
Analysis of Passive Attitude Stabilisation and 

Deorbiting of Satellites in Low Earth Orbit

Benjamin James Hawe

Space Engineering, masters level 

2016

Luleå University of Technology 

Department of Computer Science, Electrical and Space Engineering



 

 

 
 
 

Analysis of Passive Attitude Stabilisation and 
Deorbiting of Satellites in Low Earth Orbit 

 
 
 

Benjamin James HAWE 
 
 
 

Submitted to 
Luleå University of Technology 

 
In partial fulfilment of the requirements for the degree of 

Joint European Master in Space Science and Technology 
(SpaceMaster) 

 
 
 

October 2016 
 
 
 

 
Co-funded by the Erasmus Programme of the European Union



 

Page 2 of 30 

Summary 
Orbital debris poses a serious threat to ongoing operations in space.  Recognising this 
threat, the European Commission has funded the three-year Technology for Self 
Removal (TeSeR) project with the goal of developing a standard scalable Post 
Mission Disposal (PMD) module to remove satellites from orbit following the 
completion of their mission.  As the project coordinator and key member of the 
TeSeR Project, Airbus Defence and Space Germany will invest significant resources 
in achieving this goal over the course of the project. 

This thesis details the initial analysis of potential PMD module designs conducted by 
the author during an internship within the AOCS/GNC department of Airbus 
Defence and Space Friedrichshafen between 1 April 2016 and 31 August 2016.  
Three main concepts, drag sails, drag balloons and Electrodynamic Tethers (EDTs), 
were evaluated during this time with an emphasis on determining the ability of each 
design to permit passive attitude stabilisation of the satellite during PMD.   

Following the required modification of a pre-existing MATLAB/Simulink model, 
several key findings were made for each device concept.  It was found that no drag 
sail designs investigated permitted passive aerodynamic attitude stabilisation at orbit 
heights above 550 km.  When deorbiting from 800 km, however, the lack of the 
desired and stable attitude was not found to have a significant increase on the 
deorbit time or the area-time product. 

Drag balloon designs were predicted to be comparatively unstable and less mass 
efficient for deorbiting purposes, with area-time products up to approximately 
50 per cent higher than the equivalent mass drag sail designs.  In spite of this, 
unstable drag balloons were found to provide shorter deorbit times than stable 
balloons due to the contribution of the satellite body and solar array to the total 
frontal area of the satellite.  This indicated that attitude stabilisation is not required 
for satellites equipped with drag balloon devices. 

Modelling of bare EDTs suggested that tethers with lengths of 1000 metres or more 
would not permit passive attitude stabilisation at an orbit height of 800 km.  
Simulation of a 500 metre EDT, however, indicated that passive attitude stabilisation 
can be achieved with EDT devices and proved that EDTs can generate significantly 
higher drag forces than aerodynamic devices while possessing a significantly lower 
device mass.  Following the analysis of these results, a recommendation was made for 
future work to be aimed at improving the EDT model used in this investigation. 
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1. Introduction 
With such a high reliance on satellite-based services in the modern world, it is of the 
utmost importance to ensure the assets providing these services are protected from the 
hazards of their environment.  One such hazard is orbital debris; and with recent 
estimates indicating the presence of almost 30,000 debris objects in orbit large enough to 
cause catastrophic fragmentation of a satellite (Reference 1), the European Commission 
(EC) considers the risk of collision with other satellites or space debris the most serious 
threat to satellites and space infrastructure today (Reference 2). 

The largest source of new orbital debris as identified by the European Space Agency 
(ESA) is the fragmentation of orbital objects, including satellites, due to explosion and/or 
collision.  In fact, this type of debris accounts for approximately 60 per cent of all tracked 
space objects and is estimated to have resulted from some 250 events (Reference 3).  This 
prevalence was demonstrated in 2009 when two Low Earth Orbit (LEO) communications 
satellites, Iridium-33 and Kosmos-2251, collided at a relative velocity of 11.7 km/s 
(Reference 1).  More than half of the 528 catalogued debris objects from Iridium-33 are 
expected to remain in orbit for over 100 years (Reference 4).  Although this was the first 
accidental hypervelocity satellite collision, it could potentially be a precursor to the effect 
known as Kessler Syndrome, where the debris from an initial collision goes on to collide 
with other objects, causing a cascade until satellite operations are no longer feasible due 
to almost certain risk of damage. 

Recognising this threat, various regulations and guidelines including ISO 24113:2011 have 
been established with the general consensus that any debris existing in or passing through 
LEO should be removed within 25 years (Reference 5).  While this typically occurs for 
objects with perigee altitudes of less that 600 km, above 600 km debris and inactive 
satellites can take hundreds of years to deorbit (Reference 6).   

Analysis performed by ESA at Reference 7 shows that in 2010 and 2011 an average of 
only 14 per cent of payloads within the most critical LEO window of 600 km to 
1400 km were subject to active de- or re-orbiting attempts.  Identifying area for 
improvement, the EC has funded the Technology for Self Removal (TeSeR) project with 
the aim of taking the first steps towards increasing the overall PMD success rate to 
90 per cent or over as required by ISO 24113. 

The TeSeR project itself is a three-year research and innovation initiative that will run 
between 1 February 2016 and 31 January 2019.  The list of TeSeR participants is shown 
at Table 1, with Airbus Defence and Space Germany coordinating the project.  The 
primary engineering aim of TeSeR is to develop a PMD module that could potentially be 
used as a new standard scalable deorbiting module.  The first step in achieving this aim is 
to conduct a thorough exploration of potential designs and concepts capable of meeting 
the requirements of the project.  
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Participant Country 
Airbus Defence and Space Germany 
Weber-Stenhaus & Smith Germany 
Beazley Group United Kingdom 
University of Strathclyde United Kingdom 
Universität der Bundeswehr München Germany 
D-Orbit Italy 
Alborg University Denmark 
University of Surrey (Surrey Space Centre) United Kingdom 
GomSpace Denmark 
PHS Space United Kingdom 
Hyperschall Technologie Göttingen Germany 

Table 1:  List of TeSeR Participants. 

Several popular and well-researched concepts for deorbiting devices already exist, however 
few have been tested, especially on the scale required for a satellite of considerable size 
(e.g. 1000 kg or more).  The current three concepts being considered for the PMD module 
are: 

a) Solid propulsion systems, 

b) Drag augmentation devices, and 

c) Electrodynamic tethers. 
 

This thesis details the initial stages of an investigation into both drag augmentation 
devices and electrodynamic tethers with a focus on their capability to provide passive 
attitude stabilisation to the host satellite during deorbiting.  This work was performed 
during the author’s internship within the Attitude and Orbit Control Systems/Guidance 
Navigation and Control (AOCS/GNC) TSOTO31 department of Airbus Defence and 
Space, Friedrichshafen, Germany, under the supervision of Bjoern Barthen between 
1 April 2016 and 31 August 2016. 

