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An N-impulse feedback control strategy is developed to mitigate errors in a set of nonsingular orbit element
differences between a chief and deputy spacecraft. Although suitable for general, elliptic chief orbits, this strategy is
motivated by relative orbit control in the geostationary regime, in which nonsingular element descriptions
are especially convenient. The Gauss variational equations for this nonsingular set are developed as a basis for the
N-impulse feedback control strategy, which assumes piecewise constant element errors evaluated once per orbit. The
N corrective impulses are applied at uniform intervals in true anomaly, and the magnitudes thereof are determined
with a swift numerical method. Two examples demonstrate that this method is proficient in helping to detect fuel-
optimal burn locations for general formation and element difference corrections.

I. Introduction

PACECRAFT formation flight presents a challenging controls

problem that has been extensively studied in the literature. In the
dynamic environment of Earth, naturally occurring drift renders
periodic formation-keeping maneuvers essential to operations — a
myriad of analytical and numerical control formulations have
therefore been developed to perform general formation maintenance
and reconfiguration. In particular, Schaub and Alfriend [1] develop
an impulsive control strategy using the orbit element difference
description of relative motion [2,3] to stabilize the motion of a deputy
craftrelative to the chief spacecraft. Relative orbit errors are evaluated
once per revolution using classical Keplerian elements, and a near-
fuel-optimal impulsive firing strategy is computed to correct these
formation errors over one revolution. With a piecewise constant orbit
element assumption, and the absence of perturbations in the control
development, this analytical firing technique will not nullify all of the
formation errors within one revolution — rather, orbit element
difference errors must be re-evaluated prior to each orbit, and the
impulsive scheme reapplied. One of the challenges of this method is
that it is developed using a classical Keplerian element description
that is near-singular for geostationary (GEO) orbits. With renewed
interest in on-orbit servicing and refueling applications, the problems
of relative motion and intersatellite rendezvous, especially in the
GEO regime, acquire a renewed importance [4—6]. In many studies,
propagation and estimation strategies are implemented with these
classical elements, or Cartesian positions and velocities, to charac-
terize relative spacecraft motion. However, these representations are
nonideal for motion at GEO: Keplerian elements are not well-defined
for near-circular and near-equatorial orbits typical of the GEO
regime, and rapidly-changing Cartesian states mask the near-linearity
of geosynchronous motion [7]. Therefore, nonsingular element sets
are most desirable for describing relative motion in the GEO regime.
In this study, the variational equations for a nonsingular element set
are derived, and implemented as the foundation of an impulsive
feedback strategy that seeks to minimize control effort for formation
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maintenance applications, or more generally, solutions to the orbital
correction problem. Note that although the numerical examples that
will demonstrate this N-impulse strategy consider a GEO formation
flying problem, the presented nonsingular element formulation is
suitable for all orbit regimes, especially those involving orbits that are
near-circular and/or near-equatorial.

Impulsive feedback control methodologies for formation flying
applications have been extensively studied in the literature. Vadali
et al. [8] present a fuel-optimal technique for controlling mean orbit
element errors using up to six impulses of arbitrary magnitude and
direction. Choi et al. [9] develop a multi-impulse control strategy
using energy matching and the relative angular momentum vector,
and Tong et al. [10] present an impulsive relative orbit control method
tailored for measurements of the relative range and line-of-sight
angles. Prussing and Chiu [11] and Shen and Tsiotras [12] treat the
problem of optimal, time-fixed rendezvous between two spacecraft
on circular orbits, using optimal control theory and multiple
revolution Lambert solutions, respectively, to determine the required
impulse magnitudes. Several studies in the literature (see, for
example, [13,14]) rely upon complex, global optimization strategies
such as genetic algorithms to determine optimal impulsive orbit
corrections.

