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ABSTRACT 

QB50 is a mission establishing an international network of 50 nano-satellites for multi-point, 
in-situ measurements in the lower thermosphere and re-entry research. As part of the QB50 
mission, the Delft University of Technology intends to contribute two nano-satellites both 
being equipped with a highly miniaturized propulsion system in addition to the science 
payload. This allows to demonstrate formation flying between these two nano-satellites which 
will enhance the mission both with respect to technology demonstration and science return. 
The opportunities and challenges of formation flying by a subset of satellites within a 
constellation of freely floating spacecraft are systematically identified and analyzed.  
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1. INTRODUCTION  

1.1 CubeSats and Their Objectives 

CubeSats are standardized miniature satellites measuring 10 x 10 x 10 cm and having a mass 
of about 1 kg [1]. The general concept for such satellites originated in 1998 at Stanford 
University’s Space Systems Development Laboratory and the first CubeSats were launched in 
2003. CubeSats have been developed primarily as an education tool, e.g. Delfi-C3 [2]. A rapid 
growth of the number of universities developing CubeSats is still ongoing with, at present, 
more than 30 universities in Europe.  

A secondary objective often is to take benefit from their short development times of 2-4 years 
for technology demonstration [3]. In addition to these objectives, the use of CubeSats is more 
and more exploited for commercial services and business, e.g. to support the Automatic 
Identification System (AIS) in the maritime sector [4], as well as for military applications [5].  

The use of CubeSats for science and Earth Observation, however, still is in its infancy. This 
status is primarily caused by the severe constraints that CubeSats imply on scientific missions 
in terms of the available form factor, mass, power and functional capabilities. A continued 
miniaturization of payload and components is expected to alleviate some of these constraints 
in the upcoming future.  

1.2 QB50 Mission Characterization 

While a single CubeSat does not yet allow for significant scientific research, when combining 
a large number of CubeSats with identical sensors into a space network, fundamental 
scientific questions can be addressed which are inaccessible otherwise. QB50 has the 
scientific objective to study the variations of a number of key constituents and parameters in 
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the lower thermosphere (90-320 km) with a network of 50 double CubeSats which carry 
identical sensors. The lower thermosphere is the least explored layer in the Earth’s 
atmosphere.  

Within the QB50 mission, all 50 CubeSats will be injected subsequently by a single launcher 
into a near-circular highly-inclined orbit at an expected altitude of about 320 km [7]. The 
preliminary analysis in the following is based on a value of 300 km instead. Due to 
atmospheric drag, the semi-major axes of the CubeSat orbits will decrease and lower layers of 
the thermosphere will subsequently be probed. The spatial spacecraft distribution of the 
individual spacecraft is governed by the separation conditions from the launcher and orbital 
deployers, natural dynamical perturbations as well as the spacecraft characteristics.  

QB50 is unique in the sense that no atmospheric network mission for in-situ measurements 
has been carried out in the past or is planned for the future. A network of low-cost CubeSats is 
the only realistic option for in-situ measurements in the lower thermosphere.  

2. TOP-LEVEL MISSION ANALYSIS 

The QB50 mission is unique in establishing a space network at around 300 km altitude. 
Associated with this low altitude is a rapid decay of the satellite orbits and a short mission 
duration ranging from eight days (solar maximum, maximum spacecraft cross-section) to 85 
days (solar minimum, minimum spacecraft cross-section) [6]. Nevertheless, the low altitude 
provides several unique advantages which are particularly relevant for the QB50 mission [7]: 

• Higher payload capacity for a given launcher increasing the number of satellites  
• Orbital lifetime much less than the 25 years stipulated by international regulations 
• Higher data rates for given onboard power due to short communication distances  
• Benign radiation environment facilitating low-cost Commercial-Off-The-Shelf (COTS). 

In the following, we will concentrate on the additional opportunities arising from two QB50 
spacecraft being equipped with a propulsion system. In general, such an enhancement has the 
potential of adding more dimensions to the science case and realizing innovative technology 
demonstration opportunities.  

It is assumed that the CubeSat propulsion system can be employed within the orbital lifetime 
of the satellites to modify the spacecraft orbit in a controlled manner. This assumption may 
not only be supported by capable spacecraft subsystems, such as an Attitude and Orbit 
Control System (AOCS), but may also be justified by operational procedures. Most 
importantly, the assumption depends on the planned absolute and relative orbit configuration 
and specific requirements imposed on the orbit control. 

