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ABSTRACT

Touchless methods of actuating and detumbling of large
Earth-orbiting objects is of increasing importance for active
debris mitigation strategies. Previously developed are electro-
static detumble dynamics and simulations for deep-space and
lead-follower formations. This study investigates the influ-
ence of the instantaneous position and relative formation on
electrostatic detumble performance. The mathematical sen-
sitivities to relative position are developed to enable optimal
relative guidance studies. The newly developed Linearized
Relative Orbit Elements (LROE) formation flying controller
is applied for formation maintenance. The benefits of for-
mation flying in electrostatic detumble scenarios and the
advantages of the LROE controller for electrostatic actuation
applications are demonstrated through numerical simulations.

Index Terms— Electrostatic detumble, formation flying,
relative motion control

1. INTRODUCTION

The Geostationary orbit (GEO) is one of the most valuable
Earth orbiting regions requiring operators to maintain tight or-
bital slots and adhere to end-of-life practices to protect assets
insured over 13 Billion US dollars.! The Geostationary belt
is therefore a prime candidate for improved satellite servicing
and removal strategies. Satellite servicing and debris removal
are both challenging space mission concepts that require an
active command vehicle to approach and mechanically inter-
face with a defunct satellite or satellite component.”* How-
ever, if the target object is tumbling at rates of up to 10’s of
degrees per second,’ the process of docking onto the object
exceeds current docking or grappling techniques and intro-
duces additional collision risk. Advanced docking systems,
such as those being developed by MacDonald Dettwiler and
Associates (MDA), discuss a maximum tumble rate of 1 de-
gree/second for autonomous docking.® If the target object
tumble is lessened or removed, then existing grappling mech-
anisms could be utilized.

*Alfred T. and Betty E. Look Professor of Engineering, Associate Chair
of Graduate Affairs

Electrostatic detumble addresses the present need of
touchlessly detumbling target objects with additional ap-
plications in orbital servicing, fractionated satellite concepts,
rendezvous and docking control, and many other proximity
operations. Electrostatic actuation of spacecraft has been
explored as early as the 1960s developing both the under-
standing of charging dynamics and electrostatic control for
Earth-orbiting satellites.””!3> In addition, electrostatic ac-
tuation with a passive object is being considered for both
large GEO debris mitigation'*!7 as well as touchless aster-
oid spin control.'®!® Specifically, Reference 20 shows that
the Geosynchronous Orbit environment is a candidate region
where space plasma conditions enable electrostatic interac-
tion across 10’s to 100’s of meters requiring only Watt-levels
of power. The electrostatic detumble mission concept, as
shown in Figure 1, requires a servicing craft to modulate
charge transfer via an electron or ion gun such that a differen-
tial electrostatic detumble torque is generated. Reference 21
first introduced how electrostatic charging can be controlled
to apply torques on a spinning debris object without requiring
physical contact as shown in Figure 1.
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Fig. 1. Electrostatic actuation technology enabling diverse
service mission profiles.

Electrostatic detumble control reduces the non-cooperative
spacecraft rates prior to using other proximity or docking op-
erations. Of particular interest to this study is a cylindrical
target representative of booster upper stages, telescopes, and



dual-spin spacecraft. Reference 22 formulates the cylin-
der detumble control, the cylinder equations of motion, and
shows the analytically predictable detumbled cylinder attitude
and residual momentum given the initial momentum and a
fixed servicer relative position. Further identified are specific
attitudes where the servicer spacecraft has no electrostatic
control authority on the cylinder tumble. To improve detum-
ble performance, Reference 23 explores a lead-follower for-
mation that removes additional angular momentum through
systematic change in the relative position. It is shown that the
lead-follower relative orbit completely detumbles the cylinder
over the course of 11 days where the fixed servicer position
is in general only capable of partial detumble. This concept
is displayed in Figure 2 where the cylinder detumble is in-
fluenced by natural orbital motion. As Figure 2 illustrates,
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Fig. 2. Representative relative motion of servicer spacecraft
around tumbling debris object.

the spherical servicer position relative to the angular momen-
tum vector systematically changes throughout the orbit. The
relative position shown at the bottom of Figure 2 highlights
how differential torque is generated in an instantaneously
favorable relative position. The time-varying inertial relative
position change sweeps through alternate and favorable de-
tumble configurations providing a more complete reduction
in angular momentum.?> While the lead-follower configura-
tion is the most straight forward to implement, it may not be
the most effective in terms of station keeping nor detumble
time.