In the general orbit correction problem, the initial conditions for
complex optimization routines are nonintuitive and difficult to
determine. To alleviate this potential difficulty, this study presents a
time-fixed, N-impulse strategy to determine appropriate initial
conditions for more complicated trajectory optimization algorithms,
costing minimal computing time. This N-impulse method is a
generalization of the impulsive feedback control presented in [1] that
harnesses nonsingular elements instead of the classical elements.
However, in contrast to the method in [1], the algebra associated with
these nonsingular elements renders finding optimal firing times
analytically a very challenging task for general relative orbit errors.
Thus, it is of interest to formulate a new method to solve a simple,
numerical fuel-minimization problem subject to linear constraints, to
rapidly detect locations at which corrective impulses should be
performed. Thanks to the nonsingular element description imple-
mented in this formulation, the new impulsive formation control
technique is applicable for general orbits. Furthermore, the setup
to determine optimal impulse locations is greatly simplified by
transforming the control evaluation into a constrained linear algebra
problem. Simulations are used to study the performance of the
developed N-impulse feedback control technique in the presence of
perturbations that are unmodeled in the control formulation.

II. Development of Gaussian Variational Equations

This study implements an element difference description [2] of
relative motion, using the nonsingular set e = (a, &, 1, {, w, 1), where
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a is the semi-major axis of the orbit and the other parameters are
defined by [15]

é=e sin(w + Q)

n=e cos(w + Q)

¢ =sin(i/2) sin()

w = sin(i/2) cos(Q)

I=f+w+Q (D

The classical Keplerian elements of eccentricity e, inclination i, right
ascension of ascending node €, argument of periapsis w, and true
anomaly f are thereby used to assemble the nonsingular set presented
in Eq. (1). The inertial Cartesian state of the chief and deputy
spacecraft may be readily mapped to the classical elements, which are
thereafter transformed to this nonsingular set using the preceding
formulation. Note that this nonsingular set is a modified variant of the
equinoctial element set established by Broucke and Cefola [16], in
which the tan(i/2) factor inherent to the { and y elements has been
replaced with a sin(i/2) factor to eliminate the singularity occurring
at the retrograde inclination i = 180 deg. The nonsingular set e
furthermore differs from the conventional equinoctial set by
implementing the true anomaly f (instead of the mean anomaly) in
the definition of the true longitude parameter A, to simplify the
required derivations. The modified elements given in Eq. (1) are well-
defined for zero eccentricity and inclination, and are therefore
suitable for describing deputy motion relative to chief orbits in
regimes such as GEO. Appendix A presents the forward linear
mapping from differences in the nonsingular element set in Eq. (1) to
the corresponding Cartesian state of the deputy spacecraft in the Hill
frame of the chief spacecraft.

The Gaussian variational equations for nonconservative per-
turbations to the nonsingular orbital elements are developed to
characterize the sensitivities of this set to thrusting events, as this
formulation quantifies rates of change of these elements in the
presence of nonconservative accelerations. Differentiating Eq. (1):

%: sin(w—l—Q)%-f-ﬂ(%‘F%) 2
9~ cos(o + )% - 5(d“’ %) 3)
% = %cos(i/Z) sin(Q)% + w% )
(ii—ll[l = %cos(i/Z) cos(Q)g—C% (5)
di_df  do d2 ©

dr dr ' dr ' ode

Recalling the well-known Gaussian variational equations for the
classical elements (a, e, i, Q, w, f) [17]:

% 2: (e sin fa, + ) (@)
de
& o sin fa + [+ Deos fHreda)  ®)

g_rcosé’a
de~ n ¢

(C)]

dQ rsin @
— = 10
dr  hsini’c (10)
dw 1 r sin 6 cos i
—=—[- s - si |]-——a,. (11
= [-p cos fa, — (p+ r)sin fa] -2 la (1)
df h 1
= - i ; 12
=2 taolpeos fa = (p+sinfal  (12)

wherein a,;=a,0, + a;0; + a.0. denotes the nonconservative
disturbing acceleration expressed in the local radial (4,.), in-track (0,),
and cross-track (0,) frame of reference (i.e., the RIC frame) and the
true latitude = w + f. As the semi-major axis a is included in the
nonsingular element set, transformation of Eq. (7) provides the first
variational equation. Noting that e sin f = 7 sin 4 — & cos 4, the
rate of change of the perturbed semi-major axis is rewritten as

d 242
d_ttl [(17 sin A — & cos Y)a, + —a,] (13)

where /1 and p denote the specific angular momentum and semi-latus
rectum, respectively, and the orbit radius r is given by

