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Abstract 

Aerodynamic forces have often been proposed as a possible means to perform a variety of different attitude and orbit 

control manoeuvres in very low Earth orbits including pointing control, constellation and formation management, and 

re-entry interface targeting. However, despite interest and numerous studies conducted in this area there is has been 

lack of on-orbit demonstration of these manoeuvres beyond simple proof of aerostability and some operational use of 

differential drag for constellation maintenance. SOAR (Satellite for Orbital Aerodynamics Research) is a CubeSat 

mission and part of DISCOVERER, a Horizon 2020 funded project to develop technologies to enable sustained 

operation of Earth observation satellites in very Low Earth Orbits. SOAR is due to be launched in 2020 with the 

primary aim to investigate the interaction between different materials and the atmospheric flow regime in very low 

Earth orbits. This satellite, with its set of rotating aerodynamic fins, also offers the unique opportunity to demonstrate 

and test novel aerodynamic control methods in the very-low Earth orbit (VLEO) environment. This paper presents the 

approach to demonstrate novel aerodynamic control methods in-orbit that will be used on the experimental SOAR 

Cubesat. The aerodynamic manoeuvres and associated control methods selected for demonstration are first described. 

Simulations of the aerodynamic control manoeuvres and expected satellite dynamic behaviour are also presented, 

demonstrating potential advantages for spacecraft operations which can be achieved by utilising the natural 

aerodynamic forces present at these lower orbital altitudes. 
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Nomenclature 

 

Acronyms/Abbreviations 

ABEP Atmosphere-breathing electric propulsion 

ADCS Attitude determination and control system 

CMG Control Momentum Gyroscope 

EO Earth observation 

FMF Free molecular flow 

GSI Gas-surface interaction 

GTO Geostationary/geosynchronous transfer orbit 

LQR Linear-quadratic regulator 

LVLH Local-vertical local-horizontal 

OBC On-board Computer 

PID Proportional-integral-derivative 

SOAR Satellite for orbital aerodynamics research 

VLEO Very-low earth orbit 

1. Introduction 

Very-low Earth orbit (VLEO), altitudes below 

approximately 450 km, offer a number of benefits to the 
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operation of spacecraft. In particular, Earth observation 

platforms can profit from increased spatial resolution 

with reducing altitude or alternatively can carry smaller 

and less massive optical payloads [1]. In order to realise 

these operational benefits, the DISCOVERER project [2] 

is focused on foundational research and technology 

development to enable sustained operations at lower 

orbital altitude. 

The principal challenges of spacecraft operations in 

VLEO are increased exposure to highly reactive atomic 

oxygen that can erode spacecraft surfaces, and the 

increased atmospheric density at lower altitudes that 

contributes to larger aerodynamic forces, principally drag 

which reduces the orbital lifetime. Efforts to address the 

reduced orbital lifetime in these orbits include mitigation 

of drag through electric propulsion, including concepts 

for atmosphere-breathing electric propulsion (ABEP), 

and reduction of drag through the identification of novel 

aerodynamic materials.  

However, the increased atmospheric density and 

associated aerodynamic forces of larger magnitude in 

VLEO can also be exploited, providing the opportunity 

to perform aerodynamic attitude and orbit control. To 

date, a variety of aerodynamic attitude and orbit control 

techniques and manoeuvres have been proposed, studied, 

and simulated. In some limited cases these manoeuvres 

have been demonstrated in-orbit and used operationally. 

In orbit control, attention has principally been 

focused on orbit maintenance and formation flying 

manoeuvres. The foundational work in this area was 

presented by Leonard [3], in which notional drag plates 

were used to control the relative distance between two 

spacecraft, a method termed differential drag. Further 

studies have extended this concept, for example utilising 

the body of the spacecraft to provide a varying drag force 

[4], considering adaptive and optimal control strategies 

[5,6], and incorporating significant sources of uncertainty 

such as atmospheric density and drag coefficient [7]. 

Differential drag has since been demonstrated in-orbit by 

the ORBCOMM constellation [8], AeroCube-4 mission 

[9], and the Planet Labs Dove satellites [10,11]. 

Differential drag methods have also been proposed for 

atmospheric re-entry interface targeting [12–14] and to 

generate out-of-plane separations for constellation 

deployment [15]. 

In the previously discussed methods, aerodynamic 

drag has been utilised to enable control as the magnitude 

of lift forces available in the free-molecular flow regime 

of Earth orbit is small. However, if efforts to identify 

novel materials that have improved aerodynamic 

characteristics are successful, then the use of lift forces 

may be enabled. Examples of the use of lift forces for 

aerodynamic orbit control include enhanced formation 

flight and rendezvous manoeuvres [16–18] and 

inclination correction for descending Sun synchronous 

orbits [19]. 

Aerodynamic torques can also be used to control the 

attitude. Aerostability (aerodynamic stabilisation) has 

been used by spacecraft in-orbit to provide natural flow 

pointing behaviour, for example by the DS-MO [20], 

PAMS [21], and GOCE [22] spacecraft. Aerodynamic 

attitude control has also been proposed for pointing 

control [23–25], to assist detumbling operations [26], 

momentum management in GTO perigee raising 

operations [27], and was employed by MagSat to provide 

trim and momentum control [28,29]. 

Novel aerodynamic control methods are currently 

being developed within the scope of the DISCOVERER 

project with a focus on those with application to Earth 

observation missions. Within this research, pointing, 

trim, and momentum management manoeuvres using 

combinations of aerodynamic torques and conventional 

attitude actuators have been studied for different 

aerodynamic platform concepts [30].  

