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Abstract

Large asset values of satellites and demand for orbital slots in the Geostationary orbit belt motivates on-orbit servicing and active
debris removal strategies. The challenge of on-orbit capture of tumbling serviceable satellites or debris targets is primarily overcome
by including a target detumble prior to any mechanical interface. Of the many methods proposed, touchless electrostatic detumbling
shows significant advantages in collision avoidance and preservation of the target object. Previous studies demonstrated that the elec-
trostatic interaction is sufficient to touchlessly despin the fixed-axis rotation of a rocket body-sized object within several days. This work
focuses on large, generally tumbling axi-symmetric targets in the Geostationary Orbit which form a large component of the GEO debris
population. The deep-space controller is augmented for tugging, pushing, and nominal detumbling configurations, providing a complete
analysis of the stability and convergence properties. The effectiveness of this detumble control is numerically illustrated by simultane-
ously detumbling and tugging the target in GEO. The controller reduces the tumbling to the order of the mean motion allowing for
mechanical docking methods.
� 2018 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The large asset values of Geostationary orbit (GEO)
satellites and the significant demand for orbit slots are
prime motivations for developing on-orbit servicing and
active debris removal (ADR) strategies. In a recent report,
the collection of GEO satellites was insured for over 13 Bil-
lion US dollars (Chrystal et al., 2011). Protection of these
assets and the delivery of newer satellites require that satel-
lite operators adhere to the strict end-of-life practice of
boosting these satellites to a higher graveyard orbit to
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vacate the orbital slot. These practices ensure that uncon-
trolled satellites and objects are relocated; forestalling a
disintegration of currently viable orbits (Anderson and
Schaub, 2015). In addition, removing a few key debris
objects could drastically reduce the collision risks, reduce
fuel expenditure for collision avoidance, and extend the
operational life for satellites in the prized Geostationary
(GEO) belt (Anderson and Schaub, 2015). The GEO orbit
belt is a prime candidate for improved satellite servicing
and removal strategies.

Satellite servicing and debris removal are both challeng-
ing space mission concepts that require an active command
vehicle to approach and mechanically interface with a
defunct satellite or satellite component (Couzin et al.,
2013; Ogilvie et al., 2008; Xu et al., 2011). Significant atten-
tion to this problem is marked by technical advances in
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Fig. 1. Electrostatic actuation technology enabling diverse service mission
profiles.
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robotic manipulator capture, soft-docking, flexible struc-
ture tethering, and in touchless actuation techniques.
Robotic manipulator capture, or conventional capture with
the servicer circumnavigating a tumbling target, are limited
by a 1 degree per second target tumble rate by control rate
and fuel usage (Couzin et al., 2012). Target tumble rates
have been observed and modeled for tumble rates up to
10’s of degrees per second requiring that the first phase
of a servicer mission integrate a strategy for detumbling
the target object (Karavaev et al., 2004; Albuja et al.,
2015). There are a variety of proposed flexible interface
or touchless methods that are not constrained by the target
object tumble rate. Notably, deployable net capture and
harpoon attachments are among proposed methods (Reed
et al., 2012; Starke et al., 2009). While the capture tech-
nique overcomes the limitations on target tumble rates,
the tethered system requires complicated dynamical model-
ing and control approaches (Jasper and Schaub, 2014). In
an attempt to make the detumble semi-touchless, Reference
Caubet and Biggs (2014) proposes a harpoon attached
magnetic detumbling device. The attitude stabilization elec-
tromagnetic module (ASEM) would interact with Earth’s
magnetic field to detumble large objects with an example
of a 6-ton satellite arrested from 6�/sec tumble in 21 days.
Alternatively, a servicer generating eddy-currents in the
target craft can capitalize on Earth’s magnetic field for
complete detumble (Praly et al., 2012; Gómez and Walker,
2015, 2016).

A Line-of-sight proposed mission concept that touch-
lessly actuates on a debris object is the Ion Beam Shepherd
method (Bombardelli and Pelaez, 2011;Kitamura et al.,
2012; Bombardelli et al., 2011). Predominantly used to
change the orbit of the debris object, the focused exhaust
cone of an ion engine may also be directed at particular
facets of the target to generate desired torques. While this
approach benefits as a touchless method, imprecise knowl-
edge of the thrust plume or time-varying target orientation
can cause strong departure motions. Similar to Ion Beam
Shepherd, laser ablation of the target is a line-of-sight
detumble method that ablates the target object such that
the ejected thrust plume provides the desired detumbling
torque (Vatrisano et al., 2015, 2016). However, both Ion
Beam Shepherd and laser ablation can damage the service-
able object by the impingement of a charged plume and the
ablation of the target respectively. Electrostatic detumble
addresses the present need of touchlessly detumbling target
objects without the negative outcomes of thrust plumes or
ablation. The electrostatic detumble mission concept, as
shown in Fig. 1, requires a servicing craft to modulate
charge transfer via an electron or ion gun such that a dif-
ferential electrostatic detumble torque is generated.

