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ABSTRACT

As nano-satellite technology begins to be experimented with in satellite missions, new ways to do conventional orbit maintenance may need to be explored.  Nano-sats will, by definition, have small areas, small masses, and small amounts of propellant.  This paper examines the use of atmospheric drag as a means to control a nano-sat constellation.  It consists of three small satellites in a ‘string of pearls’ constellation that are deployed via phasing maneuvers into highly elliptical orbits; there is no mechanism to stop the effects of that phasing.  The goal of this project was to maintain a constant separation of 1 hour in mean local time about orbital apogee in 45 days after deployment by stopping the drift caused by the deployment phasing.  This paper outlines the conditions necessary to achieve that goal by controlling spacecraft in the constellation using drag differences.  Analysis showed that, although the ST5 constellation in its current form could be affected by drag differences, there was not enough area difference between spacecraft to meet the 45-day goal of this project.  But, if changes could be made to the either ST5 deployment scenario or the ST5 spacecraft physical properties, then drag-differencing control could be applied to meet this project’s goal.  Analysis also showed that for this type of constellation, the Sun and Moon affect

I.  INTRODUCTION

This paper introduces the use drag-force differences in place of propulsive maneuvers to control spacecraft flying in constellations.   It discusses the necessary background information, such as requirements and goals, atmospheric drag theory, and apparent cross-sectional area estimation.  The analysis was done using a simulation created in Matlab, and the results from that simulation are given.

1.1  Nomenclature
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Error derivative

ecc
Orbit eccentricity

EN
Ecliptic North

F10.7
Solar flux index

i
Orbit inclination

kp
Controller gain proportional to error

kr
Controller gain proportional to derivative

msc
Spacecraft mass

MLT
Mean local time

P
Orbit period

rp
Perigee height

RAAN
Orbit right ascension of ascending node

S
Δν between 2 spacecraft; used in control

STK
Satellite Tool Kit(

II.  BACKGROUND

This section discusses the background for the project analysis.  The simulation’s requirements and goals are outlined.  Drag and its effects on highly elliptical orbits is reviewed.  The geometric representation of apparent cross-sectional area is shown.  Basic theory of the proportional-derivative controlled is detailed.

2.1  Mission, Requirements, and Goals

ST5 is a nano-satellite technology mission consisting of three spin-stabilized spacecraft flying in a ‘string of pearls’ configuration.  The mission orbit is expected to be similar to a geostationary transfer orbit (GTO).  It will have a very low perigee altitude, on the order of 240 km, and a high apogee altitude near 37,000 km.  The lifetime for this mission will be between 60 and 90 days.  

The constellation is required to achieve a 0.5-hour mean local time difference (ΔMLT), which corresponds to a 7.5° difference in true anomaly, between the lead and the reference spacecraft at apogee.  The same separation is required between the trailing and reference spacecraft.  (See Fig. 1)  This requirement must be met before the end of the mission; there is no requirement to maintain the constellation separation.  
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Figure 1.  Required Constellation Configuration

The goal of this project is use differential drag between the constellation’s spacecraft to reach and maintain the required separation within approximately 45 days of the spacecraft’s release from the launch vehicle.  ST5 does not have the resources to maintain the constellation separation using conventional ΔV propulsion methods; the lack of ΔV means that some other way to impart different forces on the satellites is necessary if the constellation separation is to be maintained.  Drag, like a propulsive maneuver, changes orbital energy.  Drag affects a spacecraft based on spacecraft properties that can change, such as apparent cross-sectional area.  ST5’s low orbit perigee takes the spacecraft through dense parts of the atmosphere, so each spacecraft will experience noticeable drag forces.  This project proposes introducing differences in the satellites’ apparent areas, which cause drag differences between those satellites.  

2.2  Drag

Drag is a non-conservative force with a magnitude that is dependent on spacecraft altitude, speed, and physical properties.  Acceleration due to drag can be represented as
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( is the ballistic coefficient, which can be represented as
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Ballistic coefficient is an indicator of how much a satellite is affected by drag.  A spacecraft with a higher ( is less affected by drag than a spacecraft with a lower (.  In a highly elliptical orbit such as ST5’s, drag acts as a -(V maneuver at perigee.  The apogee height drops, but the perigee height remains the same; this leads to a decrease in semi-major axis.  As seen in the drag equation, β is one factor that controls how quickly the semi-major axis decays.  

