynamic tether systems and plasma dynamics
in the vicinity of charged bodies. Since the tether models vary from chapter to chapter,
each chapter will contain on overview of the models and methods used to obtain the results
presented in that chapter. Chapter 3 will focus on the implementation of a simple model
for the tether’s current that is dependent on the local plasma state and the dynamical
instabilities that result from the diurnal variation in the plasma parameters. A Particle-in-
Cell model is then used to study the impact of the plasma structures that form around a
charged body on the current it collects, presented in Chapter 4. The results from Chapter 4
are used to develop an improved current model for the system in Chapter 3. The improved
current model is integrated into the system dynamics model and the system dynamics are
studied over a range of inclinations in Chapter 5. Finally, Chapter 6 gives a summary of the
conclusions of the dissertation and recommends directions for future research.



Chapter 2

Literature Review

Literature pertaining to electrodynamic tethers is generally sectioned into two categories:
system dynamics and system interactions with the space environment. The following sections
will reflect this separation. Section 2.1 will review the existing analytical current collection
models. The next section will review the results from Particle-in-Cell simulations and how
they have improved the understanding of the current collected by a circular spacecraft.
Finally, the last section reviews the existing tether dynamics models.

2.1 Analytical Current Models

The study of current collection by a cylindrically or spherically symmetric charged body
in a stationary space plasma began with the development of Langmuir probe theory50 and
subsequently OML theory. Several groups have since developed analytic models for the upper
bound on current collected. As mentioned above, Parker and Murphy61 rigorously conserved
particle energy in the presence of an ambient magnetic field which resulted in the relationship
I ∝ φ1/2. Linson54 considered the effects of turbulence on electron transport across magnetic
field lines to create the constant density cylindrical shielding model: I ∝ φ/ lnφ. Rubenstien
and Laframboise47,66 and Sanmartin67 developed complimentary models for an upper bound
on current collection using kinetic theory.

Dobrowlony et al.21 and Khazanov et al.44 review several common current collection models
and compare them to the results from the TSS-1R mission, shown in Figure 2.1. The curves
labeled PM-1 and PM-2 represent the Parker-Murphy model61 and the Parker-Murphy model
that has been adjusted by Singh and Chagenti72 for the motion of the tether end-body
across the local magnetic field. The two Parker-Murphy models are discussed in Section
2.1.1. Lai’s49 text presents a fundamental description of existing spacecraft charging models
and develops a sheath based model that determines the current-voltage characteristics of
an EDT. The model results from equating the current entering the sheath with the current

26
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in the tether. However, the model assumes a spherical sheath and does not account for its
deformation along field lines in the presence of a magnetic field. The red dots in Figure 2.1
represent a similar model that was developed by Khazanov et al.44 has the best correlation
with the current voltage characteristics from the TSS-1R mission. All of the sheath based
models require solving Poisson’s equation numerically for to find the sheath radius based on
a specified density structure. Therefore, an analytical model that is both closed form and
incorporates the physics of the relative motion between the satellite and the local magnetic
field does not exist.

2.1.1 Parker-Murphy Model and Adjusted Parker-Murphy Model

The current collected by a spherical body in a space plasma is a well studied problem with
applications including plasma diagnostics, spacecraft charging and electrodynamic tethers.
For an ionospheric plasma, only two satellite environments have been considered: a station-
ary plasma with a uniform ambient magnetic field and a plasma that is drifting normal to
the magnetic field simulating the satellite’s orbital motion, as shown in Figure 2.2.

The Parker-Murphy Model61 is an analytical solution used to predict an upper-bound on

Figure 2.1: A comparison of the existing theoretical models and experimental results from
TSS-1R (reproduced from Ref. 44).
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(a) Stationary plasma geometry (Ref. 84).
(b) Drifting plasma ge-
ometry.

Figure 2.2: Spherical satellite models for a spacecraft in an ionospheric plasma.

current collection by a spherical satellite in a non-flowing plasma with an ambient magnetic
field. By conserving canonical angular momentum, Parker and Murphy found that the
satellite will collect all of the electrons originating infinitely far away from the satellite
within a collection area of radius r0, as shown in Figure 2.2a. Since the thermal velocity
of electrons in the ionosphere is approximately 300 km/s, the effects of the plasma drift
(typically around v0 = 8 km/s for satellites orbiting at 300 km) were initially thought
to be insignificant. However, the results of the first electrodynamic tether experiment22

onboard the space shuttle, the Tethered Satellite System (TSS-1R), showed that currents
4-6 times greater than those predicted by Parker and Murphy are collected. There have
been several analytical46 and numerical75 studies that have corroborated these observations
by investigating the geometry shown in Figure 2.2b. Since the addition of a drift velocity
caused a significant increase in current collection, it is important to investigate whether the
current collected significantly varies as the drift velocity changes direction. The previously
studied cases do not characterize the effects on charge collection by a satellite whose velocity
vector is at an oblique angle to the ambient magnetic field. The theory needed to examine the
oblique angle case has not been developed such that an analytical solution exists. Therefore,
this study will be an important first step towards understanding the dependence of current
collection by a spherical satellite on the direction of orbital motion.

In light of the results from the TSS-1R mission predicting currents 4-5 times higher than
predicted by the Parker-Murphy model, Singh and Chagenti72 added an estimate for the
sweeping effects of the magnetic field to the Parker and Murphy model. It should be stressed
that this is a qualitative estimate of the additional current collected due to the orbital
motion of the satellite and that it is only meant to provide a qualitative feel for the current
enhancement. The additional current is calculated by estimating the charges in the sheath
flux tube intercepted by the velocity flow. The actual current enhancement is governed by
very complex plasma processes. As pointed out by Dobrowolny et al.,21 this estimation does
not depend on the satellite’s velocity. Both the Parker-Murphy and Adjusted Parker-Murphy
models will be covered in the methods section of Chapter 3.
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2.1.2 Other Models

In addition to the aforementioned Parker-Murphy model, several numerical models for the
current collected by a spherical end-body in an ionospheric plasma exist. The numerical
models split the region near the satellite into two regions, where the inner region is known
as the magnetic pre-sheath. The boundary of the pre-sheath is defined as the point where
all of the ions are reflected due to the positive potential of the spacecraft. Due to the
reflection of the ions, their density at the boundary is twice the density of the ambient
plasma. Inside the pre-sheath, the electrons are one-dimensionally accelerated towards the
satellite. Al’pert et al.2 assume an isotropic particle flux to the biased satellite, but do not
take into account the effects of the orbital motion of the satellite nor the magnetic field.
Laframboise46 estimates the extension of the electron collection region up magnetic field
lines and calculate the electron flux into the magnetic pre-sheath region (whose boundary
is defined by the number density contour where both the electron and ion number densities
double their ambient levels, inside of which the gyromotion of electrons breaks down due to
the presence of large electric fields). The resulting enhancement in current is 6.41 times the
Parker-Murphy current.

Khazanov et al.44 extend the work of Laframboise46 by redefining the boundary of the
magnetic presheath region as the location where the potential is near zero and the electric
field changes sign. The current arriving at the boundary of the pre-sheath for a spherical
satellite of radius R is given by:
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where I0 is the random thermal current arriving to the surface of the pre-sheath, rb is the
radius of the pre-sheath and χb = eΦb/kT is the normalized potential at the pre-sheath
boundary. It is assumed that only the ram hemisphere of the pre-sheath collects current.
The pre-sheath radius is determined by solving the one-dimensional Poisson equation:
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where the electron density is chosen to equal the ion density set at twice the ambient level.
The red dots in Figure 2.1 show that the model developed by Khazanov et al. captures the
I-V characteristics of the TSS-1R data.

Finally, Thompson et al.80 develop a Parker-Murphy based curve fit to the TSS-1R data of
the form

I

I0
= α

[
1 +

(
Φ

Φ0

)β]
(2.3)

where the Parker-Murphy model is obtained if α = 1 and β = 0.5. Throughout the TSS-1R
experiment α ranged between 2.2 to 2.9 and β varied between 0.47 and 0.56. Each of these
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models contains a relatively significant assumption (e.g. limited parameter regime, orbital
velocity perpendicular to magnetic field) due to the limited understanding of the physics
near a positively charged body.

2.2 Investigation of Current Collection with PIC Mod-

els

In the absence of a closed form, analytical model that captures the physics of current collec-
tion by an orbiting satellite, Particle-in-Cell (PIC) codes are the state of the art tool used to
further the understanding of the behavior of the plasma around a positively charged satel-
lite and thus its current-voltage properties. A summary of the PIC method is presented in
Chapter 4. Several PIC codes29,38,60,71 have been developed to study the spacecraft charging
problem. However, the work completed by N. Singh72,75–77,85 is directly applied to electro-
dynamic tether systems.

Singh and Vashi76 created a 2-D3v, two specie, PIC code that examined the effects of an
ambient magnetic field on a long conducting cylinder with drift velocity v0 . Simulations
were run for B = 0, B = B0ẑ, B = B0ŷ and B = B0x̂ where the cylinder’s velocity is
v = v0x̂. They found that in the perpendicular, out-of-plane case (B = B0ẑ) the current
collected by the satellite is significantly higher than predicted by the Parker-Murphy model.
In the parallel case, the current is limit as predicted by the Parker-Murphy model and

Figure 2.3: A schematic of the field aligned currents to the azimuthal currents near an
orbiting satellite at a positive potential (reproduced from Ref. 75). Note that the current
has an increasing radial component as the current radial distance from the satellite decreases.
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potential structures form along the magnetic field lines with their dimensions transverse to
the magnetic field determined by the current limiting radius given in the Parker-Murphy
model (equation 3.7). The case where B = B0ŷ resulted in an average current that lies
between the other two cases. Vashi and Singh85 show that fan shaped potential structures
form periodically and cause the current to vary with the same frequency over a range of
satellite velocities. The observed potential structures produce a large collection area for
electrons and are responsible for the enhancement of the collected current. Also, the period
of the plasma oscillations is found to vary inversely with the satellite’s orbital velocity. Vashi
and Singh also observe that the potential structures drive an azimuthal current towards the
satellite. Singh et al.75 later determine via fully 3D PIC simulations that a.) field aligned
currents contribute to the formation of the azimuthal current as shown in Figure 2.3, b.)
the azimuthal current observed in the PIC simulations is likely the same current observed
in the measurements from TEMAG on the TSS-1R satellite, and c.) the current varies with
satellite radius as predicted by the Parker-Murphy model. Singh et al.75 also acknowledge
that the key issue needing to be resolved is the variation of the current enhancement with
satellite voltage, magnetic field and plasma density.

Shiah et. al.71 developed a fully three dimensional super-particle simulation (SUPS) such
that each simulation particle represents a particle cloud in order to reduce the computational
costs associated with modeling plasmas in LEO. The results from the SUPS code applied to
the TSS-1R show that a toroidal electron structure forms in the equatorial plane perpendicu-
lar to the magnetic field. This structure was also observed in several laboratory experiments.
However, as time passes, the toroidal structure elongates along the magnetic field lines to
form the magnetic bottle formed in the Parker-Murphy model. These transient effects are
thought to cause quick spacecraft charging, resulting in anomalies in plasma measurements
and on board electronic failures. Ma and Schunk57 developed a fully three dimensional hy-
drodynamic model that has a simulation boundary far away from the satellite (in order to
reduce boundary effects), has a realistic O+/election mass ratio and takes into account the
length of time the satellite stays on specific field lines. The satellite potentials used by this
model were low (4 and 10 V) compared to the voltages seen by TSS-1R (∼ 5 kV ). Elongated
cylindrical potential structures were observed along the field lines with radius slightly larger
than that of the satellite. For the higher voltage satellite, O+ ions were reflected in the ram
direction, which led to a small density increase in front of the satellite. A study describing
the parametric relationship between current collected and magnetic field orientation relative
to drift velocity has yet to be published.

2.3 System Dynamics Models

Beletsky and Levin’s8 monograph presents a thorough discussion of the fundamental theory
governing the dynamics of tethered satellite systems, including a chapter dedicated to EDT
systems. Beletsky and Levin show that the operational equilibria of a massless tether system
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orbiting a central body in the plane of the magnetic equator are unstable under a constant
current. However, four tether stationary modes can be stabilized by a current modulation
scheme based on the attitude and position of the secondary end-body as long as the current
is below the critical value

I∗∗ =
B0E(sA − sB)

8G(mB + 1
3
mt)ω

(2.4)

where s is the parameter along the tether, B0 is the local magnetic field, E is the longitudinal
tether stiffness, G is the universal gravitational constant, mB and mt are the masses of the
secondary end-body and the tether, and ω is the orbital frequency of the tether.

Estes and Lorenzini28 study a weak instability that occurs in a bare tether system on an
inclined orbit due to the out-of-plane component of the electrodynamic force on the tether.
Peláez et al.63 expand on the work by Estes and Lornenzini28 by analyzing the effect of two
forcing terms on a rigid tethered system’s dynamics: eccentricity and the electrodynamic
force. Under the assumptions of a non-tilted dipole model for Earth’s magnetic field, a con-
stant current and no damping, the tether system developed a strong instability on orbits
with an eccentricity larger than e ≈ 0.35. The authors concludes with the recommenda-
tion that the next step be to investigate the effect of a current that varies throughout the
tether’s orbit. Lanoix et al.51 incorporated the International Geomagnetic Reference Field
in a tether dynamics model in order to investigate the effects of a realistic magnetic field
on the Lorentz force on the tether. Finally, Cartmell and McKenzie14 present recent sources
of fundamental theory, technical innovations and mission progress for momentum exchange
and electrodynamic tethers with specific emphasis on the breadth of literature pertaining
to tether dynamics modeling. Dobrowolny23 develops several electrodynamic tether models
in order to characterize a variety tether modes of oscillation and derives a maximum, con-
stant current under which the systems are stable. Dobrowlony also presents models for the
maximum possible tether current based on the system resistance and potential distribution
along the tether (defined as the system model) and an ionospheric current model based on
the TSS-1R data82 where the variation in plasma density throughout an orbit is modeled via
a simple sinusoidal function (defined as the ionospheric model). The actual current in the
tether is the minimum of the system model and the ionospheric model. While Dobrowolny
develops the theory for tether librations, longitudinal and transverse modes with the electro-
dynamic terms including the two previously mentioned current models, all of the numerical
analysis is completed under the assumption that hallow cathodes are present to maintain
a constant current that is chosen to be 20% below the minimum of the maximum tether
current predicted by the system and ionospheric models.

Finally, the dissertation written by Ellis25 and the related papers Refs. 26 and 24 contain the
development of the dynamics model used in the present dissertation. The dynamics model
contains a tilted dipole magnetic field that rotates with the central body. Additionally, the
model accounts for arbitrary tether end-bodies, torques due to the tether attachment on
the end-body’s surface, a tether with mass that can deform and the elastic vibration of the
tether. The resulting model is one of the most robust tether dynamics models developed to
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date. The model developed by Ellis will be summarized in Chapter 3. Note that in all of
the aforementioned models, the current is assumed to be governed by the system and not
system-plasma interactions.

2.4 Summary

A review of the literature has shown that the dynamics of an EDT system is typically studied
independently of the variations in the ionospheric space-plasma that governs the current
collected by the tether system’s end-bodies. Investigations of the collected current, in turn,
restrict the system’s configuration to the cases where the collecting body is stationary, or
traveling perpendicular or parallel to the local magnetic field. Typical EDT system dynamics
models hold the current in the tether constant throughout the simulations even though the
aforementioned studies of the collected current show differences in the amount of current
collected is dependent on whether or not the magnetic field is perpendicular or parallel
to the system’s velocity. The following chapters will present the first models and results
that investigate the end-body/space-plasma’s interaction over a variety of system states and
incorporates the interaction into the tether system’s dynamics.



