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The paper describes the development of a framework capable of addressing
some fundamental issues in the analysis of proximity operations between two
spacecraft that are operating within a three-body model defined by two
primaries and the spacecraft themselves. The main objective is to enable the
capability of analysing dynamic and control issues during an automated
rendezvous between a vehicle and a passive space station orbiting around
the Earth - Moon L2 Lagrangian point on a near rectilinear halo orbit. The paper
presents first a restricted three body model dynamics and a nominal approach
trajectory, followed by an analysis of the influence of assumed actuators and
sensors. Critical aspects such as selected failures are investigated, in order to
ensure passive safety of the mission using impulsive maneuvers. An example of
closed loop guidance in the near range is also presented and the overall
performance are validated with an Ephemeris model available in the literature.

KEYWORDS
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1 Introduction

The paper describes the development of a framework capable of addressing
fundamental issues in the dynamic analysis of proximity operations between two
spacecraft that are operating within a three-body model defined by the gravitational
influence of two primaries. The main motivation for the work is the planned return to the
Moon with the construction of station orbiting a near rectilinear halo orbit around the
12 libration point and the subsequent rendezvous operations between vehicles leaving the
satellite to reach the station and/or coming from Earth. The scenario is under study by
several space agencies, with the cooperation of private industries, in the US, Canada,
Europe, and China among others. Examples of early studies are the Heracles project by
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ESA Landgraf (2019), Renk et al. (2018) (now replaced by ESA
EL3 program) and the more consolidated Artemis project
sequence NASA (2015).

The proposed location of a permanent station (currently named
Lunar Gateway) requires the extension of preliminary dynamic
analysis from Keplerian motion to a three-body restricted model
setting. In this context, relative motion between an active chaser
spacecraft and a passive Gateway is casted into elliptical and circular
restricted three-body problems, in their non-linear and linearized
versions. The working scenario for validation considers a maneuver
starting from about 100 km distance between the two vehicles with
an open loop impulsive guidance strategy during the far away
approach and closed loop control in the final phase when
relative distance is less than 1km. The overall trajectory is
divided into several waypoints (or hold points) necessary for
state evaluation and sensor suite modification. The actuation in
each interval assumes a two-impulse procedure. Extensive
simulation is performed leading to a high confidence level in the
selection of the rendezvous location near the aposelene of the
Gateway orbit and use of a linearized circular restricted three-
body model accurate enough for guidance computation.

In order to increase the fidelity of the simulation, an
investigation was carried out by adding sensors and actuators
models to the relative dynamics. Performance of the propagation
equations over more orbit periods were analyzed and compared
to available Ephemeris data present in the literature.

One of the critical issues in the development of the far
distance guidance was the optimization of the number and
location of waypoints, to evaluate energy expenditure and to
guarantee passive safety of the maneuver. This analysis was a
result of a non-linear optimization based on the definition of
safety areas around the Gateway. Extensive Montecarlo
simulation demonstrated the capability of selecting waypoints
different from the initial location, which would provide safety
and guarantee the possibility of a new rendezvous approach
procedure after one orbit of the space station, when a number of
critical actuator failures could occur. The paper also presents a
proposed closed loop guidance strategy during the final phase of
the rendezvous. The selected algorithms use an optimal
technique based on state dependent Riccati equations for the
relative translation and classical PID controller for the attitude
dynamics. The selection of closed loop control was performed for
validation purposes and not necessarily to achieve the best
solution. Finally, the proposed work was evaluated by creating
a comprehensive simulation tool (ROSSONERO), which allows
the mission planner to examine the performance capabilities of
the design within the assumed constraints, to investigate
alternate solutions in the presence of failures and a
comparison with results achievable using Ephemeris. The
paper is organized as follows: Section 2 describes the working
scenario, Section 3 analyzes different models and evaluates their
validity in terms for guidance purposes. Section 4 describes a
general view of potential errors introduced by assuming selected
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FIGURE 1
Reference Target Orbit and its Propagation in the Synodic
Reference Frame

sensors and actuators with specified dynamics. Open loop
guidance design is studied in Section 5 with respect to
failures, which could prevent rendezvous, whereas Section 6
describes a potential approach to closed loop guidance in the
vicinity of the target. The software developed for this work is
briefly described in Section 8, followed by conclusions.

2 Working scenario

The paper is based on a specific rendezvous scenario, which can
be generalized to many actual situations occurring during the
Gateway life span in the next decade. Permanent return to the
Moon requires a deep space station that would operate as
intermediary between Earth and lunar surface operations. Early
studies can be found in Whitley and martinez R. (2016), Whitley
and Martinez (2018), Howell (2001), where candidate halo orbits
were considered. The selection of a near rectilinear halo orbit
(NRHO) has several advantages such as a continuous link with
Earth, and the capability of communicating with the dark side of our
satellite, among others, while needing limited propulsion
expenditure for station keeping. In this work, a Southern L2 9:
2 resonance halo orbit is considered as reference and depicted in
Figure 1. The orbital properties assumed in the paper are: period of
6.56 days, periselene at 1,500 km and aposelene at 70,000 km.

The relative motion dynamics in this work are those between
the passive orbiting Gateway (target) and an active lunar
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FIGURE 2
Rendezvous maneuver example (courtesy of ESA).

Ascender Element (LAE or chaser), which departed the lunar
surface, and must perform an automated rendezvous starting
from an assumed distance of about 100 km, until berthing can be
executed. The rendezvous trajectory is divided into a sequence of
hold points, necessary for status evaluation, sensor management,
and definition of potentially necessary impulsive maneuvers, if
mission control warrants it. The actual LAE configuration is not
critical for this study, and it is taken from available data in:
Innocenti and Bucchioni (2019). It consists of a cylindrical body
of about 2.6 m of diameter, with a main engine, 16 attitude
thrusters, and a berthing hook located at some specified point.
Figure 2 shows the qualitative trajectory section of the Heracles
mission that is considered in this paper.

3 Relative motion dynamics

This section describes the relative motion equations and the
assumptions made. The primary focus is the necessity of
considering the gravitational influence of both Earth and
Moon on the LAE, and the potential advantages of the
circular restricted three body problem hypothesis with the
applicability of manifold theory Koon et al. (2011), Lizy-
Destrez et al. (2019), Ueda et al. (2017), Topputo (2015).