As this was a conceptual study, the aim of this internship was to explore and analyse 
different PMD designs with a focus on their ability to rely on passive attitude 
stabilisation and to provide direction to the subsequent analyses to be performed under 
the framework of the TeSeR project. 

Solid propulsion systems were outside the scope of this investigation as it is not possible 
to achieve attitude stabilisation with these devices via passive means. 
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2. Background 

2.1. Reference Frames 

2.1.1. Geocentric Nadir Frame 

In the geocentric nadir reference frame, also known as the Local-Vertical/Local-
Horizontal or LVLH frame and herein referred to as the nadir frame, the z-axis is defined 
by the nadir vector, i.e. the vector from the centre of mass of the spacecraft to the centre 
of mass of the orbited body, and the y-axis is defined by the negative orbit normal vector, 
i.e. the cross product of the nadir vector and the satellite velocity vector.  To complete 
the right-handed triad, the x-axis is defined by the cross product of the y-axis and the 
z-axis (Reference 8). 

2.1.2. Spacecraft Body Frame 

The spacecraft body frame, herein referred to as the body frame, is free to be defined by 
an arbitrary origin and three Cartesian axes.  Typically, the body frame will be defined 
by the spacecraft navigation base, which provides a significantly rigid reference point 
from which the attitude of the spacecraft can be determined relative to some external 
reference frame (Reference 8). 

2.2. Drag Augmentation Devices 

2.2.1. Principles of Operation 

Drag augmentation devices rely on momentum transfer between the atmosphere and 
device itself to reduce the forward velocity of the host satellite and therefore decrease its 
orbit height.  The drag force developed by the interaction of atmospheric particles with 
the surface of the drag augmentation device can be estimated using the general drag 
equation: 

 ! = 1
2 !!

! ∙ ! ∙ !! (1)  

Where ! is the atmospheric density, ! is the relative speed of the satellite through the 
atmosphere, ! is the characteristic area and !! is the drag coefficient of the satellite. 

From Equation 1 it can be seen that the goal of designing a drag augmentation device is 
to maximise the frontal area of the satellite while minimising the weight of the device, 
therefore producing the most mass efficient design.  The two most promising designs for 
achieving this are drag balloons and drag sails. 

2.2.2. Drag Balloons 

Drag balloons are inflatable devices capable of deploying and supporting themselves 
through the evaporation of a stored liquid gas in the low-pressure space environment.  As 
their name suggests, these devices are effectively large balloons, either fully inflated or 
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using an inflatable shell or internal frame, that once deployed significantly increase the 
aerodynamic drag of the satellite. 

2.2.3. Drag Sails 

In contrast to drag balloons, drag sail designs typically rely more heavily on structural 
members to provide support to the sail area.  The designs of these sails can vary 
significantly, however a common design features four deployable arms that form the 
diagonal members of a square or pyramidal sail as shown later in Section 3.2.2.   

2.2.4. Advantages and Disadvantages 

Although increasing the frontal area of the satellite is beneficial in terms of the 
magnitude of the aerodynamic drag force developed, it also increases the risk of collision 
with Micrometeorites and Orbital Debris (MMOD) and subsequent fragmentation; 
something that is contrary to the original mission goal.  Therefore, the concept of the 
area-time product can be introduced.  This is analogue to the volume of space the 
satellite passes through during the deorbiting process and is a first-order estimation of the 
risk of collision and creating further debris as the satellite deorbits.  Therefore for any 
deorbiting device to be effective it must reduce the area-time product of the satellite.  
Hence for drag balloons and drag sails, their increase in area should be met by a 
significant decrease in the deorbit time. 

Reliable deployment of both devices may also be problematic, especially for inflatable 
devices that require the preservation of a working gas inflation system through to the 
end-of-life of the satellite.  It has also been observed that depending on the folding 
mechanics of a sail membrane, there may be a tendency for the sail folds to jam, or bind, 
stalling the deployment of the device (Reference 9).  Therefore the complexity of 
deployment is a significant drawback of drag augmentation devices. 

A significant advantage, however, of both drag balloons and drag sails is that they can 
potentially provide passive aerodynamic attitude stabilisation as is discussed in 
Section 2.4.  Although damping may be required to keep the attitude within acceptable 
limits, achieving a stable attitude of the satellite during deorbit will maximise the drag 
force produced by a drag sail and result in a highly mass efficient design (Reference 9). 

2.3. Electrodynamic Tethers 

2.3.1. Principles of Operation 

An Electrodynamic Tether (EDT) is a conceptually simple device that operates by 
converting kinetic energy to electrical energy in the presence of a magnetic field.  This 
reduction in kinetic energy consequently causes the satellite’s altitude to decrease.  
Several variations of EDTs exist, however the most efficient and therefore those of most 
interest are bare EDTs (Reference 10). 
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A bare EDT takes the form of a long, flexible, uninsulated or bare conductor attached to 
the body of a satellite, with a plasma contactor at its free end.  The tether is kept taught 
through the gravity gradient effect, which acts to align the tether along the nadir vector 
and balance the generated electrodynamic force.  The tether is divided into two regions: 
the anodic region and the cathodic region.  In the anodic region the positively biased bare 
conductor collects local electrons from the surrounding plasma, while in the cathodic 
region, electrons are emitted into the space environment via an electron emitter or plasma 
contactor at the end of the tether.  This flow of electrons represents the current in the 
tether, which in conventional terms is defined as flowing from the cathodic region to the 
anodic region.  The integral of the cross product of this current, !, and the local magnetic 
field, !, over the length of the tether, !, as shown in Equation 2, dictates the Lorentz 
force generated by the tether. 

 ! =  !×!
!

!
∙ !" (2)  

 

In a prograde equatorial orbit, a tether 
deployed in the +z direction in the nadir 
frame will interact with the Earth’s magnetic 
field flowing in the -y direction in the nadir 
frame to create a force in the –x direction in 
the nadir frame, i.e. opposing the orbital 
motion of the host satellite. 

Gravity gradient stabilisation is a key 
principle in the operation of an EDT, as the 
differential gravity force along the satellite-
tether system is required to allow attitude 
stability by balancing the electrodynamic 
torque generated by the tether 
(Reference 11).  A representation of the 
balance between the gravity gradient force 
and the electrodynamic force is shown in 
Figure 1. 

 
Figure 1:  Operation of an 

EDT (Reference 11). 

This gravity gradient torque, however, is known to induce pendulum like motion in the 
tether, which is understood to develop into complex librations as the direction and 
magnitude of the geomagnetic field varies throughout the orbit (Reference 11).  For this 
reason, attitude stability analysis of EDTs is of significant importance for the TeSeR 
project.  

2.3.2. Governing Equations 

The characteristic voltage and current profiles of a bare EDT are shown in Figure 2. 
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Figure 2:  Characteristic bare EDT voltage and current profiles (Reference 12). 