Chapter 3

Effects of the Local Plasma
Environment on the Dynamics of
Electrodynamic Tether Systems

3.1 Introduction

Electrodynamic tether (EDT) systems have the potential to expand satellite mission capa-
bilities in Low Earth Orbit (LEO), extend missions near any body surrounded by a space
plasma and a strong magnetic field, and provide a means to study plasma phenomena in the
near-Earth space environment.6,14,16,23,68,70 The strong coupling between an EDT system
and its surrounding space environment is what makes the EDT system an ideal solution for
each of these applications. The TSS-1R mission demonstrated that EDT systems can collect
currents 2-6 times greater than the limit predicted by Parker and Murphy.61 The Plasma
Motor Generator (PMG) mission showed significant differences in the current collected by
the system in day and night ionospheric conditions while holding the collecting body at a
constant potential and without any control on the tether’s current.87 The order of magnitude
drop in collected current between the day and night sides that is seen in the PMG current
profiles is attributed to the drop in charge particle density and the resulting decrease of
plasma turbulence that aids in the transport of particles across field lines. The data set from
the PMG mission is invaluable for developing accurate models for an EDT system because it
is the only existing data set that shows the behavior of the collected current under a variety
of plasma conditions while other system parameters are held constant.

The purpose of this chapter is to fill a gap in the literature by connecting a model for the
current collected by an EDT based on the characteristics of the local space plasma with a
high fidelity system dynamics model in order to study the effects of an unconstrained tether
current on the system’s dynamics. The remaining sections are organized as follows. The

34



John A. Janeski Chapter 3. IRI-Parker-Murphy Model Induced Dynamics 35

methods section contains a description of the current collection model used to govern the
current in the tether system and a brief discussion of the mathematical model governing the
EDT system’s dynamics. Results from this model are discussed and a comparison is drawn
between the dynamics of our model and the dynamics of the same model where the tether
current is held constant.

3.2 Methods

The mathematical model developed for this study characterizes a classical EDT system: two
satellites connected by a long, insulated conducting tether orbiting a central body with a
strong, dipole magnetic field and a dense space plasma, as seen in Fig. 3.2a. The tether’s
end-bodies are assumed to be in electrical contact with the plasma environment surrounding
the satellites. A potential is set up across the tether either by the motion of the tether
across the central body’s magnetic field or by a power source in the system. The potential
difference drives a current that is collected from the surrounding plasma through the tether.
The tether system can be in either motor or generator mode, depending on the direction of
the current. For the purposes of our study, the tether will be in motor mode. The tether’s
current and the local magnetic field that generate the electrodynamic force are governed by
the system electrodynamics model. The current and the local magnetic field vector are then
fed into the system dynamics model.

3.2.1 System Electrodynamics Model

The system electrodynamics model governs the interactions between the tether system and
its local space environment. These interactions primarily occur through the electrodynamic
force on the tether, which depends on the current collected by the positively biased end-body
and the local magnetic field. Current is collected by the non-primary end-body, labeled B
in Fig. 3.2a. The current balance equation for the collecting end-body immersed in a space
plasma is

Itether = Ie(Φs)− Ii(Φs)− Ib(Φs)− Iph(Φs)− IS(Φs)− Ipc(Φs) (3.1)

where Φs is the potential of the collecting end-body, Ie(Φs) is the electron current, Ii(Φs) is
the ion current, Ib(Φs) is the emitted backscattered electron current, Iph(Φs) is the emitted
photoelectron current, IS(Φs) is the emitted secondary electron current and Ipc(Φs) is the
current emitted by an active plasma contactor.49 In the presence of a strongly biased satellite,
Ii, Ib, IS and Iph are negligible due to the presence of a sheath region where the emitted
electrons are predominantly attracted back to the satellite and the ions are repelled. In the
absence of an active plasma contactor, Equation 3.1 reduces to the current in the tether
equating to the collected electron current.
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Figure 3.1: The electrons collected by the positively biased satellite (Φs > 0, relative to the
plasma) of radius a will be those confined within an area of radius r0 (figure adapted from84).

The Parker-Murphy Model61 is an analytical model for the upper-bound on electron current
collected by a spherical satellite in a non-flowing plasma with an ambient magnetic field.
In a quasi-neutral plasma with a negligible electric field (i.e. the satellite potential is Φs =
0 relative to the plasma potential), the collected electrons will move along the ‘tube’ of
magnetic field lines intersecting the satellite. The electrons gyrate around the magnetic
field lines, where the radius of gyration is termed the Larmor radius. Due to the electron’s
gyro-motion, the tube is slightly larger than the satellite’s cross-sectional area. However, the
Larmor radius is small relative to a satellite’s radius in the presence of a strong magnetic
field. Therefore, the additional area from to the gyro-motion is assumed to be negligible
compared to the satellite’s collection area. The current collected by a satellite of radius a is
the thermal current passing through the area of the sphere

I0 = 2πa2j0 (3.2)

where j0 is the component of the ambient mean thermal current density parallel to the
magnetic field. Assuming Maxwellian electrons, the thermal current density is given by

j0 = neqe

√
kTe

2πme

(3.3)

where ne, Te and me are the electron number density, temperature and mass, respectively.
The saturation current of the sphere, I0, gives an upper limit on current collection for an
unbiased satellite, assuming that electrons in the magnetic tube are not depleted.

When an electron beam is not present, there are at least two mechanisms causing the cross-
field transport of electrons present near a satellite carrying potential Φs > 0: stochastic
diffusion and diffusion due to the drift caused by a transverse electric field. The additional
current due to stochastic diffusion is small relative to I0 and is neglected. However, in
the presence of a strongly biased satellite there is a significant transverse electric field that
causes electrons to drift across field lines. The satellite will then collect all of the electrons
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originating infinitely far away from the satellite within a collection area of radius r0, as shown
in Fig. 3.1. By conserving the canonical angular momentum of the gyrating electrons, Parker
and Murphy found an upper limit to the collection radius and thus, the current collected by
a satellite, given by

IPM
I0

=
r20
a2

< 1 +

(
8Φs

meΩ2
ea

2

)1/2

(3.4)

where Φs is the satellite’s potential and Ωe is the electron cyclotron frequency. The Parker-
Murphy model holds true for satellites that are stationary and at high potentials relative to
the surrounding space plasma.

In light of the results from the TSS-1R mission, Singh and Chagenti72 added a term to
the Parker-Murphy model to account for the sweeping effects of the magnetic field caused
by the relative motion between the satellite and the field. It should be stressed that the
adjustment to the Parker-Murphy model suggested by Singh and Chagenti is an estimate of
the additional current collected due to the orbital motion of the satellite and that it is only
meant to provide a qualitative current enhancement. The additional current is determined
by calculating the electrons in the sheath flux tube intercepted by the velocity flow. The total
current is thus the sum of the Parker-Murphy model and the current due to the sweeping
effects, δI,

IAPM = IPM + δI (3.5)

where
δI = neqeAV0sin(θB) (3.6)

V0 is the satellite’s velocity relative to the surrounding plasma, θB is the angle between V0

and B, ne is the electron number density and A is the area of the sheath flux tube. The area
of the sheath flux tube can be calculated from the perpendicular extension of the potential
along the magnetic field lines. Unfortunately, there is not a consistent theory for predicting
the length of the potential field’s extension along the magnetic field lines. However, physical
considerations can lead to the following estimate.81 The radius of the sheath flux tube far
away from the satellite will be the radius calculated by Parker and Murphy

r0 = a

[
1 +

(
8Φs

meΩ2
ea

2

)1/2
]1/2

(3.7)

Thus, an upper limit to the sheath size is the distance an electron will travel in the time it
takes the flux tube to sweep across the magnetic field is

zB = 2r0
vthe

V0sin(θB)
(3.8)

where vthe is the electron thermal velocity. Assuming an elliptical shape for the sheath, the
intercepted area is A = πr0zB. Combining Equations 3.7 and 3.8, the current due to the
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flux tube sweeping across magnetic field lines is

δI = 2πneqevthea
2

[
1 +

(
8Φs

meΩ2
ea

2

)1/2
]

(3.9)

The above current added to the original Parker-Murphy current produces qualitative estimate
of the impact that orbital motion has on the current collected by the tether end-body and
will be termed the adjusted Parker-Murphy model for the remainder of the paper. As pointed
out by Dobrowolny et al.,21 Singh and Chaganti’s estimate does not depend on the satellite’s
velocity or θB. The actual current enhancement is governed by complex plasma processes.
Particle-in-cell simulations have shown that the electron current collected by a positively
charged spherical body is dependent on the satellite’s orbital velocity and its orientation
with the ambient magnetic field.72 Analytical models that accurately characterize the effects
of orbital motion, magnetic field orientation or variations in plasma density have yet to be
developed.

The plasma parameters used in the adjusted Parker-Murphy model (electron temperature,
Te and number density, ne) are calculated by the 2012 International Reference Ionosphere
(IRI)9,12 based on the position of the collecting end-body. IRI is an internationally accepted
model for generating worldwide, non-auroral, ionospheric parameters between 50 km and
2000 km from 1958 to present. The model is an analytical representation of charged particle
species’ temperature and density based on data collected from a world-wide network of
ionosondes, incoherent scatter radar, topside sounder satellites, in situ satellite measurements
and lower ionosphere rocket observations. IRI allows the current collection model to take
into account both the locational dependencies of the plasma parameters and the parameter’s
dependence on solar activity. Thus, we can study the behavior of an EDT system over a
wide range of plasma conditions.

The local magnetic field is modeled as a tilted dipole centered on and fixed to the central body
as it rotates. The electrodynamic force acting at a given point on the tether is dependent
on the local magnetic field vector. The magnetic field vector at some unstretched tether
element ds̄ is given by

B =
µm
‖rT‖3

[
û− 3(û · rT)rT

‖rT‖2

]
(3.10)

where rT = rA + pA + r is the position of ds̄ relative to O (see Fig. 3.2a) and û is the
unit dipole axis. Similarly, the magnitude of the magnetic field that determines Ωe in the
adjusted Parker-Murphy model is given by the norm of the magnetic field vector at rB

B =
µm
‖rT‖3

∥∥∥∥û− 3(û · rB)rB
‖rB‖2

∥∥∥∥ (3.11)

The complete electrodynamics model for the system consists of both the magnetic field model
and the IRI-Parker-Murphy current model. Equations 3.4, 3.5 and 3.9 combined with the
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(a) (b)

Figure 3.2: Diagram of EDT system frames of reference from Reference 25. (a) Tether
system with frames of reference. (b) The tether reference frame relative to the orbital frame
of body A.

International Reference Ionosphere (where the local magnetic field is determined by Equation
3.11) define the IRI-Parker-Murphy model (hereafter referred to as the I-P-M model) and
govern the current in the tether. Equation 3.10 defines the magnetic field vector along the
tether. The results from Equations 3.5 and 3.10 will be used to determine the Lorentz force
along the tether throughout the system’s orbit.

3.2.2 EDT System Dynamics Model

The following section gives a brief description of the system dynamics model. A complete
derivation and description of the model for the system dynamics can be found in26 and the
related dissertation, Ref. 25. The EDT system model and coordinate frames of reference
are shown in Fig. 3.2a and Fig. 3.2b. We assume that the central body is spherical, with
a homogeneous mass distribution. Hence, the Newtonian component of the gravitational
field is dominant. Excluding the electrodynamic and gravitational forces, all other forces
acting on the system (e.g. atmospheric drag and solar radiation pressure) are assumed to
be negligible. Let FN be the Earth-centered inertial frame with coordinate axes, n̂i, such
that the n̂1 − n̂2 plane is Earth’s equatorial plane and n̂3 is aligned with Earth’s spin axis.
Define FO as the orbital frame of the osculating orbit of the primary body’s mass center
(end-body labeled A in Fig. 3.2a), where ô3 is in the direction of rA, ô2 is in the direction
of the instantaneous angular momentum vector and ô1 completes the right-handed triad.
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Equations of Motion for Bodies A and B.

The EDT end-bodies are assumed to be finite, rigid, and attached to the tether at points
PA and PB. Let FA and FB be the body-fixed principal coordinate frames for bodies A and
B. The translational equations of motion for end-bodies A and B relative to FN are

mAr̈A = − mAµ

‖rA‖3
rA + T(0, t) (3.12)

mBr̈B = − mBµ

‖rB‖3
rB + T(L, t) (3.13)

where T(0, t) is the tension in the tether acting on PA and T(L, t) is the tension acting on
PB. A set of osculating orbit elements parameterizes the state of body A’s mass center,
e = {a e Ω I ω ν}T . The Gauss variational equations describe the evolution of e

ȧ =
2a2

h

[
(e sin ν)aD3 +

(
l

rA

)
aD1

]
(3.14)

ė =
(l sin ν)aD3 + [(l + rA) cos ν + rAe]aD1

h
(3.15)

İ =
rA cos (ω + ν)aD2

h
(3.16)

Ω̇ =
rA sin (ω + ν)aD2

h sin I
(3.17)

ω̇ =
−(l cos ν)aD3 + [(l + rA) sin ν]aD1

he
− [rA sin (ω + ν) cos I]aD2

h sin I
(3.18)

ν̇ =
h

r2A
+

(l cos ν)aD3 − [(l + rA) sin ν]aD1

he
(3.19)

where aDi are the disturbance acceleration components of body A expressed in Fo, h =
√
µl,

l = a(1 − e2) and rA = l/(1 + e cos ν). A 3-1-3 rotation sequence through angles Ω, I and
θ = ω+ ν (with an additional permutation to align the appropriate axes) relates the inertial
frame to the orbital frame of body A. The angular velocity and acceleration of FO with
respect to FN are

ωO/N =
h

r2A
ô2 (3.20)

ω̇O/N = −2µe sinµ

r3A
ô2 (3.21)

Assuming a first-order approximation of the gravity-gradient torque acting on each end-body,
the rotational equation of motion for each end-body is

IA · ω̇A/N + ωA/N × IA · ω̇A/N =
3µ

‖rA‖5
rA × IA · rA + pA ×T(0, t) (3.22)
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IB · ω̇B/N + ωB/N × IB · ω̇B/N =
3µ

‖rB‖5
rB × IB · rB − pB ×T(L, t) (3.23)

where ωA/N and ωB/N are the angular velocities of FA and FB relative to FN .

Equations of Motion for the Tether.