The current challenge is to distill the detumble-improving
relative orbit from equations of motion that are a function of
relative attitude and position. Earlier work explores charged
formation flying with Coulomb debris tug trajectories'’-2* and
use Coulomb and Lorentz forces.22’ However, this work
maintains a prescribed relative orbit to address the advan-
tages of formation flying on detumble performance. Utilized
and developed in the following sections are the combination
of the Linearized Relative Orbit Element (LROE) controller
with previously developed cylindrical target charging models

to provide analytical relationships between relative orbit tra-
jectories and detumble performance.

2. ELECTROSTATIC MODELING

The electrostatic interaction between two craft is accurately
approximated for faster than real time control and simulation
applications by the The Multi-Sphere Method (MSM). MSM
represents the spacecraft electrostatic charging model as a
collection of spherical conductors carefully dispersed through
the body.?® Consider a cylindrical target object representa-
tive of a spent upper-stage booster, a dual-spin spacecraft, or
a variety of other spacecraft. The cylinder object is electro-
statically manipulated by the collection of electrostatic forces
induced by the presence of a charged spherical servicer space-
craft as shown in Figure 3. The presented 3-sphere MSM
cylinder configuration is generated by matching the force,
torque, and capacitance outputs of the commercial software
package Maxwell for a variety of attitudes and ranges.”® The
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Fig. 3. 3 sphere MSM cylinder and spherical spacecraft con-
figuration.

validated MSM model is used in faster-than-real-time simu-
lations and control developments where the sphere-to-sphere
electrostatic forces are determined by the charges residing on
each sphere shown in Figure 3. The time-varying charges are
computed from the prescribed electric potentials according
to the self and mutual capacitance relationships in Eq. (1),
where k. = 8.99 x 10° N-m?/C2 and g; is the charge of each
sphere.?-30

.4 - q;
bi=hep + > ke (1)
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The term R; denotes the radius of the i conducting sphere
and r; ; denotes the vector between the i™ and j™ conduct-
ing spheres. These relations can be collected in matrix form



where a, b, c are the cylinder spheres’ centers.
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Inverting the matrix multiplying the charge at a given instant
in time produces the forces and torques on the cylinder given
by the summations

C

Fy = kg1 57 (3a)
- qi

Ly=keq1 ) 572 XTi (3b)

Eq. (3b) provides the full MSM torque expression. How-
ever, the square matrix used to compute the charge has size
equivalent to the number of MSM spheres and introduces a
position-dependent coupling of the control potential ¢ to the
sphere charges g;. An analytic approximation of the MSM
torque is utilized so that the control developments, the equi-
librium states, and the stability of the system are more easily
explored.?!

2.1. The 3-Dimensional Detumble Coordinate Frame

The axi-symmetric cylinder and MSM sphere distribution
shown in Figure 3 enable the control equations of motion to
capture the charging behavior trends. Presented here are the
equations of motion for the 3-dimensional detumble of an axi-
symmetric MSM sphere distribution. In the MSM charging
model case of a cylindrical target, no torque is generated on
the roll rotation about the symmetric body axis 51 due to the
alignment of the spheres. Inspection of the torque produced
by the MSM representation in Eq. (3b), the vector 7 between
the centers of mass of the two craft is always coplanar with
the vectors from servicer sphere to all spheres of the cylinder.
Torque is only produced about an axis perpendicular to the
defined plane and thus the torque produced is always perpen-
dicular to the vector #. It is therefore possible to define the
torque axis €7, and projection angle ® about the torque axis

ér =by x (—) )
® =cos! (131 . (—f')) ()