Based on the assumption that the tether current collection occurs in the Orbital Motion 
Limited (OML) regime (for more information on OML theory refer to Reference 10), the 
current flowing through the tether can be calculated by solving the following equations 
(Reference 12): 

 !"
!" =

!
!" − !! (3) 

 !!!
!" = !

! !!!!
2!!
!!

! (4) 

 !!!
!" = − !! !!!!

2!!
!!

! (5) 

Where ! is the difference between the plasma potential and the tether potential as a 
function of !, the distance along the tether; ! is the current in the tether as a function of 
!; ! is the conductivity of the tether; ! is the cross-sectional area of the tether; !! is the 
current in the anodic section as a function of !; ! is the circumference of the tether cross-
section; !! is the electron charge; !! is the local electron number density; !! is the mass 
of an electron; !! is the current in the cathodic section as a function of !; !! is the mass 
of the predominant local ion; and !! is the electric field of the tether given by: 

 !! = ! ∙ !!"# − !!"#$%#  ×! (6) 

Where ! is the tether direction unit vector; !!"# is the satellite velocity; !!"#$%# is the 
plasma velocity; and ! is the magnetic field vector. 

2.3.3. Advantages and Disadvantages 

A main disadvantage of EDTs is that at orbit inclinations above approximately 
75 degrees the cross product of the tether current and the magnetic field is an order of 
magnitude lower than in an equatorial orbit of the same height (Reference 13).  
Therefore the effectiveness of EDTs at reducing the area-time product for higher 
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inclination orbits including Sun Synchronous Orbits (SSOs) is questionable, especially for 
orbits below 700 km (Reference 14).  This also raises questions about the area occupied 
by a tether, especially when considering proposed devices such as the Terminator 
TetherTM, which is 7.5 km long (Reference 14).   

The physical response of such a device to the highly dynamic forces experienced is also 
unknown, with numerous sources suggesting that active current control circuitry is 
required to prevent in-orbit-plane libration angles exceeding 45 degrees, a critical 
condition defined at Reference 11.  This suggests that EDTs may be an unattractive 
option for a system that is desired to be fully passive once deployed. 

The survivability of an EDT with respect to a collision with MMOD objects is also 
questionable, especially when even a small object can potentially sever the entire length 
of the tether from the satellite body.  However it is recognised that this may be mitigated 
by an EDT’s potential to reduce the area-time product. 

Nonetheless, despite the above disadvantages, the key advantage of EDTs is that, in 
theory, they possess the potential to deorbit a typical LEO satellite (1500 kg, 800 km 
orbit) in a matter of months (Reference 15) with a mass penalty of only 
one-to-five per cent of the host satellite mass (Reference 16).  If proven true, this would 
be significantly more efficient than drag augmentation devices. 

2.4. Passive Attitude Stabilisation 

The current known methods of passive attitude stabilisation are spin stabilisation, gravity 
gradient stabilisation, solar radiation stabilisation, aerodynamic stabilisation, and 
magnetic stabilisation with a permanent magnet (Reference 17).  Of these techniques, 
only gravity gradient and aerodynamic stabilisation were deemed feasible for the TeSeR 
project as they do not require additional fuel or mass to implement.  

2.4.1. Gravity Gradient Stabilisation 

The gravity field of the Earth is not homogeneous.  Therefore any satellite of reasonable 
size within the Earth’s gravitational field will be subject to a non-uniformly distributed 
gravity force.  The torque due to this gravity gradient causes the axis of the satellite with 
the smallest moment of inertia to align with the nadir vector.  Due to the small 
magnitude of these torques induced by the gravity gradient, the response of the satellite 
is slow and hence intrinsic oscillations are present.  As a result of these oscillations, the 
satellite is not perfectly stabilised, but can instead be considered to librate about the 
nadir vector.  To maintain this tendency to librate about the nadir, the gravity gradient 
torques acting on the satellite must be larger than any disturbance torques.  This 
criterion can usually be met at altitudes below 1000 km (Reference 18).  Therefore 
gravity gradient stabilisation is most applicable in LEO. 
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2.4.2. Aerodynamic Stabilisation 

Aerodynamic attitude stabilisation of satellites is not a new concept.  Kosmos 149 and 
320 were two Soviet technology demonstrator satellites respectively launched in 1967 and 
1970 with a main mission goal to test aerodynamic systems for the stabilisation and 
orientation of spacecraft (Reference 19).  Figure 3 shows the layout of Kosmos 149 and 
its distinctive aerodynamic skirt stabiliser. 

 
Figure 3:  Sketch of Kosmos 149 (Reference 20). 

With an orbit apogee of just 284 km, Kosmos 149’s skirt stabiliser was designed to act 
much like the empennage of an aeroplane and provide an aerodynamic restoring torque 
following a disturbance about the y– or z–axis in the nadir frame.  This was achieved by 
locating the aerodynamic centre, or centre of pressure, behind the centre of mass: a 
fundamental stability principle in the field of flight vehicle dynamics.  It should however 
be noted that this method cannot be used to stabilise a satellite about the centreline of 
the drag augmentation device, i.e. the roll axis.  

In the case of a balloon or a drag sail, this stability principle must also be respected.  
Therefore the aerodynamic surfaces of both drag augmentation devices should be located 
behind the centre of mass of the entire satellite system.  Hence the device should ideally 
be attached to the desired downstream face of the satellite during deorbiting. 
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3. Methodology 

3.1. Simulator 

A pre-existing MATLAB R2011b Simulink model was used to simulate the attitude 
behaviour of the test satellites with each deorbiting device deployed.  The simulator was 
based on Airbus Defence and Space’s Simulation Tools AOCS/GNC Repository StarLink 
blockset, which was employed to provide comprehensive modelling of the orbital 
environment and satellite dynamics. 

To focus on the passive attitude stabilisation of the test satellite, the possibility to 
actively control the satellite was removed from the simulator and testing performed to 
ensure this resulted in no adverse effects. 

No further changes to the simulator were required for simulation of drag augmentation 
devices, however simulation of EDTs required the inclusion of a separate ‘Tether’ block to 
solve for the tether force and torque and combine them with the overall forces and 
torques acting on the satellite.  The final version of the simulator contained the following 
blocks: 

a) ‘Orbit’ block for orbit propagation. 

b) ‘Environment’ block containing various environmental models. 

c) ‘ForcesTorques’ block for external forces and torques computation. 

d) ‘Attitude’ block for attitude integration. 

e) ‘Tether’ block for EDT force and torque computation. 
 

Those blocks underlined above were either added to the simulator or modified for the 
TeSeR project. 

3.2. Drag Sails 

3.2.1. Host Satellite 

The size and geometry of the host satellite were chosen to represent a typical design for 
LEO operations.  The design parameters of the satellite are shown in Table 2. 