The tether is modeled as a long, thin wire that can resist axial stretching, but cannot resist
bending, compression or torsion. The tether is described by the unstretched tether length, L.
Let FE be a tether fixed frame relative to FO such that ê3 points from PA to PB. The tether
is allowed to deform in the ê1 and ê2 directions. A 2-1 rotation sequence through angles α
and −β describes the transformation between the orbital frame and FE, where α and β are
the in- and out-of-plane libration angles of the tether relative to FO (see Fig. 3.2b). Note
that the behavior of α and β define the pendular motion of the tether. The angular velocity
of FE relative to FO is

ωE/O = −β̇ê1 + α̇ cos βê2 + α̇ sin βê3 (3.24)

The displacement of a differential tether element ds, from its unstretched state, s ∈ [0, L],
is expressed relative to FE by

r(s, t) = U(s, t)ê1 + V (s, t)ê2 + (s+W (s, t))ê3 (3.25)

The equations of motion for tether attitude angles α and β in terms of the tether displacement
at PB are

(α̈ + θ̈) cos β − 2(α̇ + θ̇)β̇ sin β =
r̈1(L, t)− 2Ẇ (L, t)(α̇ + θ̇) cos β

L+W (L, t)
(3.26)

β̈ + (α̇ + θ̇)2 sin β cos β =
r̈2(L, t)− 2Ẇ (L, t)β̇

L+W (L, t)
(3.27)

The electrodynamic force acting on an unstretched differential tether element, ds, is

FED = IIPM
∂r

∂s
ds×B (3.28)

where IIPM is the current in the tether determined by the I-P-M model. Noting that the
position of the tether relative to O can be written as rT = rA + pA + r. The partial
differential equation governing the evolution of the tether shape can be written in terms of
the unstretched tether length as

r̈ = − µ

r3T
rT +

1

ρ

∂T

∂s
+
IIPM
ρ

∂r

∂s
×B− r̈A − p̈A (3.29)
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The tension in the tether is modeled by the linear Kelvin-Voigt law of viscoelasticity:

T = EA(ε+ cε̇)τ̂ (3.30)

where E is the Young’s modulus of the tether material and c is the structural damping
constant. The strain and tether unit tangent vector are given by

ε =

∥∥∥∥∂r

∂s

∥∥∥∥− 1 (3.31)

τ̂ =
∂r/∂s

‖∂r/∂s‖
(3.32)

Since the acceleration of body B is equal to the acceleration of the tether end connected to
B and the tether displacement is zero at its ends, the boundary conditions on the tether
equations of motion are given by

r̈(L, t) = r̈B − r̈A − p̈B − p̈A (3.33)

r(0, t) = 0̂ (3.34)

r(L, t) = [L+W (L, t)]ê3 (3.35)

Equation 3.29 governs the elastic vibrations of the tether while Equations 3.26 and 3.27
determine the tether’s pendular motions. These equations are not independent; the vibra-
tional and elastic modes of the tether are coupled. In order to obtain a finite set of ODEs,
Equations 3.25 and 3.29 have been discretized using the Finite Element Method.

Table 3.1: EDT System orbital elements for the Test Case and PMG models.

Orbital Elements Test Case PMG
Epoch, day and UT year 1999; day 128 year 1993; day 177; 1438:48.083
Inclination, deg 50 25.7114
Eccentricity 0.001 0.0489274
Right Ascension, deg 300 258.1846
Argument of Perigee, deg 45 198.6592
Mean motion, rev/day 15.5855 15.1123194
Perigee height, km 385.085 192.552
Apogee height, km 398.625 868.56
Mean anomaly, deg 0 194.9297
Period, min 92.4 95.2865

3.3 Results and Discussion

The dynamics of an EDT system under the influence of the I-P-M model have been analyzed
using two representative systems. The first simulation set compares the dynamics of a system
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Table 3.2: EDT system parameters for the Test Case and PMG models.

System Parameters Test Case PMG
Unstretched Length L, km 20 0.500
Longitudinal Stiffnes EA, N 55000 96291
Unstretched linear mass density ρ, kg/m 0.025 0.0074
Structural Damping constant c, s 0.5 0.5
Body A mass mA, kg 5000 6305
Body B mass mB , kg 500 80
Body B potential ΦB, V 25 65
µ, m3·s−2 3.986×1014 3.986×1014

µm, T·m3 8×1015 8×1015

where the tether’s current is calculated from the I-P-M model to a tether system where the
current is maintained at a constant level equal to the average of the I-P-M current from the
previous simulation. The second set models the PMG mission and compares the current
variations predicted by the I-P-M model to the current profiles measured throughout the
mission. The PMG tether system was chosen because it produced the most complete data
set showing the behavior of the current throughout a complete orbit where the collecting
end-body is held at a constant potential.87 The parameters for the system models are shown
Tables 3.1 and 3.2. The PMG model is based on the orbital elements and system parameters
given in 87 and 33.

3.3.1 Effects of Diurnal Current Variation on System Dynamics

The effects of the variation in tether current on the system dynamics were investigated by
running two simulations using an EDT system in motor mode over 20 orbits (system parame-
ters are given in the first column of Tables 3.1 and 3.2). The first simulation implemented the
I-P-M model to determine the current in the tether based on the system’s orbital position.
The electron number density, electron temperature and resulting current during the first 10
orbits are shown in Fig. 3.3. In the second simulation, the constant current in the tether is
equal to the mean current from the previous simulation (Iavg ∼ 0.263 A). Since the primary
application of an electrodynamic tether system in motor mode is to boost the system’s orbit,
the amplitudes of the orbital elements were compared to examine the impact of the I-P-M
current on the orbital motion of the system. As shown in Fig. 3.4, the semi-major axis of
the system under the influence of both a constant current and the I-P-M current increases
the osculating orbit’s semi-major axis by less than 2.75 km over the course of 20 orbits. The
I-P-M current results in a maximum periodic increase in the orbit’s semi-major axis of less
than 36 m above the constant current system. The implementation of the I-P-M current
also causes a small and gradual periodic divergence in the remaining orbital elements. The
most pronounced difference between the two systems occurs in the true anomaly, shown in
Fig. 3.5, where a maximum difference of approximately 1.7◦ develops. Even though the dif-
ferences in the orbital parameters between the two systems grow throughout the simulation,
the variation in the orbital elements is small (< 0.5%). Thus, the influence of the I-P-M
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Figure 3.3: The time evolution of the electron temperature (Te), number density (Ne) and
tether current.

current varying with the local plasma properties has a negligible effect on the system’s orbit.

The I-P-M model does, however, introduce a new instability in the tether’s pendular motion.
Under a constant current, the tether’s in-plane attitude angle oscillates between 0.24◦ and
−0.16◦ with small oscillations driven by the elastic vibration of the tether occurring every
∼1.5 oscillation periods (see Fig. 3.6). Figure 3.8 shows that the out-of-plane tether angle
behaves similarly, oscillating between 0.11◦ and −0.11◦ with small amplitude oscillations
driven by the tether’s vibrations occurring during every period. As noted by Peláez et
al.,64 the out-of-plane librations are primarily driven by the out-of-plane component of the
electromagnetic force due to the inclination of the system’s orbit relative to the magnetic
field. The in-plane attitude angle’s behavior is significantly different under the influence of
the I-P-M current (see Fig. 3.6). The magnitude of the tether’s in-plane oscillations are
amplified by 55%. Additionally, the tether’s in-plane pendular motion develops librations
whose period is half of the orbital period. The most significant difference in the EDT system’s
dynamics is the behavior of the tether’s out-of-plane motion. The periodicity of both the I-
P-M current and the out-of-plane component of the electrodynamic force due to the tether’s
inclined orbit super-impose to drive the out-of-plane motion towards instability.64 While the
amplitude of the out-of-plane motion is small, it steadily increases without bound throughout
the simulation and results in end-body B swinging through a maximum arc-length of ∼300
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Figure 3.4: A comparison of the time evolution of the osculating orbit’s semi-major axis
between the system under a constant current and the I-P-M current over the system’s last
10 orbits.

m (compared to an arc-length of ∼80 m in the constant current simulation).

A frequency analysis of the system’s pendular motion reveals that the I-P-M current modifies
the system’s pendular oscillation modes and drives the new dynamic instability discussed
above. Figures 3.7 and 3.9 show the frequency components (normalized for purposes of
comparison) present in the in-plane and out-of-plane pendular motion, respectively. The
two primary frequencies evident in the in-plane and out-of-plane motions of the constant
current system dynamics occur at the system’s orbital frequency, ωsys, and twice the orbital
frequency, 2ωsys. As mentioned previously, these frequencies are driven by periodicities
in the electrodynamic forcing term due to the inclination of the system’s orbit. The I-
P-M current has a frequency component near 2ωsys due to the diurnal variation of the
space plasma environment. The variation in the current causes the electrodynamic force
to oscillate accordingly and introduces the oscillations at 2ωsys into the in-plane pendular
motion. The in-plane motion of the EDT system also develops a larger periodic motion at
the frequency component between the ωsys and 2ωsys periodic motions. The I-P-M current
also significantly reduces the amplitude of the out-of-plane ωsys oscillation while increasing
the relative amplitude of the 2ωsys oscillation. Since the tether current generated by the
I-P-M model has frequency components near 2ωsys, these variations seem to couple into the
tether’s dynamics to amplify the oscillation modes near this frequency for both the in-plane
and out-of-plane modes. Additionally, the introduction of the I-P-M current reduces the
relative magnitude of the high-frequency oscillations driven by the elastic vibrations of the
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Figure 3.5: The absolute difference between the osculating orbit’s true anomaly in the I-P-M
and the constant current models.

tether in the out-of-plane mode. In summary, the I-P-M current damps the elastic vibrations
in the tether, but amplifies the tether’s pendular motions near 2ωsys and drives an instability
in the out-of-plane motion. In order to further develop the overall system model presented
here, a better understanding needs to be gained of how system and plasma parameters affect
the current collected.

3.3.2 I-P-M Model Compared to Plasma Motor Generator Data

The most complete set of data relating to the tether/plasma interactions of an EDT sys-
tem was collected during the Plasma Motor Generator Mission (PMG). The PMG mission
collected current-voltage data over several orbits at different end-body biases and showed
that there was a strong diurnal variation in the current collected by an EDT system. The
PMG tether consisted of a 500 m length of insulated 18-gauge copper wire connecting a
spent second stage of a Delta II rocket to the 28 kg Far End Package (FEP).16 The FEP was
deployed upwards, corresponding to end-body B in our simulation model. A Hallow Cathode
Assembly (HCA) mounted on both the FEP and the Delta II rocket produced xenon gas
clouds near each end-body that enhanced the electrical contact between the system and the
ionospheric plasma by reducing the electrical impedance in the plasma by an order of mag-
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Figure 3.6: The in-plane tether attitude angle under the influence of a constant current and
the I-P-M current over the system’s first 10 orbits.
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Figure 3.7: The frequency spectrum of the in-plane tether attitude angle with a constant
current and the I-P-M current.
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Figure 3.8: The out-of-plane tether attitude angle with a constant current and the I-P-M
current.
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Figure 3.9: The frequency spectrum of the out-of-plane tether attitude angle with a constant
current and the I-P-M current.
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Figure 3.10: (a) The current predicted by the I-P-M model for the Test Case system through-
out an orbit. (b) PMG data for a FEP bias level of Φs = 65V from Ref. 87.
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nitude.87 A simulation of the PMG system was run using PMG system parameters given in
the second column of Tables 3.1 and 3.2. Unfortunately, after an initial upward deployment,
the simulated system stabilized in a downwards deployment such that the FEP was below
Delta II stage after the system’s first orbit. The resulting downwards deployment produced
a larger current due to an increased plasma density, which in turn pumped more energy into
the system’s pendular motion and drove the system unstable before it completed 3 orbits.

However, it is still useful to compare the current predicted for the Test Case simulation to
the data from the PMG mission. Even though the I-P-M current collection model does not
include an estimate for the impact of the HCA on current exchange between the tether system
and the plasma, it still captures the orbital day/night variation in current collected due to
plasma density and temperature fluctuations seen throughout the PMG current collection
profiles. It can be seen from a comparison in the current profiles shown in Fig. 3.10a and
Fig. 3.10b that the current collected by the Test Case system and data from the PMG mission
have the same characteristics throughout the systems’ orbit. Both curves show almost an
order of magnitude change when the system crosses from day to night or vice versa, as well
as a slight decrease in current collection in the middle of the day-side portion of the orbit.
The outlying points in the PMG data correspond to when the HCA system was turned off.
The differences in the system parameters (e.g. the HCA assembly, orbit inclination, mission
year, end-body radius, etc.) contribute to the order of magnitude difference in the current
collected by the two systems.

3.4 Conclusions

The dynamics of electrodynamic tether systems are typically analyzed using a current that
is held at a fixed value determined by the system’s parameters. However, the Plasma Motor
Generator mission demonstrated that there is a strong coupling between the system’s orbit
and the current it can collect from the ionosphere. The International Reference Ionosphere
has been integrated into the adjusted Parker-Murphy model to develop a model for the
current collected by the tether system that accounts for the variation of the local plasma
environment. A numerical model for an electrodynamic tether system’s dynamics has been
presented that uses the IRI-Parker-Murphy model to investigate the impact of a realistically
oscillating Lorentz force on the system’s dynamics. For a representative electrodynamic
tether system, the IRI-Parker-Murphy current couples with the periodic out-of-plane elec-
trodynamic force to drive the out-of-plane motion towards instability. The in-plane pendular
motion under the influence of the IRI-Parker-Murphy model also shows three distinct peri-
odicities; two present in a tether system under constant current and a new one introduced by
effects of the plasma parameters’ diurnal variations on the current collected by the system.
The oscillations in the collected current were compared to data from the Plasma Motor Gen-
erator experiment and the IRI-Parker-Murphy model was shown to capture the oscillations
in the current seen during the mission. The research presented in this paper represents an
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initial step towards understanding the impact of local plasma variations on electrodynamic
tether system dynamics. The resulting model has broad applicability and can model the
dynamics of any electrodynamic tether system under a wide range plasma conditions, which
will improve our understanding of key aspects in the system’s behavior.



Chapter 4

Investigation of the Current Collected
by a Spherical Satellite with
Application to Electrodynamic
Tethers

4.1 Introduction

The charge accrued by a positively biased spacecraft has a number of applications to active
space experiments and satellite systems. SPEAR-1 studied the altitude dependence of the
current-voltage characteristic for a conducting sphere positively biased to tens of kilovolts
in the ionosphere.65 CHARGE 2 investigated the impact of a neutral gas release on the
current collected by a positively charged spacecraft.32 SAMPIE was designed to measure
both arcing and current collection by positively biased solar cells in order to characterize the
interaction between high voltage space power systems and the ionospheric space plasma.36

The focus of this chapter is to improve the understanding of the physics governing the current
collected by an electrodynamic tether (EDT) end-body. An EDT end-body is essentially a
positively charged satellite collecting current from the surrounding space-plasma. Parker and
Murphy61 used the conservation of the canonical angular momentum of electrons gyrating
around magnetic field lines to determine an upper bound for the current collected by a
stationary, spherical satellite. The first electrodynamic tether experiments, TSS-1 and TSS-
1R,21,80,82 showed that EDT systems collect currents 2-6 times higher than predicted by
the Parker-Murphy model.61 Magnetometer measurements from the TEMAG experiment
aboard TSS-1R indicated the presence of azimuthal current structures in the proximity of
the high-voltage tether end-body.58 Three dimensional Particle-in-Cell (PIC) simulations by
Singh et al.75 showed that the axial currents along the local magnetic field lines feed the
azimuthal current structures observed in the TSS experiments. The azimuthal currents near

52
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the satellite lie in the spacecraft’s equatorial plane and are largely two dimensional, with
a gradually increasing radial component near the spacecraft’s surface. The plasma motor
generator mission (PMG) not only demonstrated that the current in an EDT system can be
reversed, but also that the current collected by the system varies by an order of magnitude
between the day and night ionosphere.87

The specific focus of Chapter 4 is developing a better understanding of the plasma dynamics
near a positively biased end-body of an electrodynamic tethered satellite system and the
impact the resulting plasma structures have on the current collected by the system. The
electromagnetic interactions between an EDT system and its environment couple into the
system’s dynamics through the current’s influence on the electromagnetic forcing term. The
model developed in the previous chapter used the International Reference Ionosphere and
the Parker-Murphy model adjusted for the sweeping effects of the magnetic field21,72 to study
the dynamics of an EDT system under the influence of a tether current that varies with the
local space plasma properties. The diurnal variations in current were found to introduce new
modes of oscillation in the tether’s pendular motion and drove the out-of-plane librations
unstable. Therefore, an accurate model for the current collected by the system throughout its
orbit is important for characterizing a system’s dynamics that do not have current regulation
systems.

