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Abstract—This work extends a reachable set theory approach for
fuel-optimal control to incorporate convex and non-convex state,
time, and magnitude constraints. Reachable set theory consid-
ers problems with norm-like cost functions and time-varying
linear dynamics over a fixed time horizon and can produce
optimality conditions for control input profiles. These optimality
conditions enable the identification of optimal maneuver times
and directions without needing to explicitly solve for the maneu-
vers themselves. Previous works have leveraged this approach
to generate unconstrained, numerically-efficient optimal control
solutions, iteratively for abstract problems and in closed-form
for specific applications such as the relative maneuvering of
swarming spacecraft. In contrast, this work proposes a novel
impulsive control solver that finds provably-optimal trajectories
under non-convex constraints. The solver is designed from a
new set of optimality conditions, derived from reachable sets
equivalently formulated as both time-ordered and as the convex
combination of multiple reachable sets of equal combined cost.
This results in a step-wise sum of single-maneuver waypoint sub-
problems, where a waypoint is the state reached after a given
maneuver. Non-convex constraints are satisfied at each way-
point, preserving convexity through each sub-problem without
needing to convexify the full control problem. To produce an
optimal maneuver plan, the solver rolls out constrained trajecto-
ries forward in time from the initial state and backward in time
from the desired state until the remaining unconstrained solu-
tion adheres to the problem constraints. The new time-ordered
optimality conditions simultaneously enable a computationally
efficient identification of constrained maneuvers and guarantee
a user-defined bound on constrained cost. The fuel-optimal con-
trol problem considered by this work is significant and broadly
applicable to many fields. An important use case is spacecraft
control, where propulsive thrusts are approximately impulsive,
or short duration with respect to orbital period, and orbital
motion is accurately characterized by linear models. In partic-
ular, the approach offers enhanced capabilities to Distributed
Space Systems (DSS), which incorporate multiple spacecraft to
overcome the limitations and risks posed by a single spacecraft.
Multi-agent guidance and control techniques, often for small
spacecraft at close separations, require guarantees of collision
avoidance, efficient maneuvering with a restricted fuel payload,
and numerically-simple algorithms functional under on-board
computational processing limitations. These challenges are
addressed by the proposed solver, enabling less conservative
definitions of safety for proximity operations, increased mission
lifetime, and expanded autonomy in both known and unknown
hazardous environments. Guarantees of constrained maneuver
optimality and enhanced computational efficiency are demon-
strated comparatively against baseline solvers from the litera-
ture through Monte Carlo analysis on a variety of validation sce-
narios important to the DSS field. Overall, this work enables the
benefits of reachable set theory, namely computational efficiency
and provable optimality, to be extended to control problems of
higher fidelity.
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1. INTRODUCTION

The fuel-optimal maneuver planning of constrained, discrete
systems is significant and broadly applicable to many fields
where the dynamics can be modelled as a Linear Time-
Variant (LTV) system. One such important use case is space-
craft control, where propulsive thrusts are approximately im-
pulsive, or short in duration with respect to orbital period, and
orbital motion is accurately characterized by linear models.
In this field and this work, the term “fuel-optimal” refers
to the minimum quantity of an actuation resource on-board
a spacecraft, typically propellant for a thruster, required to
accomplish a desired change in state over a specified time
period. The fuel-optimal control problem is of particular
interest to Distributed Space Systems (DSS), which incor-
porate multiple spacecraft to overcome the limitations and
risks posed by a single spacecraft. Multi-agent guidance and
control techniques, often for small spacecraft at close sep-
arations, require guarantees of collision avoidance, efficient
maneuvering with a restricted fuel payload, and numerically-
simple algorithms functional under on-board computational
processing limitations. Furthermore, the ability to solve
more-complex LTV control problems can enhance the control
of higher-fidelity nonlinear dynamic systems through itera-
tive techniques, such as Sequential Convex Programming or
an Extended Kalman Filter.

This class of control problem has received extensive focus
in previous works, using a wide variety of solution tech-
niques. The bulk of the literature can be divided into three
categories: closed-form solutions, direct optimization, and
indirect optimization. Closed-form solutions are often de-
sired for autonomous on-board maneuver planning, as they
are often robust against dynamic perturbations, easy to test
for initial condition sensitivity, and simple enough to be run
on-board computationally limited hardware. An extensive
DSS flight heritage has demonstrated these qualities on a
variety of missions, including PRISMA and TanDEM-X [1].



However, these solutions, and their optimality, are primarily
specific to the state representation, dynamics model, and cost
function of the use case for which the solutions are derived
and often can only include limited perturbations. Direct
optimization techniques are more generalizable to a variety of
control problems, searching over maneuver times, directions,
and magnitudes to evaluate the resulting effect on the overall
control problem cost [2—4]. However, this search is com-
putationally expensive, performed without insight into ma-
neuver optimality, and does not commonly guarantee global
optimality as the control problem is usually non-convex and
solved over a limited time horizon. In contrast, indirect
optimization strategies define the necessary and sufficient
conditions of optimality for the maneuver variables, primarily
through convex optimization gradient techniques, to find a
global provably-optimal solution to the control problem. The
numerical efficiency of any given indirect optimizer depends
heavily on the number of control variables and optimality
conditions identified for the control problem.

For these reasons, indirect methods have been the most
popular strategy for trajectory optimization in the literature.
Approaches vary within this category depending on the type
of problem considered: unconstrained, only considering the
system dynamics, or constrained, incorporating operational
constraints into the control problem. For unconstrained
problems, previous works over the past several decades have
leveraged both primer-dual theory and reachable set theory as
optimization methodologies. Primer-dual theory uses a form
of Lawden’s “primer vector” that dictates the control input
through Pontryagin’s maximum principle and poses optimal
control as a two-point boundary value problem that must
satisfy a set of analytical conditions on the primer vector
[5]. Roscoe et al. created a trajectory optimizer for eccentric
perturbed orbits using this strategy, but it required an accurate
initialization of optimal maneuver timing and solved itera-
tively with significant computational load [6]. Reachable set
theory analyzes the set of all possible maneuvers within the
specified control period to find the most efficient maneuvers
in the direction of the desired final state. Gilbert et al.
designed a reachable set theory algorithm for problems with
norm-like cost functions to converge to a globally optimal
maneuver plan [7]. Koenig et al. extended this approach to
time-variant cost functions, including periods of the control
window where control actions are not allowed [8]. It’s worth
noting that the geometric optimality insights offered by reach-
able set theory have also enabled the creation of provably-
optimal closed-form solutions for a variety of unconstrained
DSS use-cases [9-11].

For operationally-constrained problems, previous authors
have drawn from both types of numerical approaches to
satisfy convex and non-convex constraints but are not able
to guarantee global optimality without significant simplifi-
cations. Sarno et al. balanced safe DSS trajectories with
propellant consumption by using a centralized genetic al-
gorithm to solve path planning and decentralized convex
optimization to find individual cluster satellite minimum cost
trajectories [12]. Sequential Convex Programming (SCP)
iterates between a higher fidelity non-convex control problem
and lower fidelity convexified control problem to converge to
a trajectory that satisfies non-convex mission constraints at
efficient cost. Boelli et al. and Armellin have implemented
SCP to guarantee passive and active collision avoidance,
the former using Relative Orbital Elements (ROE) in near-
circular orbit to inform definitions of safety and the latter
using a cartesian state representation for orbits of arbitrary ec-
centricity [13, 14]. Guffanti et al. expanded these capabilities

by accommodating thrust constraints and using Variation of
Parameters to be robust against navigation uncertainty [15].
Model Predictive Control (MPC) iteratively finds a locally
optimal control profile over a receding time horizon that
satisfies constraints through a weighted objective function,
and several authors have used convex, differentiable objective
functions to reject navigation uncertainty, maintain safe inter-
spacecraft separations, and remain within allowable thrust
magnitude bounds [16—-18]. Pseudo-spectral methods have
been applied to large-scale DSS swarms, convexifying non-
convex minimum separation constraints into nearest tangent
plane constraints and breaking computationally-expensive
full swarm collision-free guidance into decentralized sub-
problems [19, 20]. Reachable set theory has been used in
the space of constrained control as well. Cui et al. trans-
formed reachable set-based ellipsiodal collision constraints
into affine constraints for a computationally efficient SCP,
while Bowerfind et al. rapidly estimated reachable sets by
sampling minimum-fuel trajectories to optimize low-thrust
rendezvous time [21,22]. Other optimization approaches for
constrained control include Riemannian manifold path plan-
ning, particle swarm tree search, and reinforcement learning,
but these provide no insight into the nature of optimal ma-
neuvering [23-25]. Furthermore, none of these approaches
are able to guarantee or provide a metric of global optimality
for the full control problem without simplified or approximate
constraints or substantial computational load.

In contrast, this work proposes a novel impulsive control
solver that finds provably-optimal trajectories under both
convex and non-convex constraints by extending a reachable
set theory approach for fuel-optimal control. In this context,
reachable set theory considers problems with norm-like cost
functions and time-varying linear dynamics over a fixed time
horizon and can produce optimality conditions for control
input profiles. These optimality conditions enable the compu-
tationally efficient identification of optimal maneuver times
and directions without needing to explicitly solve for the
maneuvers themselves. The proposed solver is designed from
a new set of optimality conditions, derived from reachable
sets equivalently formulated as both time-ordered and as
the convex combination of multiple reachable sets of equal
combined cost. This results in a step-wise sum of single-
maneuver waypoint sub-problems, where a waypoint is the
state reached and time after a given maneuver. Convex and
nonconvex state, time, and magnitude constraints are satisfied
at each waypoint, preserving convexity without needing to
convexify the full control problem. The proposed solver
uses these optimality conditions to explore optimal maneuver
branches from each waypoint, rolling out maneuver magni-
tudes and corresponding trajectories forward in time from
the initial state and backward in time from the desired state
to produce a maneuver plan that satisfies constraints with
bounded optimality and limited computational load. Overall,
this paper makes four major contributions to the state of
the art, as detailed in four dedicated sections. First, the
definition of a reachable set used by prior works is expressed
as the intersection of multiple reachable sets, such that the
original optimal control problem can be broken into optimal
sequential sub-problems of the same form. This allows new
necessary and sufficient optimality conditions to be defined
relative to each sub-problem and enables the benefits of
reachable set theory to be extended to control solvers that
rely on optimal sub-structure. Second, constraints are defined
and satisfied at the sub-problem level of the reachable set
theory sequential formulation. Novel necessary and sufficient
conditions for constrained optimality are derived with respect
to maneuver magnitude within each sub-problem, such that



trajectory optimization is solved through an optimal maneu-
ver magnitude search. Third, the optimality conditions are
leveraged to create an impulsive maneuver planner that bal-
ances computational efficiency and optimality to produce fast
solutions to the constrained control problem with guaranteed
optimality bounds. Fourth, potential DSS applications are
demonstrated in simulation. Solver optimality, computational
efficiency, and robustness to initial conditions are validated
comparatively with baseline solvers from the literature on
example satellite swarm reconfigurations.