__a-&-n)
" 14ncos A+ Esin A

(14)

Substituting Egs. (8), (10), and (11) into Eq. (2), the rate of change of
the element ¢ is

% = % (—p cos da, + [(p + r)sin A+ réla;
_r[g“cos/l—l//sin/l]a) (15)
" g, )

where the identities sin(i/2)sin @ =y sin A—{ cos 4 and
cos(if2) = V1 =02 -y

2 have been employed in the nontrivial
simplification. Similarly, it can be shown that the rate of change of 7 is

dn

1 .
Friai (p sin Aa, + [(p + r) cos A + rnla;

§c0s/1—y/sinli| )
I i et P 16
V-f[ T2 a (16)

The parameters £ and 7 contain the eccentricity and the Euler angles @
and Q, and thus may be perturbed by radial, in-track, and cross-track
accelerations simultaneously. Substituting Eqgs. (9) and (10) into
Eq. (4), the rate of change of the parameter ( is expressed as

d

£ = Wrs(i/z)[sin 0 cos Q + cos?(i/2) cos @ sin Qla, (17)
Implementing cos?(i/2) = 1 —sin?(i/2) and the expression
sin(i/2) cos @ = y cos A + ¢ sin 4, and recalling from trigonom-
etry thatsin 8 cos Q + cos 6 sin Q = sin(f + ) = sin 4, thisrate
becomes

%_ r

dr m[(l = {Ysin ALy cos Ala.  (13)
-C-y

Equivalently, the rate of change of the analogous element y can be
converted into the following:

dy r

& o122

[(Q =y?) cos A — &y sin Aa, (19)
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The parameters ¢ and y contain the Euler angles i and €2, and are only

influenced by cross-track accelerations. Lastly, the rate of change of

the longitude parameter A in Eq. () is transformed:

%_ﬁ chosi—y/sin/la 20)
P hl J1—g—y? |

Note that a perturbed variation in the longitude parameter A may only
be induced with cross-track accelerations. Development of the
Gaussian variational equations for the nonsingular element set is
complete; this formulation quantifies sensitivities of the elements to
nonconservative disturbances, and is summarized for reference:

d 2a?
a —i[(n sin 4 — & cos ﬂ)a,+£a,-:|
r

dr ok
d 1
d—f = ﬁ(—p cos Aa, + [(p + r)sin A + réla;

[{cosl—y/ sin/l:| )

- m|—|a.
/1_(:2_11/2

dg 1

iy (p sin da, + [(p + r) cos A + rqla;

N ,f[M]a )
=2 —y? ‘
d¢ r .
T m[(l — %) sin 1 — Ly cos Aa,
d_y/ _ r

=———[(1 —y?)cos 1 —Cy sin Aa,
i 2p/1-22—y?

dl  h r[é’cosl—y/sin/l]

) =2y

d 2 h

These variational equations are nonsingular for circular and
equatorial orbits, and furthermore, as this formulation eliminates the
numerical difficulties arising in the variational equations in classical
elements for near-circular orbits, this nonsingular set is advantageous
for chief motions in the GEO regime. Equation (21) is convenient for
quantifying the effects of a control thrust on each of the nonsingular
elements, and is thus implemented as a basis for the impulsive control
strategy.