The vector 7 is the unit separation vector from the servic-
ing spacecraft mass center to the tumbling body mass cen-
ter. The projection angle and torque axis are shown in Fig-
ure 3. A new coordinate frame & : {l;l,éL X I;l,éL} is
established with components shown in Figure 3.2> The new
coordinate frame isolates the torque influence such that the
3-dimensional torque vector is expressed as

L=1Ley (6)

For use in control developments, an analytical torque approx-
imation that separates the potential and attitude information
is first postulated in Reference 21 and is generalized to a 3-
dimensional attitude projection ® in Eq. (7).! This separa-
tion decouples the prescribed spacecraft potentials and the at-
titude information enabling control developments to focus on
relative attitude.

L=~f(¢)g(®) @)

with g(®) assuming the following form for an axi-symmetric
cylinder

9(®) = sin(29) ®)
The proposed detumble controller assumes the projection an-
gle ® and rate & are measured and the servicer spacecraft po-
tential ¢, is the control variable.?> The prescribed potential
control f(¢1)

arctan(a®)
/2

where o > 0 is a constant feedback gain and ¢« has values
in the 20-30 kV range. Eq. (8) reveals that there are some
attitudes for the 3-sphere cylinder that are zero-torque cases
as well as attitudes that maximize the torque. The prospect
of utilizing relative motion to maximize favorable detumble
attitudes is what motivates this formation flying electrostatic
detumble study.

f(91) = —sgn (g9(®)) [ (dmax) ©)

2.2. Electrostatic Detumble Equations of Motion

While the controller could extract the projection angle at ev-
ery time step, it is more convenient to rewrite the equations of
motion in terms of the projection angle and relative position.
The £-frame, with components shown in Figure 3, provides a
convenient frame in which to express the rotational equations
of motion.?> Note that the moment of inertia about the torque
axis €y, is always perpendicular to by.

Iin =0 (10a)

Iy — Iw $sin® =0 (10b)
.. P

I, (<I> sin® — 7)2 C.OSZ ) + lpqwin=1L (10c)
sin“ @

Representing the equations of motion in the projection an-
gle coordinate system £ shows that the control only influences
torques around the cylinder’s transverse €, axis. Consistent
with the assumption of an axi-symmetric geometry, there ex-
ists no control authority in the b axis scalar equation and no
cross coupling is present. Thus, w; is constant for all time. In
Eq. (10), the angular velocity measures 1 and P, as well as
the electrostatic control torque L, are defined by

nE—WQ(’IA"i)Q)—LUQJ,(’f"iB) (lla)
P sin® = —wy (7 - bs) + ws (7 - by) (11b)
L=-LéL=-f(p)g(®)éL (11c)



The equations of motion shown in Eq. (10) provide signif-
icant insight into the detumble steady-state behavior and in-
troduce the opportunity for detumble optimization.

2.3. Considerations for Dynamics as Seen by the Hill
Frame

The equations of motion in Eq. (10) are derived assuming that
the relative position of the spacecraft is fixed in the inertial
frame, thus allowing the more simplified form.?? Desired is a
study of various relative orbit geometries that improve the de-
tumble performance while on orbit motivated by the thought
experiment in Figure 2. As discussed in Reference 23, the
tumbling dynamics of the target cylinder are much faster than
the change in relative position while in GEO orbit. Therefore,
the presented equations of motion are valid while the tumble
rate is much larger than the relative position rate. This as-
sumption is further discussed in the results of the numerical
simulations.

The angular momentum as seen by the Hill frame must
also be considered for relative orbit optimization. In the ab-
sence of perturbations, the inertially-fixed angular momentum
vector H appears to cone in the rotating Hill frame in accor-
dance with H* = [HN]H/ . This is exemplified in Figure 4
where the target cylinder is the center of the Hill frame and
the servicer position is controlled.
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Fig. 4. Representation of the angular momentum coning
present in the Hill frame.

The relative orbit as seen in the Hill frame X = [2,, 29, 2]
is shown in Figure 4 as the blue swept relative ellipse. The in-
ertially fixed angular momentum vector H precesses through
a cone centered on the Hill frame orbit normal. The pre-
cession of this vector is leveraged to inform a relative orbit
that enhances the detumble performance. This study provides
the development for a relative motion optimization approach
that delivers the servicer relative motion to achieve the de-
sired performance increase. The optimizer also provides a

pair location that will be discussed in greater detail in follow-
ing sections.