Electrostatic actuation of spacecraft finds roots in the
1960s with continued research into understanding charging
dynamics and development of electrostatic control applica-
tions for Earth-orbiting satellites (King et al., 2002). Specif-
ically, the GEO orbit environment is a prime candidate
region where space plasma conditions enable electrostatic
interaction across 10’s to 100’s of meters requiring only
Watt-levels of power (Cover et al., 1966). Satellites in
GEO must account for these effects while researchers have
sought to capitalize with the example developments of for-
mation flying concepts and inflatable structures (Berryman
and Schaub, 2007; Seubert et al., 2012; Stiles et al., 2013;
Wang and Schaub, 2011; Peck et al., 2005; Streetman
and Peck, 2007). The concept of electrostatic actuation
has extended even to touchless asteroid spin control (Mur-
doch et al., 2008a,b). Earlier work explores charged forma-
tion flying with Coulomb debris tug trajectories (Hogan
and Schaub, 2012, 2013) and use Coulomb and Lorentz
forces. This suggests that electrostatic actuation is also
viable for servicer-driven orbital maneuvering (Yamamoto
and Yamakawa, 2008;Peck et al., 2007; Yamakawa et al.,
2010). Reference Schaub and Stevenson (2012) discusses
the concept in Fig. 1 where electrostatic force fields can
be controlled to apply torques on a single-axis-spinning
debris object without requiring physical contact. The target
object charging is controlled through servicer-emitted elec-
trons or ions which charges the servicer and the target to
desired electrostatic potentials. The resulting modulated
potential difference creates the attractive force capable of
detumbling the target object.

The extension of the despin concept led to the recently
developed deep space 3-dimensional detumble controller
in Reference Bennett and Schaub (2015) which provides
analytical predictions of the steady-state cylinder attitude
and residual momentum. The deep space controller, which
neglects the relative position change due to orbital motion,
is viable for the primary on-orbit detumble of a target
where the tumble rate of the target is much greater than
that of the orbital motion (Bennett and Schaub, 2015).
Assuming the relative attitude is dominated by the tum-
bling of the target simplifies the governing equations. Fur-
thermore, the change in relative attitude due to orbital
motion at GEO is on the order of the mean motion which
is often in the noise of an attitude sensor-filter system. The
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sensitivity to relative motion is explored by applying the
deep space controller to on-orbit GEO detumble (Bennett
and Schaub, 2016). The resulting numerical optimization
analysis demonstrates that the deep space controller is
viable on-orbit and also particular relative orbits enhance
the detumble relative geometry and reduce the detumble
time. Particularly, the lead-follower servicer-target forma-
tion is one of several key detumble formations to achieve
minimal detumble time (Bennett and Schaub, 2016). The
benefits of on-orbit motion are graphically represented by
the change in detumble geometry shown in Fig. 2.

As part of GEO servicing missions, it is often required
or advantageous to perform a re/de-orbit maneuver either
to re-insert the serviced satellite or to remove the debris to
a graveyard orbit. Earlier work shows that an electrostatic
servicer spacecraft could successfully provide orbit correc-
tions or re-orbit target objects (Hogan and Schaub, 2012,
2013). However, electrostatic tugging and pushing has been
demonstrated in the absence of any detumble control.
Therefore, it is of great interest to develop and study an
electrostatic servicer control that is capable of simultane-
ous detumbling and tugging/pushing actuation of the tar-
get. The deep space controller in Reference Bennett and
Schaub (2016) demonstrates that a controller formulated
for deep space applications is viable for GEO detumble
and is a prime candidate approach to be augmented with
tugging/pushing capability.

