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Summary

This report discusses the results of an 8-month inter-disciplinary research project between Virginia
Polytechnic Institute and State University and Aerophysics Inc. The research task objectives are to
study how Coulomb propulsion can be used to create reconfigurable distributed spacecraft formation
concepts. Both formation maintenance and deployment charge and voltage levels are of interest, as
well as the required reconfiguration times to change the formation size. A further task is to study
the space plasma environment at low to high Earth orbit altitudes. Associated to this task is the
study of the expected differential disturbance levels that Coulomb spacecraft will experience at a
range of orbit altitudes. Using the results of the plasma environment study, expected spacecraft
voltages are to be computed to compensate for conservative orbital perturbation estimates. Another
objective is to study mechanisms to both measure the local plasma charge level, and control the
spacecraft charge relative to this plasma charge level. The final task is to perform a comparison
study of the Coulomb propulsion concept to other high-efficiency propulsion concepts.

The technical problems associated with Coulomb formation flying is determining the required
charge level to achieve missions tasks such as deployment, orbit maintenance, formation reconfigu-
ration, or docking maneuvers. Previously flown missions in the 70s have demonstrated that kilovolt
level of charges are feasible. In this study we are assuming that this charge level can be safely in-
creased to multiple hundreds of kilovolts using modern materials and manufacturing methods. A
very challenging aspect of Coulomb thrusting based control is that these forces only act along the
line of sight vector between spacecraft. As a result, the relative motion dynamics are very nonlinear
and coupled, and can yield surprising, unexpected results. The current CLUSTERS mission uses
Langmuir probes up to 25 meters in length to measure the local space plasma potential level very
accurately. Their goal is to precisely zero the spacecraft potential relative to this plasma. With
the Coulomb spacecraft control concept the craft are flying 10-100 meters apart, making such large
boom impractical. Instead, the technical challenge is to find other methods to sense and servo the
spacecraft charge. The Coulomb thrusting concept has distinctly different requirements than the
currently flying charge control method. Thus, sensing methods must be investigated which achieve
the required spacecraft charge control without adding impractical components.

The general methodology is to conduct literature reviews of the space plasma environment and
charge feedback control technology, create open-loop numerical simulation studies to estimate re-
quired charge levels, write custom numerical simulations to investigate particular mission scenarios,
as well as perform analytical research to investigate the closed-loop reconfiguration control of a 2-
craft formation in high Earth orbit. No laboratory experiments are conducted during this study.

The important findings of the plasma environment study are that the plasma Debye length is on
the order of 0.01-0.03 meters at low Earth orbit. This strong electric field masking parameter makes
the Coulomb thrusting concept infeasible at this low altitude with a cold, dense space plasma. At
higher altitudes the Van Allen radiation belts are of concern. The data here shows that the Debye
length is still only 0.03-0.26 meters, too small for practical use with Coulomb thrusting. Beyond
5-6 Earth radii outward to geostationary altitudes the Debye length is found to vary between 100—
1000 meters. The rest of the research focused on mission flying in high Earth orbits outside of
the Van Allen radiation belts. At these altitude the dominant differential orbital perturbation is
differential solar radiation pressure. This is true for spacecraft separation distances outward to 1000
meters. Conservative estimates show that flying spacecraft about 20 meters apart at GEO would
require multiple kilovolts to compensate, assuming a 50kg craft with 0.5 meter radius. Further,
considering the Earth magnetic field, for the induced Lorentz force to be comparable to differential
solar radiation pressure, the craft would have to charge up to multiple mega-volt levels. The



expected open-loop maintenance charge level studies are conducted for a classical formation of
spacecraft, as well as a gluon-deputy formation concept. Here the gluon craft size is enlarged to be
able to carry a higher charge level. Flying 20-30 meters apart, these voltages are around 10’s of
kilovolt.

A study is performed to investigate voltage requirements to perform static Coulomb structures.
Here the electrostatic force cancel the relative orbital acceleration to yield an invariant formation
shape as seen by the rotating center of mass frame. An important finding is that it is possible to
construct virtual structures where sensor craft are in a desired geometry (e.g. distributed radar
interferometry), while other charged craft in this virtual structure are in a support role to help
maintain the shape.

