Draft of technical proposal
1. Project title

Mathematical simulation and analysis of tethered satellite systems for space debris removal 
2. Project goal 

The project is aimed at understanding and modelling dynamics of two orbiting objects connected by a long enough tether, including development of a software package to simulate the typical operations and manoeuvres of a tethered system. Algorithms, developed in the framework of the project, are used for solution of space debris removal problem. 
3. Preliminaries
It is now well known, the low earth orbit is suffering from a continuous increase of the uncontrolled debris. This increase is even catastrophic in case of collision. NASA and ESA experts have forecasted that the situation can be stabilized only if 5 to 10 big debris are removed every year. This study can be a good step forward to solve this problem. A Tethered Satellite System (TSS) consists of two orbiting objects connected with a sufficiently long thread or tether.

For the purposes of the present project, the first body (called T for Target in the sequel) could be either a dead satellite with deployed appendices or any of its fragments. The second body (called C for Chaser) is an active spacecraft equipped with certain tools to control system dynamics (engine, solar sail, balloon, etc.).
A full TSS control problem consists of three sub-problems:

· deployment of the TSS, which involves uncoiling of the tether and securing it to the target body;

· stabilization of the system, including de-tumbling of both components with respect to the cable;

· driving the target.

4. Assumptions and limits:

· The target has a mass of 100 kg to 1500 kg and could be either a dead satellite with deployed appendices or any of its fragments.

· The chaser has a mass of 10 kg to 500 kg and a ballistic coefficient of 100 kg/m² up to 1000 kg/m². The chaser could be a puller, a brake or neutral. 

· The tether might be elastic (not infinitely rigid), with a length of 10 m to 30 000 m.
· The orbit is either LEO, MEO or GEO, with an inclination anywhere between equatorial and polar. The environment of the orbit (whatever it is) should be completely analysed and modelled: non centrality of the Earth gravity field, moon and other planet attraction, solar radiation pressure, magnetic forces, electrostatic coupling, atmospheric drag, and any particular anomaly.

· A certified model of atmosphere must be used in order to reliably model the systems dynamics in LEO and MEO. 

5. Proposed definition of work and work packages

5.1 Work Package 1: Mathematical modelling
WP1 will consist of development of mathematical models for dynamics and control of tethered system consisting of chaser, target and tether. Target and chaser will be modeled by two bodies with masses MT (target mass) and MC (chaser mass). The masses MT and MC are parameters of the model and can be varied in the range proposed in paragraph 4. In the simplest case material point approximation will be used for target and chaser. Rigid body approximation will also be used, if necessary. Several models for tether will be considered [1,2]: 1) massless tether with constant length (dumb-bell model); 2) dumb-bell with controlled variable length; 3) massless elastic tether with constant equilibrium length and internal damping. Inertia of the tether will also be taken into account, if necessary. Equations of motion for the system will be derived for all tether models. The force, generated by chaser engine, and length of the tether will be used as control parameters. The following external forces, acting on the tethered system will be taken into account: non centrality of the Earth gravity field, Moon and other planet attraction, solar radiation pressure, atmospheric drag, magnetic forces, electrostatic coupling. 

Three approximations for gravitational field of the Earth will be considered. The simplest approximation, suitable for qualitative modelling and testing is gravitational field of the sphere with radius 6371 km. The second approximation is gravitational field of ellipsoid with large half-axis of 6378,245 km and compression 1/298,3. The third commonly used approximation, required for accurate quantitative calculations, is geoid (see for example, Earth Gravitational Model 2008 (EGM2008)). The action of other planets will also be taken into account. The greatest third-body effects come from those bodies that are very massive and/or close, such as the Sun, Jupiter, and the Moon. The gravitational perturbations from these planets can be modeled with sufficient accuracy using point mass approximations. The motion of the planets is described, for example, in Jet Propulsion Laboratory (JPL) DE-405 planetary ephemeris [3].

Another force acting on the system is solar radiation pressure [4-8]. It is especially important for high altitudes. For example, it is the largest perturbation acting on satellites with altitudes of about 20,000 km after the gravitational attraction from the Earth, Sun, and Moon. Solar radiation pressure can be taken into account using either simple model proposed in [5] or more accurate model [6,7].

The next important factor for LEO and MEO is atmospheric drag, caused by the restitution of atmosphere to the motion of the body. Drag force depends on velocity and ballistic coefficient (parameter of the proposed model) of the moving body and density of the atmosphere. Thus accurate calculation of drag force require reliable atmosphere model. In Russia the standard atmosphere model is described in GOST R Р 25645.166–2004 [9] that includes physical parameters of the atmosphere for altitudes 200-1500 km. International standard models of the atmosphere such as MSIS-E-90 can also be used. 

