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Abstract

Nowadays, the space exploration is going in the direction of exploiting small platforms to get high scientific return
at significantly lower costs. However, miniaturized spacecraft pose different challenges both from the mission analysis
point of view. Nominal trajectories of traditional spacecraft are designed and optimized in order to satisfy only scien-
tific requirements as well as to comply with system constraints. Although, the nominal path will unlikely be followed
by the spacecraft in real-life scenarios due to uncertainty in dynamic model, navigation, and command actuation, the
correction maneuvers needed to compensate deviations are considered to be a minor problem, since changing the trajec-
tory is relatively easy with a single, short burn. Robustness and feasibility assessment of the nominal trajectory against
uncertainty are performed a-posteriori. Thus, the nominal trajectory and the uncertainty assessment are decoupled and
their analysis and optimization are done in two separate phases. This approach can lead to sub-optimal solutions. For
large spacecraft, this procedure is acceptable since they can produce high thrust levels and they can store relevant pro-
pellant quantities; hence, sub-optimal trajectories are not critical. However, small platforms are characterized by low
control authority, that poses challenges in maneuvering. Therefore, correction maneuvers cannot be considered a minor
problem and preliminary trajectory design should take them into account. To solve this problem, in this work, a direct
optimization method is devised to design robust trajectories for interplanetary small spacecraft. The robust optimal
control problem is translated in a nonlinear programming problem by means of transcription and collocation, while
a linearized approach is exploited to propagate and quantify all the uncertainties related to unmodeled perturbations,
imperfect knowledge of the state, and control application. This methodology has been than applied to the interplanetary
transfer of the CubeSat M-ARGO, that is planned to be the first standalone ESA deep-space CubeSat to rendezvous
a near-Earth asteroid. This new technique is able to bring a 50% save in the navigation costs, while being able to
rendezvous the target asteroid with great accuracy.

1. Introduction and the achievable accuracy of the spacecraft state. This
sequential, decoupled approach generally leads to accept-

The trajectory design process for spacecraft has tradi-  gple outcomes for larger spacecraft, which have substan-
tionally prioritized scientific goals and system constraints,  ja] thrust capabilities and significant propellant reserves.
relying on the robust capabilities of chemical propulsion  However, recently, there has been a growing focus on
systems. These propulsion systems, known for deliver-  ¢majier platforms like SmallSats and CubeSats. These
ing high thrust and providing strong control authority, minjaturized spacecraft offer the potential for cost-
have long enabled spacecraft to adjust their paths with  effective missions, delivering scientific and technological
relative ease. In standard practice, nominal trajectories  penefits at a fraction of the traditional cost [2, B]. How-
are optimized under the assumption that minor deviations  ever their small size brings significant challenges, partic-
can be corrected with brief, high-thrust maneuvers. This ularly in trajectory control. With limited propulsion sys-
approach assumes that any uncertainties in the mission, temg that provide low thrust and skeletal propellant bud-
whether due to dynamic models (such as gravitational vari- gets, these spacecraft cannot afford the inefficiencies tol-
ations or unpredictable solar radiation pressure), naviga-  orated by larger vehicles. Moreover, they often operate un-
tion inaccuracies, or errors in command execution [[I], can  ger greater uncertainty due to less mature navigation tech-
be managed in a separate, later phase of the mission de-  piques and the inherent limitations of miniaturized com-

sign. After the nominal trajectory is established, a post-  ponents, which introduce higher errors in both state esti-
design phase assesses the robustness and feasibility of the  14tion and command execution.

trajectory, estimating the necessary correction maneuvers
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Given these constraints, the traditional approach to trajec-
tory design, where nominal paths are optimized without
fully integrating uncertainty considerations, is no longer
sufficient. For miniaturized probes, trajectory corrections
are not merely minor adjustments but critical operations
that can significantly impact the mission success. Con-
sequently, trajectory design for these platforms must inte-
grate uncertainties from the outset, ensuring that the path
selected is not only optimal under nominal conditions but
also feasible and robust against uncertainties.

For this reason, in the last ten years, stochastic-optimal ap-
proaches, embedding uncertainty in their core, have been
developed for diverse problems. In the early 2000, [4]
proposed a statistical targeting algorithm, able to incor-
porate statistical information directly in the trajectory de-
sign. While the usual target method solves a deterministic
boundary value problem for the nominal trajectory, this
algorithm search for a statistically correct trajectory, i.e.,
a trajectory able to reach the target state in a stochastic
sense. However this approach fails whenever the stochas-
tic trajectories envelope cannot be described as a quasi-
Gaussian distribution.

