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A B S T R A C T

This work presents the design of rendezvous and close proximity operations for an active debris removal service
for maintenance and disposal of a large constellation fleet. The design drivers of the service are safety and
robustness of the operations, capability to remove a satellite under every condition, and high level of autonomy
to reduce the service-related operations’ cost. Accordingly, the most challenging case of a rendezvous with a
uncooperative non-collaborative target satellite is considered and a strategy to reduce its rotational motion is
also presented. As for the rendezvous, the focus is on the relative trajectory design. First a guidance solution
capable to maximise the observability property of the angles-only relative navigation problem is developed.
Second, a set of convenient relative trajectories to enable target inspection for various illumination conditions
is selected and an approach to ensure safe transitions among them is settled. Both these designed strategies can
be readily implemented on autonomous spaceborne systems. Simulations are run for two constellation fleets,
differing in mass of the single s/c and orbit’s altitude and inclination.
1. Introduction

In recent years, the launch activities in Low Earth Orbit (LEO) are
rapidly increasing the number of objects in orbit. The implementation
and deployment of large constellations to provide broad-band global
internet coverage from space have overcome any other launch activities
in terms of number of satellites [1]. The sustainability of this fast
evolving orbital system needs to be addressed by private and public
institutions to avoid the congestion of the space environment in the
future. A set of guidelines issued by the Inter-Agency Space Debris Co-
ordination Committee were produced to limit the uncontrolled growth
of space debris and prevent the triggering of a point of no return referred
as to the Kessler syndrome [2].

It is envisioned that large constellations providers need to have a
responsible behaviour both to allow a safe operation of the constella-
tion satellites and to avoid endangering other parties’ assets in orbit.
Considering that the number of satellites deployed within one single
constellation in LEO is planned to be in the order of thousands, the
probability of contingencies and failures of some of the assets will affect
the operations within the congested orbital region.

Several studies in literature have highlighted the impact of failures
and limited Post Mission Disposal (PMD) success rate on the debris
object population in LEO. In [3] the authors showed the different
evolution of the debris environment in function of different success
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of the passive mitigation strategies after the introduction of a repre-
sentative constellation of 1080 satellites deployed in LEO at 1100 km
of altitude. Even though the increase of the number of objects can be
mitigated by ensuring a high post mission disposal success rate, the
trend in the long term growth will anyway increase. Radtke et al. [4]
analysed that for the case study of the OneWeb constellation (first
generation) there is a 35% of probability of creating fragments in
orbit during the constellation mission lifetime. Refs. [5–9] discuss the
effects of constellation traffic in the LEO environment evaluating the
debris evolution in function of the post mission disposal success rate
and estimating the future number of collisions. In NASA study [10], a
success rate of 99% is estimated to be required to limit the growth of
debris in such regions. Such high PMD success rate for constellations
satellites it is likely not to occur in the future.

A combination of passive and active mitigation techniques is there-
fore envisioned in the future to control the growth of debris in con-
gested LEO region. In this work, the remediation strategy of Active
Debris Removal (ADR) is considered as service for large constellations
assets in the crowded orbital slots regions. Other than the benefit of
the removal of failed objects of the constellation, the implementation
of such service would additionally foster fleet preservation and man-
agement by performing In-Orbit Servicing (IOS) tasks when necessary.
Servicing mission to large constellations assets have recently been con-
sidered by the community. Generally, a mission architecture capable
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of performing multiple removal/servicing within the same mission is
considered to guarantee financial feasibility [11–15].

In addition to the mission financial feasibility, several technical
challenges are still present in the implementation of each deorbit/
servicing task. Particularly, the Rendezvous and Proximity Operations
(RPOs) to an uncooperative and non-collaborative target represent the
most critical part of the service implementation and are the subject
study of this work. In the scenario where targets at different in-orbit
conditions require servicing, the importance of a robust, safe and
systematic design is paramount. In the past studies, the proximity
operations design for approaching uncooperative and non-collaborative
objects usually focuses in the target properties and the monitoring
of its conditions at mission design level before launch [16,17]. One
notable example is the ESA e.Deorbit study which extensively studied
the status of the target ENVISAT with several observation campaigns
to characterise its conditions, particularly concerning the rotational
behaviour in orbit [18].

In the case of large constellations assets, these practices will be lim-
ited both by: (1) the poor visibility from ground of the failed satellites
conditions with ground sensors, (2) the need of removing all the target
failed satellites regardless their status and eventually adapt during the
mission operations. Moreover, given the repeatability required for these
complex operations, the safety, flexibility and robustness of the design
are key for their successful implementation. In addition, the autonomy
level of the servicer performing these tasks in orbit is considered
important to reduce the cost of ground support during the mission
operations.

The technical aspects involved in proximity operations have been
widely addressed by the scientific community in the last decades,
starting from the far approach phases up to the target docking and sta-
bilisation. The proximity operations design up to the target capture and
de-orbiting have been studied multiple programs [19–21]. However,
the approaches taken in these works are strongly dependent on the
target characteristics and status, which influence the capture method
selection and proximity operations design.

The key issues tackled in this work are the one related to the
limited knowledge of the target status prior capture whose solutions
will enable a flexible and robust implementation of an ADR service
for large constellations fleets. Particularly, the focus is placed on the
trajectory and operations design in the phases starting from first target
in-orbit acquisition up to close operations to prepare the target for safe
capture. The Concept of Operations (ConOps) considered is based on
the strong heritage of past missions and studies, with implementations
of some novelties which guarantee in each phase the fulfilment of the
specific design drivers of the service.

In the far-range phase, different approaches for trajectory design are
explored in literature. Approaches to cooperative targets benefit from
a strong heritage coming from the Automated Transfer Vehicle (ATV)
missions [22] and the Orbital Express and Engineering Test Satellite
No. 7 (ETS-VII) demonstration missions [23,24]. Generally, the v-bar
approach is adopted to reduce the separation and rendezvous with
the target. Nonetheless, when dealing with the uncooperative targets,
the level of safety of the v-bar approach is typically not satisfactory.
Spiralling approaches using the relative Eccentricity and Inclination
(E/I) vector separation [25] have been considered thanks to the in-
herent independence on the along-track component of the navigation
solution. This aspect guarantees the safety, in terms of target-servicer
collision avoidance, of the trajectory. Such approach have been firstly
demonstrated in-orbit to approach an uncooperative object during the
AVANTI experiment [26]. The Restore-L servicing mission also will use
the spiralling approach at closer separation while still relying on a co-
elliptic far-range approach to semi-cooperative LandSat 7 target [27].
In light of the advantages in relative navigation and safety, the drift
spiralling approach is employed here, introducing the novelty of en-
hancing the Angles-Only (AO) navigation system performance during
34

the approach directly at the guidance level. Differently from previous
formulations where the observability gain is evaluated considering the
manoeuvre actions on the relative trajectory [28,29], here a formu-
lation of the enhanced observability between two ROE states along
the trajectory is introduced. Specifically, this formulation allows an
analytic solution of the guidance in ROE space considering delta-v
equivalent costs and a penalty on the observability enhancement. This
aspect is considered instrumental for the autonomous implementation
of the guidance onboard with a solution capable of increasing the
robustness of the navigation solution.

The ROE space is exploited also in the inspection phase starting from
few hundreds meters of separation [30,31]. The Walking Safety Ellipse
(WSE) approach applied in literature uses spiralling trajectory to fly-
around the target with the aim of observing its features. The geometric
and analytic design of WSE sequence of trajectory is also exploited in
this work, with two improvements that are aimed at increasing the
efficiency and the safety of the trajectory. Namely the phasing angle of
the relative eccentricity and inclination vectors is changed during the
sequence in order have the servicer sensors’ boresight in more suitable
illumination condition. Moreover, the impulsive transfer between the
WSE sequence is approached by enforcing the passive safety also along
the transfer trajectory and not only at the boundary conditions of WSE.
In such a way, the safety for autonomous operations is greatly aided.

