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Summary

Applications like the Electrostatic Tractor (ET), remote sensing of space debris objects, or planetary science
investigating asteroid charging, benefit from a touchless method to assess the electrostatic potential and charge
distribution of another body. In the ET, accurate predictions of the force and torque between a passive space
object and tug spacecraft are critical to ensure a robust closed loop control. This paper presents a novel,
touchless method for determining both the voltage and a Multi-Sphere-Method (MSM) model which can be
used to determine the charge distribution, force, and torque on a nearby space object. By means of potential
probes, Remote Sensing for Electrostatic Characterization (RSEC) can be performed. Here the space tug shape
and electrostatic potential is assumed to be known. The probes measure the departure from the expected
potential field about the tug and determine an MSM model of the passive object’s potential distribution. This
paper outlines a method for estimating the voltage and charge distribution of a neighboring charged spacecraft
undergoing a planar rotation given measurements of voltage over a full rotation. Assuming knowledge of
the tug spacecraft’s voltage and charge distribution, the rotation rate and distance to the debris, numerical
simulation results illustrate that the constructed model of the debris can be characterized within a few percent
error.

Keywords: Electrostatic Tractor, Orbital Debris, Touchless Potential Sensing

of importance to predict this force and the torques
resulting from the charge distribution. Especially if

1 Introduction

Spacecraft formation flying is a popular topic within
the aerospace community and offers many benefits.
Swarms of satellites can provide a low cost solution to
many space operations and allow for scientific studies
that can not be performed with single spacecraft
platforms.! Coulomb formation flying allows for small
corrections within a satellite constellation without the
use of propellant, but rather through the electrostatic
force.? Between multiple charged bodies a Coulomb
force exists which is inversely proportional to the
square of the separation distance and product of the
charges. Measuring the potential of the bodies is

one of the bodies is uncooperative, measurements of
electric potential are crucial in maintaining operational
safety. Over-prediction of the potentials may limit
formation flying performance, while under-prediction
can lead to collisions.? This paper presents a
possible solution for estimating the potential and
charge distribution of a nearby charged spacecraft with
a known planar rotation rate using measurements of
voltage in the vicinity of the debris. The force and
torque on both bodies can be found from the voltage
and charge distribution on the debris assuming the
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the

By means of potential probes,
electrostatic interaction between space objects can be
characterized.

Figure 1:

voltage and charge distribution are known for the tug.

One application of Coulomb formation flying with
uncooperative spacecraft is the Electrostatic Tractor
(ET), as proposed by Moorer and Schaub,*® which
applies the Coulomb interaction to reorbit space debris.
Debris removal has been an increasingly popular topic
in the recent years. The total amount of officially
catalogued objects in Earth orbit exceeds 17,000, while
only 23% of these objects is a payload.® Especially for
regimes with many assets such as the Geostationary
orbit (GEQ), the development of the debris population
is anxiously monitored since this orbit offers unique
Earth monitoring and sensing possibilities. Of the
total market of USD 20 billion, the majority of insured
satellites resides in this orbit at 35,786 km altitude.”
Since there is no passive clean-up mechanism, such
as there is atmospheric drag in Low Earth Orbit,
objects have to be manually removed. The most
cost efficient option is to move the objects to a
graveyard orbit, which is typically around 300 km
above GEQ.%? At this altitude the decay time back
to GEO exceeds 200 years, offering a (temporary)
mitigation solution.'® Over the years, several concepts
have been proposed for moving the debris to such
an orbit. The Ion Beam Shepherd proposed by
Bombardelli and Pelaez!! and the ET offer contact-less
removal opportunities decreasing risks associated with
debris removal, such as break-up events. Concepts such
as nets, harpoons and grappling devices do introduce
such risks as they require an established contact.'?
This paper focusses specifically on sensing potentials
and estimating force and torque for the ET concept,
but touchless electrostatic characterization has a broad
applicability.

For example, there is interest in knowing the
local potentials of asteroids and the moon. These
measurements could help scientists better understand
dust transport across the lunar surface'®'* and asses

risks encountered by spacecraft and astronauts during
asteroid rendezvous missions.!® It is of interest
to measure these voltages without making electrical
contact and thereby corrupting these measurements
through discharge. It is also very difficult to make
contact with a foreign body safely, as the Rosetta and
Hayabusa missions have shown.' In order to apply
the method described in this paper to such a mission,
dielectric characteristics have to be incorporated in the
model, which is beyond the scope of this paper.