Addressed by this work are the current challenges of
including tug and push capability for orbital maneuvering
and to determine stability of the augmented controller for
on-orbit applications. This work focuses on large, cylindri-
cal upper stage rocket bodies which form a large compo-
nent of the GEO debris population. Review of the
electrostatic Multi-Sphere method modeling technique
and deep space control developments are presented. The
deep space controller is augmented with a nominal tugging
or pushing term to investigate the resulting stability prop-
erties. The work concludes with three on-orbit numerical
simulations of electrostatic detumble.
Fig. 2. Representative relative motion of servicer spacecraft around
tumbling debris object.
2. Electrostatic modeling

The electrostatic interaction between two craft is accu-
rately approximated for faster than real time control and
simulation applications by the Multi-Sphere Method
(MSM). MSM represents the spacecraft electrostatic charg-
ing model as a collection of spherical conductors carefully
dispersed through the body (Stevenson and Schaub, 2013).
This method allows for time-varying charge distributions
across the spacecraft by coupling the instantaneous relative
attitude and the position of body-fixed sphere distribu-
tions. Consider a cylindrical target object representative
of a depleted upper-stage booster, a dual-spin spacecraft,
or a variety of other spacecraft. The cylinder object is elec-
trostatically manipulated by the collection of electrostatic
forces induced by the presence of a charged spherical ser-
vicer spacecraft as shown in Fig. 3. The 3-sphere MSM
cylinder configuration used in this study is generated by
matching the force, torque, and capacitance outputs of
the commercial software package Maxwell for a variety
of attitudes and ranges (Stevenson and Schaub, 2013).
The validated MSM model is used in faster-than-real-
time simulations and control developments because the
otherwise large number of finite elements required to com-
pute charge distribution has been reduced to a small num-
ber of body-fixed spheres. The time-varying charges are
computed from the prescribed electric potentials according
to the self and mutual capacitance relationships in (1)
where / is the potential relative to the ambient plasma

ground, kc ¼ 8:99� 109 N�m2/C2, and qi is the charge of
each sphere (Smythe, 1968; Sliško and Brito-Orta, 1998).

/i ¼ kc
qi
Ri

þ
Xm

j¼1;j–i

kc
qj
ri;j

ð1Þ

The term Ri denotes the radius of the ith conducting sphere

and ri;j denotes the vector between the ith and jth conduct-
ing spheres. These relations can be collected in matrix form
where a; b; c are the centers of the cylinder spheres relative
to servicer sphere. Spacecraft that are largely conducting or
are shrouded in a conducting layer can be assumed to hold
an isopotential. This electrostatic potential constraint is
enforced in (2) by using the same potential for all the
spheres on the second body, /2

/1

/2

..

.

/2

2
66664

3
77775 ¼ kc

1=R1 1=ra 1=rb 1=rc
1=ra 1=R2;a 1=l 1=2l

1=rb 1=l 1=R2;b 1=l

1=rc 1=2l 1=l 1=R2;c

2
6664

3
7775

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Elastance

q1
qa
qb
qc

2
6664

3
7775 ð2Þ

Inverting the Elastance matrix and right-multiplying the
spacecraft potentials at a given instant in time and right-
multiplying by the potential vector produces the instanta-
neous charge on each sphere. The sphere-to-sphere electro-
static forces are computed using the charges residing on
each sphere shown in Fig. 3. The forces and torques on
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the cylinder are given by the summation of all sphere-to-
sphere forces between the servicer and the target in (3a).
Similarly, the torques in (3b) are computed given the rela-
tive attitude between the two crafts. Subscripts 1 and 2
refer to respectively the servicer and the target.

F2 ¼ kcq1
Xc
i¼a

qi
r3i
ri ð3aÞ

L2 ¼ kcq1
Xc
i¼a

qi
r3i
r2;i � ri ð3bÞ

As seen in Eq. (2), the growth of the square matrix as
model fidelity increases and the position-dependent cou-
pling between the potential and charge inhibit obtaining
analytical insight in electrostatic detumble behavior for
complex systems. An analytic approximation of the
MSM torque is utilized so that the control developments,
the equilibrium states, and the stability of the system are
more easily explored (Schaub and Stevenson, 2012).
3. Deep space detumble with nominal tugging and pushing

The following section develops the deep space detumble
attitude dynamics and stability arguments when a nominal
attractive or repulsive potential is prescribed. The nominal
potential serves as a tug or push to translate the entire sys-
tem with the separation distance controlled by conven-
tional servicer thrusting. Investigating the deep space
scenario first provides two distinct benefits. First, opera-
tional electrostatic detumbling requires the space objects
to be flying only multiple craft radii apart. Differential
gravity will have a small impact on the relative orbit and
is absent in the deep space case. Further, the deep space
scenario only requires knowledge of the relative orientation
of the debris with respect to the servicer while maintaining
a fixed relative position of the servicer allows for simplified
servicer thrusting implementations. The following analysis
considers a deep space scenario to gain analytical insight
into the stability and convergence of this detumble control.