The uncertain Lambert’s problem has been investigated
alike by exploiting Taylor differential algebra [5—7]. An
alternative approach, characterizing the stochastic error by
means of the first-order variational equations, is presented
in [8]. This approach has been extended considering first
the explicit partial derivatives of the transfer velocities
[9] and later by implementing a derivative free numerical
method, exploiting novelties in uncertainty quantification
[[10]. Uncertain Lambert’s problem with differential alge-
bra was also exploited in the gravity assist space pruning
algorithm presented in [[11]].

Similarly, approaches to tackle the rendezvous problem
were conceived. A multi-objective optimization method,
considering a robust performance index based on final un-
certainties, was devised for the linear rendezvous problem
[12], taking into account both navigation and control er-
rors. A relation among the performance index, the ren-
dezvous time, and the propellant cost was found for short-
duration missions. Nonlinear rendezvous model and the
possibility of handling long-duration phases were later ad-
dressed [[13]. Also the asteroid rendezvous in a stochastic
sense was investigated, considering the state uncertainty
both of the spacecraft and the target [[14] together with the
optimization of correction maneuver under the Lambert’s
problem conditions.

Recently, general procedures of trajectory optimization
under uncertainty were developed. A method transcrib-
ing the stochastic trajectory optimization into a determin-
istic problem by means of Polynomial Chaos Expansion
and an adaptive pseudospectral collocation method was in-
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troduced by [|L5], while [[16] presented a novel approach,
based on Belief Markov Decision Process model and then
applied this method to the robust optimization of a flyby
trajectory of Europa Clipper mission in a scenario char-
acterized by knowledge, execution and observation errors.
Stochastic Differential Dynamic Programming has been
investigated to design robust Earth—Mars transfer, consid-
ering unscented transform to propagate uncertainties [[17].
This methodology has been extended subsequently using
a hybrid multiple-shooting technique to overcome the lim-
itation of the Differential Dynamic Programming [|18].
More recently, the use of a combination of convex opti-
mization and covariance steering have been introduced to
solve different classes of robust continuous control prob-
lems in astrodynamics, such as interplanetary transfer [[19]
and reentry [20].

Lately, a full framework has been proposed to address
from systematic point of view trajectory design problems,
embedding uncertainties in dynamics, navigation, and
control [21]]. Exploiting this framework, in this work, a di-
rect optimization approach has been developed to design
robust trajectories for interplanetary small spacecraft. The
robust optimal control problem is converted into a nonlin-
ear programming problem using transcription and collo-
cation techniques. Simultaneously, a linearized method
is employed to propagate and quantify uncertainties aris-
ing from unmodeled perturbations, imperfect state knowl-
edge, and control implementation. In order to test its per-
formances, this methodology has been applied to the in-
terplanetary transfer of the CubeSat M-ARGO, which is
intended to be the first standalone ESA deep-space Cube-
Sat to rendezvous with a near-Earth asteroid.

The paper is structured as follows. Section E introduces
the robust optimization problem in a general fashion, that
is specialized for the interplanetary transfer of a low-thrust
small satellite in Section 3. The test case scenario is pre-
sented in Section B Results are shown in Section f. Sec-
tion [/ concludes the work.

2. General problem formulation

Following the optimization framework stated in [21],
any robust trajectory design formulation has the aim to
1) evaluate and minimize deterministic and stochastic
cost, 2) estimate the knowledge, 3) and compute the dis-
persion, at the same time. In order to achieve these ob-
jectives, the approach depicted in Figure Iﬂ was devised.
The initial nominal state is given together with the associ-
ated initial dispersion. For each state belonging to the ini-
tial dispersion, an initial knowledge is considered. These
three quantities (nominal state, knowledge and dispersion)
are propagated forward. At some prescribed times, an or-
bit determination process is performed in order to estimate
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the true trajectory and reduce the knowledge covariance.
The estimated trajectory is then used to feed the guidance
scheme, compute the correction maneuver and reduce the
dispersion. At the end, the final nominal state and the final
dispersion can be retrieved.

It is important to stress a significant difference of this
concept with respect to the traditional trajectory design. In
fact, the final state is no more deterministic, but it can be
more coherently represented in a stochastic way by eval-
uating the dispersion at the final time. Hence, it is con-
venient to implement the final constraint as a stochastic
constraint, i.e., the final points distribution should be rela-
tively close to the target point. Moreover, this means that
the final point of the nominal trajectory will be unlikely
coincident with the target.