In the ET concept, the tug irradiates the debris with
electrons using an on-board electron gun. This causes
the tug to become positively charged while the debris
charges negatively. An electrostatic force and torque
are felt on both craft, which can be used for touchless
actuation.!” Establishing the ET force is feasible in
GEO due to the locally large Debye lengths of 200
meters and more.!® The attractive Coulomb force
resulting from the potential difference can be utilized
to create a link between the bodies, while thrusting can
be performed from the tug to move the multiple-body
system to a graveyard orbit. As demonstrated by
Albuja, inactive satellites can have very large rotation
rates and depending on the symmetry of the body these
rates evolve over time.!® If the charge distribution on
tug and debris is non-symmetric, the Coulomb force
will generate a torque which can be used to detumble
the debris in the span of a couple of days.2°

The Coulomb force can be determined from
the accelerations inferred from Light Detection and
Ranging (LiDAR) measurements or other ranging
methods over a long time. As discussed previously,
Coulomb formation flying is inherently open-loop
unstable and therefore estimation of the potential of
debris in a feed-forward procedure is crucial. By
means of measurements, the potential of the debris
and thus the Coulomb force can be determined in real
time. Possible sensing methods include placement of a
probe on the debris, surface measurements, evaluation
of charged particles?!:22 and contact-less electric field
(E-field) or potential probing.?® Because this paper
focuses on remote and real-time sensing applications,
only potential and E-field probes are considered.

By means of measuring the electric potential,
Remote Sensing for Electrostatic Characterization
(RSEC) of the debris can be performed. One or
multiple probes are extended from the tug spacecraft
using booms and register the electric potential field
over time. This measurement is combined with the
known debris spin rate and passed into a numerical
solver to determine the potential of the debris and
a Multi-Sphere Method (MSM) model for it. An
artist’s impression of this method can be found in
Figure 1. This paper describes a touchless method
for determining the voltage of a nearby space object
and constructing an MSM model for it, which can be
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used to predict the force and torque on the passive
object. The sensitivity of the model with respect to
input parameters and their errors is evaluated and a
possible selection of probes is discussed.

2 Sensing Electric Potential

The RSEC model requires measurement of kilovolt
potential at specific locations between tug and debris.
Measuring potentials of spacecraft in space is a proven
technology and can be performed even for kilovolt
magnitudes. In its first year of operations, instruments
on board of the Spacecraft Charging AT High Altitudes
(SCATHA) satellite measured potentials as high as
—14 kV during eclipse.2> These measurements were
obtained from plasma detectors, which consisted of
electron- and ion detectors, as well as an electric field
detector.

The most common methods to sense the electric
potential in space is by means of Langmuir probes
and emissive probes. Emissive probes are electrically
heated which causes electron emission. This results
in the probe reaching a floating potential and allows
measurement of the plasma potential without requiring
voltage sweeps.?4 Langmuir probes on the other hand
do require voltage sweeps over a bias voltage. The
measurements obtained from a sweep are related to the
characteristic I-V curve and can be used to determine
many plasma parameters.?® Due to the high potential
of the tug and sparse electron density in GEO,
obtaining unambiguous measurements is expected to
be difficult.

On Earth, electric field mills are commonly
used to determine the electric field strength of
thunderstorm clouds.?% As FE-fields are often
more conveniently measured than potential fields in
atmospheric conditions,?” field mills are an appropriate
choice for validation of the RSEC method in an
atmospheric environment.

Most potential measurements that have been flown
were designed to measure the ambient plasma potential
or spacecraft potential with respect to the ambient (low
potential) plasma. In this study, the spacecraft will
be charged to tens of kV which requires adaptation
of current available measurement methods. Around
the tug, a large electron deficit exists, reducing
the effectiveness of Langmuir probe measurements.
Measurement of the space potential or electric field
which results from being nearby a highly charged
object is expected to be a difficult but possible task
in space plasma. The authors are not aware of
measurements currently being performed for mapping
the spatial dependence of such high voltages (kV) or
strong fields (kV/m).

