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Abstract 

Large constellations’ deployment in low Earth orbit will drastically change the space environment and economy in 

the upcoming decades. The sustainability of the orbital environment in the long term needs to be accounted when 

implementing the large constellations projects. In fact, failures among the large constellations’ assets can critically 

endanger the congested orbital region increasing the risk of collisions. Particularly for the higher altitude constellations, 

where the atmospheric drag will not contribute to the natural deorbit of the debris satellites. In this paper, an Active 

Debris Removal (ADR) service targeted to large constellations is developed, where a servicer is employed to safely 

deorbit the failed assets by performing a rigid capture. The content of this work comprehends the phase A design of 

the proximity operations to the uncooperative and non-collaborative failed constellations satellites. The design of the 

proximity concept of operations has been driven by the repeatability of the service, safety, and autonomy of operations. 

The initial trade-off on the rendezvous approach Guidance Navigation and Control (GNC) is presented, where solutions 

to enhance the convergence of the angles-only navigation are employed. Additionally, the design of the proximity 

phases of inspection and rigid control capture preparation through contactless detumbling of the debris are described, 

in terms of the approach strategy and feasibility. Finally, the delta-v budget is provided. The proximity operations 

design presented in this paper was the base of the phase A design of the active debris removal service performed within 

the ESA/OneWeb Sunrise programme.  
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Nomenclature 

𝑎𝛿𝜶 ROE vector, m 

Δ𝑎𝛿𝜶 ROE impulsive jump, m 

Φ State transition matrix of the 

relative motion in ROE 

𝐵 Impulsive control input matrix of 

relative motion in ROE 

𝛿𝒗 Impulsive delta-v vector, m/s 

𝛿𝒙 Relative cartesian state in RTN, m 

and m/s 

𝑿 Guidance ROE jumps vector, m  

𝐽 Guidance cost function, [m2] 

𝑤 Observability guidance weight  

𝑢 Argument of latitude, rad or deg 

𝛿�̂� Estimated ROE state, m  

𝝎𝟎 Initial target angular rate vector in 

its body frame, rad/s or deg/s 

𝑭𝒊𝒎𝒑 Impingement thruster, N  

𝜃0 Plume half cone angle, rad or deg 

 

Acronyms/Abbreviations 

ADR Active Debris Removal  

AE Approach Ellipsoid 

ConOps Concept of Operations  

EKF Extended Kalman Filter 

FOV Field Of View 

GNC Guidance Navigation and Control  

KOZ Keep-Out-Zone  

LEO Low Earth Orbit 

LiDAR Light Detection and Ranging    

LOS Line Of Sight  

MC Monte Carlo 

MPC  Model Predictive Control  

R-GNC Relative Guidance Navigation and 

Control 

ROE Relative Orbital Elements 

RPO Rendezvous and Proximity 

Operations  

RTN Radial Tangential Normal frame  

STM State Transition Matrix  

WSE Walking Safety Ellipse 

 

1. Introduction 

In the last few years, the launch activities in Low 

Earth Orbit (LEO) have dramatically changed the space 

economy. Particularly, the implementation and 

deployment of large constellations for providing 

broadband global internet coverage from orbit have 

rapidly overcome any other launch activities in LEO [1]. 

In this growing “ecosystem”, the issue of sustainability 

of the space environment needs to be addressed and 
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should involve solutions to guarantee the long-term 

feasibility of such exploitation of space and orbit 

resources.  

Considering this large number of satellites in orbit, 

the probability of contingencies and failures of some of 

the constellation’s assets become important and will 

affect the congested orbital region of operations of the 

constellations. Several studies have pointed out how the 

LEO debris environment in presence of limited post 

mission disposal success rate of the large constellation 

assets could affect the debris population in the future. In 

Virgili et al. [2], the effect of post mission disposal 

success rate to the sustainability of the space environment 

is shown using four different models for simulating the 

debris population evolution over 200 years.  Radke et al. 

[3] have shown 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 and studied the long-term 

effect of the fragments cloud in the constellation orbital 

slots. Also, in [4] and [5] 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. 

Moreover, the increase of the collision risks in the 

constellations’ orbital region will impact the collision 

avoidance warnings and manoeuvres for the operational 

assets during their lifetime.  

 

To mitigate these effects, an Active Debris Removal 

(ADR) service is discussed in this work. Several efforts 

in the last few years have been dedicated to studies and 

design of active debris removal missions [5][7][8]. The 

development of commercial ADR service for large 

constellations assets has been recently discussed as a 

business case to pave the way to the debris removal and 

in orbit servicing activities which will change the 

paradigm of space resource exploitation. The ADR 

service mission design to multiple constellation targets 

has been studied in the last few years [9][10][11]. The 

focus of this work is the Rendezvous and Proximity 

Operations (RPOs) required during the ADR service 

mission to approach, capture and deorbit the debris 

object. The work of this paper is part of the phase A 

design of the ADR service under the ESA/OneWeb 

funded Sunrise programme. The effort was taken by a 

consortium led by D-Orbit S.p.a. with the collaboration 

of Politecnico di Milano.   

 

The paper is organised with a first brief description of 

the mission concept considered for the service mission 

under study and the proximity operations required within 

the mission. Subsequently, the Concept of Operations 

(ConOps) in proximity is designed, together with the 

ADR payload required onboard the servicer. Then, the 

paper will dive in the core of the proximity operations 

design, presenting the analysis and solutions for the 

phases prior capture. Finally, the conclusions and next 

steps are discussed providing the proximity operations 

delta-v budget for the ADR service.   