The rest of the chapter is organized as follows. Section 4.2 presents the PIC model developed
to study the plasma dynamics around the EDT system end-body. In Section 4.3, results of
the simulations using the model are presented. Finally, Section 4.4 summarizes the findings
and presents the conclusions of this work.

4.2 Simulation Model

A Particle-in-Cell (PIC) model is used to study the current collected by a spherical end-body
on an EDT system in thrust mode as a function of plasma magnetization, magnetic field
orientation and satellite bias. PIC models are commonly used to study the dynamics of a
space plasma, especially in the realm of spacecraft charging where the existing fundamental
theory does not adequately describe the complex physics near a charged spacecraft. Singh
et al75 showed that the azimuthal currents observed during the TSS-1R experiment58 formed
close to and in the equatorial region of the satellite. The simulations of Singh and Vashi,76

Vashi,84 and Singh et al.75 show that the field aligned currents near the satellite form
primarily along the magnetic field lines that intersect the satellite, but do not contribute
as much current as the structures that form in the satellite’s equatorial plane. Therefore, a
simulation model that captures the equatorial plane near the satellite is sufficient to study
the physics behind the formation of these azimuthal structures. Our model will use a 2-D3v
PIC code to study the evolution of these azimuthal current structures in the equatorial plane
of the tether system’s collecting end-body over a range of system parameters. For simplicity,
the equatorial plane is described by the satellite’s orbital velocity vector and the vector
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Figure 4.1: Boundary conditions and simulation geometry for the Particle in Cell model. The
magnetic field angle, plasma temperature and density, orbital velocity and satellite potential
can be varied in order to study the behavior of the system under a variety of conditions.

normal to both the velocity and the magnetic field, as shown in Figure 4.1. The use of a 2-D
code allows a simulation run strategy to be designed to focus on the evolution of the plasma
structures that form in the equatorial plane and their impact on the current collected by an
EDT system over a large parameter range.

The basic PIC algorithm is presented in depth in both Birdsall and Langdon,10 and Hockney
and Eastwood.37 The simulation algorithm developed for the model used in the present work
is shown in Figure 4.2. First, a particle population is initialized by loading the requisite
velocity distribution and particle positions (this will be discussed in more detail in Section
4.2). The electric and magnetic fields are then interpolated to the particle positions using
a bilinear area weighting method. The particle positions and velocities are then advanced
using a Boris Mover10 integrator. The density source term for Poisson’s equation is then
calculated by weighting the particles to the simulation grid using a similar bilinear area
weighting scheme as is used to weight the fields to the particle positions. Finally, Poisson’s
equation is solved over the grid space and an updated electric field is determined by solving
E = −∇Φ. The process is repeated for every time step. In order to include the satellite (or
end-body in the case of an EDT system) into the PIC framework, the algorithm that solves
Poisson’s equation and the particle mover are modified to include the appropriate boundary
conditions.

Additionally, the Monte Carlo collision algorithm (PIC-MCC) described by Birdsall11 is
implemented for several simulations in order to investigate the effects of electron-neutral
collisions on the stable plasma structures that form in some simulations. The probability of
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Figure 4.2: The satellite PIC algorithm. In order to apply the algorithm to simulating a
plasma’s behavior around a spacecraft, the spacecraft geometry has to be included in the
potential solver and the particle mover.

collision of the mth electron in a time step ∆t is given by:

Pcol = 1− exp[−νen∆t] (4.1)

where νen is the electron-neutral collision frequency, ν̃en = νen/ωpe is dimensionless electron-
neutral collision frequency with electron plasma frequency, ωpe. If Pcol > R, where R is a
uniform random number generated for each particle, then the particle is scattered during
the time step.

4.2.1 Boundary Conditions: Particle Injection and Current Col-
lection

The boundary conditions and simulation geometry are shown in Figure 4.1. The satel-
lite is modeled as a circular body held at a constant potential, Φsat. Using Singh’s tank
method77 to simulate the motion of the spacecraft through the plasma, a constant popu-
lation of Maxwellian particles is initialized in the “tank” on the left hand side of the grid
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space such that the particles are swept into the grid space at each time step.1 Each particle
population’s velocity distribution is centered around the satellite’s orbital velocity. In order
to account for the orbital motion of the satellite fixed frame relative to the inertial frame, a
motional background electric field is added: E = vorb ×B.19

During every time step, an equal number of particles are injected of each species to ensure
that no net charge is injected into the system. Each simulation particle represents many real
electrons or ions. The magnitude of the charge (per unit length) of each simulation particle
is determined by balancing the plasma flux across the boundary (Lyv0n0) with the flux of
particles injected at each time step (ninj)

|qi| =
Lyev0n0∆t

ninj
C/m (4.2)

where Ly is the y-dimension of the simulation box, v0 is the orbital velocity of the satellite,
n0 is the number density of the plasma and ninj is the number of particles injected during
each time step. Note that even though qi depends on the numerical factors Ly and ninj,
Singh and Vashi76 determined that the collected current is independent of these parameters.

The boundary conditions on the simulation box are such that the electric potential at the
edge is Φ = 0 and every particle leaving the simulation is assumed to be lost. The boundary
conditions on the satellite surface require the electric potential to the be uniform, constant
and equal to the potential of the satellite. All of the particles striking the satellite are
assumed to be collected and are removed from the simulation. Therefore, the flux of charged
particles to the satellite surface gives the total current,

Isat =
∑
i

qi
δNi

∆t
(4.3)

where qi is the charge of the ith species, δNi is the number of each species collected per time
step, and the summation is performed over all particle species. Global quasi-neutrality is
maintained by redistributing the deficit number of particles for the appropriate species from a
Maxwellian distribution randomly over the entire simulation system. Singh et al.74 suggest
that a more physical method for maintaining global quasi-neutrality is to inject particles
along magnetic field lines, allowing the particles to flow along magnetic field lines to areas
of large space charge densities. However, this method cannot be implemented in a 2-D PIC
code. Additionally, the large negative potentials observed in Singh et al.74 simulations when
the deficit particles are randomly redistributed throughout the simulation space were not
observed in the simulations presented here.
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Figure 4.3: Geometry near the boundary of the spacecraft

4.2.2 Poisson Equation Solver

In order to determine the electric field needed for the Boris Mover, Poisson’s equation is
solved using the density at the grid points as a source term. Poisson’s equation has been
discretized over a cartesian grid space using a standard second order finite difference method,

φ(i− 1, j)− 2φ(i, j) + φ(i+ 1, j)

∆x2
+
φ(i, j − 1)− 2φ(i, j) + φ(i, j + 1)

∆y2
= −ρ(i, j)

ε0
(4.4)

Since Poisson’s equation is being discretized over a cartesian grid with a circular interior
boundary condition, care must be taken to reduce the discretization errors near the space-
craft’s edge. Consider a point near the edge of the spacecraft, as shown in Figure 4.3, where
the spacecraft’s boundary passes between grid points. Poisson’s equation can rewritten such
that the points that fall within the spacecraft are weighted to account for the difference,

∇2φ(i, j) =
2

∆x2

[
φ(i− 1, j)

l(r + l)
− (lr)φ(i, j)

lrns
+
φ(i+ 1, j)

r(l + r)

]
+

2

∆y2

[
φ(i, j − 1)

s(s+ n)
− nsφ(i, j)

lrns
+
φ(i, j + 1)

n(n+ s)

] (4.5)

where l, r, s and n represent the ratio of the distance between the spacecraft boundary and
grid point (i, j) to the grid spacing (∆x or ∆y). Note that if l = r = s = n = 1, the left
hand side of equation 4.4 is equivalent to equation 4.5. Boundary conditions are applied by
replacing the boundary term with the corresponding boundary’s potential. For an N × N
grid, the set of N2 equations represented by equation 4.4 can be solved by re-writting them
in matrix form:

Au = (H + V )u = B (4.6)
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where u = [φi,j], B = [ρi,j/ε0] and

H =
1

∆x2
tridiag(−1, 2,−1), V =

1

∆y2
block tridiag(−I, 2I,−I) (4.7)

Note that for an N × N grid, tridiag is an N2 × N2 tridiagonal matrix whose three main
diagonals are comprised of -1, 2, and -1. Additionally, block tridiag is an N2 × N2 block
tridiagonal matrix whose three main diagonal blocks consist of −I, −2I, and −I, where I
is an N ×N identity matrix.

The alternating direction iterative (ADI) method is implemented to efficiently solve the
resulting matrix equation by solving the following equations implicitly:

(H + Irm)um+1/2 = (rmI − V )um + B (4.8)

(V + Irm)um+1 = (rmI −H)um+1/2 + B (4.9)

where m represents the iteration number. Equations 4.8 and 4.9 can be reduced to the
Peaceman-Rachford form

um+1 = Trm+1u
m + grm+1(B) (4.10)

where
Tr = (V + Ir)−1(rI −H)(H + Ir)−1(rI − V ) (4.11)

gr(B) = (V + Ir)−1[(rI −H)(H + Ir)−1 + I]B (4.12)

and rm are relaxation parameters that are iteratively calculated to minimize the maximum
spectral radius of the Peaceman-Rachford matrix, Tr, for m = 2k iterations using the method
developed by Wachspress.83,86 As a point of comparison between this method and a standard
method such as Successive Over-Relaxation (SOR), the rate of convergence for the ADI-
Wachspress method for a 100 × 100 grid with k = 5 is 15.5 times greater that the rate of
convergence for SOR. Thus, the combination of ADI and Wachspress’ method results in an
efficient Poisson Solver.

The following definitions and normalizations are used throughout the model: distance r =
r/λDe, time t = tωpe, velocity v = v/vthe and potential Φ = φ/Φ0, where Φ0 = kTe/e,
Te, ωpe, vthe, and λDe are the electron temperature, plasma frequency, thermal velocity and
Debye length, respectively.

4.3 Tether Current Dependence on System Parame-

ters

Previous analyses of the current collected by a satellite or an EDT system use models where
the system is traveling perpendicular to the magnetic field to derive an expression for a
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constant current.44,46,75 Additionally, electrodynamic tether applications generally assume
the perpendicular geometry because is maximizes the electrodynamic force in the direction
of the system’s orbital velocity. However, it is unlikely that a tether system will be op-
erating in these conditions (e.g. the PMG tether system’s orbit inclination was 25.7◦87).
Thus, it is important to understand the behavior of the current collection under a variety
of magnetic field orientations, plasma states and end-body biases. In order to maximize the
current collected, EDT systems will likely operate near the F-2 electron density peak. The
parameters that were used throughout the simulations were generated to build a reasonable
approximation of the ionosphere at an altitude of 300 km. Simulations were performed for
the following ionospheric parameters: plasma density n0 = 1011 m−3, electron temperature
given by Te = 0.2 eV , and the ambient magnetic field strength B0 = 0.3 G. The end-body
has an orbital velocity of v0 = 0.3vthe, where vthe is the electron thermal velocity (approxi-
mately 192 km/s) and radius rsat = 10λDe, where λDe ≈ 1 cm in the ionosphere. The large
orbital velocity was chosen for computational economy (a typical orbital velocity for a LEO
satellite is v0 ∼ 8 km/s). The ion temperature was set to Ti = 0 eV because the ion thermal
velocity is an order of magnitude less that the satellite’s orbital motion if Ti = 0.2 eV . In
order to reduce the computational time while maintaining the relevant physics of the sim-
ulation, a reduced mass ratio is used: mi/me = 1837. The reduced mass ratio corresponds
to H+ ions, however the dominant species at 300 km are O+ ions that have a real mass
ratio of mi/me = 16 × 1837. The simulation box was 256λDe × 256λDe and the integra-
tion time step was ∆t = 0.2ω−1pe , where ωpe is the electron plasma frequency (at 300 km,
ωpe = 1.78 × 107 rad/s). Simulations were run over t = 7, 200ω−1pe , corresponding to a real
time period of 0.404 ms, in order to allow several periods of the transient plasma structures
around the satellite to evolve. Average current values are obtained by time-averaging the
current collected over several oscillation periods.

The following discussion begins with the results for the well studied case of the magnetic field
perpendicular to the orbital velocity of the satellite. The behavior of the current collected by
the end-body is then examined when the satellite size and orbital velocity are held constant,
but the magnetic field orientation, satellite potential and ratio of ωpe/Ωce are varied. The
simulations cover a parameter space that encompass space plasma states that would be
encountered by an EDT system in LEO at an altitude of 300 km.

4.3.1 Benchmark Case (θB = 90◦, φsat = 20 V)

The configuration where the magnetic field is perpendicular to the satellite’s orbital velocity
serves as a point of comparison between the present work and the previous work of Parker
and Murphy,61 Vashi and Singh,85 Singh and Chaganti,72 Laframboise,46 and Singh et al.75

Figure 4.4 shows that the average current collected between t = 1500ω−1pe and t = 7, 200ω−1pe
is I = 11.26 mA/m, which is directly between the values predicted by the adjusted Parker-
Murphy model (I = 6.23 mA/m) and Laframboise46(I = 19.98 mA/m). The current col-
lected in the simulation is also within 2-6 times the Parker-Murphy current, matching the
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Figure 4.4: The average steady state current collected by a spherical satellite biased at
Φsat = 20V and orbital velocity vorb = 0.3vthe as a function the angle between the local
magnetic field vector and its orbital velocity, θB.

enhancement seen in the TSS-1R experiment.

The time evolution of the electric potential around the satellite is shown in Figure 4.5. Fig-
ure 4.5(a) shows the potential distribution at the start of the simulation runs. Figure 4.5(c),
(e) and (f) correspond the maximum current collection states, while Figure 4.5(b) and (d)
correspond to current minima. The fan shaped potential structures observed by Vashi and
Singh85 to form in the ram region of the satellite are also observed in Figure 4.5(c), (e) and
(f) during current maxima. The fan shaped potential surfaces create large azimuthal electric
fields that capture electrons and drive them towards the satellite. The particle structures
that form with these potential structures will be described in detail in the next section.
Since the behavior of the current and potential structures throughout the simulations drive
current maxima and minima, changes in these structures brought about by different system
configurations will have a significant impact on the current collected by the satellite.

4.3.2 Impact of the Magnetic Field’s Orientation

In order to investigate the effect of the magnetic field’s orientation on the current structures
described in the previous section, simulations have been run for θB ∈ [0◦, 180◦], where θB
is the angle between the satellite’s velocity and the local magnetic field. The variation of
the average current collected with θB is shown in Figure 4.4. Surprisingly, the maximum
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Figure 4.5: The time evolution of the potential in the simulation box for the benchmark
case (θB = 90◦, Φsat = 20 V), where blue contours represent areas of negative potential.
Figures 4.5(b) and (d) correspond to current minima, while Figures 4.5(d), (e) and (f) show
the potential at current maxima. The fan shaped structures observed by Vashi and Singh85

form in the ram region of the box form during current maxima. A steady-state negative
potential region forms in the wake of the satellite. The potential contours are separated by
∆Φ = 15.
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Table 4.1: Parameter Values for Equation 4.13.