2. BACKGROUND
Problem Definition

This paper addresses the impulsive or instantaneous control
of linear time-varying dynamic systems, as defined by the
following. Consider an LTV dynamics system, given as

xr = P(to)xo +/ ' ®(7)B(1)u(r)dr, ¢))

to

where o € R is the initial state at time ¢y, s € R" is the
final state at time ¢, ®(t) € R"*" is the State Transition
matrix that propagates a given state from time ¢ to ¢y, and
B(t) € R™*™ is the control matrix that converts control
actions u(t) € R™ to changes in state . For simplicity, the
pseudostate w € ", the dynamic invariants of the control
problem, and control matrix T" € ™*™ the translation from
control actions to changes in final state, are defined as,

w=x;— P(to)xg, T(t)=S()B(). 2)
Therefore, the unconstrained optimal control problem consid-
ered by this paper is defined as

t
minimize: /ff('u(T),T)dT 3)
to
ty

subject to: w = / L(r)u(r)dr.

to

Again, the term “unconstrained” is used here to refer to
control problems that are only constrained by the system
dynamics. Cost function f is piecewise-defined as a set of
norm-like functions f; over an arbitrary number o of mutually
exclusive time intervals, defined as

fi(u(t)), toq <t <ty

fa(u(t)), too <t<tps
flu(t),t) = ; “)

folu(t)), too<t<ts,

0 otherwise

where to ; and t; ; are the beginning and end of each time
interval. The norm-like functions f; satisfy three properties:
1) f; is defined for all maneuvers occurring within ¢y ; <
t < ty;, 2) all sublevel sets of f;(u(t),t) are convex and
compact, and 3) f;(au(t),t) = af;(u(t),t) for any o > 0.
Examples of norm-like cost functions are given in Table 1, as
well as by previous authors in the literature [8].

This work focuses on impulsive control actions, or instanta-
neous changes in state, assuming that the time required to
complete each maneuver is short with respect to the secular

and long-term periodic effects present in ®(¢). Given there
are no restrictive magnitude constraints on w, time-varying
control actions can be expressed as a set of k£ impulses, given
as
k
'u:Zuj(S(t—tj), 5

j=1

where § denotes the Dirac delta function. Using the impulsive
assumption, the unconstrained control problem considered by
the remainder of this paper is given as

k k
minimize: ¢ = (w;,t;) subjectto: w = I'(t)u;
J VR ] 7 79

Jj=1 J=1
R o ©
where all ¢; € T and c is the minimum cost objective.

Reachable Set Theory

Previous applications of reachable set theory for optimal
control have focused on time-varying dynamical systems
without operational constraints, where all control actions are
permissible independent of state, time, and maneuver order.
The analysis summarized here forms the foundation of the
advances made in this work and will later be built upon
to incorporate constraints beyond the LTV dynamics. Let
U(ec, t) be the set of control actions w with a cost no greater
than c at time ¢, defined as

Ule,t) = {u: flu,t) <cj. ()

Let S(c, t) be the set of all w that can be reached by a single
maneuver u of cost no greater than c at time ¢, given as

S(c,t) ={y:y=T{)u,u € U(c,t)}. (8)

This set is not generally convex. Let 7" be the discontinuous
set of times ¢ for admissible control actions in a control
window bounded by ¢y and ¢, given as

T =T(to,t5) = {t:to <t <ty}. 9)

Then, the set of all w that can be reached by a single
maneuver u of cost no greater than ¢ at any any time in T’
is defined as

S(Ca T) = UtGTS(Cv t): (10)

which is also generally non-convex. Finally, let S*(c,T') be
the set of w that can be reached by k£ > 1 control actions
of combined cost no greater than ¢ at times in 7', defined

Table 1. Example cost functions and corresponding
spacecraft propulsion setup constraint

Cost Function | Propulsion Constraint

[ull2 Align a single thruster with
the desired maneuver direction.
Fixed attitude and three pairs of
|||l thrusters mounted on opposite sides

on mutually perpendicular axes.
Two pairs of thrusters on

perpendicular axes where one
axis is fixed.

[ur| + \/u3 + u3




equivalently as
k

S*(c,T) :{z:zzzjzl
k
u; € U(Cj,tj),ZjZI cj = C}

k
:{Zizzzj:lajyjayj ES(ch)? (12)

k

This shows that S* (¢, T') is a linear combination and convex
hull of w in S(e, T)).

L(tj)u;,t; €T, an

Returning to the optimal control problem in (6), the set
S*(¢,T) in (12) completely describes the dynamics con-
straint such that the problem can be defined as

minimize: ¢ subjectto: w € S* (¢, T). (13)
Previous authors have leveraged two important qualities of
this formulation to produce computationally efficient and
intuitive optimal control solvers. First, the norm-like cost
function f and pseudostates w € S*(¢,T') scale linearly
with magnitude. Second, the fact that S*(c,T') is a convex
set means that it must be able to be described by a closed
intersection of hyperplanes. Therefore, the scalar c that scales
S*(¢, T') such that its boundary contains w is the minimum or
optimal cost of (13). This interpretation is realized as the dual
of (13), defined as
subject to: Az < )\Tw, (14)

maximize: ¢ max

zeS*(c,T)

where A is a supporting hyperplane of S*(¢,T"). This dual
formulation gains further utility by expanding one side of
the constraint using the linear relation between S(c,T") and
S*(e,T), given as

max Az= max Ay 15)
z€S*(c,T) yeS(c,T)

=c <max ( max )\TI‘(t)u)> .
teT \weU(1,t)

Defining a contact function generally as

97(A) = max A"z, (16)

for an arbitrary set Z, the constraint expansion allows (14)
to be reformulated as Second-Order Cone Program (SOCP),
given as

Aw

maxer gs(1,6)(A)’

maximize: ¢ (17

subject to: ¢ <

or more simply after algebraic reformulation as

maximize: ATw  subject to: MAxX gu(1,1) (T (H)A) < 1.
€

(18)
Optimality Conditions

Previous authors have found optimality conditions for un-
constrained control through (18), given that all control ac-
tions can be analyzed a-priori before solving any part of

the maneuver plan. These conditions can be summarized as
follows. First, consider an optimal solution to (18) defined
as Copt and Agpp. Cope 1s the minimum cost to reach w if and
only if w is on the boundary of S*(cops, T'). This boundary
is described by the supporting hyperplane of S*(copt,T")
defined perpendicular to A,,;, and the optimal control input
profile may not be unique if w lies on an edge or point
of the boundary of S*(cop,T). Second, for any w on the
boundary of S*(copt, T'), an optimal control input sequence
must exist such that & < n. Therefore, an optimal control
sequence must exist for any w of no more maneuvers than
the dimensionality of w. Third, control actions should only
occur when gU(Lt)(I‘T(t)/\Opt) reaches its maximum value
in the control window 7'. This condition is reflected in the
constraint of (18). Fourth, control actions should be in the
direction of arg gy (1.4 (TT(t)Aopt). The third and fourth
conditions can be evaluated for an arbitrary A and time ¢
for an L2-norm cost function through the Cauchy Schwartz
inequality, given as

9o, TTOX) = [ITT()A]]2, (19)
T

r’ = — 2

arg gy (1, (T (HA) T ()M (20)

These optimality conditions are visualized in Figure 1.

3. SEQUENTIAL FORMULATION
Intersecting Reachable Sets

Introducing time and state constraints to the control problem
violates the assumption that all maneuvers are permissible
independent of time, state, and maneuver order. Therefore,
the definitions of the reachable sets shall be reformulated
such that they are defined, and can be solved, as sequential
reachable set sub-problems. First, the maneuvers within
S*(e,T) in (11) are split into [ groups, given as

l k;
S*(C’ T) = {Z 2= Zi:l Zj:l F(ti’j)uj, (21)

ti,j eT, Ui € U(Civj,tj),

l ki .
Z7‘,=1 Zj:l Cij =G ZZ‘=1 ki = ]f}

IS (Copt t3))

brg gu (e (T (t3) Aopt)

i brg gu,e) (07 (t) Aopt)

= \Aopt
/'

\,

\

90 e) (T (1) Aopt)
90(1ta) (T (t3) Aopt)

Figure 1. 2-dimensional reachable set formed as convex
hull of states reached by single maneuvers at times
t1 < te < t3 (left). Necessary and sufficient conditions for
optimal maneuver timing and direction found through
contact functions evaluated on the boundary of S*(cop:, T)
defined by A, that intersects w at optimal cost c,p; (right).



where k; is the number of maneuvers within group . Con-
sider time-ordering each group ¢, given as

l ki
ST ={z:2=) Zj:1 T(ti,;)u;, (22)

tig €T tij > tio1j,uij € Ulciy,ty),
! k; !
Zi:l ijl =G Zi:l ki =k}

This constraint may be added without loss of generality, as
the ordering has no effect on the shape of S*(¢,T) or the
resulting A, from (18) that defines the optimality of a
given maneuver time and direction. This enables S*(¢, T)
to be rearranged to an equivalent time-ordered step-wise
formulation, given as

ki
S* e, T)={z:z2=2z,2; = Z . Lt j)wij + zi—1,
j:

2o =0, tij € Totij > tiyj,uiy; € Ulciyj,tiy),
1 ks 1
Zi:l Z]‘:l Ci,j = C, Zi:l kl = k’}, (23)

where each z; is a waypoint of the maneuver plan, defined as
an intermediate pseudostate achieved by a set of maneuvers
in U(c; j,t;,;). The time-ordering in (23) allows the way-
points to describe the trajectory of a maneuver plan across
pseudostate-space. It is clear from this formulation that the
maneuvers between each waypoint match the formulation of
S*(¢,T) in (11), describing a convex hull of size Z;nzl Cij-
Therefore, consider subsets of the control window 71" defined
from a particular time ¢; in the control window as

+ () — (- +
T; fT(tj)f{t.tth,tGT}, 24)
T, =T (t;)={t:t<t;,teT} (25)
where the subset after ¢; is denoted by superscript ”+” and the
subset before ¢; is denoted by superscript ”-”. Incorporating
(24) and (25) into (21), S*(¢, T) can be reformulated as

l
S (e, T)={z:z = Z . 28,28 € §*(¢;, T,F), (26)

1=

T e Titl’zl

i G = c}.

or equivalently backward in time as
l
S (e.T)={zz=) =20z} es (1), @D
l
T € Ti_l,zizl ¢ = c},

where ziA is the change in pseudostate from waypoint z;_1
to waypoint z;. S*(¢,T) is now posed as a sequential time-
ordered series of waypoint reachable set sub-problems. It is
worth noting here that all time-ordered formulations in this
paper can be equivalently posed either forward in time, from
to to ¢y, or backward in time, from ¢ ¢ to ¢y, with very similar
formulations. Therefore for simplicity, both directions will
be expressed concisely as

l
S (e 1) ={zz= =tz e (), ©8)

) - () b
T, ETifl’Zizlc’_C}'

where T = T/ € Tt or T = T, € T;~, depending
on the chosen direction of time-ordering.