A systematic concept discovery of opportunities arising from the use of two spacecraft 
equipped with a propulsion system is shown in Fig. 1. Here, we divide concepts into absolute 
and relative orbit control. Absolute orbit control could, in principle, be used for, e.g., drag 
compensation or controlled reentry, both of which have been studied for QB50 in [8]. 

2.1 Formation Flying 

The availability within the QB50 space segment of two spacecraft both equipped with a 
propulsion system offers various relative orbit control options. Among these, formation flying 
is the most interesting option which offers, on a higher abstraction level, the following major 
opportunities: 
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1. Enhanced science return 
a. Controlled baselines in space for  

• coordinated measurement retrieval and  
• enhanced coverage 

b. Adaptation of relative geometry to science needs 
c. Flexibility to change relative configuration within the mission sequence 
d. Enhanced characterization of (relative) atmospheric drag due to adjustable baselines 
e. Extended cross-calibration of payload  

2. Technology demonstration for  
a. Propulsion Systems  
b. Absolute and relative navigation  
c. Absolute and relative maneuver execution using distributed actuators 
d. Formation Flying with CubeSats 

3. Systems Engineering for distributed miniaturized space systems 
a. Hybrid space system architecture comprising swarm and formation flying  
b. Autonomy concepts 
c. Operations concepts 
d. Reliability concepts. 

There is no fundamental difference between formation flying for CubeSats and formation 
flying for larger spacecraft. Thus, relative motion configurations can be selected, and adapted 
during the mission, as for any other formation flying mission. However, depending on the 
requirements for formation flying, the realization of formation flying might be completely 
different. This is caused by constraints on the key budgets of the CubeSats in terms of mass, 
volume, power, as well as aspects such as technologies used, limited functionalities, 
engineering philosophy and risk approaches. A further difference stems from the limited 
onboard propellant and the short mission time. Thus, significant changes of orbital planes and 
highly complex operations sequences appear prohibitive for a formation flying demonstration 
within QB50. 

 

Fig. 1 Concept analysis of an enhanced QB50 space segment comprising two satellites, each 

equipped with a propulsion system. Filled green boxes indicate potential feasibility. 
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2.2 Formation Flying to Compensate Differential Drag 

It is assumed that TU Delft provides two identical CubeSats, each equipped with their own 
propulsion system. Even in such a case, the two satellites will not have a static relative 
geometry but will, in the absence of relative orbit control, predominantly exhibit an increasing 
along-track separation. This differential drag effect is caused by various residual effects, such 
as 

• Different atmospheric density due to complex density distribution and variations 
• Different initial conditions, caused e.g. by the separation mechanism 
• Different attitude motion causing the spacecraft cross-sectional area to vary 
• Different spacecraft masses due to different thruster activities on each spacecraft. 

Differential drag may be modelled as differential acceleration ∆aD according to 
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where ρ(r) denotes the atmospheric density at position r and va the spacecraft velocity with 
respect to the atmosphere. Evidently, differential drag is caused primarily by the difference in 
the product of the dimensionless drag coefficient CD (describing the interaction of the 
atmosphere with the spacecraft surface material) and the area-to-mass A/m ratio for the two 
satellites with indices 1 and 2, respectively.  

For a QB50-type orbit at an altitude of 300 km the typical maximum atmospheric density is 
about 35 g/km3. In the general case of all QB50 spacecraft, two distinct spacecraft may have 
ballistic coefficients differing by a factor of 2 which corresponds, based on CD = 2.3 and A/m 
= 0.01 m2/kg, to a differential drag with a magnitude of 2.4⋅10-5 m/s2. This causes the 
evolution of a differential semi-major axis of 230 m per orbit and an along-track drift of about 
2100 m per orbit. 