The scientific CubeSat SOAR (Satellite for Orbital 

Aerodynamics Research) [31] associated with this 

project offers a unique opportunity to test and 

demonstrate novel aerodynamic control methods in the 

very-low Earth orbit environment.  

The aerodynamic control manoeuvres and associated 

methods that are planned for in-orbit demonstration on 

this spacecraft will be described in this paper. 

Simulations of the expected performance in the VLEO 

environment are also presented.  

2. Satellite for Orbital Aerodynamics Research 

SOAR is a 3U CubeSat that has been principally 

designed to investigate gas-surface interactions (GSI) in 

the VLEO environment. The aim of the mission is to 

provide important in-orbit validation data for ground-

based experiments that will be performed in the ROAR 

(Rarefied Orbital Aerodynamics Research) facility at The 

University of Manchester. SOAR is due to be launched 

into VLEO from the ISS in 2020. 

SOAR, an evolution of the ΔDsat design [32], 

features a unique combination of two payloads to achieve 

the scientific mission objectives. A set of four rotating 

fins, located towards the rear of the 3U geometry as 

shown in Figure 1, are used to expose different materials 

to the oncoming flow at varying angles of incidence. This 

enables the investigation of GSI and aerodynamic 

coefficients for the different material coatings. An ion 

and neutral mass spectrometer (INMS) is located on the 

forward-facing surface of the CubeSat, providing in-situ 

measurement of the oncoming flow conditions including 

density, composition, and velocity. A 3-axis gyroscope 

unit (IMU), fine sun-sensors, and 3-axis magnetometer 

provide sub-degree attitude determination whilst an on-

board GPS receiver also provides precise position and 

velocity information. A tetrahedral reaction wheel 

assembly provides capable attitude control in three axes 



70th International Astronautical Congress (IAC), Washington D.C., United States, 21-25 October 2019.  

Copyright 2019 by The University of Manchester. Published by the IAF, with permission and released to the IAF to publish in all forms. 

IAC-19,B4,6A,2,x50772  Page 3 of 12 

and is supported by magnetorquers for initial detumbling 

operations and momentum management. 

 

Figure 1 3U geometry of SOAR (Satellite for Orbital 

Aerodynamics Research).  

The four independently steerable fins on SOAR 

provide the opportunity to perform aerodynamic control 

manoeuvres during the mission lifetime. However, for 

the primary scientific investigation the surfaces of these 

aerodynamic panels will be finished with different 

material coatings. The panels are therefore likely to have 

varying aerodynamic performance properties that may 

increase the complexity of implemented control schemes 

on the spacecraft. 

Table 1 Mission and physical properties of SOAR 

Spacecraft Properties 

Body length (including INMS) 0.365 m  

Body height/width  0.1 m 

Aerodynamic panel length 0.58 m  

Aerodynamic panel width 65 x 10-3 m 

Aerodynamic panel thickness 1 x 10-3 m 

Total Mass 3.5kg  

Centre of mass (from –X)  0.15 m 

Principal moments of inertia  

Ixx  : 0.057 

Iyy  : 0.074 

Izz  : 0.074   

kg m2 

Reaction Wheels (Astrofein RW1 Type A) 

Spin axis moment of inertia 654.5 x 10-9 kg m2 

Maximum angular momentum 1.2 x 10-3 Nms 

Maximum torque  7.2 x 10-8 Nm 

Orbit Properties 

Initial altitude (ISS) ~400 km 

Inclination 51.6° 

3. Aerodynamics in VLEO 

For orbiting bodies, aerodynamic forces and torques 

are generated by interaction with the residual atmosphere. 

With reducing altitude, these forces and torques increase 

and in VLEO can contribute significantly to the orbit and 

attitude dynamics of spacecraft. 

3.1. The VLEO Environment 

The density of the atmosphere increases 

approximately exponentially with decreasing orbital 

altitude. In VLEO (typically defined as orbits below 

450km), the atmospheric density can therefore be orders 

of magnitude greater than at traditional LEO altitudes 

(see Figure 2). The influence of solar output on the 

atmospheric density is also considerable. In addition to 

the approximately 11-year solar cycle, seasonal, and 

diurnal variation is also present. 

 

Figure 2 Atmospheric density with altitude using 

NRLMSISE-00 [33] model and ECSS reference solar 

and geomagnetic index definitions. 

Whilst often deemed negligible at higher altitudes, 

the flow environment in VLEO is of importance as 

aerodynamic forces and torques are generally the 

dominant source of perturbation [34]. Based on the 

Kundsen number (𝐾𝑛, ratio between the mean free path 

of a particle and the characteristic length of a body in the 

flow), the regime in VLEO is generally classified as free-

molecular flow (FMF). Under the conditions of FMF 

( 𝐾𝑛 ≥ 10 ), particle-particle interactions are rare in 

comparison to the interactions between an incident 

particle and the surface in the flow, and the former can 

therefore be neglected.  

3.2. Aerodynamic Force and Torque 

For a given surface exposed to an oncoming flow, the 

force experienced can be equated to the density 𝜌 , 

velocity 𝑉, a reference area 𝑆𝑟𝑒𝑓 , and the associated force 

coefficient 𝐶𝐹: 
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𝐹 =
1

2
 𝜌𝑉2𝑆𝑟𝑒𝑓𝐶𝐹 

(1) 

Equivalently, the torque generated by such a surface 

can be expressed by considering a moment coefficient 

𝐶𝑀 and a reference length of the spacecraft 𝐿𝑟𝑒𝑓: 

𝑇 =
1

2
 𝜌𝑉2𝑆𝑟𝑒𝑓𝐿𝑟𝑒𝑓𝐶𝑀 (2) 

The force and moment coefficients are dependent on 

the nature of the interaction of the surfaces with the 

oncoming flow, and under the assumption of FMF 

conditions, are therefore dependent on the GSI 

characteristics. 