Using the new sequential set definitions, the optimal control
problem can now also be posed sequentially. Consider a
sequential expansion of the optimal problem in (14), given
as

l
maximize: Z Ci 29)

i=1

1 l
subject to: Z max A28 < Z Al wi

o1 =0es (e 1)) im1

where Zi:l A?wi = ATw. Recalling that this sum of
convex hulls is itself a convex hull, this sequential expansion
can be expressed as

l

maximize: Z Bic (30)
i=1

l l
subject to: max )\TziA < ﬁiATa,u
where 3; > 0 and 22:1 B; = 1. Consider breaking this
problem into a series of sequential sub-problems, each sub-
problem i given as

maximize: B¢ 31

subject to: max A28 < giaTw.

z8esx (ﬂlc,Ti('))

It can be seen by visual inspection that this sub-problem is
almost identical in structure to the full problem in (14), such

that 5; = 1 and Tl-(') = T for any ¢ recovers the full problem
definition in (14). This reveals an optimal, overlapping sub-
problem structure compatible with the principle of optimality
commonly leveraged by dynamic programming, meaning that
the optimal solution to (14) must be comprised of the optimal
solutions to its sub-problems [26]. Therefore, combining
the optimal solutions to each sub-problem ¢ results in an
optimal solution to the full problem. Applying the algebraic
manipulations used to reach (18), each of these sub-problems
can be formulated as an SOCP, given as

maximize: ﬂi)\Tw (32)

subject to: max g (1) (I‘T(t))\) <1
teT’”

It is important to note that (; only scales the objective
function of this SOCP and has no effect on Ay, such that
the solution A, for each sub-problem matches the solution
Aopt to the full problem SOCP in (18). However, this means
that (32) cannot generate a meaningful solution for (;, and
this optimal value must be solved separately.

Optimality Conditions

Given the close similarities between the full problem SOCP
in (18) and the sub-problem SOCP in (32), the necessary and
sufficient conditions previously derived for optimal maneuver
direction and timing are also applicable to (32). However, ad-
ditional conditions are required to characterize an optimal (3;



for a given sub-problem i, specifically defining the transition
between sub-problem ¢ and sub-problem ¢ + 1. To identify
these conditions, consider splitting w into its sub-problem
components, given as

. . . ) T l .
maximize: 5;A (Zi,_l wyr (33)
subject to: max gU(l,t)(I‘T(t))\) <1.
ter)

where the primed indexing ¢’ is used to split w within the sub-
problem already denoted by i. Assuming all previous time-
ordered sub-problems were solved optimally, the optimal
solution to (33) must be equivalent to the reduced problem

maximize: f3; Ao (34

subject to: max gU(l,t)(I‘T(t))\) <1.
teT!”

where w = Zi/_l w;s. Next, consider restricting the set

S*(Bic, Ti(')) to a single maneuver. As discussed previously,
the time-ordering constraint has no effect on optimality or
the shape of S*(¢,T), so the single maneuver assumption
can be made without loss of generality. These properties are
demonstrated by visual inspection in Figure 2 and detailed
by the following. Consider a series of forward time-ordered
sub-problems resulting from the full 2-dimensional problem
in Figure 1. A, is known to be the solution to the full
control problem in (18) and as a result the solution to all sub-
problems in (32). Optimal maneuvers are identified at ¢; and
t3 in the directions specified by (20). Consider restricting
the analysis to a first sub-problem ¢ = 1 at " (¢1) (Fig. 2,
left) and a second sub-problem i = 2 at T (¢3) (Fig. 2,
right). The first sub-problem can be equivalently constrained
to maneuvers after ¢; rather than ¢y as no optimal maneuver
occur between ty and ¢;. The same argument can be made
for the second sub-problem at ¢3, resulting in the removal of
to from the second sub-problem. The first sub-problem cost
B1c achieves its optimal value when the X, solution to (34)
for the resulting second sub-problem at 7+ (#3) matches the
solution to (32), also resulting in the same optimal maneuver
direction at ¢3.

Given an arbitrary unitary maneuver u; at time t; € Ti(') ata
given magnitude f;, the resulting sub-problem i + 1 is given
as

maximize: 511+1>\ (@ — BT (t;)u, 35)
)

)
subject to: max gua,y(T T() <1
i+1

This formulation enables necessary and sufficient optimality
conditions to be established for 3; with respect to the Aopt i+1
that results as the solution to (35), without needing to solve
for B;41. First, u; at time ¢; is optimal in (35) if its contact
function satisfies the constraint of (35), given as

ga: DT () Aoptiv1) > 1, (36)

such that the contact function for &; matches or exceeds the
maximal value found for maneuvers over the subset of times

in TZ(JF)1 Second, recall that the solution Agp¢ i+1 to (35)
yields the optimal maneuver times t,,; ;41 and directions

\,

AN
HARY

: \,

: \,

b \,
H N,
5 \,

Dot . A
< t)u 4 opt
e (t)w /'

Ay .
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Figure 2. Reachable set forward time-ordered optimal
sub-problems at T (¢1) (left) and T (¢3) (right) generated
from the full problem reachable set in Figure 1. The
maneuver w4 achieves its optimal cost 31 ¢ when the
following sequential sub-problem 7+ (#3) at the waypoint
resulting from w; results in the same A, as both the

sub-problem at T (¢1) and the full control problem.

Uopt,i+1 fOr an unconstrained reachable set, given as

Lopt,i+1 = arg max 9U(1 £) @ () Xopt.i+1), 37
teT)

'&opt,iJrl = arg gU(l,tom)H_l)(I‘T(topt,i+1)>\opt,i+1)7 (38)

and evaluated through the Cauchy-Swartz inequality in (19)
and (20). Then, u; at time ¢; is optimal in (35) if it acts
in the same direction and with equal or greater efficiency in
pseudostate space as an optimal maneuver identified in (35),
defined as

~ T ~
(T(ti) i) (T(tig1,0pt)Wit1,0pt)
[T (ts) i 2|| T (tig1,0pt)Wit1,0pt]|2
~ T ~
(L(ti)t;)" (T(tis1,0pt)Wit1,0pt)
T (tit1,0pt ) Wit1,0ptl]5

=1 Yioptit1, (39)

> 1 Vgptiv1,  (40)

for direction and efficiency respectively. Third, consider
leveraging the definition of cost in the constraint of (17) to
realize the remaining cost of sub-problem ¢, given as

maximize: [3;c 41)
Ao
maxteTi(.> gU(l,t) (FT(t)A) '

subject to: f;c <

u; at time t; is optimal in (35) if the minimum cost of sub-
problem 7 + 1 is no greater than the minimum cost found in
the previous sub-problem ¢ minus the cost of the maneuver,
equal to 3; due to the unitary u;, defined as

Agpt.i"‘:’
T —Bi 42)
maXteTf” gU(Lt)(F (t))‘om,i)

Al i1 (@ — BT (t:)i;)
max, ) Ju( (TT(t) Aopt,i+1)

It is worth noting here that the three necessary and sufficient
optimality conditions presented here for (; are independent
definitions of optimality. However, all three will be relied



upon in the creation of a control solver to make the identifi-
cation of the optimal (3; robust against numerical instability.
Trajectory optimization can now be accomplished by iterating
between optimal maneuver time and direction identification
through (32) and finding the optimal magnitude j3; for a single
unitary optimal maneuver at waypoint <.

4. CONSTRAINED REACHABLE SETS

This work will consider three types of constraints: state,
time, and magnitude. State constraints define an area of
pseudostate-space where waypoints are inadmissible and the
trajectory between them cannot enter. State constraints can
be non-convex, typically as a keep out exclusion zone, or
convex, typically as a maximum deviation from a desired
nominal state or as a halfspace. Time constraints define
periods of the control window where control inputs are
inadmissible. While previous authors have addressed con-
vex time constraints, where the inadmissible control input
times are known a-priori to solving the control problem,
this work will address non-convex time constraints, where
inadmissible control input times are defined relative to other
maneuvers such that no two maneuvers may occur within
a specified interval. Maneuver magnitude constraints are
primarily expressed as upper bounds on the cost of a ma-
neuver. These convex bounds are usually dictated by the
hardware limitations of the actuation system, such as the max
outflow of a thruster. To incorporate these constraints into
the reachable set theory approach, the definitions of S(c, T')
and S*(c,T) will be expanded. Consider an arbitrary state
constraint set (), containing all states where waypoints and
related pseudostate trajectories are inadmissible, a minimum
maneuver time spacing constraint A¢, and a maximum ma-
neuver cost constraint ¢, Beginning with constraint @), let
S(e,t,Q,y,) be the set of all w in S(c, t) that are not in the
constraint set () from an initial state y, given as

S(Cat7Q7y0) = {y HYAS S(C7t)77y+y0 ¢ Q?O < Y S(i?};)
The inclusion of y, allows S(c, t,Q,y,) to be generalizable
to any starting point in pseudostate-space, not just the origin.
The constraint vy + y, ¢ @ is technically more restrictive
than the constraint space () alone, as it removes any maneuver
direction that enters () at any cost less than or equal to
c. However, this formulation preserves the linear scaling
characteristics of the unconstrained set S(c, ) and can still
recover the full array of viable maneuvers on the boundary of
Q by varying c. For the constraint At, let T2!(¢,. ;) be the
set of all times in 7" that are within At of a given reference
time ¢,..r, defined as

T2 (tref) = {t i trep — At <t < trep +At,t €T} (44)

To recover all maneuver times in the control window, con-
sider a sequence of reference times beginning with an arbi-
trary t,.r o and repeating every At. Let S(c, T, Q, y,) be the
set of all w in S(c, T') that are not in the constraint set () from
an initial state g for all possible ¢,.. r, given as

S(CvTanyO) = U

tref,j=tref,0+jAt

U S(Ca ta Qv yO) )
tET A (trey,;)

(45)
where j is an integer. This recovers all times in 7" without
repetition for any choice of #,.f,. Finally for the constraint
Cmazs 1€t S*(¢, T, Cmaz, At, Q, y,) be the set of w that can be

reached by £ > 1 time-ordered control actions of combined
cost no greater than c and individual cost no greater than ¢, 4,
at times in 7' no more frequent than At that do not enter )
from initial state y,, defined equivalently as

S* (C, T7cmaxa Ata Qa yO)
k
={z:2z= Zj:1 L(t;)u; + Yo, (46)
tj S T,tj/ —tj > At V]/ 7&.77
k
u; € U(Cjij%Zj:l
¢j < Cmaa, VT (tj)u; + 4o Q0 <y <1}
k
:{zz:zgil Oé]y]+y0, (47)
Yy; € 5(07 TAt(tTef,j)eryO)’aj 2 0,a5¢ < Cmaa,

. k
trefj = trefo + JAL;, At; > At, ijl

Cj = ¢,

a; = at.

Similar to the unconstrained case in (12), (47) is defined as
the convex hull of S(c, T, @, y,) assuming that w is reach-
able. The additional constraints in (47) require that reach-
ability be guaranteed not only by the controllability of the
dynamic system in pseudostate space, but also the magnitude
constraint ¢,,,,., frequency constraint At, and state constraint
Q. It is worth noting that this formulation only ensures that
one maneuver (j = 1) will not enter the constraint area ()
from the given initial state y,. This issue is addressed by
extending the intersecting reachable set approach in (28) to
(47). Consider subsets of the control window 7" now defined
for a particular time and spacing, given as

TR =T (t) ={t:t>t; + At,t €T},  (48)
TH™ =T (t;)) ={t:t<t;—At,teT}. (49

Using the reformulation of S*(¢,T) in (28), (47) can be
defined forward in time as

S*(e, T, Cmaz, A, Q) ={2z: 2= Zl 22, (50)

=1
At(- i—1
ZiA € S*(Cz’, TZL ( )7 Crmaz Ata Qv Zi’:o Zi’)

- A . l
7 =010 20N e=c).

where T2 — TiAH' S TiAffr or TiAt(')

: _ TiAt c
TiA_tl_ depending on the chosen direction of time-ordering.
Finally, each intersecting reachable set can be limited to
a single maneuver without loss of generality, allowing

S*(e, T, ¢maz, At, Q) to be defined as

l

S*(e, T, emaz, AL,Q) ={z: 2 = Zi:l Yis (51
() =
yi S S<C’L7Ti ’Q’Zilzo yz’)
~ : . l
yo =0, e 12, 21-:1 a=c

Cj < Cmax }

This formulation guarantees that constraints @, At, and ¢4z
will be satisfied for all maneuvers in the convex hull. It is
worth noting here that there is coupling effect between At
and ¢,q,. Given a At = 0, multiple maneuvers are allowed



to exist at a given time ¢, and ¢, 4, does not restrict the total
maneuver magnitude at ¢, only affecting the maneuvers that
can enter () at cost ¢y, 4. The hardware maximum allowable
thrust output constraint that motivates the use of the ¢,q.
constraint can easily be recovered by setting At to any At >
0.