 

2. Service mission concept overview 

The mission concepts for the active removal of failed 

constellations satellites have been considering a multiple 

target’s mission. In [9][10], different mission 

architectures are considered for the ADR service. The 

mission architectures discussed foresee a rigid capture 

mechanism to capture the target, such as a robotic arm, 

thanks to high TRL of the technology in space.  

 

In the following a brief description is provided with 

the aim of introducing the proximity operations required 

for the mission architectures studied.  The first mission 

architecture is the chaser mission, where the servicer is 

designed to approach sequentially each failed satellite in 

a constellation, capture the satellite and transfer it in a 

disposal orbit complaint with a five year re-entry time. 

Then the servicer will move on to the next constellation 

target. Another explored mission concept is the 

mothership architecture, where the servicer approaches 

each failed asset of the constellations and attaches 

deorbiting kits to the target’s platform which then will 

independently perform the deorbiting. In this architecture 

the delta-v used for the transfer from and to the disposal 

orbit after each target is saved. Subsequently, the chaser 

plus station mission architecture is considered where one 

servicer is used to capture and deorbit each target, but a 

station for refuelling is considered to replenish the chaser 

during the service.  

 

The trade-off of the mission architecture, mostly in 

terms of costs identify different mission architectures as 

the optimal one. Nonetheless, the main challenges and 

functions that the servicer shall perform in the proximity 

of the target remain similar prior the capture to the target. 

One difference is that for the mothership architecture, the 

capture and installation of deorbiting kit requires 

additional requirements and operations after capture. 

Nonetheless, the main challenges in the proximity 

operations prior capture are then the approach to the 

uncooperative failed satellite and the preparation of the 

conditions for rigid capture. In the station + chaser 

architecture, also the rendezvous and docking with the 

station will take place, but it will have a cooperative and 

collaborative nature which will present less challenges 

with respect to the uncooperative case.  

 

3. Proximity concept of operations 

The focus of this work is on the design of the RPOs 

to the uncooperative object, including the operations 

prior the robotic capture of the debris. The ConOps of the 

approach to the uncooperative and non-collaborative 
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target is discussed in this section. In this study two 

different baseline constellation targets are considered, 

with the characteristics shown in Table 1. The targets are 

selected as representative targets of the constellation 

population, including small class satellite (light target) 

and large class satellite (heavy target).  The main high-

level requirements in the definition of the proximity 

ConOps and in the approach strategies are: 

 

• Req-1: The servicer shall be able to rendezvous 

and capture the target. No cooperation nor 

collaboration from the target shall be considered.  

• Req-2: The servicer shall be equipped with 

onboard sensors dedicated to the measurement of 

bearing, range and pose of the target to enable 

and support the rendezvous operations.  

• Req-3: The servicer shall be able to capable to 

perform the final operations in proximity 

regardless of the natural illumination conditions.  

 

Table 1. Constellation satellites taken as baseline in the 

ADR service design.  

 Light 

Target 

(LT) 

Heavy Target 

(HT) 

Reference 

platform  

OneWeb 

Arrow 

spacecraft 

EliTeBus-1000 

bus 

(GLOBALSTAR 

and Iridium-

NEXT) 

Mass [kg] 150 750 

Altitude [km] 1200  1420 

Inclination [deg] 87.9 52 

 

Two of the most important high-level drivers in the 

design of an ADR service for large constellation is the 

need of autonomy and safety, which will benefit the 

mission cost and operations. In addition, being the 

servicing mission cost and benefit strongly related to the 

number of targets deorbited and/or serviced within the 

same mission, the success each of the servicing shall be 

ensured before moving to the next target of the mission.  

 

The proximity ConOps envisioned is shown in Fig. 1. 

The sequence of operations in chronological order during 

the mission timeline of one service to a failed 

constellation asset are the following: 

 

1. Absolute orbit phasing  

2. Far-range rendezvous  

3. Mid-range rendezvous  

4. Inspection  

5. Target preparation for robotic capture 

6. Final approach forced motion  

7. Robotic operations and capture  

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 at the 

activation of the on-board relative sensors as soon as the 

target can be detected with the onboard relative sensors. 

The designed mean separation in the along-track 

direction for the proximity operations start is considered 

around 50 km. During the far-range rendezvous, the 

servicer will reduce the mean along-track separation with 

the target with impulsive manoeuvres to reach distances 

of about 1 km in separation in the along-track direction 

using a spiralling trajectory ensuring passive safety. In 

the far-range rendezvous phase, the servicer is required 

to maintain a pointing attitude guidance at the along track 

direction towards the target. The mid-range rendezvous 

will then continue the reduction of the along-track 

separation to few hundred meters. Differently from the 

far-range rendezvous, in the mid-range the servicer 

attitude guidance might require a synchronisation with 

the relative dynamics during the spiralling trajectory to 

keep the target in the relative sensors Field of View 

(FOV). Additionally, in the mid-range the range 

measurement with a dedicated sensor will complement 

the Line of Sight (LOS) measurement to aid the 

navigation solution. Subsequently, from few hundred 

meters of separation to the target, the inspection phase 

will begin with the aim of activation and verification of 

the close-range sensors and acquisition of the target 

physical and dynamical states knowledge. The trajectory 

guidance is here designed considering a walking safety 

ellipses sequence around the target accounting for 

illumination conditions on the orbit. After a reliable pose 

estimation of the target is acquired in the inspection 

phase, the servicer will decide whether to proceed with 

the close-range terminal approach to the capture hold 

point or performing additional operations to allow the 

mission advancement. In fact, in cases where the 

tumbling state of the failed satellite is greater than the 

designed threshold, the servicer is considered not capable 

to autonomously approach the capture hold point with a 

forced motion profile. In such cases, an additional phase 

of target preparation for rigid capture is envisioned, 

where the target angular rate is damped using a 

contactless control with plume impingement with the 

servicer’s thrusters.  