Apart from the influence of the tug and debris
on the sensors, there are a number of sources which
may corrupt the measurements, such as interference

of the booms and fluctuating space weather. Due
to the high potential of the tug, not all of the
emitted photo-electrons will be able to escape from the
influence of the tug. When a probe is located in this
photo-electron cloud, the measurements will be biased.
In order to determine the radius rp.x of this cloud,
consider the following energy balance.

E; + Ep =k + Ep (la)
—_—— ——

Final
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In these equations, the electrons with mass m. are
emitted from the surface of a sphere of radius R,
and potential V; with an electron-velocity ve. The
initial velocity (left hand side of Equation 1b) can be
determined with Equation 2.

1
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Considering an average kinetic energy of 2 eV,28 the
velocity with which the photo-electrons are emitted is
ve = 840 km/s. Substituting values in Equation 1b
gives a maximum distance travelled by the emitted
electrons of 0.3 mm. Since close to the sphere the
field deviates from that of a point source, the flat
plate approximation as discussed by Grard may be
more representative,?® although application of this
more realistic model is not expected to change the
results drastically. The calculated value shows that
the photo-electron cloud has a negligible influence on
the probe measurements as long as they are placed on
booms at distances on the order of multiple meters such
as considered in the rest of this paper.

Another disturbance on the potential and electric
field of two spheres is due to the presence of the
electron beam. As an approximation, the beam can
be represented as a line charge, for which the following
equation holds.

" k.dq 1
V = = kU k. = 3
/ r i 4meg (3)

The charge density A can be determined from the
kinetic energy of electrons in the beam (Equation 4b),
where the integral over the beam length is represented
by the parameter U. The relation for Coulomb’s
constant k. is given in the right hand side equation
with €p the permittivity of vacuum.

A= —

Ve

(4a)

1
imvg =eV
Assuming an electron beam current of I = 10 mA

and a potential V' of 20 kV over a 10 m beam, the

(4b)
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Figure 2: Angles and distances from the center of Rotation (CoR) towards spheres on the debris.

potential in the neighborhood of the beam is in the
0 — 8 V regime. Such a beam current is 10 times
higher than the minimum current required for charge
transfer with a 4 m radius debris, as derived by Hogan
et al.?® Compared to the kilovolt potentials around the
two bodies, this potential has minor significance and is
neglected in the further analysis.

3 Electrostatic Characterization Model

The following section describes the RSEC model and
the equations and assumptions required to construct
this model. A graphical representation of the
application of RSEC is given in Figure 2. The potential
field resulting from the tug-debris system is measured
by probes. The numerical RSEC model is then applied
to find the parameters in an MSM model of the debris
and it’s voltage which best matches this measured
potential field. This MSM model and potential are
used to estimate the force and torque on the debris.
This allows time-varying measurements of the voltage
field to be used to estimate for the force and torque on
both bodies faster-than-realtime.

3.1 Force, Torque and Potential Equations

Multiple methods have been developed which can be
used to model the electrostatic characteristics of bodies
in space. The easiest approximations is a 2-sphere
model, as will be described in Section 5, but for
small separation distances the tug and debris can not
be accurately represented with single spheres. The
non-homogeneous charge distribution and shape of
the bodies affects not only the Coulomb force, but
also introduces a torque on the bodies. Where the
charge distribution can be very accurately predicted
with Finite Element Method (FEM)3? or the Method
of Moments (MoM),?! the computation time required
often precludes real time simulations, in particular
with FEM. An alternative is the MSM, which reduces

computation time for a simple sphere-cylinder system
from over an hour with FEM to a fraction of a second.??

If an MSM model of a tug consisting of n and
debris of m-spheres is considered, the Coulomb force
is written as a summation over all spheres.33

n

m . .
F, :kczzcjqujrz,j
° i,

j=1i=1

(5)

In this equation the Debye shielding effect is neglected
since the Debye length at GEO is much larger than the
tug-debris separation distance (=~ 200 m vs 20 m).?*
The torque on the debris is given by

T NN GG
d= CZZT T X T

3
j=1i=1 "&J

(6)

which is effectively the cross product of the forces and
distance from the debris center of the rotation to the
spheres. In order to compute the torque on the tug, r;
can be substituted by 7;.