Focusing again on formation flying with two identical spacecraft, the asymmetry of one 
spacecraft flying ahead of the other, different propellant consumption rates as well as different 
attitude control behaviors may cause differences in the product of drag coefficient and 

Fig. 2 Relative satellite formation geometry based on parallel (e/i)-vector separation in an 

orbital frame. Radial tangential and normal directions are depicted by R, T, and N, respectively. 
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area-to-mass ratio. For the Grace formation consisting of two identical spacecraft, typical 
maximum differences of 1% have been found with a ratio that even varies over the mission 
time and has a standard deviation of 0.3% [9]. Given the limitation in precise attitude control 
for CubeSats, a higher maximum difference is expected and we assume in the sequel a typical 
maximum difference in ballistic coefficients of 10%. Applying such a situation to the QB50 
formation implies a differential acceleration of 2.4⋅10-6 m/s2 which corresponds to a velocity 
increment per orbit of 13.2 mm/s (209 mm/s/day) and leads to a drift in along-track direction 
of about 214 m/orbit. Compensation of differential drag through thrusting thus requires the 
counteraction of the above perturbations.  

Differential drag compensation could enable the treatment of interesting scientific questions. 
Through differential drag compensation, it could be assured that the along-track separation of 
the two spacecraft flying in formation stays constant within certain control bounds. While all 
other spacecraft would drift in along-track direction with up to 2 km per orbit this would not 
be the case for the formation flying subset of spacecraft. Thus, stable observation conditions 
can be realized through differential drag compensation. Moreover, this would not only enable 
a stable multi-point sampling of the spatial characteristics of the lower thermosphere, but also 
enable a specific temporal sampling with ∆t where ∆t = ∆r/v for an along-track separation 
between the spacecraft of ∆r and an orbital velocity v. By way of example, a 1000 km 
along-track separation for the formation would enable a sampling time of the thermosphere at 
130 s. The sizing of the along-track separation should be worked out in close cooperation of 
mission designers and scientists. In addition to the described opportunity of differential drag 
control for science, the demonstration of differential drag compensation is a very valid 
technology demonstration objective in itself. 

2.3 Formation Flying based on the Control of Relative Inclination/Eccentricity Vector 

Formations separated solely in along-track direction might show, especially for close and tight 
formations, a significant collision risk. This situation may originate from dynamical 
perturbations (e.g. atmospheric drag), differences and uncertainties in initial conditions and 
orbit determination (e.g. due to sparse tracking), properties of relative motion (e.g. differential 
semi-major axes causing along-track drift) and limitations in the visibility to ground stations 
(e.g. long gaps between visibility times enforcing onboard autonomy). 

To avoid collision risk conceptually, the so-called eccentricity/inclination (e/i)-vector 
separation can be applied. This concept is not new. Instead, it has originally been developed 
for the safe collocation of geostationary satellites [10] and has been successfully adopted for 
the first time in LEO to safely switch the satellites of the GRACE formation [11]. Based on 
the absolute eccentricity ei and argument of perigee ωi for the satellite i = (1, 2), the relative 
eccentricity vector ∆e can be formed according to [12] 
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where δe denotes the amplitude and φ the relative phase of the vector. Similarly, the relative 
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with amplitude δi and phase θ, which can be expressed as differences in inclination and right 
ascension of ascending node according to δi = i2 - i1 and ∆Ω = Ω 2 - Ω 1. 

Parallel relative eccentricity and inclination vectors constitute a collision-free geometry, 
where radial and cross-track separations never vanish at the same time. This implies a 
coordinated selection of the relative orbital elements which results in an elliptic relative 
motion perpendicular to the flight direction as depicted in Fig. 2.  

Relative eccentricity-inclination vector control has been demonstrated within the Prisma 
formation flying mission [13]. While differential drag compensation is an interesting option 
primarily for the QB50 science case, relative eccentricity-inclination vector control has up to 
now not been demonstrated for nano-satellites or CubeSats. Thus, this concept is especially 
interesting and challenging for advanced technology demonstration within QB50. 

3. FORMATION ACQUISITION AND MAINTENANCE 

3.1 Separation Conditions and Acquisition 

The separation concept for QB50 is not yet known. Nevertheless, existing separation systems 
for CubeSats already provide insights into key characteristics which can be used for 
requirement specification and preliminary analysis [6]. CubeSats are deployed with a 
standardized deployment mechanism called P-POD (Poly Picosat Orbital Deployer). The 
P-POD uses a spring mechanism to glide the CubeSats out with an exit velocity of around 
1.6 m/s. This exit velocity can be adjusted by varying the spring characteristics. Other systems 
mention explicitly an exit velocity of 1 m/s for double-unit CubeSats [14].  