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 perform 

the robotic capture operations. After the securing of the 

capture, the servicer will deorbit the target by transferring 

the stack to the disposal orbit.  
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Fig. 1. RPOs Concept of operations for each service to a failed uncooperative satellite of the constellation fleet.  

 

To achieve a successful completion of the whole 

proximity operations, a set of payloads specifically 

dedicated to the ADR functions in proximity must be 

embarked on the servicer platform. Particularly, the set 

of relative sensors reported in Table 2 have been 

preliminary designed after a trade-off in the 

technological options.  

 

Table 2. ADR sensors payloads employed for the 

proximity operations.  

Sensor 
Range 

[km] 

FOV 

range 

[deg] 

Mass 

[kg] 

Power 

[W] 

VIS NFOV 

camera 
50 - close 6 - 12  ~1  ~10 

VIS 

WFOV 

camera 

10 - close 40 – 60  ~1  ~10 

IR camera 3 - close 12 - 40  ~1  ~10 

Flash Lidar 3 - close 15 - 30  ~5  ~50 

 

In the far-range phase, the main sensor used is the 

Narrow Field Of View (NFOV) Visible Camera, which 

is capable of providing bearing information of the 

servicer-target formation. This will allow the angles-only 

navigation solution to estimate the target state. An 

additional camera with Wide Field Of View (WFOV) in 

the Visible part of the spectrum is used to provide image 

measurement from closer range to the target keeping the 

whole target body in the FOV. The visible camera has the 

advantage of being a space proven technology which 

have flown in a variety of missions; however, the 

measurement acquisition will be sensitive to the in-orbit 

illumination conditions of the target. The baseline target 

constellation considered in LEO, reported in Table 1, will 

experience eclipse conditions and a wide variety of target 

illumination conditions depending on the right ascension 

of the ascending node and the Sun position at the time of 

service. Therefore, to improve robustness to illumination 

conditions an infrared sensor is considered to work in 

closer range to provide image measurements of the target 

in the cases of poor illumination. The operational range 

of the infrared sensors is considered of 1-3 km of 

maximum operational range, to guarantee continuous 

measurement in poor illumination conditions at closer 

range, where the divergence of the filters from lack of 

measurement will strongly affect the safety of the 

rendezvous. Additionally, the infrared sensor mass will 

be limited if the operational range is limited, requiring a 

smaller sensor. At last, a Flash Imaging and Detection 

(LiDAR) sensor is envisioned on board the satellite to 

provide the range measurements of the target from mid-

range, otherwise not achievable with passive sensors 

other than the coarse measurement coming from the 

passive 2D image acquired highly sensitive to the target 

condition and illuminations conditions. The LiDAR is 

considered with the flash imaging technology, which has 

less accuracy but lower mass and system complexity of 

the scanning system counterpart. The flash imaging 

LiDAR is considered working from operational ranges of 

approximately 3 km up to the close range where it will 

provide the 3D point map of the target to complement the 

pose estimation solution.   

The sensors operation matrix of the proximity 

operations is shown in Fig. 2, where the superposition of 

the operational range and measurement provided 

between sensors is specifically designed to include the 

redundancy of the sensor assembly and increase the 

robustness of the navigation solution.   
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Fig. 2. Operations matrix of the sensor suite in function of the separation distance during the proximity operations.  

 

 

4. Far and mid-range rendezvous design 

In this section, the strategies adopted to design the far 

and mid-range rendezvous GNC are described. Each 

subfunction of the Relative Guidance Navigation and 

Control (R-GNC) block of the servicer is presented and 

the simulations results in a high-fidelity environment are 

discussed. In this initial phase of the proximity operations 

the servicer is required to reduce the separation distance 

with the target to reach closer proximity in a safe and 

autonomous fashion.  

 

4.1 Relative Guidance and Control approach 

The guidance and control solution are based on the 

framework originally introduced by Gaias et al. [12][13], 

which used impulsive manoeuvres to control the relative 

motion between two satellites. The general idea of this 

framework is to decouple the Guidance and Control (GC) 

solutions with the aim of obtaining a computationally 

efficient algorithm. Particularly, the GC solutions will be 

obtained in an analytic fashion which will greatly benefit 

the onboard autonomous implementation of the routines. 

The relative motion dynamics in circular orbits 

parametrised in Relative Orbital Elements (ROE) and 

forced with n impulsive manoeuvres at time 𝑡𝑖  can be 

expressed as follows: 

 
𝑎𝛿𝜶𝒇 = Φ0,𝑓𝑎𝛿𝜶𝟎 + Φ1,𝑓𝐵1𝛿𝒗𝟏 + ⋯+ Φ𝑛,𝑓𝐵𝑛𝛿𝒗𝒏 (1) 

 

Where Φ𝑖,𝑗  is the State Transition Matrix (STM) 

from time 𝑡𝑖  to time 𝑡𝑗  , 𝐵𝑖   is the control input matrix 

obtained from the Gauss Variational Equations (GVE) 

[14]. The ROE state vector 𝑎𝛿𝜶 is defined as follows 

[14]: 