In conclusion, the general fuel-optimal problem of a space-
craft flying in a perturbed environment under the revised
approach can be formalized as:

Problem 1 (Fuel-Optimal General Problem). Find the
nominal state x*(¢), the nominal control history u*(¢) and,
possibly, the initial and final times, ¢ and ¢, such that

ty
J= / | d + Q(Av*) ()

to

with Q(Av®) a measure of the stochastic cost, is min-
imized, while the state is subjected to a simplified It
stochastic differential equation [22]

x=f(x,u,t) + w (x,u,t) 2)
with f being the deterministic part of the dynamics and
w the process noise associated to uncertainty in dynamics

and in maneuver execution.
Moreover, the state is subjected to initial constraints

{E [X*(to)] = Xp

B[ () ~x0) (1) ~x0) ] = ¢

and
B [(x(to) = x0) (x(t) =x0)"] = P &

and a final constraint

E(x(ty) . tr) €& (ty) 5)

with £ indicating a generalized uncertainty ellipsoid and
&5 the desired ellipsoid.

The navigation costs are estimated through a guidance law,
fed by the orbit determination scheme. It means

Avs = GL (X*, f(, tTC]W) (6)

and
x (t7P) = 0D (x, %,t§7, t7P) ©)
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with GL and 0D being the Guidance Law and orbit deter-
mination procedures respectively, X is the estimated state,
x the real state and x* is the nominal state.

Within this approach, three main building blocks can
be identified and they are: 1) a procedure to quantify un-
certainty and to evaluate the stochastic measures, 2) a
knowledge analysis method with an OD scheme, and 3) a
dispersion analysis method with a guidance law, that can
vary and should be selected properly.

3. Methodology

Problem 1 must be adapted to the interplanetary trans-
fer of a small satellite equipped with low-thrust continu-
ous propulsion. Knowledge and dispersion analyses are
performed exploiting two different techniques in order to
cope with the characteristics of a spacecraft having a con-
tinuous thrust, that should be modeled as a stochastic pro-
cess. For this reason:

* Knowledge analysis is performed employing local
linearization in a fashion similar to [23];

 Dispersion analysis is achieved by using a Monte
Carlo simulation.

3.1 State and uncertainty propagation

A spacecraft in deep space is considered to by sub-
jected to the gravitational attraction of the Sun and the
planets, with the additional effect of the SRP. Consider-
ing spherical coordinates, the states are defined as x =
[r, 0,6, v, vg, v, m], with ¢ and 6 the Azimuth and Ele-
vation angles in J2000 respectively, while the control vec-
torisu = [T, «, 3], with « taken from 0-vector in the orbit
plane, while j is the out-of-plane thrust angle. In this case,
the spacecraft dynamics can be written as

Ur
Vo
T%;O(:d)
r
x =f(x,u,t) = Ur (3)
P(fg +fsrp)+ S |vg| +fr
V¢
__T
L Ispgo .
The gravitational force is
r; r,—r
fo=—Lor =" <3 - 3,) ©)
" ieP i e =

where r is the position vector of the spacecraft in J2000
and r is its magnitude, r; is the i-th planet position vector
and r; its magnitude, and ; is the planetary gravitational
constant. The symbol P indicates a set containing all the
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nitial State

Target

Dispersion

Fig. 1. Revised approach for the preliminary mission analysis. Nominal trajectory is indicated with a black line, a true
possible trajectory with an orange line, estimated trajectory with a magenta line. The OD process is the gray thick
line. Black ellipses represent the instantaneous knowledge; colored ellipses represent the dispersion.

planet of the Solar System. Planet states are retrieved by
means of SPICE kernels [24]. The SRP is defined as

fomp = 24T (10)
m r
where () is the solar pressure constant.
The thrust vector is written as
sin . cos 3
fr = — |cosacosf (11)
sin 3
while the matrices P and S are
cos ¢ cos 0 cos¢sinf  sing
P= —sinf cosf 0
—singcosf —singsinf coso

.0 écosqﬁ ' gZ)
S = —chs¢ 0 0 sin ¢
—¢ —0sin¢ 0

On the other hand, due to the limited nonlinearity ef-

fects associated to low-thrust interplanetary trajectories,
uncertainties can be propagated by means of a linearized
approach [23].
Dynamics and control error are modeled as Gauss—
Markov process, also know as exponential-correlated ran-
dom variables. A Gauss—Markov process obeys Langevin
differential equation [23], i.e.,

w(t) = —Pw(t) + u(t)

where w is the Gauss—Markov process, v is a white noise
with a given variance, and 5 = 1/7 is the inverse of the
correlation time.