3.3. Gas-Surface Interactions 

The force experienced by a surface during a collision 

with an oncoming particle can be determined by 

considering the exchange of momentum or energy during 

the interaction. GSI characteristics are known to vary 

with a number of parameters including the material 

properties, incidence angle, surface roughness and 

contamination, atmospheric composition, and both 

surface and incident particle temperature.  

A variety of models have been developed to capture 

the effects of these different parameters, with varying 

level of complexity and success. In the simplest of these 

models, typically used to in space engineering 

applications, an expression for the exchange of 

energy/thermal  or momentum, an accommodation 

coefficient ( 𝛼  or 𝜎  respectively), is used to broadly 

describe the nature of the GSI present. 

 Two primary modes of GSI can be considered 

initially, specular reflection and diffuse reemission. In 

specular reflection, an incident particle is assumed to be 

perfectly reflected with no thermal accommodation (𝛼 =
0 ). Contrastingly in diffuse reflection, an incident 

particle is assumed to be thermally accommodated to the 

surface (𝛼 = 1) and is consequently thermally reemitted 

from the surface with a given distribution, typically 

centred about the surface normal. For different GSI 

models variation of the accommodation coefficient 

between these conditions can generate a range of 

different reflection or reemission distributions which 

describe the average effect which occurs at a surface. 

Common models used in orbital aerodynamics 

applications include Sentman [35], Schaaf and Chambre 

[36], Schamberg [37], and Cook [38].  

The significant presence of atomic oxygen in VLEO 

leads to high adsorption of this species and its reaction 

products to typical spacecraft materials. These surfaces 

have been shown to be close to or fully accommodated 

and therefore demonstrate predominantly diffuse 

reemission behaviour [39]. Consequently, the available 

lift produced by surfaces coated with these materials is 

small in comparison to the magnitude of the drag force 

[40]. 

3.4. Aerodynamic Coefficients 

Analytical expressions for the force and moment 

coefficients can be generated from these GSI models for 

simple geometries (eg. flat-plate, sphere). 

For more complex spacecraft shapes, the geometry 

can be modelled as a mesh of flat plates for which the 

individual force and moment coefficients can be 

calculated and summed together to provide the total body 

contribution. These so-called panel methods (eg. 

ADBSat [41]) are appropriate under the conditions of 

FMF and for geometries where multiple surface 

reflection are not expected to take place (ie. convex 

geometries). Shadowing of surfaces from the flow by 

other parts of the geometry also requires careful 

consideration. 

Alternative, but typically more computationally 

expensive methods of calculating aerodynamic 

coefficients include direct simulation Monte Carlo 

(DSMC) [42], test-particle Monte Carlo (TPMC), and 

ray-tracing techniques [43]. 

4. Aerodynamic Attitude Control in Orbit 

4.1. Aerostability 

Aerostability (aerodynamic stability) is the ability of 

a spacecraft to align itself with the direction of the 

oncoming flow. This can be achieved passively through 

geometric design of the spacecraft such that restoring 

torques are generated when the nominal attitude of the 

spacecraft is disturbed. 

The conditions for aerostability can be defined [44] 

as in Equation (3), providing necessary relationships 

between the static stability derivatives of the spacecraft 

with the inertia matrix. Using these conditions, statically 

stable spacecraft can be designed considering the 

environmental conditions, external spacecraft geometry, 

and relative position of the centre of mass. 

−
𝑞

3𝜔0
2

𝑆𝑟𝑒𝑓𝐿𝑟𝑒𝑓

𝐼𝑦

𝐶𝑚𝑎
> 1 

𝐼𝑦 > 𝐼𝑧  

𝑞

𝜔0
2

𝑆𝑟𝑒𝑓𝐿𝑟𝑒𝑓

𝐼𝑧

𝐶𝑛𝛽
> 1 

(3) 

However, whilst static stability can be generated in 

FMF, aerodynamic damping is negligible. Without any 

additional input, a spacecraft will naturally oscillate 

about the oncoming flow direction in response to an 

initial disturbance. Additional attitude actuators are 

therefore necessary in order to reduce these oscillations 

and provide   

Aerostability has been demonstrated in orbit by a 

number of different spacecraft with varying design. The 

DS-MO satellites featured an aerodynamic skirt 

extending behind the main body a gyrodamper [20]. In 
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comparison, the cylindrical spacecraft PAMS relied only 

on the relative position of its centre of mass to provide 

the necessary restoring torques whilst magnetic 

hysteresis rods were used to provide the damping effect 

[21]. The slender GOCE spacecraft featured rear-

mounted aerodynamic fins and was equipped with 

magnetorquers [22]. 

4.2. Pointing 

Aerodynamic torques can also be used to point a 

spacecraft towards a direction or target of interest. 

Control in only the roll-axis was proposed by Auret and 

Steyn [24] using a pair of forward mounted control 

paddles. Three-axis control has also been proposed using 

a split-panel shuttlecock geometry [23] and a feathered 

panel configuration [25]. 

However, for currently characterised materials with 

close to full accommodation, the available remission 

distribution only allows small pointing angles to be 

achieved without contribution from additional attitude 

actuators.  