Spacecraft relative dynamics is a critical aspect in
flight,  debris
mitigation, in-orbit assembly and servicing. Relative motion

rendezvous and  docking, formation
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Mission

in the two-body problem has been studied extensively since
the 1960’s, see for instance, Clohessy and Wiltshire (1960),
Tschauner and Hempel (1965). Important contributions can
also be found in Fehse (2003), Gurfil and Seidelmann (2016),
and Ankersen (2011), among others. The study of relative
motion in a three body scenario is not as widespread and new
interest has stemmed in the past decade from specific missions
such as the Phobos sample return project and of course the
return to the Moon. Some examples in the literature are Lizy-
Destrez et al. (2019), Bucci et al. (2017) and Colagrossi and
Lavagna (2018).

Although in many instances the CR3BP model may be
sufficiently accurate, there are cases where elliptic motion is of
interest, therefore the equations of relative motion are presented
in both versions. In addition, the Local Vertical Local Horizon
(LVLH) frame is also used, because of its convenience from the
guidance, navigation and control point of view. The results
presented herein are taken by previous work by the authors
and details can be found primarily in Innocenti and Franzini
(2018), and Innocenti et al. (2022).

3.1 Reference frames
This section reviews the reference frames used in the paper,

with the three body hypothesis used due to the presence of two
primaries. The equations or relative motion (see Wie (2008)) are
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Non inertial reference frames Innocenti and Franzini (2018) (A) Synodic Frame. (B) LVLH Frame.

based on the following standard reference frames Innocenti and
Franzini (2018):

o Inertial Frame [C, I, ], K"]. The inertial frame is centered at
the primaries common center of mass C, with the K unit
vector normal to the plane where the primaries revolve.
The other unit vectors span the primaries rotating plane.

Synodic Frame [C, 1,,,, j,»» K. The synodic frame is used to
describe a spacecraft motion in a system with two main
primary bodies. The origin of the frame is set at the Moon
for convenience.

Local Vertical Local Horizon (LVLH) Frame [C, iy, j., K;].
The LVLH is a target centered frame, useful in the study of

guidance and control issues. It simplifies the analysis of
relative motion with respect to the chaser. We will refer to
the tangential, normal and radial directions as V-bar,
H-bar and R-bar, even though these unit vector names
refer formally to Keplerian circular orbits.

The reference frames are depicted in Figure 3.

3.2 Relevant equations of motion

In the restricted three body problem, we assume that the
spacecraft masses are negligible with respect to the mass of each
primary. From Franzini and Innocenti (2019), Franzini and
Innocenti (2017), and Bucchioni and Innocenti (2021b), the
equations of relative motion in the LVLH frame and in
nondimensional units are given in Eq. I:

. r+p r+p+rtem
ot o)

Ir+pl° r+p+ Femll®

r+p r+Tem (1)
+u—7s+ (1 - —

e )<||r+rem||3)

2wy % p|, - cb,/i|L X p - wy; % (w,/i X p)
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where 4 is the Earth-Moon mass parameter, p|, and p|, are the
relative velocity and acceleration as seen in the LVLH frame, w;;
and wy;| are the angular velocity and angular acceleration of the
LVLH frame with respect to an inertial reference frame Z. The
chaser position with respect to the Moon is given by r + p, and the
Earth—Moon distance is ., The relationship between the
different angular velocities is given by Eq. 2, where the
subscripts I, m, and i indicate LVLH, synodic and inertial
frames respectively.

Wi/ = Oy + Wi [d)l/i][: = [a.)l/m]ﬁ = Wi/ X @i (2)

For simplicity, orbital perturbations and solar pressure are
not considered in this work.

Equation 1 can be simplified for guidance purposes if we
consider the elliptic and circular approximations of the primaries
with respect to their common center of mass. The elliptic non-
linear equations of motion (ENERM) are shown below, and are
considered representative of the exact dynamics in this work:

. . . r r+p
(6], = 2Qu[p], - ( [Qz/f]ﬁ + le/i)P + #(; - m)

I vl Jrtp+ ron|

(1= )< T+t r+p+te, )

Further simplification can be performed by linearizing the
gravitational acceleration yielding the elliptic linear equations of
motion (ELERM):

. . . rel
[l = —2Qy; (Al - ( [Ql/i]L + le/i + 5_3(1 - 3r_2>
_ T
-y <1_3(r+rem)(r+rem) )

+
lIr + ol 7 + ol

“)

In the above equations the terms ;; and (€] are skew-
symmetric matrices associated with angular velocity and
acceleration wy; and [wy;]., respectively. Using the circular
restricted three body problem hypothesis, the above equations
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can be additionally simplified (see Franzini and Innocenti (2019)
for details) by taking advantage of the representation of angular
velocity and angular acceleration wj; and [wy;] - in this particular
case. This yields a set of non-linear and linear equations, denoted
CNERM and CLERM respectively.

CLERM equations can also be written in a state space
compact form affine in the control x(t) = A(¢)x(t) + Bu(t),
which is a linear time-varying system, with:

P
x(t)=1| .
(1) [ P|£]
O3x3 I3x3
A(t) =
® [An 20y,
T
. Tt
As = Oy +Q2,.—L<1 —3m m‘) )
o = Oyl + O Ml P\ el
1- /4 < 3 (rmt + rem)(rmt + rem)T
W + Pl \ 1t + Tomll®
O3x3
B =
I3x3

The rationale behind the derivation is the analysis of their
propagation and the identification of their validity according to
the location of the Gateway along its orbit.

Using the reference scenario of ESA’s the Human Lunar
Precursor Program (HLEPP) from Bucci et al. (2017), Renk
et al. (2017), extensive Montecarlo simulations were carried out
Franzini and Innocenti (2019), Innocenti and Franzini (2018) in
order to compare propagated relative position and velocity errors,
assuming the aposelene area as rendezvous location, which is
where the Gateway has the lowest speed. The equation sets were
compared using the following maximum distance and speed errors
and an additional aggregate performance index.

The maximum distance and speed errors are defined as:

ep = max,c[,, 1lp () =), e, = max,cp,,, 116 (H) = (1)
©)
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In the above equations the hat indicates the relative position
and velocities calculated by the tested equation set, whereas the
quantities without hat are the true values (that is the propagation
of ENERM set).

The combined index of performance is:

E=[”] %)

v=max [£(t) - D), b

te [torts]

The results were parametrized versus the mean n motion of
the NRHO orbit, assuming an expression of the mean anomaly M
given by:

M(t) = 271% (8)

This yields a range of mean anomaly of about M € [80, 280]
degrees, corresponding to the lower part of Figure 1.