2.3  Area

Each ST5 spacecraft’s spin axis points nominally to the ecliptic north (EN) direction.  The spin axis must remain pointing within 5° of EN; this requirement is set by power constraints.  The attitude knowledge must be within 1°.  An attitude maneuver every 14 days is needed to maintain the pointing requirement.  A maneuver strong enough to move the spin axis 5° requires 1.5 cm/s of (V.  These maneuvers will not have a significant effect on the orbit due to the magnitude and the direction of their (V and are therefore not modelled in this project.
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Figure 2. a) Spinning ST5 spacecraft with magnetometer boom; b) geometric representation of cross-sectional area; c) area values for the top/bottom and side of an ST5 spacecraft.

Cross-sectional area is dependent on the spacecraft’s attitude and velocity direction.  The angle between the spin axis and the velocity vector gives an ‘angle of attack’ that was used to determine cross-sectional area in this project.  It was also necessary to know the top and side surface areas of the ST5 spacecraft to estimate the cross-sectional area.  The top area is constant over time, but the side surface area changes during rotation based on the location of the magnetometer boom (see Fig 2a).  The side surface area was time-averaged to account for the boom and the spacecraft rotation (see Fig 2c). The cross-sectional area at perigee was assumed to be a good representation of the cross-sectional area, which is constantly changing, throughout the drag region.  Calculating the cross-sectional then becomes a simple geometric problem:
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III.  SIMULATION

The ability of drag differences to be used as a constellation control method was studied through numerical simulation.  The simulation was written in Matlab and used STK interfaces to run all the necessary orbit propagations.  The STK scenario was set up in Matlab, and all orbital and spacecraft information was stored in Matlab vectors.  The simulation used STK’s Connect Module commands to send information between Matlab and STK/Astrogator, which was the propagating engine.  

3.1  Initial Conditions and Propagation

All propagation was done using STK/Astrogator.  The propagation used an eighth order Runge-Kutta numerical integrator and was set up to include the following orbital perturbations:  21x21 JGM2 geopotential model, atmospheric drag modelled using the Jacchia-Roberts atmospheric density model (with F10.7 = 150 and Ap = 3), solar radiation pressure, and the Sun and Moon third-body gravitational effects.

The initial spacecraft states and properties used in the simulation were

	
	Lead
	Reference
	Trail

	Rp, km
	240.0
	240.0
	240.0

	a, km
	24998.137 - Δa
	24998.137
	24998.137 + Δa

	Ecc
	0.73514884
	0.73525479
	0.73536065

	i, deg
	20.5
	20.5
	20.5

	ω, deg
	180.0
	180.0
	180.0

	RAAN, deg
	70.0
	70.0
	70.0

	(, deg
	180.0 - Δ(
	180.0
	180.0 + Δ(

	Epoch
	1 June 2004

	Mass, kg
	20

	CD
	2.13

	(, deg
	101.97


Table 1.  Initial states and properties for each spacecraft

3.2  Proportional-Derivative Controller

A proportional-derivative (PD) controller was used to control spacecraft attitude, and therefore the separation and the separation rate between the spacecraft in the constellation.  A PD controller is a controller that uses a difference, or error, e, and the rate of change in that difference, or error derivative, 
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The controller for this project used
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The controller output, (, is the angle between the spin axis and the EN direction.  Note that this output is limited to ±5° as set by the ST5 mission requirements.

The more often the controller is allowed to force an attitude maneuver, the quicker the constellation will converge on the desired separation.  Unless otherwise stated, it was assumed that the controller could change the spin axis direction up to ± 5° every 2 orbits (~1 per day).   

The controller was used to control the lead spacecraft and the trail spacecraft with respect to the reference spacecraft, and the control of lead and trail was separate.

IV.  RESULTS

The following sections discuss the results from the simulation.  The separation behavior for the uncontrolled and controlled ST5 constellation is shown.  The controlled behavior for variations on the ST5 constellation is included.  The affect of perturbations on controlled behavior is also discussed.  

4.1  ST5 Constellation

After deployment and sun acquisition, the spacecraft constellation at apogee will look like this:
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Figure 3.  ST5 constellation post launch vehicle release and sun acquisition.

All three spacecraft are in different orbits but will have the same line of apsides.  They have slightly different semi-major axes and do not pass through their apogees at the same time, but they all have the same perigee height.  There is 10 km difference in semi-major axis and a 1.20 difference in true anomaly between either the lead or trail spacecraft and the reference.  

The difference in semi-major axis causes a difference in period between the orbits.  The period difference can be represented as
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which holds true when (a << a.  A 10 km difference in semi-major axis means a 23.6 sec difference in orbital period.