The important findings of the deployment study include numerical simulations of deputy craft
being released from a mother craft using rest-to-rest or rest-to-motion scenarios. The simulations
use closed-loop charge control to achieve the final position and/or velocities. Using essentially no
fuel, this study shows that deputy craft can be relocated dozens of meters using 10’s of kilovolt
levels of charge. Maneuver times are typically several hours.

Another study investigated the required maximum charge level to change the separation distance
of two inertially floating spacecraft within a specified amount of time. An important result of
this research was finding a robust numerical optimization method to find such solutions. The
inverse square drop off of the electrostatic field strength causes strong sensitivity issues with larger
separation distance. Homotopy methods were employed to sweep through a range of separation
distance, travel times, and plasma Debye lengths. To reconfigure 2 craft from 2 to 25 meters in a
few hours requires 1-10’s of kilovolts.

A related study investigates a closed-loop charge control of a 2-craft nadir pointing formation at
GEO. Here the gravity gradient torque acting on the system is exploited to stabilize the formation
attitude while changing the length. Important findings include analytical predictions of fast the
craft can increase or decrease their separation distance while still guaranteeing linear stability of
the non-autonomous system. Maneuver times are typically around 1-2 days to allow the weak local
gravity gradient to stabilize the in-orbit-plane formation attitude.

The charge control study found a promising method servo the spacecraft voltage level. An array
of small differential voltage probes are added to the vehicle which can measure the electric potential.
Having a model of the vehicle geometry and materials, it is then possible to estimate the total vehicle
potential. Further, to achieve this potential, a simple ion or electron gun is used. An important
conclusion is that this process is insensitive to plasma potential variations. The local variations of
space plasma between spacecraft is minimal due to the small separation distances. Thus, it is only
necessary to control the spacecraft charge relative to the plasma. This is a substantial simplification
to the charge control process on the CLUSTERS mission.

Finally, the mass and power comparison study shows that the Coulomb thrusting concept is
orders of magnitudes more efficient than ion-engine technologies, and often requires as little as 1
Watt of power or less. In fact, the total electrical power requirement for Coulomb thrusting are
determined not by the propulsion method needs itself, but rather by the power requirements of the
supporting electronics and thermal control.

The implications for further research are that several exciting new mission concepts are deter-
mined. The virtual structure concept can be used to deploy a series of small probe satellites about a
non-collaborative satellite to monitor its activities. Sensor probes could places near the target craft
without interfering with it. The probe location can be actively controlled using the other charged
spacecraft. The mother craft is assumed to have its own station keeping capability. Further, the
Coulomb thrusting concept can be used to ploy swarms of pico-satellites. Compared to mechani-
cal release mechanisms, the electrostatic force can control and correct the release trajectory up to

ii



several meters away.

A very promising use of Coulomb thrusting is docking and proximity flying operations. Docking
in particular is a very challenging operation that requires significant fuel amounts to perform the
many small orbit corrections. Further, exhaust plume impingement is a major concern. Using
a Coulomb force to control the relative motion avoids the plume impingement issue, while the
required fuel requirements would be near zero. Using a nadir-pointing docking approach, the
gravity gradient could be exploited. Here the Coulomb force stabilizes both the separation distance
and the in-plane attitude angle. Out-of-plane motion would be compensated with conventional
thrusters. This scenario would provide an elegant docking approach solution which uses minimal
amounts of fuel and avoids the plume impingement issues.

iii
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Chapter 1

Introduction

This report discusses the results of an 8-
month inter-disciplinary research project be-
tween Virginia Polytechnic Institute and State
University and Aerophysics Inc. The project
goal is to investigate using Coulomb propul-
sion to control the relative motion of spacecraft
in a variety of mission scenarios. The novel
Coulomb thrusting concept exploits space-
craft charging and the associated inter-craft
Coulomb forces. By controlling the electrostatic
charge of the spacecraft, small forces are created
cause the craft to attract or repel each other.
Reference 1 shows that such forces can be gen-
erated in an essentially propellantless manner
using often as little as 1 Watt of electric power.
Further, this mode of propulsion is very clean
compared to ion-engines. Preliminary analysis
shows that Coulomb propulsion is up to 10'°
times more fuel efficient than state-of-the-art
relative motion propulsion methods, and thus
warrants investigation as a possible alternative
or supplement to conventional propulsion tech-
nologies. Coulomb thrusting avoids the typi-
cal plume impingement problems of ion engines
for tight relative motion control on the order of
dozens of meters.