A summary of the results is shown in Figures 4-6, where the
colors from red to blue indicate poorer performance and large
errors.

Figure 4 shows the increase in position error estimation
introduced by the use of the circular restricted models
CNERM and CLERM (non-linear and linear) with respect to
the linear elliptic model (ELERM), however if we limit the region
of motion near the aposelene the use of relative motion based on
CR3BP can be considered appropriate for guidance and control
purposes. Similar results are obtained by computing the
aggregate performance index » as depicted in Figure 5.
Figure 6 shows the average errors in the rendezvous area.
From the results, we can see that at the aposelene position
errors are lower than 1cm for distances lower than 100 m
and 1 m for speed lower than 10 cm/s. This validates the use
of CNERM and CLERM equation sets for the guidance design in
the final phase. Results for the ENERM model are not presented,
since it is assumed to be the “perfect” model, thus without errors.
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Direct Phasing with Lambert's first Guess Bucchioni and Innocenti (2021a).

3.3 Phasing

This subsection presents a simulated evaluation of the
performance of the equations of relative motion as derived
previously. The analysis is carried out with a preliminary
computation of a phasing trajectory, although this part of the
mission is not strictly considered within rendezvous constraints.

The LAE vehicle considered in this work will depart the lunar
surface in the direction of the Gateway, and will reach the rendezvous
conditions after a phasing maneuver. Phasing is a commonly used
orbit transfer, which in many cases reduces the energy consumption
with respect to a direct trajectory. Phasing trajectories can be
computed using different methods, for instance minimum fuel
The
computation complexity depends directly on the dynamic model

consumption, specific time interval for the transfer.
used in the design. In cislunar setting, the design of this maneuver
requires the non-negligible gravitational effects of Earth and Moon.
Examples can be found in Bucchioni and Innocenti (2021b), Bucci
etal. (2017), Shang et al. (2015), Blazquez et al. (2018b), Blazquez et al.
(2018a), and Gomez et al. (2001). For the present analysis, the
boundary conditions for the phasing trajectory were taken as follows:

o Initial orbit: circular LLO at 100 km altitude and 90
inclination (polar orbit).

o Insertion point: 50km below the target (near the
aposelene) and more than 86 km behind the target (so
that the initial distance is greater than 100 km as the chaser
begins the rendezvous towards the target).

The phasing described in the paper consists of the analysis of a
direct transfer using a two-impulse maneuver with initial conditions
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Direct Phasing with Hohmann first Guess Bucchioni and
Innocenti (2021a).

determined solving a two-body Lambert’s problem, from a direct
Hohmann transfer and a gradient-based optimization with multiple
firings Bucchioni and Innocenti (2021a). Based on a CR3BP model,
the resulting transfer trajectory was injected into a stable manifold
generated by the target orbit, and selected in the direction of the
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eigenvector associated with the relevant eigenvalue of the
appropriate Monodromy matrix. The comparison of the different
approaches is summarised below. Afterwards, an analysis with an
ER3BP model was carried out in order to evaluate the levels of
approximation.

Figure 7 shows an example of phasing trajectory using
Lambert’s problem. The stable manifold is propagated from
an 80 km perturbation and it is met at the aposelene. The
final position error is zero since we are on the desired
manifold. The time of flight of the phasing trajectory is 78.5 h
(half period of the target orbit) and the total expenditure is AV =
660 m/s. Note the out-of-plane phasing result, which warrants
further analysis beyond the scope of the paper.

Figure 8 an example of resulting trajectory with a Hohmann
transfer initial guess. Again the stable manifold is propagated
from an 80 km perturbation with the aposelene intersection. As
in the previous case, the final position error is zero. The time of
flight is similar to the previous case (half period of the target
orbit) and the total expenditure is AV = 671 m/s.

For the of multiple impulse optimization, there is no differential
correction, there are position errors at the final time, whose entities
depend on the propagation equations and optimization stopping
conditions. The optimization used is gradient-based, with a
quadratic performance index that weighs the position error and
the fuel expenditure, as shown in Eq. 9.

©)

2
J=Qillel’ +Q, (Z ||Avi||)
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where e is the error between final and desired states,

Syn Syn

€= Xfin ™ Xies (10)

and AV; are the fuel expenditures for each impulse. The scalar
weights Q; and Q, are user selectable depending on the relative
importance of the cost components.

Based on extensive simulation Innocenti et al. (2020), the
best results were obtained for a 4-impulse sequence and
different stable manifolds were evaluated in terms of their
AV requirements. The best results for AV were 688 and
687 m per second for a manifold propagation of one orbital
period (80km and 100 km perturbations). The phasing
trajectory with a time of flight of half orbital period is
depicted in Figure 9.

A longer time of flight and manifold propagation may lead to
areduction in the final position error and AV. This can be seen in
Figure 10, for instance, where a five period manifold propagation
and time of flight of 29 days 5h 2 min yield a position error
within the requirements and a AV = 678.401 m/s.

Finally, Figure 11 shows the modification of the phasing
trajectory, when propagation is performed using the ER3BP
model described in Eq. 1. Periodicity of the NRHO is now
obviously lost, and for a time of flight of half period, the
expenditure resulted in a AV = 703 m/s. The figure also shows
the loss of accuracy at the periselene as the propagation time
increases. The validity of CR3BP is limited to a time of flight
much lower than the propagation time as expected.
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FIGURE 12

Quialitative Description of relevant Sensors Bucchioni and Innocenti (2021b).

The analysis described above resulted in a AV expenditure
consistent with recent NASA results as shown in May et al.
(2020), in which the authors achieved bounds of the order of
680 <AV <880 m per second, depending on the time of flight of
phasing.

4 Influence of sensor and actuator
models

One of the aspects of interest in this work was the analysis of
models of sensors and actuators in the propagation of the
equations of relative dynamics described in Section 3. To this
end, keeping in mind the scope of the paper, some of the assumed
sensors and actuators used in the LAE dynamics are briefly
reviewed and their behavior evaluated with respect to perfect
modeling in a sample rendezvous trajectory, based on the
mission scenario described in Section 2.

4.1 Sensor models

The set of sensors used by the guidance and control depends
on the relative distance between the two vehicles, which is
defined by the location of the hold points. This provides the
active suite at any particular moment. A general behavioral
model may have the form Ankersen (2011):

Frontiers in Space Technologies

X, () =T, (I+K)x(t-7)+b,(t —7)+n,(t— 1) (11)
where: x is the model state vector, T is the misalignment, k the scale-
factor, b, the drift,n, stochastic noise and delays given by 7. In
general, d,, n, and 7 are not constant in time and space. A critical
role in the mission is played by the cameras that give distance and
attitude information, in addition to standard measurements
provided by inertial and star based units. A qualitative
description of the sensor suites used depending on the distance
between the vehicles is shown in Figure 12. Due to the objectives of
the paper, we only give an overview of the relationship between
cameras and relative distance as function of measurement errors.