4.3. Trim 

Aerodynamic control surfaces can be used to reject 

external perturbations and assist the maintenance of a 

stable attitude. In VLEO, this may include compensation 

of the relatively predictable atmospheric co-rotation in 

inclined orbits or torques associated with solar radiation 

pressure or gravity gradient for example. Trim in this 

manner can reduce the requirement for alternative 

attitude actuation with possible benefits in power 

consumption and indirect management of momentum 

build-up. 

The principal of aerodynamic trim can also be used to 

avoid the build-up of internal momentum when the 

spacecraft presents an asymmetric geometry into the flow, 

for example during off-axis pointing manoeuvres. The 

MagSat mission [28,29] demonstrated aerodynamic trim 

in-orbit using an extendible boom in  the pitch axis which 

was used in coordination with the gravity gradient to bias 

the pitch of the angle spacecraft. 

4.4. Momentum Management 

Aerodynamic control can also be used to actively 

reduce the internal momentum that can build up in 

conventional attitude actuators such as reaction wheels 

and control momentum gyroscopes (CMGs). If 

performed actively throughout the mission this type of 

control may be able to assist an attitude control system 

from becoming saturated or entering a singular state. 

Alternatively, external torques produced by aerodynamic 

control can be used reactively to perform momentum-

dumping, desaturation, or to remove a singular condition. 

MagSat [28,29] also used a combination of the 

adjustable aerodynamic and gravity gradient torques to 

perform momentum management in the pitch axis.  

4.5. Impact on Orbital Lifetime 

The effect of aerodynamic control on orbital lifetime 

requires careful consideration in order to avoid rapid or 

premature deorbit of the spacecraft. Whilst the previously 

discussed manoeuvres may have operational benefits, 

these must be traded off against the potential impact to 

the mission through reduction of the mission lifetime. 

In each of the proposed manoeuvres, the presence of 

additional control surfaces exposed to the flow will 

increase the drag experienced by the spacecraft and 

therefore increases orbital decay. Efficient use of the 

control surfaces is therefore required to preserve the 

mission life. 

The identification of specularly reflecting materials 

would enable the prospect of lift-based aerodynamic 

control forces and torques that would allow the control 

surfaces to be exposed to the flow less, reducing the drag 

experienced. Alternatively, drag mitigation, for example 

using electric propulsion or ABEP, can extend the 

mission lifetime and increase the scope for aerodynamic 

control manoeuvres. 

5. Aerodynamic Attitude Control of SOAR 

The development and demonstration of novel 

aerodynamic control methods for VLEO spacecraft is an 

objective of the Horizon 2020 DISCOVERER project [2]. 

Aerodynamic control manoeuvres for a nominal set of 

conceptual aerodynamic spacecraft geometries 

(shuttlecock, feathered, and neutrally-stable disc satellite) 

have been studied, and their results presented in a 

companion paper [30]. This paper presents the 

implementation of these developed methods to for in-

orbit demonstration on SOAR. 

5.1. Control Strategy 

In order to implement the aerodynamic control 

manoeuvres on SOAR a quaternion-feedback PID 

controller with an intelligent integrator [45,46] was 

adopted [30]. The selection of the proportional, integral, 

and derivative gains in this scheme are determined using 

a linear-quadratic regulator (LQR) with a penalty 

formulation to encompass saturation of the actuators. 

For the momentum-management task, an infinite-

horizon LQR feedback loop is implemented for the 

aerodynamic control input whilst the reaction wheels 

independently perform the attitude control task. In order 

to avoid conflict between the attitude control and 

momentum management tasks the time response of the 

two control tasks are separated. 

5.2. Concept of Operations 

In order to perform the demonstration of aerodynamic 

control manoeuvres on SOAR the orbital altitude must be 

low enough that the aerodynamic torques have the 

necessary control authority. A characterisation of the 

different perturbing torques experienced by the SOAR at 
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different altitudes is presented in Figure 3. The residual 

magnetic dipole torques  

Given the geometry of the spacecraft and the 

expected atmospheric density at launch, the altitude of 

the spacecraft needs to be lowered to around 300km 

before demonstration of the aerodynamic manoeuvres 

can commence. 

 

Figure 3 Relative magnitude of perturbing torques for 

SOAR pitched at 3° (from LVLH) and steerable fins 

counter-rotated to 30°. 

Implementation of the aerodynamic control on SOAR 

involves coupled use of the ADCS to measure the current 

attitude of the spacecraft, the OBC to calculate the 

desired aerodynamic torque, and the aerodynamics 

payload to apply the selected configuration of the 

steerable fins. Simultaneous use of the reaction wheels 

may also be necessary for some of the control 

manoeuvres. 

Implementation of the control manoeuvres on the 

OBC requires the respective control methods and 

steerable fin configuration algorithms to be compatible 

with the on-board processing capability and data storage. 

Extensive databases of aerodynamic coefficient sets 

based on multiple variables (angle of attack and sideslip, 

altitude, rotation angle) are therefore not recommended 

and linearised approximations are required.  

5.3. Aerostability 

The aerostability of SOAR can be examined by 

considering the response in pitch and yaw against angle 

of attack and angle of sideslip. The gradients shown in 

Figure 4 and Figure 5 demonstrate aerostable behaviour 

in both the minimum and maximum drag configurations. 

The corresponding dynamic response of SOAR 

without any control actuator input is shown in Figure 6 

for an altitude of 250km. It can be seen that the maximum 

drag configuration provides significantly better attitude 

control. However, in both configurations the attitude 

errors and rates become large over time and would be 

unsatisfactory for most useful applications. 

