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INTRODUCTION 
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A model in Solidworks was created to 
determine features not available directly 
in literature such as moments of inertia. 
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Part 1 
 

ANALYSIS of DEORBIT 
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Refer to PhD thesis after its publication. 

Refer to PhD thesis after its publication. 



12 Università di Padova                                          Guido Pastore             



13 Università di Padova                                          Guido Pastore             



14 Università di Padova                                          Guido Pastore             



15 Università di Padova                                          Guido Pastore             

 Both in-plane and out-of-plane dynamics are considered, and variation of 
all orbital parameters.  
 Geomagnetic field with higher harmonics 
 IRI-2011 database from NASA for plasma electron density, with average   

Solar flux activity 
 Jacchia-Bowman 2008 for atmospheric density, with average Solar flux 

Electrodynamic drag and 
atmospheric drag are the 
dissipation forces.  

Double-Dumbbell, with Hybrid 
numerical method . Nondimensional 
method used only for computation of 

average tether current. 
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Continuosly decreasing profiles for 
apogee altitude, perigee altitude, and 
orbital eccentricity. 
Step-by-step decrease since dissipation 
occurs only during transits below 2000 
km. 
Steeper decrease in the very last part of 
deorbit since the system is always below 
2000 km.  
 
Deorbit time of 818 days with tether of 
2 km length (L1 = 1200 m, L2 = 800 m), 
width of 3 cm, thickness of 100 micro-m.  
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Angular velocity does not change in sign 
(no tether slackness) and maximum 
value such that tether is far enough from 
breaking 

Max < 0.013 rad/s 

Small change in orbital 
parameters: inclination, 

RAAN, argument of 
perigee during deorbit. 
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Magnitudes of: 
 
 In-plane angle has an increasing 

trend throughout deorbit 
 
 Out-of-plane angle is limited to 

about 5 degrees throughout 
deorbit, demonstrating the 
prevalence of in-plane motion 
above the out-of-plane motion.  
As reported in literature, and validating 
assumption of neglecting out-of-plane 
dynamics on 1° analysis campaign. 
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Part 2 
 

ANALYSIS of  
PRE-DEORBIT PROCEDURES 
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Sylda is rotating, after its release in GTO, with angular velocity 
of about 0.35 deg/s around the three body axes. Before 
deployment, it must be detumbled in order to have correct 
deployment without risk of interference between tethers and 
Sylda.  
 
A detumbling system based on Magnetic Torquers is proposed: 
 
 2 Magnetic Torquers for detumbling about X and Y axes (e.g. 

Cayuga Astronautics torquers, 1.5 m long) 
 
 4 magnetic torquers for detumbling about Z axis: placed axial-

symmetrically (e.g. Cayuga Astronautics torquers, 0.75 m long) 

© 



22 Università di Padova                                          Guido Pastore             

 Euler equations are used, considering the average torque created at 
LEO altitudes.  
 Detumbling takes place during the first transit across the perigee 

region below 1500 km, and takes about 9 minutes around the 
longitudinal axis Z, and 12 minutes around the transversal axes X and Y.  

Magnetic moment along the 
axis of magnetic torquer: from 
the manufacturer’s brochure 

Geomagnetic 
induction Torque 
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Deployment of two tether segments 
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 2 Bare Electrodynamic Tethers (BETs) in butterfly configuration. The tape-BET 
tethers have lengths of 1200 m and 800 m, made of Fiber-Reinforced Aluminum, 
width 3 cm, and thickness of 100 micro-m. 

 A hollow cathode, on one of the two tip-masses, for electron emission 
 A tipmass of 5 kg at each tether end.  

Numerical model to simulate the deployment on 
the orbital plane: 
 

 The two tethers rotate, about their attachment 
point on Sylda, of angles        and          on the orbital 
plane. The tethers rotation is separated from the 
local rotation of Sylda, defined by the angle , and 
affected by tension exerted by tethers. Both angles 
are measured with respect to the orbital frame. 
 
 The tethers are deployed with an initial angle of  

30-45 degrees with respect to the local radial 
vector.   
 