3.1. Debris attitude description

The detumble control, developed previously (Bennett
et al., 2015) without considering tugging or pushing, relies
on the simplified dynamics achieved for the given spherical
servicer craft and cylindrical debris object. The axi-
symmetric debris object with internal MSM spheres does
not have a torque component about the cylinder slender

axis, the b̂1 axis (Bennett et al., 2015). The torque axis
and projection angle U about the torque axis defined in
Fig. 3 are computed with Eqs. (4) and (5) respectively.

êL ¼ b̂1 � �r̂ð Þ ð4Þ
U ¼ arccos b̂1 � �r̂ð Þ

� �
ð5Þ

where r̂ is the unit direction from the servicer spacecraft
mass center to the tumbling body mass center, or the direc-
tion of the relative position vector. It was shown in Refer-
ence Bennett et al. (2015) that, through the use of this
projection angle of a cylinder slender axis onto the relative
position vector, the coupled three dimensional rotation
equations of motion reduce to scalar equations of the form
in Eq. (6). Consistent with the assumption of an axi-
symmetric geometry, there exists no control authority in
the slender axis scalar equation because no cross coupling
is present. The presented form is accurate for an inertially
fixed relative position vector.

Ia _x1 ¼ 0 ð6aÞ
I t _g� Iax1

_U sinU ¼ 0 ð6bÞ

I t €U sinU� g2
cosU

sin2 U

� �
þ Iax1g ¼ L ð6cÞ

where Ia is the axial moment of inertia, I t is the transverse
moment of inertia, and the pseudo angular velocities are
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defined by components of the body angular velocities xi

and

g � �x2 r̂ � b̂2
� �

� x3 r̂ � b̂3
� �

ð7aÞ
_U sinU ¼ �x2 r̂ � b̂3

� �
þ x3 r̂ � b̂2

� �
ð7bÞ

L ¼ �LêL ¼ �f /ð Þ sin 2Uð ÞêL ð7cÞ
The following is a control law that successfully drives

the projection angle rate to zero. Without loss of general-
ity, the non-cooperative cylinder is assumed to have the
same potential magnitude as the servicer, that is
/2 ¼ /1jj , and is assumed to be always positive (Schaub
and Stevenson, 2012). Thus, the voltage dependency func-
tion which defines the commanded servicer spacecraft
potential is set to Schaub and Stevenson (2012):

f /ð Þ ¼ / /jj ð8Þ
This assumption is consistent with the control stability
analysis first proposed by Reference Schaub and
Stevenson (2012) and further developed in Reference
Bennett et al. (2015):

f /1ð Þ ¼ �sgn
Xn
m¼1

gm Uð Þ
 !

f /maxð Þ arctan a _U
� �

p=2
ð9Þ

where a > 0 is a constant feedback gain and f /maxð Þ is the
maximum feasible potential available. The control law as
shown in Eq. (12) provides proven asymptotic reduction
of the projection angle rate (Bennett et al., 2015). However,
the previously developed form does not provide nominal
pushing or pulling control authority nor a stability proof
for such cases. The following section details the inclusion
of nominal pushing and pulling into the control formula-
tion and provides a Lyapunov proof of stability of the
expanded form.

3.2. Detumble control with nominal tugging and pushing

In addition to the nominal detumble control, it is desired
that the control could also detumble the target while the
servicing spacecraft is imparting a nominal push or pull
on the debris object. The electrostatic push or pull is
obtained by a non-zero nominal control potential with dis-
cussion constrained to an inertially fixed relative position
vector actively maintained by the servicer. Consider a pro-
posed Lyapunov function of the form

V U; _U
� � ¼ 1

2
xT Ixþ b

Z U

0

gm xð Þdx ð10Þ

where gm xð Þ is specifically for this application

gm Uð Þ ¼
Xn
m¼1

cm sin 2Uð Þ ð11Þ

The number of basis function terms n are matched with
weighting coefficients cm (Bennett et al., 2015). A value of
n ¼ 1 and gamma1 ¼ 1 is sufficient for the larger separation
distances considered in this study. The Lyapunov function
substitutes a more general projection angle U and more
general gm Uð Þ into a Lyapunov function proposed in Ref-
erence Schaub and Stevenson (2012). A distinct advantage
of the projection angle is that it follows the same form as a
1-dimensional rotation and can therefore encapsulate and
utilize previous 1-dimensional control insights. Revising
the control formulation for 3-dimensional rotations leads
to the new control law for controlling the servicer electro-
static potential f /1ð Þ:

f /1ð Þ ¼ �sgn
Xn
m¼1

gm Uð Þ
 !