Returning to the sequential sum of convex hulls in (29)
for control without operational constraints, the state, time,
and magnitude constrained optimal control problem can be
expressed through (51) as

l
maximize: Z Bic (52)
i=1
1 l
subject to: Z max /\Tyi < Zﬁi)\TW
D €SB T ,Q. N v i—1

Bic =¢ < Cmax,

where TiAt(') c Tffl('), B; > 0, and 22:1 B; = 1. Using the
same arguments as (32) previously, (52) can be broken into
optimal sub-problems, where each sub-problem : is given as

maximize: ﬂi}\Tw (53)

subjeet ;. MAX gy 0,75 4, (X) 1

i

ﬂic = ¢; < Cmag-

The contact function uses set S(l,t,cmm,Q,Zz,:lo Yir)
rather than U(1,?) to account for the location of the state
constraint relative both to the maneuver origin y, and the
maximum magnitude allowed ¢4,

Optimality Conditions

The necessary and sufficient optimality conditions for un-
constrained maneuvering in (36), (39 - 40), and (42) can be
generalized to (53). However, the inclusion of constraints

may result in maneuver directions that are part of U(1,%)
but are not allowable states in S(1,¢,Q, Z;/_:lo y,,) for any

choice of 3;c. Consider a relatively small maneuver cost ¢; =
€. Assuming ¢4, >> € and @) is not close to y,,, the optimal
maneuvers found by (53) are equivalent to those found in
(32). In contrast, assume ¢; = Cpq, 1S infinitely large.
The optimal maneuvers found by (53) may be significantly
different to those found in (32) due to the maneuvers removed
in the direction of ). Therefore, the optimal maneuver
directions found at a given waypoint are dependent on the
potential magnitude of the optimal maneuver. This quality is
demonstrated in Figure 3.

An additional consequence of this maneuver magnitude de-
pendence is the evaluation of gg; ; o yi-1 yv/)()\) in (53).
bl 2o Yi

The simple Cauchy-Schwartz evaluation of the contact func-
tion in the SOCP constraint in (18) cannot be applied to
(53), as maneuvers cannot be guaranteed to be viable without
knowing the maneuver magnitude a-priori. Rather than ex-
pressing gg ;. LS g (A) analytically, the contact func-

tion must be evaluated by sampling maneuvers on the surface
of the unit spheroid. However, in a similar conclusion to
Koenig et al., this sampling approach to solve (53) directly
is numerically intensive and impractical in application [8].
Alternatively, consider expressing the optimality conditions
of (53) implicitly as a bound on the change in maneuver

optimality due to constraints, given as

95(ci,t,Q, 35 vir) () 34
= 9U(ci,t) (FT(t))\opt,i) — €subopt

where Aoy ; is the solution to the unconstrained problem
(18) and €4yp0p: bounds the difference between the optimal
unconstrained maneuver and a given valid constrained state y
for sub-problem ¢ at cost ¢;. The most efficient maneuver pos-

sible from a given waypoint Zz;lo vy, 1s that found for un-
constrained maneuvering, such that the decrease in efficiency
or optimality resulting from constrained maneuvering can be
quantified by sampling a valid maneuver under the given con-
straints and comparing it to the unconstrained A, ;. Because
€subopt 18 an optimality bound and not an explicit definition of
optimality, any arbitrary number of y samples may be used to
evaluate Iyes(,6Q.55 % v) (A). Additional samples may

improve the bound at the cost of computational efficiency,
introducing a tunable trade-off. gg.; , o st y_/)()\) and
sl 2 g Yi

AL Is(1,4,0,5 L yo) (A) then evaluate as the maneuver sam-

ple & used to reach state y valid under the given constraints
that results in the smallest €gypope. It is also clear that if
€subopt = 0, this formulation will result in the unconstrained
gu(1,+) and arg gy (1) for Bic < Cmaq and resulting state y
that does not enter Q).

The necessary and sufficient conditions for sequential con-
strained optimality can now be derived. Given an arbitrary

maneuver direction 4, at time ¢; € TiAt(') at a given magni-

tude [;, the resulting constrained sub-problem 4 + 1 is given
as

maximize: ﬁi“)\T (@ — BT (t;)u;) (55)
subject to: tel;lii((‘) 95016551 yw)()‘) <1.

i+1
First, w; at time ¢; is optimal in (53) if its contact function

satisfies the constraint of (55) applying the optimality bound
in (54), given as

i, T () Aoptit1) = 1 — €subopt (56)

S(c1,t,Q,0) = S(cr, t)

S(ca,t,Q,0)

Figure 3. Comparison of the set S(c,t, @, 6) for different
costs ¢; and c¢y. For a relatively small ¢1, @ is not reachable

for any maneuver direction, and S(cy, ¢, Q, 0) = S(c1,t)
(left). For a larger co, @ is reachable for certain maneuver
directions, which are removed from the set of viable
maneuver directions (right).



for the unconstrained A, i+1, such that the contact function
for 4, matches or exceeds the maximal value found for

maneuvers over the subset of times in T f( ). Second,

combining the unconstrained solution >‘0pt-,z+1 to (55) with
the optimality bound in (54) yields the optimal maneuver
times £yt 41 and directions Uopy ;+1, given as

topt,i+1 = arg max 95(1 LRI ) (Aoptit1),  (57)
ET
uopt i+1 = arg gS( topt,i+1,Q, Z /70y /)()‘opt,i+1)7 (58)

using an arbitrary number of y € S(1,¢,Q, Ez;lo Y;r)
samples that satisfy (54). u; at time ¢; is optimal in (55) if it
acts in the same direction and with equal or greater efficiency
in pseudostate-space as an optimal maneuver identified in
(58), defined as

~ T ~
(T(t)ws)” (T(topt,it1)Wopt,i+1)
[T () @i |[2|[T (topt,it1) Bopt,i+1]]2

N T A~
(L))" (T(topt,i+1)Wopt,i+1)
[T (topt,it1)Wopt,it+1ll3

=1 Yioptir1, (59)

> 1 YViopsit1, (60)

for direction and efficiency respectively. This is the same
result as the unconstrained optimality condition in (39) and
(40), with the optimality bound applied implicitly. Third,
consider leveraging the definition of cost in the constraint of
(17) to realize the remaining cost in a given sub-problem ¢
under the optimality bound in (54), given as

maximize: ;¢ 61)
subject to:

'@,

MAXy e 7800 I5(1,4,@,5% L ) (V)

Bic <

u; at time ¢; is optimal in (53) if the minimum cost of sub-
problem % + 1 is no greater than the minimum cost found in
the previous sub-problem ¢ minus the cost of the maneuver,
equal to 3; due to the unitary u,;, defined as

AL, @

opt,i

— B (62)

MAX, part) 95(1,4,Q,5 7 vir) (Aopt,i)
T - .
Aopt,it1 (@ — Bil(t;) ;)
MAX, epat0) I5(1,6,0,55 . (Roptit1)

5. COMPUTATIONALLY EFFICIENT SOLVER
FOR DISTRIBUTED SPACE SYSTEMS

The constrained control solver proposed by this work will
demonstrate the capabilities of the formulation in (53) while
preserving computational efficiency for real-time applica-
tions. This solver, denoted in this work as the "HD solver,”
is built upon a solver designed by Koenig et al. for un-
constrained control through reachable set theory, denoted in
this work as the ”KD solver” [8]. The KD solver consists
of three major components: Initialization, Refinement, and
Control Input Extraction. Initialization uses the direction of
w as a good initial guess of the solution \,,; of the SOCP
(18) to produce a set of initial candidate maneuvers times
Test, defined as the times where (19) reaches a large value
relative to other times in 7. Refinement iteratively solves

(18) to generate a new A,y for the times in T¢,;. This new
Aopt is used to remove sub-optimal candidate maneuver times
from T, whose contact function (19) falls below a threshold
€removes ZIVEN as

gU(l,t) (FT(t)Aopt) <1-

and add optimal candidate maneuvers times from 7" to T,
that exceed an optimality tolerance €..s¢, given as

Eremove b (63)

gU(l,t) (FT (t)Aopt) >1 + €cost- (64)

Refinement is repeated until gU(Lt)(I‘T(t))\(,pt) < 1+ €cost
for all ¢t € T,s. Control Input Extraction finds an optimal
maneuver plan under only dynamic constraints at the optimal
maneuver times in 7,4 by computing the optimal maneuver
directions from (20) and finding the maneuver magnitudes
that minimize the resulting pseudostate error of the maneuver
plan through a Quadratic Program (QP).

The tunable parameters €,cmove and €.,s¢ are also incorpo-
rated into the HD solver to enhance numerical stability and
match the optimality conditions used by the KD solver to
generate solutions. Consider the optimality condition derived
from the SOCP contact function constraint in (56). This
condition matches the structure of (63) in the KD solver.
Therefore this optimality condition for constrained control
sub-problem ¢ 4 1 in the HD solver is given as

G, (FT(ti))\opt,i+1) >1-

again considering an arbitrary maneuver direction w; at

time t; € TAt() and a specified Esubopt that bounds the
maximum allowable difference between u; and an optimal
unconstrained maneuver. Consider the optimality conditions
derived from the comparison with the optimal maneuvers
Uopt,i+1 Of sub-problem ¢ + 1 in (59) and (60). These con-
ditions should include a €;.¢,00e threshold on the directional
condition for numerical stability and account for the maxi-
mum difference in efficiency between maneuvers deemed op-
timal under the user-specified tolerance €.,s;. Therefore the
direction and efficiency optimality conditions for constrained
control in the HD solver are given as

€remove — €subopt, (65)

(L))" (Pltopric)bopri)) _ ;e
~ ~ — 17 Cre t,i+1
[T ()3l [2][F (Eopt,it 1) Bopt,it1 |2 remove TRt

(66)
(D(t:) )" (T (toptis1)opt,it1) 1 X
~ 2 Z v'ulopt,iJrl-
||F(t0Pt,i+1)u0Pt7i+1H2 1+ €cost
(67)

Finally, consider the optimal condition derived from the
definition of minimum cost in (62). This condition is not
directly analogous to a use of €.ost O €remove iN the KD
solver. Therefore, the minimum cost optimality condition
for constrained control in the HD solver will be the original
definition in (62).