 Three cases of deployment are analyzed:  
 

1) Deployment at apogee 
2) Deployment at perigee 
3) Deployment at mid-way along the GTO, above 

2000 km  
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Deployment at perigee 
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 Two tether segments are considered, rotating with 
independent angles 1 and 2 . Dumbbell model, tip-
masses of 5 kg. Sylda rotates with angle , that is 
independent from the tethers rotaion, but related due to 
moments exerted by tether tension at attachment points.  
 
 The two tether segments are deployed with constant but 

different release velocities  until a prescribed time, and 
then the deployment velocity decreases with zero tangent 
and zero release velocity in order to prevent a mechanical 
shock. Deployment of one segment can finish at a different 
time than the other.  

 Perturbations are considered: electrodynamic and atmospheric drag. Tip-mass, due to perturbations, shows a non-
regular path during deployment: possible interference between the tether segments and Sylda’s body (risk of wrapping 

of the tether around Sylda). Deploying at perigee should then be discarded.    
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Deployment at mid-way 
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 Two tether segments are considered, rotating with 
independent angles 1 and 2 . Dumbbell model, tip-
masses of 5 kg. Sylda rotates with angle , that is 
independent from the tethers rotaion, but related due to 
moments exerted by tether tension at attachment points.  
 
 The two tether segments are deployed with constant but 

different release velocities  until a prescribed time, and 
then the deployment velocity decreases with zero tangent 
and zero release velocity in order to prevent a mechanical 
shock. Deployment of one segment can finish at a different 
time than the other.  

 No perturbations are considered: deployment takes place above 2000 km while Sylda leaves the perigee region towards 
apogee. This is the optimal choice for deployment for two reasons: 1) start right after detumbling across the perigee 
region; 2) the tip-masses, one at the end of each tether, show a regular path with respect to body axis X. No risk of 

interference between tether segments and Sylda; tethers and Sylda start to rotate together at the end of deployment.  
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Part 3 
 

ANALYSIS of  
VISION SYSTEM 
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Description of measurement system 
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Two possible scenarios 
 

1) Only the angular position of the tip-mass (angle ) is measured.  
2) Both angular position and distance Z of the tip-mass are measured.  

From previous deployment analysis, it is computed the profile of angular position ( ) of the  
tip-mass on the orbital plane, with respect to the optical axis, VS  tip-mass  spatial coordinate (Z =X body).  

OBJECTIVE  
Evaluate the accuracy of different 
configurations of vision system in 

detecting the angle and the distance Z 
during  deployment, starting from a 
minimum detectable distance Zmin. 

  
The uncertainty affecting the  
measure is then evaluated. 

Measurement system to track the motion of each each tip-
mass during deployment: 1 or 2 cameras.  



1st scenario: only tip-mass direction 

Two cameras for each tip-mass, with different FOVs and focal lengths 
1st  camera optimized to detect the tip-mass in the first part of deployment (from Zmin to Z’) 

 2nd  camera optimized for the second part of deployment (from Z’ to Zmin).  
Zero baseline between the cameras: not a stereo system but a combination of two monocular systems.  

The two cameras have the same sensor size L and number of pixels Np 

Angular resolution 

Focal length 
Standard uncertainty due to  

angular resolution , with uniform 
Probability  Density Function 
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Camera 1 needs a larger FOV in order to detect at best 
the first part of deployment, where the angle  is 
larger. FOV1 defined by the angle  at the minimum 
detected distance Zmin, i.e. at the beginning of 
deployment, starting with a non-zero in-plane angle 
with respect to the optical axis.    

The tether tends to align to the optical axis towards 
the end of deployment, therefore the angle  
becomes lower and lower. Thus, FOV2 of camera 2 
must be lower, so the angular resolution (and then 
higher accuracy).    



1st scenario: only tip-mass direction 

By using a Kalman filter to fuse the 
detection of camera 1 and 2, for Z > Z’, 
there is a reduction of uncertainty 
(dashed lines). Continuous lines means 
using only camera 2 detection for Z > Z’. 