Parameter Value 
Satellite body mass 950 kg 
Satellite body dimensions [x, y, z] [2, 1, 3] metres 
Solar array mass 50 kg 
Solar array dimensions [x, y, z] [1, 0.03, 3] metres 
Overall satellite mass 1000 kg 
Overall centre of mass [x, y, z] [0, 0, 0.2] metres 
Overall moment of inertia [Ixx, Iyy, Izz] [1589, 1831, 400.0] kg·m2 

Table 2:  Host satellite design parameters. 
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This host satellite design was also used for drag balloon simulations and EDT simulations. 

3.2.2. Sail Geometry 

Following a literature review it was 
decided that the best design for a drag sail 
was a four-sided open-end square pyramid 
“shuttlecock” 1  design as shown at 
Figure 4.  This is classed as a Boom 
Supported Film Aerobrake (BSFA) and 
represents a good balance between a 
robust design and redundancy in the event 
that one of the arms fails.  In the event of 
an arm failure, a three-arm design (three 
faces) would lose two thirds of its surface, 
whereas a four-arm design would lose only 
one half.  A five-arm design would lose 
even less area, however the risk of failure 
of one of the arms is greater, as is the 
complexity of deployment (Reference 9). 

 

Figure 4:  Side view of host satellite 
with drag sail deployed. 

The geometry of the drag sail was defined by the arm length and the apex-face half angle; 
that is, half of the angle between opposing sail faces as denoted by ! at Figure 4.  The 
remaining geometry of the drag sail was calculated as follows: 

 !!"#!  = !
2  –  !"#$!%

!"# !
2 − !!"#$
2  (7) 

 !"#$ℎ = ! ∙ !"# !!"#!  (8) 

 !"#$ℎ = ℎ!"#ℎ! = 2 ∙ ! ∙ sin !!"#!  (9) 

Where !!"#! is the half-angle between opposing arms of the drag sail; !!"#$ is the apex 
half-angle; !"#$ℎ is x-dimension (i.e. the length from the apex to the open end) of the 
drag sail; !"#$ℎ is the y-dimension; ! is the arm length; and ℎ!"#ℎ! is the z-dimension of 
the sail. 

Due to the non-standard nature of the sail geometry, a MATLAB script was written to 
generate the three-dimensional geometry file required for aerodynamics processing. 

3.2.3. Sail Mass 

The mass of the entire sail device was found by solving for the area of the sail and 
multiplying it by the sail assembly loading.  The sail assembly loading, or areal density, 
i.e. the total mass of the sail assembly per unit sail area, was assumed to be 200 g/m2.  
                                                
1 A shuttlecock is the projectile used in badminton. 
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Although solar sails of similar design were found to have sail assembly loading targets of 
just 35 g/m2 (Reference 21), the forces encountered by solar sails are typically lower than 
those encountered by drag sails in the lower LEO region.  Therefore a higher degree of 
structural integrity is required for drag sails than for solar sails, resulting in a 
significantly higher areal density.  Reference 22 confirms that the areal density of BSFA 
drag sail designs is between 100 and 200 g/m2. 

It was also assumed that the mechanisms of the sail (i.e. the deployment mechanisms and 
ancillaries fixed to the side panel of the satellite) would account for approximately 40 per 
cent of the mass of the sail.  Although this value was calculated from data given for the 
proposed 38 x 38 metre ‘Geosail’ solar sail, which had 20 kg of the total 49 kg mass 
budget of the sail allocated to mechanisms at Reference 21, the mass proportions of 
BSFA drag sail devices were assumed to be similar. 

3.2.4. Overall Centre of Mass 

The overall centre of mass of the satellite with the drag sail deployed was calculated 
using the mass balance in Equation 10: 

 !"#!"!#$ =
!!!"!!

!
!!!

!!!
!!!

 (10) 

Where !"# is the centre of mass and ! is the mass of each part (i.e. the satellite body, 
the solar array and the drag sail). 

To perform the mass balance of the drag sail and satellite system and to therefore 
calculate the overall centre of mass, additional assumptions were required.  The first of 
these assumptions was that the apex of the sail would, in the body frame, be mounted to 
the –X face of the satellite at the yz-position of the centre of mass of the combined 
satellite body and solar panel assembly.  This therefore meant that the z-position of the 
overall centre of mass of the host satellite did not change when the drag sail was added.  
The second assumption was that the centre of mass of all the deployment mechanisms of 
the sail would exist at the apex of the sail.  Thirdly, it was assumed that the centre of 
mass of the sail deployables (i.e. the sail film and booms/arms) would come to rest at a 
position two-thirds of the x-dimension of the sail from the apex of the sail once fully 
deployed.  This is the typical centroid position of a triangle and although the booms 
possess linear mass proportions, this places the centre of mass closer to the centre of 
pressure and is therefore a conservative assumption for the aerodynamic stability of the 
satellite.  From this final assumption it can therefore be seen that the overall position of 
the centre of mass of the satellite varied depending on the boom length and the apex-face 
half angle. 

3.2.5. Overall Moment of Inertia 

The moment of inertia of the drag sail was calculated by considering the deployables and 
the mechanisms of the sail separately.  The mechanisms were assumed to be a point mass 
attached to the –X face of the satellite at the same yz-position as the centre of mass of 
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the host satellite without a drag sail.  The deployables were treated differently depending 
on the axis about which the moment of inertia was calculated.  For the body frame x-axis, 
the moment of inertia was calculated by simply equating the mass distribution of the 
pyramidal drag sail to that of a square plate.  Therefore the moment of inertia about the 
x-axis was calculated as follows: 

 !!! =
! ∙ !"#$ℎ!

6  (11) 

For the moments of inertia about the body frame y- and z-axes, the drag sail was 
approximated to be a conical shell with the same depth in the x-axis as the pyramidal 
drag sail and with a radius, !, calculated by equating the surface area of the pyramid and 
cone as follows: 

 !!"#$ −  ! ∙ ! ∙ !! − !"#$ℎ! = 0 (12) 

The moments of inertia of the drag sail about its apex in the y- and z-directions were 
then calculated using the formula for the moment of inertia of a comical shell rotating 
about its base origin (Reference 23) and applying Steiner’s parallel axis theorem: 

 !!!,!"#$ =  !!!,!"#$ +! ∙ !"#$ℎ! = ! ∙ !!
4 + !"#$ℎ

 !

6 +! ∙ !"#$ℎ! (13) 

 !!!,!"#$ = !!!,!"#$ = ! ∙ !!
4 + 7 ∙ !"#$ℎ

 !

6  (14) 

The overall moment of inertia about the centre of mass was then calculated using 
Steiner’s parallel axis theorem on the satellite body, solar array and deployable section of 
the drag sail using Equation 15.   

 !!"!#$ = !! +!! ∙ !! − !"#!"!#$ !
!

!!!
 (15) 

Where ! is the Cartesian point about which the moment of inertia of each part was 
calculated. 

