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UNCERTAINTY ANALYSIS OF THE ELECTROSTATIC TRACTOR
CONTROL PERFORMANCE

Julian Hammerl* and Hanspeter Schaub’

The electrostatic tractor concept is an active debris removal method that has been
proposed to remove retired satellites from Geostationary Earth Orbit without phys-
ical contact, using electrostatic forces. These forces are generated by charging the
servicing satellite and the debris with an electron gun that is attached to the ser-
vicer. Prior work investigated the effects of debris attitude on performance factors
such as reorbit time and control effort. Uncertainty in the electric potential of the
debris was also considered. This work extends the analysis of the electrostatic
tractor performance by considering additional sources of uncertainty, such as un-
certainty in mass properties, charge model errors, and electric potential uncertainty
of the servicing satellite. The results suggest that errors in the estimated electric
potential have the most significant impact on the reorbit performance.

INTRODUCTION

A number of methods have been proposed to relocate dysfunctional satellites from Geostationary
Earth Orbit (GEO) to a graveyard orbit several hundred kilometers above GEO.!> Some methods
rely on a tether that connects the servicing spacecraft with the debris. A harpoon® or net” is attached
to one end of the tether to capture the debris, while the other end of the tether is connected to the
servicer. This allows the servicer to tug the debris to a different orbit. However, nets and harpoons
might create new debris fragments upon impact, and using a tether is far from trivial and deserves its
own area of space research.’ Other methods aim at establishing a (approximately) rigid connection
between the servicer and the debris, either by capturing the debris with robotic arms® or by docking
with the debris.” However, high tumble rates®® of retired satellites in GEO complicate these two
approaches, as the relative rotation of the debris must either be matched by the servicer (at the cost
of additional fuel), or the robotic arms must be capable of capturing a rotating object.'”

The common theme of all aforementioned Active Debris Removal (ADR) methods is that they
rely on physical contact. The Electrostatic Tractor (ET) has been proposed to touchlessly relocate
retired satellites from GEO using electrostatic forces,!"1? as illustrated in Fig. 1. A controlled ser-
vicing spacecraft is equipped with an electron gun that is aimed at the debris. Due to the emission
of electrons, the servicer charges positively, while the debris charges negatively due to the accu-
mulation of electrons. The resulting attractive electrostatic force acts as a virtual tether between
the two spacecraft, allowing the servicer to tug the debris to a graveyard orbit using its low-thrust
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Figure 1: Electrostatic Tractor!3

propulsion system. The touchless nature of the ET concept reduces the risk of generating additional
debris fragments and makes it possible to relocate debris even if the debris is tumbling.

Prior work developed a relative motion control for the ET and showed that it is possible to raise
the orbit altitude of the debris by 300 km within two months.'* The authors also studied the effects
of charge uncertainty on the control stability. However, only spherical spacecraft models were
considered. More recent work uses the Multi-Sphere Method (MSM) to investigate the effects of
debris electric potential uncertainty on the relative motion equilibria for general three-dimensional
spacecraft shapes.!?> Reference 15 studies the effects of debris attitude on the control effort and
reorbiting time, with and without uncertainty of the debris electric potential. However, other sources
of uncertainty — such as navigation errors, charge approximation errors, etc. — and their effects on
the control effort were neglected.

The effects of electric charge or potential uncertainty of the debris on the Electrostatic Tractor
relative motion control have been studied in Refs. 13-15. However, uncertainty of the servicer
potential is not considered in these studies. Reference 16 studies the effects of electrostatic force
perturbations on proximity operations such as rendezvous and docking, and the authors propose a
control that feeds forward on the estimated potentials and resulting forces and torques. The authors
also investigate the sensitivity of the estimated force to the estimated potentials of the servicer
and debris. Instead of considering the absolute debris potential estimation error, the error of the
relative potential between the servicer and the debris is considered, because remote electric potential
sensing methods that are being developed are only capable of estimating the relative potential.!”- 18
The results of the study about electrostatic perturbations in Ref. 16 show that the estimated force
is more sensitive to errors in the estimated servicer potential than the estimated relative potential,
because the estimated absolute debris potential is a function of both the estimated servicer potential
and the estimated relative potential.

The focus of this work is to compare the relative impact of different sources of uncertainty, such
as electric potential uncertainty of the debris and the servicer, navigation errors, uncertainty in mass
properties, and MSM model errors.