At last, the inclusion of a contactless control phase for the target
tumbling motion is discussed. This phase is considered key to the
successful close approach and capture of fast tumbling target. Studies
in literature have explored the contactless control of an uncooperative
object though different methods [32–35]. In this work, a contactless
control using the plume impingement is explored [36–39], demonstrat-
ing the feasibility of reducing the target residual angular momentum
magnitude with the on-board thrusters of the servicer spacecraft.

The work described in this paper was part of a phase 0/A design of
an ADR service technology under the ESA/OneWeb funded Sunrise pro-
gramme. The effort was taken by a consortium led by D-Orbit S.p.a. and
Politecnico di Milano. Following this introduction, the paper presents a
brief description of the service mission concept under study Section 2.
Subsequently, the RPO ConOps designed is presented together with the
ADR payload selected for the service mission in Section 3. The core
part of the work lies in the following sections, where the RPO phases
strategies and design are presented and discussed, namely the far to
mid range rendezvous (Section 4), the inspection phase (Section 5)
and concluding with the phase of debris target preparation before rigid
capture (Section 6). Finally, the conclusions and future developments
are discussed.

2. Service mission concept overview

Different mission architectures for an end-of-life servicing and re-
moval service for large constellations satellites have been explored in
recent studies. Authors in [11,12] consider different possible mission
architectures within a mission analysis trade-off for the removal service
of multiple targets. The possible mission architectures and strategies
are hereafter mentioned with the aim of highlighting the implications
of the overall mission architecture on the rendezvous and proximity
operations design.

Robotic capture is considered within these mission architectures.
The repeatability and reliability of this capture method is particularly
suited for the capture of multiple target withing the same mission.

One of the mission architectures explored in [11,12] considers a
servicer (chaser) satellite which approaches, captures and de-orbits
sequentially all the failed constellation satellites. Here the servicer will
transfer itself with the target attached to a disposal orbit which will
guarantee a reentry time of at least five years. To increase the number
of removable objects by one single servicer, a refuelling station is also
explored as an alternative option. As third option, the use of de-orbiting

kits to attach to the failed satellites is studied to allow propellant saving
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Table 1
Baseline constellation platforms taken as reference in the study for ADR service.

Light Target (LT) Heavy Target (HT)

Platform Arrow platform
(OneWeb)

EliTeBus-1000
(GLOBALSTAR)

Mass [kg] 150 750
Altitude [km] 1200 1400
Inclination [deg] 87.9 52

Table 2
ADR payload sensors employed for the proximity operations.

Sensor 𝑟𝑚𝑎𝑥
[km]

FOV
[deg]

Mass
[kg]

Power
[W]

VIS NFOV 50 6–12 1 5
VIS WFOV 10 40–60 1 5
Flash LiDAR 1 15–30 5 50
IR camera 3 12–40 2 10

by assigning the task of transfer to the disposal orbit to a stand-alone
detachable subsystem.

Other than the different robotic operations required once the target
has been captured, i.e. stack de-orbiting or kit attachment, the com-
plexities of the RPOs before capture are shared by of all the architec-
tures considered. Namely the uncooperativeness and non-collaborative
nature of the target to be rigidly capture with the servicer spacecraft.

3. Proximity concept of operations

In this work two different baseline constellation targets are con-
sidered, with the characteristics shown in Table 1. The reference tar-
gets are selected as representative of constellation platforms, including
small class satellite (light target) and large class satellite (heavy target).
The main high-level requirement in the definition of the proximity
ConOps and in the approach strategies include the capability of ren-
dezvous and capture with the uncooperative and non-collaborative
target regardless the illumination or rotational conditions. To support
the whole set of proximity operations, the servicer is equipped with
a sensor suite comprehending the sensors shown in Table 2 which
provide the required redundancy and robustness of the navigation
subsystem during all the phases. Table 2 shows maximum operating
distance 𝑟𝑚𝑎𝑥, Field of View (FOV), mass and power properties of
the sensors. Two cameras in the visible spectrum are used with two
different Field Of View (FOV) to cope with varying separations with
the target. An Infrared (IR) imager is also envisioned to provide mea-
surements acquisition during harsh illumination conditions. At last, a
flash LiDar is envisioned to provide also the range information at closer
separations.

Autonomy, safety and robustness of operations are considered two
key drivers in the RPO design within the ADR service. Particularly,
the capability of ensuring the deorbiting of every failed satellite is
considered instrumental to the mission success. The proximity ConOps
envisioned is shown in Fig. 1. The sequence of operations during
one approach in chronological order during the mission timeline are:
(1) absolute orbit phasing, (2) far-range rendezvous, (3) mid-range
rendezvous, (4) inspection, (5) target preparation for robotic capture,
(6) final approach motion, (7) robotic capture operations, (8) stack
stabilisation and deorbiting.

After a coarse orbit phasing managed by the absolute Attitude and
Orbit Control System (AOCS) of the servicer, the proximity operations
will start as soon as the target can be detected by the on-board relative
sensors. The mean separation between servicer and target to begin the
relative operations is considered at around 40 km based on the results
of [26,40] . After the detection of the target and the commissioning
of on-board systems applicable to the approach phase (i.e., relative
sensors), the servicer will begin to reduce the mean separation with
the target using the Relative Guidance Navigation and Control (R-GNC)
35
exploiting an impulsive manoeuvres strategy. The spiralling trajectory
approach towards the target characterised by passive safety is adopted
with AO navigation solution using Line of Sight (LOS) measurements
taken with the on-board cameras. At closer separations starting from
1 km to few hundreds meters, the mid-range rendezvous begins where
different sensors’ data will complement the AO navigation solution to
ensure the required accuracy for the subsequent closer operations.

From few hundred meters of separation, the inspection phase will
start with the aim of activation and verification of the sensor for close
range navigation and estimation of the target physical and dynamical
state. In this phase, the attitude motion and target’s features will be
estimated and its entity will drive the selection of the subsequent
sequence of operations. In fact, in the cases where the tumbling rate
of the target does not allow the safe approach and synchronisation
with the predefined capture point, the servicer will start the opera-
tions to prepare the target for the rigid capture. More specifically,
the operations of contactless damping of the tumbling rates using the
servicer thrusters plumes is used to drive the target rotation rates
below the safe threshold for synchronisation [39]. Once the target
is in a condition to be captured, the forced motion synchronisation
profile is performed to bring the servicer to the capture hold point
and to perform the robotic capture operations. On the other hand,
when the target is not tumbling at unmanageable rates, the forced
motion to synchronise the spacecraft platform towards the capturing
point is performed without prior additional operations. At the capture
hold point, the robotic operations will take place. These consists in the
control of the manipulator and servicer system to capture the target.
After the securing of the capture and stabilising the stack, the servicer
will de-orbit the target by transferring the stack to the disposal orbit.
In the next sections, the design strategies adopted in this work starting
from the far range rendezvous up to the phase of target preparation for
rigid capture are described.

4. Far and mid-range rendezvous design

Two Line Elements (TLE) data are available for each known target
and can be used to support acquisition phase [41]. However, the
uncertainties associated with TLE data are too large to reliably use
this information to bring the servicer to a closer rendezvous with the
target [42,43], especially in the plane perpendicular to the orbital
velocity [41,42,44]. Therefore, the servicer will need to rely on the
relative on-board sensors to support relative navigation tasks. Note that
reducing the need of costly and frequent ground segment observations,
link and support.

After the detection of the target in the camera field of view at
approximately around 40 km, the Relative Guidance Navigation and
Control (R-GNC) drives the reduction of the separation with the target
progressively and autonomously.