 

Figure 4 Pitch stability of SOAR in the minimum and 

maximum drag configurations. 

 

Figure 5 Yaw stability of SOAR in the minimum and 

maximum drag configurations. 

In order to provide dynamic stability and reduce 

oscillatory motion, additional damping is required. On 

SOAR, these torques can be provided by the on-board 

reaction wheels or alternatively the magnetorquers. The 

motion of SOAR with simple proportional (in roll) and 

damping (in pitch and yaw) control is shown in, 

demonstrating significantly improved attitude control 

performance with slower rates and smaller pointing 

errors. 

In-orbit demonstration using SOAR will seek to 

confirm this behaviour and investigate the reaction wheel 

torques required to provide a stable attitude with 

variation in the orbital altitude. 
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Figure 6 Uncontrolled attitude of SOAR in minimum and 

maximum drag configuration at 250 km. 

 

Figure 7 Attitude of SOAR in minimum and maximum 

drag configuration at 250 km with simple proportional 

control in roll and damping control in pitch and yaw. 

5.4. Pointing 

Aerodynamic pointing control and trim manoeuvres 

will also be attempted with SOAR in-orbit. The four 

independently steerable fins can be used to generate 

aerodynamic torques in all three body axes. 

 

Figure 8 Aerodynamic roll control manoeuvre to 30° at 

250 km with reaction wheel control in pitch and yaw. 

The simplest demonstration manoeuvres involves 

aerodynamic roll control whilst the motion in the pitch 

and yaw axes is controlled using the reaction wheels. 

SOAR should ideally utilise only symmetric counter-

rotation of opposing steerable fins to generate roll torques 

when the spacecraft is aligned closely to the flow-

pointing direction. However, in an inclined orbit 

atmospheric co-rotation and thermospheric winds 

generate disturbing torques. Compensating torques in 

pitch and yaw will therefore be demanded by the 

aerodynamic control loop. 
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A representative simulation for a control manoeuvre 

in roll from 0° to a target of 30° is shown in Figure 8. The 

roll manoeuvre is performed successfully through 

selection of counter-rotated panel configurations. 

However, as the spacecraft is stabilised about the target 

attitude some significant actuation of the aerodynamic 

panels is instructed rather than their return to the nominal 

configuration. To reduce this behaviour, saturation 

avoidance logic can be introduced into the aerodynamic 

control method, avoiding the selection of high-drag 

aerodynamic configurations when lower drag selections 

may provide similar torque profiles. This will also limit 

the effect of the aerodynamic attitude control on orbit 

decay, increasing lifetime. 

 

Figure 9 Aerodynamic pitch control manoeuvre to 8°, 

yaw aligned with the LVLH reference frame, and 

reaction wheel control in roll. 

Aerodynamic control in the pitch and/or yaw axes is 

somewhat more challenging. In the presence of external 

perturbations, asymmetric and complex configurations of 

the steerable panels may be required. In order to simplify 

the manoeuvre, the reaction wheels can be commanded 

to control the spacecraft in the roll axis only. 

An example of an aerodynamic pointing manoeuvre 

is shown in Figure 9Figure 8 where a target of 8° in pitch 

is demanded, whilst the attitude in yaw is to be aligned 

with the LVLH reference frame. In this scenario the 

requested attitude is successfully attained using the 

aerodynamic panels. However, after the manoeuvre is 

complete the reaction wheels can be seen to trend directly 

towards saturation as they try to maintain the offset 

attitude from the flow. In this case, further usage of the 

aerodynamic panels could enable the spacecraft to 

maintain this attitude for a longer period, but at the 

expense of increased orbital drag. 

5.5. Momentum Management 

SOAR will also demonstrate management of internal 

angular momentum during the mission. In these 

experiments, the aim of the control loop is to minimise 

the rates of the reaction wheels (and the corresponding 

angular momentum) by producing opposing 

aerodynamic torques. An implementation of this type of 

control can be performed with the spacecraft attempting 

to maintain an attitude offset from the flow-pointing 

direction.  

In a 51.6° inclined orbit, secular perturbing torques 

will cause an accumulation of angular momentum in the 

reaction wheels. Without any intervention from the 

aerodynamic panels, the reaction wheels are shown in 

Figure 10 to fully saturate after a period of around 7 

minutes. After this time, the reaction wheels are unable 

to provide further control actuation to oppose the current 

disturbing torques and the pointing performance of the 

spacecraft is compromised. In these conditions, 

magnetorquers would generally be used periodically to 

desaturate the reaction wheels. 

The aerodynamic control surfaces can be used to 

mitigate this accumulation of angular momentum, 

allowing the reaction wheel control operations to 

continue for a much longer period of time without 

interruption. This is demonstrated in Figure 11 in which 

the angular momentum of the reaction wheels is 

sustained away from the saturation limits over a period 

of 100 minutes. Furthermore, during this period the 

spacecraft is shown to be stable about the demanded 

pointing angles in pitch and yaw despite the presence of 

disturbing torques and the inputs from the aerodynamic 

panels. 
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Figure 10 Saturation of reaction wheels whilst an attitude 

of -10° in pitch and 8° in yaw (with respect to LVLH) is 

demanded without any aerodynamic control input. 

6. Conclusions 

The on-orbit demonstration of aerodynamic control 

on the scientific CubeSat SOAR was discussed and 

proposed control manoeuvres presented. The expected 

attitude control performance that can be achieved using 

the combination of traditional attitude control actuators 

and unique aerodynamic steerable fins was shown 

through simulated results. 