21

III. Development of Impulsive Feedback Control Law

An N-impulse feedback technique is developed for controlling
nonsingular element differences between the chief and deputy
spacecraft at discrete positions in orbit with predetermined impulsive
maneuvers, rather than with continuous thrust. Writing Eq. (21) with
an impulsive Av thrust in the orbit frame, and considering only the
perturbed response of the longitude parameter rate A:

2 2
Aa = % [(;1 sin A — & cos A)Av, + BAvi] (22)
r

1
AE=— (—p cos AAv, + [(p + r) sin 4 + ré]Av;

h
§ cos A—wy sin A
- rn[ﬁ AUC (23)
1
An = 7 (p sin AAv, + [(p + r) cos A + rp]Av;
Ccos/l—l//sin/l:| )
+ r§|:— Av, (24)
/1 _ 4’2 _ 1/12

AL = 4

1= — 2

[(1=¢%)sin A =&y cos AJAv,  (25)

Ay = [(1 —w?)cos A— Gy sin AJAv,  (26)

.
2h1=—y?

Al =

_f[( cos A —y sin /1:|Avc @7

N

Note that Eqs. (25) and (26) can be rewritten in the form

__rsini ) N v

AL = o V1-¢ y/AvC—i—zAl (28)
_rcosi ) N 4

Ay = o V1= =y Av, 2A/1 (29)

Corrections in the longitude parameter A are linearly related to
corrections in the ({,y) elements, and as a result, errors in the
longitude parameter, and consequently the true anomaly angle,
cannot be independently controlled with a feedback scheme con-
structed around this set of elements. Note, however, that the true
anomaly can be corrected by performing a phasing maneuver in
which the semi-major axis is raised or lowered temporarily, to yield
relative drift for the required phase shift.

An N-impulse approach is implemented to alleviate difficulties
arising in the complexity of the nonsingular variational equations
provided in Eq. (21). Schaub and Alfriend [1] develop an impulsive
firing scheme in which subsets of the full Keplerian element set are
corrected simultaneously, by studying the Gaussian variational
equations to find ideal times at which to execute the corrective maneu-
vers. However, with this nonsingular element set, innate complexity of
the variational equations renders an analogous analytical solution
challenging to determine. Thus, rather than seeking an analytical
solution for the desired nonsingular element corrections, a swift
numerical technique that determines the ideal burn locations for
achieving these relative orbit corrections is sought here.

A. Formulation of Control Strategy

In a manner analogous to that used in [1], element errors Ae =
(Aa, A&, An, AL, Ay)T are held fixed at the beginning of the time
frame of correction. An N-impulse sequence is then implemented
over the current revolution, where the burns are executed at uniform
increments in true anomaly, such that N = 360 deg /f »,, wherein
[ ay 1s the specified true anomaly increment expressed in degrees per
burn (in this sense, the N-impulse sequence may be treated as a
discretization of a continuous, low-thrust control effort). For the jth
impulse Av; = (Av}, Av], AvD)T, the contribution to the desired
nonsingular element corrections becomes

2

2 .
Aa; = % |:(7] sin 4; — £ cos 1;)Av] + P

T

Av{] (30)

h

- { cos Aj —y sin 4; Al a1
7 /1_4‘2_11’2

1 . ) .
A =— (—p cos A;Av} + [(p + r;) sin A; + r;ElAv]

1 ) . .
An; = m (p sin 2;Av} + [(p + r;) cos 4; + rn]Av]

di—wsin ]
+rj§[§ cos A, 2l// sn: j]Av{_) (32)
1 -0 -y
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T

AL = M[(l —¢?)sin A; — Cy cos Aj]AvL  (33)
r; . j
M= il v eos =Gy sin dlaut G4

wherein the subscript j denotes conditions at the execution of the jth
burn. Parameters without this subscript, including the nonsingular
elements of the maneuvering spacecraft, are fixed at the beginning of
the correction sequence in Eqgs. (30-34). As this piecewise constant
assumption neglects the influence of subsequent impulses on these
elements, this feedback strategy is designed to significantly reduce —
not completely eliminate — errors in nonsingular element differences
over a single revolution. Multiple correction orbits may be readily
employed to fully nullify these errors if desired, by fixing the residual
errors at the beginning of each correction orbit, and executing an
updated N-impulse maneuver sequence for the current revolution,
which is computed as follows.