4.1. Relative guidance and control approach

The guidance and control solution are based on the framework
originally introduced by Gaias et al. [26,45,46], which uses impulsive
manoeuvres to reconfigure the relative orbit between two satellites
on a near circular LEO orbit. The general idea of this framework is
to decouple the Guidance and Control (GC) solutions with the aim
of obtaining a computationally efficient algorithm suitable for an on-
board implementation. This framework uses a quasi-non singular ROEs
parametrisation, which is defined as function of the Keplerian elements
of the servicer (⋅)𝑠 and target (⋅)𝑡 satellites [47]. The non-dimensional
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Fig. 1. Proximity of operations concept of operation scheme.
The Keplerian elements of the servicer and target orbits used in the
formulation of Eq. (1) are the semi-major axis 𝑎, eccentricity 𝑒, incli-
nation 𝑖𝑛, right ascension of ascending node 𝛺, argument of perigee
𝜔 and argument of latitude 𝑢 expressed in the Earth centred equatorial
frame. Assuming the target on a near-circular orbit, the relative motion
dynamics solution formulated in ROE and subject to 𝐾 impulsive
manoeuvres at times 𝑡𝑘,𝑖 can be expressed as:

(𝑎𝛿𝜶𝑓 ) = 𝛷0,𝑓 (𝑎𝛿𝜶0) +𝛷1,𝑓B1𝛿𝒗1 +⋯ +𝛷𝐾,𝑓B𝐾𝛿𝒗𝐾 (2)

where 𝑎𝛿𝜶 is the ROE state vector, 𝛷𝑖,𝑗 is the State Transition Matrix
(STM) from time 𝑡𝑖 to time 𝑡𝑗 , and 𝐵𝑖 is the control input matrix
obtained from the Gauss Variational Equations (GVE) at time 𝑡𝑖 shown
in Eq. (3) [47,48].
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In this work, the STM reported in Eq. (4) includes the secular 𝐽2 ef-
fects on the relative motion dynamics, while the drag effects introduced
by Gaias et al. [48] are neglected due to the limited influence on the
motion at the high altitude of the constellations reported in Table 1
taken as a baseline.
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The coefficients introduced depend on the 𝐽2 parameters and chief orbit
parameters, for more detail the reader is referred to Gaias et al. [26,48].

The adopted guidance strategy seeks for the solution of Eq. (2)
considering directly the relative dynamics evolution in the ROE space,
instead of solving for the impulses 𝛿𝑣𝑘. The impulses definition problem
to follow the specified trajectory in the ROE space will then be solved
separately. The solution of the guidance problem relies on discretising
the trajectory in the ROE space in 𝑚 predefined time nodes, and
solving the required 𝛥𝛿𝜶𝑖 ROE jumps required to reach the final state
𝛿𝜶𝑓 and to minimise a cost function associated with trajectory cost
and properties. By doing so, the final state 𝛿𝜶 considering the ROE
36

𝑓

impulsive jumps in the elements space can be expressed linearly as
function of the ROE jumps:

𝑎𝛿𝜶𝑓 = 𝛷0,𝑓 𝑎𝛿𝜶0 +𝛷1,𝑓 𝑎𝛥𝛿𝜶1 +⋯ +𝛷𝑀,𝑓 𝑎𝛥𝛿𝜶𝑀 (5)

Considering the reconfiguration Eq. (5) in the ROE space, the final state
constraints 𝑎𝛿𝜶(𝑡𝑓 ) = 𝑎𝛿𝜶𝑓 can be directly enforced considering the last
ROE jump 𝑎𝛥𝛿𝜶𝑀 in function of the previous 𝑀 − 1 jumps.

𝑎𝛥𝛿𝜶𝑀 = 𝛷−1
𝑀,𝑓

(

𝑎𝛿𝜶𝑓 −
(

𝛷0,𝑓 𝑎𝛿𝜶0 +𝛷1,𝑓 𝑎𝛥𝛿𝜶1 +⋯

+𝛷𝑀−1,𝑓 𝑎𝛥𝛿𝜶𝑀−1
))

(6)

The 𝑀 − 1 ROE jumps 𝑎𝛥𝛿𝜶𝑖 are then compactly rearranged in the
following vector:

𝒙 = [𝑎𝛥𝛿𝜶1, 𝑎𝛥𝛿𝜶2,… , 𝑎𝛥𝛿𝜶𝑚−1]T (7)

The cost function considered in this work 𝐽 is built upon the cost
function 𝐽𝑒 introduced in [46], which considers the quadratic contribu-
tions of the forced impulsive ROE jumps at times 𝑡𝑖. The minimum-path
cost function 𝐽𝑒 is defined as follows [46]:

𝐽𝑒 =
𝑀
∑

𝑖
(𝑎𝛥𝛿𝑎)2𝑖 + +

𝑀
∑

𝑖
(𝑎𝛥𝛿𝜆)2𝑖 +

𝑀
∑

𝑖
‖𝑎𝛥𝛿𝒆‖2𝑖 +

𝑀
∑

𝑖
‖𝑎𝛥𝛿𝒊‖2𝑖 (8)

where 𝑎𝛥𝛿𝒆 and 𝑎𝛥𝛿𝒊 represent the eccentricity and inclination vector
jumps respectively. In the ROE space, the 𝐽𝑒 can be defined as the
measure of the path spanned during the reconfiguration. Minimising
the 𝐽𝑒 is then equivalent to minimise the square of the delta-v, in the
cases where only tangential and normal burns are used (which is a
necessary condition to achieve delta-v optimal reconfigurations [45]).

Including the dependency of the final 𝑀 forced ROE jump to the
previous 𝑀 − 1 shown in Eq. (6), the cost function 𝐽𝑒 can be written
as:

𝐽𝑒 = 𝒙T𝒙 + (P + H𝒙)T (P + H𝒙) (9)

with

P = 𝛷−1
𝑀,𝑓 [𝑎𝛿𝜶𝑓 −𝛷0,𝑓 𝑎𝛿𝜶0] (10)

H = −𝛷−1
𝑀,𝑓 [𝛷1,𝑓 , 𝛷2,𝑓 , … , 𝛷𝑀−1,𝑓 ] (11)

and with the 𝒙 vector that now contains only the 𝑀 − 1 ROE jumps.
The novel addition of this work is a penalty factor to quantify

and therefore improve the observability of the relative trajectory in
the angles-only navigation regime. As a result the cost function 𝐽
introduced in this work is expressed as the sum of a delta-v optimal
contribution of 𝐽𝑒 with the observability penalty function 𝐽𝑜, weighted
appropriately by the weight 𝑤:

𝐽 = 𝐽 +𝑤𝐽 (12)
𝑒 𝑜
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The idea of the present guidance solution is that, provided that the
𝐽 cost function is a quadratic convex form in 𝒙 (as the one used to
epresent the delta-v contribution 𝐽𝑒), the solution can be obtained

simply solving a linear system analytically. This property allows an
analytic solution of the guidance problem which is particularly suitable
for on-board implementation in the contest of autonomous operations.
In fact, if the latter condition holds the necessary conditions for the
minimisation of 𝐽 can be written as an unconstrained problem as
ollows:
𝜕𝐽
𝜕𝒙T = 𝟎(𝑚−1×1) (13)

The novel contribution of this work in this regard is the incor-
oration of penalty term 𝐽𝑜 in the cost function for the ROE based
uidance. The penalty term is introduced in a quadratic form in func-
ion of the 𝑿 ROE jumps, hence retaining the analytic solution of the
uidance problem. The 𝐽𝑜 penalty serves as an index of the degree of
bservability of a certain ROE sequence. In fact, as it will be explained
n detail in the next sub-section, to approach the target from large
eparations the servicer will make use of the AO navigation strategy.
he natural relative orbits perturbed by the 𝐽2 effect are observable
onsidering only bearing measurements. Nonetheless, the errors in the
ine of sight measurements provide the system with very weak observ-
bility in practice. Forced manoeuvres acting on the relative trajectory
ill improve the degree of observability of the system by applying
known perturbation. In literature, several observability definitions

or the angles-only problem can be found, particularly in presence of
anoeuvres [28,29,49,50]. The definition of 𝐽𝑜 stems from the positive

inear independence condition between the relative position vector at
ime 𝑡𝑞 under the influence of the forced ROE trajectory 𝛿𝑥𝐹 (𝑡𝑞) and the
elative position vector at time 𝑡𝑞 subject only to the natural relative
otion evolution 𝛿𝑥𝑁 (𝑡𝑞) from time 𝑡𝑞−1 [29,50]. The latter condition

an be written as:
(

𝛿𝒙𝑁 (𝑡𝑞)
)T ≠

(

𝛿𝒙𝐹 (𝑡𝑞)
)

with 𝛼 > 0, 𝛼 ∈ R (14)

he relative position vectors 𝛿𝒙 are considered in the Radial Transversal
ormal (RTN) reference frame, that for near-circular orbit features the

irst axis along the radial direction of the target position vector, the
econd axis towards the velocity vector and the third axis along the
arget orbit specific angular momentum vector.

