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This paper describes two computationally efficient algorithms which were developed, analyzed, and simulation tested for determining spacecraft rotation rates and attitude vectors by means of varying solar array currents. The most complicated yet mission critical subsystem on a spacecraft is attitude determination. In the event that an attitude determination sensor may fail, or simply that operating sensors are not providing sufficient attitude information, solar arrays may be used as an additional attitude determination source. The algorithm for rotation rate determination used varying solar array currents over an entire orbital period to graphically determine an average spin frequency. By taking the current data over the given time period and converting it to the frequency domain, a clear spike represented the most frequently occurring rate. The algorithm for attitude vector determination used measured current versus the known maximum current to resolve a unit vector in the direction of the sun. The algorithm only calculated a vector component for spacecraft sides that contain a solar panel. The calculated rates and attitude can be incorporated into a TRIAD algorithm or a basic Extended Kahlman Filter (EKF). The results are an additional attitude determination source with no extra cost towards an additional attitude determination sensor.           

Nomenclature

Psa
=
power produced by solar array
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η
=
efficiency of solar array

θ
=
Sun incidence angle
x,y,z
= 
Body coordinate frame unit vector

xcurrent 
= 
Current of designated solar array

xcurrentmax
=
Maximum current of designated solar array
Introduction

T

he attitude determination for a small satellite typically uses two types of attitude sensors and enters them into a TRIAD algorithm. Typical attitude sensors are magnetometers and sun/star sensors, similar to those on our small sat.  Given that all sensors are operating properly, they provide sufficient measurements for quality attitude determination.  However, our small sat program ran into a processor saturation problem while reading the sun sensor data, essentially limiting us to magnetometer data.  The Operation Team was subsequently tasked with analyzing solar array current data to determine if it could be used for attitude determination and added to a TRIAD algorithm.   
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Throughout the discussion, a hypothetical construction model called BoxSat will be used to illustrate the problem.  BoxSat is a cube-shaped small sat with solar panel arrays of the same characteristics and size covering all six sides.  The voltage and current as well as the temperature of each solar array are assumed to be measurable.  The sample rate for these measurements is assumed to be one second or greater.  Because FalconSat-3 has only four solar panels, on the +x, -x, +y and –y sides, some of the analysis will ignore the +z and –z panels of BoxSat.
I. Rate Determination
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We used the occurrence of peak current to determine the rotation rate of the satellite.  The maximum possible current is produced when the array is normal to the sun, and is referred to as max current. This configuration does not happen every rotation.  Peak current refers to the local maximum for that rotation. Simple geometry shows that peak current will only happen to one panel at a time, and will occur for each panel once in a rotation.  As an example we plotted solar array currents from AO-51, an amateur radio relay satellite that possesses similar characteristics to our BoxSat.  

A quicker way to arrive at the same answer is using Matlab’s fast Fourier Transform (fft) command1.  This command will find the frequency components of the rotation in noisy data.  By converting the amplitudes of the current peaks to the frequency domain, and taking the fast Fourier Transform, clear peaks form at the rotation frequencies.  
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The Nyquist rate plays an important role.  The initial rotation rates of BoxSat can be guestimated, and the Nyquist sampling rate needs to be at least twice that frequency to discern the actual rotation rate.  In the case of AO-51, the rotation rate is relatively slow so the sampling rate can be as high as 30 seconds.  For an unknown rotation rate, a more frequent sampling rate is essential.  

Several other peaks are created from the fft code- these are aliases, deriving from the data sample rate.  The aliases appear as rotation frequencies because of the repetitive nature of the sampling rate.  If the sampling rate were less than the necessary Nyquist rate, the aliases would be less than the actual rotation frequency.  Assuming an adequate Nyquist rate, the user can determine the most commonly occurring rotation rate by comparing the amplitude of each frequency peak, 
This method is very quick, and relatively simple.  We realized it would be a good tool for satellite operators during contacts, so we created a graphical user interface for the code.  The resulting plots appear as shown in Figure 3.  Again, we used the AO-51 data to test our code, and compared it to the results we got from plotting the currents.  The answers from the plots were calculated using one orbit’s worth of data, and the code used all available telemetry.  The rotation rates returned by each method were the same. 
II. Attitude Determination
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Attitude determination for BoxSat is much more difficult.  It requires three components; orbit propagation, a truth sun vector in the orbit frame, and a body sun vector from the solar array currents.  Using these components and other attitude sensor information, the satellite’s attitude can be determined according to Euler Angles or Quaternions.
A. Orbit Propagation
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The need for an orbit propagator arises from having to compute a truth sun vector the (sun’s expected position in the orbital frame).  The more accurate a propagator, the more accurate the attitude will be.  For BoxSat, the orbit propagator could be used with both the solar array method of attitude determination and the magnetometer method, reducing redundancy in processing.  The accuracy of the satellite’s position will depend on the propagator chosen and the frequency of two line element updates.  Errors could be as much as several kilometers, if the frequency of updates is very low or the propagator is fairly simple.  That of course balances against the processor time and power required for each calculation, which in the case of BoxSat is assumed to be the limiting factor.
B. Truth Sun Vector

The second component needed to determine the attitude of the spacecraft is the truth sun vector.  This is calculated in the orbit coordinate frame and is based solely on the position of BoxSat in its orbit, the position of the sun, and the time.  It can be calculated on board the spacecraft, or using a file generated by a program like STK that can be uploaded at intervals to the memory.  
C. Body Sun Vector