The cameras reference variables used for distance and
attitude are shown in Figure 13 and they are based on typical
values provided by the sixth and seventh authors. In the figure,
is the target length, assumed equal to 5m, «. is the measured
target center of mass azimuth angle, affected by an error of 100%
of the target illuminated size, «; is the difference between the
azimuth of the center of the illuminated zone and the azimuth of
a side of the illuminated zone and ang,, the pixel angular size of
the visible target area. The primary range measurement for large
distances comes from the inter satellite link (ISL radio and/or
radar), whereas wide angle and narrow angle cameras take over
(WAC, NAC) at closer distances. Details on the numerical
properties for ISL, WAC, and NAC can be found in
Bucchioni and Innocenti (2021b), Ankersen (2011) and D. C.
Woffinden (2007).
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FIGURE 13
Reference quantities and camera frame Innocenti et al. (2020).
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FIGURE 14
Range (left) and Lateral (right) Errors Estimates vs. Distance.

At large distances (more than 10 km), the range is measured
by the ISL, with an assumed estimation error typically of the
order of 3%R, which is lower than the error by the NAC, as
shown in Figure 14 left. The error was computed using Eq. 12.

angpx
o

RangeErrory, = 0.5 100

(12)

For medium distances (between 10 km and 1 km) the range is
estimated using the NAC using Eq. 13.

1 [cosa, an
R, =~ “ ysina, | + 0529k (13)
2 \tana, 20,
Frontiers in Space Technologies

1

The narrow angle camera can also measure the lateral
displacement (« and f), which includes a 100% error of the
target angular visible size (about 1-2px) for large distance
compensation. This error is computed using Eq. 14 and the
its trend is depicted in Figure 14 right.

Qorr = arctanﬁ (14)
The angle «,,, specifies the limits between medium and short

distances. Medium distance is assumed that for which
RangeErrory, is less than 3%R but the lateral displacement
error is less than 100px, as a result, the medium distances are

in the range 10km-1km.
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Port-to-Port Maneuver with the measured Range

The short distances are those defined between 1 km and 5 m.
The sensor used is the wide angle camera WAGC; the error on lateral
displacement is about 0.2%R while the error on relative distance
(downrange) R is 2%R. At short distances the relative attitude can
also be estimated with a maximum error of the order 5°.

The estimation of the translational velocity is based on the
differentiation principle and a subsequent Kalman filtering
procedure, however, in this work, the entire navigation chain
is modelled as in Eq. 15.

Pop = Pop * 1P~ Ppplmy;, (15)
with /;;, the relative port-to-port velocity affected by the error,
Ppp the velocity without errors, p, the relative position affected
by error, p,, the relative position and n, is a white noise.

Similarly, the angular velocity error is given by Eq. 16

@=w+]0-0|n, (16)

The variables with tilde are the estimated ones, both n; and
n, characteristics can be selected by the user.

A better understanding of the influence of the measurements
is shown in Figure 15. This example describes a port-to-port
trajectory to the Gateway in the V-bar direction. The accuracy of
the models is clear.

Obviously the range is measured with the cameras only when
the target is within the their field of view. The sensors are
initialized at every hold-point and the sensor suite changes
only at the hold-points depending on the target-chaser distance.

4.2 Actuator models

The actuator set was briefly introduced in Section 2, and it
consists of a main engine plus thrusters that implement the firing
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command sequences and provide control complete control over
translational and attitude motions. For the purpose of this work,
the thrusters are 16 RCS elements providing a nominal thrust of
10N each. During the mission, there could be several potential
sources of errors in the actuators, which could impact the success
and the safety of the mission itself. In the paper, the main
contributions to dynamic propagation errors are limited to
errors in the magnitude of the thrust, in its direction and delays.

4.2.1 Thrust magnitude model

The evaluation of the thrust magnitude for the RCS motors is
based primarily on experimental data. In general, we can express
the thrust as:

F=F gy (1+00,57) 17)

where F is the nominal thrust at steady-state, #;p;r is the
theoretical bit efficiency and 6#;p;r is the random variation of
the impulse bit efficiency. In our scenario F is equal to 10N.
The theoretical impulse bit efficiency is computed from the
empirical formula given by Eq. 18, which is based on the duration
of the thruster firing command (t,,) and the thruster off-time
(to) as reported in Innocenti and Bucchioni (2019) and

Bucchioni and Innocenti (2021b).

e,
=ex (18)
Thoir = €XP ( 1000t + ¢, /1000t f>

ton and tox are in seconds and ¢; and ¢, are some specified
efficiency factor constants.

According to Alfriend and Yan (2005), t,, e tys can be
selected using a PWM approach. The impulse bit efficiency
random variation &%;p;r is Gaussian with zero mean and the
standard deviation o, . given by Eq.19.

o, = min(max(a,,min,ay,mefl . (IOOOtDn)”vmfz),anw) (19)

4.2.2 Thrust direction model

Another source of errors is the misalignment, which has
usually two primary contributions one external and one internal.

The contribution to the internal error is due to a
misalignments between the thrust vector and the flange, which
can be assumed constant during a single firing, however they may
change randomly from one firing to the next, and in absence of
other details are modeled as Gaussian noise.

The external errors represent potential misalignment
between the flange and master reference cube. These errors
remain constant for the entire simulation, but they may
change between simulations. As a consequence, the external

uncertainty model is a uniformly distributed random variable.
4.2.3 Control allocation issues

Control allocation is area extensively studied currently and in
the past, with many algorithmic results that use structural
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geometry, and several types of optimization methods. Offline and
online algorithms have been developed over the years, with the
computational onboard capability being the divider in space
applications. In this paper, in accordance with some design
requirements furnished by ESA, we briefly describe a look-up
table approach. The interested reader can refer to Innocenti and
Bucchioni (2019) and Bucchioni and Innocenti (2021b) for a
more extensive description on the subject.

The onboard thruster modulator is the function, which
computes the parameters for the thrusters actuation during a
control cycle. The objective is to calculate the percentage of the
total control cycle duration for which each thruster must be open
such that the average effect of the thrusters over the control cycle
results in a force and torque as required by the controller.