The observability enhancement for a certain ROE state relative to
he time span (𝑡𝑞−1, 𝑡𝑞) is obtained by minimising the following dot
roduct:

𝑜,𝑞 =
(

𝛤
(

𝑡𝑞
)

𝛿𝜶𝑁
𝑞

)𝑇 (

𝛤
(

𝑡𝑞
)

𝛿𝜶𝐹
𝑞

)

(15)

here the minimum conditions correspond to anti-parallel position vec-
ors 𝛿𝒙. In this expression, to quantify the improvement of observability
f a certain ROE state at time 𝑡𝑞 after the actions in the segment starting
rom 𝑡𝑞−1, the position vectors in Eq. (14) is considered only at one
rgument of latitude 𝑢𝑞 ∈ (0, 2𝜋). A more complete representation
f the discrepancy of natural and forced ROE trajectory in terms of
earing evolution along a ROE state can be achieved considering more
rgument of latitudes 𝑢𝑞 = 𝑛𝑡𝑞 . In the latter case, the size of the

problem will increase. The transformation map from the cartesian
position vector in RTN frame to the relative orbital element state at
time 𝑡𝑞 is [51]:

𝛤 (𝑡𝑞) =
⎡

⎢

⎢

⎣

1 0 − cos(𝑛𝑡𝑞) − sin(𝑛𝑡𝑞) 0 0
0 1 2 sin(𝑛𝑡𝑞) −2 cos(𝑛𝑡𝑞) 0 0
0 0 0 0 sin(𝑛𝑡𝑞) cos(𝑛𝑡𝑞)

⎤

⎥

⎥

⎦

(16)

where 𝑛 is the mean motion. The errors introduced by such first
order mapping from ROE to rectilinear Cartesian coordinates in far
range have been assessed to not affect the observability enhancement
formulations in terms of LOS vectors discrepancy. In order to map
the observability enhancement obtained from a certain trajectory in
37

the ROE space, the observability nodes are considered coincident with
the guidance nodes 𝑡𝑞 = 𝑡𝑖. The full observability penalty function 𝐽𝑜
reduces then to the sum of the penalty functions for the whole set of
observability enhanced nodes 𝑞 = 1,… , 𝑄.

𝐽𝑜 =
𝑄
∑

𝑞=1
𝑤𝑞

(

𝛤
(

𝑡𝑞
)

𝛿𝜶𝑁
𝑞

)𝑇 (

𝛤
(

𝑡𝑞
)

𝛿𝜶𝐹
𝑞

)

(17)

Expanding in Eq. (15) the dependency of the ROE vector at time 𝑡𝑞 with
the ROE jump vector 𝒙, the resulting expression can be expressed as:

𝐽𝑜,𝑞 =
[

𝛤 (𝑡𝑞)𝛷𝑞−1,𝑞𝛿𝜶𝑞−1

]T[

𝛤 (𝑡𝑞)
(

𝛷0,𝑡𝑞 𝛿𝜶0 +
[

𝛷𝑞,0, 𝛷𝑞,1,⋯ , 𝛷𝑞,𝑞−1 𝐼
]

𝒙𝑞

)]

=
[

𝛤 (𝑡𝑞)𝛷𝑞−1,𝑞
(

𝛷0,𝑞−1𝛿𝜶0 + D𝑞−1C𝑞−1𝒙
)

]T[

𝛤 (𝑡𝑞)
(

𝛷0,𝑞𝛿𝜶0 + D𝑞C𝑞𝒙
)

]

where

D𝑞−1 =
[

𝛷1,𝑞 , 𝛷2,𝑞 ,⋯ , 𝛷𝑞−1,𝑞
]

(18)

D𝑞 =
[

𝛷1,𝑞 , 𝛷2,𝑞 ,⋯ , 𝛷𝑞−1,𝑞 , I(6×6)
]

(19)

C𝑞 =
⎡

⎢

⎢

⎣

1 0 0 0
⋱ ⋱

0 1 0 0

⎤

⎥

⎥

⎦

where the 𝐶𝑞 matrix is composed by an identity matrix of size (𝑞 × 𝑞)
nd a zeros matrix of size (𝑞×(𝑀 −𝑞)) such that 𝒙𝑞 = 𝐶𝑞𝒙. Rearranging
he matrices in Eqs. (17) separating the contributions of quadratic
nd linear contributions with respect to 𝒙, the observability penalty is
xpressed as:

𝑜 =
𝑄
∑

𝑞
𝑤𝑞

(

𝒙TL1,𝑞 + 𝒙TL2,𝑞𝒙
)

(20)

Finally, including the derived expression in Eq. (12), the cost function
𝐽 reduces to a quadratic function in function of the ROE jumps vector
𝒙 and the predefined weights 𝑤𝑞 . The necessary condition for the
minimisation of 𝐽 reduces now to evaluating the stationary point of
its first variation.
𝜕𝐽
𝜕𝒙

=
(

G𝑡𝑜𝑡
)

𝒙 + D𝑡𝑜𝑡 = 0 (21)

here

𝑡𝑜𝑡 = I + HTH +
𝑄
∑

𝑞
𝑤𝑞𝐿2,𝑞 (22)

𝑡𝑜𝑡 = P +
𝑄
∑

𝑞
𝑤𝑞𝐿1,𝑞 (23)

he solution of the linear system of Eq. (21) provides the analytic
uidance solution in the ROE jumps space 𝒙. To retain meaningful
nd feasible analytic solutions of the guidance problem in ROE space,
he observability weights 𝑤𝑞 are important for the convexity of the
uadratic function 𝐽 and have to be defined with care. Particularly,
n this work the weights are defined as follows:

𝑞 =
𝐽 𝑜𝑛𝑙𝑦
𝑒 𝑘𝑜𝑏𝑠,𝑞
𝛿𝜆2𝑒,𝑞𝑁𝑄

(24)

where 𝐽 𝑜𝑛𝑙𝑦
𝑒 and 𝛿𝜆𝑒,𝑗 are respectively the minimum path cost function

alue and the relative longitude that come from the solution without
he observability enhancement, pre-computed solving the minimum
ath only problem analytically with 𝑤𝑞 = 0. The weights contri-

bution due to relative longitude of the energy optimal solution is
introduced to realistically compare the dot product of Eq. (15) with
the angular difference between the two line of sight vectors, assuming
their length equal to the relative longitude magnitude. The constant
values 𝑘𝑜𝑏𝑠,𝑞 are user defined constants for each observability enhanced
node to tune the influence of observability enhancement over the
minimum-path energy optimal contribution. At last, the value 𝑁 is the
𝑄
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number of observability nodes considered in the overall reconfiguration
discretisation.