 

𝑎𝛿𝜶 =

[
 
 
 
 
 
𝛿𝑎
𝛿𝜆
𝛿𝑒𝑥

𝛿𝑒𝑦

𝛿𝑖𝑥
𝛿𝑖𝑦 ]

 
 
 
 
 

=  

[
 
 
 
 
 

(𝑎 − 𝑎𝑑)/𝑎𝑑

𝑢 − 𝑢𝑑 + (Ω − Ω𝑑) cos 𝑖𝑑
𝑒 cos𝜔 − 𝑒𝑑 cos𝜔𝑑

𝑒 cos𝜔 − 𝑒𝑑 cos𝜔𝑑

𝑖 − 𝑖𝑑
(Ω − Ωd) sin 𝑖𝑑 ]

 
 
 
 
 

 (2) 

 

In this work, the STM used include the mean 𝐽2 effect 

on the relative motion dynamics. The drag effects are 

neglected due to the limited influence on the motion at 

the high altitude of the constellations taken as a baseline 

in Table 1.  

The adopted solution exploits the knowledge of the 

relative dynamics’ evolution in the ROE space, and 

instead for solving directly for the 𝛿𝒗𝒊  to reach the 

desired condition will shape the trajectory in the ROE 

space. To this aim, the guidance is expressed in the ROE 

space in function of the forced ROE jumps 𝑎Δ𝛿𝛼𝑖  as 

follows: 

 
𝑎𝛿𝛼𝑓 = Φ0,𝑓𝑎𝛿𝛼0 + Φ1,𝑓𝑎Δ𝛿𝛼1 + ⋯+ Φ𝑚,𝑓𝑎Δ𝛿𝛼𝑚 (3) 

 

Then the guidance is produced computing the 

required ROE jumps to achieve the final desired 

condition and satisfying the minimisation of a cost 

function. As cost function in this paper a modification of 

the one in [12] is adopted, which is composed by two 

main terms: 

  

𝐽 =  𝐽𝑒 + 𝑤 𝐽𝑜 (4) 

 

The first term is related to the quadratic cost function 

of the distance spanned in the ROE space by the ROE 

jumps and is expressed as follows:  
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𝐽𝑒 = ∑‖𝑎Δ𝛿𝑎‖2

𝑚

𝑖

+ ∑‖𝑎Δ𝛿𝜆‖2

𝑚

𝑖

+ ∑‖𝑎Δ𝛿𝒆‖2

𝑚

𝑖

+ ∑‖𝑎Δ𝛿𝒊‖2

𝑚

𝑖

 

(5) 

 

Where 𝑎Δ𝛿𝒆  and 𝑎Δ𝛿𝒊  represent the norm of the 

eccentricity and inclination vector jumps respectively. 

Such definition of the cost function represents the 6D 

distance spanned by the manoeuvres in the ROE space 

and is directly related to the energy involved in the forced 

transfer, i.e., delta-v needed for the trajectory 

implementation. Considering Equation (5), and 

expressing the final ROE jump in function of the 

previous one enforcing the final state constraints, the 

equation can be written in function of the 𝑚 − 1 ROE 

jumps along a trajectory. Moreover, denoting as 𝒙𝑖 as the 

i-th ROE jump vector the cost function can be written as 

follows: 

 
𝐽𝑒 = 𝑿𝑇𝑿 + (𝐷 + 𝐻𝑿)𝑇(𝐷 + 𝐻𝑿) (6) 

With  

 
𝐷 = Φ𝑚,𝑓

−1 [𝑎𝛿𝛼𝑓 − Φ0,𝑓𝑎𝛿𝛼0] (7) 

 
𝐻 = −Φ𝑚,𝑓

−1  [Φ1,𝑓 Φ2,𝑓 … Φ𝑚−1,𝑓] (8) 

 

Where 𝑋 = [𝑥1, 𝑥2, … , 𝑥𝑚−1 ]
𝑇 denotes the 

rearrangement of the ROE jumps vectors. It can be 

readily noted how the cost function assumes a simple 

quadratic form in function of 𝑋.  

The second term 𝐽𝑜 in Equation (4) serves as an index 

of observability of the guidance trajectory, weighted by a 

constant term 𝑤. In fact, as it will be explained in detail 

in the next sub-section, to approach the target from large 

separation the servicer will exploit the Angles-Only (AO) 

navigation strategy. In the natural relative dynamics, the 

AO strategy is inherently not fully observable. The 

performance index introduced in this work aims at 

reducing this drawback at the guidance level. In literature, 

several observability definitions for the angles-only 

problem can be found, particularly in presence of 

manoeuvres [15][16][18]. In practice, the full 

observability of the relative state is retained after an 

impulsive manoeuvre. However, different manoeuvres 

will induce different LOS variations, introducing a what 

is here called degree of observability. In presence of 

sensors errors, the degree of observability introduced by 

each manoeuvre is crucial to the subsequent 

improvement of the navigation solution. Exploiting the 

definition of [15], the observability condition can be 

expressed as: 

(𝛿𝑥𝑁(𝑡1))
𝑇(𝛿𝑥𝑀(𝑡1)) = 0 (9) 

 

Where 𝛿𝑥𝑀(𝑡1)  represent the position vector of 

target at time 𝑡1 > 𝑡0  after an impulsive manoeuvre at 

time 𝑡0 , while 𝛿𝑥𝑁(𝑡1)is the position vector at time 𝑡1 

only due to the natural dynamic evolution without the 

influence of the manoeuvres. In an intuitive way, the 

degree of observability is defined using Equation (9), 

which represents the distance of the two vectors at time 

𝑡𝑖. Including this property at guidance level requires the 

transformation of the condition into the ROE space. The 

condition of Equation (9) can be enforced in K 

observability nodes at times 𝑡𝑘, comparing the states at 

node k and k-1:  

 

(Γ(𝑡𝑘)𝛿𝛼𝑘
𝑁)

𝑇
(Γ(𝑡𝑘)𝛿𝛼𝑘

𝑀) = 0 (10) 

 

The matrix Γ(𝑡𝑘)  represents the mapping between the 

cartesian relative state vector with the ROE vector at time 𝑡𝑘. 