Both of the formation flying concepts discussed above will require control to keep the 
along-track separation at the desired value and within the control bounds. If we assume a 
maximum drift due to the separation mechanism, we consider a velocity increment of 1 m/s in 
along-track direction. This will cause a difference in the spacecraft’s semi-major axis of 
1.6 km which would accumulate to about 15 km over one orbit and 240 km over one day. 
Clearly, a drift stop maneuver of the same size will be required to acquire the differential drag 
compensation configuration. Acquisition of the eccentricity-/inclination vector configuration 
would be even more costly, as the drift would need to be stopped, the along-track separation 
would need to be removed by two maneuvers, and the eccentricity-/inclination separation 
geometry would have to be established. It is estimated that this specific acquisition requires at 
least twice as much as velocity increment than acquisition for the differential drag 
compensation. 

If we consider a typical velocity increment for differential drag compensation of 
13.2 mm/s/orbit, the daily velocity increment would be 210 mm/s, which, over a 30 day 
period, would accumulate to a total net velocity requirement for differential drag 
compensation of 6.2 m/s. If we would require that, e.g., less than 10% of this operational need 
should be devoted to an initial drift stop maneuver, we could provide an upper boundary for 
the allowed separation angle with respect to the along-track direction of acos(0.62) ≈ 52°. 

In addition to the flight dynamics requests, a key challenge is the short mission timeline along 
with the complexity of the process for formation acquisition. In the following Tab. 1, an 
attempt is made to consider a realistic timeline for formation acquisition based on the authors’ 
experience with mission operations. 
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Tab. 1 Sample Timeline and Activities for Formation Acquisition based on differential drag 

compensation within QB50 relative to separation of the second spacecraft (SC2) at time T0 

Timing Activity 

T0 - ∆t Separation SC1 

T0  Separation SC2 
T0 + 1 hour Deployment of solar arrays and antennas 

T0 + 1 day Tracking of SC1 and SC2 

T0 + 2 days Completed check-out SC1 and SC2 

T0 + 3 days Switching on payload on SC1 and SC2 

T0 + 3 days Determination of relative motion and drift 

T0 + 6 days Thrust Maneuver Dry Run SC1  

 Continued Drift Phase 

T1 = T0 + tbd days  Formation Acquisition through maneuver SC1  

T1 + 3 days Verification of Formation Acquisition  

Thus, based on a nominal mission duration of 30 days, the acquisition sequence may take half 
of the entire mission duration. As consequence, engineering the spacecraft and the mission for 
simplicity and robustness is mandatory for any formation flying activities within QB50. 

3.2 Formation Keeping 

We limit the discussion on maneuver needs for formation keeping to the case of differential 
drag compensation. Based on a difference in the ballistic coefficients of 10%, two QB50 
spacecraft at 300 km altitude will experience a differential acceleration of 2.4⋅10-6 m/s2 which 
corresponds to a velocity increment per orbit of 13.2 mm/s and leads to a drift in along-track 
direction of about 214 m/orbit.  

In the sequel, a coarse mission planning is provided for formation keeping of two CubeSats to 
realize differential drag compensation. We base this planning on a layered approach which 
assumes order of magnitude differences between characteristic length parameters in 
along-track direction, as shown in Tab. 2. 

Tab. 2 Characteristic formation flying parameters for QB50 preliminary mission analysis. 

Parameter Variable/Relation Sample scenario 

Along-track separation dl 1000 km 

Control window size dcw = dl 
⋅10-1 100 km 

Control accuracy requirement σc = dCW 
⋅10-1 10 km 

Navigation accuracy requirement σn = σc
 ⋅10-1 1 km 

Let us assume two spacecraft in formation flight at a targeted separation dl of 1000 km. This 
would correspond to a temporal resolution of thermospheric parameters of about 2 minutes 
and probably is a lower limit of what atmospheric scientists would be interested in. Then, it is 
a reasonable assumption to allow a control window dCW significantly smaller than the 
along-track separation. Since for QB50 there are no strict requirements on the size of the 
control window expected from the scientists (e.g. no interferometry), a factor of 10 is justified 
for the definition of the control window size. Thus, the control window which we should 
respect would be 100 km. Staying within a certain control window of size dCW requires 
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controlling the relative motion typically a factor of about 10 better than the size of the window, 
which would be 10 km in our example. The required control accuracy σc again is the summed 
square of various contributions, such as navigation accuracy, thruster misalignments and 
performance uncertainties, as well as the attitude pointing accuracy. Thus, we may suggest a 
navigation accuracy σn, which provides only a small contribution to the control accuracy 
which we express by another factor of 10. Finally, we arrive at a rough estimate of the 
required navigation accuracy of 1 km in this specific example. 