The contribution of the drag sail mechanisms was also accounted for using Steiner’s 
theorem, where the moments of inertia of the mechanisms about their own centre of mass 
were assumed to be negligible (i.e. only the mass·distance2 term remained).  No 
contribution to the moment of inertia about the body frame x-axis was therefore made by 
the drag sail mechanisms. 

The products of inertia, i.e. !!", !!", etc., were assumed to be zero as the focus of this 
study was on feasibility rather than performance, which could be the focus of a follow-on 
study. 
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3.2.6. Simulations 

Simulations to determine the attitude stability of numerous sail designs were run for all 
parameters in Table 3.  800 km was chosen as the upper orbit height limit as it represents 
a common orbit for commercial satellites.  Similarly, a SSO was chosen as it is of 
particular interest for LEO operations. 

Parameter Value 
Arm length 2.5, 5, 10, 20 metres 
Apex-face half angle 15, 30, 45, 60, 75, 90 degrees 
Orbit heights 400, 500, 550, 600, 650, 700, 800 km SSO 
Solver type ode4 
Step size 1 second 
Simulation length 30 days 

Table 3:  Drag sail simulation table. 

3.3. Drag Balloons 

3.3.1. Balloon Geometry 

The drag balloon geometry was defined simply by assuming the balloon was a sphere of 
radius !.  As with the drag sail case, this represented a non-standard geometry in the 
aerodynamics tool and therefore the geometry file was created in MATLAB by modelling 
the balloon as a polyhedron with 1000 nodes defining the vertices of 998 planar triangular 
faces. 

3.3.2. Balloon Mass 

As with the drag sail, the mass of the drag balloon was calculated by multiplying the 
total surface area by an assumed areal density.  Based on the limited information 
available pertaining to the typical areal density of drag balloons, a value of 200 g/m2 was 
assumed as the drag balloon loading assembly.  Consistent with the drag sail, the mass of 
the deployable portion of the device was assumed to account for 60 per cent of the entire 
mass of the device, with the remaining 40 per cent assigned to the deployment/inflation 
devices.  With these values, the assumed areal density of balloon itself was 120 g/m2.  
This is in-line with the areal density of 132 g/m2 specified for a 1000 kg satellite at 
Reference 24. 

3.3.3. Overall Centre of Mass 

The overall centre of mass of the drag balloon device was calculated using the same 
method described for the drag sail at Section 3.2.4, however the centre of mass of the 
device deployables was assumed to be at the centre of the spherical drag balloon and the 
mass of the inflation gas was assumed to be negligible. 
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3.3.4. Overall Moment of Inertia 

The overall moment of inertia of the drag balloon device was calculated using the same 
method described for the drag sail at Section 3.2.5, however the deployable portion of the 
drag balloon was assumed to be a thin-walled spherical shell of radius ! with a moment of 
inertia given by Equation 16. 
 

 !!! = !!! = !!! =
2
3 ∙ !

! (16) 

3.3.5. Simulations 

The drag balloon simulations conducted are shown in Table 4.  The radii of the balloons 
were chosen to closely match the masses of the drag sails tested to provide a comparison 
between the stability of similar mass drag sail devices and drag balloons. 

Parameter Value 
Radius 1, 2, 4, 8 metres 
Orbit heights 400, 500, 550, 600, 650, 700, 800 km SSO 
Solver type ode4 
Step size 1 second 
Simulation length 30 days 

Table 4:  Drag balloon simulation table. 

3.4. EDTs 

3.4.1. Tether Dynamics 

As a first approximation to the true tether behaviour and due to the complexity of 
modelling a completely flexible tether, it was decided to model the tether as a rigid rod 
fixed to the body of the satellite and initially extended in the nadir direction. Due to this 
decision is was necessary to re-evaluate the centre of gravity and moment of inertia of the 
satellite with the rigid tether attached.  This was done in the same way as for the drag 
sails and drag balloons (refer to Equations 10 and 15). 

It was also attempted to model the tether as a rigid rod hinged to the satellite body (i.e. 
with two degrees of freedom), however due to time constraints this model was not 
completed. 

3.4.2. Force and Torque Calculation 

The tether current was calculated at each simulation time step using either the 
asymptotic method described at length in Reference 25, or failing to meet the 
requirements for the asymptotic method, Equations 3, 4 and 5 were solved numerically.  
This was done by first solving the anodic section of the tether as a boundary value 
problem with the boundary conditions: 

 !! ! = 0 = 0 (17) 
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 ! ! = !! = 0 (18) 

Where ! is the position along the tether and !! is the position along the tether at which 
the anodic and cathodic regions meet. 

Following the solution of the anodic region current, the cathodic region current was 
solved as an initial value problem with initial conditions given by Equations 18 and 19. 

 !! ! = !! = !!(! = !!) (19) 

As the value of !! was unknown, the bisection method was used to iterate the solution 
until the value of !! converged.  Where valid results could not be achieved (i.e. when the 
direction of the electric field in the tether was reversed) the tether current was set to zero. 

The above methodology was implemented into the Simulink model using an embedded 
MATLAB function.  The outputs of this function, the average tether current and the 
tether force centre, were then used to determine the electrodynamic force and torque 
produced by the tether.  This was done assuming the environmental conditions along the 
tether were homogeneous and equal to those at the satellite body. 

The electron density in the vicinity of the tether was simply interpolated from the typical 
ionosphere density profile provided at Reference 26.  The relative velocity of the satellite 
through the plasma was calculated by assuming a co-rotating plasma and calculating the 
plasma velocity based of the angular velocity of the rotation of the Earth and the height 
and latitude of the satellite. 

3.4.3. Simulations 

Tether simulations were performed for various tether lengths using the non-environmental 
tether parameters presented at page 50 of Reference 12. 

3.5. Deorbit Calculations 

Deorbiting was either calculated using the simulator or, in the case of the results 
presented for drag augmentation devices at Sections 4.1 and 4.2, using Equation 20. 

 ∆! = !
!!"#$

· ∆! = !
!!"#$

· !!!
!! + ℎ!"#$%

− !!!
!! + ℎ!""#$

 (20) 

Where ∆! is the deorbit time; ! is the satellite mass; !!"#$ is the drag force; !!! is the 
standard gravitational parameter of Earth; !! is the radius of Earth; and ℎ is the orbit 
height. 

The total deorbit time between the upper and lower orbit heights was calculated by first 
discretising the deorbit altitude domain and interpolating the collected drag force data 
using an exponential curve-fit.  Equation 20 was then solved between the interpolated 
points and the results summed to provide the total deorbit time.  No other environmental 
forces were used in the deorbit calculations for the drag augmentation devices. 
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4. Results 

4.1. Drag Sails 

Table 5, Table 6 and Table 7 show the pitch and yaw ranges for the various drag sail 
designs at orbit heights of 400 km, 500 km and 550 km respectively.  It can be seen that 
the attitudes of almost all designs were within stable limits at 400 km, with the larger 
90 degree sails being particularly stable.  At 500 km, however, only approximately half 
the designs were found to maintain attitude ranges within stable limits, with some 
significant oscillations present for the 20 metre sails.  This decreased to just seven of the 
24 designs being within stable limits at 550 km.  At 600 km and above no designs were 
aerodynamically stabilised and therefore these tables have been omitted.  No research 
papers investigating the attitude stability of drag sails to this level were found for 
comparison. 