For a given thruster geometry the effects of the thrusters in
terms of torques and forces can be described by the so-called
influence matrices. It is common to define a force influence
matrix that has in each column the force that is produced by one
thruster, and by the torque influence matrix that contains in each
column the torque that a thruster produces.

The force influence matrix A/ described in £q.20 depends
on the force of the thruster and the alignment of the thruster. The
torque influence matrix A% described in Eq.21 depends, in
addition, on the position of the thrusters and of the centre of
masses of the vehicle.

F. F2 ...F"

Afe = F) F) ...F, (20)
Fl F? ...F

. T% T; Tx

Alorae = (T TS ... T (21)
T, T2 ... T"

As a first approximation, the thruster effect is proportional to
its opening ratio. The opening ratio is the ratio between pulse on-
time and control cycle duration. With this approximation, for a
given torque demand Tjeq,4 and force demand Fy. 0,4, the task
of the thruster modulator is to find thruster on time ratios:

=172 " (22)
with
0<=7<=1 (23)
such that
T demana = AT (24)
and
Foemana = AT"1 (25)

In addition, in order to minimise the propellant
consumption, the sum of the on-time ratios will ideally give
the minimum of the sum of all 7. With the above formulation,
the thruster modulator algorithm corresponds to a simple linear
programming problem.
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A look-up table thruster modulator algorithm can be defined
by dividing the general allocation into two parts: torque
modulation and force modulation. The former finds the
thruster ratios yielding the demanded torque as:

TTorque = T;“arqueréorque s T;’"nrque (26)

such that:
Taemana = AT T 27)
0 = Aforeer (28)

The latter finds the thruster ratios yielding the demanded
force. Once the two above problems are solved, the global
solution is the sum of the two:

T = TForce T TTorque (29)

An example of thruster behavior for different PWM values in
Eq. 18 is shown in Supplementary Figure S1, for a sample
rendezvous trajectory.

5 Rendezvous safety analysis

The section presents some considerations on mission safety
from the dynamics and control standpoint. The rendezvous
described in the paper will be fully automated and will cover
situations where all the hardware is self operating in the absence
of astronauts, but also when they are onboard the Gateway. Safety
issues are therefore of primary importance for the mission
success in nominal conditions and in cases where projected
failures occur. During rendezvous operations we presented
with safety considerations that can be defined as active and/or
passive. Passive safety is a strategy of avoiding collisions by using
a collision-free trajectories by incorporating specific safety
boundaries that may entail a resulting conservative solution.
The chaser path is typically designed through a set of
waypoints (or hold points), located outside areas considered
unsafe. Active safety is restrictive and more appropriate in the
terminal phase, where the two spacecraft are sufficiently close
that closed loop guidance strategies are implemented. Examples
of safety studies are mostly limited to LEO scenarios as reported
for instance in Fehse (2003), Breger and How (2008), Luo et al.
(2013) and Luo et al. (2014). Based on the literature, we can
define some very general potential risks and consequences for the
safety of the mission scenario of interest.

First of all, we can mention the impossibility of completing
the rendezvous. This is of course a risk for the overall mission
success. This occurrence may happen only if the chaser and its
payload are needed space station vital operations, and constraints
imposed by the mission design, such as time windows to return to
Earth.

Secondly, capture can not be performed. This may be caused
by relative or absolute motions of the chaser and the target. A
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malfunction in the chaser may limit that particular rendezvous
but not future ones. A malfunction on the target station could
pose more serious problems. This latter aspect is not considered
part of the present work.

Finally, there is the danger of collision between chaser and
target. Automated rendezvous and docking/berthing comprise a
series of complex operations, whose single or multiple failures
may eventually lead to controlled/uncontrolled collision between
chaser and target. Controlled collision refers to the positions of
the points of contact between both vehicles, the direction and the
amount of contact velocity, and the residual angular rates. These
parameters must be maintained within tight margins. The
margins are usually described as ellipsoids or spheres that
surround the two vehicles, where the target’s ellipsoid is then
accessible by some predefined corridors (see a qualitative target
safe area in Supplementary Figure S2) taken from Bucchioni
(2021).

The study of a safe trajectory analysis in this paper is limited
to passive safety, to the definition of a nominal safe rendezvous,
to the specification of assumed failure, and the design of a safe
path by changing the location of the initial hold points.

5.1 Nominal rendezvous

The nominal rendezvous mission was described in Sections 2,
3.3. A graphical description inclusive of assumed safety zones is
shown in Supplementary Figure S3.

The rendezvous is achieved with a series of two-impulse
firings. The preferred plane of motion considered is the V-bar -
R-bar. The initial hold point is at about 50 km from the target.
The relative velocity at each hold point is assumed to be zero, and
the initial mean anomaly and time of flight of each segment are
selected for full safety of the mission. The reference sequence is
defined below in local vertical local horizon components, taken
from Innocenti et al. (2022):

o hp0 = (-50.0; 0; 10.0) km;
o hpl = (-20.0; 0; 10.0) km;
o hp2 = (-10.0; 0; 10.0) km;
o hp3 = (-2.0; 0; 0) kmy

o hp4 = (0; 0; 0) km.

(_
(_

Because of the previous assumptions, only the first three hold
points are considered for passive safety. The fourth and fifth will
require active safety considerations within the closed loop
guidance system.

Supplementary Figure S4 shows a nominal rendezvous
trajectory. The propagation is performed using the ER3BP
model in Eq. 1. We remind the reader that this model is
considered the “perfect” one for the purpose of the present
work. An interesting aspect in the figure is the comparison
with the propagation dynamics using an Ephemeris model
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from JPL and NASA’s GMAT software, this to provide a
validation of the dynamics used.

5.2 Assumed failures

A detail on the types and number of failures is beyond the
scope of this work. They may include problems with
communications, sensors and actuators off nominal behavior,
to mention a few. In this work we limit ourselves to failures
associated to actuator misbehaviour, which could influence the
distance between LAE and the safety areas.