The HD solver proposed in this work can be understood
as two major nested components, Rollout and Branching.
Rollout is described by Algorithm 1. Rollout optimizes the
magnitude of control input direction @ at time ¢ for a desired
pseudostate w, set of control input times 7', set of constrained
states (), maximum magnitude ¢,,4,, minimum magnitude
search step-size Acpin, and optimality tuning parameters



€ = [€cost, Eremove, Esubopt]. Rollout begins by initializing
the currently considered sub-problem magnitude c; as zero
(Alg 1, Line 1) and then increases c; to find the remaining
w relative to the new waypoint (Alg 1, Lines 3-4). This
waypoint is used to solve the unconstrained control problem
in (35) using the KD algorithm, producing Aop¢ i+1 (Alg 1,
Line 5). This unconstrained result is leveraged to bound
constrained maneuver optimality, and optimal maneuvers
WUopt,i+1(t) for the sub-problem ¢+ 1 are found as maneuvers
that do not enter ( at cost ¢,,q, that are within the sub-
optimality bound €,yup0p¢ Of unconstrained optimality (Alg
1, Line 6). As mentioned previously, the contact function
for constrained maneuvering cannot be evaluated as a single
expression through the Cauchy-Schwartz inequality due to
the effect of (). Therefore, Rollout evaluates a coarse set
of unit sphere samples in %% space, introducing a tradeoff
between potential optimality gains found by finer sampling
and the increased computational effort required to evalu-
ate the contact function of additional samples. While the
coarseness of the unit sphere samples is a hyperparameter of
the solver, it does not affect the constrained sub-optimality
guarantee €gupopt Set by the user, so long as w remains
controllable. The algorithm continues to increase c; until
none of the optimality conditions in (65), (66) and (67), or
(62) are true, indicating that the maximum optimal maneuver
magnitude has been found (Alg 1, Line 2). Rollout returns the
optimal control input magnitude ¢; for control input direction
U at time ¢, maneuvers ﬁopt’i_i'_l(t) viable under constraint
@ and above the constrained sub-optimality bound €sypopt,
and the outward normal A,p; ;+1 of S*(¢, T') of the resulting
unconstrained sub-problem ¢ 4 1. In terms of computational
load, Rollout requires at most Cpqz/Acmin + 1 iterations
(rounded up to an integer value), requiring ¢,nqz/ACmin + 1
unconstrained optimal solutions from the KD solver (Alg 1,
Line 5). Rollout is the primary building block used to build
Branching, described by Algorithm 2.

Branching uses Rollout to perform sequential constrained
maneuvering until the remaining control problem described
by @ and T can be solved with unconstrained maneuver-
ing. Here, the inputs of Rollout are abbreviated for clar-
ity to only show those that vary between each iteration of
the algorithm. Branching begins by initializing an empty
maneuver plan w(t), residual sub-optimality bound Csypopt
as zero, and waypoint pseudostate w as the initial pseu-
dostate w and finds a valid maneuver plan for unconstrained
maneuvering using the KD solver (Alg. 2, Lines 1-2).
The residual sub-optimality bound csypep¢ 1s introduced to
quantify the maximum possible cost difference between the
realized constrained maneuver plan and a globally-optimal
solution. Branching finds constrained optimal maneuvers
sequentially forward and backward in time until the uncon-
strained solution is valid under the constraints @, ¢;,q., and

Algorithm 1 Rollout
Input: ¢,4,0,T, Q, cnaz, Acmin, €

1. ¢ =
2:  while (65), (66) and (67), or (62) and ¢; < Cpqr dO
3: c; = ¢ + Acmin
4: w=&—AcpinT'(t)a
5: Aopt’iJrl + Solve (35)
6: aopt,i+1 (t) —
9S(cmaz,T,Q,c;T(t)@) (Aopt,i—i-l) Z 1— €subopt
7:  end while

Return: c;, 'aopt,’H—l (t)a )\opt,z‘+1

10

Algorithm 2 Branching

Input: w, Ta Qa Cmax, Acmivu At7 §
1: Initialize w(¢) empty, Csupopt = 0, @ = w

2 Wyneon(t) ¢ Solve unconstrained SOCP (18)

3:  while wUy,con(t) enters @, exceeds ¢pq., Or is more
frequent than At do

4: @ (t), A}, + Rollout(0,0,®,T,Q,...)

5: tF, 4l « 4" (t) closest to ¢y

6: cf  at(t), AL, ;o1 Rollout(t] o, @, T,Q, ...)

7: Add t], cFa; to u(t)

S Coutont = Combopt + N1 (@ — P T (e i)

_<A;Lpt,i‘:) - C;r) + Acmin

9: O=0—c¢ TtHa, T« TA

10: Q={z':2’ =z — c;rl"(tj)ﬁj,w € Q}

11: Q ={z: ¢’ =x—-0,xcQ}

122 @y (t),\,,,; < Rollout(0,0,-&,7,Q,...)

13: t;,0; < (t)closesttoty

14: c; U (t), Agpt,ipreRollout(t;, 4, ,-w0,T,Q, ...)

15: Add t;,c; a; to u(t)

16: Csubopt = Csubopt 1 )‘o_pt,i+1(‘;’ —¢; D(t;)a;)
—(Aopti® — ¢ ) + Acmin

17 @=& ¢ Lt;))a; , T+ T~

18: Uyncon (t) <— Solve unconstrained SOCP (18)

19: end while
20: Add Uyncon St) to u(t)

Return: u(t), Csubopt

At (Alg. 2, Lines 3-19). For forward time-ordered sequential
maneuvering, Branching uses Rollout with a dummy zero
maneuver to find the maneuvers valid under () and optimal
given €gypopt, and the corresponding unconstrained optimal

)\jpt,i for a waypoint at the origin (Alg. 2, Line 4). The al-
gorithm then identifies a single forward time-ordered branch
as the earliest constrained optimal maneuver (Alg. 2, Line
5). The HD solver proposed by this work only considers
a single branch at each waypoint, rather than an exhaustive
search of all optimal maneuver branches at each waypoint, to
conserve computational efficiency. Using the maneuver that
constrains the fewest future maneuver times limits the impact
of this strategy on optimality or controllability. Rollout is
then run for this maneuver to find the optimal maneuver
magnitude, the optimal maneuvers of the next sub-problem
i + 1 valid under @) at the waypoint resulting from this
maneuver magnitude, and the unconstrained optimal )‘jpt,i 11
(Alg. 2, Line 6). The maneuver at its optimal magnitude is
added to the maneuver plan, and the residual sub-optimality
of the maneuver is added to the overall control problem bound
(Alg. 2, Line 7-8). This sub-optimality bound is taken as the
difference in the remaining unconstrained cost between sub-
problems ¢ and ¢ + 1, accounting for the maneuver cost c;.",
and added to the user-defined minimum maneuver magnitude
step-size Acp,;, used in Rollout. The remaining pseudostate
and candidate maneuver times are updated, and () is adjusted
to be defined relative to this new waypoint (Alg. 2, Lines
9-10). This process is repeated similarly for backward time-
ordered maneuvering by starting from the waypoint at w,
adjusting the relative location of @) to @, using Rollout
with a dummy zero maneuver to find the maneuvers valid
under (Q~, and taking the latest constrained maneuver as the



single branch (Alg. 2, Line 11-13). Rollout is performed
on this branch, the optimized maneuver is added to the ma-
neuver plan, and the residual sub-optimality and remaining
pseudostate and candidate maneuver times are all updated
(Alg. 2, Line 14-17). It is worth noting that the backward
time-ordered problem here poses the control problem as the
reverse of the forward time-ordered problem, using —w and
adjusting )~ relative to —w. This reverse setup is valid only
if the cost function is not only norm-like but also symmetric,
such that a maneuver is equally as efficient in both the
parallel and anti-parallel directions. However, most norm-
like cost functions used in spacecraft applications are sym-
metric, and this assumption is made without significant loss
of applicability. The relationship between the constrained
forward and backward time-ordered problems is visualized in
Figure 4. An optimal unconstrained maneuver plan is found
using the KD algorithm for the reduced control problem after
applying both maneuvers, and Branching iterates until the
unconstrained maneuver plan satisfies the constraints (Alg.
2, Line 18). The unconstrained maneuver plan is then added
to the output maneuver plan (Alg. 2, Line 20). Branching
returns the constrained maneuver plan () and the optimality
bound cgypope between this maneuver plan and the actual
optimal cost of the problem. In terms of computational
load, each iteration of Branching requires a solution of the
unconstrained problem at each waypoint (Alg 2, Lines 4 and
12), an optimization of each forward and backward time-
ordered constrained maneuver magnitude using Rollout (Alg
2, Lines 6 and 14), and a single unconstrained maneuver plan
(Alg 2, Line 18) to add two constrained maneuvers to the
maneuver plan. If n constrained maneuvers are required to
produce a valid maneuver plan, Branching requires at most
N(Cmaz/ACmin + 1) +3n/2 unconstrained optimal solutions
from the KD solver.

6. VALIDATION

The sequential reachable set theory formulation and proposed
HD solver for constrained impulsive control are validated on
general DSS use-case reconfigurations. DSS reconfigurations
consider the relative motion of a spacecraft, known as the
deputy and denoted with subscript d, linearized about a
reference orbit of a virtual or real non-maneuvering space-

AL JS(1.41.Q- . —w)

Aopt,i)

A8 95(1,0,,0.6)Aopt.i)

Figure 4. Reachable sets and optimal maneuver directions
for maneuvering under a symmetric cost function
constrained by @) from a waypoint at the origin (left) and a
waypoint at the desired pseudostate (right) for the same
candidate maneuver times. Differences in optimal maneuver
directions and reachable set magnitudes are caused by the
relative location of @ to the considered waypoint.

11

craft, known as the chief and denoted as subscript c. This
work implements an LTV relative motion model using two
state represenations: Radial-Tangential-Normal and quasi-
nonsingular Relative Orbital Elements (ROE) [1]. RTN is
a cartesian frame whose origin is defined at the chief and
whose axes are aligned radially from the central body of
gravitation, normally along the chief’s angular momentum
vector, and tangentially to complete the right-handed triad.
RTN is commonly used to describe deputy control actions.
ROE is an Integration Constant state representation valid for
orbits of arbitrary eccentricity, formulated as the nonlinear
combination of Keplerian orbital elements and defined as

da Aaja,
da o Au + AQ cosi,
oA | des €4 COS Wq — €. COS W
= 1se| = dey| — | easinwg — ecsinwe | (68)
01 Oy, Ad
0ty AQsini,

where A is a difference in the associated quantity between
the deputy (subscript d) and the chief (subscript ¢), da is the
relative semi-major axis, dA is the relative mean longitude,
des and de, are the components of the relative eccentricity
vector de, 61, and i, are the components of the relative
inclination vector d%, u = M + w is the mean argument of
latitude, and a, e, 4, ), w, and M are the Keplerian orbital
elements. The Validation scenarios all use mean ROE com-
puted from mean Keplerian orbital elements, where “mean”
refers to the orbit average of J2-perturbed two-body motion to
remove ~osculating” short-period oscillations. The full LTV
relative motion model of DSS is described in Appendix A.

Each of the following Validation scenarios will share several
base parameters of the reconfiguration problem. The initial
absolute orbit of the chief spacecraft in all scenarios is given
in Table 2. The initial mean argument of latitude wuq is

Table 2. Initial Mean Quasi-Nonsingular Chief Orbit at ¢.

i(°)
ST

Q)
30

ey(—)
-0.239

ex(—)

-0.658

a(km)
25000

varied between each scenario to produce clear pseudostate
trajectories of differing reconfigurations and constraints for
visual analysis. All reconfiguration scenarios will use a
39000 second control window, approximately one orbital
period of the chief orbit. The control domain 7T is taken
uniformly every ten seconds relative to £, such that

T = {0, 10, 20, ...39000}. (69)
This results in 3901 candidate maneuver times. The chosen
cost function is the sum of L2-norms of RTN control actions
at times in 7', and control is admissible at all times in the
control window. This simple cost function, as opposed to
a time-varying cost function, does not impact the generality
of the definition in (4) and is used to allow the specific
advantages of the formulation proposed in this work to be
more readily apparent.