For compactness, corrections to the nonsingular elements due to
the jth burn are rewritten as

Aa; = AdjAv] + AdiAv] (35)
AZ; = AZTAV] + AZAV] + AZAV] (36)
An; = AnjAv] + A AV + AnSAv 37
AL = A5 A (38)
Aa Aal Adi 0 ... Adj
A& ASLAZ AL L A
An | =| Anp Agp Agf ... Axj
AC 0 0 AZ ... 0
Ay 0 0 Ay ... 0
Ay; = AySAvl (39)
where the following definitions have been used:
L _2a*,
Aaj=7(;7 sin 4; — & cos 1)) (40)
. 2a%p
Adl = 41
4= @1
L_ D
Asz—zcos A (42)

Adl

Af}
A
0
0

A& = 1(p + ry)sin 4y + 7 @3

Ay =2sin 2 @53)

An E%[(p + ;) cos 4 + rin] (46)

an =" [W—ﬁ%_s:lﬂ’ } “7)

ag=_ #—W[(l ~O)sin 4 -Gy cos 4] (48)
(49)

7.
ApS=—F ——_[(1—y?)cos A; — Cy sin 4]
J 2h /1—€Z—W2 J J

The total corrections Ae = 5\':1 Ae; due to the N impulses
executed in the correction orbit are

Av}

Av!

Av!
0 ... Aay Ady, O
AE L Agy AE Ag || ad
Ans oo Ay Ay Ay || A (50)
ALS L 0 0 AL AV
AyS ... 0 0 Ay

A

AN

AvY
which may be written compactly in the linear form

Ae = [B(e;)]|Avy, 5D

where the total corrections Ae are the specified errors in the
nonsingular element set of the deputy. The objective of this feedback
strategy is to compute the N-impulse burn sequence Avg, that
satisfies Eq. (51) and simultaneously minimizes the fuel cost required
to perform the corrective sequence, such that the desired nonsingular
element differences can be efficiently achieved. Because nonsingular
element differences between the chief and deputy spacecraft are
nonintuitive to visualize, the first-order mapping from these dif-
ferences to the relative state in the well-known Hill frame is presented
in Appendix A. Note that [B(e;)] is of dimension 5 x 3N and cannot
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be inverted. To obtain the fuel-optimal N-impulse sequence, the
following nonlinear programming (NLP) problem governing this
feedback control strategy must be solved:

N N
minimize J = ) |JAv;|| = E \/Avf,Av’r + AVIAV] + AvLAYL
Avgeq = =

subject to G = [B(e;)]Aveq — Ae = 0 (52)

The minimum-norm inverse of [B(e;)] is inappropriate in this
situation, as this formulation will minimize ||Avggl|, and not the
desired cost function given in Eq. (32): we seek to minimize
the sum of the individual impulse magnitudes, not the vector norm of
the entire impulse sequence. The solution to Eq. (52) provides the
minimum-fuel N-impulse sequence that attenuates the fixed errors
specified in these nonsingular elements. The gradient of the objec-
tive function follows as

aAaj :(nm\ e %LHY (53)
'Useq ! J N

The Jacobian of the equality constraints follows from Eq. (52):

oG
rvseq = [B(e))] (54)