The coning motion is critical to determining more time
optimal detumble solutions. Consider the fundamental form
of Euler’s equations where H = L. As described by the pre-
vious section, the electrostatic torque is only generated per-
pendicular to the servicer relative position. It is advantageous
to determine a relative orbit that drives the servicer relative
position to be perpendicular to the Hill frame angular mo-
mentum. Therefore, the presented study generalizes the an-
gular momentum as seen by the Hill frame to a combination
of a cone angle and phase angle. The relative orbit optimiza-
tion insight gained through optimization is generally applica-
ble to all orbit inclinations. The following section introduces
the relative orbit coordinates used followed by a section that
develops the optimization approach.

3. GUIDANCE AND CONTROL USING LINEARIZED
RELATIVE ORBIT ELEMENTS

Motivated are relative orbits that capitalize on the natural rel-
ative motion of orbiting formations to improve the detumble
performance. Considered by this study are detumble targets
in the Geostationary (GEO) orbit regime which is a prime
candidate for applying the Clohessy-Wiltshire (CW) relative
orbit equations.?> While the CW equations provide a suitable
relative position description, the newly developed guidance
and control methodology using the CW integration constants
is utilized.*® A slight modification to the CW equations re-
moves the a and S ambiguity through trigonometric expan-
sion and largely preserves the inherent insight. The modified
non-singular CW equations are

x(t) = Aj cos(nt) — Ay sin(nt) + Tofr (12a)

3
y(t) = —2A; sin(nt) — 2As cos(nt) — intxoff + Yofr
(12b)

z(t) = By cos(nt) — Basin(nt) (12¢)

The state vector for Linearized Relative Orbit Element
(LROE) guidance is the collection of the CW equations’
integration constants not the Cartesian state. The LROE
form provides the relative motion geometry in the absence
of perturbations where these parameters remain constant.
The nominally invariant nonsingular LROE state vector Xys,
defined as

X - [AlaAQa'IOfﬁyOfﬁ B13B2] (13)

First derived in Reference 33, the dynamics of the LROE state
in the presence of perturbations can be obtained by applying
Lagrange Brackets to the non-singular LROE equations. This
approach is analogous to Lagrange’s planetary equations in
that the LROE set becomes osculating to match the perturbed
relative orbit. The nonsingular state vector in Eq. (13) evolves



according to Eq. (14) where a is the disturbance acceleration

in the Hill frame.*
—sin(nt) —2cos(nt) 0
—cos(nt)  2sin(nt) 0 “
. 1 0 2 0 N
X=u] - 3nt 0 ay| (4)
0 0 — sin(nt) @z
0 0 —cos(nt)
B(X,t)

Given that the LROE state evolves from perturbation ac-
celerations, a Psuedo-Inverse relative motion controller is ap-
plied to achieve the desired relative orbit by injecting a con-
trol acceleration into Eq. (14). The LROE state error can be
defined as

Ae =X — X,
Ae=X - X, =

(15a)

[B](u — u,) (15b)

where the (), denotes the reference trajectory. The time rate
of the LROE error measure also allows the reference trajec-
tory to be defined by a LROE rate. Shown in Reference 33,
the Lyapunov asymptotically-stable feedback control law is

u=—([B]"[B) 7' [B]"[K]Ax (16)

The simple feedback form allows the implemented control to
apply a corrective acceleration to maintain the desired relative
orbit in the presence of perturbations. Consider the effect of
the electrostatic force during proximity electrostatic interac-
tion between the servicer as the deputy object with the target
cylinder at the origin of the Hill coordinate frame. The at-
tractive and repulsive forces on the servicer will perturb the
relative orbit of the servicer about the target object. The cur-
rent study utilizes the control form in Eq. (16) to maintain the
desired relative orbit in the presence of electrostatic forces. In
addition, the guidance control enables feed-forward of pertur-
bation accelerations.