Defining the deviation of the real state from the nominal

(12)
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one as

o0x(t) = x(t) — x*(t) (13)

while the process noise vector as w(t) € R3?, where d
is the number of stochastic processes, the extended state,
including both the state and the process noise, is

_ [9x(?)
X(t) = [ w(t)}
An associated state transition matrix (STM) can be stated
as

(14)

z Ix(t) ® M
D(tg,t) = =

(fo,?) dx(to) O3daxn W
where n is the number of the states. The matrix ® is the
STM associated to the free dynamics in Eq. (E), that sat-

isfy the variational equation
d=Ad

5)

(16)

with A = Of/0x, while matrices M and W represent the
derivative of the process noise with respect to the state
deviation and itself, respectively. Recalling that process
noises satisfy Eq. (|L2), for a given process [23]

8X(t) {%& + F12 (e—ﬁét _ 1)} I3

M; = = 1 (1 _ ,—pdt
= Bento) 5 (1 ¢ ) Is
3

a7

where M, represents the block of matrix M associated to
the i-th 3-dimensional process noise w; and 6t = t — t,
while
Ow; (t
w, — dilt)
3wi (to)

The extended state can be propagated forward by using the

= [e77 L] (18)
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extended STM, thus
x = @ (to,t) xo + I (to,t) uo

the ug is the realization of a standard white noise and

F(to,t):/ ‘iD(tO,T)B(T)dT

19)

(20)

is the process noise transition matrix and the B =
T

[Ona I3d}

Consequently, the state covariance matrix can be propa-

gated with

P =®(t,tg) Py®" (to, 1) +

/ & (to,7) Br)Q()BT (T (f0,7) dr

to

with Q(7) is the covariance matrix of the process noises.

3.2 Knowledge analysis method

The spacecraft state knowledge during the interplane-
tary transfer is improved by an OD algorithm, exploiting
radiometric measures coming from on-ground facilities.
Radiometric data for range and range-rate are simulated,
generating pseudo-measurements as

T
N R .
v
where + is the range, 7y is the range rate, ¥ = r — rgg is
the relative distance between the spacecraft and the ground
station, while n = v—vg is the relative velocity. Pseudo-
measurements can be performed only if a link between
the spacecraft and the selected ground station can be es-
tablished, i.e., only when some geometric conditions are
verified, that are

(22)

* the Sun exclusion angle ¢ should be greater than a
prescribed value in order to avoid degradation in the
radiometric observable and, in turn, in the trajectory
knowledge [25];

* the spacecraft elevation above the ground FEl in
ground station location should be higher than a min-
imum value Ely, in order to avoid low-quality data
related to the atmospheric extinction of the radiomet-
ric signal and to cope with the mounting constraints
of the ground station sensor.

Pseudo-measurements are then used to feed an extended
Kalman filter (EKF) [23] in order to estimate the space-
craft state.

3.3 Dispersion analysis method

The stochastic Awv is estimated by exploiting a Monte
Carlo simulation on the linearized trajectory. The correc-
tion maneuvers are computed by exploiting the differential
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guidance (DG)
Av; = — (@), @,y + P, Do)
(¢7Ty¢TT + Q‘I’qu)ur) gi‘k - 6:714:

-1
(23)

with
5~Xk =0x + N (Xk,Pk-)

with X, and Py, output of the EKF filter.
For each sample, the Av;} are converted in needed propel-
lant mass by the Tsiolkovsky equation

__AvS
my (te) = my (1 —e ”01?1’)

Even if the spacecraft mass should be reduced by the
stochastic correction, this behavior is not considered,
since its effects are limited.

Once the stochastic propellant mass is computed for each
Monte Carlo sample, the kernel quantile estimation (KQE)
is used for the quantile evaluation. The quantile function is
the left-continuous inverse of the cumulative distribution
function

Q(p) = inf{q : F(q) < p}

i.e., the function returning the threshold value of ¢, such
that the probability variable being less than or equal to that
value equals the given probability p. Using the LQE, the
quantile function can be computed as [26]

(24)

(25)

with 0<p<1 (26)

n .