The observability enhancement at node 𝑡𝑘  is then 

obtained minimising this expression in function of the 

ROE states along the guidance trajectory. The choice of 

each observability nodes must be taken with care 

considering the eclipsing conditions and Sun position. 

The performance index to be included in the guidance 

cost function is then the cumulative contribution of each 

observability node defined. 

 

𝐽𝑜  =  ∑(Γ(𝑡𝑘)𝛿𝛼𝑘
𝑁)

𝑇
(Γ(𝑡𝑘)𝛿𝛼𝑘

𝑀) 

𝐾

𝑘

 (11) 

 

Manipulating the expression of Equation (11), and 

considering the observability nodes coincident with the 

guidance nodes 𝑡𝑖 = 𝑡𝑘, the observability cost function 

can be expressed in function of the m-1 guidance ROE 

jumps: 

 

𝐽𝑜 =  ∑𝑋𝑇𝑂1,𝑖

𝐾

𝑖

+ 𝑋𝑇𝑂2,𝑖𝑋 (12) 

 

Finally, the expression of Equation (12) is a quadratic 

function in the ROE jump states X. The selection of the 

ROE jumps X to minimise the J function is then obtained 

computing the stationary point of the first variation of J 

with respect to X as follows: 

  
𝜕𝐽

𝜕𝑿
= (𝐺2)𝑋 + �̅�  = 0  (13) 

 

With  

𝐺2 = 𝐼 + 𝐻𝑇𝐻 + 𝑤 ∑𝑂2,𝑗

𝐾

𝑘

 (14) 
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�̅� = 𝐼 + 𝐻𝑇𝐻 + 𝑤 ∑𝑂2,𝑗

𝐾

𝑘

 (15) 

 

The solution of the linear system in Equation (13), 

provides then the delta-v sub-optimal guidance solution 

in the ROE space.   

Then, once the guidance trajectory is computed, the 

control actions to obtain the X sequence of ROE forced 

variations are computed through the analytic optimal 

schemes described in [17]. The reconfiguration problem 

between 𝛿𝛼𝑖  and 𝛿𝛼𝑖−1, with j impulsive manoeuvres, 

can be expressed as: 

 

[Φ𝑖,1𝐵1 Φ𝑖,𝑗𝐵𝑗] [

𝛿𝑣1

…
𝛿𝑣𝑗

] = (𝛿𝜶𝒊 − Φ𝑖−1,𝑖𝛿𝜶𝒊−𝟏) = 𝒙𝒊  (16) 

 

 The scheme adopted considers the in-plane and out-

of-plane problem decoupled from one another. 

Particularly, the in-plane reconfiguration problem is 

solved using three tangential manoeuvres placed at the 

argument of latitudes defined as: 

 

𝑢𝑗 = atan (
Δ𝛿𝑒𝑦

Δ𝛿𝑒𝑥
) + 𝑘𝑗  𝜋 (17) 

 

Regarding the out of plane impulsive control 

reconfiguration problem, one normal manoeuvre is 

performed at argument of latitude computed as: 

  

𝑢𝑗 = atan (
Δ𝛿𝑖𝑦

Δ𝛿𝑖𝑥
) (18) 

 

More details on the control scheme optimality and 

assumptions can be found in [17].  

 

4.2 Relative navigation approach  

 

Along the far and mid range approach, the servicer 

shall be able to estimate the target relative state using an 

onboard navigation routine. From far range, the use of a 

visible camera providing bearing only measurements 

restricts the adoption of an angles-only navigation 

strategy acquiring bearing measurements of the target 

with the servicer onboard sensors, characterised by well-

known observability issues.  

 

The onboard real-time navigation is then performed 

using an Extended Kalman Filter (EKF), based on the 

estimation of the relative orbital elements state. The state 

transition model of the filter is based on the state 

transition matrix solution of the J2 perturbed dynamics. 

On the other hand, as explained in Sect. 3, the servicer 

ADR payload design foresees the use of a LiDAR system 

capable of providing range measurements from around 1-

3 km. The navigation solution in mid-range, thus the 

filter convergence, is then enormously aided by the full 

observability conditions provided by adding a range 

information with the LiDAR sensor. The sensors and 

EKF filter parameters selected for this preliminary 

analysis and simulations are reported in Table 3.  

 

Table 3. Sensors’ parameters used for the navigation in 

the simulations.  

Sensor Parameter Value 

Visible 

Camera 

Noise 80 arcsec 

Measurement rate 0.1 Hz 

LiDAR 
Noise 50 cm 

Measurement rate 0.0015 Hz 

 

The relatively low updates rates for the measurements 

acquisitions are defined considering at this design stage 

the constraints of different in-orbit operations of the 

service platform during the approach, together with 

limiting LiDAR power consumption.  