Validation is broken into three sections, Sequential Formu-
lation, Convex Constraints, and Nonconvex Constraints, to
fully demonstrate the capabilities of the approach proposed
by this work. Specifically, three impulsive control solvers
from the literature will be used comparatively to evaluate
the optimality, constraint satisfaction, and computational ef-
ficiency of the HD solver. Each algorithm’s runtime will be



measured on the same hardware, using a 3.20 GHz processor
and 16GB RAM. First, the KD solver will generate uncon-
strained solutions to each Validation scenario using the same
optimality tolerances as the HD solver (€cost = €remove =
0.01). The Initialization component of the KD solver is set to
evaluate the contact function for every ten candidate times in
T, taking the ten highest as the initial 7,4, and the Control
Input Extraction component uses an identity matrix to min-
imize the pseudostate error. For the Sequential Formulation
scenario, the KD solver provides a provably-optimal solution
to the original unconstrained reachable set theory problem
with which solutions from the HD solver are compared to
prove the validity of the sequential approach. The KD solver
is also used with the Convex and Nonconvex Constraint
scenarios, neglecting the chosen constraints, to provide a
visual trajectory comparison between optimal unconstrained
and constrained control. Second, the SDPT3 interior point
solver within the CVX software package, denoted in this
work as the "CVX solver,” generates optimal solutions to im-
pulsive control problems under convex constraints, including
SOCPs, QPs, Linear Programs (LPs), and semidefinite pro-
grams (SDPs) [27]. For the Convex Constraints scenario, the
CVX solver will produce an optimal solution to an equivalent
primal version of the dual in (52). This primal is given as

!
minimize: Z [Jwil|2
i=1
subject to: z; = T'(¢;)u; + 21

(70)

t;>tii1,20=0,2; = w
z; ¢ Q

||qu2 S Cmax-

The maneuver plans generated by the HD solver will be
compared to this solution to verify bounded optimality and
evaluate computational effort. Third, an SCP optimization
algorithm from the literature, denoted in this work as the
”SCP solver,” is leveraged to find a locally optimal solution to
the impulsive control problem under nonconvex constraints
[28]. This SCP solver considers a nonconvex Keep Out
Ellipsoid (KOE) constraint space, linearized at each iteration
k about the nominal trajectory of the last iteration £ — 1 to
series of waypoint halfspaces, given as

akop; = (2 —x.)" D, (71)

broE,i = \/(21 —x.)TD(z; — x.),

(72)

where axor,; and bxog,; define the linearized halfspace
for waypoint i, z; defines a waypoint of the trajectory of
the last iteration, x. is the centroid of the KOE, and D =
diag(1/r%,1/r3,...1/r2) sizes the KOE along each ROE di-
mension. The SCP solver is extended to incorporate time con-
straints through a series of maneuver efficiency coefficients
P> one coefficient for each time in 7' bounded between
0 and 1. py, is initialized as a series of 1s and updated
each iteration k by subtracting 0.1 from all coefficients within
At of a maneuver in the last iteration’s maneuver plan and
adding 0.1 to all other coefficients. The difference between
the trajectory of the current iteration and the last iteration is
bounded by a trust region constraint at each waypoint, given
as

(73)

where (j, is the trust region at iteration k. The approximate
convex problem solved at each iteration of the SCP solver is

l1zi — Zil|2 < Gk,
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given as

!
minimize: Z [lw; |2
i=1
subject to: z; = paeL(ti)u; + zi—1

(74)

t;>tii1,20=0,2 = w
af(OE,i(zi —x.) > bxoE,
wille < cmax

|z — Zil]2 < G-

The trust region is shrunk each iteration to encourage solver
convergence with an exponential shrink factor, given as

e\ VK
Chy1 = () ks (75)

G

where K is the maximum number of iterations and (; and
(k are the user specified trust regions for iteration 1 and
K respectively. The maneuver plan at each iteration is
found by taking the largest maneuver from the maneuver
plan found by the approximate convex problem, removing all
maneuvers at times within At of this maneuver, and repeating
until no maneuver magnitudes are larger than a user-specified
tolerance c;,;. The SCP solver terminates after K iterations,
or when (; < (x and the decrease in cost ¢ between
iteration k£ and k£ — 1 is less than ¢;,;. For the Nonconvex
Constraints scenario, the cost, constraint satisfaction, and
required computational effort of the solution found by the
SCP solver will be compared against the solution found by
the HD solver.

Sequential Formulation

First, the sequential time-ordered formulation and optimal
sub-problem structure are validated against the KD solver.
The initial and final desired deputy states, and resulting
pseudostate, that define this scenario are provided in Table 3
for an initial chief spacecraft u = 65° at ty. This problem is

Table 3. Initial, desired, and pseudostate mean deputy ROE
states for Sequential Formulation Validation (m).

| acda  adX  acdey  acde,  acdiy  acliy
xo | -296 -25.14 5.16 384.13 -491 -442.85
xy|-230 081 4.09 383.28 -4.62 -442.85
w | 066 -152 -038 -144 0.29 -0.91

very similar to that posed by Koenig et al. to validate the KD
solver [8]. Unconstrained control is realized within the HD
solver by setting () as an empty set, At as 0s, and ¢, as le-
3m/s. The minimum step-size Ac;,;, of optimal maneuver
magnitude search in Rollout is set as le-7m/s. To validate
the sequential formulation, the optimal trajectory is generated
using forward time-ordering and backward time-ordering in
isolation. The forward time-ordered setup neglects Lines 11-
18 in Alg 2, while the backward time-ordered setup neglects
Lines 4-10in Alg. 2. Both setups modify the loop termination
conditions from constraint satisfaction to @ ~ 0 (Alg. 2, Line
3). Because the system is unconstrained, Rollout can eval-
uate each maneuver optimality simply through the Cauchy-
Schartz inequality in (19), and maneuver direction sampling
is not required (Alg 1, Line 6). The resulting ROE trajectory
of the HD solver and the KD solver are displayed in Figures
5 and 6.
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Figure 5. Pseudostate trajectory of the forward time-ordered setup (Alg. 2, Lines 4-9) compared to the solution of the KD
solver for unconstrained control.
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Figure 6. Pseudostate trajectory of the backward time-ordered setup (Alg. 2, Lines 11-17) compared to the solution of the
KD solver for unconstrained control.

Both the forward and backward time-ordered setups follow computation time of 10 and 12 instances of Rollout, one
a similar, but slightly different, pseudostate trajectory to the for each maneuver, can be found as 10 maneuvers * 1.90s
KD solver. This is a reasonable result, recalling that an runtime * (¢a0/ ACmin+1) 2 190,019s and 12 maneuvers *
optimal control input profile may not be unique if w lies 1.90s runtime * (¢ynaz/Acmin +1) & 228,023s. The forward
on an edge or point of the boundary of S(copt,T’). The and backward time-ordered setup runtimes are well within
KD solver finds an unconstrained impulsive 3-maneuver plan this bound. Therefore, the sequential time-ordered reachable
that satisfies the tolerance specified by the user through €.t set theory formulation in (30) and resulting sub-problems
in 4 iterations with a total Av cost of 23.03e-5m/s. The in (31) are empirically demonstrated to be equivalent to the
optimal lower bound on the reconfiguration is found through original unconstrained reachable set definition in (12). This

)\OTptw / maxier g (1, (I‘T(t) Aopt) as 22.94e-5m/s.  The conclusion for a single example scenario will be further
maneuver plan achieves the desired state with a root mean verified through Monte Carlo simulations of the HD solver

square error of 23.56e-5m, < 0.01% error normalized to the for convex and nonconvex constraints.
original pseudostate (||werr||2/||w]]2). The forward time-
ordered setup of the HD solver finds a 10-maneuver plan
with a total Av cost of 23.08e-5m/s, while the backward  Next, the capabilities of the HD solver are demonstrated for
time-ordered setup finds a 12-maneuver plan with a total convex state and maneuver magnitude constraints. The initial
Av cost of 23.13e-5m/s. The sub-optimality bounds csupopt  and final desired deputy states, and resulting pseudostate, that
for both approaches are found simply as the sum of mini-  define this scenario are provided in Table 4 for an initial chief
mum step-sizes used to optimize the maneuver magnitudes, spacecraft u = 320° at ty. This scenario will consider a
10e-7m/s and 12e-7m/s respectively. In this case where
€subopt = 0, Coupopt TEPrEsents the worst case increase in cost
between the KD solver and the HD solver due to using the
sequential approach. Both costs found by the HD solver are
within their associated Cgypopt Of the maneuver plan found

Convex Constraints

Table 4. Initial, desired, and pseudostate mean deputy ROE
states for Convex Constraint Validation (m).

by the KD solver. Furthermore, the forward time-ordered | acda acdX  acde,  acde, acdiy  acdiy
plan achieves the desired state with a root mean square xo | -1025  -269 3 205 -4 195
error of 67.65e-5m, while the backward time-ordered plan Ty 0 200 0 200 0 200
has a root mean square error of 86.98e-5m. Both errors w | 1025 37327 -265 -526 4 456

are < 0.01% normalized to the original pseudostate. The

sequential approach does increase computational effort. The  reconfiguration that swaps the relative locations of formation

KD algorithm required 1.90s to solve trajectory optimiza-  flying spacecraft, such that the deputy changes its nominal
tion, while the forward and backward time-ordered setups separation from the negative to the positive tangential direc-

had 186.06s and 135.91s runtimes. Given the KD solver  jop through a Walking Safety Ellipse (WSE) approach. A
computational time, a rough upper bound on the expected  WSE is a passively-safe formation in which the deputy uses
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Figure 7. Pseudostate trajectory of the HD solver compared to the CVX solver for control under convex magnitude and state
constraints.

a semi-major axis offset to change its tangential separation
from the chief spacecraft through natural orbital dynamics.
The in-plane (RT) and out-of-plane (RN) motion are phased
90° apart to cause bounded, elliptical relative motion per-
pendicular to the direction of travel. In ROE-space, the
WSE is commonly realized through a da offset and e-i vector
separation, constraining de and 0% to be parallel or anti-
parallel to set a lower bound on inter-spacecraft separation
through minimum separation in the RN-plane [1]. This
can be translated to convex maximum deviation constraints
from the nominal desired de and % states at the end of the
reconfiguration. This scenario will define () as the set of
states within two, 2-dimensional ellipsoids centered on the
desired de and ¢ pseudostates with semi-minor axes of Sm
along de, and d7,, and semi-major axes of 50m along de,, and
d1,. This ellipsoid constraint allows larger magnitudes for
maneuvers that keep de and ¢ parallel to preserve minimum
spacecraft separation in the RN plane. Additionally, this sce-
nario defines Ac,,in as le-4m/s, a0 as le-3m/s, At as 1s,
and €gypopt as 0.5 (50%). At is set at a small non-zero value
to ensure that ¢,,,,, is enforced at each candidate maneuver
time. Recalling that the contact function for constrained
maneuvering cannot be evaluated as a single expression,
Rollout instead evaluates coarse samples on the unit sphere
with no angular gap between the samples greater than 60°
(Alg 1, Line 6). The CVX solver is configured to consider
maneuver components in the R, T, and N directions at every
candidate maneuver time in 7' and constrain each waypoint
z; to remain inside separate de and J1% ellipsoids, resulting in
97523 decision variables and 62420 equality constraints. The
resulting ROE trajectory of the HD solver, the CVX solver,
and the KD solver are displayed in Figure 7.