Once the guidance trajectory in the ROE space is solved, the ROE
jump vector sequence 𝒙 and the configuration guidance times grid is
rovided to the local control function, which is in charge of planning
nd placing impulsive 𝛿𝒗𝑘 manoeuvres to track the guidance trajectory
n the ROE space. The method to place the manoeuvres inside an
ntermediate configuration guidance time space (𝑡𝑖−1, 𝑡𝑖) is based on the

analytic optimal impulsive scheme described in [26,45] and is here
briefly explained. The reconfiguration problem between 𝛿𝜶𝑖 and 𝛿𝜶𝑖−1,

ith impulsive manoeuvres, can be expressed as:

𝛷𝑖,1B1 … 𝛷𝑖,𝑘B𝐾
]

⎡

⎢

⎢

⎣

𝛿𝒗1
⋮

𝛿𝒗𝐾

⎤

⎥

⎥

⎦

=
(

𝛿𝜶𝑖 −𝛷𝑖−1,𝑖𝛿𝜶𝑖−1
)

= 𝒙𝑖 (25)

here 𝛿𝒗𝑘 = [𝛿𝑣𝑅,𝑘, 𝛿𝑣𝑇 ,𝑘, 𝛿𝑣𝑁,𝑘] is the impulsive delta-v at time 𝑡𝑘.
he scheme adopted considers the in-plane and out-of-plane problem
ecoupled from one another. The effects of 𝐽2 in the local manoeuvres
lacement is neglected due to the short reconfiguration period consid-
red in the local control problem. Moreover, the iterative application
f the scheme recomputing the guidance solutions, which consider
he 𝐽2 effects, over the whole approach avoids the building up of the
rrors due to this assumption. Particularly, the in-plane reconfiguration
roblem is solved using three tangential manoeuvres placed at the
rgument of latitudes defined as:

𝑖𝑝,𝑘 = tan-1
(𝛥𝛿𝑒𝑦
𝛥𝛿𝑒𝑥

)

+ 𝑛𝑚𝑎𝑛,𝑘 𝜋, 𝑛𝑚𝑎𝑛,𝑘 ∈ N, 𝑛𝑚𝑎𝑛,𝑘 ≥ 0 (26)

with 𝑛𝑚𝑎𝑛,𝑘 selected as positive integers ensuring that the last ma-
noeuvre 𝛿𝑣𝐾 will be placed before the next guidance time node 𝑡𝑖.
The out-of-plane reconfiguration control problem is solved placing one
manoeuvre at the argument of latitude computed as:

𝑢𝑜𝑜𝑝,𝑘 = tan-1
(𝛥𝛿𝑖𝑦
𝛥𝛿𝑖𝑥

)

(27)

ore details on the control scheme assumptions and optimality can be
ound in [45].

.2. Relative navigation approach

During the far and mid range phases, a key function of the R-GNC
utonomous operations is the relative navigation function. From far
ange, the use of a visible camera providing bearing only measurements
estricts the adoption of an angles-only navigation strategy acquiring
earing measurements of the target with the servicer on-board sen-
ors [40,42,44]. The relative navigation filter is implemented as an
xtended Kalman Filter (EKF) whose task is to estimate directly the
OE state. The approach adopted has been demonstrated to be suitable

or spaceborne implementation [40,44].
The model of the system dynamics implemented in the filter exploits

he state transition matrix of the 𝐽2 perturbed relative motion reported
n Eq. (4) [48]. The AO navigation is then performed filtering the
earing measurements (azimuth and elevation) of the target in the
amera frame. At closer range, the measurement of range from the
ctive LiDAR sensor will complement the measurement filtered by the
KF routine resulting in a substantial improvement of the navigation
olution. The impulsive manoeuvres are added to the filter without
anoeuvre execution errors. The process noise covariance is set as
iag([10−4, 0.03, 0.03, 0.03, 0.03, 0.01]) meters. The filter initialisation is
one considering the target state knowledge from the TLE data, with
long track uncertainties of one kilometers and 100 meters in radial and
ross track. The mapping between the LOS vector and the ROE state
sed is the one reported in Eq. (16). The sensors parameters selected
or the analysis and simulations are reported in Table 3, where the
ensors noise correspond to the noise used in the filter parameters. The
easurements rates reported in Table 3 refer to the phases of far and
38
Table 3
Sensors’ parameters used in the navigation system.

Sensor Parameter Value

VIS camera Noise 80 arcsec
Rate 0.033 Hz

Flash LiDAR Noise 50 cm
Rate 6 ⋅ 10−4 Hz

Table 4
Far and mid range rendezvous phases considered in the simulation campaign. The
Angles + Range (A+R) navigation solution correspond to the simultaneous use of
bearing and range measurements.

Phase Guid. Nav. 𝑎𝛿𝜶 [km] 𝛥𝑇 [Periods]

Far-range 1 𝐽𝑒 + 𝐽𝑜 AO 𝑎𝛿𝜶0 = [0,−40, 0, 4, 0, 4]T

𝑎𝛿𝜶𝑓 = [0,−5, 0, 0.5, 0, 0.5]T
48

Far-range 2 𝐽𝑒 AO 𝑎𝛿𝜶0 = [0,−5, 0, 0.5, 0, 0.5]T

𝑎𝛿𝜶𝑓 = [0,−1, 0, 0.25, 0, 0.25]T
24

Mid-range 𝐽𝑒 A+R 𝑎𝛿𝜶0 = [0,−1, 0, 0.25, 0, 0.25]T

𝑎𝛿𝜶𝑓 = [0,−0.5, 0, 0.15, 0, 0.15]T
20

mid-range rendezvous. The LiDAR is considered functioning only four
times per revolution in mid-range. Though a more substantial use in
the inspection and close approach sequence is envisioned.

4.3. GNC architecture and simulation results

The GNC functions described in the previous subsections represent
the core of the autonomous R-GNC from far to mid range. However,
considering that the servicer at the start of the rendezvous relies
on a poor estimate of the relative state based on TLE, the guidance
and control solution applied in an open loop fashion will not be a
feasible options. Therefore, the strategy implemented relies on a shrink-
ing horizon Model Predictive Control (MPC) architecture, where the
guidance and control solution is computed after each reconfiguration
guidance node 𝑡𝑖 keeping the final time 𝑡𝑓 fixed. The present solution
has been successfully implemented in the AVANTI demonstration, more
details in [26]. The GC solution is then progressively updated based
on the improvement and convergence of the navigation solution. This
scheme will allow the reduction of errors with respect to an open-loop
implementation of the GC scheme, at a very low on-board computa-
tional expense thanks to the chosen approach to solve the guidance
solution. The preliminary simulation campaign to validate the approach
R-GNC system is performed considering the phases of the rendezvous
shown in Table 4. Here, the servicer is considered at a separation of
approximately 40 km behind the target and a total reconfiguration
time of 92 periods is allocated for reducing the separation up to few
hundreds of meters. In this preliminary simulation campaign, three
phases are defined enforcing the final ROE state as a passively safe
orbits. Particularly, the observability enhancement strategy within the
guidance solution is used in the first phase where the uncertainties in
the target position knowledge are more pronounced.

The performance of the GNC system are obtained from a Monte
Carlo (MC) simulation campaign in an high-fidelity environment. The
simulations are performed considering the servicer and target orbital
dynamics considering a 180 × 180 gravity model and osculating to
mean conversions of relative orbital elements to map the GNC solutions
designed in the mean ROE space to the osculating conditions in or-
bit [52]. The dynamics are integrated using an eighth-order Dormand-
Prince scheme with fixed step of 10 s. The drag effects are neglected at
first iteration due to the high altitude orbits considered. The guidance
time discretisation is performed considering guidance nodes spaced
by 4 revolutions in the far-range 1 phase. The nodes with non-zero
observability weight are the first three of the mesh. One hundred MC
simulations with different observability enhancement constant 𝑘𝑜𝑏𝑠,𝑗
of Eq. (24) were performed. To assess the GNC performance two
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Fig. 2. Real mean ROE (blue) and estimated ROE (grey) time histories during a one example of far-range rendezvous using the R-GNC routines considering 𝑘𝑜𝑏𝑠 = 0.04.
Table 5
Results of simulations in terms of errors for different cases of 𝑘𝑜𝑏𝑠. The
reported values represent the mean values over the 100 MC runs of the
GNC.
𝐤𝐨𝐛𝐬 [-] 𝑒 ̂𝛿𝜆𝑓 [m] 𝑒𝛿𝜆𝑓 [m] 𝛿𝑣𝑡𝑜𝑡 [m/s]

0 209.6 1042.6 5.22
0.01 177.0 817.9 5.23
0.02 198.3 661.8 5.24
0.03 121.7 504.2 5.27
0.04 102.2 389.6 5.32
0.05 99.1 307.7 5.34

different metrics were introduced and are reported as follows.