Actuator failures that may lead to a collision are divided in
two main cases: whether they happen during the transfer between
hp0 and hp3, or during the final approach from hp3 to hp4. Part
of this work was taken from Innocenti et al. (2021) and Bucchioni
(2021). A list of the failures is given by:

Failure 1: no firing of the engine at the breaking burn of the
transfer between hp0 and hpl;

Failure 2: short firing in a random direction at the breaking
burn of the transfer between hp0 and hpl;

Failure 3: short firing in a random direction at the
departure burn of the transfer between hpl and hp2;

Failure 4: no firing of the engine at the breaking burn of the
transfer between hpl and hp2;

Failure 5: short firing in a random direction at the breaking
burn of the transfer between hpl and hp2;

Failure 6: short firing in a random direction at the
departure burn of the transfer between hp2 and hp3;

Failure 7: no firing of the engine at the breaking burn of the
transfer between hp2 and hp3;

Failure 8: short firing in a random direction at the breaking
burn of the transfer between hp2 and hp3;

Failure 9: misfire at hp2 departure burn leading to a direct
collision course.

A scheme of the failures is shown in Supplementary
Figure S5.

5.3 Hold point allocation

As described at the beginning of the section, we only consider
the case of failures outside the rendezvous sphere, since, after
that, active closed loop guidance is necessary. The main tool at
this point is a hold point reallocation after failure and the
evaluation of the safety of the rendezvous during the
maneuver. If safety is not achieved, the requirement is to
guarantee rendezvous after one orbit of the target Gateway.
The analysis is carried out by considering the ER3BP
propagation and the Ephemeris model described before.
Additional constraints for this work were: the approach is
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always performed in the negative direction of V-bar; the duration
of the impulses is negligible compared with the duration of the
entire maneuver.

There are several methods using a variety of optimization
procedure to achieve a hold point sequence, which is safe.
References Innocenti et al. (2021) and Bucchioni (2021)
describe two approaches of selecting new safe hold points
reducing the AV consumption: one unconstrained, which
means that the relative distance is fixed but the hold-point
can be arbitrarily located in the safe space-state, the other is
constrained, in other words the safe hold-point must be
located as close as possible to the unsafe hold-point. The
algorithms use the manifold theory for determining
appropriate unstable and stable manifolds, with CR3BP
relative dynamics and then their validity verified with the

ER3BP and Ephemeris models.

5.3.1 Unconstrained optimization

In this case, the selection of the most appropriate and feasible
hold point sequence is performed trough and linear
programming optimization process to guarantee passive safety.
The cost function that must be minimized, is selected according

to the following considerations:

o The first part of the cost is proportional to the relative
distance of the chaser with respect to the target. In fact, it is
appropriate to have the capability of performing another
rendezvous attempt, thus the two vehicles must remain in
close proximity. This part of the cost is computed
propagating the relative dynamics under the CR3BP
model for a whole orbit and then computing the cost
contribution as the difference between the two states:

Jaattempt = Xo — X10bit (30)

where x is the relative state - position, velocity - of the chaser with
respect to the target.

« The second part of the cost function is proportional to the
collision angle. The collision angle is the solid angle of all
the possible directions that may lead to a collision if
random firing happens in that direction, expressed in
degrees (see Supplementary Figure S6).

(31

]rmdDirection = Qcollision

The third part of the of the cost function is related to the
AV consumption of moving from an hold point to the
next. The transfer between two consecutive hold points
is defined by a two-impulse maneuver to transfer the
chaser in a given amount of time from the initial state
given by the starting hold point and zero relative
velocity, the final state with the next and zero
relative velocity.
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Given these known quantities the AV for the two burns of
the maneuver can be computed using several methods, such as
the adjoint theory described in Franzini and Innocenti (2019).

This cost is defined as:

Jav = Avdeparture + Avstop (32)

The total cost function is obtained combing Eqs 30-32 and
given by:

]tot = IZuttempt + ]randomdirection + ]AV (33)

A cost is associated to every hold point and then an optimal
sequence is searched.

To find the optimal hold point sequence of a graph was
constructed, where the edges are all the candidates and represent
the cost to go from one hold point to the next. The graph was
built from a 62 by 62 Adjacency matrix with the following

structure:

[0 cost_hp0 0...0 0---0 0 ]
0 0
¢ Oxx  cost_hpl 0Oy
0 0
0 0

A=|1 0o Oxx20  cost_hp2

0 0
0
© Ozx20 020x20 0120  cost_hp3'
0

[0 00 0-0  0-0 o |

This adjacency matrix leads to the graph depicted in
Supplementary Figure S7. The first node represents a fictional
starting point connecting the 20 possible candidates for hp0,
because the spacecraft is assumed already located in hp0, but the
choice of hp0 is still subject to its cost in drift and random firing.

Then from the 20 possible hpOs originate the edges leading to
20 possible candidates for hp1, where each edge is now the sum of
the contributions from the drifting and random firing of the
hp2 candidate, and the AV cost to go from a specific hp1 to that
specific hp2. Each candidate is located on an unstable manifold of
the target orbit, generated from the target location on the orbit at
that point of the rendezvous maneuver. The same holds for the
following couple of rows, containing the transfers from the
candidates hp2s to hp3, which is fixed to be at a distance of
100 m (right at the border of the safety boundary on R-bar).

Once the graph is built, then the optimal path is found using a
standard Dijkstra algorithm.

Lastly, the feasibility of the maneuver is checked. The
maneuver is feasible if the two burns of the two-impulse
maneuver between each couple of hps is viable with the thrust
provided by the chaser thrusters. If not, then the cost between the
obtained nodes is set to infinite and the search of the optimal path

continues.
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5.3.2 Constrained optimization

A similar approach combines the manifold selection and the
optimization of the hold points location using a performance
index that weighs AV and the distance from the rendezvous
sphere along a straight line. The performance index expression is
given by:

] :ql*AV— (l_ql)*D (34)

with D the minimum distance between the station and a straight
line that joins the new hold-point to the next one. AV is the
amount required to move from the new hold point to the
following one, and g; and g, = (1-q;) are weighting design
parameters. The weights are user selected and define the
relative measure between fuel consumption and safety (which
remains the primary concern in this study). The optimized

reallocation yields the following sequence:

o hp0 = (-27.0; 11.0; 41.0) km;
« hpl = (~12.0; 12.0; 14.0) km;
« hp2 = (~10.0; 0; 10.0) km;

o hp3 = (-2.0; 0; 0) km;

Both hp0 and hp1 were reallocated to unstable manifolds of
the target NRHO, with the same relative distances from the
station (about 50 km and 20 km), with a 0.5km tolerance.
Supplementary Figure S8 shows the results. The optimization
selects hp0 and hp1 that minimize the performance index among
the possible locations belonging to unstable manifolds. Here the
reallocation algorithm is automated unlike other methods
available in the literature, for instance Bucci et al. (2017).