The gain developed for the LROE controller in previous
studies is set to

[K] = (n-10%) x diag([1, 1, 30, 1, 1, 1])  (17)

The gain matrix utilized may not be optimal, however suffi-
cient performance is obtained. Future studies will address the
gain matrix and seek dynamical system leverage in scaling the
gain values.

4. LROE RELATIVE ORBIT OPTIMIZATION FOR
DETUMBLE PERFORMANCE

Desired is a relative orbit that provides enhanced detumble
performance over the lead-follower or other relative orbit
types. The following approach weights the separation dis-
tance and the instantaneous servicer positions to optimize

a single relative orbit for the duration of the detumble pe-
riod. As shown in Eq. (3b), the available electrostatic torque
is inversely proportional to the squared separation distance.
Therefore, minimizing the separation distance with an op-
erationally acceptable lower bound ensures the greatest op-
portunity for maximizing detumble torque. Second, the most
effective reduction in angular momentum exists when the
torque is anti-parallel to the angular momentum vector. As
shown in previous sections, the electrostatic torque is per-
pendicular to the servicer relative position suggesting that the
relative position should reside as close to perpendicular to the
angular momentum vector as possible. A cost function to cap-
ture these considerations is considered here. The objective is
to minimize the time to detumble not necessarily the station-
keeping fuel cost. However, the resulting station-keeping cost
is explored through numerical simulations.

The proposed optimization approach leverages MAT-
LAB’s fimincon optimizer. While many optimization tool-
boxes exist, fimincon provides the state bounds, simplicity of
implementation, and wealth of documentation to provide a
sufficient first analysis of the desired approach. The following
optimization approach requires a robustness addition because
MATLAB'’s fmincon optimizer does not guarantee a global
minimum.

4.1. Relative Orbit Cost Function and State Bounds

Proposed is an optimization cost function that minimizes both
the separation distance and minimizes the off-perpendicular
alignment of the relative position and momentum vector. First
considered is a cost function that utilizes just the torque ob-
tained for the particular relative position and attitudes about
the angular momentum vector. However, this approach in-
troduces local minima because the cost function relies on a
sweep of attitudes and additional discretization assumptions.
Therefore, a more general cost function that does not require
instantaneous attitude information is explored to help reduce
the number of local minima.

J= Z( 1000 1n[|r;| — 7* + 1] — 101n H” HIIH i +1D

(18)
The cost in EQ. (18) is accumulated over a single discretized
relative orbit with IV time segments. This study utilizes 50
uniform time segments. The relative position and angular mo-
mentum are expressed in the Hill frame where r; = r(¢;) and
H; = H(t;) at time ¢;. The minimum separation distance is
prescribed by r*. The relative weights are selected to achieve
the same order of magnitude contribution for both separation
distance and angle error. Both values are increased by an or-
der of magnitude to help the convergence characteristics of
the fimincon optimizer.
Only positive values of the LROE state are considered.
This limits the relative orbit space to only the positive combi-
nations, however it captures the full space in the cost function.



The cosine cost, from the dot product, is symmetric about /2
radians. Recall that the angular momentum traces a cone as
viewed in the Hill frame over a single orbit. The cost func-
tion seeks a relative position vector that is perpendicular to
the angular momentum vector. This is achieved by the abso-
lute value of the dot product approaching zero. Consider a
relative orbit plane with a normal parallel to the centerline of
the angular momentum cone as shown in Figure 4. Should
the servicer reside in either point separated by a relative orbit
phase angle of 7, then both points will have equivalent cost
because both points provide equivalent cosine angle magni-
tudes relative to the instantaneous angular momentum vector.
This allows the LROE state search to be reduced to a subset
of all available LROE combinations where the symmetry can
be later invoked to create pairs of optimized relative orbits.

In addition, the relative orbit should remain bounded for
the duration of the detumble mission segment. The radial off-
set xo¢ 1S set to zero for all time to retain the bounded relative
orbit. The desired minimum separation distance is at least
four times the target craft radii. The cylinder considered by
this study has 3 meters as the largest dimension setting the
minimum separation distance to 7* = 12.5 meters. The re-
maining LROE states are initialized at 15 meters with an ar-
bitrarily large upper bound of 40 meters and lower bound of
0 meters to keep all values positive.