 

4.3 R-GNC architecture and simulation results 

The GNC during the far and mid-range approach is 

implemented considering a shrinking horizon Model 

Predictive Control (MPC), where at each GNC update, 

the guidance and control solutions are updated according 

to the filter estimate. This solution allows the update of 

the GC solution as the navigation solution improves, 

reducing the errors induced by the open-loop computed 

trajectory. The preliminary simulation campaign to 

validate the approach GNC system is performed 

considering the phases shown in Table 4.  

 

Table 4. Far and mid-range rendezvous phases 

considered in the simulations, together with the R-GNC 

mode used.  

Phases 
Guidance 

and control  

Navigation  Separation  

Far-range 1  
Observability 

enhanced (w) 

AO From 50 

km to 10 

km 

Far-range 2 
Energy 

optimal  

AO  From 10 

km to 1 km 

Mid-range  
Energy 

optimal  

A + range  From 1 km 

to 500 m  

 

The performances are evaluated simulating the GNC 

subsystem in a high-fidelity environment. The drag 

effects have been neglected at first iteration in the 

simulations due to the high altitude of the orbits 

considered.  

 

At the first phase in far-range, the observability 

enhancement strategy is employed considering only the 

first observability node. For each case considered, with 
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different the observability cost function weight w, 100 

Monte-Carlo simulations have been performed. Table 5 

shows the mean values of the errors for each case 

considered. It can be appreciated, increasing the 

observability weight w the final errors in control and the 

final error in the relative longitude estimate decrease at 

the expense of a more demanding GC solution in terms 

of delta-v cost. In Fig. 3, the ROE time histories during 

the far-range 1 phase for a GNC solution with 𝑤 =
 0.015  is shown, together with the real-time onboard 

filter estimate.  While  Fig. 4 shows the time history of 

the filter estimate 𝑎𝛿�̂�   error with respect to the true 

relative state in the same simulation case.  

 

Table 5. Results of simulations for different cases of w. 

The reported values represent the mean values over the 

100 MC runs of the GNC.  

 
Navigation 

errors 
Control errors  

w [-] 
𝒂𝜹𝝀𝒇 −  𝒂𝜹�̂�𝒇  

[m] 

𝒂𝜹𝝀𝒇 −  𝒂𝜹𝝀𝒇−𝒅  

[m] 

𝜹𝒗𝒕𝒐𝒕 

[m/s] 

0 778.4 1989.1 6.05 

0.005 652.3 1874.7 6.24 

0.010 506.5 1509.3 6.76 

0.015 399.7 1125.6 7.48 

0.020 349.9 897.9 8.33 

0.025 303.9 732.5 9.14 

0.030 263.5 567.8 9.93 

0.035 229.8 465.8 10.87 

 

 

 
Fig. 3. ROE time histories for the far-range 1 phase, 

considering w = 0.001. In blue the real ROE state time 

history is shown, while in light gray the onboard 

navigation filter estimate.   

 
Fig. 4. Navigation estimate errors during the far-range 1 

phase (black). Error envelopes (orange) are derived 

from the diagonal components of the filter covariance 

matrix output.  

 

The observability enhancement feature affects the 

geometry of the relative approach, as shown in Fig. 5 and 

Fig. 6. It can be noted, from the plots of the trajectory in 

the RN plane how the increase of observability sought in 

the first phase 𝒙𝟏 influences the shapes of the trajectory 

in RN, achieving a higher difference in LOS at the first 

node. From Fig. 5 and Fig. 6, it can be noted that the 

feature of passive safety intended as E/I separation during 

the approach is well respected. In this design, the E/I 

separation is checked after the computation of the GC 

solution, without directly including the E/I separation 

constraints at guidance level. However, these counter 

measures have been considered to guarantee E/I 

separation of the rendezvous approach: 

 

• Definition of target state of far-range 1 

characterised by parallel (or anti-parallel) 

relative eccentricity and inclination vectors. In 

this way, the trajectory over the whole 

approach is forced to meet the E/I perfect 

separation before reducing further the 

separation towards the target.  

• Limiting the magnitude of the ROE jumps 

required by the guidance scheme, by 

considering enough configuration nodes at 

guidance level to limit and an appropriately 

long configuration final time 𝒕𝒇.   
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Fig. 5. Far-range 1 phase trajectory in the RN plane with 

no observability enhancement (w=0).  

 

 
Fig. 6. Far-range 1 phase trajectory in the RN plane with 

observability enhancement (w=0.015). 

 

Concerning the far-range 2 and mid-range 

simulations, the results for 100 Monte-Carlo (MC) 

simulations of each phase are shown in Table 6. Fig. 7 

demonstrates the improvement of the navigation solution 

in the mid-range phase, thanks to the LiDAR range 

measurements taken at 0.0015 Hz (approximately 10 

times per revolution). 

 
Fig. 7. Navigation estimate errors during the mid-range 

phase (black). Error envelopes (orange) are derived 

from the diagonal components of the filter covariance 

matrix output.  

 

Table 6. Far-range 2 and mid-range approach results. 