Introducing multiple spheres in the MSM model
also introduces a multiple of parameters which have
to be solved for. In order to obtain as many unique
equations as there are unknowns, electric potential
measurements are taken over time for a rotating debris
object. While the charge of all spheres varies over
this tumbling motion, it is assumed that the electric
potential of both bodies stays approximately constant
during application of the tractor.®3

Again considering a tug represented by n and debris
of m-spheres, the charge on any of the total &k spheres
can be calculated from:

q1 1/Ry  1/ro; 1/ - o1
a2 1 |1/ri2 1/Ry /T2 b2
T . . . . (7)
: ¢ : : : :
Qr Lrig 1/rog 1/ Ry, Pk
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The center matrix is known as the inverse capacitance
matrix and it consists of the inverse self-capacitance
C; ' of the tug and debris C;' as well as the inverse
mutual capacitance C;il and C;tl. In the MSM, inverse
self capacitance is given analytically for a sphere, and
the inverse mutual capacitance is found by treating
both spheres as point charges:

o7ty T
o :[ v, G orl=clt@®

[ ] Cd,t Cd d,t t,d
The inverse capacitance matrix describes the

relationship between voltage and charge on both
bodies at an instance of time. Since the position of the
spheres is fixed within the bodies, the rotation rate
determines the position at any instance of time. The
only entries in the matrix that vary with this rate,
and therefore have to be determined at each timestep,
are O dl and its transpose. Pre-computing the other
entries enables quick evaluation of this matrix at each
time step. The inverse of the capacitance matrix
can then be found from a block matrix inversion.??
The potential curve that has to be matched against
potential measurements follows from Equation 7. The
potential at an instance of time at the probe location
®,, is determined from the summation of all charges
over their respective distance to the probe 7 .

@p:kcz 4

r
i=1""P

(9)

In this equation, the influence of the charge of the
probe itself is neglected as this is expected to be
calibrated by circuitry.

3.2  Obtaining the Best Fit MSM Model

Now consider the model given in the right-hand side of
Figure 2. The location of the spheres on the debris is
specified with respect to the center of rotation (CoR)
which is at a constant and known distance from the
tug center of mass. A constant rotation about the
axis through the CoR, orthogonal to the plane of
the spheres, is assumed to be determined by means
of LiDAR. Alternatively this rotation rate could be
estimated by waiting for the probe measurements to
repeat. By doing so the potential measured by the
probes at any time is a function of the state vector x,
which includes full planar MSM model and the voltage
of the debris:

r = [Rl,rl,el,...Rm,rm,Qm,Vd] (10)
Note that the characteristics of the tug are not defined
in the state vector as they are assumed to be known
a priori. These variables can be introduced to create
a more general model, but for now they are assumed
constant. Furthermore, the distance r3 and rotation

rate are not included as they are expected to be
determined from LiDAR measurements. By using a
numerical solver such as Matlab’s fmincon function,
the following cost function J is minimized in order to
find the best fitting debris characterization.

J = ll¢p(z,t) — Ppu(t)]| (11)
Here ¢ and ¢p are vectors containing the measured
and predicted probe potential at all measurement
instances t. In order to find a better solution, some
non-linear inequality constraints are applied. As a
first constraint, all of the spheres have to be located
within a rectangular box of which the contours have a
10 cm offset from most outward surface of the truth
model. The second constraint makes sure that all
sphere locations are unique by calculating the distance
between spheres and requiring a minimal separation
of 50 cm. This constraint is enforced because closely
placed spheres make the inverse capacitance matrix
difficult to invert numerically. Additionally, upper and
lower bounds are applied on the state vector to restrict
the radii of the spheres and their potential, such that
no non-zero radii and potentials exist. The initial state
vector is constructed as a spiral of spheres such that
no sphere locations are identical, and all have a —15
kV potential.