Parameters Values (95% confidence bounds)
a 9.034 mA/m (8.616 mA/m, 9.453 mA/m)
b1 0.172 (0.1514, 0.1926)
b2 0.02839 (0.02529, 0.0315)
c1 77.53◦ (76.98◦, 78.07◦)
c2 88.59◦ (86.76◦, 90.42◦)
c3 102.7◦ (102.1◦, 103.3◦)
d 2.444 mA/m (2.922 mA/m , 1.967 mA/m )

average current is collected when θB = 75◦ and 105◦. A significant drop in the average
current collected occurs when the magnetic field is near perpendicular to the satellite’s
orbital velocity. When θB is varied below 75◦ and above 105◦, the average current collected
decays exponentially. A nonlinear, least squares curve fit results in the following bi-modal
model for the tether current’s dependence on magnetic field orientation

I(θB) = a1[exp(−b21(θB − c1)2)
+ exp(−b22(θB − c2)2)

+ exp(−b21(θB − c3)2)] + d
(4.13)

where the values for the model’s parameters are given in Table 4.1. Equation 4.13 is plotted
with the simulation data in Figure 4.4.

The variations in the current can be further illuminated by examining both the evolution
of the current throughout the simulations and the plasma structures that form around the
satellite. The transient behavior of the current, shown in Figures 4.6 and 4.7, clearly changes
from small amplitude, high frequency oscillations to large amplitude, low frequency oscil-
lations between θB = 60◦ and θB = 90◦. The change in the transient behavior suggests a
change in the dominant physics present near the satellite. The transition occurs at an angle
around θB = 75◦, as seen in Figure 4.6 and Figure 4.7, where the current collected by the
satellite does not develop oscillations over the course of the simulation. The shift in the
characteristic frequencies in the current collection has not been previously observed.

The change in the characteristic frequency of the collected current is due to a transition in
the primary structures present in the plasma as the strength of the in-plane component of the
magnetic field increases in strength. The variation of plasma structures across magnetic field
orientations can be seen in Figure 4.8. Figure 4.8(a) and 4.8(b) show the electron structures
present at selected current minima and maxima for θB = 90◦ (shown in Figure 4.7). The
current minima occur during the formation of the large particle structures curving around
the satellite at the edge of the simulation space, shown in Figure 4.8(a). As time progresses,
the particle structures gradually translate in an azimuthal and radial direction until they
reach the satellite (corresponding to a current maxima), shown in Figure 4.8(b). The current
structures just described are the azimuthal current structures observed during events in the
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Figure 4.6: The time evolution of the current collected by a spherical satellite biased at
Φsat = 20V and orbital velocity vorb = 0.3vthe for θB = 60◦, 70◦, and 75◦

.

TSS-1R experiment.58

As the magnetic field tilts from 90◦ to 75◦, the magnetic field develops a component in the
satellite’s equatorial plane. The in-plane component draws current along the field lines and
bends the azimuthal current structure along the magnetic field line. The resulting effects
on the plasma structure can be seen in Figure 4.8(c) and 4.8(d) for θB = 80◦. When the
magnetic field is perpendicular to the orbital velocity, most of the plasma particles trapped
in the azimuthal current curve around the satellite and are not collected. However, in
Figure 4.8(c) and 4.8(d) the additional component along the field lines directs the plasma
particles into the satellite and the particles are collected. The additional collected electrons
result in the current increasing by 67% between θB = 90◦ and 75◦.

When the magnetic field’s orientation decreases below 75◦ (or increases above 105◦), the
dominant structure in the plasma is completely altered by the in-plane magnetic field com-
ponent. The strong in-plane magnetic field causes plasma lobes to form on either side of the
satellite (see Figure 4.8(e) and (f)). The formation of the lobes below θB = 75◦ and above
θB = 105◦ results in potential barriers forming that prevent electrons from arriving at the
satellite from the top or the bottom. Additionally, the current is limited in this orientation
range due to the in-plane component of the magnetic field becoming large enough to prevent
electrons from crossing the field lines. The breakdown of cross-field transport inhibits the
formation of the azimuthal current structures, which seem to be a dominant mechanism
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Figure 4.7: The time evolution of the current collected by a spherical satellite biased at
Φsat = 20V and orbital velocity vorb = 0.3vthe for θB = 75◦, 80◦, and 90◦. Note that the
oscillations in the currents for θB = 60◦ (Figure 4.6) and θB = 80◦ have distinctly different
frequency characteristics. This suggests a transition in dominant physics in the space plasma
around the satellite between these magnetic field angle (the behavior between θB = 100◦ and
120◦ is similar).
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Figure 4.8: The plasma structures present at the current minima (a, c, and e) and maxima
(b, d, and f) in Figure 4.6 and Figure 4.7 for θB = 60◦, 80◦ and 90◦. The azimuthal current
structures seen flowing in front of the satellite for θB = 80◦ and 90◦ are not present for
θB = 60◦.
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Figure 4.9: Steady state lobe structures that form near a spherical satellite biased at Φsat =
20V, and orbital velocity vorb = 0.3vthe for θB = 0◦. Note the formation of an enhanced
wake due to ion scattering off of the potential surfaces created by the satellite’s bias.27 The
collection radius predicted by the Parker-Murphy model is represented by the outer circle.



John A. Janeski Chapter 4. Current Collected by a Spherical Satellite 67

50 100 150 200 250
10

−1

10
0

10
1

Satellite Potential (Φs at)

C
u
rr
en

t
(m

A
/
m
)

 

 

Collis ion-less
ν̃co l= 1 × 10−4

P-M Model
Adj. P-M Model

Analyt ical Curve Fit

Figure 4.10: Simulations for both collision-less and MCC-PIC cases are plotted against the
two Parker-Murphy models. The current is roughly proportional to the Parker-Murphy
currents below Φsat = 150. Above Φsat = 150, a steady bow-shock forms around the satellite
that inhibits the electrons from entering the sheath region. Electron-neutral collisions prevent
the formation of the bow-shock structure inhibiting current collection. The analytical curve
fit is based on the data points below Φsat = 150.

for delivering current to the satellite. Figure 4.9 shows the lobed plasma structures that
form above and below the satellite when θB = 0◦. These lobes form at twice the collection
radius predicted by the Parker-Murphy model (outer circle in Figure 4.9). The lobed struc-
tures form an enhanced wake around the spacecraft as described by Engwall et al.27 for an
unmagnetized space plasma.

4.3.3 Current Dependence on Satellite Potential

The analytical models of Parker and Murphy,61 Singh and Chaganti,72 and Khazanov44 do
not accurately capture all of the physics present in the current-voltage characteristic of the
TSS-1R experiment, as seen in Figure 3 in Khazanov.44 In order to better understand the
physics that are not incorporated in the analytical models, the satellite bias was varied
between Φsat = 30 and Φsat = 250, which corresponds to φsat ∈ [6 V, 50 V] where Φ0 ≈
0.2 V. The range of possible satellite potentials was limited by the validity of the simulation
boundary conditions because the sheath intersected the edges of the simulation box at high
potentials, violating the boundary condition of Φ = 0. The solid dots in Figure 4.10 show the
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results of the simulations and that the current roughly follows the Parker-Murphy models
below Φsat = 150. For purposes of comparison, the Parker-Murphy model and adjusted
Parker-Murphy model are shown in Figure 4.10. The upper bound on current collection
predicted by the Parker-Murphy model61 is given by:

IPM = 2πr20Jr, r20 = r2sat

[
1 +

(
8eΦ0

meΩ2
cer

2
s

)1/2
]

(4.14)

where Jr is the random thermal current, Ωce is the electron cyclotron frequency and me is
the electron mass. The adjusted Parker-Murphy model72 adds an estimate for the current
enhancement due to the satellite’s movement through the space plasma given by:

IAPM = IPM + δI, δI = 2πNevther
2
⊥ (4.15)

where N is the electron number density, e is the elementary charge, vthe is the electron
thermal velocity and r⊥ is the distance the sheath extends perpendicular to the satellite’s
orbital velocity. Note that this estimation does not depend on the satellite’s velocity and
therefore is only qualitative. Since there is not an analytical expression for the distance the
sheath extends along magnetic field lines perpendicular to the satellite’s direction of motion,
the collection radius, r0, calculated by Parker and Murphy is used as an estimate.21 For low
potentials (Φsat ≤ 40), the average collected current is between the Parker-Murphy model
and adjusted Parker-Murphy model. Between Φsat = 40 and Φsat = 150, the current is above
the values predicted by the adjusted Parker-Murphy model. Note that for the parameters of
the TSS-1R collecting end-body, the two Parker-Murphy models bound the data from the
tether experiment.44

The representative time histories of the collected current presented in Figure 4.12 show the
collected current’s behavior changes drastically as the satellite’s bias increases. At low po-
tentials, the current remains relatively constant throughout the simulations. As the potential
rises above Φsat = 75, the current develops large amplitude oscillations. Above Φsat = 150,
an order of magnitude drop in average current collected is observed. The significant reduc-
tion in current collection is due to the sheath transitioning from a turbulent state to a steady
state. As seen in the particle distributions shown in Figure 4.11 (a) and (b), the sheath re-
mains small (rsheath << rsat) for low satellite bias potentials. However, the time histories of
the current collected by the satellite in Figure 4.12 show a marked change in behavior above
Φsat = 75 due to the expansion and contraction of the sheath. The volatility of the sheath
can be seen via a comparison of Figures 4.11(c) and (d). The contraction (Figure 4.11(c))
and expansion (Figure 4.11(d)) of the sheath corresponds to, as expected, current minima
and maxima, respectively. The sheath steadies at satellite potentials above Φsat = 150 and
forms the steady state ion bow-shock seen in Figures 4.11(e) and (f). The formation of the
ion barrier or bow-shock structure attracts electrons away from the sheath region with the
result that the collected current is reduced by an order of magnitude.
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Figure 4.11: (a) and (b) show that the ion-depletion region drops to zero in the ram direc-
tion for low potentials. Note that (c) and (d) correspond to current minima and maxima,
respectively for Φsat = 125. The sheath can be seen expanding and contracting. The current
is limited when Φsat ≥ 150 by the formation of the steady-state ion structure ahead of the
satellite, (e) and (f).



John A. Janeski Chapter 4. Current Collected by a Spherical Satellite 70

0 2000 4000 6000 8000
0

5

10

15

20

25

30

35

40

45

Time Step (ω− 1
pe )

C
u
rr
en

t
(m

A
/
m
)

 

 

Φs at= 30
Φs at= 75
Φs at= 125
Φs at= 250

Figure 4.12: Representative time histories of the collected current. The collected current is
highly oscillatory for 75 < Φsat ≤ 125. For Φsat below 75, the oscillations in the collected
current are not significant.

A curve fit to the data below Φsat = 150 results in I ∝ Φ
0.7

sat, compared to the fully 3D model

of Singh et al.:75 I ∝ Φ
0.62

sat . For sufficiently large values of Φsat, IPM ∝ Φ
0.5

sat. Thus, the
enhancement seen in the simulations above the Parker-Murphy model can be written as:

I/IPM ∝ Φ
0.2

sat (4.16)

where IPM is the current predicted by the Parker-Murphy model. Since the simulation data
below Φsat = 150 is greater than either Parker-Murphy model, the curve fit will likely predict
currents larger than actual values.

4.3.4 Collisional Effects

Laboratory experiments have shown that the current collected continues to increase as the
probe, or satellite, bias is increased.31 Electron-neutral collisions can have an impact on
the electron velocity distribution and thus, impact the particle structures that form in a
space-plasma. Typical ionospheric electron-neutral collision frequencies are on the order of
νen/ωpe = 10−4 (e.g. Kelley42). The incorporation of electron-neutral collisions into the
simulation framework destabilizes the bow-shock that formed in the simulation discussed in
the previous section. The resulting average collected current follows the trends observed in
the laboratory experiments.
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Figure 4.13: The current collected as a function of the magnetization of the space-plasma is
shown, as well as an analytical curve fit to the data.

Simulations were run for ν̃en = [1× 10−4, 0.5× 10−3, 1× 10−3] and Φsat = [100, 150, 200]
in order to capture the effects for both the variation of collision frequencies present in the
ionosphere and the range of satellite potentials where the formation of a stable bow-shock
structure occurs. The average current collected at each satellite voltage stay within 10% of
the average current collected when ν̃en = 1× 10−4 for all values of ν̃en . The average current
for ν̃en = 1 × 10−4 is plotted against the collision-less simulation results in Figure 4.10.
Comparisons between the average current above Φsat = 150 show that the simulation results
containing electron-neutral collisions do not display the current limiting behavior observed
in the collision-less simulations. The current collected for Φsat = 100 increases from I = 11.3
to I = 15.6 when collisions are included. For Φsat = 150 and 200, the current remains close
to the curve fit of the collision-less simulation data. Thus, electron-neutral collisions disrupt
the formation of the bow-shock sheath structure responsible for limiting the current above
Φsat = 150. Note that the average current does not continue to increase as the satellite
bias increases as it does in the experimental results of Gilchrist et al.31 However, both
the amplitude of the current’s oscillation and the maximum current increase with satellite
voltage. Thus, larger instantaneous currents are collected at higher voltages, but the average
current is less due to periods of limited current collection.
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Figure 4.14: A highly magnetized plasma limits the cross-field transport and thus limits
current collected. A weakly magnetized plasma does not have the large amplitude oscillations
present in the current collected in a magnetized plasma.

4.3.5 Magnetization Effects: Variation of ωpe/Ωce

Since the magnetic field strength and plasma density can vary by an order of magnitude in
LEO, simulations were run over a range of plasma frequency to cyclotron frequency ratios
that can exist throughout LEO (ωpe/Ωce = 0.64, 3.33, 8.00, 13.00 and 16.04). Varying the
frequency ratio captures the variation in plasma density and magnetic field strength that
would be seen by an ionospheric satellite, while still maintaining the physics of the PIC
simulations. Figure 4.13 displays the average current collected as a function of ωpe/Ωce.
An analytical curve fit to the simulation data shows that the average collected current
varies as I ∝ [ωpe/Ωce]

0.33. Figure 4.14 shows that a highly magnetized plasma, such as a
space plasma found in Earth’s polar region where ωpe/Ωce = 0.64, would significantly limit
current collection (I ≈ 0.334 mA/m) by a satellite due to the plasma’s inability to cross
the strong magnetic field lines. However, the flow of a weakly magnetized plasma, such
as a low latitude, daytime plasma at an altitude of 200 km, is not inhibited by magnetic
field lines. The resulting effect is a relatively large, constant current flow with an average
of I ∼ 24 mA/m (see Figure 4.14). A typical value for ωpe/Ωce in LEO is 3.33. The time
evolution of the current displays large oscillations with an amplitude of ∆I ≈ 19 mA/m. At
ωpe/Ωce = 3.33, the electron cyclotron period is τce ≈ 18ω−1pe and the ion cyclotron period is
τci = (mi/me)τce. Since mi/me = 1837 for the simulations and the oscillations in the current
have a period τi ≈ 1200ω−1pe , the oscillatory behavior in the collected current is likely driven
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by the ion dynamics.