𝑒 ̂𝛿𝜆𝑓
=

∑𝑁𝑀𝐶
𝑗 |𝛿�̂�(𝑡𝑓 ) − 𝛿𝜆𝑟𝑒𝑎𝑙(𝑡𝑓 )|

𝑁𝑀𝐶
, 𝑒𝛿𝜆𝑓 =

∑𝑁𝑀𝐶
𝑗 |𝛿𝜆𝑓 − 𝛿𝜆𝑟𝑒𝑎𝑙(𝑡𝑓 )|

𝑁𝑀𝐶

(28)

he navigation errors 𝑒 ̂𝛿𝜆𝑓
are defined considering the average between

he 𝑁𝑀𝐶 MC runs of the absolute values of the difference between
he estimated relative longitude from the filter and the its real value.

hile the control errors 𝑒𝛿𝜆𝑓 are defined as the average between the
inal real value of relative longitude and the target value 𝛿𝜆𝑓 . Table 5

shows the statistics of the simulations for the different cases were the
observability constants 𝑘𝑜𝑏𝑠,𝑞 are considered with the same for all the
odes within one approach. It can be appreciated how increasing the
bservability constants 𝑘𝑜𝑏𝑠 values, the navigation and control errors
ecrease at the expense of a more demanding GC solution in terms of
elta-v cost. The delta-v cost is evaluated as the sum of the cost of
ach tangential and normal separate manoeuvres. For this study, the
bservability constants are chosen with value of 0.04 as a trade-off
onsidering the reduction of navigation error up to 50% of the case
ith 𝑘𝑜𝑏𝑠 = 0, provided a limited increase of delta-v cost. In Fig. 2, the
OE time histories during the far-range 1 phase for one GNC solution
ith 𝑘𝑜𝑏𝑠 = 0.04 is shown, together with the filter estimates. Fig. 3 and
ig. 4 show respectively the trajectory in the orbital elements space
nd the manoeuvre placement in time for the same GNC solution. In
ig. 5 the time history of the filter estimate 𝑎𝛿�̂� error with respect to
he true relative state is shown for the same simulation case of Fig. 2,
lso displaying the error envelope obtained from the covariance matrix
iagonal output of the EKF in light red.
39
Table 6
Far-range 2 and mid-range approach results. The results reported refer
to the mean values out of the 100 MC simulations performed.

Nav. errors Control errors Cost

Phase 𝑒 ̂𝛿𝜆𝑓 [m] 𝑒𝛿𝜆𝑓 [m] 𝛿𝑣𝑡𝑜𝑡 [m/s]

Far-range 2 17.84 14.38 0.435
Mid-range 0.13 0.57 0.148

The effect on the trajectory of the observability enhancement in-
cluded directly in the analytic guidance computed in the ROE space
influences the trajectory in RTN by maintaining for longer time in the
progressive approach a larger separation in the RN plane, as shown in
Figs. 6 and 7. This behaviour is related to the fact that the guidance tries
to maximise the change of the line-of-sight vectors between the first
three guidance nodes. The subsequent phases of the R-GNC approach
of Table 4 are simulated considering the functioning of the LiDAR
system providing range measurements in the mid-range phase. The
simulations results statistics for 100 Monte-Carlo (MC) simulations
are shown in Table 6. Fig. 8 demonstrates the improvement of the
navigation solution in the mid-range phase, thanks to the LiDAR range
measurements taken four times per revolution.

4.4. Safety considerations

The safety of the relative approach to the uncooperative target is
of utmost importance for the successful completion of the rendezvous
operations. In this work the relative approach is designed to maintain
a passively safe trajectory along the whole approach [25]. Firstly,
the passive safe feature is enforced providing given initial and final
conditions of the intermediate phases in Table 4 of the approach
characterised by E/I vector separation in the parallel configuration.
In this way, the trajectory over the whole approach is forced to meet
the E/I perfect separation at the intermediate phases boundaries before
reducing further the separation towards the target in the next phase.
Moreover, along the trajectory computed by the guidance routine,
the minimum RN separation at the guidance nodes is evaluated. The
definition introduced by Gaias et al. [53] is used which takes into
account the translation in the radial direction due to a non-vanishing
relative semi-major axis. In the cases where the intermediate guidance
nodes drive the minimum RN distance below the defined threshold,
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Fig. 3. Trajectory in the 𝛿𝑎 − 𝛿𝜆 space (left) and 𝛿(⋅)𝑥 − 𝛿(⋅)𝑦 space (right) of the ROE evolution for one example of far-range rendezvous using the R-GNC routines considering
𝑘𝑜𝑏𝑠 = 0.04.
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Fig. 4. Impulsive delta-v distribution over time for one example of far-range ren-
dezvous using the R-GNC routines considering 𝑘𝑜𝑏𝑠 = 0.04. Orange shaded area
epresents the guidance nodes time window where the observability enhancement is
pplied. (For interpretation of the references to colour in this figure legend, the reader
s referred to the web version of this article.)

he guidance will act on limiting the magnitude of the ROE jumps
equired by the guidance scheme, by considering enough configuration
odes at guidance level to limit and an appropriately long configuration
inal time 𝑡𝑓 . The increase of the time available for the configuration
as the effect of reducing the relative semi-major axis magnitude to
educe the separation in relative longitude, hence reducing the radial
rift of the RN ellipse. The threshold for this phase is considered as a
ircular Keep-Out-Zone (KOZ) in the RN plane, with radius four times
he target’s largest dimension. In particular, a KOZ radius of 16 meters
nd 36 meters are considered respectively for the LT and HT test cases
n Table 1. Fig. 9 shows the minimum distance in the RN plane during
ne mid range trajectory.

. Inspection

After the reduction of the servicer-target separation up to few
undred meters with the R-GNC, the servicer has acquired a reliable
stimate and knowledge of the translational relative state of the target.
owever, to proceed with the close-proximity operations, a dedicated

nspection phase is required to complement the knowledge of the target
ith in-orbit observations of the target’s pose and physical charac-

eristics. An accurate knowledge of these conditions is mandatory to
roceed with the closer operation. In this section, the trajectory design
f this phase is presented with focus on autonomous safety opera-
ions and efficiency in the observation capabilities from the trajectory
lanning point of view.
40
5.1. Walking safety ellipse strategy

The paradigm used to design the relative trajectories for inspection
is to exploit the natural relative dynamics to obtain the required fly-
around of the target body. The strategy adopted consists in the use of
Walking Safety Ellipses (WSE) to fly around the envelope around the
target in the RTN frame. These particular trajectories can be defined
in the ROE space, considering a E/I separation and a residual semi-
major axis difference 𝑎𝛿𝑎. This design will result in a drifting spiralling
rajectory around the local velocity axis, with a guaranteed minimum
afe separation in the RN plane. A sequence of these trajectories will
e used to efficiently observe the target from different point of views.
he design is performed by selecting multiple drifting WSE with the
eatures: (1) different drift direction with respect to the target, (2)
ifferent fundamental sizes of safety ellipses, (3) different eccentricity
f the relative orbit (phasing of the relative eccentricity and inclination
ector). The direction of drift are denoted as + and - representing
espectively the target drifting from negative to positive and positive
o negative relative longitude with respect to the target. The relative
emi-major axis of each of the orbits is obtained considering the drift
rom a value of 𝛿𝜆 to the symmetric condition at the other side of the

target in a fixed time of eight orbital periods. The relative eccentricity
and inclination vectors are expressed as:

𝛿𝐞 =
[

𝛿𝑒𝑥
𝛿𝑒𝑦

]

=
[

𝛿𝑒 cos𝜙
𝛿𝑒 sin𝜙

]

𝛿𝐢 =
[

𝛿𝑖𝑥
𝛿𝑖𝑦

]

=
[

𝛿𝑖 cos 𝜃
𝛿𝑖 sin 𝜃

]

(29)

The phasing angles 𝜙 and 𝜃 define the E/I separation condition.
Particularly, ensuring the parallelism (or anti-parallelism of the vectors)
the passive safety as minimum separation in the RN plane can be
achieved [25]. The magnitudes of these vectors, 𝛿𝑒 and 𝛿𝑖, will then
be used to control this minimum separation along the drift WSE to
guarantee observation of the target at different distances.

Together with the proper sizing of the WSEs, the relative eccen-
tricity and inclination vector phase angles are selected to guarantee
proper illumination conditions. The particular value 𝜙, argument of
perigee of the relative orbit, defines the relative position of the servicer
with respect to the target at a particular mean argument of latitude
(𝑢) along the absolute orbit, which defines the illumination conditions.
Accordingly, 𝜙 is the key parameter to assess illumination conditions.
To that end, the servicer is assumed in a target-pointing mode (i.e,
with boresight of the relative navigation sensors’ suite directed towards
the target). Then the angle 𝛼𝑆 between the Sun direction in the RTN
frame and the servicer position vector in the RTN frame is considered.
When the Sun direction is opposite to the servicer position vector
(𝛼 ≈ 180 deg), the target is considered to be in a poor illumination

condition due to either the Sun blinding the visible camera FOV or
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Fig. 5. Relative navigation ROE errors time histories during the far-range rendezvous using the R-GNC routines considering 𝑘𝑜𝑏𝑠 = 0.04.
.

Fig. 6. Far-range trajectory in RTN frame considering no observability enhancement.

Fig. 7. Far-range trajectory in RTN frame considering 𝑘𝑜𝑏𝑠 = 0.04.

the surfaces of the target facing the servicer not being sufficiently
illuminated. A cone of poor visibility (referred here as blind regions)
around the condition of 𝛼 = 180 deg is considered with aperture
of ±60 deg to account for relative illumination of target surface and
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Table 7
WSEs parameters selected for the inspection sequence for LT (OneWeb Arrow platform)

‖𝑎𝛿𝐞‖ = ‖𝑎𝛿𝐢‖
[m]

𝜙 = 𝜃 [deg] 𝑎𝛿𝑎 [m] 𝑎𝛿𝜆 [m]

WSE1+ 150 0 −10.61 −500
WSE1- 150 90 10.61 500
WSE2+ 75 90 −5.30 −250
WSE2- 75 180 5.30 250
WSE3+ 50 180 −5.30 250
WSE3- 50 270 5.30 250

camera FOV. Blind zones are also extended to values of mean argument
of latitudes where the formation is in the Earth’s eclipse condition.
Therefore, by changing the relative phasing of the relative eccentricity
and inclination vectors, the blind regions occupy different portions of
the relative orbit, therefore guaranteeing to observe the target under
different illumination conditions.

The sequence preliminary designed for the inspection of the light
target platform is reported in Table 7, where the E/I separation with
parallel relative eccentricity and inclination vector is enforced.

In the design of Table 7, the keep-out-zone considered to define
WSE size is considered as in Section 4 as a circular region in the RN
plane with radius of four times the longest dimension of the target. In
this phase, the position uncertainties from the navigation solution are
expected to be smaller than in the far-mid approach phase. Nonetheless,
the conservative choice of maintaining a constant KOZ size regardless
of the position uncertainties was made, to account for possible con-
tingencies and non-nominal behaviour during operations. In Table 7 is
shown how the phase angle 𝜙 for each nominal WSE is changed of 90
degrees from the previous WSE, to exploit different illumination condi-
tions. The trajectories shown in Fig. 10 show the effect of the change in
the 𝜙 angle between subsequent WSEs, displaying in magenta the blind
regions of the WSE2+ (top) and WSE2- (bottom). Clearly the design of
the phasing angles of WSE must account for the relative geometry of
orbital plane and Sun direction at the inspection operations. However,
assuming that the Sun direction in the inertial Earth centred frame does
not significantly change during an inspection sequence the optimisation
of the WSE conditions can be designed offline prior the approach and
can be tailored for each rendezvous within the ADR service.
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Fig. 8. Relative navigation ROE errors time histories during the mid-range rendezvous using the R-GNC routines complemented by the range measurement from LiDAR sensor.
Fig. 9. Minimum RN separation of the relative trajectory along the mid-range phase.

5.2. Safe impulsive transfers design

The transfer between the foreseen WSE trajectories is performed
autonomously on-board exploiting the analytic optimal delta-v schemes
described in [45]. In addition to fuel-optimal considerations, in this
work passive safety conditions are enforced during the whole transfer,
instead of only at the boundary conditions of WSEs. This aspect, in
fact, is crucial to enable safe autonomous operations. To guarantee the
required E/I separation, the out-of-plane manoeuvres are performed at
the same mean argument of latitudes of in-plane ones. Accordingly, the
minimum distance of the spiral to the target in the RN plane can be
expressed as:

𝑟𝑅𝑁,𝑚𝑖𝑛 = 𝑚𝑖𝑛{𝛿𝑒 − |𝛿𝑎|, 𝛿𝑖} (30)

In the implementation of the inspection sequence, two different types
of transfer are required: (1) change of phase angle 𝜙 and 𝛿𝑎 without
changing the size of the WSE, (2) change of size of the WSE (i.e., 𝛿𝑒
and 𝛿𝑖) and 𝛿𝑎 without changing the phase angle. Fig. 11 (left) shows
the trajectories in the former case during the impulsive manoeuvre
sequence to move from WSE1+ to WSE1-, where only a change in the
ROE vector phasing 𝜙 = 𝜃 is sought. As it is required by the scheme,
Fig. 11 how the relative eccentricity and inclination vectors remain
parallel by design along the three manoeuvre sequence. Here three
out-of-plane manoeuvres are designed in correspondence of the three
in-plane manoeuvres, the latter obtained with the fuel-optimal design
described in [45]. Fig. 12 shows instead the impulsive reconfiguration
transfer between WSE1- to WSE2+, where instead the magnitude of
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Fig. 10. WSE2+ and WSE2- trajectory in RTN. Magenta regions represent the blind
spots for visible camera acquisition due to eclipses and poor target illumination.

eccentricity and inclination vector is performed to reduce the distance
to the target in the RN plane. As a result, the delta-v spent for each
reconfiguration within the inspection sequence is reported in Table 8.

6. Rigid capture preparation operations

The last phase described in this work begins after that the inspection
sequence has provided accurate information on the dynamic and phys-
ical state of the target, see Fig. 1. The operations design of this section
deal with the situations where the target presents a fast tumbling
motion, generating risks for the safe and successful close approach and
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Fig. 11. Transfer reconfiguration trajectory between WSE1- and WSE1+ (left). Arrows represent the impulsive manoeuvres directions and magnitude in the RTN frame, magnitude
not in scale. Evolution of the relative eccentricity and inclination vectors in the ROE space during the three phase change manoeuvre sequence (right).
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Fig. 12. Transfer reconfiguration trajectories between WSE1+ and WSE2-.Arrows
epresent the impulsive manoeuvres directions and magnitude in the RTN frame,
agnitude not in scale.