Arm Length 
[m] 

Pitch and Yaw Range [deg] for Apex-Face Half Angle 
15° 30° 45° 60° 75° 90° 

2.5 unstable unstable ±5, ±5 ±20, ±5 unstable [-10 0], ±10 
5 ±2, ±10 ±1, ±8 ±5, ±7 ±20, ±8 ±1, ±7 [-1 0.25], ±7 
10 ±10, ±10 ±9, ±8 ±20, ±8 ±3, ±20 ±2, ±8 ±1, ±8 
20 ±50, ±50 ±20, ±20 ±20, ±10 ±15, ±15 ±10, ±20 ±3, ±7 

Table 5:  Pitch and yaw range in degrees at 400 km for various drag sail designs. 

Arm Length 
[m] 

Pitch and Yaw Range [deg] for Apex-Face Half Angle 
15° 30° 45° 60° 75° 90° 

2.5 unstable unstable unstable unstable unstable unstable 
5 ±5, ±10 ±5, ±9 unstable unstable ±3, ±10 ±10, ±20 
10 unstable unstable unstable ±5, ±10 ±8, ±10 unstable 
20 unstable unstable ±10, ±12 ±30, ±10 ±40, ±40 ±25, ±10 

Table 6:  Pitch and yaw range in degrees at 500 km for various drag sail designs. 

Arm Length 
[m] 

Pitch and Yaw Range [deg] for Apex-Face Half Angle 
15° 30° 45° 60° 75° 90° 

2.5 unstable ±3, ±10 unstable unstable unstable unstable 
5 unstable ±10, ±9 unstable unstable ±10, ±15 ±1.5, ±15 
10 unstable unstable unstable unstable unstable ±7, ±10 
20 unstable unstable unstable ±30, ±10 ±30, ±10 unstable 

Table 7:  Pitch and yaw range in degrees at 550 km for various drag sail designs. 

Closer examination of the attitude data in Table 5, Table 6 and Table 7 shows that the 
5 metre 30 degree, 5 metre 75 degree, 5 metre 90 degree, 20 metre 60 degree and 
20 metre 75 degree designs were within the pitch and yaw stability limits at 400 km, 
500 km and 550 km.  

The mean aerodynamic forces across the entire simulations for the latter four designs, i.e. 
those with considerable frontal area, and the ratio of these forces to those of the host 
satellite alone are shown in Table 8 and Table 9 respectively.  From these tables it can be 



Section 4  Results 

Page 22 of 30 

seen that although the magnitudes of the drag forces are small, even a drag sail with a 
mass of one per cent of that of the host satellite (i.e. the 5 metre sails) increased the drag 
force of the host satellite by a factor of approximately 16 at 400 km and ten at 800 km.  
It can also be seen that with the body frame of the satellite fixed to the nadir frame as 
denoted by the asterisks, the drag ratios were approximately equal for all designs up to 
the height at which they became unstable.  After this point the ratios of the fixed 
attitude simulations were in the order of two-to-four times higher than those of the 
non-fixed simulations. 

Design Mean Drag Force [N] at Orbit Height 
400 km 500 km 600 km 700 km 800 km 

No Device 0.00138610 0.00015590 0.00003451 0.00000899 0.00000293 
5 m 75 deg 0.02208652 0.00413839 0.00038407 0.00007924 0.00002728 
5 m 90 deg 0.02290790 0.00425223 0.00070854 0.00008901 0.00002955 
20 m 60 deg 0.32147338 0.06010349 0.00425623 0.00102379 0.00034932 
20 m 75 deg 0.36067244 0.06633445 0.00465070 0.00107124 0.00034531 
5 m 75 deg* 0.02208508 0.00417794 0.00092632 0.00024148 0.00007845 
5 m 90 deg* 0.02290562 0.00433317 0.00096073 0.00025045 0.00008136 
20 m 60 deg* 0.32366390 0.06122934 0.01357540 0.00353896 0.00114966 
20 m 75 deg* 0.36463357 0.06897981 0.01529378 0.00398692 0.00129519 

Table 8:  Mean drag force generated by the four most stable drag sail designs. 

Design Mean Drag Force Ratio at Orbit Height 
400 km 500 km 600 km 700 km 800 km 

No Device 1.0 1.0 1.0 1.0 1.0 
5 m 75 deg 15.9 26.5 11.1 8.8 9.3 
5 m 90 deg 16.5 27.3 20.5 9.9 10.1 
20 m 60 deg 232 386 123 114 119 
20 m 75 deg 260 425 135 119 118 
5 m 75 deg* 15.9 26.8 26.8 26.9 26.8 
5 m 90 deg* 16.5 27.8 27.8 27.9 27.8 
20 m 60 deg* 234 393 393 394 392 
20 m 75 deg* 263 442 443 443 442 

Table 9:  Mean drag force ratio of the four most stable drag sail designs. 

Consideration to the deorbit time as calculated using the method described at Section 3.5 
and the area-time product of each design is given in Table 10.  While it can be seen that 
the satellite without a drag sail device could take over 2000 years for its orbit to decrease 
from 800 km to 400 km, both five metre sails were simulated to reduce this time to 
approximately 40 years, and the 20 metre sails to under four years.  The area-time 
products of the 5 metre sails were approximately 20 per cent lower than those of the 
20 metre sails. 
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Design Device 
Mass [kg] 

Device 
Area [m2] 

800 km to 400 km 
Deorbit Time [years] 

Area-Time Product 
[m2·years] 

No Device - - 2420 7259 
5 m 75 deg 10.0 48.3 41.1 1985 
5 m 90 deg 10.0 50.0 37.2 1862 
20 m 60 deg 158 686 3.4 2298 
20 m 75 deg 160 772 3.1 2432 
5 m 75 deg* 10.0 48.3 33.5 1616 
5 m 90 deg* 10.0 50.0 32.3 1614 
20 m 60 deg* 158 686 2.7 1833 
20 m 75 deg* 160 772 2.4 1835 

Table 10:  Estimated area-time products of the four most stable drag sail designs. 

As the host satellite with no PMD device attached was observed to be gravity gradient 
stabilised during the simulations, the area of the satellite was approximated as the area of 
the satellite body’s +X face, or 3 m2.  Therefore the area-time product of the host 
satellite alone was determined to be approximately 7259 m2·years.  For later comparison 
(refer to Section 5), it was also calculated that the host satellite would take 
approximately 43 years to deorbit from 600 km to 400 km. 