The spacecraft is expected to demonstrate aerostable 

behaviour and pointing capability in the VLEO 

environment, but requires additional attitude actuator 

input in order to damp oscillations and provide fine 

pointing capability. The aerodynamic control surfaces 

are also expected to be able to assist in the momentum 

management of the platform at these lower altitudes, 

enabling operation of the reaction wheels for longer 

periods before desaturation is required. However, whilst 

the simulated results are indicative of the basic behaviour 

achievable using the SOAR platform, additional 

complications of the real mission need to be considered. 

The primary mission objective of SOAR is to 

investigate gas-surface interaction of different materials 

in VLEO and their corresponding lift and drag 

coefficients. The aerodynamic control surfaces will 

therefore be coated with different materials with varying 

aerodynamic behaviour. A more complex model for the 

expected forces and torques that can be generated by the 

independent rotation of the steerable fins is therefore 

required.  

 

Figure 11 Momentum management whilst an attitude of 

-10° in pitch and 8° in yaw (with respect to LVLH) is 

demanded. 

Development and improvements to the aerodynamic 

control methods need to include consideration for the 

specific hardware limitations, including the system 

sampling rate, attitude determination sensor accuracy and 

noise, and the reaction wheel performance. The 

controller must also be made compatible with the on-

board computer and available resources. 



70th International Astronautical Congress (IAC), Washington D.C., United States, 21-25 October 2019.  

Copyright 2019 by The University of Manchester. Published by the IAF, with permission and released to the IAF to publish in all forms. 

IAC-19,B4,6A,2,x50772  Page 10 of 12 

Acknowledgements 

The DISCOVERER project has received funding 

from the European Union’s Horizon 2020 research and 

innovation programme under grant agreement No 

737183. This publication reflects only the author's view. 

The Agency is not responsible for any use that may be 

made of the information it contains.  

 

References 

[1] J. Virgili Llop, P.C.E. Roberts, Z. Hao, L. Ramio 

Tomas, V. Beauplet, Very Low Earth Orbit 

mission concepts for Earth Observation: Benefits 

and challenges, in: 12th Reinventing Sp. Conf., 

London, UK, 2014. 

[2] P.C.E. Roberts, N.H. Crisp, S. Edmondson, S.J. 

Haigh, R.E. Lyons, V.T.A. Oiko, A. Macario-

Rojas, K.L. Smith, J. Becedas, G. González, I. 

Vázquez, Á. Braña, K. Antonini, K. Bay, L. 

Ghizoni, V. Jungnell, J. Morsbøl, T. Binder, A. 

Boxberger, G.H. Herdrich, F. Romano, S. 

Fasoulas, D. Garcia-Almiñana, S. Rodriguez-

Donaire, D. Kataria, M. Davidson, R. Outlaw, B. 

Belkouchi, A. Conte, J.S. Perez, R. Villain, B. 

Heißerer, A. Schwalber, DISCOVERER – 

Radical Redesign of Earth Observation Satellites 

for Sustained Operation at Significantly Lower 

Altitudes, in: 68th Int. Astronaut. Congr., 

International Astronautical Federation (IAF), 

Adelaide, Australia, 2017. 

[3] C.L. Leonard, W.M. Hollister, E.V. Bergmann, 

Orbital Formationkeeping with Differential 

Drag, J. Guid. Control. Dyn. 12 (1989) 108–113. 

doi:10.2514/3.20374. 

[4] D.N.J. du Toit, J.J. du Plessis, W.H. Steyn, Using 

Atmospheric Drag for Constellation Control of 

Low Earth Orbit Micro-satellites, in: 10th Annu. 

AIAA/USU Conf. Small Satell., American 

Institute of Aeronautics and Astronautics 

(AIAA), Logan, UT, 1996. 

[5] L. Dell’Elce, G. Kerschen, Optimal 

propellantless rendez-vous using differential 

drag, Acta Astronaut. 109 (2015) 112–123. 

doi:10.1016/j.actaastro.2015.01.011. 

[6] O. Ben-Yaacov, P. Gurfil, Long-Term Cluster 

Flight of Multiple Satellites Using Differential 

Drag, J. Guid. Control. Dyn. 36 (2013) 1731–

1740. doi:10.2514/1.61496. 

[7] L. Mazal, D. Pérez, R. Bevilacqua, F. Curti, 

Spacecraft Rendezvous by Differential Drag 

Under Uncertainties, J. Guid. Control. Dyn. 39 

(2016) 1721–1733. doi:10.2514/1.G001785. 

[8] A.W. Lewin, Low-Cost Operation of the 

ORBCOMM Satelliet Constellation, in: 11th 

Annu. AIAA/USU Conf. Small Satell., 

American Institute of Aeronautics and 

Astronautics (AIAA), Logan, UT, 1997. 

[9] J.W. Gangestad, B.S. Hardy, D.A. Hinkley, 

Operations, Orbit Determination, and Formation 

Control of the AeroCube-4 CubeSats, in: 27th 

Annu. AIAA/USU Conf. Small Satell., 

American Institute of Aeronautics and 

Astronautics (AIAA), Logan, UT, 2013. 

[10] C. Foster, H. Hallam, J. Mason, Orbit 

determination and differential-drag control of 

Planet Labs cubesat constellations, Adv. 

Astronaut. Sci. 156 (2016) 645–657. 

[11] C. Foster, J. Mason, V. Vittaldev, L. Leung, V. 