Magnetic forces and torques caused by the Earth’s magnetic field will also be taken into account for accurate modelling of tethered system dynamics. The action of the magnetic field is important for LEO and MEO and could be neglected for GEO.  The models of Earth magnetic field are presented for example, in works [10, 11]. The electrodynamic action of the Earth’s magnetic field on the conducting tether will also be modeled. 
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5.2 Work Package 2: Coding, verification and validation
WP2 will include implementation of mathematical models developed in WP1. The algorithm for numerical integration of motion equations for the tethered system will be developed. Convergence, accuracy, and stability of the algorithm will be investigated. Different integration schemes will be compared and the best algorithm will be chosen. Numerical tests will be used for verification and validation of the algorithm. In particular, the motion of single body on different orbits (LEO, MEO, GEO) will be simulated and compared with analytical solutions and experimental data. The dynamics of tethered system under various initial conditions will be simulated and analyzed.
On the first step all mathematical models will be implemented in advanced mathematical packages, such as MATLAB. MATLAB is a powerful simulation tool that allows straightforward implementation and testing of different mathematical models (without wasting time on development of graphical and other standard tools). After validation and verification the final version of MATLAB code will be rewritten in suitable programming language in order to speed up the algorithm.
User manual and validation test reports for all the cases investigated will be created.
5.3 Work Package 3 - case analysis

WP3 will consist in a full analysis of some particular cases using the software package developed in WP2:
Case 1. A small 50-200 kg chaser linked to a 200-1000 kg dead satellite (T) with a 10-30 000 meter cable. The small chaser is equipped with a 10 N one boost engine, the orbit is 800km, SSO 98°. The analysis will develop the case, define the chaser characteristics, and propose the best strategy to ensure controlled re-entry into atmosphere in less than 2 days.
Several strategies will be considered.  
Case 1.1 Taking into account relatively fast descent rate (~300 km/day) the use of chaser engine will be considered as a main source of braking. Two different scenarios will be investigated. In the first case the chaser and target are connected by relatively short (10-100 m) tether of constant length. The force created by chaser's engine will be used as control parameter. The algorithm for engine’s control will be developed so as to minimize the risk of tether damage, breakage and undesired vibrations. The algorithm will guarantee changing target’s orbit to elliptical one with perigee in the relatively dense atmosphere (100-200 km). Optimal control algorithm will be proposed. In the second case the action of chaser’s motor and control of the tether’s length will be used for initiation of rotation of the tethered system in the orbital plane. It will allow to change (control) the direction of target’s velocity. The target will be released (tether deployed), when the direction of the velocity will be optimal, i.e. the re-entry of the target in to the dense layers of atmosphere will be guaranteed. Appropriate initial position and velocity of the chaser and control algorithm will be proposed taking into account finite strength of the tether, vibrations, etc. In both cases dynamics of the system will be simulated and analyzed. Practical recommendations will be given.
The ideas, proposed in the following optional cases 1.2-1.3 will, probably, not guarantee completion of the operation of debris elimination in 2 days. However they may be more energy efficient and therefore may worth investigating.    
Case 1.2. The Chaser has 20-30 km larger orbit than the target. The tether with initial length of 20-30 km, connecting target to the chaser, is allowed to elongate, while creating the force, acting on the two bodies. As a result of joint action of centrifugal accelerations, gravitational forces, and action of the tether target’s altitude will decrease and the chaser’s altitude will increase. In this case the process of connection and initial positioning of the chaser with respect to the target is not considered. Corresponding simulation will be carried out, if necessary. 
The law of tether’s elongation and force created by chaser's engine will be used as control parameters. Different initial chaser’s velocities and orbits as well as control strategies will be analyzed and compared. Dynamics of the system will be simulated and analyzed. Optimal control algorithm will be proposed. 
Case 1.3. The tether conducting electrical current will be considered. The motion of the conductor in magnetic field will results in the force, acting on the tethered system and corresponding change of the altitude. The current in the tether will be used as control parameters. Different initial chaser’s altitudes and velocities as well as tether’s lengths will be considered. Dynamics of the system will be simulated and analyzed. Optimal values of the parameters will be obtained.
Case 1.4. The combination of electrical current and tether's elongation will be investigated. The law of tether's elongation and the value of electrical current will be used as control parameters. Different initial conditions and control laws will be considered. The results will be compared with the results obtained in Case 1.1 and Case 1.2. Dynamics of the system will be simulated and analyzed. Recommendations for optimal control will be given.
Case 2. A small 50-200 kg chaser linked with a 100-500 m cable to a 1000 kg operational satellite (T) in LEO 700km SSO. The chaser has a deployed 20m balloon with a 1250m² surface that augments the atmospheric drag, thus applying a braking force to the 2 bodies system.
The device for lowering space object orbits is described in detail in US Patent 6,830,222. In the present work the deployment of the balloon will be modeled as change in ballistic coefficient of the chaser. Different initial conditions (chaser’s and target velocities and altitudes) will be considered. Dynamics of the system will be simulated and analyzed. The rate of descent will be obtained. The recommendation on parameters of the system will be proposed. 
Case 3. A small 50-200 kg chaser linked to a 200-1000 kg operational GEO satellite (T) with a 100-500 m cable. Here the goal is to move the satellite from one GEO position to another without any risk for the target satellite.
The motion of the satellite from one GEO position to another will be performed by joint action of chaser’s engine and the system that controls tether’s length. The satellite will be first moved from the GEO to another orbit and then returned to GEO at the desired point. Different variants of chaser’s positioning with respect to satellite will be considered and analyzed. The dynamics of the system will be simulated. The algorithm allowing to perform this operation without risk for the satellite will be developed.
6. Deliverables

· WP1: technical report featuring mathematical models, motion equations and preliminary results related to TSS control strategy for space debris removal or displacement.
· WP2: software source code, executables or plug-ins, user manual and validation test reports for all the cases investigated.
· WP3: technical report containing a detailed analysis of the 3 cases.
7. Project roadmap

The project term is 9 months (April to December 2012).

Four meetings are scheduled:

· Project kickoff (month 1);

· Closure of WP1 (month 3);

· Closure of WP2 (month 6);

· Closure of WP3 (month 9).
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