4.1.1  Uncontrolled ST5 Constellation

To understand the natural behavior of the constellation using these initial conditions, three scenarios were studied:  a) no drag differences between the spacecraft, b) maximum drag difference between the spacecraft, and c) minimum drag differences between the spacecraft.   The first used three identical spacecraft with the same constant orientation, and the only difference between each spacecraft was its orbital semi-major axis.  This was to understand the natural drift of the spacecraft.  The second scenario changed the areas, which were assumed constant throughout the simulation, to cause the maximum drag differences between the spacecraft, and all three spacecraft had different periods as before.  This was done to achieve the maximum separations.  The last scenario changed the areas to represent the minimum drag differences between the spacecraft, and again, the spacecraft had different orbital periods as well.  This was to observe the minimum separation achievable between the spacecraft over time. 

[image: image14.wmf]
Figure 4.  Uncontrolled separation behavior of constellation

Fig. 4 shows the uncontrolled separation behavior of the constellation for each scenario listed above, and that behavior is plotted as separation in true anomaly over time in days.  In scenario (a), the spacecraft reach the required separation in about 57 days; in scenario (b), they reach the target separation in about 49 days; in scenario (c), they reach the target in about 76 days.  Scenario (b) represents the quickest the constellation can reach the required separation, assuming the given initial conditions; Scenario (c) represents the slowest.  Aside from showing the uncontrolled behavior of the spacecraft, Fig. 4 also shows that as long as the spacecraft maintain their required pointing, the spacecraft will reach the required ST5 separation value of 7.5° before end-of-life at 90 days. 

The slope of each line in Fig. 4 is dependent on two factors:  the period difference between the two orbits and the rate of semi-major axis decay of one orbit relative to the other two.  In scenario (a), the slope is only a factor of period difference.  The spacecraft have the same drag profiles, so their semi-major axes decay at the same rate.  In scenarios (b) and (c), not only is there a period difference between the orbits, but the semi-major axes are also decaying at different rates due to the drag differences between the spacecraft, which cause the period differences between the spacecraft to increase or decrease, respectively.

4.1.2  Controlled ST5 Constellation Results

Now that the constellation drift is understood, controlling the semi-major axis decay of one ST5 spacecraft with respect to the others is necessary.  All three spacecraft have the same perigee height, so it can be assumed that differences in ( and vrel between the spacecraft can be ignored.  Although it would be possible to remove mass from a spacecraft, adding mass to the spacecraft is not a viable option.  Changing CD is beyond the scope of this project.  That leaves cross-sectional area, which is attitude dependent, as the only factor that can be used to control drag.  

The PD controller, explained in Sec. 3.2, controlled the spacecraft cross-sectional area using its output of spin-axis pointing angle.  It was assumed that the controller could change the spin axis direction up to ± 5° every 2 orbits (~1 per day).  The results show it was not possible to stop the separation rate in the ST5 constellation within the ST5 mission lifetime.  
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Fig 5.  ST5 constellation separation

Fig. 5 shows that the controller is having some effect on the constellation separation.  The both lead and trail spacecraft must increase their separation from the reference spacecraft by 6.3° to reach the required 7.5° separation.  The maximum percent difference between the lead (or trail) and reference satellites’ ballistic coefficients is 9%.  This is due to the limitation in the physical spacecraft size and the attitude pointing constraints.  The spacecraft reach the required separation before end-of-life, but there is not enough achievable drag difference between the satellites in the ST5 constellation to meet the project goal within 45 days.  

4.2  Variations on the ST5 Constellation and Spacecraft

It has been shown that the ST5 constellation in its current form is not able to meet the goals of this project; it does not reach and maintain the required ± 7.5° true anomaly separation about apogee.  So this project next examined theoretical changes to the ST5 constellation system.  The two changes studied were a change in the post-deployment configuration and an increase in each spacecraft’s surface areas. 

4.2.1  New Post-Release Configuration

This part of the project examined the possibility of changing the post-release orbit configuration of the spacecraft constellation.  The question to be answered was:  What release configuration will allow ST5 spacecraft to reach and maintain the required separation goal within approximately 45 days?  
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Figure 6.  New Post-Release Configuration

It was found that if the difference in semi-major axis was considerably decreased and the initial true anomaly separation was increased, then the project goal could be met.  The semi-major axis difference shrank from 10 km to 1 km, which causes a smaller period difference. The true anomaly difference grew from 1.2° to 7.0°, which means that the spacecraft are closer together and must only cover 0.5°(instead of the original 6.3°) in 45 days. The size of the reference orbit is the same as the ST5 mission, and the size of the spacecraft are the same as the ST5 mission.  
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 Fig 7.  Achievable separation using new initial conditions.