This technology is significant because it will
facilitate novel mission concepts which are not
possible with conventional technologies. For
example, high-precision, distributed aperture
formation flying missions with applications to
Earth imaging and surveillance are envisioned.
Or, the Coulomb thrusting could be used dur-
ing the deployment phase of a formation or a
swarm of pico-satellites, as well as during for-
mation maintenance periods. Having an ex-

tremely fuel-efficient method to correct the rel-
ative motion prolongs the mission durations,
and allows for the interferometry aperture ra-
dius to be varied on demand. Other forma-
tion concepts investigated include along-track
and nadir-pointing docking concepts, static
Coulomb structures, as well as gluon satellite
concepts. With the latter concept a larger
spacecraft is dedicated to produce a large
charge, and thus reduce the voltage require-
ments of the smaller deputy craft.

Spacecraft flying in Earth orbits are not op-
erating in a pure vacuum, but rather in a
space plasma environment. Here the craft is
exposed to positively charged ions and nega-
tively charged electrons. These charges will
group around a charged object, and thus mask
the spacecraft charge from other neighboring
spacecraft. As a result the presence of a cold,
dense space plasma limits the applicability of
the Coulomb thrusting concept. This study in-
vestigates the expected space plasma environ-
ment from low to high Earth orbits, and deter-
mines in what regions that Coulomb thrusting
appears feasible.

The expected orbit differential perturbations
levels are explored orbit altitudes ranging from
low to high Earth orbits. Conservative worst-
case voltage requirements are computed to com-
pensate for these formation perturbations. This
study provides approximate spacecraft charge
or voltage requirements. To standardize the re-
sults, a common typical deputy craft shape, size
and mass is chosen across all these studies. Re-
quired open-loop maintenance voltage level are
determined for classical spacecraft formations



of N craft, and for the gluon-deputy concept.

For wide-field-of-view applications, or dur-
ing formation deployment, the relative space-
craft distances can be less than 100 meters.
The primary goal of the virtual structure con-
cept studies is to quantify charging require-
ments as a function of virtual structure forma-
tion and size scaling. For example, to achieve
near-hemisphere Farth coverage at GEO re-
quires spacecraft separation distances of 20-30
meters. Traditional formation flying concepts
require numerous orbit corrections to main-
tain such a tight formation, resulting in a rel-
atively short spacecraft lifetime. While some
type of ion thruster is usually baselined for
such formation-keeping missions, ion propul-
sion exhaust plumes are caustic to other space-
craft sensors and components, and thus ion-
propulsion is ill suited for tight formation flying
missions. The propellantless nature of Coulomb
propulsion avoids these problems.

The deployment study of small Coulomb
craft investigates how the electrostatic force
field can be used to deploy craft, or generally
control their relative motion between vehicles.
Both rest-to-rest and rest-to-speed maneuvers
are considered. In this study the mother craft
is assumed to have its own station keeping ca-
pability, as well as its own attitude control. By
using multiple controlled charge surfaces on the
mother craft, general three-dimensional electro-
static fields are produced to control the relative
motion of the deputy craft. Because these ma-
neuvers involve having the spacecraft fly within
multiple-spacecraft diameters from each other,
a study is performed to evaluate the validity
of the point-charge model of a sphere in a vac-
uum. The actual Coulomb force computed of a
three-dimensional sphere in a plasma environ-
ment and compared to the point-charge model.
The results indicate up to what separation dis-
tance the point-charge modeling assumption is
valid.

Next, the results of a reconfiguration time
study are presented. Here estimates of the re-
quired charge level are sought to change the
nominal separation distance over a set amount
of time. First the craft are assumed to be float-

ing in inertial space. For a given final separation
distance and transfer time, the required maxi-
mum voltages and charge switching times are
computed. An exciting ability of the Coulomb
formations is their ability to be able to change
the size and shape over time. This simplified
study provides a sense of required voltages to
achieve a family of separation distance changes.
The second section discusses in detail how a
2-craft nadir-pointing formation can vary the
nominal separation distance over time. Here
the relative orbital dynamics are exploited to
have the gravity gradient torque acting on the
formation cause the in-plane formation attitude
to be stabilized. Linearizing the time-varying
system, the study illustrate limits on how fast
the craft separation distance can be varied while
still guaranteeing stability.