For this study, MATLAB’s constrained minimization solver finincon
is used with the active-set algorithm to obtain a solution to the NLP
problem posed in Eq. (52). At the beginning of the correction orbit,
the nonsingular element errors Ae are fixed, and [B(e;)] is
precomputed with the given longitude increments

h=fotifawto+Q  j=12,....N (55
wherein f is the true anomaly at the beginning of the correction
orbit. The fuel-optimal maneuver sequence Av, is then achieved by
solving Eq. (52) with fmincon, and is executed during the current
revolution to correct the element errors Ae. For the example cases
considered, an initial guess of Avyq = (Avy, ..., Avj, ..., Avy)T
where  Av; = (1,1, DTm/s Vj=1,2,...,N is used for
initializing the finincon optimizer. As this initial guess is not
guaranteed to be suitable for general situations, simulations show that
using a small, nonzero Av; V j can assistin improving convergence if
the optimization algorithm fails to determine a solution for a desired
N. For nonintuitive corrections that present challenging convergence
issues, a continuation technique can be harnessed, in which solutions
for coarser true anomaly increments are used to seed the optimizer for
successively finer increments, until a solution for the desired burn
resolution is achieved. The optimizer does not vary N or the impulse
locations in this formulation — only the burn magnitudes are varied.
This strategy uses solutions for small N as a first guess of solutions for
successively larger N to improve convergence. Dependence of the
optimizer solution on the initial guess for the maneuver sequence
Avg, and the specified number of impulses N is discussed in
Sec. II.B.

B. Examples of Control Strategy

Two example cases are presented to validate the N-impulse control
developed in Sec. II.A. For simplicity, the deputy and chief are
assumed to begin at the same location on equivalent orbits (thus,
the following examples simulate a deployment sequence in which
the deputy is maneuvered to a different orbit relative to the chief).
Because nonsingular element sets are less intuitive to visualize,
Keplerian orbit element differences are specified for the test
examples; the classical differences are converted into nonsingular
differences required by this N-impulse control technique. Thus, the
nonsingular element set is used here as an under-the-hood mechanism
for avoiding singularities in the variational equations for the classical
elements. As the inertial frame (i.e., J2000) is used for control imple-

Table 1 Initial and desired conditions
for Example 1

Element  Deputy Desired Ae .
a 42164 km 42164 km 0km

e 0.0001 0.0001 0

i 10 deg 10.001 deg 0.001 deg
Q 0 deg 0 deg 0 deg
[0} 0 deg 0 deg 0 deg
fo 0 deg N/A N/A

mentation, the optimal maneuver sequence must be rotated from the
local orbit frame to the inertial frame during numerical integration and
impulse execution.

Furthermore, the impulse sequences are executed under both
two-body forcing and a perturbed force model that includes 4 x 4
EGM-96 gravitation, luni-solar perturbations, and the solar radiation
pressure (SRP) perturbation. Schaub and Jasper [18] indicate that an
area-to-mass ratio of 0.04 m”/kg is representative for geostationary
satellites; thus, this value is implemented for computing the cannon-
ball SRP acceleration [19] modeled in these example simulations.
Because this control strategy is formulated under the assumption that
the two-body dynamics are perturbed only by the applied impulses,
including this set of representative environmental disturbances
illustrates that this strategy corrects relative orbit errors, even under
more representative forcing that is unmodeled in the two-body
framework of this technique.

1. Example 1: Inclination Change

The first example examines the case of an inclination change, in
which it is known from basic orbit mechanics that the most efficient
location for a plane change is at the equator crossing [17]. The initial
deputy and desired conditions simulated for this example are
provided in Table 1. Impulses are specified to occur every fa, =
10 deg for one revolution, such that N = 36 for this example. The
value of the true anomaly increment — and subsequently the number
of impulses N — is selected arbitrarily in these example simulations,
to illustrate controller validity and performance for various NLP
optimizer configurations. The optimal maneuver sequence is shown
in Fig. 1, and the error history of the nonsingular elements during
execution of this sequence is illustrated in Fig. 2. As anticipated, the
radial and in-track burns are nearly zero at all burn locations, whereas
the cross-track burn spikes at the positions of the descending and
ascending nodes to raise the orbit plane. The total fuel cost for this
burn sequence is Av.g = 5.379 cm/s, slightly larger than the
single-impulse solution [20]

A
AV = 2V, sin% = 5.367 cm/s (56)

where v, is the velocity magnitude at the node and Ai = 0.001 deg
is the specified inclination change. Thus, the control strategy
approximately replicates the optimal single-impulse solution for this
example. Because the control strategy is executed over a single
revolution, the total Av,, is equivalent for both the two-body and
perturbed forcing cases.