The HD algorithm is able to accomplish impulsive control
under convex constraints, generating a pseudostate trajectory
that remains inside the de and Jz bounding ellipsoids for the
duration of the control window. The HD solver finds a 18-
maneuver plan with a total Av cost of 0.01073m/s, 11.74%
greater than the true optimal cost of the constrained recon-
figuration found by the CVX solver as 0.009630m/s. The
KD solver finds a lower optimal Av cost of the 0.008368m/s
for the unconstrained problem, corresponding to the clear
constraint violation in the de state constraint. The sub-
optimality bound cgyp0p¢ Sums both the maneuver optimality
lost to constraint satisfaction and the minimum step-sizes
used to optimize the maneuver magnitudes, resulting in a
bound of 0.004162m/s. The cost of the constrained maneuver
plan is within cgypep¢ Of the cost found by the KD solver, and
the ratio of cgypopt t0 unconstrained optimal cost is 49.74%,
within the user-specified €gypopt (50%). The HD solver
achieves the desired final state with a root mean squared
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error of 0.00007802m, while the CVX solver achieves a root
mean squared error of 1.737e-11m. Both errors are < 0.01%
normalized to the original pseudostate. Therefore, the HD
solver successfully solves impulsive control under convex
constraints within the optimality tolerance set by the user.
Constraint satisfaction significantly increases the required
computational effort of the approach. The HD solver required
a significantly shorter runtime of 229.60s compared to the
1185.98s runtime required for the CVX solver, while the KD
solver reached a solution for unconstrained control in 2.00s.
It is worth noting here that this type of enclosing constraint
requires careful c¢,,,, selection as coupling effects between
the constraints can have detrimental effects on the HD solver.
Recall that the maximum maneuver constraint c¢,,,,, dictates
the removal of maneuver directions in Rollout that can enter
the constraint area @) (Alg 1, Line 6). Because the HD solver
assumes worst-case constrained maneuvering, a relatively
large ¢4, can cause the system to be uncontrollable or the
desired state to be unreachable under the remaining allowed
maneuvers, and the algorithm fails to find a valid maneuver
plan. Care must be taken in the selection of ¢4, both
in regards to the real-world actuation system and the state
constraints on the dynamic system.

The results illustrated by the above example are further veri-
fied by a Monte Carlo solver comparison for convex control.
The HD solver, CVX solver, and KD solver are are all used to
produce maneuver plans for 200 pseudostates with a Monte
Carlo control domain of Ty = {0, 20,40, ...39000}. This
T subset of 1951 candidate maneuver times is used to reduce
the computational load of the Monte Carlo analysis. The
CVX solver is configured the same as previously, resulting
in 50712 decision variables and 25361 equality constraints.
Each run of the Monte Carlo simulation constrains 2 ROE
dimensions, chosen with uniform probability as either the da-
O, de, or ¢ state pairs. Each unconstrained pseudostate
ROE is generated from a zero mean Gaussian distribution
with 1km standard deviation, while each constrained pseu-
dostate ROE is generated from a zero mean Gaussian distri-
bution with 10m standard deviation. The KD solver is used
before the HD solver or CVX solver to generate an uncon-
strained maneuver plan from which constraints are randomly
generated to to balance a requirement for constrained control,
such that unconstrained control cannot satisfy the constraints,
and ensure the problem remains feasibly reachable. The
set () is defined as a 2-dimensional bounding ellipsoid cen-
tered at the origin of pseudostate-space, with axes along
the constrained dimensions, and sized with respect to the
maximum distance of the unconstrained trajectory from the
origin (2mq, = max(||z;||2)). Both axes are sampled from a
Gaussian distributions with a standard deviation 0.1252,,,4.,



one randomly chosen to be from mean z,,,, and the other
from mean 0.752,42- Cmae 18 Tandomly chosen from a
uniform distribution between the minimum and maximum
maneuver size of the unconstrained maneuver plan, and
Acpin 18 set one magnitude below this value. Matching the
above example convex reconfiguration, At is defined as Is,
and €gypopt 18 defined as 0.5 (50%). The minimum, mean,
and maximum values associated with metrics of interest over
all Monte Carlo runs is displayed in Table 5.

Four metrics of the Monte Carlo analysis are important to
quantify the performance of the HD solver. The percentage
difference in cost between the HD solver and CVX solver
quantifies the HD solver performance against the optimal
solution under convex constraints. However, it is evident
that there is a large difference in minimum and maximum
relative cost between the solvers, and the HD solver often
finds a lower-cost plan than the CVX solver. This occurs
because the CVX solver often struggles to fully converge
to an optimal solution, even using the reduced number of
candidate maneuver times in Th;c. Therefore, the CVX
solver does not always output the optimal solution, but the
best case feasible solution it can achieve, and the HD solver
frequently approaches the optimal solution better than the
CVX solver. The ratio of HD solver cost to the sum of KD
solver cost and residual optimality quantifies the expected
increase in cost from the unconstrained optimal solution to
the bounded sub-optimal solution under the input €440,¢ and
Acypmin. This ratio never exceeds 1 over the course of the
Monte Carlo, verifying that the HD solver guarantees the sub-
optimality bound €z50p¢ specified by the user. Finally, the
HD solver and CVX solver runtimes are used comparatively
to evaluate computational efficiency. The HD solver is
capable of reaching a maneuver plan significantly faster than
the CVX solver for most Monte Carlo runs, up to an order of
magnitude difference. Furthermore, the CVX solver runtimes
are significantly shorter using 7h;¢ than that using 7" in the
previous illustrative convex constraint scenario, while the HD
solver runtimes are comparable. This implies an exponen-
tial correlation between highly discretized state spaces and
computational load in the CVX solver that the HD solver
is robust against. The HD solver also experiences infre-
quent long-runtime outliers, 15 instances of >400s runtime
during the Monte Carlo simulation, when the user-defined
optimality and constraint inputs make the HD solver poorly
conditioned for the control problem. This results in many
smaller maneuvers of cost Ac,,;,, Which also produces the
large increase in cost resulting in the maximum percentage
difference in cost between the HD solver and CVX solver.
These instances of poor HD solver performance are a function
of the Monte Carlo simulation naively randomizing inputs for
control, rather than applying a more-informed knowledge of
the problem in solver setup.

Metric | Min Mean Max
(CHD - CCVX) Ccvx (%) -88.6462 -25.4037 113.5990
cup/(Cxp + Csubopt) (%) | 05227  0.6475  0.9125
HD Runtime (s) 15.03 13276 71891
CVX Runtime (s) 162.74 27876  456.07

Table 5. Minimum, mean, and maximum important metric
value in a Monte Carlo simulation of convex constrained
control scenarios. Metrics include percentage difference

between HD solver cost cyp and CVX solver cost coy x,

HD solver cost relative to KD solver cost cx p and residual

sub-optimality, HD solver runtime, and CVX solver runtime.
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Nonconvex Constraints

Finally, the capabilities of the HD approach are demonstrated
for nonconvex state and maneuver timing constraints. The
initial and final desired deputy states, and resulting pseu-
dostate, that define this scenario are provided in Table 6 for
an initial chief spacecraft u 200° at to. This scenario

Table 6. Initial, desired, and pseudostate mean deputy ROE
states for Nonconvex Constraint Validation (m).

| acda acdA  acdey  acley  acdiy  acliy
xo | -105.25 -321 -1.05 273 -352 -0.51
T 80 500 0 0 0 0
w | 18525 -162.57 093 3.05 352 098

considers a reconfiguration where the deputy approaches
the chief for proximity operations in passively safe steps
using a Coelliptic Orbit approach. The Coelliptic Orbit is a
passively-safe formation in which the chief and deputy share
the same orbital plane and use a semi-major axis offset to
change tangential separation through natural dynamics with
minimal periodic relative motion. In ROE-space, a coelliptic
orbit is realized through a da offset and approximately zero-
magnitude de and 0% vectors and can be represented as a
Keep-Out-Ellipsoid (KOE) about the chief spacecraft in the
da and O\ states. Therefore, this scenario defines ) as a
two-dimensional KOE conservatively sized at the final chief
state of pseudostate space with a 500m semi-major axis in the
O\ direction and a 80m semi-minor axis in the da direction,
Acpmin as le-4m/s, cpqz as 0.1m/s, and €ypop: as 0.2 (20%).
The effect of At is demonstrated comparatively by first
setting At as 1s, then finding a new solution for At as 3000s.
Rollout again evaluates coarse samples on the unit sphere
with no angular gap between the samples greater than 60°
(Alg 1, Line 6). The approximate convex problem solved at
each iteration of the SCP solver is solved by the CVX solver
in a similar configuration to the previous Convex Constraint
Validation, considering maneuver components in the R, T,
and N directions at every 10 candidate maneuver times in T’
(Tscp = {0,100, 200, ...39000}) and the constraints in (74).
This results in 391 candidate maneuver times, 12699 decision
variables, and 4482 equality constraints at each SCP solver
iteration. The resulting ROE trajectories of the HD solver,
the SCP solver, and the KD solver are displayed in Figures 8
and 9.

The HD solver accomplishes impulsive control under non-
convex constraints, generating a pseudostate trajectory that
remains outside of the KOE and satisfying the differing
time constraints. For At = 1s, the HD solver finds a 5-
maneuver plan with a total Av cost of 0.03161m/s, and the
sub-optimality bound csyp0pt, again summing both constraint
satisfaction and Ac,,;,, effects, returns as 0.004007m/s. For
At = 3000s, the HD solver finds a 5-maneuver plan with
a total Av cost of 0.03190/s, and the sub-optimality bound
Csubopt Teturns as 0.005108/s. This is an expected increase
in cost do to the more restrictive At constraint, primarily
reflected in the significant deviation of the d% trajectory when
approaching () from the desired pseudostate with backward
time-ordered maneuvers (Fig. 9, right). The KD solver
finds a lower optimal Av cost of the 0.02729m/s for the
unconstrained problem, corresponding to the clear constraint
violation of the KOE. The cost of both constrained maneuver
plans is within their cgypop: Of the cost found by the KD
solver, and the ratio of csupopt tO unconstrained optimal
cost is 14.68% and 18.72%, within the user-specified €sypopt
(20%). The HD solver achieves the desired final state with
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Figure 8. Pseudostate trajectory of the HD solver compared to the solution of the SCP solver for control under convex
magnitude constraints and nonconvex state constraints and At = 1s.
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Figure 9. Pseudostate trajectory of the HD solver compared to the solution of the SCP solver for control under convex
magnitude constraints and nonconvex state constraints and A¢ = 3000s.
a root mean squared errors of 0.0001504m for At = 1s maneuver times in T (Tscp = {0,100,200,...39000}).

and 0.003421 for At = 3000s. Both errors are < 0.01%
normalized to the original pseudostate. Therefore, the HD
solver successfully solves impulsive control under nonconvex
constraints within the optimality tolerance set by the user.