Beukelaers, L. Stepan, R. Zimmerman, 

Differential Drag Control Scheme for Large 

Constellation of Planet Satellites and on-Orbit 

Results, in: 9th Int. Work. Satell. Constellations 

Form. Fly., Boulder, CO, 2017: pp. 1–18. 

[12] R. Patera, Drag Modulation as a Means of 

Mitigating Casualty Risk for Random Reentry, 

in: AIAA Atmos. Flight Mech. Conf. Exhib., 

American Institute of Aeronautics and 

Astronautics (AIAA), San Francisco, CA, 2005. 

doi:10.2514/6.2005-6228. 

[13] S. Alemán, Satellite Reentry Control via Surface 

Area Amplification, Air Force Institute of 

Technology, 2009. 

[14] J. Virgili Llop, P.C.E. Roberts, N.C. Hara, 

Atmospheric Interface Reentry Point Targeting 

Using Aerodynamic Drag Control, J. Guid. 

Control. Dyn. 38 (2015) 403–413. 

doi:10.2514/1.G000884. 

[15] H. Leppinen, Deploying a single-launch 

nanosatellite constellation to several orbital 

planes using drag maneuvers, Acta Astronaut. 

121 (2016) 23–28. 

doi:10.1016/j.actaastro.2015.12.036. 

[16] M. Horsley, S. Nikolaev, A. Pertica, Small 

Satellite Rendezvous Using Differential Lift and 

Drag, J. Guid. Control. Dyn. 36 (2013) 445–453. 

doi:10.2514/1.57327. 

[17] C. Traub, G.H. Herdrich, S. Fasoulas, Influence 

of energy accommodation on a robust spacecraft 

rendezvous maneuver using differential 

aerodynamic forces, CEAS Sp. J. (2019). 

doi:10.1007/s12567-019-00258-8. 

[18] C. Traub, F. Romano, T. Binder, A. Boxberger, 

G.H. Herdrich, S. Fasoulas, P.C.E. Roberts, K.L. 

Smith, S. Edmondson, S.J. Haigh, N.H. Crisp, 

V.T.A. Oiko, R.E. Lyons, S.D. Worrall, S. 

Livadiotti, J. Becedas, G. González, R.M. 

Dominguez, D. González, L. Ghizoni, V. 

Jungnell, K. Bay, J. Morsbøl, D. Garcia-

Almiñana, S. Rodriguez-Donaire, M. Sureda, D. 

Kataria, R. Outlaw, R. Villain, J.S. Perez, A. 

Conte, B. Belkouchi, A. Schwalber, B. Heißerer, 

On the exploitation of differential aerodynamic 

lift and drag as a means to control satellite 



70th International Astronautical Congress (IAC), Washington D.C., United States, 21-25 October 2019.  

Copyright 2019 by The University of Manchester. Published by the IAF, with permission and released to the IAF to publish in all forms. 

IAC-19,B4,6A,2,x50772  Page 11 of 12 

formation flight, CEAS Sp. J. (2019). 

doi:10.1007/s12567-019-00254-y. 

[19] J. Virgili Llop, P.C.E. Roberts, K. Palmer, S.E. 

Hobbs, J. Kingston, Descending Sun-

Synchronous Orbits with Aerodynamic 

Inclination Correction, J. Guid. Control. Dyn. 38 

(2015) 831–842. doi:10.2514/1.G000183. 

[20] V.A. Sarychev, S.A. Mirer, A.A. Degtyarev, 

E.K. Duarte, Investigation of equilibria of a 

satellite subjected to gravitational and 

aerodynamic torques, Celest. Mech. Dyn. 

Astron. 97 (2007) 267–287. doi:10.1007/s10569-

006-9064-3. 

[21] R.R. Kumar, D.D. Mazanek, M.L. Heck, 

Simulation and Shuttle Hitchhiker validation of 

passive satellite aerostabilization, J. Spacecr. 

Rockets. 32 (1995) 806–811. 

doi:10.2514/3.26688. 

[22] M.R. Drinkwater, R. Haagmans, D. Muzi, A. 

Popescu, R. Floberghagen, M. Kern, M. 

Fehringer, The GOCE Gravity Mission: ESA’S 

First Core Earth Explorer, in: 3rd Int. GOCE 

User Work., European Space Agency (ESA), 

Frascati, Italy, 2007: pp. 1–7. doi:ISBN 92-9092-

938-3. 

[23] M.L. Gargasz, Optimal Spacecraft Attitude 

Control Using Aerodynamic Torques, Air Force 

Institute of Technology, 2007. 

[24] J. Auret, W.H. Steyn, Design of an Aerodynamic 

Attitude Control System for a Cubesat, 62nd Int. 

Astronaut. Congr. (2011). 

[25] J. Virgili Llop, P.C.E. Roberts, Z. Hao, 

Aerodynamic Attitude and Orbit Control 

Capabilities of The ΔDsat CubeSat, in: 37th 

Annu. AAS Guid. Control Conf., American 

Astronautical Society (AAS), Breckenridge, CO, 

2014. 

[26] Z. Hao, P.C.E. Roberts, Using Aerodynamic 

Torques To Aid Detumbling Into an Aerostable 

State, in: 67th Int. Astronaut. Congr., 

International Astronautical Federation (IAF), 

Guadalajara, Mexico, 2016. 

[27] D. Mostaza-Prieto, P.C.E. Roberts, Perigee 

Attitude Maneuvers of Geostationary Satellites 

During Electric Orbit Raising, J. Guid. Control. 

