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ABSTRACT 

Interest is rising in the execution of rendezvous, proximity, and capture operations for on-orbit services such as 

repair, refuelling, and tugging. This interest has highlighted the lack of clear and widely accepted technical and 

safety standards in this domain. The definition of accepted technical and safety standards for on-orbit servicing is 

fundamental to ensure that such operations are carried out in a safe and responsible manner.  

During the last five years, ESA has been actively funding several research activities also through the Clean Space 

initiative, in order to develop technologies for approaching, grasping, and manipulating a spacecraft on orbit. The 

overlap between technologies developed by Clean Space activities and technologies of interest of several ESA 

directorates related to servicing vehicle or space tug concept has been recently assessed in the frame of the CDF 

study “SSV - Development of Space Servicing Vehicle (Space Tug) Concept”. One of the recommendations of the 

study team following this CDF study was to perform an exercise to derive technical standards / safety principles to 

support the development of future systems that will perform close proximity operations (CPO). 

This work presents design principles meant to increase the safety of CPO. These design principles have been derived 

through a multidisciplinary working group using ESA’s knowledge from the missions and studies such as SSV, 

e.Deorbit and Automated Transfer Vehicle (ATV). Furthermore, International standards and documents such as the 

International Rendezvous System Interoperability Standards and the Interface Definition Document for International 

Space Station Visiting Vehicles have also been used. This work does not consider safety aspects related to: the 

disposal of the Space Servicing Vehicle (SSV) and the target, the specific service provided (e.g. refuelling), or the 

design principles for the (collaborative) target. Furthermore, the design principles are only associated to non-human 

rated missions.  

The goal of this study is to provide a baseline for the formation of a requirements document and the methodology 

used to derive the design principles is presented. 
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1 INTRODUCTION 

Given the current trends in space market where space opportunities are becoming more accessible and frequent, a 

dynamic market of mega constellations and possible commercial use of space have emerged (such as space 

advertising or mass-events demonstrations [1]). It is clear that we are now on the edge of starting a new chapter of 

Space Age, which will re-define tremendously human activities in space.  

The consequence of a growing number of objects in space, especially Low Earth Orbit (LEO), is an increasing risk 

of objects collisions, which if happening frequently, can trigger a chain reaction of exploding space debris. In 

extreme scenarios, such events could irreversibly limit the available orbital space for humankind use. To prevent it, 

the good preventive actions must be defined and applied, such as performing de-orbiting maneuvers or defining an 

Active Debris Removal (ADR) mission. The long-term sustainability of space activities is one of the main concerns 

nowadays. The traditional space missions into Earth Orbit are designed considering the achievable time of satellite 

operations, which is directly limited by the lifetime of its components, payload and available amount of the 
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propellant. Once the satellite begins its operational phase its capabilities driven by design cannot be improved or 

prolonged. One of the possible futuristic solutions to make the space sector more sustainable in the long-term is to 

develop certain manufacturing, recycling and in-orbit servicing (IOS) capabilities that by its nature highly rely on 

the close proximity operations (CPO) between two spacecraft. It is clear that addressing these problems motivates 

sustainable re-thinking of space mission design and satellite production and ADR and IOS services are the first 

target of the CPO missions.  

Close proximity operations cover any type of activities between two spacecraft in the relative close area. The 

distances between two spacecraft can vary depending on the mission characteristics and specificities of performed 

operations. To this date, mainly the operations between servicing spacecraft and the International Space Station 

(ISS) are one of the few places where close proximity operations have occurred regularly for a long time, and certain 

technical procedures are very well developed. A future market where close proximity services are common may 

require novel approaches to ensure safety of the operations for many different applications. In response to the 

emergence of such services, additional regulations or standards on an international level may be developed in the 

future therefore the first steps to achieve this objective have been taken by ESA and are described in the paper.  

Internally, the Clean Space Close Proximity Operation working group has been methodologically applying the 

ESA’s knowledge from the missions and studies in order to derive the specific design principles meant to increase 

the safety of CPO.  

 

2 METHODOLOGY 

The below described methodology was employed for the systematic identification of Mission Critical Events (MCE) 

and design principles in order to develop technical inputs for future requirements meant to increase the safety of 

Close Proximity Operations (CPO). The methodology has been chosen and customised for the purpose of the Close 

Proximity Operation Working Group at the Agency. The hazard analysis is based on Hazard Analysis requirements 

of ECSS-ST-Q-40-02C with respect to identification and classification of MCEs. 