The next chapter focuses on issues related
to measuring the spacecraft charge or voltage
level. Currently flying spacecraft with charge
control require precise voltage balancing with
the space plasma environment. This involves
adding 25 meter Langmuir probes to the craft
to sense the plasma potential level. These long
probes are very impractical for the Coulomb
spacecraft concept, and the small nominal sep-
aration distances. Instead, alternate methods
are investigate to obtain approximate methods
to level and servo the spacecraft charge level.

The final study compares the Coulomb
thrusting concept to other conventional thrust-
ing technologies. In particular, the total mass
and power required to add this thrusting tech-
nologies are investigated. Also, effective fuel
efficiency values are obtained to control the rel-
ative motion of the craft.



Chapter 2

Compatibility of Coulomb Thrusting
with Earth Orbital Environment

2.1 Physical Principles

2.1.1 Space Plasma Nomenclature

A plasma is a gaseous mixture of particles
having both positive and negative electrical
charges. The Earth orbital environment is per-
meated by plasma to some extent at all al-
titudes and latitudes. Generally, space plas-
mas consist of electrons and hydrogen ions
(protons), however at lower altitudes the pres-
ence of other atomic ions becomes more preva-
lent. Plasmas are characterized by their den-
sity (electrons/ions per-unit-volume) and the
energy or range of energies of the constituent
particles. Since plasmas are gaseous, the tools
of statistical mechanics are used to specify char-
acteristic average quantities. In particular, if
a plasma environment is in equilibrium it will
obey Maxwellian statistics having a single tem-
perature that provides a representation of the
magnitude and statistical spread in particle en-
ergies. Furthermore, in an equilibrium plasma
the density of positive particles will equal the
density of negative particles in a condition
known as quasineutrality. Thus, in a quasineu-
tral plasma, it is sufficient to specify a single
plasma density n, where n = n. = n;, and
nesr is the electron/ion density. An equilib-
rium plasma is then completely described by
the value of density, n, and temperature, T,
with all other macroscopic properties being de-
rived from n and 7. Not surprisingly, space
plasmas are rarely in equilibrium. For instance,
in the inner radiation belts the plasma envi-

ronment consists of low energy (cold) dense
plasma produced by particles evaporating from
the upper ionosphere in addition to extremely
high-energy (hot) particles captured from the
solar wind. In such a plasma, it is not pos-
sible to define a single density and tempera-
ture that statistically characterizes the macro-
scopic properties. It is common to approxi-
mate the statistics of complicated non- equi-
librium plasmas using a multi-fluid model. In
a multi-fluid model, the plasma is assumed to
consist of a number of interpenetrating equilib-
rium fluids which, individually, are described
by Maxwellian statistics. The most common
model is the two-temperature model. In this
case, quasineutrality is assumed (equal density
of ions and electrons), however each species is
permitted to have a different temperature. The
temperatures are then denoted by T, for the
electron temperature and T; for the ion tem-
perature. In a straightforward extension, com-
plicated plasmas can be described by multiple
values of electron and ion density and temper-
ature, denoted by nei, Te1, ne2, Teo, ni1, Ti1,
etc.

2.1.2 Debye Shielding

The concept of Debye shielding is fundamen-
tal to plasma physics. Qualitatively, Debye
shielding can be viewed as a screening process
whereby the mobile charges in a plasma screen
out, or spatially neutralize an immersed test
charge. For instance, consider placing a positive



point charge within a plasma. The plasma par-
ticles, which exist in a gaseous state, are mobile
and will respond to the presence of the charge:
the positive test charge will attract a neigh-
boring cloud of negative charges while creating
a local void of positive charges in its vicinity.
When averaged over some region in space cen-
tered on the test charge, the net charge within
the specified volume will be zero. As a result,
another test charge placed a long way from this
volume will see a cloud with zero net charge
and will thus experience very little electrostatic
force from the test charge.

The Debye length is calculated from plasma
parameters according to

Ay = / 60K2T

ne
where e is the elementary charge and k is Boltz-
manns constant. In a multi-fluid model, a to-
tal Debye length for the plasma can be calcu-
lated from each species. For instance, in a two-

fluid (electrons and ions) model the total Debye
length is?