h a _U
� � ð12Þ

where a > 0 is a constant feedback gain and the function h

is chosen for stability so that Schaub and Stevenson (2012):

h xð Þx > 0 if x – 0 ð13Þ
For this study, the following function h is proposed:

h a _U
� � ¼ f /maxð Þ arctan a _U

� �
p=2

ð14Þ

The Lyapunov function in Eq. (10) is positive definite when
the monotonically decreasing magnitude restriction
cm > cmþ1 is placed on cm for the projection angle function
g xð Þ (Bennett et al., 2015).

The assurance of a positive definite Lyapunov function
enables the time derivative of Eq. (10) to be taken for Lya-
punov stability analysis:

_V U; _U
� � ¼ xTLþ bgm Uð Þ _U ð15Þ
Including the detumbling control torque into the Lya-

punov derivative and collecting terms, the simplified form
of Eq. (15) becomes Eq. (16).

_V U; _U
� � ¼ f /1ð Þ sinUþ b½ �gm Uð Þ _U ð16Þ
The desired form of the control provides reduction of

the projection angle rate _U to zero. Since the targeted for is

_V U; _U
� � ’ �sgn gm Uð Þð Þgm Uð Þh a _U

� �
_U ð17Þ

which expands to the f /ð Þ definition in Eq. (12) to the b-
modified control expression in Eq. (18).

f /1ð Þ ¼ � b
sin Uð Þ � sgn gm Uð Þð Þh a _U

� � ð18Þ

The leading term in Eq. (18) represents the nominal
potential prescribed for electrostatic pushing and pulling.
Therefore the b feed-forward gain is defined as

b ¼ �f /nomð Þ sin Uð Þ ð19Þ
Substituting the resulting new potential of Eq. (18) with

the above defined b into the expression in Eq. (16) provides
the final form for the Lyapunov derivative.

_V U; _U
� �¼ �b� sgn gm Uð Þð Þh a _U

� �
sin Uð Þþb

	 

gm Uð Þ _U ð20aÞ

¼�sgn gm Uð Þð Þgm Uð Þsin Uð Þh a _U
� �

_U ð20bÞ
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which is shown to be negative semi-definite by Reference
Bennett et al. (2015) around U ¼ 0 and provides asymp-
totic stability with additional invariant set arguments.
Given any nominal pushing or pulling electrostatic poten-
tial command b, the control provides asymptotic conver-
gence to a null projection angle rate. Capitalizing on the
cancellation of the commanded nominal potential in the
stability proof, the nominal equilibrium projection angles
from the analysis in Reference Schaub and Stevenson
(2012) still apply. Commanding an attractive nominal
potential, the cylinder rests at a projection angle of zero.
Commanding a repulsive nominal potential rests the cylin-
der at a projection angle of 90�. However, given that the
projection angle describes a 3-dimensional attitude the
interpretation of the equilibrium angle is different than pre-
vious studies. A projection angle of zero, that of the nom-
inal tugging case, is unambiguous and refers to a perfect
alignment between the slender axis of the cylinder and
the relative position vector. A projection angle of
U ¼ 90� provides an infinite set of attitudes as the projec-
tion angle only defines an admissible plane for the slender
axis to reside within. Therefore, any combination of body
attitudes and angular rates that restricts the slender axis
to the plane for all time is admissible as an equilibrium
state with nominal repulsive force. The equilibrium sur-
faces for the nominal tugging and pushing cases are shown
in Fig. 4. As it can be seen in Fig. 4, the servicer is thrusting
to maintain the fixed relative separation. This 3-
dimensional definition of the projection angle fully encap-
sulates previous results and is applicable to a more general
tumble of a debris cylinder.
4. On orbit electrostatic detumble with zero nominal

potential

Of further interest is the augmented control law detum-
ble performance while the servicer and debris are in orbit.
Prior analysis has only considered the detumble perfor-
mance in deep space where the relative position vector
remains inertially fixed by servicer thrusting (Schaub and
Fig. 4. Equilibrium attitudes for nominal tugg
Stevenson, 2012; Bennett et al., 2015). The following
demonstrates the orbit-independent momentum decrease
control law proposed above and discusses final attitudes
of the servicer-debris system. The momentum decrease dis-
cussion is independent of orbit type. The numerical simula-
tion applies the derived concepts to a lead-follower GEO
circular orbit. To stably remove angular momentum from
the on orbit debris object, the following Lyapunov function
provides conditions on the implemented controller.