4.2. Drag Balloons 

Table 11 shows the pitch and yaw ranges for all the tested drag balloon designs at orbit 
heights from 400 to 800 km.  In contrast to the drag sail designs at Table 5, Table 6 and 
Table 7, it can be seen that aerodynamic stability was less likely to be achieved with a 
drag balloon than it was with a properly designed drag sail. 

Radius 
[m] 

Pitch and Yaw Range [deg] at Orbit Height 
400 km 500 km 550 km 600 km 700 km 800 km 

1 unstable unstable unstable unstable unstable ±13, ±50 
2 unstable unstable unstable unstable unstable unstable 
4 ±1.5, ±7 ±7, ±30 ±15, ±30 unstable unstable unstable 
8 ±5, ±7 unstable unstable unstable unstable unstable 

Table 11:  Pitch and yaw range in degrees for various drag balloon designs. 

In further comparison to the modelled drag sail designs, Table 8 and Table 12 show that 
for approximately the same device mass (i.e. comparing the 5 metre drag sail designs with 
the 2 metre radius balloon, and the 20 metre drag sails with the 8 metre balloon), the 
mean drag force calculated for the drag balloons was typically an order of magnitude 
lower than the drag force calculated for the drag sails. 

It can be seen from Table 12, however, that the advantage of drag balloons was that 
there was no reduction in drag force when the satellite attitude was unstable.  In fact, it 
can be easily seen from Table 13 that there was a higher drag force calculated when the 
satellite was unstable than when the body frame was aligned with the nadir frame 
(marked with asterisks). 
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Radius Mean Drag Force [N] at Orbit Height 
400 km 500 km 600 km 700 km 800 km 

No Device 0.00138610 0.00015590 0.00003451 0.00000899 0.00000293 
1 m 0.00208002 0.00042410 0.00007922 0.00001691 0.00000518 
2 m 0.00378109 0.00075203 0.00016469 0.00004671 0.00001501 
4 m 0.01189208 0.00225178 0.00054123 0.00014156 0.00004606 
8 m 0.04747744 0.00912142 0.00202368 0.00052842 0.00017156 
1 m* 0.00108086 0.00020450 0.00004533 0.00001181 0.00000384 
2 m* 0.00301934 0.00057120 0.00012664 0.00003301 0.00001073 
4 m* 0.01189440 0.00225016 0.00049889 0.00013005 0.00004225 
8 m* 0.04748221 0.00898256 0.00199155 0.00051918 0.00016866 

Table 12:  Mean drag force generated by various drag balloon designs. 

Radius Mean Drag Force Ratio at Orbit Height 
400 km 500 km 600 km 700 km 800 km 

No Device 1.0 1.0 1.0 1.0 1.0 
1 m 1.5 2.7 2.3 1.9 1.8 
2 m 2.7 4.8 4.8 5.2 5.1 
4 m 8.6 14.4 15.7 15.7 15.7 
8 m 34.3 58.5 58.6 58.8 58.6 
1 m* 0.8 1.3 1.3 1.3 1.3 
2 m* 2.2 3.7 3.7 3.7 3.7 
4 m* 8.6 14.4 14.5 14.5 14.4 
8 m* 34.3 57.6 57.7 57.8 57.6 

Table 13:  Mean drag force ratio of various drag balloon designs. 

Finally, from Table 14 it can be seen that only the 8 metre radius balloon was predicted 
to fulfil the 25 year orbit requirement by requiring only 17.1 years to deorbit the host 
satellite from an 800 km orbit to a 400 km orbit.  Comparing the area-time product of all 
four drag balloon sizes it can be seen that the larger the balloon, the larger the predicted 
area-time product. 

Radius Device 
Mass [kg] 

Device 
Area [m2] 

800 km to 400 km 
Deorbit Time [years] 

Area-Time Product 
[m2·years] 

No Device - - 2420 7259 
1 m 2.5 3.1 297 934 
2 m 10.1 12.6 169 2117 
4 m 40.2 50.3 61.3 3083 
8 m 161 201 17.1 3436 

Table 14:  Estimated area-time products of various drag balloon designs. 

4.3. EDTs 

Figure 5 shows the attitude of the satellite in an 800 km orbit with a 500 metre tether 
deployed over 30 days of simulation time.  It can be seen that for this length tether and 
the chosen tether parameters, the attitude of the satellite was stable.  The average 
electrodynamic force generated by this tether in the nadir frame –x direction was 
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computed to be 0.0018 N.  For longer tether lengths, i.e. 1000 metres and over, the 
attitude of the satellite was simulated to be unstable. 

 
Figure 5:  Attitude of satellite in an 800 km equatorial orbit with a 500 metre EDT. 

 
Figure 6:  Attitude of satellite in an 800 km 30 degree inclination orbit with a 500 metre 

EDT. 
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Figure 6 on the previous page presents the attitude of the satellite with the 500 metre 
tether at an orbit inclination of 30 degrees.  Although this simulation was run for a 
shorter duration it can be seen that across almost one day of simulation the attitude of 
the satellite was predicted to be stable.  At 60 degrees inclination, however, the 
environmental conditions were found to result in reversal of the tether electric field and 
therefore computation of the electrodynamic force was not possible. 

Figure 7 provides an indication of the rate of deorbit of the 500 metre tether in an 800 
km equatorial orbit.  It can be seen that in approximately 200 days the orbit height was 
simulated to decrease from a local maximum height of 800 km to approximately 725 km.  
The simulation was stopped shortly before 200 days as the roll attitude of the satellite 
was observed to have become unstable around this time.  The yaw attitude was observed 
to become unstable after approximately 95 days of in-simulation time, however this did 
not affect the deorbiting results.  The total mass of the 500 metre tether was predicted to 
be approximately 13 kg. 

 
Figure 7:  Orbit height of deorbiting satellite with a 500 metre EDT in an 800 km 

equatorial orbit. 

In comparison to the above results, the same satellite at the same test conditions with a 
5000 metre 37 kg EDT deployed and with the attitude fixed to the perfect case (i.e. the 
tether always pointing in the nadir direction) was predicted to deorbit from 800 km to 
725 km in under one day and from 800 km to 400 km in just over 2.5 days.  However, 
without being fixed to the ideal case, the attitude of the satellite was simulated to 
become unstable in less than one day. 
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5. Discussions 

5.1. Drag Sails 

The results in Section 4.1 show that is challenging to passively aerodynamically stabilise 
the host satellite with a drag sail at orbit heights of 600 km and above.  This can most 
likely be attributed to the approximately exponential decay of atmospheric pressure with 
orbit height and also the increasing relative influence of the solar torque at higher orbits. 

Attitude stability at these higher altitudes could potentially be achieved using gravity 
gradient booms, however these booms may require significant lengths and/or masses to 
provide the necessary moment of inertia for this passive stabilisation technique.  The 
feasibility of such a solution could be investigated in future work. 