(2.1)

A=A+ (2.2)
where Ag./; is the electron/ion Debye length
defined by n., T and n;,T;. More complicated
multi-fluid models can be treated in a straight-
forward extension of this summation. Because
of Debye shielding, the Coulomb electrostatic
interaction between charged objects is modi-
fied in plasma as compared to the interaction
in vacuum. Defining Fy(d) as the well known
Coulomb interaction force given by

_ 1 ae
dmeg d?

Fo(d) (2.3)

the electrostatic interaction within a plasma
can be expressed as F(d) = Fy(d)e=%*a,

It is apparent that very little electrostatic
force can be exerted over a distance more than
a few Debye length. A graphical depiction of
Debye shielding is shown in Figure 2.1.
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Figure 2.1: Depiction of Debye shielding in
plasma.

2.1.3 Coulomb Thrusting Maneuvers
in Plasma

The concept explored in this research is strongly
governed by the prevailing Debye length in
the vicinity of the spacecraft swarm or forma-
tion. Since the craft exert electrostatic forces
on other charged vehicles, it is necessary that
the inter-spacecraft spacing be less than a few
Debye lengths to avoid the need for exces-
sive and unrealistic charge magnitudes to affect
Coulomb interaction.

It is convenient to define three fundamental
length scales to categorize Coulomb thrusting
operations. These length scales are the inter-
spacecraft separation, d, the ambient plasma
Debye length, Ag4, and the characteristic space-
craft size defined by Dgc. Using these length
scales, Coulomb maneuvers can be loosely orga-
nized into three regimes defined by the length
scale ordering: Proximity Operations (Prox-
Ops), Formation Flight, and Swarm Flight.



2.1.3.1 ProxOps

In the operational envelope defined as ProxOps,
the inter-spacecraft separation is less than both
the Debye length and the spacecraft size, or
d < Mg < Dgc. Examples of such maneuvers
are docking or deployment, where Coulomb in-
teractions are used to control spacecraft mo-
tion at very close distance of approach. A
schematic of ProxOps length scaling is shown
in Figure 2.2.

Dsc
+“—>

Aa
4+—>

Figure 2.2: Illustration of ProxOps maneuvers in
which d < Ay < Dg¢c. Spacecraft interact only at
very close separation.

2.1.3.2 Formation Flight

Formation flight represents relatively widely
dispersed spacecraft in a hot, low- density
plasma having large Debye length. The length
scaling for formation flight is Dgo < d < A\g.
In formation flight, the electrostatic interac-
tion between vehicles approaches that of point
charges in vacuum. Furthermore, each vehicle
in a formation interacts electrostatically with
all or most of the other vehicles in the formation
simultaneously. Formation flight dynamics are
thus highly coupled. Formation flight is shown
figuratively in Figure 2.3.

2.1.3.3 Swarm Flight

Swarm flight occupies an operational regime
somewhat between that of Formation and Prox-
Ops. Length scaling for Swarm flight is Dgc <

Aa

< >

Figure 2.3: Illustration of Formation Flight dy-
namics. Since Dgc < d < Ay each vehicle is elec-
trostatically coupled to all (or most) other vehicles
in the group.

d =~ Ag. Qualitatively, Swarm flight can be en-
visioned as a nearest neighbor interaction where
each vehicle in the group is electrostatically cou-
pled only to the vehicles in the immediate vicin-
ity. In this fashion, a vehicle can electrostati-
cally communicate with any other vehicle in the
swarm by wave-like propagation through adja-
cent craft. A swarm schematic is shown in Fig-
ure 2.4.
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Figure 2.4: Illustration of Swarm Flight. Vehi-

cles interact only with nearest neighbors and long-
distance coupling occurs through intermediaries.
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Figure 2.5: Graphical depiction of regions within the Earths magnetosphere.