The obtained solution state vector describes
the electrostatic characteristics of the debris.
After obtaining this characterization, potential

measurements can be used to determine the force
and torque at any instance of time, assuming the
rotation rate and potential stay constant. As the
potential of the tug and debris is expected to vary
with the space weather, the orbit does play a role.
From an analysis performed by Denton et al, it follows
that except for a few hours after local midnight, the
ambient plasma temperature and density varies over
the scale of hours.!® Considering that force and torque
estimates could be made multiple times per minute,
assuming the potential to be constant is deemed a
good assumption.

4 Numerical Simulation Example

In the following section, the results from an example
numerical simulation are given to demonstrate the
applicability and performance of the RSEC method.
Furthermore, a parameter sweep and sensitivity study
are performed to examine the robustness of the
method.

4.1  Set-up and RSEC Results

The simulation is performed for a truth model
consisting of 18 spheres on the debris and 4 spheres
on the tug. By means of the RSEC method, the
debris is approximated with a solution consisting of
only 10 spheres. Two probes acquire the potential
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Table 1: Truth model input parameters. -1200 ' ' ' 0.04
Tug Potential: +20 kV  Debris Potential: -20 kV Probe 1
Tug > 1400 | | = — —Probe2 {0.03
Sphere | Location (x y) [m] Radius [cm)] = ~ 7 T T
1 (-5 1); 10 E 1600t =7 N 40.02
2 (-5 -1); 20 2 5
3 (71); 5 g -1800 | /1001 5
4 (7-1) 5 % -2000
Debris =
Sphere | Location (x y) [m] Radius [cm] 9900 , , , 0.01
1 (5 1) 10 0 100 200 300
2 (5-1) 8 Rotation angle [deg]
3 (71) 7
4 (7-1) 4 Figure 3: Measured potential by two probes, potential
5 (8 0) 3 of the solution, and difference between the two.
6 (6 0) 7
7 (40) 9
8 (8 1) 2
9 (8-1) 3
10 (61) 5 =
11 (6 -1) 4 =
12 (41) 9 £
13 (4 -1) 8 S
14 (6 2) 4
15 (6 3) 5
16 (6 4) 1
17 (5-2) 4
18 (9 0) 2 x [m]
Probes
Probe | Location (x y) [m] Measurements Figure 4: Surface plot shoxying the 2D potential field
of the truth model tug-debris system.
1 (-1 5) 15
2 (-1-5) 15

measurements, being located approximately 5 m from
the tug under a 45° angle with the debris. In
order to obtain the measured potential curves, 15
measurements equally distributed over a full rotation
of the debris are used. An overview of these parameters
can be found in Table 1.

Potential [kV]

The potential measured by the probes in both the
truth (18 sphere) and solution (10 sphere) model are
plotted over rotation angle in Figure 3. From these
curves, it can be concluded that the numerical solver is
able to quite accurately determine the potential curve x [m]
of the solution. The error in potential between truth
and solution is at most 0.01%. The corresponding
potential field of truth and solution can be found in
Figures 4 and 5 respectively.

Figure 5: Surface plot showing the 2D potential field
of the solution model tug-debris system.
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From these figures, it can be noticed that the
potential field approximates a dipole field for larger
separations. Moreover, while the field internal to
the debris deviates significantly from the truth, the
external field is accurately represented. Since the force
and torque on both bodies is of interest and not the
field structure internal of the debris, this deviation
can be neglected. In order to determine the force and
toque, Equations 5 and 6 are applied. Rotating the
debris over time yields the distribution for force and
torque over debris rotation angle, as give in Figures 6
and 7 respectively.

0.04

10.03

10.02

10.01

Error [%]

1-0.01

-0.02

300

0 100 200
Rotation angle [deg]

Figure 6: Force of the solution model as well as its error
with respect to the truth, over debris rotation angles.
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Figure 7: Torque on tug and debris of the solution
model as well as its error with respect to the truth,
over debris rotation angles.

From these figures, it can be seen that even
though the spheres are placed at significantly different
positions than in the truth model, the resulting force

103

Force
Torque Tug 1
Torque Debris

10% L

10t ¢

100 L

Error [%]

1071}

1072 ¢

10-3 : : :
5 10 15

Number of Spheres on Debris [-]

Figure 8: Error in force versus amount of spheres i
the debris model.

and torque are still accurate below 1%. The range of
error in force is comparable to that of the measured
potential and even though the torque on the debris
has the largest error, it is still quite accurate.