Qp.a) = ; %K Lll (fl p)} g @D

where §;, j = {1,...n}isthe sorted set of ¢; and K is the
kernel function. The use of this linear KQE formula give
the possibility to obtain reliable estimation for the desired
quantile value, while having a C*°-class function. Indeed,
although Monte Carlo is used to compute the navigation
costs, and, thus a simple samples counting is possible, the
use of KQE gives smooth, continuous derivatives and, for
this reason, it is preferred.
As per the framework in this work, the final dispersion
can be evaluated by exploiting Monte Carlo final states.
Indeed, it is possible to retrieve mean X and covariance P
for the error with respect to the nominal final state. These
value can be used to build an uncertainty ellipsoid [23],
useful to infer information on the state uncertainty at a
given time. Since P is a positive-definite real matrix, it
is always possible to diagonalize it by applying the spec-
tral theorem. Thus

M 0 0
D=0 X 0|=U"PU (28)
0 0 N3
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with \; are the eigenvalues and U = [u;, us, ug] is an or-

thonormal matrix, containing the eigenvectors as columns.

The principal axes of P are
=/

z

where X are the J2000 axes.

ellipsoid is defined as
:i'/2 ~12 2/2

A (30)
A3

A1 A
where ¢ is the confidence level desired expressed in stan-
dard deviation levels. Thus, the uncertainty ellipsoid will
be defined as the ellipsoid having as semi-major axes v/\;,
oriented as the direction of the eigenspace principal axes
associated to the covariance matrix.

At the final time, it is desirable that the trajectory ellip-
soid is contained at a certain confidence level inside the
asteroid uncertainty ellipsoid, i.e.,

E(x(tr),ty) C East (ty)

This condition can be checked by performing an eigen-
value analysis on the ellipsoid representing matrices [B3].
Generally speaking, a 3D ellipsoid can be represented us-
ing a matrix formulation

Eventually, the probability

€29

Z1CT'Zt =0 (32)
with Z = [z,v, 2,1]T, where
B p1! 03
e

is a matrix containing dimensions and axis direction of the
ellipsoid, and
I 0
T = ’
—Xy 1

is the translation matrix, used to bring the center of the
ellipsoid in xy (i.e., x*(t7) + X for the spacecraft and
X st (ty) for the target). Defining A the matrix TCT7 for
the spacecraft and B the one of the asteroid, it is possible
to show that the condition in Eq. (El]) is mathematically
equivalent to [33]

{Im (eig(A7'B)) =0

cig(A7'B) > 1

(34)

(35)

Thus, the eigenvalues of matrix A~1B should be real and
grater than the unity.

4. Problem formulation

Once the methodology has been defined, the general
optimal control problem should be translated in a nonlin-
ear programming problem (NLP) so that it can be solved
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numerically.

Usually, interplanetary transfers are made by only few rev-
olutions about the Sun. Thus, tackling this problem should
not require an excessive amount of parameters to represent
the time-variation of state and controls, if a direct problem
is exploited. Moreover, the high-fidelity equations of mo-
tion becomes computational intensive, reducing the effec-
tiveness of indirect or shooting approaches. Therefore, a
direct method using collocation is judged to have the best
balance between computational time and accuracy.

In this case, the time is discretized evenly in N nodes
tq =to <t <--- <ty = ty and states are enforced
over this grid, with the control approximated linearly. So,
for each time ¢, the following quantities can be defined

X(tk) = Xk, ll(tk) = Uy, N kZO,...,N
(36)
while in each segment
by <t < try, u(t) =u, +—— (g1 —uy)
trt1 — Tk
(37)

For each segment continuity of the solutions at both ends
is enforced. The defect constraints (; are constructed by
using an Hermite-Simpson quadrature scheme

h
Chk = Xpq1 — 5 (fp +4f. +f111) (38)
with

£ = £(xp, ug, ), o1 = f(Xpp1, Uppr, tegn)

fc = f(xc; Uc, tc)

and the central points are defined as
h

1 h
tcztk+§, Xczi(xk +Xk+1)+§(fk—fk+1)

1
U, = 5 (up +ugg)

with the time step being h = t;1 — t, constant by con-
struction.