Fig. 7 shows that giving the ST5 constellation the post-deployment conditions listed above allows the constellation to meet the control goals of this project.  The ballistic coefficient difference between spacecraft is the same as Sec. 3.1.2 (Δβ = 9%), but the separation drift rate was slower and easier to counteract.  There were also smaller true anomaly differences to increase.  It is, however, questionable that the launch vehicle could deploy the spacecraft into such an initial configuration.  More deployment analysis would need to be done to study if these deployment goals are reasonable.

4.2.2  New Spacecraft Surface Area

There is not enough ballistic coefficient difference between the three ST5 satellites to use drag differences to meet this project’s goals.  The next question to be answered was:  What ballistic coefficient difference between spacecraft will allow the spacecraft to achieve the separation goal? 

Assuming that the initial release configuration was the same as Sec. 3.3 and that everything about the spacecraft was the same as the ST5 mission except for top and side surface area, it was found that there needed to be at least a 47% difference in ballistic coefficient between the lead (or trail) and reference spacecraft to achieve the project goal.     

[image: image18.wmf]
Figure 8.  Separation between spacecraft assuming Δβ = 47%

This analysis corresponds to a new spacecraft with the same side area as an ST5 spacecraft, but with a top area of 10 times larger than an ST5 spacecraft.  Fig. 8 shows the control behavior of the new spacecraft.

The control output shows how much the spin axis orientation changes after every maneuver.  The analysis again assumed that a maneuver could be done every 2 orbits, and the output is limited to ± 5°.  At the beginning of the simulation, the control output reaches its limits.  But as the spacecraft separation reaches the targeted value (7.5°), the control outputs start to move toward zero, which means that at the end of the 90 days, the spin axes of lead/trail and reference point back to ecliptic north.

[image: image19.wmf]
Figure 9.  Controller output

Figs. 9 and 10 show what happens to the orbit of each spacecraft due to the controller, one in terms of control output and the second in terms of orbit behavior.  The PD controller controls the spacecraft attitude, which affects ballistic coefficient, which in turn affects the drag force acting on the spacecraft.  The difference in drag between satellites causes the orbit of each to decay at different rates until all the spacecraft are in the same orbit.  Once satellites are in the same orbit, they have the same period.  The controller then sets the orientation of all three to the same attitude.  Now all three spacecraft have apogees that decay at the same rate and have orbits with the same period, so they maintain their constant separation.
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Figure 10.  Semi-major axis decay of each spacecraft over time

4.3  Perturbations on Controller

A surprising result from the control analysis showed that the lead and the trail spacecraft did not have the same controlled separation behavior for a given simulation.   The spacecraft were physically identical and their absolute value separation from the target was identical in any given simulation scenario, so it was expected that the controller would control both the lead and the trail spacecraft identically.  In fact, the controlled behavior of each spacecraft was slightly different.  Revisiting Sec 4.2.1,
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Figure 11.  Difference in controlled separation behavior

Fig 11 shows the absolute value separation for both lead and trail.  It is possible to see that each reached the target at slight different times.  It also shows that the separation has an oscillation in its behavior.  Analysis determined that the third-body solar and lunar gravitational force caused this effect.  The Moon was also the cause of the small oscillations.  The Moon causes significant perturbations to highly elliptical orbits that are epoch dependent.  The Sun caused the differences in separation rate. 
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Figure 13.  a) Separation behavior at different epochs with and without third-body effects, and b) absolute separation value without third-body effects.

Fig. 13a shows that a two-week difference in starting epoch yields noticeably different separation behavior.  It also shows that eliminating the third body effects from the propagation scenario gives exactly the same behavior for both spacecraft for both starting epochs.  Fig 13b shows that there is no difference between the behavior of the lead and the trail spacecraft when the Sun’s and Moon’s influences are removed.

V.  Conclusions

Using drag to control the separation drift between spacecraft in a highly elliptical orbit is feasible.  However, the effectiveness of the controller is limited by the ballistic coefficient differences between spacecraft, amount of time to reach control goals, and amount of separation to increase in the given time span.  The Sun’s and Moon’s gravitational forces affect the controller performance, which means that the performance is epoch dependent.  With some changes to the ST5 spacecraft size or the ST5 deployment plan, this type of control scheme could be used for the ST5 mission, and could have value for future missions that have physically larger spacecraft or longer mission lifetimes.  
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