V ¼ 1

2
xT Ix ð21Þ

and derivative

_V ¼ xTL ð22Þ
where the electrostatic torque is always about the êL vector
such that

_V ¼ �L x � êLð Þ ð23Þ
Observing Eq. (23) the control design emerges in the pre-
scription of the torque magnitude L. Therefore, for an
implemented control to monotonically reduce the angular
velocity and thereby the angular momentum, the sign of
L is selected such that Eq. (23) is always negative semi-
definite. The proposed controller in Eq (12) satisfies this
sign requirement and therefore monotonically reduces the
angular velocity.
4.1. Investigation of detumble steady-state behavior

Confidence in a stable decrease in angular momentum
enables further study into the magnitude of angular
momentum dumping. The angular momentum vector com-
ponents can be expressed along the E-frame and relative
position vector with the decomposition graphically repre-
sented in Fig. 5. Recall that angular momentum aligned
with the relative position vector H kr cannot be removed
in the instantaneous configuration. Using Fig. 5(b) and
assuming the relative position vector is fixed inertially, a

nonzero H kr may exist producing a body cone where b̂1
ing and pushing potentials in deep space.



Fig. 5. Component breakdown of momentum. Colored to represent the ability for detumble influence. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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sweeps around r̂ requiring g to also be nonzero. In such a
case, the angular momentum would not be reduced to zero,
with a body cone determined by the relative magnitudes of
x1 and g (Bennett et al., 2015).

Alternatively, if the relative position vector r̂ changes
inertially, then the momentum decompositions shown in
Fig. 5 present an instantaneous snapshot. The magnitude
of H kr is therefore subject to the dynamics of r̂ suggesting
that reconfiguration may remove greater angular momen-
tum. Recall that the electrostatic torque is only produced
around the êL vector defined by Eq. (4). The detumble con-
trol produces no torque when the angular momentum
derivative and the torque axis are aligned, that is:

L ¼ 0 IF _H � êL ¼ 0 ð24Þ
Study of the cases where the torque does go to zero for

all time reveals the steady state behavior of the detumble
control. The classical Euler rotational equations are
defined for an axi-symmetric body.

_H ¼
Ia _x1

I t _x2 þ Ia � I tð Þx1x3

I t _x3 þ I t � Iað Þx1x2

2
64

3
75 ð25Þ

Taking the dot product of Eq. (25) with êL to find where
the torque is zero, with g defined in Eq. (7), the null torque
definition is obtained.

0 ¼ I t _x2 r̂ � b̂3
� �

� _x3 r̂ � b̂2
� �h i

þ Ia � I tð Þx1g ð26Þ

A steady state g can be found if Eq. (26) remains true for
all remaining time. The steady state g is therefore:

gss ¼
�I t

x1 Ia � I tð Þ _x2 r̂ � b̂3
� �

� _x3 r̂ � b̂2
� �h i

ð27Þ

The leading coefficient of Eq. (27) is constant for the axi-
symmetric body. Therefore, the bracketed term of Eq.
(27) must remain constant at steady state thereby imposing
restrictions on the final momentum of the system. Addi-
tional insight is gained through study of the modified pro-
jection angle rate equation derived from the time derivative
of Eq. (5) with a non-stationary inertial relative position

_U sin Uð Þ ¼ x3 r̂ � b̂2
� �

� x2 r̂ � b̂3
� �

þ b̂1 � _̂r
� �

ð28Þ
When the controller provides no additional torque for the
remainder of time, the projection angle rate must be zero.
Therefore, the right hand side of Eq. (28) must be zero.
Suppose the controller is successful at removing all the
transverse angular velocity when r̂ is non-stationary. With
the exception of some particular cases, the dot product
between the slender axis and the relative position rate must
be zero dictating a final projection angle of 90� for all
remaining time. A particular degenerate case is where the
rotation about the slender axis, x1 , assumes the following
value for a circular orbit of mean motion, n