4.3.6 Discussion and Applications

As described in Section 4.3, EDT end-body current collection is typically studied for the case
when the collecting body is traveling perpendicularly to the local magnetic field because the
electromagnetic force on the tether will act entirely in the direction of the system’s velocity.
A system on an inclined orbit will have both an out-of-plane and in-plane component of
the electromagnetic force. The out-of-plane component drives a well studied instability in
the system’s dynamics.64 Assuming that the tether is perpendicular to the magnetic field
and that its velocity vector is in the system’s orbital plane, then the in-plane component
of the electromagnetic force is given by Femf = IL sin(θB), where I is the current collected
by the system’s end-body, L is the tether length and θB is the previously defined angle of
the magnetic field’s orientation. The magnitude of the force will remain constant for small
departures from θB = 90◦ if the current is held at a fixed value. However, the above results
have shown that the current will double (and thus the electromagnetic force as well) at small
departures away from θB = 90◦ due to the modification of the plasma structures by the
in-plane component of the magnetic field. Therefore, the enhancement of the current when
the magnetic field orientation is slightly changed has significant ramifications for studying
EDT system dynamics. Increasing the inclination of the EDT system’s orbit will also cause
the magnetic field’s orientation to gradually sweep through larger angles. As the orbit’s
inclination increases the orbital locations of maximum current collection will gradually ap-
proach apogee and perigee (i.e. the period between the current maxima near apsides will be
reduced). The interaction of the already known instabilities in tether systems on inclined or-
bits and the periodic increases in tether current just described could result in new instability
modes.

The majority of the chapter has focused on the application of satellite charging to EDT
systems. However, the results encompassed in this paper have application to space-object
charging in Earth’s dayside ionosphere. The satellite simulated in the present work is about
double the size of a 1U Cubesat. Since satellites can charge up to 5 V positive on the
day side,49 the low potential simulations have direct applicability to the charging of small
satellites in LEO as they clear Earth’s shadow. The interaction of a charged surface with
the local magnetic field can also perturb the orbits of high area-to-mass ratio (HAMR)
space debris.41 While atmospheric drag forces typically dominate in LEO, the asymmetric
nature of the plasma structures observed in Figure 4.8(a)-(d) would result in non-uniform
electrostatic charging of the HAMR object. The resulting interaction with the magnetic
field in LEO would produce both a torque and a force on the object, causing an error in the
orbit and attitude determination. HAMR objects pose a serious collision risk for active GEO
and LEO spacecraft. Thus, an accurate determination of the object’s location will depend
on its interaction with the local space environment and is essential for collision avoidance.
The asymmetry of the azimuthal current structure’s arrival to the surface of the satellite
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also has application to Langmuir probe design. Langmuir probes are commonly included
on spacecraft to monitor the satellite’s potential and local charged particle densities (recent
missions include C/NOFS18 and DEMETER52). If the Langmuir probe is directional or
planar, such as the ones on DEMETER and C/NOFS, then the asymmetry in the current
structures will affect the data that are collected by the instruments.

4.4 Conclusions

In addition to building a better understanding of the dependence of the current collected
by an EDT system on end-body bias, the fundamental purpose of this work is to show
that the variations in the space plasma environment seen throughout an orbit will impact
the current collected. A 2-D3v Particle-in-Cell model has been used to study the plasma
dynamics in the vicinity of a positively charged electrodynamic tether end-body in LEO, with
a specific focus on its applications to electrodynamic tether systems. Previous investigations
have been limited to cases when the magnetic field is either perpendicular or parallel to the
satellite’s orbital velocity due to the complex nature of the plasma’s behavior. The present
work expands on previous studies by completing a parametric study over magnetic field
orientation, sub-satellite bias and plasma magnetization.

As expected, a highly magnetized plasma inhibits particle transport across magnetic field
lines and results in a significant reduction in current collected. However, a plasma with a
ratio of ωpe/Ωce = 16 is typically only found in the polar regions where the magnetic field
is the strongest. The satellite bias was also varied between Φsat ∈ [6V, 50V ]. The average

current varied as I ∝ Φ
0.7

sat below Φsat = 125. Above Φsat = 125, a steady-state bow shock
formed in the ram region. The bow shock formed a large potential structure that prevented
electrons from entering the satellite’s sheath and thus dropping the current collected by the
satellite by an order of magnitude. Electron-neutral collisions were then introduced into
the simulation model. The collisions destabilized the bow-shock structure and the average
collected current.

A somewhat unexpected result was the increase in average current collected when the mag-
netic field is orientated ±15◦ off of perpendicular from the satellite’s orbital velocity. The
primary mechanism driving the current enhancement is the in-plane magnetic field guiding
the azimuthal current structures into the satellite. Once the magnetic field was further than
15◦ off of perpendicular, the in-plane component of the magnetic field became large enough
to limit the ability of the electrons to cross magnetic field lines, thus destroying the azimuthal
current structure that enhanced the current collected. Additionally, ion lobes form above and
below the satellite, further inhibiting the ability of electrons to enter the satellite’s sheath
and to be collected. When the magnetic field is perpendicular to the satellite’s velocity, an
enhanced wake forms, similar to the structures predicted by Laframboise46 to form around
a positively charged satellite in a flowing, tenuous plasma.
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In summary, PIC simulations have been run over a range of parameters for a electrodynamic
tether system orbiting on an inclined orbit in LEO. Analytical curve fits have been generated
to characterize the variation of the average current collected with both plasma and system
parameters. The variations in average current are driven by changes in the plasma-satellite
system altering the plasma structures that deliver current to the collecting end-body. The
completed research can be applied to building an improved tether/plasma interaction model
in order to better characterize the transient dynamics in large electrodynamic tether systems
that develop due to the anisotropic nature of the ionospheric space plasma. The newly
observed dependence of the collected current on the local magnetic field’s orientation will
likely drive previously unobserved instabilities in the tether system’s dynamics.



Chapter 5

Electrodynamic Tether Instabilities
Induced by the Variation of the Local
Space Plasma Environment

5.1 Introduction

An electrodynamic tether system on an inclined orbit will travel through a constantly chang-
ing space-plasma environment. The current collected by the collecting end-body of the tether
system will not only be affected by the diurnal variations in the plasma’s number density and
temperature, but will also experience variations in the magnetic field’s orientation. Chap-
ter 3 showed that new instabilities arise in the tether’s dynamics due to the diurnal variations
in the collected current using a simple, analytical model to govern the current in the tether.
The purpose of the work presented here is twofold. First, a rigorous investigation of the
current collected by a spherical satellite is combined with a high-fidelity dynamics model to
build a full electrodynamic tether system model that accurately incorporates the interaction
between the tether and the ionosphere into the dynamics. Second, a study of the variation in
the instabilities that arise in the dynamics of EDT systems on inclined orbits with increasing
orbital inclination is presented. Increasing the inclination has several effects: it increases the
out-of-plane component of Earth’s magnetic field that drives a known instability, changes
the space-plasma environment through which the system is traveling and alters the current
collected due to changes in the orientation of the local magnetic field relative to the collect-
ing body’s velocity. As shown in Chapter 4, altering the magnetic field’s orientation has a
significant effect on the electrodynamic force generated by the system due to the orientation
of the magnetic field’s influence on the collected current.

76



John A. Janeski Chapter 5. Magnetic Field Induced Tether Instabilities 77

5.2 Methods

The mathematical model developed for this study again characterizes a classical EDT system:
two satellites connected by a long, insulated conducting tether orbiting a central body with a
strong, dipole magnetic field and a dense space plasma, as seen in Figure 3.2a. The tether’s
end-bodies are assumed to be in electrical contact with the plasma environment surrounding
the satellites. A potential is set up across the tether either by the motion of the tether
across the central body’s magnetic field or by a power source in the system. The potential
difference drives a current that is collected from the surrounding plasma through the tether.
The tether system can be in either motor or generator mode, depending on the direction of
the current. For the purposes of our study, the tether will be in thruster mode. The tether’s
current and the local magnetic field that generate the electrodynamic force are governed by
the system electrodynamics model. The current and the local magnetic field vector are then
fed into the model of the system’s dynamics.

5.2.1 System Electrodynamics Model

The system electrodynamics model is now updated to include the results from the PIC
simulations from Chapter 4. The adjusted Parker-Murphy model used to govern the tether
current in Chpater 3 is

IAPM = IPM + δI (5.1)

where

δI = 2πneqevthea
2

[
1 +

(
8Φs

meΩ2
ea

2

)1/2
]

(5.2)

Equation 5.1 produces a qualitative estimate of the impact that orbital motion has on the
current collected by the tether end-body. Simplifying like terms simply results in:

IAPM = 2I0

[
[1 +

(
8Φs

meΩ2
ea

2

)1/2
]

= 2IPM (5.3)

The results from 2-D3v PIC simulations in Chapter 4 show that the current varies as a
function of the angle between the local magnetic field and the collecting body’s velocity, θB
as:

IPIC(θB) = a1[exp(−b21(θB − c1)2) + exp(−b22(θB − c2)2) + exp(−b21(θB − c3)2)] + d (5.4)

where the values for the model’s parameters are given in Table 4.1. The current was also
found to vary with satellite potential by IPIC ∝ Φ0.7

s . Thompson et al.80 develop a curve fit
to the TSS-1R data based on the Parker-Murphy model of the form

IPT
I0

= η

[
1 +

(
8Φs

meΩ2
ea

2

)γ]
(5.5)
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Table 5.1: Parameter Values for Equation 5.8 and 5.7.

Parameters Values (95% confidence bounds)
a 9.034 mA (8.616 mA, 9.453 mA)
b1 0.172 (0.1514, 0.1926)
b2 0.02839 (0.02529, 0.0315)
c1 77.53◦ (76.98◦, 78.07◦)
c2 88.59◦ (86.76◦, 90.42◦)
c3 102.7◦ (102.1◦, 103.3◦)
d 2.444 mA (2.922 mA , 1.967 mA )

where the Parker-Murphy model is obtained if η = 1 and γ = 0.5. Throughout the TSS-1R
experiment η ranged between 2.2 to 2.9 and γ varied between 0.47 and 0.56.80 In order
to build a model that captures both the enhancement above the Parker-Murphy current
observed in the TSS-1R experiment and the behavior of the collected current observed in
the PIC simulations, the coefficients, η and γ, in Equation 5.5 will be chosen as:

γ = 0.5 (5.6)

cPIC(θB) = exp(−b21(θB − c1)2) + exp(−b22(θB − c2)2) + exp(−b21(θB − c3)2 (5.7)

η = 2× cPIC(θB)

cPIC(90◦)
(5.8)

where γ is chosen from the original Parker-Murphy model and η is a combination of both the
θB dependent portion of Equation 5.4 normalized to cPIC(90◦) = 1.02 and the enhancement
of the adjusted Parker-Murphy model. The inclination of the TSS-1R orbit was 28.45◦.
Throughout this orbit, θB will vary within 60◦ and 120◦, which corresponds to η ∈ [1.02, 3.36].

The plasma parameters used in the PIC-Parker-Murphy model (electron temperature, Te and
number density, ne) are calculated by the 2012 International Reference Ionosphere (IRI)9,12

based on the position of the collecting end-body. The local magnetic field is modeled as
the tilted dipole model described in Section 3.2.1. The complete electrodynamics model for
the system consists of both the magnetic field model and the PIC-Parker-Murphy current
model. Equations 5.5-5.8 combined with the International Reference Ionosphere (where the
local magnetic field is determined by Equation 3.11) define the PIC-Parker-Murphy model
(hereafter referred to as the P-P-M model) and govern the current in the tether. Equa-
tion 3.10 defines the magnetic field vector along the tether. The results from Equations 5.5
and 3.10 is used to determine the Lorentz force along the tether throughout the system’s
orbit.

5.2.2 EDT System Dynamics Model

The numerical model used for the system dynamics is the same as the one described in
Section 3.2.2. The updated current collection model (Equations 5.5-5.8) is introduced into
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the electrodynamic forcing term

FED = IPPM
∂r

∂s
ds×B (5.9)

where IPPM is the current in the tether given by Equations 5.5-5.8. As mentioned in Sec-
tion 3.2.2, the partial differential equation governing the evolution of the tether shape can
be written in terms of the unstretched tether length as

r̈ = − µ

r3T
rT +

1

ρ

∂T

∂s
+
IPPM
ρ

∂r

∂s
×B− r̈A − p̈A (5.10)

As in the model from Chapter 3, equation 5.10 governs the elastic vibrations of the tether
while Equations 3.26 and 3.27 determine the tether’s pendular motions. These equations are
not independent; the vibrational and elastic modes of the tether are coupled. In order to
obtain a finite set of ODEs, Equations 3.29 and 3.25 are discretized using the Finite Element
Method.

5.3 Results and Discussion

The simulation parameters for the system are the same as the parameters from the system
in Chapter 3 and are restated in Tables 5.2 and 5.3. Again, the system is modeled in thrust
mode. The results presented in Section 5.3.1 will first focus on the new dynamics that develop
as a result of the P-P-M model governing the tether’s interaction with the ionosphere. The
dynamics under the P-P-M model are also compared to the system modeled in Chapter 3
where the tether’s current is modeled using the IRI-Parker-Murphy model. Since the range
of magnetic field orientations observed by the system will increase when the inclination of
the system increases, the variations in the current governed by the P-P-M model will also
change. Therefore, the variation of the system’s dynamics with orbit inclination is presented
in Section 5.3.2.

Table 5.2: EDT System orbital elements.

Orbital Elements
Epoch, day and UT year 1999; day 128
Inclination, deg [15, 25, 40, 50, 65, 75]
Eccentricity 0.001
Right Ascension, deg 300
Argument of Perigee, deg 45
Mean motion, rev/day 15.5855
Perigee height, km 385.085
Apogee height, km 398.625
Mean anomaly, deg 0
Period, min 92.4
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Table 5.3: EDT system parameters.

System Parameters
Unstretched Length L, km 20
Longitudinal Stiffnes EA, N 55000
Unstretched linear mass density ρ, kg/m 0.025
Structural Damping constant c, s 0.5
Body A mass mA, kg 5000
Body B mass mB , kg 500
Body B potential ΦB, V 25
µ, m3·s−2 3.986×1014

µm, T·m3 8×1015

5.3.1 Effects Magnetic Field Orientation on Dynamical Instabili-
ties
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Figure 5.1: The variation of the orientation between the magnetic field and end-body B’s
velocity.

Two simulations were run to investigate the effects of including the current variations driven
by changes in the magnetic field’s orientation on the system’s dynamics when it is in thrust
mode. The first simulation used the P-P-M model to govern the interaction between the EDT
system’s collecting end-body and the surrounding space-plasma environment. The second
simulation model held the tether’s current constant at a value equal to the average of the
tether’s current in the previous simulation. Simulations were run over 10 orbits, allowing the
large oscillation’s in body B’s attitude to damp out and the motion of the end-body to reach
steady-state, as seen in Figure 5.1. As expected, the 25◦ inclination of the system’s orbit
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Figure 5.2: The upper plot shows the temperature and number density calculated by IRI
2012 throughout the system’s orbits for an initial orbit inclination of 25◦. The tether’s
current, governed by the P-P-M model, is shown in the lower plot.

causes the oscillation θB to stabilize over a range of 50◦. The following discussion will begin
with an analysis of the magnetic field effects incorporated into the P-P-M model’s impact
on the tether’s current. The remaining discussion will shift to analyzing the system’s overall
motions, which are separated into the tether’s librations and the evolution of the system’s
orbit.