2.2 Plasma Parameters in
Earth Orbit

2.2.1 Overview of Earths
Magnetosphere

The magnetosphere is the local plasma envi-
ronment created through an interaction of the
Earths magnetic field with the solar wind. An
image of the magnetosphere is shown in Fig-
ure 2.5. Starting from Earth, the nearest re-
gion of the magnetosphere is known as the iono-
sphere. The ionosphere is created as upper
atmospheric gasses are ionized through ultra-
violet radiation and cosmic rays. The iono-
sphere plasma is relatively dense and cool and
encompasses the orbital regime of Low-Earth
Orbit (LEO). Extending away from the iono-
sphere is the plasmasphere. The plasmasphere
is populated by evaporation and escape of the
ionosphere plasma constituents into deep space.
The lower Van Allan radiation belt exists within
the plasmasphere; this belt contains a popula-
tion of high-energy trapped solar wind particles
superimposed on the cool plasmasphere. The

plasma density in the plasmasphere smoothly
decays with altitude, while the plasma temper-
ature slowly increases. This smooth transition
abruptly terminates at the plasmapause at an
altitude of 4-5 Earth Radii (Rg). The plasma-
pause is a sharp shock-like boundary that sepa-
rates the cool, dense plasmasphere from the hot,
low-density plasma of the outer magnetosphere
and the outer Van Allen belt. Geostationary
Earth Orbit (GEO) is located beyond the Van
Allen belts in the outer magnetosphere with an
orbit radius of 6.6 Rg. The outer magneto-
sphere plasma and GEO environment is com-
prised of hot, low-density protons and electrons
from the solar wind penetrating through the
bow-shock.

Voyaging further from the Earth on the sun-
ward side one encounters the outer edge of the
magnetosphere known as the magnetopause,
which separates the local Earth plasma envi-
ronment from the interplanetary solar wind.
Extending out from the Earth on the anti-
sunward side is a long streaming tail known as
the plasma sheet. The plasma sheet extends
some 100 Rg and is greatly affected by solar



Table 2.1: Numerical Simulation Parameters

Density Temperature Debye
Region Altitude (m~3) (eV) Length (m)
Ionosphere 1 R, 1011102 0.02-0.2 0.01-0.03
Plasmasphere? 1-5 R, 1091010 0.2-1.2 0.03-0.26
GEO/Outer 5-10 R, 5-10°-107 1,000-3,000 75-575
Magneto-
sphere?
Plasmasheet 10-15 R, sunward 5-10°-8-10° 1,700-25,000 340-1,600
Magnetotail® 10-100’s R, anti-sunward
Solar Wind® Outside magnetosphere -10%-9 - 106 10-100 843

o =001 M — k=01 m

weather. In the high-latitude regions, the polar
cusps represent open-field-line paths for the so-
lar wind plasma to penetrate to the Earths sur-
face. Within these cusps high-energy solar wind
particles precipitate into the polar regions. The
region between the polar cusp and the plasma
sheet on the anti-sunward side is a magneti-
cally protected region known as the lobe that
is nearly devoid of plasma.

2.2.2 Compatible Orbits for
Coulomb Thrusting

In order to perform Coulomb thrusting be-
tween spacecraft it is necessary that the plasma
Debye length be greater than (or at least on the
order of) the inter-spacecraft separation. This
precludes the use of Coulomb control in cold,
high-density plasmas such as that found in the
ionosphere environment of LEO orbits. A qual-
itative depiction of the magnetosphere plasma
environment is shown in Figure 2.6, where the
diagonal lines represent constant values of De-
bye length with plasma density and tempera-
ture indicated on the axes. For approximate
values, the Heidelberg Dust Research group
has compiled a convenient set of representative
plasma parameters® that are repeated in Ta-

*http://www.mpi-hd.mpg.de/dustgroup/~graps/
earth/magnetosphere.html
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Figure 2.6: Plasma regimes of the Earths magne-
tosphere. Red diagonal lines indicate constant val-
ues of Debye length.

ble 2.1.

It is apparent from Figure 2.6 and Table 2.1
that the only feasible regime for inter- space-
craft Coulomb thrusting with contemporary-
sized vehicles is the outer magnetosphere/GEO
orbital environment. The centimeter-scale De-
bye lengths inside the plasmasphere render elec-
trostatic interaction between vehicles negligible
at all but the very closest separation distances.