4.2  Performance Sweep over Parameters

In order to show the influence of input parameters
on the accuracy of the electrostatic characterization,
a variation of parameters is performed. The same
model is used as in the example set up in the previous
section. Instead of applying a fixed number of 10
spheres to represent the debris, this number is varied.
As can be seen in Figure 8, a solution represented
by too few spheres will introduce large errors in the
solution. A cause for this error is symmetric sphere
placement, which can be alleviated by adding another
probe such that two potential curves have to matched
instead of just one. Furthermore it is deduced from
Figure 8 that even though the truth model consists
of a large number of spheres, the solution will not be
optimal with the same number of spheres. This may be
because the optimizer has too many free parameters.
A representation by as little as 4 spheres already
generates a solution that models the system very well.

The fields and their angular dependance are smaller
if the two spacecraft are farther apart. Their separation
was also varied to see how performance was affected.
Refering to Figure 9, it can be concluded that the
influence of this distance on the error in force and
torque is negligible. The error appears to be a function
of the geometry of the example set up and the ability
of the solver to find an optimal state vector. However,
the accuracy of LiDAR and probes may degrade due
to the increased distance and smaller field strength.
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Figure 9: Error in force versus separation distance
between tug and debris center of mass.
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Figure 10: Error in the solution in terms of force and
torque due to an error in the measured separation
distance.

4.8 Sensitivity with respect to Separation and

Measurement Error

One of the assumptions in the described model is
that the separation distance between tug and center
of rotation of the debris is known. In order to see
what an error in measurements of this distance does
to the accuracy of the results, a sensitivity analysis is
performed.

Figure 10 is acquired with the assumption that
LiDAR will introduce measurement errors in the cm
range. Although the force between tug and debris
is still accurately represented by the solution, the
torque on the debris will deviate rapidly from the
truth model. In order to stay in the percent error
range, millimetre accuracy is therefore required from
LiDAR. In application of LiDAR, distance is measured

15 : : :
Force
_ — — — Torque Tug
X Torque Debris
o 10 P\ ]
o
»
= AN
g N\
= 5t \ ]
°
n \ /
y4
0 L \/ L

-10 -5 0 5 10
Measurement Error [%)]

Figure 11: Error in the solution in terms of force and
torque due to an error in the potential measurements.

from the sensor towards a reflecting surface. Since the
separation distance is defined from center of the tug
to the center of rotation of the debris, this discrepancy
has to be accounted for.

Assuming that the separation distance is perfectly
determined, the error in the solution will still be
non-zero due to errors in the probe measurements. In
Chapter 2, it is determined that measurements near the
electron beam will deviate by less than 10 V. Adding
the interference of booms and space weather to this
measurement, error is expected to result in a percent
error scale. By running the RSEC solver with a percent
error in the measurements, Figure 11 is obtained.

The omitted data in Figure 11 corresponds to
outliers due to the solver’s inability to converge to a
proper solution. In the figure, a clear trend can be
distinguished, showing an almost 1-on-1 linear relation
between measurement percent error and solution
percent error for both force and torque.

5 2-Sphere Model for Probe Placement

By reducing the RSEC model to a 2-sphere model,
the sensitivity with respect to probe placement can
be analytically evaluated. It is demonstrated that
the tug-debris system approximates a dipole field
for larger separation distances which indicates that
the results of the 2-sphere model may also hold for
multi-sphere models of simple spacecraft geometries.
Such a model could also be used for validating
Earth-based experiments. Since E-field mills are
expected to provide the most accurate measurements
in atmospheric conditions, the analytic 2-sphere model
is derived using E-field measurements.