The temperature and number density variations in the plasma surrounding the EDT system
throughout the simulation, along with tether’s current, are plotted in Figure 5.2. While the
large amplitude oscillations in the tether’s current are still clearly driven by the temperature
and density oscillations, a comparison between Figures 3.3 and 5.2 shows that both the
magnitude of the current and the amplitude of its variation are halved due to the magnetic
field’s influence. The average current in the tether is Iavg ∼ 0.126 A (compared to an average
current of Iavg ∼ 0.263 A for the IRI-Parker-Murphy model). A direct comparison to the
current’s variation observed throughout the PMG mission is not necessarily warranted at
this point because the experimental results showed that the charged particles released by
the PMG’s Hallow Cathode Assembly (HCA) modified the plasma structure around the
tether system. The PMG results in Figure 3.10b show that when the HCA is turned off, the
collected current is reduced by an order of magnitude (the outlying data points near 5×103 s
PMG time). The plasma modifications due to the presence of an active plasma contactor
are not captured in the PIC results used to generate the P-P-M model. Additionally, the
azimuthal current structures that were observed in the PIC simulations to strongly influence
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Figure 5.3: The boost of the semi-major axis of the system over 10 orbits.

the end-body’s current collection, would also be impacted by the HCA.

The primary purpose of an EDT system in thrust mode is to raise or maintain the system’s
orbital altitude. The system’s orbit was increased by ∼ 1 km under the influence of both
the P-P-M current and a constant current. However, the lower average current for the P-
P-M model resulted less of an altitude gain than the IRI-Parker-Murphy model (the I-P-M
model increased the system’s semi-major axis by ∼ 1.4 km). As observed in the results in
Chapter 3, the oscillating orbital elements are not significantly affected by the variations
in the P-P-M current (less than 0.4% difference). The differences do, however, continue to
grow throughout the simulation (as an example, the absolute difference in the argument of
periapsis, ω, is shown in Figure 5.4). Therefore, the variations in the current predicted by
the P-P-M model have little effect on the system’s orbital elements and the magnetic field
effects included in the P-P-M model limit the ability of the EDT system to raise its orbit.

The in-plane librations are shown in Figure 5.5. A comparison between the in-plane tether
oscillations shows that the amplitude of the in-plane librations is unchanged between the
two simulations. Figure 5.6 shows the frequency spectrum of the in-plane librations of the
tether. The P-P-M current introduces a frequency component at twice the system’s orbital
frequency, 2ωsys, but the two primary frequency components at ωsys and slightly below
2ωsys that are induced in the constant current system remain the two strongest frequency
components. Unlike the IRI-Parker-Murpy model, the P-P-M model does not significantly
enhance the mode that is in between ωsys and 2ωsys. The impact of the P-P-M model on
the in-plane component of the tether’s libration is therefore limited.
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Figure 5.4: The absolute difference in the argument of periapsis between the simulation
where the tether’s current is held constant and where it is varied by the P-P-M model over
10 orbits.

The decreased amplitude of the P-P-M current (when compared to the IRI-Parker-Murphy
current) results in a reduction of the amplitude of the tether systems out-of-plane librations
(shown in Figure 5.7). As in the simulations under the influence of the IRI-Parker-Murphy
current, the out-of-plane librations are no longer bounded when driven by the P-P-M current.
The frequency spectrum of the tether’s out-of-plane motions shows that the high frequency
oscillations due to the elastic vibrations of the tether are also damped out (see Figure 5.8).
Note that the elastic vibrations were also damped out in the model under the influence of
the IRI-Parker-Murphy current. Thus, the impact of the P-P-M model on β is similar to the
IRI-Parker-Murphy model.

5.3.2 Variation of Electrodynamic Tether Motions with System
Orbit Inclination

The inclination of an EDT system’s orbit strongly affects the range of magnetic field orienta-
tions that are experienced throughout the system’s orbit, which in turn influence the current
that is collected by the system. Note, however, that the variations in the out-of-plane compo-
nent of the electrodynamic force acting on the tether will also increase. In order to investigate
the change in dynamics that result from increasing the inclination of the system’s orbit, sim-
ulations were run over a range of initial inclinations: I ∈ [15◦, 25◦, 40◦, 50◦, 65◦, 75◦, ]. The
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Figure 5.5: A comparison of the in-plane librations of the tether system when the current is
held constant (top) and when it is determined by the P-P-M model.

simulations were also run over 10 orbits. Just as in the previous section, the focus of this
discussion will be on the propagation of the EDT system’s orbit and its librations in order
to understand how the general motion of the tether will change as a function of the system’s
inclination.

The comparisons drawn between a tether system under a constant current and the time
varying current calculated by the P-P-M model remain true as the inclination changes. The
differences in the system’s orbital elements between a system with a constant tether current
and a tether current driven by the P-P-M model remain small. Additionally, the librations
of the tether in the system’s orbital plane are not significantly by the P-P-M current over the
range of inclinations included in the simulations. The oscillations in the out-of-plane tether
attitude angle continued to be driven unstable by the P-P-M model for each inclination.

The motions of the tether system do however show trends over the range of inclinations in-
cluded in the simulations. The amplitude of the pendular motions of the tether system tend
to decrease as the inclination of the system’s orbit increases. The maximum libration angles
for both in and out-of-plane librations are shown in Figure 5.9. A comparison between the
maximum libration angles when the current is held constant and when it is left to vary with
the plasma parameters yields the following trends. The maximum angular displacements
are greater under the influence of the P-P-M model for both modes of libration (with the
exception for the in-plane libration angle for an inclination of 15◦). The maximum differ-
ence in the tether’s in-plane oscillations between the two current models occurs when the
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Figure 5.7: A comparison of the out-of-plane librations of the tether system when the current
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Figure 5.8: The oscillations driven by the out-of-plane component of the electrodynamic force
that are at the system’s orbital frequency have the same amplitude as the high frequency
oscillations driven by the tether’s elastic vibrations.

orbit’s initial inclination is 50◦. The maximum out-of-plane libration angles double when
the orbit’s inclination is less than 30◦. For an initial inclination of 25◦, the out-of-plane
angle is maximized at βPPM = 0.13◦ for the P-P-M current and β = 0.051◦ for a constant
current system. While the maximum libration angles are small, the tether’s end-body swings
through a maximum arc-length of 47.4 m under the P-P-M current and 17.5 m when the
current is held constant. The differences in arc length are therefore significant, especially if
the location of the tether’s collecting end-body is relevant to the system’s mission.

Figure 5.10 shows the average current collected by the system and the maximum semi-major
axis of the system’s orbit over the range of initial inclinations. As the inclination system’s
orbit decreases, both the average current and the orbit’s semi-major axis increase as well. As
is expected, the increase in the system’s semi-major axis has the same behavior as the increase
in the average current in the tether’s when the orbit’s inclination is varied. With respect
to boosting tether operations, the most important observation is that the electrodynamic
force is able to increase the orbit’s semi-major axis by an additional ∼ 1 km on less inclined
orbits. Electrodynamic tethers will therefore be more effective at maintaining and/or raising
a system’s orbit in LEO when on orbits that are closer to equatorial. A well know instability
in an EDT system’s pendular motion, first reported by Lanoix et al.,51 is driven by the
out-of-plane component of the electrodynamic force acting on the tether that develops due
to the inclination of the system’s orbit. One would expect that increasing the system’s
inclination would increase the instability in the system’s out-of-plane motion. However, the



John A. Janeski Chapter 5. Magnetic Field Induced Tether Instabilities 87

10 20 30 40 50 60 70 80
0

0.05

0.1

0.15

0.2

0.25

Maximum Librat ion Angles

Init ial Orbit Inc linat ion (deg)

L
ib
ra

ti
o
n
A
n
g
le

(d
e
g
)

 

 

αP P M
α
βP P M

β

Figure 5.9: The maximum in-plane and out-of-plane libration angles under a constant current
and the P-P-M model are shown as a function of initial orbit inclination.

reduction in the amount of current that can be collected at higher latitudes counteracts
the increase in the relative magnitude of the out-of-plane component of the electrodynamic
force. As noted previously, the maximum out-of-plane libration angle actually decreases
with increasing inclination. Even under a constant current, the magnitude of the out-of-
plane librations does not significantly increase as the absolute value of the orbit’s inclination
increases (see Figure 5.9).

5.4 Conclusions

In summary, a new approach to modeling the interaction between an electrodynamic tether
and the space-plasma surrounding the system has been developed using the results from
Particle-in-Cell simulations and parameters from the International Reference Ionosphere. A
current collection model that includes the impact of the variations in the magnetic field’s
orientation and the space-plasma’s state on the current collected by an electrodynamic tether
system has been integrated into an electrodynamic tether dynamics model. Simulations
have been completed that show differences in the system’s dynamics under both the varying
current and a constant current, and over a range of initial orbit inclinations. The primary
difference between the results presented here and the results shown in Chapter 3 is that the
oscillations in the current collected by a tether system are limited when the effect of the
magnetic field’s orientation is included in the system’s electrodynamic model. Additionally,
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Figure 5.10: The average current and maximum semi-major axis for the system using the
P-P-M model are shown as a function of initial orbit inclination.

the variation of the system’s orbital inclination has several unexpected affects on the systems
motion. Generally, the amplitude of the tether’s librations, the average current collected
and the maximum semi-major axis of the system’s orbit decreases as the orbit’s inclination
increases. The decrease in the current collected by the system counteracts the increase in
the out-of-plane component of the electrodynamic force that is know the drive an instability
in the tether’s dynamics to actually decrease the amplitude in the tether’s librations as
the orbit becomes more inclined. Fundamentally, the inclusion of a more realistic current
collection model has shown that an electrodynamic tether system will have larger librations
on a near-equatorial orbit, but be more effective at increasing the altitude of the system’s
orbit.
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Figure 5.11: The upper plot shows the temperature and number density throughout the
system’s orbits for an initial orbit inclination of 75◦. The tether’s current, governed by the
P-P-M model, is shown in the lower plot.



Chapter 6

Summary and Recommendations for
Future Work

Electrodynamic tethers have the potential to aide several space-based applications and fields
of research. The primary application of EDT systems is to satellite orbital maneuvering.
However, before electrodynamic tether systems can be widely used, a better understanding
of their interaction with the surrounding space-plasma needs to be developed. The results
of this dissertations have shown that the coupling between the tether’s current and the
space-plasma environment has a strong influence on the system’s dynamics. The key results
from the research encompassed in this dissertation are summarized below, as well as some
suggestions for future research directions.

6.1 Summary of Contributions

A review of the current literature has shown that a study of electrodynamic tether system
dynamics under the influence of electrodynamic forcing varying with the local plasma pa-
rameters has not been completed. As a first order approach, the IRI-Parker-Murphy current
collection model has been integrated into the electrodynamic forcing term in a high-fidelity
tether system dynamics model. A comparison between a representative system with a con-
stant current and the IRI-Parker-Murphy current has shown that the system’s orbit is not
significantly affected by a plasma parameter dependent current. However, the IRI-Parker-
Murphy current dampens the high-frequency, small amplitude oscillations in the tether libra-
tions and introduces a low frequency oscillation in the out-of-plane tether motion. A careful
study of the dynamical behavior of the current collected by the system has been undertaken
in order to understand the link between experimentally observed local plasma phenomena
and the current fluctuations in a variety of plasma conditions in order to build a more higher
fidelity current collection model. A Particle-in-Cell (PIC) code has been developed to study
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the transient behavior of the plasma near a charged satellite. PIC simulations over a range
of magnetic field orientations have shown that the azimuthal currents observed during the
TSS-1R experiment play a significant role in current enhancement, the optimum magnetic
field angle for current collection is θB = 80◦ (previous studies have assumed that θB = 90◦

or θB = 0◦) and the azimuthal current structures break down for θB < 70◦ and θB > 110◦.
A complete parametric study of both the local transient plasma processes in the vicinity of
a spacecraft and current collected by a spacecraft as a function of satellite voltage, ratio of
plasma frequency to cyclotron frequency and magnetic field orientation have been completed.
Finally, the PIC results have been included into the system’s dynamics to create a robust
system model. The completed research has made the following novel contributions to the
understanding of the dynamics of electrodynamic tethers and spacecraft charging:

• A characterization of the plasma phenomena present near an EDT system as a function
of satellite voltage, space-plasma frequencies and magnetic field orientation

• An improved understanding of the dependence of the current collected by a satellite
on the local plasma fluctuations, satellite voltage, plasma magnetization and magnetic
field orientation

• A new method for using Particle-in-Cell results to model the interaction between the
tether system and the surrounding space plasma is developed

• An electrodynamic tether system model that incorporates the variation of the tether
current with the local plasma parameters into its dynamics

• The observation of new instability modes in an electrodynamic tether system’s dynam-
ics driven by the diurnal variations in the collected current

• A reduction of the system’s librations and ability to boost the system’s orbit when the
inclination of the orbit is increased.

The completed research includes the first study of an electrodynamic tether system’s dy-
namics under a time-varying, plasma parameter dependent current and the first study of the
plasma dynamics near a satellite where the magnetic field is not perpendicular or parallel
to the satellite’s orbital velocity. An EDT system dynamics model has been developed that
allows the study of the behavior of any EDT system under any plasma conditions. The
completed body of work also encompasses a thorough study of the coupling between the
local plasma environment and an electrodynamic tether system. The most significant results
of this work pertaining to electrodynamic tether operations is that the current collected by
an electrodynamic tether end-body is strongly dependent on the local magnetic field’s ori-
entation and the tether system is more effective at increasing the system’s altitude on less
inclined orbits.
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6.2 Recommendations for Future Work

The primary direction of future research surrounds the interaction between the collecting
end-body and the space-plasma. High fidelity models exist for a tether system’s dynamics,
however our understanding of the plasma’s behavior over a wide range of system states is
relatively limited. In order to accomplish a more thorough investigation via PIC simulations,
both a full 3-D PIC code and a larger simulation box will need to be used in order to inves-
tigate the coupling between the field aligned current structures and the azimuthal current
structures. The most significant limitation of the present work is that the interaction be-
tween the field aligned currents observed by Singh et al.75 and azimuthal current structures
was not able to be investigated using the 2-D3v PIC model. A 3-D PIC model will allow
the investigation of mechanisms that drive the interaction between the two types of current
structures, which will connect the current transport processes that occur far away from the
satellite to the near satellite processes. Additionally, a larger simulation would allow for the
investigation of the current collection properties of a partially bare tether over a range of
plasma states. Partially bare tethers have been proposed as a means to efficiently maintain
a constant tether current due to the bare tether’s distributed collection area being able to
account for variations in the space plasma. 3-D PIC simulations of a partially bare tether
would allow for the investigation of the variation of the potential over the tether’s length,
as well as the resulting variations in the current collected. The PIC simulation framework
used in the plasma simulations for this work requires the normalization of the frequencies
in the simulation model to the plasma frequency. Since the magnetic field strength is in-
corporated into the simulation through the species’ cyclotron frequency, the plasma density
and magnetic field strength were inherently coupled. Therefore, decoupling the magnetic
field’s strength from variations in the plasma density would allow for the investigation of the
impact of the change in each parameter.