Thus, the robust optimization problem for an interplane-
tary transfer of a low-thrust spacecraft can be stated as

Problem 2 (Fuel-optimal robust optimization problem).
Find the variable vector

y=I[xi, ..., Xy, U, ..., up] (39
minimizing the cost function
J(y) = = (m(ty) = Q(0.99,m;)) (40)

i.e., maximizing the sum of the mass at the final time and
a measure of the propellant mass needed for the stochas-
tic correction (Eq. (23)) computed through the KQE, sub-
jected to the equality constraints:
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» Defect vectors for the nominal state must be null to
ensure continuity between adjoint segments:

G =0, Vke{l, N} (41)

* Boundary condition at the initial time is enforced:
E [x*(to)] = x0 = x(to)
E [(x"(to) = %o) (X"(to) = %0)"| = Py

m(to) = my

(42)

* Stochastic boundary condition on the final state must

be satisfied:
{Im (eig (A7'B)) =0

eig(A7'B) > 1 43)

and to the inequality constraints:

e Thrust cannot overcome its allowable maximum

value:
T —Toax <0 (44)
* Final mass must be positive:
—m(ts) <0 (45)

The procedure used to estimate relevant quantities for
the optimization problem are collected in Algorithm .

5. Test case scenario

In order to evaluate performances of Problem 2, a test
case scenario is identifies and it is the interplanetary trans-
fer of the CubeSat M-ARGO.

5.1 The CubeSat M-ARGO

The Miniaturised Asteroid Remote Geophysical Ob-
server (M-ARGO) is planned to be the first standalone
ESA deep-space CubeSat to rendezvous a near-Earth aster-
oid (NEA) [27]. The M-ARGO concept was developed by
ESA’s Concurrent Design Facility. In 2019, ESA funded
the Phase A study, that was conducted by GomSpace Lux-
emburg in collaboration with Politecnico di Milano. M-
ARGO successfully passed the MDR in November 2019
and the PRR in July 2020.

lf Pzn (T‘) > Pin,max
if Pz’n S [F)in,mim Pin,max}
it P, (’I“) < Pimmin

The coeflicients and the input power limits used in the
mission analysis are given in Table B A graphical rep-
resentation of the thruster model is reported in FigureE
Parameters at 1 AU can be retrieved from those data, and

[AC-24-C1,6,4,x84151

The M-ARGO project foresaw a 12U CubeSat, planned to
piggyback on the launch of another large spacecraft going
towards the Sun—Earth Lagrange point L,. After insertion
into a parking orbit at Lo, M-ARGO will perform a deep-
space cruise towards a NEA target using low-thrust elec-
tric propulsion, demonstrating the capability of CubeSats
to independently explore deep-space objects.

In the scenario presented in Phase A, M-ARGO is de-
parting from the Sun—Earth L5 point between January 01,

2023 and December 31, 2024 and shall reach a selected tar-
get in less than 3 years, with available propellant amount-
ing to my max = 2.8kg. Characteristics of the spacecraft
and the transfer are given in Table .

5.1.1 Thruster model

In order to simulate accurately the available thrust and
instantaneous specific impulse, a realistic model for the M-
ARGO thruster is implemented. This feature is important
in case of limited-capability low-thrust spacecraft since it
helps in precisely define the CubeSat maneuver capability.
The thruster model assumes that both the maximum thrust,
Thnax, and the specific impulse, I, depend on the instan-
taneous input power, P;,, which in turn is a function of
the Sun distance, r. It means that

Tmax = max(Pin)7 Isp = Isp(Pin); Pin = ML(T)

46)

In order to correctly represent functions in Eq. (B6),
fourth-order polynomials are employed. They are able to
correctly represent the behavior of the M-ARGO electric
power system and miniaturized ion thruster, while having
smooth, non-singular derivatives. Thus

Tmax(Pin) =ag + a1 Py, + a2Pi2n + a3Pi3n + a4Pz%’L 47)
Lp(Pin) = bo + b1 Py, + b P2, + by P, + by Py, (48)
P,(ry=co+ar+ cor? + 037"3 +egrt 49)

Moreover, the thruster input power is characterized by
upper and lower boundaries, Pjy, min and Pj;, max, respec-
tively, due to technological constraints, related to the man-
aging of thermal and power subsystems. For this reason,
a saturation logic is considered and it is

then Pzn = 17n,max; Tmax = max(Pin)7 Isp = Isp(Pzn)
then Pin = in(”‘), Tmax = max(ljin)7 Isp = Isp(Pin)
then P, = Py, (r), Tmax = 0, I, not defined

they are
* Input power of 105.4 W;

e Maximum thrust of 1.89 mN and thrust-to-mass ratio
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Algorithm 1: Fuel-optimal robust optimization problem algorithm