Fortunately, detailed studies of the GEO
plasma are readily available. Due to the high-
value of assets placed in GEO coupled with



Table 2.2: Average GEO Environment®

Parameter Electrons Ions
Number density n, (15 Maxwellian fit) m™ | 0.78 +0.7-10% | 0.19 +0.16-10°
Temperature kT} /e, (15° Maxwellian fit) eV | 0.55 +0.32-10% | 0.8 & 1.0-103
Number density ng, (2" Maxwellian fit) m=3 | 0.31 £+ 0.37-10° | 0.39 + 0.26-10°
Temperature kTy /e, (2°4 Maxwellian fit) eV | 8.68 +4.0-10 | 15.8 £5.0-103
Table 2.3: Worst-Case GEO Environment®
Parameter Electrons | Ions
Number density n, (15¢ Maxwellian fit) m=3 | 1.0 - 10° 1.1-10°
Temperature kTy /e, (15* Maxwellian fit) eV | 600 400
Number density ng, (2°¢ Maxwellian fit) m=3 | 1.4 - 105 1.7-108
Temperature k75 /e, (2°¢ Maxwellian fit) eV | 2.51 - 10* 2.47 - 10*

the propensity for potentially damaging space-
craft charging in the outer magnetosphere, the
GEO plasma has been extensively characterized
by early missions such as SCATHA,” ATS-5,
and ATS-6.89 The particle detectors on the
ATS% 10,11 and SCATHAS spacecraft have mea-
sured plasma variations for 50 complete days at
1 to 10 minute resolution from 1969 through
1980, bracketing one solar cycle.

Garrett and DeForest? fitted an analytical
multi-fluid model to data collected over 10 dif-
ferent days from ATS-5 spacecraft between 1969
and 1972. These data were selected in such a
way to show a wide range of geomagnetic activ-
ity including plasma injection events (i.e. sud-
den appearance of dense, relatively high energy
plasma at GEO occurring at local midnight).
The model gives reasonable and consistent rep-
resentation of the variations following a sub-
storm injection event at GEO. The parameters
for this model during average GEO conditions
are shown in Table 2.2 with Worst-case GEO
conditions given in Table 2.3.

Based on the detailed multi-fluid GEO

plasma model, work reported here will assume
these values represent accurate properties of the
outer magnetosphere plasma from the plasma-
pause out to the magnetosheath. Using the def-
inition of Debye length for a multi-fluid model,
the data from Table 2.2 and Table 2.3 imply an
ambient Debye length between 110 and 180 m
in the outer magnetosphere. Armed with these
data, it is possible to consider the families of or-
bits that may be compatible with the Coulomb
thrusting concept considered in this study.

Clearly, GEO orbits are well suited to the
Coulomb concept, with inter-spacecraft separa-
tions of 100-300 m possible within the large De-
bye lengths present in this regime. Medium-
Earth Orbits (MEOs) are also candidates at
altitudes greater than the plasmapause at ap-
proximately 4.5 Rp. While LEO orbits are not
candidates, it may be possible to exploit Highly
Elliptical Orbits (HEOs), wherein Coulomb
thrusting occurs at or near apogee and provides
a periodic corrective ability to a low-perigee or-
bit. A schematic of orbit families and their rela-
tion to the plasmasphere is shown in Figure 2.7.



Plasmapause at 4.5 Rg

Debye Length 100’s of m
Outside Plasmapause

MEO, HEO, and GEO orbits greater than 4.5 R are candidates

Figure 2.7: Orbital families and their relation to the Earths plasmasphere. LEO and MEO orbits with
radii less than about 4.5 RE experience too much Debye shielding for electrostatic interaction. High MEO
and GEO orbits are excellent candidates, with inter-spacecraft separation of 100s of meters possible. There
may also be the potential to exploit HEO orbits, where Coulomb thrusting is performed at a high apogee.

2.2.3 Temporal Variation of Plasma
Parameters

Plasma parameters in the magnetosphere are
strongly affected by solar weather and can
change on the timescale of minutes. This can
affect Coulomb-interacting spacecraft in two
ways: 1) a sudden increase/decrease in the
ambient Debye length can cause a perturba-
tion that must be corrected using active charge
control, 2) inflation of the plasmapause can
immerse a MEQO-orbiting group of spacecraft
within the cold, dense plasmasphere produc-
ing orders-of-magnitude decrease in the Debye
length such that inter-spacecraft thrusting is no
longer possible.