The MCE is defined as “an incident outside the boundaries of the nominal mission operations that has an outcome, 

which affects the safety and reliability of the mission, similar to a hazard as defined by ECSS, during Close 

Proximity Operations”. In order to perform identification and analysis of MCEs and design principles, the below 

described methodology was followed. The first step of the methodology is a complete definition of the Close 

Proximity Operation mission areas, events and phases. It is of high importance to propose clear and specific 

definitions considering the future international implementation of developed design principles. 

The second step of the methodology is to define the main actors involved in the Close Proximity Operations 

mission, which enables clear understanding in order to define system boundaries and definitions of entities involved 

in the activities.  

Next, the MCEs are identified by an ad-hoc checklist developed for the specific use of the Close Proximity 

Operations Working Group. The checklist is a useful tool to perform a systematic examination of the design to 

identify and analyse MCEs. The checklist is based on the list of hazards presented in the ECSS-Q-ST-40-02C. All 

these actions allowed derivation of design principles, which are discussed in section 3.  
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Fig. 1 MCE Identification and Analysis steps. 

 

2.1 Mission Concept 

In order to introduce the international guidelines, it must be ensured that on the international level there is a mutual 

and equal understanding of the CPO phases and operations in general. The definition of a mission concept, the 

phases and scope of their application proposed below was based on the previous studies [2] [3] [4] [5]. The objective 

is to present mission events and phases in a way that would make it applicable to a family of different missions. It is 

important to note that CPO missions may not encounter all the phases discussed (e.g. no capture). The areas and 

events of CPO, considered in the study, are provided in Figure 2. The definitions of considered phases can be found 

in Figure 3. Finally, the illustration of the mission concept is presented in Figure 4 to enable better understanding 

and visualization of the approach sphere and keep-out zone described. 

 

Area or Event Definition 

Approach Ellipsoid (AE) The zone around the target in which it is necessary to measure the relative range 

between the SSV and target to avoid collision. 

Keep Out Zone (KOZ) The zone around the target in which the SSV requires 6 Degree of Freedom (DOF) 

relative state estimation. 

Point-of-no-return The point of no return is the moment at which it is safer to continue with capture 

rather than performing a Collision Avoidance Manoeuvre (CAM). 

 

Fig. 2 Definition of Mission Zones and Events. 
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Phase Definition 

Target Phasing (TP) The phase outside the AE. 

Far Rendezvous (FR) The phase between the AE and the KOZ. 

Close Rendezvous (CR) The phase between the KOZ and the point-of-no-return. 

Capture (CAP) The phase between the point-of-no-return and accomplishing a stable stack 

configuration. 

Servicing (SER) The phase between the accomplishment of a stable stack configuration and the 

release of the mechanical connection. 

Separation (SEP) The phase between the release of the mechanical connection and first activity of the 

SSV thrusters.  

Note: After separation the SSV transitions to the phase corresponding to its 

location (e.g. in or out the KOZ/AE). 

 

Fig.3 Definition of Mission Phases. 

 

 

 

 

Fig.4 Illustration of the mission concept. 
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2.2 Mission Actors 

In order to enable further analysis, next step is a definition of stakeholders involved in the mission. The design 

principles have high implications on spacecraft design solutions, but also impact the mission as a whole – the 

mission concept of operations, orbital environment (if the third space object is included), operational procedures etc. 

These and many other factors depend on the design changes implied by the proposed CPO design principles. To 

understand who is affected by these principles, the working group has identified a set of mission actors on the high 

level for each segment: Space, Ground and Launch. Further, the actor is defined as an entity responsible for the 

design, development and verification of one interface end [7]. For a CPO mission the main actors involved are: 

 

Space segment Ground segment Launch segment 

- Space Servicing Vehicle 

- Target 

- Third space object 

In addition, during the operations, 

the space environment related 

aspects have to be taken into 

account (debris flux, 

micrometeoroids, etc.). 

- Space Servicing Vehicle Operators 

- Target Operators (Note: may not be 

relevant) 

- Tracking\Monitoring activities 

Space satellite operators are mainly involved 

in the activities managements. 

 

- Launch service provider 

- Launch site 

 

Fig. 5 CPO mission actors.  