Figure 2: Hill frame H and Spherical framg13

PROBLEM STATEMENT
Relative Motion

The relative motion dynamics and control used for the Electrostatic Tractor are derived in Refer-
ence 14. Because the equations of motion are coupled in the Hill framieh, ; A ;A g, a system
of spherical coordinated.; ; ) inthe frameS :f$,;$ ;$ gis used for the relative motion con-
trol, as illustrated in Fig. 2. The feedback-control
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is globally asymptotically stabilizindf whereX = [L; ; " is the state vector for the relative
motion control,X ; is the desired statgk ] and[P] are feedback gain matrices, arRdand [G]
include the equations of motion in the spherical frateDiagonal gain matricegk ] and[P] are
chosen with the same feedback g&in for all states, such thgK] = K[l ]z 3 with identity
matrix [l ]z 3, For a slightly underdamped response the diagonal elerfetfgP | are determined
by P; =1:85 Kj. The required thruster acceleration
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consists of the feedback control tetmand a feed-forward term of the estimated electrostatic force
Fcestthat is acting on the servicer. The mass of the servicer Ttignd the debris used by the ight
software (the controller) are denoted oy tsyy andmp: tsw, respectively. Note that the expected
mass used in the ight software can vary from the actual nrmagsandmp used for the dynamics.

Rotational Dynamics

The electrostatic force also induces an electrostatic torque if the center of mass of an object does
not align with its center of charge. Since the debris is uncontrolled, its attitude generally changes
during the reorbit process as a result of the electrostatic torque. The rotational dynamics of the
debris are given by [19, Chapter 4]

[ol= [Flllo]' + L 3)



where[lp] is the inertia matrix of the debrid, is the angular velocity of the debris, ahd is

the electrostatic torque acting on the debris. The skew-symmetric nilajris used as the cross-
product equivalent matrix operatorlof The inertia matrix and the location of the center of mass are
obtained from a CAD model of the debris that is generated using publicly available size and mass
information of a GOES-R satellit. The attitude of the servicer is held constant at the desired
orientation, so no rotational dynamics need to be implemented for the servicer.

Multi-Sphere Method

The Multi-Sphere Method (MSM) is implemented to calculate the electrostatic force and torque
acting on each object. This method uses a number of spheres to approximate the charge distribution
of complex-shaped objects. The voltage to charge relationship is

2 3 2 32 3
Vi 1=R; 1=ry» 1=ryn Q1
Vo 1=rn 1=R; 1=r2n 4 B Q2
5= Ke : : .. : : (4)
Vh 1=rn;1 1=rn2 1=R, Qn

whereV; is the electric potential of the i-th sphefe; the radiusQ; the electric charge;j is the
distance between the i-th and j-th sphere, land 8:988 10° N m? =C? is the Coulomb constant.

If the electric potential of each sphere is known, Eq. (4) is inverted to obtain the charge on each
sphere, which is used to compute the electrostatic force and torque about generic point 0 acting on
generic spacecraft 1 by !
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wherer ; is the vector from point O to thie-th sphere.

Spacecraft Models

Figure 3 shows the spacecraft models used in this analysis, as well as the corresponding (20
sphere) MSM models and reference frames. A GOES-R satellite is used to represent the debris due
to its asymmetric shape resulting from the single solar panel and the magnetometer, and the servicer
is based on an SSL-1300 satellite bus. The origin of the servicer flfamgfy; f5; f5g and of the
debris frameD : fd4; d%; dsg are located at the geometric center of the corresponding spacecraft.
The nominal orientation of each spacecraft is de ned as the orientation where the direction cosine
matrix (DCM) that maps the Hill frameél into the corresponding spacecraft frame is equal to the
identity matrix. In Fig. 3, both spacecraft are in their nominal orientation. A 3-1-2 (Yaw-Pitch-Rol)
Euler Angle set is used to describe the orientation of each craft.

Simulation Setup

Both satellites startin GEO, and the servicer begins at its desired positionX ; = [20 m; 0; 0]" .
The debris is then reorbited to a graveyard orbit. The simulation parameters are shown in Tab. 1,
where the difference in semi-major axis between the graveyard orbit and GEO is denoteq by



Figure 3: MSM Spacecraft models and spacecraft reference frames. The color of the MSM spheres
indicates the electric charge: green corresponds to positive charge and red corresponds to negative
charge; the stronger the color, the greater the charge maghitude

Table 1: Simulation Parameters

my mp T D Ly a
2000kg 2857kg 25kv -25kVv  20m 300 km

and the electric potentials of the tug and the debris are denoted @and p, respectively. Fully
conducting spacecraft are assumed, so all spheres have the the same electric potential as the corre-
sponding spacecraft. While the attitude of the servicer is held constant at its nominal orientation,
the debris is free to rotate according to the rotational dynamics in Eq. (3).

TheBasiliskastrodynamics simulation framework is used for all simulatfdres it is capable of
computing the electrostatic forces between several spacecraft using the Multi-Sphere Method.

UNCERTAINTY OF INDIVIDUAL FACTORS

For the following simulations, the debris starts with its nominal orientation and an angular ve-
locity of 1 deg/s about th& -y = [0:267 0:535 0:802] unit direction. A feedback gain of
K. =1 10 Sisused.

Electric Potential
An electric potential estimation error for the servicer
T = Tsest T (7)

is applied, where 1.estis the estimated potential of the servicer. For the debris, the error of the
relative potential between the debris and the servicer

D;rel = D;rel,est D;reI:( D; est T;est) ( D T) (8)
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