4.2. Proposed Relative Orbit Schema

The optimization space is first explored using a sweep of the
available relative orbit configurations for the possible angular
momentum configurations. Referring to Figure 4, the angular
momentum is parameterized by a cone angle that is measured
from the orbit normal and a phase angle that is measured from
the positive & axis in the Hill frame. Sweeping through the
unique momentum vectors that reside in a cone angle in [0,90]
and a phase angle in [0,360), the resulting cost of Eq. (18)
drives the LROE state to the values in Figure 5. The optimized
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Fig. 5. Optimization output demonstrating clear LROE opti-
mums.

LROE values for the planar A; terms and the out-of-plane B;

terms is shown in Figures 4.2 and 4.2 respectively with the
first term in blue. Initial observation reveals that the resulting
terms have similar structure in the phase angle which is to be
expected. Further, considering that the inclined orbit plane
represented in Figure 4 provides better torque geometry for
larger cone angles is consistent with the strong trends above
a cone angle of 40 degrees in Figure 5. Also interesting is
the results for values of a cone angle less than 30 degrees.
The optimizer did not produce globally optimal results where
the term yoi Was not well captured by the cost function due
to local minima. However, the the geometrical insight from
Figure 4 suggests that a lead-follower may be most optimal
in this region. Given the insight by Figure 5, robustness is
added by comparing the lead-follower cost for any formation
that has an angular momentum cone angle less than about 30-
40 degrees.

The restriction to only positive LROE state values enables
the clear character visible in Figure 5. As seen in Figure 4,
there is a pair LROE location that resides on the opposite side,
a phasing difference of 7, of the relative orbit that provides the
same relative separation and geometry. Using the symmetry
of phasing, the results in Figure 5 provide both the primary
and pair relative orbit solutions.

The optimized values for the relative orbit were achieved
by constraining the minimum separation distance to 12.5 me-
ters. However, the results shown in Figure 5 are applicable
to any minimum separation distance. The LROE set are con-
stants and scale to any relative orbit size. Therefore the rela-
tive proportions are the key insight achieved by the optimiza-
tion results.

5. DETUMBLE PERFORMANCE FOR SELECT
CONE ANGLES

Two numerical simulations are performed to validate the GEO
orbit detumble performance achieved using optimized rela-
tive orbit trajectories. The simulation initializes the servicer
spacecraft 12.5 meters away from a generally tumbling cylin-
der using the optimized output state. The numerical simu-
lation includes the 6-DOF motion of the debris and 3-DOF
translational motion of the servicer sphere. The closed-loop
feedback control in Eq. (16) is used to maintain a fixed rela-
tive position between servicer and debris. A 4™ order Runge-
Kutta integration is employed with a time step of 0.01 sec-
onds for 14 days. The servicer vehicle potential is controlled
via Eq. (9) and the charging model in Reference 34, while the
electrostatic force is evaluated using the full MSM model in
Egs. (2)-(3b). Additional simulation values are included in
Table 1.

Considered are two cone angles of the angular momentum
as seen by the Hill frame. The rotating Hill frame and the in-
ertial reference frame are coincident during initialization. The
first case is initialized with a cone angle of 79° from an angu-
lar momentum of H = [—26.7, 1.091, —7.16] [N-m-s]. This



Table 1. Simulation parameters for cylinder detumble sys-
tem.

Parameter  Value Units Description
Ry 2 m Servicer radius
mq 500 kg Servicer mass
ma 1000 kg Cylinder mass
1, 125.0 kg-m? Axial inertia

I, 812.5 kg'm?  Transverse inertia

wo 2 deg/sec  Cylinder tumble

a 5x 104 - Control Gain
GPrmaz 20 kV Max voltage

represents a large cone angle and the optimized LROE state is
expected to exceed the performance of the lead-follower state.
The second case is initialized with a cone angle of 22.5° from
an angular momentum of H = [-7.656, —4.0769, —26.27|
[N-m-s]. This represents a smaller cone angle where the lead-
follower is expected to exceed the out-of-plane optimizer out-
put state. The cases are examined in greater detail below.