5.4 Example of the synthesis of a safe
trajectory

An exhaustive analysis of performance under failure is
beyond the scope of the paper and extensive Montecarlo
simulations of hold point reallocation, in order to satisfy
passive safety can be found in Bucchioni (2021), Innocenti
et al. (2022) and De Benedetti et al. (2022). Tables 1-3
present a summary of the reallocation and they are reported
here courtesy of the authors. In particular, comparing Tables 1, 2
we can see that all unsafe cases in the original sequence are now
safe. The number of violations for the no stop failure at hp2 goes
from 70 to 0 using the ER3BP model, and from 52 to 0 using the
Ephemeris model. The number of violations due to random AVs
(failure 9) is heavily decreased in the first transfer, with no
violations in the second transfer, as shown in Table 3.

In the next example we show the simulation of a new
rendezvous attempt performed after one orbit with the chaser
not entering the Rendezvous Sphere for the entire orbit period of
the Gateway. The ER3BP propagation equations are used.
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TABLE 1 Number of Safety Violations in the original Sequence
Innocenti et al. (2022).

ER3BP Prop. Ephemeris Prop.

hpO start failure 0 0
hp1 end failure 15 10
hp1 start failure 0 0
hp2 end failure 70 52

TABLE 2 Number of Safety Violations with the reallocated Sequence,
Innocenti et al. (2022).

ER3BP Prop. Ephemeris Prop.

hpO start failure
hp1 end failure

hp1 start failure

o o o o
o © o© o

hp2 end failure

The rendezvous is performed after a missed firing at hp0. The
final chaser position is p = (240.0, —6.0, —135.0) km, therefore the
relative distance is 275 km. The new hold point sequence and
relative times of flight are given by:

« hp0 = (240.0; -6.0; —135.0) km;

o hpl = (150.0; 0; —75.0) km, TOF = 20 h;
e hp2 = (50.0; 0; —15.0) km, TOF = 20 h;
hp3 = (20.0; 0; —15.0) km, TOF = 10 h;
e hp4 = (2.0; 0; 0) km, TOF = 10 h;

We have seen previously that the optimization procedure
yielding the new sequence and transfer times depends primarily
from passive safety and AV requirements. With an initial mean
anomaly at hp0O equal selected as 100°, because the rendezvous
phase must occur for values of MA between [80°, 280°], the total
time of flight of the new rendezvous attempt after one orbit must
not exceed a half period, or about 75 h. The locations of the new
hold points are along lines outside the Rendezvous Sphere.

Supplementary Figure S9 describes the complete attempt in
the preferred R-bar V-bar plane as well as the H-bar component.
The blue line indicates the free drift path departing from the
original hp0, and propagated for one target orbital period under
the ER3BP model. The chaser must firstly stop at the new hp0 (it
is assumed that the actuator failure is recovered by the time of the
second attempt). Then, each subsequent sequence is performed
as before, with impulsive maneuvers, and the resulting trajectory,
depicted with a black line in the figure, is obtained again with the
ER3BP model. The total AV of the new rendezvous maneuver is
about 10 m/s, with a final mean anomaly of 243".
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TABLE 3 Random AVs in hp0-hp1 and hpl-hp2 Transfers - Safety Violations Innocenti et al. (2022).

Before reallocation (%)

hp0-hp1 transfer 433
hp1-hp2 transfer 534

After reallocation (%)

114

6 Near range closed loop guidance
approaches

During the final segment of rendezvous, closed loop guidance
is necessary to achieve the required precision in relative position
and attitude between LAE and the Gateway.

There are many methods to guidance and control design
available in the literature. Reference Lian and Tang (2013) uses
terminal sliding mode control for instance. A fixed-time
glideslope guidance algorithm on a quasi-periodic halo orbit
can be found in Lian et al. (2012). Another reference of interest,
although limited to LEO, is Mammarella (2016), here the authors
use linear optimal regulator control combined with pronav.
Hartley and coworkers applied MPC techniques for a
rendezvous in a two body problem Hartley et al. (2012). An
application of H-infinity control can be found in Franzini et al.
(2016), with linearization constraints. Lastly, the new realm of
artificial intelligence has begun to show its capabilities as in
Tofanelli et al. (2021), among others.

In this paper we refer primarily to work done by Galullo in
Galullo (2018). The technique used for closed loop guidance is
uses the state dependent Riccati equation method (SDRE), which
provides a systematic approach optimal control to a class of non-
linear systems. SDRE were studied successfully for variety of
applications as described in Cimen (2012) for instance. Space
specific applications can be found in Massari and Zazzera (2014)
and Tannous et al. (2018).

6.1 Attitude dynamics

During the closed loop part of the rendezvous translation and
attitude equations of relative motion are considered. For the
relative translation we refer to Subsection 3.2. The relative
attitude dynamics are obtained following Ankersen (2011),
starting from a body axes reference frame located at the
center of mass of each vehicle.

The chaser attitude dynamics are, in standard vector form:

Io+wxIw=N (35)
where N is the total applied moment, I is the inertia matrix and @

is the angular velocity of the non inertial frame. Note that @ can
be computed as:

W=y =W+ Wy

Frontiers in Space Technologies

with w,; the angular velocity of the vehicle with respect to the £
and wy; is the angular velocity of the £ frame with respect to
inertial reference.

The kinematics can be described by the usual Euler angles or
by quaternions. Based on Ankersen (2011), the following
definition was used in this work: gq; :cos(g), qi=é sin(g)
with i = 2, 3, 4; where e = [es, €3, e4]" is the rotation
eigenaxis direction and 6 is the rotation angle around e. The

relationship between quaternions and angular velocity is then:

. 110 —w
& =3 [wc/z ~|wen]” ]qc/l (36)
1
=5 Q(w)a

with q.; the quaternion that describes the relative attitude
between the body and LVLH frames C and £, and []*
denotes the operator that transforms a vector into the
associated antisymmetric matrix. The set of differential
equations given by Eqs 35, 36 provide the non-linear attitude
model of chaser Wie (2008) and Ankersen (2011).

Since there are no viable models for the Gateway’s attitude,
we refer to the ISS dynamics, which has a sawtooth profile. The
model used consists of an harmonic oscillator described in Eq. 37
below Ankersen (2011).

1
[ {1[’/1 :| — EQ(wt/l) 04X3 |: qt/l ] (37)

w: Wy
i Ky Oy JL

For clarity’s sake, the attitude of the target’s body frame with
respect to LVLH is qy;, with time derivative q,;. The angular
velocity and acceleration of the target with respect to LVLH
frame are w,; and wy;. The time derivative of the quaternion with
the angular velocity are related by the matrix Q(-), and Ky, is a
diagonal matrix containing the eigen frequency for each axis.