x1 ¼ 2nIt
Ia � 2I t

ð29Þ

Should x1 assume the special case value, the cylinder
will tumble at a rate that precisely evolves as the orbit does
inhibiting further detumble. This suggests that there may
be additional cases that do not significantly detumble the
target. However, all these cases obey Eq. (28). It can be
imagined for rigid body tumble that particular tumble rates
would counteract the orbital motion such that the target
would remain at a constant projection angle. However,
these tumble rates must be at or near the order of the orbit
mean motion for the stability and performance control
arguments not to be valid. As this study considers a
Geosynchronous circular orbit, the detumble to angular
rates to the order of the mean motion accomplishes the
primary objective of this methodology. As previously sta-
ted, mechanical and other capture techniques may be uti-
lized when the tumble rates are of the order of the mean
motion.
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4.2. Detumble simulation in orbital environment

Three numerical simulations are performed to validate
the on-orbit detumbling performance of the deep space
control formulation. The first simulation presents the deep
space case where gravitational effects are neglected. The
second simulation presents the on-oirbit detumble with
same initial relative position and tumble conditions as the
deep space case and the tugging/pushing control is nomi-
nally off. The third simulation introduces a 10 kV tugging
control into the on-orbit case. The servicer spacecraft
employs closed-loop thrusting controller to maintain a
12.5 meter separation from the target tumbling cylinder.
The numerical simulation includes the 6-DOF motion of
the debris and 3-DOF translational motion of the servicer
sphere. A 4th order Runge-Kutta integration is employed
with a time step of 0.01 s. The servicer vehicle potential
is controlled via Eq. (12), while the electrostatic force is
evaluated using the full MSM model in Eqs. 2,3a,3b. This
deep space detumble shown in Fig. 6 re-creates a case from
Reference Bennett et al. (2015). The cylinder is generally
tumbling with a combined angular velocity of 2�= sec.
The angular momentum and target cylinder angular veloc-
ities are presented in Fig. 6.

The steady-state angular velocities in the presented deep
space case are a degenerate case of Eq. (27). The deep space
case has a fixed inertial r̂ which provides an opportunity for
the final coning motion of the debris object to satisfy the
bracketed term in Eq. (27) with nonzero transverse angular
velocities. Further, with the inertially fixed r̂ the H kr mag-
nitude remains unaffected. Fig. 7(c) shows the inertial HY

component unchanged where the other two components
are driven to zero. The combination of a coning angle
and the unchanged parallel angular momentum component
produces gss – 0 and an incomplete angular momentum
reduction. Recall in Fig. 2 that a change in relative
position, made possible by the natural relative motion
while on orbit, could greatly benefit the detumble efficacy.
Consider the same initial tumbling conditions presented
above with the servicer now leading the debris object in a
Fig. 6. Angular momentum and velocities with deep space initial conditions: x
and on orbit (right column).
circular GEO orbit. Given a lead-follower relative orbit,
the inertial relative position vector is no longer constant.
The resulting detumbling is presented in left column of
Fig. 7.

Inspection of the on-orbit cases in Fig. 7(a) and (b)
demonstrates the convergence of the x2 and x3 terms with
similar detumble time to the deep space case. The relative
motion introduces greater momentum observability by
the servicer leading to more effective momentum removal.
As expected, the body frame angular velocities for the on
orbit cases are reduced to nearly zero while the slender axis
x1 remains unaffected.

The inertial angular momentum time history in Fig. 7(c)
and (d) provide additional support for a more complete
debris detumble. Comparison to Fig. 6 reveals that all three
inertial momentum vectors are influence when a non-
stationary r̂ is introduced. The influence of the relative
motion is most clear in the nominal on-orbit case, Fig. 7
(c). The final state of the momentum is clearly non-zero
despite the dramatic reduction in the angular velocities.
The non-zero momentum is a result of neglecting the
change in relative position in the development of the
detumble controller. As derived, the total energy of the sys-
tem is monotonically decreasing and the cylinder is moving
towards an alignment of the slender axis with the orbit nor-
mal for the entire nominal on-orbit case.