5.1 Force Model

For a first order approximation of the force between tug
and debris, two spherical bodies are considered. There
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is no torque between these two spheres in this model,
and if Debye shielding is neglected, the Coulomb force
between a charge ¢r on the tug and ¢p on the debris
can be written in vector form as

qr4p

Fc:kc 7”3

r (12)

where r is the separation distance. Appropriate
separation distance is selected based on the required
force for re-orbiting as well as induced charging effects
and safety during close proximity formation flying. It
is shown by Schaub et al, that the m/N Coulomb force
obtained at 15 — 20m separation and kV potentials,
results in reorbiting times of 2 — 4 months to a
graveyard orbit.?®

5.2  2-Sphere Model

An illustration of deriving the Coulomb force acting
between two charged objects from measurements is be
given below. Consider the case as represented in Figure
12

The E-field measured by the probes can be written
as

B, = kcq—; + sin alkcq—g (13a)
L L)
dd
Ei, = cos alkcr—Q (13b)

4

where oy = f(01,7r1,73), 74 = f(01,71,73). Rewriting
Equations 13 yields expressions for the charge on tug
and debris. Substitution of these expressions into
Equation 12 results in the force between tug and debris:

rir 2secoz E
(g ™M 1 1z
( Yo ) ke Eny

By measuring the location of the debris (61 and
r3), the Coulomb force can be determined. In space
applications with an absence of LIDAR, an additional
probe (see Figure 12) can be utilized to determine the
angle 0; and separation distance rs.

— tan al) (14)

Figure 12: Schematic of angles and distances between
spheres and probes.

5.3 Optimal Probe Placement

In order to determine what the best location for the
probes with respect to tug and debris is, the sensitivity
of force with respect to the E-field measurements is
derived for the simple 2-sphere model. Taking the
norm of the partial derivatives of Equation 14 with
respect to E1, and Eyy gives the following equation.

ar |
dE||
SeCxy [ 1Ty
ke

(15)

2
) \/Efy + (E1y — 2B, tan a1)2
T3

This is the sensitivity of the force estimate to a
spurious electric field measurement. To obtain a force
estimate that is robust to sensor error, this value should
be small. As a representative study of this equation, a
tug and debris with £20 kV potential and radii of 3 m
are selected. For this case, the logarithm of Equation
15 is displayed in the middle of Figure 13. By setting
the potential of tug or debris to £10 kV and 2 m
respectively, the outer figures are obtained.

The result from Figure 13 is rather intuitive. When
the potential of the tug is larger in magnitude than
that of the debris, better force predictions result
from placing the probe closer to the debris. Vice
versa, the probe should be located closer to the tug
when its potential is lower in magnitude than that of
the debris. Due to the measurements orthogonal to
the tug field Ey,, the probe should not be located
directly in between the two bodies since the field in
y-direction will be zero. Even more so, the tractor
beam will be located along this separation vector
meaning that the measurements will be corrupted.
Lastly, around the zero-potential gradient (see Figure
5), the influence of small external fields will become
significant and measurements could result in corrupted
data. More in-depth study of probe placement is
therefore envisioned.

6 Conclusion and Recommendations

Assuming knowledge of the tug potential, the
center-to-center separation between tug and debris,
and measurements of space potential or electric field in
the vicinity of the craft, the voltage and an MSM model
of the debris can be found using the method outlined
here. This is done by constructing a predicted curve
of potential vs. time for each probe and comparing it
to the measured curve. Although special attention is
paid to the ET, the method proposed could be used
for electrostatic characterization of objects of interest
such as asteroids. The potential field of this solution
distribution matches the truth MSM model within
percentage error. Even more so, the force and torque
are also within percentage range. By performing a
variation of parameters and sensitivity analysis, it
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Figure 13: Surface plots showing the derivative of force with respect to E-field measurements for a tug located

at (-5,0) and debris at (5,0) with £20kV potentials.

can be found that only a small number of spheres
is required to accurately characterize the electrostatic
behaviour of the debris. By placing the probes closest
to the body with least potential magnitude, the best
results are obtained. This is under the conditions
that the measured separation distance has errors in
the millimetre range and external influences such as
the photo-electron cloud and potential field due to the
tractor beam are negligible.

Future validation of these results is envisioned by
using a field-mill to measure the electric field between
spherical probes in a test-bed. The described 2-sphere
model can be used for this validation. Furthermore,
the planar model described in this paper does not
account for 3D satellite dimensions and tumbling
motion. The next step in developing the RSEC model
therefore includes implication of general 3D shapes
and dynamics. This model can be optimized by using
appropriate estimators, such as a Kalman filter in place
of Matlab’s fmincon solver. Using an estimator is
expected to improve the accuracy of the results and
offer better feed-forward estimations.
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