Based on a free drift of the spacecraft in along-track direction of about 214 m per orbit, half 
of the control window would be traversed in 15 days. If we would employ an impulsive 
maneuver strategy, a total maximum of two single maneuvers would suffice to stay within the 
control window for a period of 60 days. A more realistic scenario would be more frequent and 
less strong maneuvers for formation keeping which would even decrease the size of the 
control window. In total, the velocity requirement for a 60 day formation keeping duration 
would be about 12.4 m/s. 

We consider in the following a scenario where two active spacecraft demonstrate formation 
acquisition and differential drag compensation demonstration. The following Tab. 3 provides 
an estimate on the total spacecraft budget for the expected velocity increments. 

Tab. 3 Characteristic budget for velocity increments per spacecraft. 

Parameter Magnitude Times needed Velocity increment [m/s] 

Formation acquisition 1.0 m/s 1 1.0 

Differential drag control 0.1 m/s/day 30 days 3.1 
Contingencies during control 0.05 m/s/day 30 days 1.6 

Additional Margin 10% 1 0.6 

Total   6.3 

In the table, we have accounted for the fact that each spacecraft shares 50% of the propulsion 
required for the differential drag control. We assume a high 50% overhead for contingencies 
due to the limitations of the CubeSat functionality, e.g. for attitude determination and control 
which impacts the propulsion performance.  

The sizing of a possible controlled re-entry maneuver with these spacecraft is provided in [8]. 
The same reference also discusses implementation concepts and technologies on guidance, 
navigation and control as well as the propulsion technology for formation flying 
demonstration within QB50. 

4. OPPORTUNITIES AND CHALLENGES 

4.1 Science 

The opportunity of enabling flexible and controllable baselines between sensors situated on 
several distributed spacecraft in the lower thermosphere is new. This, together with the fact 
that a final payload selection has not yet been made leaves tremendous opportunities and 
challenges for research on the use of formation flying for lower thermosphere science. 
Observables could be, but are not limited to, total mass density, number densities of one or 
more neutral atmospheric constituents, neutral temperature or neutral wind speed, 
atmospheric drag measurements reconstructed from spacecraft navigation means, and signal 
sounding using GPS L-band signals. 
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Formation flying offers adjustable spatial scales for multi-point measurements. Current 
state-of-the-art thermosphere data comes from CHAMP and GRACE. It is in the form of total 
mass density records sampled every 10 s, thus being equivalent to an along-track spatial scale 
of about 77 km. Atmospheric scientists distinguish short-scale (less than 160 km) from 
medium-scale (160 - 1000 km) to large-scale (up to several thousand kilometres) density 
variability. However, relatively little is known about density or drag fluctuations at spatial 
short-scales. Short scale variations, which might be a scientific point of interest to be covered 
by formation flying, are probably also more easily observed in winds than in density and 
temperature [E. Doornbos, priv. comm.]. Another potential area of interest on shorter scale 
phenomena would be gravity waves propagating from the mid- and lower atmosphere.  

4.2 Technology 

Formation flying of CubeSats is a tremendous opportunity and challenge in general and 
within QB50 in particular. Apart from the scientific aspects, discussed above, formation flying 
could enable operational services in relation to tracking and communication. It also enables 
advanced technology demonstration of miniaturized actuators and sensor technologies. 
Furthermore, aspects such as situational awareness might be supported with the help of 
formation flying in addition to constellation concepts only. Inspection of valuable space assets 
which would involve close formation flight are also of future interest. 