The more complicated component is the body sun vector.  It is calculated using the currents generated by the solar arrays.  The amount of current is limited to a certain max by the power of the solar radiation in earth orbit and the efficiency of the solar arrays in converting the radiation into electricity.  Let us assume that BoxSat’s solar arrays have an efficiency of 20% and an area of 0.25 meters.  Then assuming the sun is perpendicular to the array, the maximum power is 68.35 W.  Also assuming that the voltage produced by the panel is constant, the current will vary the same as the power.  The sun’s incidence angle will change the amount of power according to Ref. 2.
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At maximum power, the sun vector is simple to compute, as it is normal to the array.  The body sun vector and the truth sun vector normalized are the same vector.  The difference between the two is in the coordinate frames.  Using the sun vectors in addition to another attitude source, you can find the differences between the two coordinate frames, and create a direction cosine matrix (DCM) to translate the body frame to the orbit frame.  This gives the attitude of BoxSat in the orbit frame.  Alternatively, you could find the inertial sun vector and translate to the inertial frame.

When the incidence angle is not 90 degrees, the problem becomes more complicated.  If the incidence angle is not 90 degrees on one panel, geometric inspection reveals that two or three panels must be illuminated.  Starting with three illuminated panels each will have a power and current.  Solving equation (1) for the incidence angle gives a cone of possibilities, as shown in Figure 5.  The vertices of the cones are translated to the geometric center of BoxSat.  The tail of the sun vector is the center, and the head of the vector is where the three cones intersect.  From here a normalized sun vector is easily calculated according to equation two. Again, compare the truth sun vector and the body sun vector to construct a DCM.
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D. Underdetermined Body Sun Vector
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To identify a three dimensional sun vector, three illuminated solar arrays are required.  When only two arrays are illuminated (or in the case of some cubic small satellites with only four solar arrays), the problem becomes underdetermined.  Since only two cones of possibilities exist, there are two possible sun vectors.  Assuming the illuminated solar arrays are +x and +y, you can only determine the relative magnitude of the z vector component knowing the unit vector magnitude is equal to one, but still you would be unable to determine if +z was zenith or nadir facing.

There are two ways to resolve the ambiguity, both involving adding a third variable to the scenario.  The first case is to use time.  Compute several discrete time steps, which will result in two different attitude profiles. Knowing the rotation rates from the previous discussion, you can use logic to determine which profile is the correct one.

The second method is to bring in other types of telemetry.  For instance, if there are temperature sensors on the +z face, they would read higher temperatures while illuminated.  However special consideration must be given to other factors in structural temperature changes such as avionics locations and earthshine.   

E. Eclipse

Obviously, the solar arrays will not be illuminated while BoxSat is in eclipse.  It is possible to determine attitude in eclipse by propagating forward using rotation rates and an initial attitude, but remember that the processing power is the limiting factor in BoxSat.  Regardless, the attitude determination can be done on the ground using post processing tools where processing power is not an issue.  Whether any such propagation would have enough fidelity to be of use was not analyzed.

III. TRIAD and basic Extended Kahlman Filter
The results from the previous discussion can be added into a TRIAD algorithm along with data from magnetometer readings.  There are several sources of error that must be taken into account.  Earthshine is one major one, as it can throw off the body sun vector by as much as 60%.  Additionally the telemetry read off the solar arrays has some amount of error introduced in the line losses.  

A better way to incorporate the solar array derived data is with a basic Extended Kahlman Filter.  The uncertainty of the measurement is incorporated in the filter technique.  That way, if we have low confidence in our solar array data we can scale down how much of it is used to determine the final attitude.  For instance, suppose orbit propagation shows that BoxSat will be in a position where Earthshine could be contributing to the power generated.  There is no way to tell the difference between current generated by the sun and the current generated by Earthshine.
IV. Conclusion

A small satellite usually does not have the ability to incorporate many redundant systems.  Using solar panel currents to calculate rotation rates and attitude is a way to add redundancy without adding cost.  For a cubic spacecraft with only four solar arrays, the process is more complicated, and requires another type of input, such as several measurements over time or additional telemetry points such as temperature sensors.  If the time carrying method is used, the process will be not be real-time, and would therefore be more difficult to use as an input for attitude control. Nonetheless it will provide valuable rate information for understanding the spacecraft’s overall motion.  Error in determination for both methods should be taken in to consideration because solar arrays are not designed to function as attitude sensors.  Even so, in the case of an unforeseen sensor failure, or simply because an additional source for attitude is desired, using solar array currents is a simple and effective method for small sat rotation rate and attitude determination.      
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Figure 3.	Array currents over one orbit. Each array reaches peak current at a different time.  The order in which each array reaches peak reveals the direction of rotation.  The peaks for a single array are approximately 275 seconds apart.
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Figure 1.	BoxSat with coordinate frame. Figure captions should be bold and justified, with a period and a single tab (no hyphen or other character) between the figure number and the figure description.
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Figure 2.	Positive X panel currents over several orbits. You can see the difference between maximum current and peak current.  Maximum current occurs when the sun is normal to the array, peak current is the highest for a rotation.
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Figure 4.	Rotation Rates plot for four panels. Observe the peak at approximately 275 seconds.
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Figure 5.	Sun vector normal to +y array. When a solar array produces the maximum current and power, the sun is normal to that array.
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Figure 6.	Sun incident to three arrays. Three cones project from the face of each array.  
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Figure 7.	Sun vector incident to three arrays. Sun vector goes from the geometric center to the intersection of three cones.
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Figure 8.	Sun vector incident to two arrays. There are two possible sun vectors when less than three arrays are illuminated.
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