The results reported refers to the mean values out of the 

100 MC simulations performed.  

 
Navigation 

errors 

Control 

errors 
 

  �̂�𝜹𝝀 [m] 𝒆𝜹𝝀 [m] 
𝜹𝒗𝒕𝒐𝒕 

[m/s] 

Far-range 2  14.14 10.95 0.83 

Mid-range 0.03 3.59 0.50 

 

5. Inspection  

After the reduction of the servicer-target separation 

up to few hundred meters with the R-GNC functions at 

the end of mid-range approach, the servicer has acquired 

a reliable estimate and knowledge of the translational 

state of the target. However, to proceed with the close-

proximity operations, a dedicated inspection phase in 

required. In this phase, the servicer performs a series of 

manoeuvres and fly-arounds which allows the on-board 

observation of the target pose and physical 

characteristics. A reliable knowledge of aforementioned 

information is a strict requirement to receive the go-

command from ground and proceed with the closer 

approach forced motion and operations. The relative 

sensors employed in this phase comprehend the passive 

cameras suite and the flash LiDAR sensor.  

 

In the inspection phase, the trajectories are designed 

to exploit the natural relative dynamics to obtain the 

required fly-around the target body. The strategy adopted 

consist in the use of Walking Safety Ellipse (WSE) to fly 

around the envelope around the target in the RTN frame. 

These peculiar trajectories can be defined in the ROE 

space, considering a E/I separation and a residual 

semimajor axis difference 𝛿𝑎 . Such design results in 

drifting spiralling trajectory around the target, with a 

guarantee minimum safe separation in the RN plane.  

The preliminary designed considered here, reported 

in Table 7, include three different spirals geometries 

characterised by different magnitudes of the relative 

eccentricity and inclination vector, controlling the RN 

separation over the drift trajectory. The relative 

semimajor axis of each of the orbits is obtained 

considering the drift from a symmetric condition at the 

other side of the target in a fixed time (taken here equal 

to 8 orbital periods). The plus and minus in Table 7 refers 

to the walking safety ellipses drifting from negative to 

positive values of relative argument of longitude 𝛿𝜆  and 

vice versa respectively. The keep-out zone in the design 

presented in this paper is considered is defined relative to 

the LT OneWeb platform, and is equal to 16 m. In the 

case of the HT platform, the keep-out zone of 36 m will 

influence the parameters designed for the WSE of Table 

7 to guarantee a larger RN distance.  
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Table 7. WSE parameters selected for the inspection 

sequence of the LT (OneWeb platform).  

 

‖𝑎𝛿𝒆‖ =
 ‖𝑎𝛿𝒊‖ 

[m] 

𝜓 = 𝜃 

[deg] 

𝑎𝛿𝑎 [m] 𝑎𝛿𝜆 [m] 

WSE1 + 150 0 -12.7 -600 

WSE1 - 150 90 12.7 600 

WSE2 + 75 90 -6.3 -300 

WSE2 - 75 180 6.3 300 

WSE3 + 50 180 -6.3 -300 

WSE3 - 50 270 6.3 300 

 

In the design of the forward (+) and backward (-) 

drifting WSE, the relative eccentricity vector and 

inclination phasing has is changed of +90 deg. This 

design is developed considering eclipse regions and 

target illumination conditions. To evaluate the 

illumination conditions of the target, the angle 𝛾 between 

the Sun vector in RTN and the servicer-target position 

vector is evaluated. Assuming that the servicer points the 

sensor towards the target, when the angle 𝛾 is lower than 

130 deg, the target is considered in a well-suited 

illumination condition for observation. Due to the motion 

of the Sun vector in the rotating RTN frame, the change 

of relative phasing of the relative eccentricity and 

inclination vector will influence the phasing with the Sun 

vector motion. The induce relative phasing change of 90 

deg allows the blind regions to cover different spiral 

regions in RTN. The trajectories shown in Fig. 8 show 

the effect of the change in the eccentricity and inclination 

vector phasing, displaying in magenta the blind regions 

of the WSE. In the design, due to the limited duration of 

one WSE sequence (plus and minus), the Sun vector in 

the inertial frame is considered stationary, simplifying 

the modelling of its motion in the RTN frame. To transfer 

from one WSE to the other, the strategy of impulsive 

manoeuvres is used described in Sect. 4.1. In this case, 

however, the out-of-plane manoeuvre is split into three 

manoeuvres performed in correspondence of the 

tangential manoeuvres u. In such a way, for the 

reconfiguration problems defined by the inspection 

sequence, the E/I separation is guaranteed also during the 

manoeuvre sequence other than during the WSE drift. 

The delta-v spent for each reconfiguration within the 

inspection sequence is reported in Table 8.   

 

Table 8. delta-v spent in the reconfiguration transfers in 

the inspection sequence for the light target.  

Transfer  
|𝜹𝒗| 
[m/s] 

WSE1+ → WSE1- 0.304 

WSE1- →WSE2- 0.135 

WSE2- →WSE2+ 0.152 

WSE2+ →WSE3- 0.039 

WSE3- →WSE3+ 0.101 

Total  0.733 

 
Fig. 8. WSE2+ trajectory (top), WSE2- trajectory in the 

RTN frame. Magenta regions represent the eclipse plus 

poor illumination conditions. 

 

6. Rigid capture preparation operations 

After the inspection phase is finished, the servicer has 

acquired reliable measurement and information on the 

target dynamic and physical state. The next operations 

will then depend on the target tumbling state. In fact, a 

rigid capture with a robotic arm of a tumbling satellite 

will present several problems in the operations and 

systems: 

• Safety conditions in the approach and 

manipulator operations in the case of fast 

rotating target. 

• The synchronisation accelerations profile 

required by the chaser to reduce the relative 

motion of the approach direction of the 

target in the servicer body frame. In the case 

of fast tumbling object, it may be unfeasible 

for the servicer systems.  

• Robotic arm requirements in terms of 

maximum torque and power during the 

stabilisation phase after capture has been 

secured.  