2. Example 2: General Orbit Transfer

The second example illustrates the case of a general orbit transfer,
in which errors in the elements (a, e, i, Q, @) are present and require
correction with a multi-revolution maneuver sequence. The initial
deputy and desired conditions simulated for this example are
provided in Table 2. Impulses are specified to occur every fa, =
5 deg for three revolutions, such that N = 72 burns per correction
orbit for this example. The optimal maneuver sequence is illustrated
in Fig. 3, and the error history of the nonsingular elements during
execution of this sequence is illustrated in Fig. 4. For this solution,
burn magnitudes in all three orbit frame directions sharply increase at
the ascending and descending nodes during the first revolution,
nullifying errors in the (7, ) elements. The semi-major axis is
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Fig.1 Fuel-optimal burn sequence determined by feedback control strategy for Example 1.
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Fig. 2 Error history of nonsingular elements during burn sequence execution for Example 1.

corrected after the second revolution, and errors in the (£, {) elements
are mitigated following the complete three revolution sequence. Note
that the control performs nearly equivalently under both two-body
and perturbed forcing — the fuel cost for this maneuver sequence is
approximately Av.y = 17.66 m/s in both the two-body and
perturbed cases.

Relative orbit geometry during execution of the maneuver
sequence for Example 2 is illustrated in Fig. 5. Impulse locations and
the relative trajectory of the deputy in the Hill frame of the chief are
shown in Fig. 5a, and the final orbit as predicted by the full nonlinear
mapping (i.e., inertial differencing of the chief and deputy
trajectories) and the linear mapping given in Appendix A over one
revolution is illustrated in Fig. 5b. This linear mapping therefore
provides a sufficient and computationally efficient means of pre-
dicting relative orbit geometry in the Hill frame with a given set
of nonsingular element differences between the chief and deputy
spacecraft.

Itis interesting to highlight the sensitivity of the optimizer solution
for this particular example to the initial guess for the maneuver

sequence Avq and the number of impulses N. Table 3 lists the total
fuel cost output by the optimization routine for various initial
maneuver sequences and true anomaly increments. As indicated
by the results on the left of Table 3, the optimizer converges upon
neighboring local minima with similar fuel costs, even as the initial
guess of Av; = (1,1, D'm/s Vj=1,2,...,N is varied by a
factor of 10 — thus, for this example, this control algorithm is

Table 2 Initial and desired conditions
for Example 2

Element  Deputy Desired Ae .

a 42164 km 42164.1km 0.1 km
e 0.2 0.21 0.01

i 10 deg 10.1deg 0.1 deg
Q 0 deg 0.1 deg 0.1 deg
[0} 0 deg 0.1 deg 0.1 deg
fo 0 deg N/A N/A
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Fig. 3 Fuel-optimal burn sequence determined by feedback control strategy for Example 2.
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Fig. 4 Error history of nonsingular elements during burn sequence execution for Example 2.
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Fig. 5 Relative orbit geometry in Hill frame during burn sequence execution for Example 2.
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Table 3 Sensitivity of solution to initial guess and
number of impulses

Initial Avgq Guess  Avgoy fa(N) Avgog
[fs=5degl  [m/s] [Av, =1m/s] [m/s]

Avjm-’(. =0.1m/s 17.706 90 deg (4) 19.427
Av,; . =1m/s 17.664 45 deg (8) 18.858
2 m/s 17.682 30 deg (12) 20.009

10 deg (36) 17.987

.o=5m/s 17715
AV =10m/s 17777  5deg(72) 17.664

ri,c

sufficiently robust to a sizable range of initial conditions input to the
optimizer. Furthermore, the results on the right of Table 3 highlight
that, in general, the cost of the control solution decreases with
increasing N. This is an intuitive result, as a larger number of burns
over a single revolution better approximates a continuous thrusting
effort, such that optimal impulse locations can be more readily
detected with this algorithm. As convergence is increasingly
challenging with larger N, we emphasize the continuation technique
discussed in Sec. IIILA for improvements in performance.