As shown in Fig. 7(d), the inclusion of the non-zero tug-
ging introduces additional oscillations in the final momen-
tum states. Recall that the nominal on-orbit detumble case
tends towards alignment of the slender axis and the orbit
normal. However, the tugging and pushing perturb the
cylinder away from these states towards the equilibria
shown in Fig. 4. The tugging case demonstrated in Fig. 7
(d) shows that the 10 kV tugging is insufficient to overcome
the on-orbit motion and thus injects and removes trace
momentum. This is in part due to the magnitude of the
force generated by the electrostatic interaction and in part
due to the relative geometry between the servicer and the
target. Should the magnitude of the electrostatic potential
increase then the servicer may be able to tug or push into
¼ 0:5;�1:374; 1:374½ �;U0 ¼ 30� comparing both deep space (left column)



Fig. 7. Angular momentum and velocities with initial conditions: x ¼ 0:5;�1:374; 1:374½ �;U0 ¼ 30� comparing both nominal (left column) and tugging
(right column).
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the deep space equilibria states. The control of both on-
orbit cases more clearly demonstrate the performance dif-
ferences between the nominal and tugging control
approaches.

Visible at the tail end of the control potential in Fig. 8(a)
is a zero-centered periodic control with decreasing magni-
tude. The inclusion of tugging provides a bias in the control
range with a periodic and non-decreasing magnitude con-
trol tail in Fig. 8(b). The periodic commanded potential
indicates that the implemented control can provide addi-
tional momentum dumping after the primary phase. The
projection angle history in Fig. 8(c) and Eq. (28) provide
sufficient understanding of the supplementary momentum
dumping. Inspection of Fig. 8(c) shows a mean oscillation
that corresponds directly to the GEO orbit period. The
oscillation about this mean is reduced to near zero followed
by further reduction of the mean magnitude. This reduc-
tion character is dictated by the dominant terms in Eq.
(28). During the primary detumble phase, the dominant
terms are the body fixed angular velocities which dwarf

the _̂r introduced by a GEO lead-follower relative orbit.
Once the angular velocities are sufficiently reduced, the
orbit motion contribution becomes dominant and the pro-
jection angle begins to collapse towards a steady-state
angle. In the deep space case presented in Fig. 4 the angle
between the angular momentum and the relative position
vector moved towards either 0� or 180�. In the on orbit
case, the angular momentum vector appears to oscillate
and then collapse towards an angle of 90�. This is sup-
ported by Eq. (28) where if the orbital motion remains

the dominant term then the b̂1 spin axis must be perpendic-

ular to _̂r at all future times. Since in a lead-follower relative

orbit _̂r sweeps a plane, then b̂1 must reside perpendicular to

the plane. If b̂1 is perpendicular to the plane, which coin-
cides with the orbit plane, then the final projection angle
is Uss ¼ 90�. Such a projection angle does not appear to
violate Eq. (27) and is therefore an admissible final state
for the on orbit simulation. The tugging case does not
demonstrate the collapse to a projection angle of 90� fur-
ther supporting the momentum characteristics shown in
Fig. 7(d).



Fig. 8. Commanded potential and resulting projection angle with initial conditions: x ¼ 0:5;�1:374; 1:374½ �;U0 ¼ 30� comparing both nominal (left
column) and tugging (right column).
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5. Conclusions

This study expands a deep space control approach to a
3-dimensional detumble control with simultaneous on-
orbit tugging applications. The equilibrium states are
derived for nominal, tugging, and pushing conditions.
The deep space projection angle dynamics and Lyapunov
proof make the projection angle approach zero for nominal
tugging and 90� for nominal pushing. The use of the 3-
dimensional projection angle allows a full encapsulation
of the simplified 1-dimensional rotation case as well as
more complex on-orbit configurations. This has the major
benefit that the simpler sensing requirements of the deep
space based control solution can be applied to the GEO
orbiting regime.

The lead-follower GEO simulations demonstrate that
the inclusion of simple on orbit relative motion provides
increased detumble performance. The addition of a non-
stationary inertial relative position vector provides suffi-
cient momentum observability to effectively remove nearly
all the non-slender axis momentum. The result is a near-
zero final tumble rate that is well within the operational
tumble requirements of mechanical docking systems.
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Couzin, P., Teti, F., Rembala, R., 2012. Active removal of large debris:
Rendez-vous and robotic capture issues. In: 2nd European Workshop
on Active Debris Removal, Paris, France, 2012. Paper #7.5.

Couzin, P., Teti, F., Rembala, R., 2013. Active removal of large debris:
system approach of deorbiting concepts and technological issues. In:
6th European Conference on Space Debris, Darmstadt, Germany,
April 22–25 2013. Paper No. 6a.P-17.

Cover, J.H., Knauer, W., Maurer, H.A., 1966. Lightweight Reflecting
Structures Utilizing Electrostatic Inflation, US Patent 3,546,706,
October 1966.
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