5.1. Large Cone Angle - Optimized LROE Proposed

The first case considers a large cone angle of 79° to illustrate
the advantage of implementing an LROE optimized state over
a simple lead-follower. Using the finincon optimization ap-
proach, the LROE state and lead-follower state are set to

X = [AlaAQ;xoffv Yoff, Bl;BQ] [m]
X" =0, 6.25, 0, 0, 0, 10.83] [m]
X¥ =10, 0,0, 12.5, 0, 0] [m]

Utilizing the LROE control scheme over the 14 day
simulation period, the optimized LROE orbit and the lead-
follower orbit follow the paths shown in Figure 6. The LROE
controller keeps the relative orbit close to the desired state
through feedback control. Implementation of a more aggres-
sive control would reduce the state error further if desired.

Of interest is the detumble performance for the respec-
tive LROE states. The electrostatic detumble reduction in the
angular momentum is shown in Figure 7 where both the lead-
follower and optimized state histories are shown.

Initial inspection of the angular momentum reduction in
Figure 7 reveals that the optimized state completes the pri-
mary detumble in close to 180 hours where the lead-follower
requires closer to 220 hours. Following the primary detumble
phase, both relative orbits experience fluctuations while fur-
ther reducing the angular momentum. Recall that the projec-
tion angle detumble equations assume that the relative posi-
tion is not changing or changes much slower than the tumble
rate. This assumption is valid during the primary detumble
phase exemplified by clear and monotonic decrease in angu-
lar momentum magnitude. However, as the tumble slows to a

20 .

Fig. 6. The optimized state in blue and the lead-follower in
black.
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(a) Lead-follower configuration. (b) Optimized LROE orbit.

Fig. 7. Comparison in the detumble performance for a large
cone angle.

rate that is more on the order of magnitude as the change in
relative position, the projection angle change is no longer pri-
marily a function of cylinder body attitude rates. Inspection
of the final detumble phase demonstrates the deterioration of
the global stability arguments provided during the primary de-
tumble phase.

Also of interest is the reduction in angular momentum as
seen by the Hill frame. Recall that the optimization approach
leverages the revolution of the angular momentum in the Hill
frame to design a relative trajectory. The electrostatic detum-
ble angular momentum reduction as seen by the Hill frame
is shown in Figure 8. Inspection of Figure 8 reveals that the
optimized ellipse delivers a more complete detumble in the
radial and transverse directions where the lead-follower pro-
vides more complete reduction of the orbit-normal angular
momentum. This is consistent with the relative position ad-
vantages where the lead-follower is most often perpendicular
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Fig. 8. Hill frame detumble performance for a large cone
angle.

to the orbit normal where the optimized state provides a rela-
tive position that is more perpendicular to the orbit radial and
along-track directions. This alignment is further seen in Fig-
ure 5.1 where the cross product between the relative position
and angular momentum vector is shown. Note that best de-
tumble alignment occurs when the relative position vector is
perpendicular to the angular momentum vector: a cross prod-
uct of unity. The cyclic nature of the relative orbit emerges
in the cyclic drops in alignment benefit. Further inspection
of Figure 5.1 demonstrates that the cross product becomes
wildly variable for the optimized state following the transition
from primary to secondary detumble phases. This transition
suggests that the optimization approach could be re-applied to
obtain a new optimized LROE state and that the LROE con-
troller could be used to transition to the new state. The station-
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Fig. 9. Detumble geometry and orbit maintenance for a large
cone angle.

keeping acceleration for both the lead-follower and the opti-
mized state is shown in Figure 9. The transition from pri-
mary to secondary detumble phases is clearly jointed for both
LROE states. The total acceleration is comparable between
the two relative orbits. However, the variation in the relative
orbit seen in Figure 6 suggests that the control gain should be
more aggressive to reduce the variation in the state due to the
electrostatic perturbations. A more aggressive controller may
exaggerate the acceleration requirement differences between

the two states. In addition, the control implemented is only
a feedback control where the provided LROE form enables
feed-forward capability.