IV. Conclusions

An N-impulse feedback control technique is developed to correct
errors in a set of nonsingular element differences between a chief and
deputy spacecraft. The Gaussian variational equations for this
nonsingular set are derived to construct a basis for this N-impulse
feedback control law. Using this technique, a near-optimal burn
sequence may be rapidly determined to generate an estimate of
appropriate initial conditions for more complex, nonlinear optimiza-
tion algorithms. By specifying impulses to occur at defined incre-
ments in true anomaly, this technique detects fuel-optimal burn
locations for general transfers in which optimal burn locations are
unknown, such that ideal initial conditions for a nonlinear optimizer
seeking a two- or three-burn solution are discerned. Further, because
the nonsingular element set harnessed in this study is well-defined for
zero eccentricity and inclination, this control strategy is especially
convenient for GEO orbits with these characteristics.

Appendix: Development of Forward Linear Mapping

Derivation of the linear mapping from differences in the non-
singular element set in Eq. (1) to the Hill frame Cartesian state of the
deputy is performed by transforming the variational terms in the
linear mapping developed in [21]. The noninertial Hill frame of
reference is centered at the chief spacecraft and implements rotating
axes that point in the local radial (0,), in-track (0;), and cross-track
(0.) directions of the chief spacecraft [17]. For reference, the Hill
frame description of relative motion is illustrated in Fig. 6. The linear

mapping
X = [A(e.)]oe (A1)

Tec

w0 > Or

Chief

P
Fig. 6 Hill relative motion frame {O,0,.,0;,0,}.

where X = (x,y,z, X, y, 2)7 is the Hill frame state and Se is the set of
element differences, is thus converted into a form consistent with the
description

Se = e, — e, = (da, 58,0, 8¢, Sy, )T (A2)

where e; and e. denote the elements of the deputy and chief
spacecraft, respectively. The forward mapping linearizes about the
chief motion — deviation from this reference must therefore be small
such that this approximation remains valid in the truncation of higher-
order terms beyond those of the first-order [17]. Note that although
this formulation provides for perturbations, Keplerian motion is
assumed, as each of the nonsingular element differences with the
exception of 64 is invariant in this case.

The complete linear mapping from nonsingular element dif-
ferences is shown to be [22]

1
x =—da — pQaé + r sin 1)6E — p(2an + r cos A)én + rvdA
a

y = r(—2wé¢ + 2Ldw + 64)
2r
Vi-&-y?
—[(¢% = 1)sin A + &y cos Aoy}

% s s
i = Vrsat (V,ag—hcos )% 4 (V,an + i sin )2
2a p p

11
+ (———)héxl
rop

7= {[(w?* = 1) cos 1 + y sin A6

y= —%50 + (3V,aé + 2h sin /1)% + (3V,an + 2h cos /1)@
a p p
—=2V,.wof + 2V Loy — V.01
2h
g = —————[(1 —y?)(& +sin 2) + {y(n + cos 1)|6¢
pVI= =y’
2h
o [(1 = &*)(n + cos A) + Ly (& + sin A)|oy

py1=—y?

(A3)

These transformations satisfy the linear mapping provided in
Eq. (Al) for the nonsingular set of orbital element differences given
by Eq. (A2). The relative Hill frame state of the deputy can thus be
expressed as a function of the chief elements e. and the instan-
taneous differences de. Note this description is valid for Keplerian
motion and general elliptic chief eccentricities [17]. Complete details
for the derivation and validation of this linear mapping are presented
in [22].
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