Z’ is the tip-mass distance until which only camera 1 
is detecting the tip-mass angular position. The FOV 
of camera 2 depends on Z’: increasing Z’ means 
lower FOV and lower uncertainty for camera 2, but 
at the same time a higher uncertainty for longer 
time of use of only camera 1.  
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Optimal condition 
Z’opt = Z2,min = 350 m 

+ 
fused 1 & 2 cameras  with Kalman filter for  

Z’ < Z < Zmax 

RED line: only camera 1 used for Zmin < Z < Z2,min, and then only camera 2 for Z’ < Z < Zmax. 
BLACK line: only camera 1 used for Zmin < Z < Z2,min, and then fused 1&2 with Kalman filter for Z’ < Z < Zmax.  

The aim is to find the optimal Z’ to choose in order to 
have the minimum mean uncertainty on the measure 

of  during deployment.  
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2nd scenario: tip-mass direction and distance 
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All considerations regarding uncertainty in detection of direction  are identical to first scenario.  
Analyzed the uncertainty in detection of distance Z considering two options: 

One camera for each tip-mass.  
Mounted on the upper conical part of Sylda.  

1) Monocular system 

Target to detect (i.e. tip-mass) is 
equipped with a planar pattern.  

4 features always detectable by the 
camera: 3 on a circumference of  

radius 0.5 m to form an equilateral 
triangle; 1 at the orthocenter.  

The distance is estimated from detecting the pose of 
the tip-mass, using the P3P solver proposed by Kneip et 
al. The uncertainty on the distance takes into account 
only the contribution of the sensor resolution ( r) . 

2) Stereo system 

The distance is estimated as: 
Where f is the focal length of 
and d is the disparity (i.e. distance in image coordinates 
between the projection of the tip-mass  in left and right 
camera). 

Baseline between the two cameras is b = 4 m, mounted on 
the upper conical part of Sylda. Tip-mass  modeled as a point 
mass, and assumed to be always detectable by the stereo 
system.  The optical axes of the two cameras are aligned and  
their FOVs  are identical. 
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2nd scenario: tip-mass direction and distance 
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In case of monocular system: the maximum 
uncertainty in distance Z is variable with tip-mass 
orientation. E.g. for roll angle =0, the higher is 
the pitch angle  (rotation about normal to 
orbital plane) the lower is the uncertainty.  

The uncertainty in the measure of distance Z, 
using a stereo system, is always lower with 
respect to the uncertainty with the monocular 
system (where only r was considered). The 
stereo system is then the optimal configuration.  

The uncertainty increases with increasing roll angle . 
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CONCLUSION 
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Deorbit of Sylda from GTO (after full tether deployment): 
1. Deorbit without tether instability requires to start with a minimum angular velocity of the BET 

system of local rotation around its center of mass 
2. Deorbit without tether breaking requires a butterfly configuration, in order to have the system’s 

center of mass as close as possible to the electrodynamic center of pressure during deorbit. Tether 
resistance is increased using Fiber-Reinforced Aluminum instead of pure Aluminum. 

3. Deorbit without instability and tether breaking can take place successfully, under the reasonable 
assumptions considered in the model, in a time of about  2.2.-2.7 years (depending on the model 
considered) << than the 25 years set by guidelines for debris removal.  

Pre-deorbit procedures: 
1. Detumbling of Sylda is necessary around the three body axes: it can be performed during the first 

passage across the perigee region, in about 9-12 minutes, with a set of magnetic torquers. 
2. The two tether segments of the butterfly system can be stored around spools in separate boxes 

placed axial-symmetrically on the upper part of Sylda. A small electrical motor is used to control the 
tether release velocity, enhanced by the feedback provided by a vision system for attitude detection.   

3. Deployment of the tethers must be performed after detumbling, and after Sylda surpassed about 
2000 km of altitude while going back towards apogee, i.e. at mid-way of its first orbit.   

Vision system for attitude detection: 
1. When detecting the angular position of the tip-mass, the best performing configuration is: 2 

monocular cameras and their measure fused by Kalman filter after a certain deployed length of tether.  
2. When measuring the distance of the tip-mass, the best performing configuration is in any case a stereo 

system for each tip-mass, with baseline of 4 m between the two cameras of each couple.  
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