The attitude dynamics of relative motion can then be found
in body frame as:

W = wc/l - RCl (qc/l)wt/l (38)

R.(qe) is the standard transformation matrix between the £
frame and the C frame.

1-2(qs+4q;) 2(9295 ‘2*‘11‘124) 2(q294 — 9195)
Ri(q) = | 2(a29s — 1) 1-2(+43) 2(qss + 0192)
2(qqs + 1q3) 2(q3qs — 1 qp) 1-2(q5 + )

(39)
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given the relative angular velocity w., we the obtain the
derivative of the associated quaternion as: q., = 1 Q(w)q-

6.2 SDRE guidance controller

The structure of the guidance controller follows the general
SDRE format, assuming in our case a full state availability for
feedback. Using a state dependent coefficient parametrization,
the relative motion dynamics assume a linear form in the state
space as Cimen (2012):

x=A(x)x+Bx)u (40)

The optimal controller is found by solving a LQR-like full
state feedback optimization yielding:

u=-Px)x=-[Py(x) +Po(x)]x (41)

where
Py (x) = R (x)B (x)S (x)

42
P, (x) = R (x)D" ()W, (x)C(x) )

Equation 41 contains two terms: the first Py is the gain from
the original Riccati solution, while P, depends on additional
constraints that may be present on the relative position and
velocity during the final phase, in order to satisty the required
safety corridor. They are introduced via SDC parametrization
with a weighted fictitious output z Massari et al. (2012), Galullo
et al. (2022) given by:

z=C(x)x+D(x)u (43)

The quadratic performance index that yields Eq. 41 is
given by:

H (x,u) =H0g§,u)+HQ(x,u) =

_ %jo (€ QU+ w R () e + J:“ (W, (00 de

(44)

The specific parametrizations used for our problem and
reported in Eq. 40 can be found in Galullo et al. (2022), and
Lee et al. (2014).

6.3 Simulation results

In the final part of the rendezvous, the chaser should
approach the target from a direction limited by a safety zone
defined by collision avoidance requirements. In this work a
simpler cone-like final approach corridor is considered as in
Dong et al. (2017).

Supplementary Figure S10 depicts an artistic representation
of a safety zone, where p is the unit vector of the trajectory
direction, and f3 is the maximum value of the cone angle of the
corridor, which is the design parameter.
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The validation of the guidance controller described above
was performed via simulation using extensive Montecarlo
analysis. An example of guidance performance is presented
next for an approach at the aposelene. The equations of
relative motion are those based on the CR3BP normalized as
in Koon et al. (2011), and accurate enough for the closed loop
analysis.
simulation initial

S11 shows

conditions. The attitude dynamics of the Gateway is limited to

Supplementary Figure
a maximum amplitude of 5° with eigen-frequency equal to k,; =
0.1571 rad-s™" Fehse (2003). The chaser is modelled as a cylinder
with inertia matrix I = diag(0.0011, 0.0006, 0.0006) kg - km®
Bucchioni (2021). The direction vector of the approaching cone
is [pl7 = [-1,0, 0]" and the maximum cone angle is set to
B =25

The terminal conditions chosen relative position and relative
velocity were p < 1 m, and p < 0.03 m/s (note that for ESA’s ATV
mission concept the constraints were 20 m in relative position,
and 0.01 m/s for relative velocity Fehse (2003)).

The SDRE controller was evaluated with a limited simulation
campaign for six different relative distances p = 5, 8, 11, 14, 17, 20
Km, for which 20 random uniformly distributed points were
selected. The performance analysis was based on normalized
values of position error, error rate and amount of control, over
the time of flight period.

tof
Ie, = j lle, ()l dt

0

tof tof
Iep.zjo les (O] dt 5V=L Jull e

(45)

The errors between true and estimated position, velocity and
equivalent propellant usage are indicated by e,(t), e; (¢) and &,
respectively.

Supplementary Figure S12 presents a phase plane in the
V-bar and R-bar directions of the relative position between chase
and Gateway (located at the center). Time of flight and control
effort versus initial relative distance are shown in Supplementary
Figures S13, S14.

It is clear from Supplementary Figures S13, S14 that the total
effort 8, and time of flight ¢, increase with the distance, as
expected. The linearity in Supplementary Figure S13 underlines
the validity of the CR3BP model at the aposelene for preliminary
closed loop guidance design.

7 ROSSONERO

All the results presented in the paper were obtained using a
simulation software developed ad hoc to provide the mission
designer with a variety of tools for the analysis and design of a
rendezvous manoeuvre, which satisfies a set of safety
requirements.

ROSSONERO (Rendezvous Operations Simulation Software
on Near Rectilinear Orbit) is a simulation framework for the
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design of phasing and rendezvous maneuvers between an active
chaser spacecraft and a passive target spacecraft in highly non-
Keplerian orbits in which the third body perturbation can not be
neglected. It was developed with a particular focus on the
rendezvous and proximity operations in the Earth—Moon
L2 location of the upcoming Lunar Orbital Platform Gateway.
However, the tool is structured so that it can handle different
orbit types, different spacecraft architectures and different three-
body problem scenarios. The software simulates the full 6-DOF
relative dynamics and control in a combined MATLAB/Simulink
environment.

The absolute translational motion of chaser and target
spacecraft are modelled using the ER3BP, with respect to a
Moon-centered rotating frame and then used to compute
relative position and velocity in a target-centered LVLH frame
(see Figure 3).

ROSSONERO has three main components: the graphical
user interface (GUI), a set of MATLAB scripts to define chaser’s
geometry, docking/berthing ports positions, sensors and
actuators positions, guidance parameters, etc., and several
Simulink models for dynamics simulation.

For the availability of the software, and additional
information the reader can contact the authors or refer to
Innocenti et al. (2021).

8 Conclusion

The paper presents an overview of the research carried out by
the authors under ESA contract described in the funding section.
The work deals with several dynamics and control issues arising
in the design of a rendezvous trajectory between a chaser
spacecraft and a passive Gateway space station. The assumed
location of the Gateway required the dynamic analysis to be
performed within a non-Keplerian three body problem setting,
for which scientific and technological aspects were not
exhaustively available in the literature. Although the scope of
the paper is to provide a general overview, additional technical
details can be found in the appropriate references by the authors.
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