In contrast, the SCP solver finds a 78-maneuver plan with a
total Av cost of 0.02943m/s for At = 1s and a 5S-maneuver
plan with a total Av cost of 0.02967/s for At = 3000s. The
maneuver plans found by the HD solver are 7.41% and 7.62%
higher than these costs, due to the restrictive assumptions
used in the solver’s creation. The HD solver only considers
maneuvers that will not enter () from the given waypoint
at the highest possible cost ¢4, to prevent the solver from
exploring regions of pseudostate space where the desired
pseudostate becomes unreachable. This feature is clear in
the da-d )\ trajectory in Figure 8 for backward time-ordered
maneuvers from the desired pseudostate. The SCP solver
finds a more-efficient maneuver acting in the direction of
() that the HD solver cannot find. However, these more-
optimal costs come at the cost of numerical performance. The
SCP solutions result in 1.435m root mean squared error for
At = 1s and 0.01329m for At = 3000s, both significantly
higher than the HD solver although still < 0.01% normalized
to the original pseudostate. The CVX solver used at each
iteration of the SCP solver struggles to fully converge to an
approximate optimal solution, resulting in this final state er-
ror. Comparing computational effort, the HD solver requires
84.65s and 76.09s to find valid constrained maneuver plans,
while the SCP solver requires 471.11s and 478.24s to reach
its stopping tolerance. This difference in numerical efficiency
is extremely significant, recalling that the CVX solver used
within the SCP solver only considers every 10 candidate
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Using the same control domain as the HD solver would
require similar runtime to the CVX solver in the previous
Convex Constraint Validation at every iteration of the SCP
solver.

The results illustrated by the above example are further
verified by a Monte Carlo solver comparison for nonconvex
control similar to that used for convex control. The HD
solver, SCP solver, and KD solver are all used to produce
maneuver plans for 200 pseudostates. The HD solver and
KD solver use a Monte Carlo control domain of Thy,c =
{0, 20,40, ...39000}. This T subset of 1951 candidate ma-
neuver times is again used to reduce the computational load of
the Monte Carlo analysis. The SCP solver uses the previous
control domain of Tscp = {0,100,200,...39000} and the
same internal CVX solver configuration. Each run of the
Monte Carlo simulation again constrains 2 ROE dimensions,
chosen with random probability as either the da-6 A, de, or §2
state pairs. Each pseudostate ROE is generated from a zero
mean Gaussian distribution with 1000m standard deviation.
The constraints are again defined with respect to the uncon-
strained maneuver plan from the KD solver to require con-
strained maneuvering while maintaining feasible reachability.
The set @ is defined each run as a 2-dimensional KOE on
the trajectory of the unconstrained maneuver plan. The KOE
center is sampled from a Gaussian with 2m standard deviation
and centered at a waypoint of the unconstrained maneuver
plan, chosen with uniform probability. Each KOE axis is
aligned with a constrained dimension and sized from a uni-
form distribution between Om and 100m. ¢,q, is randomly
chosen from a uniform distribution between the minimum
and maximum maneuver magnitude of the unconstrained



maneuver plan, and Ac,,;, is set one magnitude below this
value. At is sampled from a uniform distribution between
Os and 2000s. €4ypope 18 defined as 0.5 (50%) to balance
constraint satisfaction and optimality. The minimum, mean,
and maximum values associated with metrics of interest over
all Monte Carlo runs are displayed in Table 7.

The same four metrics are used here as the Convex Constraint
Validation to assess the HD solver performance. The HD
solver frequently finds comparable maneuver plan costs to
the approximately optimal SCP solver, occasionally finding
an equally or more optimal solution. The ratio of HD solver
cost to the sum of KD solver cost and residual sub-optimality
never exceeds 1 over the course of the Monte Carlo and
verifies that the HD solver guarantees the sub-optimality
bound €gyp0p¢ Specified by the user. Finally, the HD solver
finds a constrained maneuver plan with a significantly shorter
runtime than the SCP solver in almost all cases, only exceed-
ing 200s in 17 runs of the Monte Carlo simulation. These
infrequent runtime outliers again occur when the user-defined
optimality and constraint inputs cause the HD solver to be
poorly conditioned for the control problem. This results in
many small maneuvers of cost Ac,,;, that also cause the
large outliers in cost difference between the HD solver and
SCP solver. Therefore, poor performance is again a function-
ality of naively randomized inputs that can be mitigated by
informed problem setup.

7. CONCLUSION

This work extends a reachable set theory approach for fuel-
optimal impulsive control to constrained problems of interest
to the field of Distributed Space Systems (DSS). A single
reachable set, formed as a convex hull of all possible maneu-
vers over a specified control window, can be reformulated as
the sequential intersection of multiple time-ordered reachable
sets and broken down into a series of optimal sub-problems.
This enables the derivation of necessary and sufficient con-
ditions for not only the timing and direction of optimal
maneuvering, but also the optimal magnitude of a given
maneuver. Furthermore, the sequential approach enables
both convex and nonconvex constraints to be implemented at
the sub-problem level without violating the convexity of the
reachable set. The optimality of any given maneuver can then
be bounded against the unconstrained solution without the
need to explicitly solve the constrained control problem. The
sequential optimality conditions are derived with respect to
this bound, and these new conditions are leveraged to create a
constrained control solver for impulsive control that balances
cost-efficiency and computational effort. The solver rolls
out single maneuver constrained trajectories forward-in-time
from the initial state and backward-in-time from the desired

Metric | Min Mean Max
(CHD - CSCP)/CSCP (%) -0.0020 35.9918 182.8213
cap/(CxD + Csubopt) (%) | 54.9721 65.8363 82.6819
HD Runtime (s) 19.15 95.59 417.63
SCP Runtime (s) 24526 301.92 347.63

Table 7. Minimum, mean, and maximum important metric
value in a Monte Carlo simulation of nonconvex constrained
control scenarios. Metrics include percentage difference
between HD solver cost cgyp and SCP solver cost cgcp, HD
solver cost relative to KD solver cost cx p and residual
sub-optimality, HD solver runtime, and SCP solver runtime.
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state, finding the optimal magnitude of each maneuver given
the constraints of the given control problem. This process is
repeated until the remaining control problem can be solved
with an unconstrained control solver without violating con-
straints.

The overall sequential approach is demonstrated to recover
the optimal cost of the unconstrained control problem within
the expected optimality losses incurred by sequential maneu-
ver magnitude optimization. The proposed solver is validated
against common DSS reconfiguration scenarios, such as a
Walking Safety Ellipse (WSE) or Coelliptic orbit forma-
tion. The solver successfully finds valid maneuver plans
within the user-specified optimality bound for each state,
time, and maneuver magnitude constrained reconfiguration
scenario with arbitrary convexity. Through Monte Carlo
analysis, the proposed solver finds constrained maneuver plan
costs comparable to solvers in the literature with significant
improvements in algorithmic runtime and computational ef-
ficiency, especially for nonconvex problems. Overall, this
work demonstrates the advantages of reachable set theory for
trajectory optimization. The methodology provides insight
into the nature of optimal maneuvering, solves nonconvex
control problems with provably optimality, and generates
control solutions with minimal computational effort.

APPENDICES

A. VALIDATION DYNAMICS MODEL

This appendix describes the Linear Time Variant (LTV) mo-
tion model used in Validation (Section 6) to describe the
relative motion of DSS. The mean Relative Orbital Elements
(ROE) under unperturbed Keplerian dynamics are constant
values equivalent to the Integration Constants of the Hill-
Clohessy-Wiltshire (HCW) and Yamanaka-Ankersen (YA)
differential equations of spacecraft relative motion at small
separations [29]. Osculating and mean ROE, similar to the
Keplerian orbital elements that comprise them, vary slowly
under primary orbital perturbations. Therefore, the secular
and long-term evolution of ROE under J2-perturbed motion
can be described by a State Transition Matrix (STM) that
linearly propagates the ROE state over a given time interval,
defined as

1 0 O 0 0 O
gQI (1) gzs %24 %25 8
31 33 Paa P35
o(t)= Py 0 Py Pyg Py5 O (76)
0 0 O 0 1 0
D1 0 Pgz Py Pos 1
with the simplifications
T=tr—t,n.=+/1-¢€2,n.=/pp/al, (7N
3 JQR vV HUE
ke =7 7/27] , We = Ke(Beos?(ie) — 1),
E=14+n.,F=4+2n.,G=n"2,W = cos*(i./2),
=3cos?(i.) — 1, R = cos(i.), V = tan(i./2)

ex1 = eccos(we(t)) , ey1 = ecsin(we(t))

ez2 = €. cos(we(ty)) , ey2 = ecsin(we(ty)),



for the following substitutions

3 7
= —(znc+ -k EP)T,

2 2
(1)23 = IicewlFGPT,
(1)24 = Iiceyll?GYf)T7
Do5 = —KF'sin(2i.)T,
r— §ncey2(5 cosg(ic) — 1,
B33 = cos(WeT) — dhicey1ey2G (5 cos® (i) — 1)T,
B3y = —sin(weT) — 4kcey1642G(5 cos?(i.) — 1),
$35 = Skceyr sin(2i.)T,

7
Py = —§K66w2(5 cos?(i.) — 1),
By3 = sin(Wer) + 4kcerernG(5cos?(ic) — 1)7,
Dyq = cos(weT) + 4kcey1e52G(5 cos?(ic) — 1),
Dy = —HKeeyo sin(2i.)T,

7

(I)G]_ = 5,‘4}0 sin(2ic)7,
Bg3 = —4kee,1Gsin(2i,)T,
By = —4kcey1 Gsin(2ic)T,
Dgs = 2k, SinZ(ic)T,

where ®(t) = ®(a.(t),ty—t), o (t) are the mean Keplerian
orbital elements at time ¢, ¢ ¢ is the end of the control window,
n is the mean motion, Rg, J2, and pp are the radius,
oblateness, and standard gravitational parameter of Earth, and
®;; is the element in the ith row of the jth column [30].
RTN delta-v control actions can be mapped to changes in
osculating ROE, and approximately to changes in mean ROE,
through the Gauss Variational Equations. This mapping is
described by control input matrix B for orbits of arbitrary
eccentricity as

Bi1 B 0

Bs; 0 0
1 |Bs; Bsy Bsg
By1 Biy Bus
0 0 Bss
0 0 Bgs

B(t)

; (78)

QAcTe

with the substitutions

2 2
Bi1 = —ecsin(v.) , Bio = — (1 + e cos(v,)),

c Ne

By = 772773 Bs; = n.sin(6.)
2= 77 T e, cos(ve) 31 = Te c
(2 + e cos(v.)) cos(b.) + e. cos(w,)
B3z = 1. ;
1+ e.cos(v,)
Neee sin(w,) sin(6,)
Bss = 5 By =— c S 90 5
53 tan(i.) (1 + e. cos(v,)) H e c0s(6e)
(2 + e cos(v.)) sin(f.) + e. sin(w..)
B42 =Nec ’
1+ e.cos(v,)
Neee cos(w.) sin(6,.)
B43 = - s 9
tan(i.)(1 + e cos(v.))
Bew e e cos(6.) 7e sin(6,)
53 ,

1+ eccos(ve) T 1+te, cos(ve)’
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where B(t) = B(a.(t)), 8§ = w + v and v is the true
anomaly, and B;; is the element in the ith row of the jth
column [8].
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