 

In the future, the analysis shall be extended towards the identification of the interactions between the actors as well 

as inclusion of entities of different rights and obligations. In order to assess the legal pre-conditions and 

consequences in relation to a given space object involved in a close proximity operation, it must be kept in mind that 

different entities may carry different rights and obligations concurrently: 

 

 Space object owner: natural or juridical person having the full and disposable right of disposition over the 

space object; 

 Space object operator: no defined category in international law but in some national laws (e.g. Belgium 

and France); the operator will usually be in a contractual relation with the owner; 

 Launching State: the state which launches, procures a launch, or from whose territory or facility a space 

object is launched; 

 State of registry: the state which retains jurisdiction and control over the satellite. 

 

In some circumstances, the above categories may coincide with one and the same entity; in others, they may involve 

a range of different entities including governments, space agencies and commercial companies. Moreover, any given 

close proximity operation would involve at least two spacecraft, making it necessary to appropriately consider the 

legal relations on both sides. Objectively, the consequences (damage in particular) should be clarified beforehand 

between the parties of the service to also ensure that no obstacles hinder the safety of operations. The further 

analysis of the CPO design principles foreseen in year 2020 will enable improved understanding of interactions 

between the mission actors and definitions of involved legal entities. 

2.3 MCE Identification and Analysis 

Mission Critical Events were systematically defined following the internally developed procedure. An MCE 

identification by checklist was performed in according to the definition of MCE. The following paradigm for the 

MCE identification and definition has been proposed:  

 Section (C1) define the elements involved in the accident.  

 Sections (C2) describe the condition that triggers the accident.  

 Section (C3) identifies the source of the MCE.  

 Section (C4) identifies the phase when the accident occurs.  

 Section (C5) identifies the severity of the accident according to severity definition [TBD]. Section (C6) 

lists the possible targets that are affected by the accident scenario. 
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In order to define a certain approach for MCE identification, the following statement was used as a template to 

determine new MCEs: 

“The Space Servicing Vehicle provokes a (C1) of (C2), due to (C3) (C4), during (C5) producing (C6)” 

 

The working group of experts identified many MCEs, which next were filtered according to the relevance for CPO 

in general and also the characteristics – it was identified if the MCE is systematic, random or both. Finally, the 

working group identified if the MCE shall be mitigated through redundancy, analysis or both.  

 

 

Fig. 6 Example of a checklist for MCE identification for the experts working group. 

 

During the work, different sources of hazards were considered which are shown in the Figure 7. The final list of 

MCEs consists of 58 events, for which the suggested functional/technical requirements were proposed.  

 

Functional Sources Mechanical Sources Electrical Sources Operational Sources 

 Capture Sensors 

 GNC Sensors 

 GNC Actuators 

 GNC Control Chain 

 GNC Navigation Chain 

 Ground Station visibility 

 Poor Illumination 

 Excessive Illumination 

 Software Malfunction 

 Alarms and Warnings 

 Indication of Failure 

 Vehicle Separation 

 Separation Mechanism 

 Capture Mechanism 

 

 Thruster Plume 

 Temperature Differential 

 Mechanical Properties of 

Materials 

 

 Electromagnetic 

Interference and 

Compatibility 

 Insulation Failure 

 Electrostatic Discharge 

 

 Operator Mode 

Transition 

 

Fig. 7 Sources of Hazard Scenarios. 

3 DERIVED DESIGN PRINCIPLES 

During the work, the multi-step process enabled the clear identification of the design principles. 

3.1 The identification process 

The process for the identification of the mitigation measures was performed according to the following 

steps: 
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1. Identification of the typology of failures that need to be addressed in order to mitigate the Mission Critical 

 Event (random, systematic or both). 

 

2. Identification of the generic design principle implemented to mitigate the Mission Critical Event (i.e.  system 

 redundancy and diversity, fail safe design, subsystem protection, collision avoidance,  temperature,  control, 

 electrical protection). 

 

3. Definition of a generic suggested functional/technical requirement that would mitigate the Mission Critical 

 Event. 

 

4. Identification of relevant requirements defined in the requirement baseline considered in the frame of this 

 exercise matching the generic suggested Functional/Technical Requirement  identified at step 3. 

 

5. Identification of relevant requirements defined in the requirement baseline considered in the frame of this 

 exercise not identified by step 3. 

 

6. Generalisation of the requirements identified at step 4 and 5 into suggested requirements. 

 

3.2 Design principles 

The analysis was concluded with 42 requirements identified to ensure safety during CPO. The design principles are 

organized based on the phases in which they apply. It is agreed that for some aspects associated with servicing 

missions it may not be feasible to achieve full compliance with the design principles.  

To give an example, the design principles applicable to stack configuration phase only are given below: 

 

Code  Text  

SC-0010  The system shall be able to determine the moments of inertia of the stack.  