Although the goal of providing passive aerodynamic stability to the satellite is to ensure 
the maximum frontal area is incident to the oncoming atmospheric particles, the 
consequences of failing to provide stabilisation above 600 km had a relatively minor effect 
on the deorbit times predicted using the methodology at Section 3.5.  Furthermore, given 
that the host satellite with no drag sail deployed was predicted to deorbit from 600 km to 
400 km in 43 years and Reference 6 indicates that most objects in orbit below 600 km 
will deorbit within 25 years, there appears to be limited advantage to providing passive 
aerodynamic stabilisation. 

Consideration should also be given to the area-time product of each sail design.  As 
previously stated in Section 4.1, the area-time products of the 20 metre sail designs were 
approximately 20 per cent higher than those of the 5 metre designs.  This indicates that 
although the smaller designs take longer to deorbit the host satellite and would most 
likely exceed the 25 year requirement, they are more efficient than larger sails.  As the 
area-time product is an approximation to the likelihood of a collision with MMOD, it is 
proposed that an area-time regulation be considered in place of the current 25 year 
regulation, which is based on what can be achieved by most satellites without significant 
additional effort.  Further work would be required to provide a reasonable value for an 
area-time product based regulation. 

5.2. Drag Balloons 

One of the most interesting results presented at Section 4.2 is that the drag force 
generated by a drag balloon was higher without aerodynamic stabilisation.  This can be 
explained by considering the geometry of the satellite with the satellite body frame x-axis 
aligned with the nadir frame y-axis.  At this attitude, the side of the satellite body and 
the solar array would be exposed to the oncoming atmospheric flow in addition to the 
entire cross sectional area of the drag balloon.  This increase in total exposed area 
therefore would result in the generation of a higher drag force.  Therefore it can be said 
that passive aerodynamic stability is not required for satellites equipped with drag 
balloon devices. 
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The average drag force generated by the 2 metre radius balloon at 400 km was 0.0038 N.  
For the same orbit height, the 5 metre 90 degree drag sail produced a drag force of 
0.023 N, a value almost seven times higher.  This is an interesting result as the frontal 
area of the drag sail was only four times higher than that of the balloon.  However, a 
perpendicular flat plate is listed at Reference 27 as having a drag coefficient of just over 
twice that of a sphere.  Therefore given the factor of four difference in the frontal area 
and the factor of two difference in the drag coefficient, the drag force of the drag sail 
could be expected to be eight times that of the equivalent mass drag balloon for the same 
environmental conditions (refer to Equation 1).  This matches well with the obtained 
results. 

Comparing the area-time products of the equivalent tested drag sails and drag balloons it 
can be seen that the area-time product of the 2 metre radius drag balloon was 
approximately ten per cent higher than those of the 5 metre arm length drag sails.  The 
area-time product of the 8 metre radius balloon was approximately 40 to 50 per cent 
higher than that of the 20 metre arm length drag sail designs.  This not only indicates 
that properly designed drag sails are more efficient than equivalent mass drag balloons, 
but also that the difference in efficiency between the two devices increases with the size of 
the device.  This is not to say, however, that drag balloons are inefficient, as the 
simulation results at Table 14 predict that even the largest drag balloon investigated 
approximately halves the risk of collision with MMOD or another satellite during the 
deorbiting process. 

5.3. EDTs 

The stability observed for the 500 metre long tether in an 800 km equatorial orbit was 
found to be due to the dominance of the gravity gradient torque.  At longer tether 
lengths the magnitude of the tether torque was larger than the other environmental 
torques and therefore these tether designs resulted in attitude instability. 

Comparing the average electrodynamic force generated by the 500 metre tether at 800 km 
(0.0018 N) to the average aerodynamic drag force generated by both 20 metre drag sails 
(0.00033 N) at 800 km it can be seen that EDTs can potentially provide a significantly 
higher force for deorbiting than drag sails.  Despite this significantly higher force, the 
direction of the electrodynamic force is very important, as unlike drag augmentation 
devices, the force generated is not always opposite to the velocity vector.  Hence, 
in-orbit-plane and out-of-orbit-plane attitude instability can occur, as was observed for 
longer tether lengths.  It should also be noted that when the 20 metre drag sail designs 
were stabilised, the drag force produced was in the same order of magnitude as the 
electrodynamic force computed for the 500 metre tether.  However, these aerodynamic 
drag force values were computed for a SSO, while the electrodynamic force was calculated 
for an equatorial orbit, which would typically result in the electrodynamic force being an 
order of magnitude higher than for a SSO.  If attitude stability can be provided, however, 
EDTs remain an attractive option for the PMD device as their mass is significantly lower 
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than that of drag augmentation devices: 13 kg for the 500 metre tether compared to 
160 kg for the 20 metre drag sails. 

The absence of attitude stability for longer tether lengths highlights the significant 
difficulty in modelling tethers.  Not only in finding the most appropriate way to model 
the tether, but also in the computational expense of the tether current calculation, 
especially considering the significantly faster asymptotic method implemented was only 
applicable to a very small proportion of most simulations.  Given that so many designs 
investigated were found to lack attitude stability it is recommended that a more 
advanced tether model, e.g. a hinged tether model, be investigated in future work. 
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6. Conclusions 
The attitude stability of several promising PMD device concepts was evaluated with a 
focus on their ability to permit passive attitude stability.  Through a significant number 
of simulations it was found that drag sails only provided passive attitude stabilisation via 
aerodynamic means at orbit heights below 600 km.  In contrast, drag balloons were 
typically found to be less likely to permit passive attitude stability than equivalent mass 
drag sail designs at the same orbit height. 

Comparing these two drag augmentation devices it was found that the area-time products 
of drag balloons were up to approximately 50 per cent higher than those of the 
equivalent mass drag sails, with the smaller variants of both concepts having lower 
area-time products. 

The lack of passive attitude stability at higher altitudes for drag sails did not result in a 
significant increase in the estimated deorbit time or the calculated area-time product.  
The former was also observed for drag balloons, which in fact were predicted to deorbit 
more quickly when unstable due to contributions to the total frontal area of the satellite 
by the satellite body and solar array.  For both drag augmentation device types it was 
proposed that a deorbiting regulation based on the area-time product be introduced in 
place of the current 25 year requirement as this would be more representative of the risk 
of collision with MMOD or other satellites during the deorbiting process. 

Using the simplistic rigid satellite-tether model it was found that bare EDTs with lengths 
of 1000 metres and more did not allow passive attitude stabilisation.  However, a 500 
metre long tether was found to allow passive attitude stabilisation, was highly mass 
efficient, and was predicted to reduce the 800 km equatorial orbit of the 1000 kg host 
satellite to a height of 725 km in approximately 200 days.  Given the promising nature of 
this result it is recommended that future work be undertaken to improve upon the 
current tether model and observe the effects on the simulation results. 