Procedure INTEGRATED APPROACH

end

end

Define spacecraft and navigation settings, and uncertainty properties;
Function INITIALIZATION

Compute the random variables for the Monte Carlo simulation;
Function KNOWLEDGE ANALYSIS
Consider the nominal trajectory;
fori =1tonp

switch sub-phase
case OD phase

end

Function OrBIT DETERMINATION
Find the visibility windows;
Retrieve the n s measurement times ty;
for k = 1tony
Retrieve observation data;
Generate the pseudo-measurement;
Apply the EKF;
Get mean and covariance from the filter;
Propagate mean and coviariance to t541;
end

Result: X, and P at each OD final time

otherwise

Propagate statistics up to the final sub-phase time;

Result: Knowledge time evolution
Function Navication Costs & FINAL ELLIPSOID
for ¥V Monte Carlo sample

fori =1tonp
switch sub-phase

end

end

case Thrusting phase

Propagate the deviation up to the TCM time;
Estimate the correction maneuvers;

Compute the needed propellant mass;

Apply the maneuvers to each sample;

case OD phase

Propagate the the deviation up to the final OD time;
Evaluate the estimated deviaton;

Compute the final state ellipsoid;
Result: Navigation cost estimate; Final state ellipsoid
Result: Cost function (Eq. (@

)); Dispersion statistic (Eq. (@))

Propagate mean and coviariance up to the final time t?D ;

>Loop through np sub-phases

>Loop through nys meas. times

>Loop through np sub-phases
>See Eq. (R3)
>See Eq. (Y

>See Eq. (@)

Table 1. M-ARGO mission time-frame and spacecraft data.

Departure window Transfer mo Mp. max

A/m cr

2023 — 2024 <3years 22.6kg 2.8kg

0.01327m%kg 1.3

[AC-24-C1,6,4,x84151
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of 8.36 x 107> m/s?;

* Specific impulse of 3022.59s.

Moreover, trajectory correction maneuvers are per-
formed using the same thruster, but in a cold gas fashion.
This feature is a characteristic of the M-ARGO propulsive
system. In this case, I{, = 40s.

~ ! .
¥ Available power
F \ 4
160 ‘\ —— P, to thruster
\ - - =72 law
\ e P,QIAU
140 ~
Y
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—~ \\
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< 120 R
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— 1054 W
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Fig. 2. Graphical representation of the M-ARGO thruster
model.

5.2 ConOps

In order to solve Problem 2 and apply Algorithm 1, the
concept of operations (ConOps) for M-ARGO must be de-
fined. In order to have a regular and repetitive operations
pattern, M-ARGO trajectory from Lo to the target asteroid
is subdivided into two legs, repeating cyclically, as shown
in Figure E:

1. From day O to day 6 of each week: thrusting phase;
2. From day 6 to day 7 of each week: OD phase.

During the OD phase, on-ground teams will perform or-
bit determination processes, compute trajectory correc-
tion maneuvers to compensate for the state deviations and

[IAC-24-C1,6,4,x84151

send proper commands to the spacecraft. In a real life sce-
nario, the spacecraft will shut down the thruster during
the OD phase, since a large amount of power is required
to communicate with the Earth and angles are locked in
order to point the antenna toward the ground. However,
in this test case, operation compliance is not considered
in order to simplify the dynamics and the optimization.

Av
L _— e —

o s 7 Arrival

Fig. 3. M-ARGO transfer ConOps. The grey bars repre-
sents the OD phases, while the green arrows mark the
TCMs points. Time in days after the departure time
from L.

5.3 First guess generation

In order to test M-ARGO, a nominal trajectory, serv-
ing also as the deterministic benchmark should be selected.
The target selection work in [29] is exploited to find a first
guess. Among 700, 000 asteroids analyzed, 5 were short-
listed, based on feasibility, future observability, transfers
properties, asteroid characteristics, and costs, and they are

1. 2014 YD: Known high spin rate; favorable mission
opportunity;

2. 2010 UES1: #1 on time-optimal and fuel-optimal so-
lution list;

3. 2011 MD: Present in light curve database, favorable
mission opportunity;

4. 2000 SG344: Observable in the near future, inclined,
low uncertainty;

5. 2012 UV136: Known spin rate, largest target size

For each shortlisted asteroid, a baseline and backup
trajectory are selected, following these criteria:

1. Sensitivity of m,, both in horizontal (Dep. Date) and
vertical (ToF) direction;

2. Far from the boundaries in order to surely have feasi-
ble solutions;

3. Baseline solution is chosen between 01 Jan 2023 and
31 Dec 2023, in order to have a backup in the year
2024,

4. Among solutions with the same m,,, a lower Time of
Flight is preferred.
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Table 2. Thruster model parameters (r in Eq. (@) is in AU).