SC-0020  The system shall be capable of controlling the attitude of the stack.  

SC-0030  Upon entering stack configuration, the system shall be capable of updating the mass properties used for 

control of the stack.  

SC-0040  The system shall be able to perform an emergency release of the target.  

SC-0050  The SSV and target shall be robust against the illumination and thermal condition caused by the stack.  

Fig. 8 Design Principles for Stack Configuration. 

 

The full list of design principles proposed by ESA will be published after the performance of validation and 

verification process. The process involves the major part of European actors from both industry and the national 

space agencies.  

3.3 Discussion 

As a result of the aforementioned analysis, there are 42 proposed requirements with different applicability 

depending on the mission phase. The methodology presented was concluded with the proposal of design principles, 

which are a subject of the future discussion with different states after validation and verification process to be done 

by ESA. The activity with industry is the next step of the process with an objective of re-evaluating methodology 

and identified requirements and proposing verification and validation for the identified requirements. 

Different future implementations of the CPO design principles are being discussed with a major focus on the long-

term situation of space debris and sustainability of the orbits. In the short-term, a customer/operator might wish to 

remove one of its assets to mitigate liability or espionage issues. 
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With the emerging private sector for Active Debris Removal (ADR) services and in-orbit servicing and thus their 

increasing number of commercial applications, it is clear that cost becomes the main driver. The only way to 

guarantee safety of such operations is through the common guidelines; therefore, it is underlined that the CPO 

design principles should be proposed as obliging requirements in the near future. 

It is highlighted that for some aspects associated with servicing missions it may not be feasible to achieve full 

compliance with the design principles. By nature, requirements definition is an iterative process between the Agency 

and its stakeholders; therefore, the statement of compliance shall be always delivered when referring to the 

implementation of the requirements.  

4 ESA ADR OVERVIEW 

One of the main possible applications of CPO design principles are the ADR missions. ESA has been developing the 

relevant technology under Clean Space frame since 2012 with the main focus on ESA-owned large satellites. There 

are many systems options identified for capture such as net, harpoon or robotic arm, with the last one identified as 

the most feasible solution with the current state of the art of foreseen technology development. Other innovative 

solutions (e.g. net with inflatable structure) are also evaluated by involved industry actors. 

The landscape has changed rapidly over the last two years, with industry announcing plans to launch space servicing 

vehicles to provide various services on-orbit. These services cover life extension (e.g. refuelling), assembly-in-orbit, 

inspection of other satellites and the removal of debris. Most of these mission concepts require that the space 

servicing vehicles perform close proximity operations, including rendezvous and capture. There are clear synergies 

in the technologies required for these applications. The optimal mission scenario is very different for each of the use 

cases. Nevertheless synergies exist in a number of areas, notably in the: 

 GNC equipment selection, navigation chain, image processing, controllers and approach trajectories 

 Robotics at controller and equipment level, the gripper for capture, visual servoing 

 Operational approach to the safety and support during the approach manoeuvres 

To understand the exact overlap for the different mission scenarios, ESA is attempting to understand how a 

spacecraft dedicated to the removal of a specific satellite could additionally be used to perform other applications / 

use cases such as refuelling or inspection of other satellites. With the ability to reuse key systems/products, a first 

ADR mission is critical for the development, calibration and demonstration of these functions and technologies. This 

first mission will act as a pioneer, paving the way for all future Space Servicing Vehicles. Currently, ESA works 

intensively on the development of technologies required to this type of missions such as the gripper for capture, 

image-based relative navigation methodologies and also on the design for removal side – RF tags and IR navigation 

markers to enhance the  

However an increasing number of involved players expect that it is becoming a viable business case due to a 

potential financial incentive for companies taking on the task to remove orbital debris. To meet the objective of 

developing sustainable use of the orbits, ESA gives its support to actors from emerging market of debris removal 

services to enable good CPO engineering approaches from the initial phase. To understand the future needs, firstly 

work currently in progress is done on the identification of business models and evaluation of the satellites in LEO up 

to 2030 with their characteristics.  

5 CONCLUSIONS 

ESA has started validation and verification activities for the CPO requirements. It is well understood that derived 

requirements are a subject to changes before proposing their implementation. The iterative nature of the process 

encourages the collaboration between the Agency and involved stakeholders in order to ensure clear feedback. 

The performed study helped to consolidate the first iteration of CPO design principles. ESA is currently working on 

the verification and validation process of the technical guidelines developed within the framework of the study.  
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