Specific to QB50, propulsion, attitude control, and orbit control are the key additional 
technologies which can be demonstrated. A successful demonstration of propulsion would 
increase the technology readiness level and enhance the capabilities of future CubeSats 
further [15]. Attitude control is a key enabler for advanced CubeSat functionality with respect 
to the power subsystem, the communication subsystem and the payload requirements. 
Miniaturization of components such as sensors and actuators is an ongoing activity, although 
at this point in time mostly individual components are demonstrated without integrating them 
into an operational system. Orbit control using propulsion is another advanced functionality 
for CubeSats. Opportunities related to this are orbit changes to support mission requirements 
which could assist e.g. de-orbiting, drag compensation, repeat orbit acquisition and 
maintenance.  

Challenges in advanced technology demonstration are twofold. On one hand, capable 
subsystem functionality might be required to demonstrate certain technology. By way of 
example, to demonstrate orbit changes by thrusting a propulsion system onboard a CubeSat, a 
3-axes attitude control might be required. However, it might in the foreseeable future not be 
possible to integrate this together with a propulsion system in a CubeSat. In particular, 3-axes 
attitude control might be challenging at the low altitudes of QB50 satellites as disturbance 
torques may accumulate more rapidly than at higher altitudes. On the other hand, traditional 
ways of thinking could be abandoned and the limitations of CubeSat functionality could be 
incorporated into the design. To use the same example as above, thrust activities might still be 
conducted without a 3-axis attitude control capability through execution of thrust when the 
rotating spacecraft is oriented in along-track direction thus relying on the onboard attitude 
knowledge rather than its control. Verification of the maneuver performance can be achieved 
using Twoline elements, if a sufficiently long time between the maneuver execution and the 
epoch of the Twoline elements is accounted for. 

4.3 Concept and Architecture 

Apart from scientific and technology opportunities and challenges, the Systems Engineering 
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of CubeSats equipped with a propulsion system in general and within QB50 in particular 
offers new research areas. Within QB50, there are various and increasingly higher systems 
levels involved: 

• Spacecraft System 
• Formation Flying System 
• QB50 Space Segment System 
• QB50 Mission System. 

The engineering of CubeSats with propulsion systems requires specific demands on security, 
legal and regulatory aspects, launcher integration and testing, verification and validation. The 
formation flying system represents a different quality of a space system than a single satellite 
due to its distributed nature. It constitutes a mission in itself within the larger QB50 mission 
with different distribution concepts (formation versus swarm). Thus, a highly innovative 
hybrid space segment can be realized which is unique and offers new research areas. 

4.4 Operations 

It is obvious that the concept, design, implementation, verification and operations of the 
QB50 mission will be a tremendous challenge due to the distributed nature of the space and 
ground segment, the number of parties involved, and the constraints on budget and schedule. 

In contrast to the mission operations, the operations of the two active spacecraft will be 
performed centralized at the control center at the Delft University of Technology. This will 
enable a close coordination for formation flying and a single interface to QB50 mission 
operations. Still, other ground stations than the one in Delft might be used for telemetry 
reception and telecommand transmission.  

Based on the CubeSat design and the demands from propulsion, attitude, and scientific 
payload, it might be difficult of accommodating a transceiver for an intersatellite link on the 
two spacecraft. Thus, formation control will most likely be realized through a 
ground-in-the-loop concept with involves communication links to both spacecraft via a 
ground station and with limited onboard autonomy.  

5. SUMMARY AND CONCLUSIONS  

We have analyzed the enhancement of the QB50 space network with two spacecraft capable 
of demonstrating formation flight. QB50 is a mission which employs 50 double-unit CubeSats 
equipped with identical scientific payload to perform multi-point, in-situ measurements in the 
lower thermosphere and re-entry research.  

Within formation flying, differential drag compensation and relative eccentricity- 
inclination-vector control have been proposed as potential configurations. Both scenarios 
have been analyzed in terms of their characteristics, opportunities and demands. The 
formation acquisition and keeping has been discussed, requirements on velocity increments 
have been established. The enhancement provided by formation flying within QB50 has been 
discussed in the context of scientific, technological, architectural, conceptual, and operational 
opportunities and challenges.  

Enhancing the QB50 mission with spacecraft capable of formation flying is innovative and 
unique. In that context, a variety of new research areas have been identified in science, 
technology, engineering and operations which will enhance the QB50 mission and beyond. 
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