Several plasma processes are not included in the simulation model that likely affect the
plasma structures that have been described in this paper: satellite surface secondary elec-
tron emission and photo ionization, particle scattering due to toroidal trapping, and neutral
ionization processes. Depending on the surface properties of the satellite, incoming elec-
trons may have enough energy to create one or more secondary electrons that will escape
the surface. Satellite surfaces that are in the sunlight will also emit a photoelectron current
depending on the satellite’s surface reflectance.49 Both of secondary electron and photoelec-
tron emission will affect the total collected current and the sheath around the satellite. The
particle trapping in the magnetic bottles that occur in the toroidal glow region affects the
sheath’s structure in the presence of a magnetic field.48 For large satellite potentials, the
accelerated, trapped particles have enough energy to ionize neutrals during collisions. The
new electrons can be scattered off of trapped orbits and onto orbits that are collected by the
satellite, thus enhancing the collected current.48 Lai49 show that neutral ionization in the
satellite’s sheath significantly alters the sheath’s structure once ionization reaches its satura-
tion point. Singh and Jaggernauth73 also show that in moderately dense plasmas ionization
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processes drive recurrent sheath expansions and oscillations in the current. The inclusion
of each of the described effects will allow for a more realistic investigation of the dynamic
between the plasma structures and the current arriving at the satellite.

The data from the PIC simulations should also be validated via plasma chamber experiments.
The results from Ref. 31 showed that the current will continue to increase with satellite po-
tential. However, the behavior of the azimuthal structures and the impact of collisions have
not yet been validated using laboratory experiments. Obviously, the perfect validation would
be to compare the results to data from another electrodynamic tether experiment. There are
a few EDT missions currently being developed, namely the Tether Electrodynamic Propul-
sion CubeSat Experiment (TEPCE) being developed by the Naval Research Laboratory.
The ultimate direct extension of the present work would be to include the PIC framework
into the system dynamics model. The inclusion of the PIC simulations would allow for the
real-time calculation of the current collected by the tether system’s end-body based on the
parameters fed to it by IRI. Unfortunately, the PIC simulations run for this research re-
quired ∼ 1 week to run on a single processor. Therefore, without parallelization and faster
processors, the suggested simulations prohibitively long run times.
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[2] Ja.L. Al’pert, A.V. Gurevič, and L.P. Pitaevskij. Effects due to an artificial earth
satellite in rapid motion through the ionosphere or the interplanetary medium. Space
Science Reviews, 2(5):680–748, 1963.

[3] A.V. Andreev and M.S. Konstantinov. Spacecraft systems with energy trade-off. In
Proceedings of the XI Tsiolkovskii Radings, pages 126–135, Moscow IIET, 1976.

[4] David A. Arnold. The behavior of long tethers in space. In Peter M. Bainum, Ivan
Bekey, Luciano Guerriero, and Paul A. Penzo, editors, Tethers in Space, volume 62,
pages 35–50. American Astronautical Society, September 1987.

[5] Peter M. Bainum, Ivan Bekey, Luciano Guerriero, and Paul A. Penzo, editors. Tethers
in Space, volume 62 of Advances in the Astronautical Sciences. American Astronautical
Society, San Diego, California, 1987.

[6] Peter M. Banks. Review of electrodnyamic tethers for space plasma science. Journal of
Spacecraft, 26(4):234–239, July 1989.

[7] Ivan Bekey. Historical evolution of tethers in space. In Peter M. Bainum, Ivan Bekey,
Luciano Guerriero, and Paul A. Penzo, editors, Tethers in Space, volume 62, pages
27–34. American Astronautical Society, 1987.

[8] V.V. Beletsky and E.M. Levin. Dynamics of Space Tether Systems. Univelt, San Diego,
California, 1993.

[9] Dieter Bilitza, Lee-Anne McKinnell, Bodo Reinisch, and Tim Fuller-Rowell. The in-
ternational reference ionosphere today and in the future. Journal of Geodesy, 85(12,
SI):909–920, December 2011.

[10] C. K. Birdsall and A. B. Langdon. Plasma Physics via Computer Simulation. New
York: McGraw-Hill, 1985.

94



John A. Janeski Chapter 6. Summary and Recommendations for Future Work 95

[11] C.K. Birdsall. Particle-in-cell charged-particle simulations, plus monte carlo collisions
with neutral atoms, PIC-MCC. Plasma Science, IEEE Transactions on, 19(2):65–85,
1991.

[12] D. Blitza, editor. International Reference Ionosphere 1990. NSSDC 90-22, Greenbelt,
Maryland, November 1990.

[13] Claudio Bombardelli, Enrico C. Lorenzini, and Juan R. Sanmartin. Jupiter power
generation with electrodynamic tethers at constant orbital energy. Journal of Propulsion
and Power, 25(2):415–423, 2013/08/18 2009.

[14] M.P. Cartmell and D.J. McKenzie. A review of space tether research. Progress in
Aerospace Sciences, 44, 2008.

[15] Francis F. Chen. Introduction to plasma physics and controlled fusion. Springer Sci-
ence+Business Media, LLC, rev. ed. of: introduction to plasma physics. 1974. edition,
2006.

[16] M.L. Cosmo and E.C. Lorenzini. Tethers in Space Handbook. Smithsonian Astrophysical
Observatory, Cambridge, MA, 3 edition, December 1997.

[17] Istituto Nazionale de Geofisica e Vulcanologia. Ionosphere, September 2013.

[18] O. de La Beaujardière. C/NOFS: a mission to forecast scintillations. Journal of Atmo-
spheric and Solar-Terrestrial Physics, 66(17):1573 – 1591, 2004.

[19] Jean-Marie Deux. Kinetic modeling of electrodynamic space tethers. Master’s thesis,
Massachusetts Institute of Technology, December 2004.

[20] M. Dobrowolny, G. Colombo, and M. D. Grossi. Electrodynamics of long conducting
tethers in the near-earth environment. Technical report, Smithsonian Astrophysical
Observatory, January 1976.

[21] M. Dobrowolny, U. Guidoni, E. Melchioni, G. Vannaroni, and J. P. Lebreton.
Current-voltage characteristics of the tss 1 satellite. Journal of Geophysical Research,
100(A12):23,953–23,958, December 1995.

[22] M. Dobrowolny and E. Melchioni. Electrodynamic aspects of the first tethered satellite
mission. Journal of Geophysical Research, 98(A8):13,761–13,778, August 1993.

[23] Marino Dobrowolny. Electrodynamic Tethers in Space, volume 52 of Scienze fisiche.
Aracne, Roma, 1st edition, 2009.

[24] J. R. Ellis and C. D. Hall. Numerical model development and verification for the
dynamics of an electrodynamic tether system. In 18th AAS/AIAA Spaceflight Mechanics
Meeting, number AAS08-150, Galveston, TX, 2008.



John A. Janeski Chapter 6. Summary and Recommendations for Future Work 96

[25] Joshua R. Ellis. Modeling, Dynamics, and Control of Tethered Satellite Systems. PhD
thesis, Virginia Polytechnic Institute and State University, Blacksburg, VA, March 2010.

[26] Joshua R. Ellis and Christopher D. Hall. Model development and code verification
for simulation of electrodynamic tether system. Journal of Guidance, Control, and
Dynamics, 32(6):1713–1722, December 2009.

[27] E. Engwall, A. I. Eriksson, and J. Forest. Wake formation behind positively charged
spacecraft in flowing tenuous plasmas. Physics of Plasmas, 13(6):062904, 2006.

[28] R.D. Estes and E.C. Lorenzini. Performance and dynamics of an electrodynamic tether.
In 38th Aerpsace Sciences Meeting and Exhibit, 1801 Alexander Bell Drive, Suite 500,
Reston, VA 20191, January 2000. AIAA, American Institute of Aeronautics and Astro-
nautics, Inc.

[29] Julien Forest, Lars Eliasson, and Alain Hilgers. A new spacecraft plasma interactions
simulation software, PicUp3D/SPIS. In 7th Spacecraft Charging Conference, pages 515–
520, April 2001.

[30] Stephen S. Gates, Stephen M. Koss, and Michael F. Zedd. Advanced tether experiment
deployment failure. Journal of Spacecraft and Rockets, 38(1):60–68, 2013/08/25 2001.

[31] Brian Gilchrist, Sven Bilen, Travis Patrick, and Jonathan Van Noord. Bare electro-
dynamic tether ground simulations in a dense, high-speed plasma flow. In 35th Inter-
society Energy Conversion Engineering Conference and Exhibit. American Institute of
Aeronautics and Astronautics, 2013/08/13 2000.

[32] Brian E. Gilchrist, Peter M. Banks, Torsten Neubert, P. Roger Williamson, Neil B.
Myers, W. John Raitt, and Susumu Sasaki. Electron collection enhancement arising
from neutral gas jets on a charged vehicle in the ionosphere. Journal of Geophysical
Research: Space Physics, 95(A3):2469–2475, 1990.

[33] Mario D. Grossi. Plasma motor generator (PMG) electrodynamic tether experiment.
Technical Report NASA CR-199523, NASA, Smithsonian Astrophysical Observatory;
Cambridge, MA,, Jun 1995.

[34] Donald A. Gurnett and Amitava Bhattacharjee. Introduction to Plasma Physics: With
Space and Laboratory Applications. Cambridge University Press, 2005.

[35] D.E. Hastings. A review of plasma interactions with spacecraft in low earth orbit.
Journal of Geophysical Research, 100(A8):14,457–14,483, Auguest 1995.

[36] G. B. Hillard and Dale C. Ferguson. Solar array module plasma interactions experiment
(SAMPIE) - science and technology objectives. Journal of Spacecraft and Rockets,
30(4):488–494, 2013/07/25 1993.



John A. Janeski Chapter 6. Summary and Recommendations for Future Work 97

[37] R.-W. Hockney and J. W. Eastwood. Computer Simulation Using Particles. New York,
1988.

[38] I. H. Hutchinson and L. Patacchini. Computation of the effect of neutral collisions on
ion current to a floating sphere in a stationary plasma. Physics of Plasmas, 14(013505),
January 2007.

[39] C. Y. Johnson. Ion and neutral composition of the ionosphere. Annals of the IQSY,
5:197–213, 1969.

[40] Nicholas L. Johnson, E. Stansbery, J.-C. Liou, M. Horstman, C. Stokely, and D. Whit-
lock. The characteristics and consequences of the break-up of the fengyun-1c spacecraft.
Acta Astronautica, 63(1–4):128 – 135, 2008.

[41] T. Kelecy and M. Jah. Analysis of high area-to-mass ratio (HAMR) GEO space object
orbit determination and prediction performance: Initial strategies to recover and predict
HAMR GEO trajectories with no a priori information. Acta Astronautica, 69(7–8):551
– 558, 2011.

[42] M.C. Kelley. The Earth’s Ionosphere: Plasma Physics & Electrodynamics. International
Geophysics. Elsevier Science, 2 edition, 2009.

[43] G. V. Khazanov, E. N. Krivorutsky, and D. L. Gallagher. Electrodynamic bare tether
systems as a thruster for the momentum-exchange/electrodynamic reboost (MXER)
project. Journal of Geophysical Research: Space Physics, 111(A4), 2006.

[44] G.V. Khazanov, E. Krivorutsky, and R.B. Sheldon. Solid and grid sphere current collec-
tion in view of the tethered satellite system TSS 1 and TSS 1R mission results. Journal
of Geophysical Research, 110(A12404), 2005.

[45] M.G. Kivelson and C.T. Russell. Introduction to Space Physics. Cambridge atmospheric
and space science series. Cambridge University Press, 1995.

[46] J. G. Laframboise. Current collection by a positively charged spacecraft: Effects of
its magnetic presheath. Journal of Geophysical Research, 102(A2):2417–2432, February
1997.

[47] J. G. Laframboise and J. Rubinstein. Theory of a cylindrical probe in a collisionless
magnetoplasma. The Physics of Fluids, 19(12), December 1976.

[48] J. G. Laframboise and L. J Sonmor. Current collection by probes and electrodes in
space magnetoplasmas: A review. Journal of Geophysical Research, 98(A1):337–357,
January 1993.

[49] Shu T. Lai. Fundamentals of Spacecraft Charging. Princeton University Press, Princeton,
New Jersey, 2012.



John A. Janeski Chapter 6. Summary and Recommendations for Future Work 98

[50] Irving Langmuir and Katherine B. Blodgett. Currents limited by space charge between
concentric spheres. Phys. Rev., 23(49), 1924.

[51] E.L.M. Lanoix, A.K. Misra, V.J. Modi, and G. Tyc. Effect of electrodynamic forces on
the orbital dynamics of tethered satellites. Journal of Guidance Control and Dynamics,
28(6):1309–1315, November-December 2005.

[52] J.-P. Lebreton, S. Stverak, P. Travnicek, M. Maksimovic, D. Klinge, S. Merikallio,
D. Lagoutte, B. Poirier, P.-L. Blelly, Z. Kozacek, and M. Salaquarda. The ISL langmuir
probe experiment processing onboard DEMETER: Scientific objectives, description and
first results. Planetary and Space Science, 54(5):472 – 486, 2006.

[53] Eugene Levin, Jerome Pearson, and Joseph Carroll. Wholesale debris removal from
LEO. Acta Astronautica, 73(0):100 – 108, 2012.

[54] Lewis M. Linson. Current-voltage characteristics of an electron-emitting satellite in the
ionosphere. Journal of Geophysical Research, 74(9), May 1969.

[55] J.-C. Liou, N.L. Johnson, and N.M. Hill. Controlling the growth of future {LEO} debris
populations with active debris removal. Acta Astronautica, 66(5–6):648 – 653, 2010.

[56] R.G. Lyle and P.D. Stabekis. Earth’s ionosphere: Space design criteria (environment).
Technical Report N–71-30849; NASA-SP–8049, NASA, Washington, D. C.; Exotech,
Inc., Washington, D. C., March 1971.

[57] T.Z. Ma and R.W. Schunk. 3-d time-dependent simulations of the tethered satellite-
ionosphere interaction. Geophysical Research Letters, 25(5):737–740, March 1998.

[58] F. Mariani, S. Orsini, M. Candidi, M. F. Marcucci, M. Acuna, G. Musmann, and N. F.
Ness. On the current circulation about a high-voltage s/c: Two more case-studies by
the TSS-1R tethered satellite mission. Nuovo Cimento Della Societa Italiana Di Fisica
C-Geophysics and Space Physics, 31(2):135–141, March-April 2008.

[59] H. M. Mott-Smith and Irving Langmuir. The theory of collectors in gaseous discharges.
Phys. Rev., 28:727–763, October 1926.

[60] Tatsua Onishi, Manuel Mart́ınez-Sánchez, David L. Cooke, and Juan R. Sanmartin. Pic
computation of electron current collection to a moving bare tether in the mesothermal
condition. In Electric Rocket Propulsion Society, number 245 in 2001. IEPC, October
2001.

[61] Lee W. Parker and Brian L. Murphy. Potential buildup on an electron-emitting iono-
spheric satellite. Journal of Geophysical Research, 72(5):1631–1636, March 1967.

[62] Jerome Pearson, Eugene Levin, John Oldson, and Joseph Carroll. Electrodynamic
debris eliminator (edde): design, operation, and ground support. Technical report, Star
Technology and Research, Inc., Mount Pleasant, SC, 2010.



John A. Janeski Chapter 6. Summary and Recommendations for Future Work 99

[63] J. Peláez and Y.N. Andrés. Dynamic stability of electrodynamic tethers in inclined
elliptical orbits. Journal of Guidance Control and Dynamics, 28(4):611–622, Jul-Aug
2005.
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