Exhibited by the large cone angle angular momentum re-
duction in Figure 7 is the detumble time benefit of using an
optimized relative orbit. Further demonstrated by Figure 5.1
is that the optimization approach is consistent with the perfor-
mance output. Further demonstrated is the use of the LROE
state for both guidance and control for electrostatic detumble
applications. The second case provides an additional exam-
ple the further capitalizes on the insight inherent in using an
LROE state.

5.2. Small Cone Angle - Lead Follower Proposed

The second case considers a small angular momentum cone
as seen in the Hill frame. The resulting optimized state is
achieved using the optimization approach. The small cone
angle relative orbit as seen in the Hill frame is so similar to
Figure 6 that it is not shown here.

X = [AlaAQazofﬁ Yoffs BlaBQ] [m]
X =10.95, 6.2, 0, 0, 1.64, 10.7] [m]
XF =10, 0,0, 12.5, 0, 0] [m]

The small angular momentum cone introduces local minima
into the cost function. Therefore, the optimized relative orbit
state for the small cone angle is similar to that of the large
cone angle. Intuition suggests that with a smaller cone an-
gle, the relative orbit should approach a lead-follower noting
that the lead-follower is best for a cone angle of zero. The
relative orbit cost minima are a result of the orbital dynamics
captured in the CW equations. The planar relative orbits as-
sume 2-1 ellipses as seen by the coefficients in Eq. (12). The
detumble performance is maximized first by minimizing the
separation distance between the two craft. Allowing the op-
timizer to consider out-of-plane motion provides a local min-
ima where the separation distance is constant at the minimum
possible, however the alignment between the relative position
vector and angular momentum vector is sub-optimal. All rel-
ative orbits around the optimizer local minimum introduces
greater separation distances keeping the optimized state at the
local minima. Returning to Figure 5 shows the transition be-
tween the optimization output and the probable lead-follower
global minima between the 30-40 degree cone angle range.
This interpretation of the optimizer output is explored using a
smaller cone angle.

The detumble performance when a smaller angular mo-
mentum cone angle exists is shown in Figure 10. The lead-
follower provides a time reduction of nearly 100 operational
hours to complete the primary detumble phase. This is further
demonstrated in Figure 11 by observing the angular momen-
tum as seen by the Hill frame.
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Fig. 11. Detumble geometry and orbit maintenance for a
small cone angle.

Exhibited by a smaller angular momentum cone angle
is the advantage of using a lead-follower over a relative or-
bit that includes out-of-plane motion. However, a properly
phased out-of-plane relative orbit may introduce additional
operational safety by providing a safety ellipse in the case
of discontinued control. The control acceleration is also of
the same magnitude for both relative orbit types given that
that total angular momentum removed is almost identical.
Achieved through comparing two angular momentum cone
angles is the advantage of using different relative orbits for
different angular momentum configurations.

6. CONCLUSIONS

Electrostatic detumble is significantly influenced by the rela-
tive position of the servicer craft. Initial investigation demon-
strates there are performance gains and losses due to the ini-
tial phasing and relative orbit type. This study further in-
vestigates the axi-symmetric cylinder electrostatic detumble
performance with a time-varying relative position controlled
by the recently developed Linearized Relative Orbit Elements
(LROESs) formulation. Given the optimization sweep over the
angular momentum cone space, the lead-follower is used for
any formation that has an angular momentum cone angle less

than about 30-40 degrees where the optimized LROE state
is used otherwise. As shown by the numerical simulations,
the use of relative motion enables near-complete detumble of
2°/sec rocket body tumble in as little as 7 operation days. The
lead-follower relative orbit provides sufficient detumble per-
formance for limited relative orbit complexity. However, the
optimized relative orbit may provide a reduction of days in de-
tumble operation time. In addition, the ease of transitioning
between relative orbit types with the LROE control provides
an opportunity to utilize several relative orbits during a single
detumble period.
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