Dyn. (2017) 1–12. doi:10.2514/1.G002370. 

[28] T.H. Stengle, MagSat Attitude Dynamics and 

Control: Some Observations and Explanations, 

in: J. Teles (Ed.), Fiifth Annu. Flight Mech. 

Theory Symp., Greenbelt, MD, 1980. 

[29] B. Tossman, F. Mobley, G. Fountain, K. 

Heffernan, J. Ray, C. Williams, MAGSAT 

attitude control system design and performance, 

in: Guid. Control Conf., American Institute of 

Aeronautics and Astronautics (AIAA), Danvers, 

MA, 1980. doi:10.2514/6.1980-1730. 

[30] S. Livadiotti, Concepts and Applications of 

Aerodynamic Attitude and Orbital Control for 

Spacecraft in Very Low Earth Orbit, in: 70th Int. 

Astronaut. Congr., International Astronautical 

Federation (IAF), Washington, DC, 2019. 

[31] N.H. Crisp, P.C.E. Roberts, S. Edmondson, S.J. 

Haigh, C. Huyton, S. Livadiotti, V.T.A. Oiko, 

K.L. Smith, S.D. Worrall, J. Becedas, D. 

González, G. González, R.M. Dominguez, K. 

Bay, L. Ghizoni, V. Jungnell, J. Morsbøl, T. 

Binder, A. Boxberger, S. Fasoulas, G.H. 

Herdrich, F. Romano, C. Traub, D. Garcia-

Almiñana, S. Rodriguez-Donaire, M. Sureda, D. 

Kataria, R. Outlaw, B. Belkouchi, A. Conte, J.S. 

Perez, R. Villain, B. Heißerer, A. Schwalber, 

SOAR – Satellite for Orbital Aerodynamics 

Research, in: 69th Int. Astronaut. Congr., 

International Astronautical Federation (IAF), 

Bremen, Germany, 2018. 

[32] J. Virgili Llop, P.C.E. Roberts, ΔDsat, a QB50 

CubeSat mission to study rarefied-gas drag 

modelling, Acta Astronaut. 89 (2013) 130–138. 

doi:10.1016/j.actaastro.2013.04.006. 

[33] J.M. Picone, A.E. Hedin, D.P. Drob, A.C. Aikin, 

NRLMSISE-00 Empirical Model of the 

Atmosphere: Statistical Comparisons and 

Scientific Issues, J. Geophys. Res. 107 (2002). 

doi:10.1029/2002JA009430. 

[34] D.A. Vallado, Fundamentals of Astrodynamics 

and Applications, 4th ed., Microcosm 

Press/Springer, Hawthorne, CA, 2013. 

[35] L.H. Sentman, Free molecule flow theory and its 

application to the determination of aerodynamic 

forces, Sunnyvale, CA, 1961. 

[36] S.A. Schaaf, P.L. Chambre, Flow of rarefied 

gases, in: Fundam. Gas Dyn., Princeton 

University Press, Princeton, NJ, 1958: pp. 687–

739. 

[37] R. Schamberg, A New Analytic Representation 

of Surface Interaction for Hyperthermal Free 

Molecule Flow with Applications to Neutral-

particle Drag Estimates of Satellites, Rand 

Corporation, 1959. 

[38] G.E. Cook, Drag Coefficients of Spherical 

Satellites, Ann. Geophys. 22 (1966) 53–64. 

[39] K. Moe, M.M. Moe, Gas–Surface Interactions 

and Satellite Drag Coefficients, Planet. Space 

Sci. 53 (2005) 793–801. 

doi:10.1016/j.pss.2005.03.005. 

[40] E. Doornbos, Thermospheric Density and Wind 

Determination from Satellite Dynamics, 

Springer Berlin Heidelberg, Berlin, Heidelberg, 

2012. doi:10.1007/978-3-642-25129-0. 

[41] D. Mostaza-Prieto, Characterisation and 

Applications of Aerodynamic Torques on 

Satellites, The University of Manchester, 2017. 



70th International Astronautical Congress (IAC), Washington D.C., United States, 21-25 October 2019.  

Copyright 2019 by The University of Manchester. Published by the IAF, with permission and released to the IAF to publish in all forms. 

IAC-19,B4,6A,2,x50772  Page 12 of 12 

[42] P.M. Mehta, A. Walker, C.A. McLaughlin, J. 

Koller, Comparing Physical Drag Coefficients 

Computed Using Different Gas–Surface 

Interaction Models, J. Spacecr. Rockets. 51 

(2014) 873–883. doi:10.2514/1.A32566. 

[43] B.P. Graziano, Computational Modelling of 

Aerodynamic Disturbances on Spacecraft within 

a Concurrent Engineering Framework, Cranfield 

University, 2007. 

[44] D. Mostaza-Prieto, P.C.E. Roberts, Methodology 

to Analyze Attitude Stability of Satellites 

Subjected to Aerodynamic Torques, J. Guid. 

Control. Dyn. 39 (2016) 437–449. 

doi:10.2514/1.G001481. 

[45] B. Wie, H. Weiss, A. Arapostathis, Quarternion 

feedback regulator for spacecraft eigenaxis 

rotations, J. Guid. Control. Dyn. 12 (1989) 375–

380. doi:10.2514/3.20418. 

[46] H. Bang, M.-J. Tahk, H.-D. Choi, Large angle 

attitude control of spacecraft with actuator 

saturation, Control Eng. Pract. 11 (2003) 989–

997. doi:10.1016/S0967-0661(02)00216-2. 

 