Version Tax coeff. (mN) I, coeft. (s) P, coeff. (W)

ag = —0.7253 by = 2652 co = 840.11

ar = 0.02481 by = —18.123 ¢4 = —1754.3

v 1.0 (07/07/2019) ap = 0.02481 by = —18.123 ¢4 = —1754.3
ap = 0.02481 by = —18.123 ¢, = —1754.3

Pipmin =20W as =0 by = 0.3887 co = 1625.01
Py max = 120W a3 =0 b3 = —0.00174 ¢3 = —739.87
aqs = O b4 = O Cy = 13445

Without loss of generality, the baseline trajectory of as-
teroid 2000 SG344, having the characteristics in Table E]
is used as test case scenario in this work. Keplerian pa-
rameters for the target asteroid are given in Table E As-
teroid 2000 SG344 is chosen as nominal target due to the
repeatability of its porkchop pattern and the needed low
propellant.

6. Results

In order to solve Problem 2, the tool DIRETTO inter-
nally developed at Politecnico di Milano [B0] is exploited
for this task. The software IpOpt [32], in the implementa-
tion by OPTI Toolbox®, is exploited to solve the optimiza-
tion problem, by means of an internal point method.
States for both Ly and Asteroid are retrieved using SPICE
kernels, while target covariance at the final time is re-
trieved by exploiting a telnet connection with NASA Hori-
zon system [34]. Asteroid covariance matrix is retrieved
at some specific times and then interpolated by means of
a cubic splines using not-a-knot end conditions, in order
to have a C2-class function.
A standard deviation o of 1000 km in position and 1 m/s in
velocity are used for all the Cartesian components of the
uncertain initial state. No uncertainty is considered for the
spacecraft mass. The random processes considered in the
simulations are listed in Table p.
Additionally, the ground station considered is the 35-meter
DSA-1 antenna by ESTRACK, located in New Norcia,
Australia. Its performances are in Table B
Optimization results are reported in Table B together with
results associated to the first guess. Exploiting a good ed-
ucated guess, the optimization algorithm requires only 5
minutes on a quad-core Intel i7@2.80GHz to converge.
The optimization under the revised approach leads to sav-
ings in propellant mass amounting to 3%. However, if
only the stochastic component is considered, the needed
propellant mass in the optimized case is only a half with

*See https://github.com/jonathancurrie/0PTI (Last
retrieved on September 13, 2024.)

[AC-24-C1,6,4,x84151

respect to the first guess one. This result is obtained by
flying a trajectory with lower dispersion. In the optimized
case, the spacecraft thrusts during the last powered arc in
a region with a lower maximum thrust. Since the disper-
sion depends on the thrust magnitude, a lower thrust level
means lower dispersion and, thus, TCMs. Additionally,
knowledge analysis is shown in Figure B Final state un-
certainty ellipsoids are depicted in Figure B The asteroid
position uncertainty, taken from the HORIZON system, is
an order of magnitude higher than the 3o trajectory ellip-
soid, deeming feasible the transfer to a wide extent.

7. Conclusions

In this work, a robust trajectory optimization approach
has been developed for interplanetary transfers and suc-
cessfully applied to the CubeSat M-ARGO. By incorporat-
ing uncertainties directly in the optimization, the method
addresses the limitations of traditional trajectory design,
which rely on nominal trajectory optimization followed by
an analysis correction maneuvers. The proposed method-
ology leverages on a direct collocation method embedding
linear uncertainty quantification, leading to significant re-
ductions in propellant mass and trajectory correction ma-
neuvers. The results demonstrate that, compared to the tra-
ditional full-deterministic design, the stochastic approach
yields a 50% reduction in the navigation cost, highlight-
ing the benefits of accounting for uncertainties in early
trajectory design. This method enables CubeSats with
limited propulsion capabilities to achieve deep-space mis-
sions with enhanced robustness and efficiency.
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