Variation in Debye length for outer magneto-
sphere/GEO regimes was captured by the Go-
rizont satellites. The Gorizont satellites, which
are telecommunications platforms, also carried
instruments to monitor the space environment.
Tabulated values of plasma parameters as mea-
sured from Gorizont are available through ESAs

Space Environment Effects and Education Sys-
tem (SPENVIS).T A collection of three orbital
days were chosen, somewhat at random, from
the list of available data to investigate the vari-
ation in local plasma conditions. Plots of Debye
length at GEO are shown in Figure 2.8 as mea-
sured by Gorizont. As expected from the ATS-5
and 6 data sets, the ambient Debye length is on
the order of 100 meters. Because of solar activ-
ity, the Debye length is seen to vary by as much
as 400% over one orbital day.

Movement of the plasmapause can affect
MEO formations whose orbit radii are near the
transition to the outer magnetosphere. Since
this boundary is dynamic, sudden inflation of
the plasmasphere due to solar activity could
envelop a low-MEO formation in cold, dense
plasma rendering Coulomb interaction impos-
sible. Data reported by the Heidelberg Dust
Group presents an engineering model of the
magnetospheric plasma as a function of altitude

"http://www.spenvis.oma.be/spenvis/
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Figure 2.8: Variation in plasma Debye length at GEO as measured by Gorizont spacecraft.

and time. The model presents separate results
for quiet Earth plasma conditions as well as dis-
turbed conditions representative of high solar
activity. Plots of the cold electron fluid density
are shown in Figure 2.9 and Figure 2.10.F

The plasmapause is apparent in Figure 2.9
and Figure 2.10 as the abrupt decrease in den-
sity that occurs between about 3 Rg and 6 Rg.
During quiet conditions the plasmapause is seen
to be somewhat stable and located near 5 R,
with the exception of orbital times between 18
and 24 hours, where the cold plasma can reach
10 RE. During disturbed conditions, the overall
plasma density in the region just outside of the
plasmapause increases over the quiet case, al-
though the boundary is somewhat more station-
ary. Thus, while it may be possible for Coulomb
interaction in orbits below GEO down to about
4 Rp, any mission in this orbital regime must be
robust against sudden expansion of the plasma-
sphere and interruption of the Coulomb thrust
mechanism.

http://www.mpi-hd.mpg.de/dustgroup/~graps/
earth/magnetosphere.html
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Figure 2.9: Model of cold electron magnetospheric
density during quiet solar conditions
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Figure 2.10: Model of cold electron magneto-
spheric density during active solar conditions
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Chapter 3

Orbital Disturbance Study for
Coulomb Spacecraft Clusters

This chapter discusses the expected distur-
bance levels that a cluster of spacecraft will ex-
perience. The orbit altitudes will range from
Low Earth Orbit (LEO) to Geostationary Earth
Orbits (GEO), while the spacecraft separation
distances vary between 10 and 1000 meters. In
particular, the worst case accelerations rela-
tive to the spacecraft cluster/formation center
of mass are of interest. This information will
then be used to determine minimum required
maintenance charge/voltage levels to be able to
compensate for these disturbances.

There are three types of disturbances that are
modelled. First are the differential Jo through
Jg gravitational zonal harmonics. Second, the
atmospheric drag force due to flying in low
Earth orbit is be modelled. Third, the solar ra-
diation pressure due to the sun is also modelled.
Finally, a study shows how large the magnetic
Lorentz force magnitudes can grow if a charged
craft is flying through Earth’s weak magnetic
environment.

3.1 Relative Acceleration
Magnitudes

To study the relative motion of spacecraft in
nearly circular orbits, the Clohessy-Wiltshire-
Hill equations are commonly used.'>'* These
equations linearize the relative motion dynam-
ics with respect to a constantly rotating refer-
ence orbit. They have a well-known analytical
solution to the unperturbed motion which de-

12

couples the in-plane and out of orbit plane mo-
tions. The CW equations are very convenient
to develop rendezvous and near-circular forma-
tion flying control laws.!>16 With traditional
spacecraft formation flying concepts, each craft
contains its own inertial propulsion system, typ-
ically a high efficiency ion engine. As relative
motion errors are detected, the thruster is used
to correct the motion with respect to the rotat-
ing Hill frame.

However, the Coulomb thrusting concepts
acts very differently. 