 

To perform the rigid capture, the relative motion of 

the target capture point in the servicer body frame needs 

to be limited. For the two constellations targets taken as 

a baseline, different capture points have been preliminary 

identified. For the light target, shown in Fig. 9, the 

capture point is identified correspondent to a dedicated 

grapple fixture located in the positive 𝑋𝐵  face of the 

target’s body frame. On the other hand, the heavy target 

capture point is identified in the positive 𝑍𝐵 of the body 

frame, shown in Fig. 10, correspondent to the launcher 
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adapter structure. To fully synchronise with the target 

capture direction motion, the servicer shall be able to 

compensate the centrifugal accelerations to keep itself 

approximately stationary in the target body frame. In this 

framework, the threshold of 1 deg/s is considered as the 

limit for the safe synchronisation of the servicer with the 

approach direction after a study and trade-off on the 

acceleration level required for synchronising at different 

distances.  

 
Fig. 9. Light target simplified geometry considered.  

 

 
Fig. 10. Heavy target simplified geometry considered. 

 

In the cases where the failed constellations satellite 

experiences a faster uncontrolled rotation, a dedicated 

phase in the ConOps is developed to prepare the target 

for the safe rigid capture operations.  To this aim a 

strategy of contactless control of the target’s tumbling 

state is used employing the plume impingement effects 

of the servicer’s onboard thrusters [19][20]. The 

contactless strategy of plume impingement was selected 

thanks to the ability of providing 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 onboard thrusters.  

 

For the impingement control operations, the servicer is 

assumed to be in a station-keeping position R at +T 

outside the keep-out zone. The adopted strategy allows 

the impingement actions designed to produce torques on 

the target, to additionally contribute to the decrease of 

orbital energy of the target with forces in the -T direction.   

The control the servicer’s thruster pointing to generate 

detumbling torques on the target is based on the 

algorithm explored in [20]. The main features of the 

algorithm are the onboard estimation of the plume 

impingement torque with an analytic pressure model of 

the thruster plume and the selection of the candidate 

pointing towards the target’s body. The analytic plume 

model describes the pressure inside the plume as: 

 

𝑃(𝜃, 𝑟) = 𝐶 𝑒
𝜃

2𝜃0𝑟−2  (19) 

 

Where 𝜃 is angle measured from the thruster centre line, 

𝑟 is the distance from the thruster nozzle exit. The half 

cone angle 𝜃0 represent the 1𝜎 width of the plume, while 

the constant 𝐶  is derived from the thrust 𝐹  from 

continuity considerations. In the force modelling, the 

assumption of hyperthermal flow providing a diffuse 

reflection of the plume on the target’s surfaces is 

considered.  

 

𝑑𝑭 = −𝑃(𝑟, 𝜃) cos 𝛾 𝑑𝑆 [(1 − 𝑐𝑠) 𝑺 + 𝟐(𝑐𝑠 cos 𝛾 + 
1

3
𝑐𝑑)𝑵]  (20) 

 

The parameters used for the models and thrusters are 

reported in Table 9. The pointing guidance and the firing 

sequence are then based on the discrepancy between the 

estimated plume impingement torque with a detumbling 

guidance torque law: 

 

𝑇𝑔 =  −𝐾
𝒉𝑳

‖𝒉𝑳‖
  (21) 

 

Where 𝒉𝑳 is the target rotational angular momentum 

vector expressed in the RTN frame.  

 

Table 9. Impingement models parameters and KOZ 

distance considered in the control. 

𝑭 [N] 
𝜽𝟎 

[deg] 

𝒄𝒔 

[-] 

𝒄𝒅 

[-] 
𝑹 [m] 

10 12 0.03 0.97 LT: 16 HT: 36 

 

Fig. 11, the results for simulation with different initial 

conditions show that initial tumbling motion of up to 11 

deg/s can be managed by the plume impingement 

strategy. The higher initial tumbling rate will reflect in 

the longer stabilisation time needed and the greater delta-

v cost of the impingement operations. Table 10 shows the 

results for the impingement detumbling strategy for the 

light and heavy constellations targets. The control for 
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three different tumbling motion regimes have been 

simulated. For each initial tumbling regime, 100 Monte 

Carlo simulations have been performed sampling the 

initial attitude state.  

 

 
Fig. 11. Time histories of the angular rate of the target 

affected by the plume impingement control for different 

initial conditions. 

 

 

Table 10: Impingement detumbling results for the light 

and heavy target.  

 
𝝎𝟎 =

[𝝐, 𝝐,  𝟓]𝑻 

[deg/s] 

𝝎𝟎 =
[𝝐, 𝟓, 𝝐]𝑻 

[deg/s] 

𝝎𝟎 =
[𝟓, 𝝐,  𝝐]𝑻 

[deg/s] 

Light 

target 

(LT) 

δv̅̅ ̅ [m/s] 4.61 14.47 5.60 

𝑚𝑎𝑥(δv̅̅ ̅) 
[m/s] 

7.56 16.75 8.61 

Heavy 

target 

(HT) 

δv̅̅ ̅ [m/s] 6.98 17.90 6.30 

𝑚𝑎𝑥(δv̅̅ ̅) 
[m/s] 

13.39 19.75 8.31 

 

7. Conclusions  

In this work the phase A design of the proximity 

operations of an ADR service to large constellations 

failed satellite is described. Particularly, the phases of the 

far-range rendezvous, inspection sequence and rigid 

capture preparation have been described in detail 

including the feasibility study and the algorithms’ design.  
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