Table 8
Expenditure of delta-v for the reconfigura-
tion manoeuvres required for the inspection
sequence of Table 7.

Transfer 𝛿𝑣𝑡𝑜𝑡 [m/s]

WSE1+ ⇒WSE1− 0.227
WSE1− ⇒WSE2+ 0.110
WSE2+ ⇒WSE2− 0.113
WSE2− ⇒WSE3+ 0.037
WSE3+ ⇒WSE3− 0.076

Total 0.563

capture. The inclusion of this phase is considered instrumental for the
design of the ADR service under study, since it provides the potential
to increase the safe capture chances of a target debris regardless its
conditions. In this way, the ADR service will be capable of approaching
and removing/servicing more failed targets within the constellation
without having to oversize the servicer’s systems to the most chal-
lenging scenario, i.e. synchronisation for the fastest angular rates, or
aborting the missions after the inspection phase.
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The rigid capture preparations operations foresees a detumbling
strategy to reduce the angular rate of the free motion of the debris. Here
the strategy adopted foresees the use of the plume impingement effects
of the servicer’s thrusters to provide torques to the target platform.
The choice is motivated by the capability of providing the required
control torques from a safe distance from the target, and the negligible
impact on the system design of the servicer since it will employ the
already available on-board thrusters. In such operations, the servicer’s
thruster plume are used to create surface forces, hence torques, on
the target tumbling body. The control algorithm is focused then on
deciding the firing times and thrust directions of the plume such that
the torques on the target are capable of reducing its angular rate.
During the impingement control operations, the servicer is assumed to
be in a station-keeping position 𝑅𝑠𝑎𝑓𝑒 at +T just outside the keep-out
zone, defined as a spherical region around the target. In this way, the
thruster plume action designed to produce torques on the target will
also contribute to reducing orbital energy of the target with forces in
the -T direction, aiding the future de-orbiting operations. The control
the servicer’s thruster pointing control to generate detumbling torques
on the target is based on the algorithm explored in [39]. In this
algorithm, only one thruster of the servicer is used to generate control
contactless torque. The main features of the algorithm are the on-
board representation of the plume impingement torque with an analytic
pressure model of the thruster plume and the selection of the candidate
pointing towards the target body. The analytic plume model describes
the pressure inside the plume as [54]:

𝑃
(

𝜃𝑡, 𝑟
)

= 𝐶 𝑒
−𝜃𝑡
2𝜃𝑡,0 𝑟−2 (31)

Where 𝜃𝑡 is angle measured from the thruster centre line, 𝑟 is the dis-
tance from the thruster nozzle exit. The half cone angle 𝜃𝑡,0 represents
the 1𝜎 width of the plume, while the constant 𝐶 is derived from the
hrust force 𝐹 from continuity considerations. The force generated on

surface impinged by the plume is modelled considering a diffuse
eflection of hyper-thermal flow. The analytic model used is the one
mployed in [37]:

𝐅 = −𝑃 (𝑟, 𝜃) cos 𝛾𝑑𝑆
[

(

1 − 𝑐𝑠
)

𝐒 + 𝟐(𝑐𝑠 cos 𝛾 +
1
3
𝑐𝑑 )𝐍

]

(32)

where 𝛾 represents the angle between the surface normal and the
thruster centre line and 𝑑𝑆 the area of the surface element. The vector
�̂� and �̂� are respectively the line of sight vector of the thruster
centre line and the surface normal vector. The coefficients 𝑐𝑑 and 𝑐𝑠
represent the diffuse and specular coefficient respectively [37]. The
plume model parameters and thruster characteristics are reported in
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Table 9
Impingement model parameters and opera-
tional distance.

Parameter Value

𝐹 10 N
𝜃0 12 deg
𝑐𝑠 0.03
𝑐𝑑 0.97
𝑅𝑠𝑎𝑓𝑒 (LT) 16 m
𝑅𝑠𝑎𝑓𝑒 (HT) 36 m

Fig. 13. Simplified model of Light Target (LT) platform, representative of OneWeb
constellation.

Table 9. The control algorithm computes the thruster pointing towards
the target considering the capability at each instant to generate a
predefined guidance torque for detumbling. The guidance torque is
obtained considering the target rotational angular momentum vector
expressed in the RTN frame as follows [36,39]:

𝑇𝑔 = −𝐾𝑑𝐡𝐿 (33)

where 𝐾𝑑 is a constant gain matrix.
The detumbling control has been simulated for the baseline constel-

lations light and heavy targets. Figs. 13 and 14 show the simplified
models of the constellations satellites, generated with additions of
elementary surfaces and representing only the spacecraft body and
solar panels. Different operational distances for the two constellation
baseline test cases are considered according to the respective keep-out
zones. Fig. 15 shows the effect of plume impingement control in the
detumbling of the LT case considering different initial tumbling rates
magnitude. It can be noted how the strategy is effective in reducing
the initial angular rate from up to 11 deg/s. The higher initial tumbling
rate requires longer stabilisation time needed and the greater propellant
expenditure of the impingement operations.

A simulation campaign was conducted to evaluate the effectiveness
of the selected strategy, considering three different initial angular rate
states. For each of the tumbling conditions, one hundred different
simulations were performed for different initial attitude configuration.
The simulation campaign results are reported in Table 10, where the
average and maximum propellant expenditure used by the impinge-
ment thruster is reported, denoted respectively with 𝑚𝑝 and 𝑚𝑝,𝑚𝑎𝑥. The
different tumbling motions are represented by the initial body angular
rate vector 𝝎𝐵𝑁,0. The value of 𝜀 represent a small residual angular rate
n the remaining direction for each motion. The value is taken in the
imulations as 0.5 deg/s. It can be noted how the tumbling motions
ith initial body angular rate parallel to the 𝑦 directions requires
pproximately double the propellant to be controlled. An expected
esult considering the symmetry axis and geometry of the targets, which
imit the available surfaces to generate torque along that axis.
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Fig. 14. Simplified model of Heavy Target (LT) platform, representative of
GLOBALSTAR constellation.

Fig. 15. Time history of the magnitude of angular rates of the light target under the
influence of the plume impingement control considering different initial conditions.

Table 10
Propellant expenditure of the detumbling operations for the two different
constellation baseline satellites.

𝜔𝐵𝑁,0 [deg/s] [𝜀, 𝜀, 5]T [𝜀, 5, 𝜀]T [5, 𝜀, 𝜀]T

LT 𝑚𝑝[kg] 0.82 2.58 1.00
𝑚𝑝,𝑚𝑎𝑥 [kg] 1.35 2.99 1.54

HT 𝑚𝑝[kg] 1.24 3.19 1.12
𝑚𝑝,𝑚𝑎𝑥 [kg] 1.85 3.52 1.48

7. Conclusions

In this work, the phase 0/A design of the rendezvous and proximity
operations for an active debris removal service for large constellations
was presented. The challenges tackled all along the phases analysed
comprehend the improvement the robustness of the design with respect
to targets’ conditions, overall mission safety, and autonomy. In the
far-range phase, a novel analytic guidance solution was developed to
improve the accuracy of the onboard angles-only navigation solution,
demonstrating the feasibility of cutting navigation and control errors
up to 50% with a little increase on the delta-v spent. A scheme for
the inspection was then presented capable of improving the illumi-
nation conditions for target observations, and guaranteeing passive
safety along the whole sequence. At last, the inclusion of a preparation
for rigid capture phase with contactless detumbling demonstrated the
capability of the servicer to damp target’s residual angular motions up
to 11 deg/s enabling the safe capture operations for a wider candidates
among the failed constellation satellites without impacting the design
of the servicer prior launch. In the future the detailed design of the
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close-approach and capture phases are envisioned, together with the
further validation of the GNC strategies presented here in suitable
testing environments.
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