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THE OMNI-DIRECTIONAL DIFFERENTIAL SUN SENSOR

Michael Swartwout, *   Tanya Olsen, *  Christopher Kitts **

ABSTRACT

The Stanford University Satellite Systems Development Laboratory will flight test a
telemetry reengineering experiment on its student-built SAPPHIRE spacecraft. This
experiment utilizes solar panel current information and knowledge of panel geometry
in order to create a virtual sun sensor that can roughly determine the satellite’s sun
angle.

The Omni-Directional Differential Sun Sensor (ODDSS) algorithm normalizes solar
panel currents and differences them to create a quasi-linear signal over a particular
sensing region. The specific configuration of the SAPPHIRE spacecraft permits the
construction of 24 such regions. The algorithm will account for variations in panel
outputs due to battery charging, seasonal fluctuations, solar cell degradation, and
albedo affects.

Operationally, ODDSS telemetry data will be verified through ground processing and
comparison with data derived from SAPPHIRE’s infrared sensors and digital camera.
The expected sensing accuracy is seven degrees. This paper reviews current progress
in the design and integration of the ODDSS algorithm through a discussion of the
algorithm’s strategy and a presentation of results from hardware testing and software
simulation.
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INTRODUCTION

A recent focus in the spacecraft industry concerns the development of technologies
that permit reductions in the cost and size of satellite missions. One potential solution
consists of reengineering telemetry by allowing subsystems to share information in
nontraditional manners so as to better accomplish their specific functions. Such use of
telemetry information across standardized subsystem boundaries is typically found
only in spacecraft contingency operations. In particular, on-orbit component
malfunctions require satellite operators to creatively merge system wide information
and capability in order to reestablish operational readiness.

Instituting this type of “system fusion” early in the spacecraft design phase is typically
avoided for two reasons. First, the level of accuracy achievable by such methods is
usually below that of dedicated components. Second, the scope of many spacecraft
projects is so large that managing the necessary communication and integration
between subsystems is unachievable or uneconomical. Experience has shown,
however, that many small and microspacecraft missions perform useful space science
and technology demonstrations without the need for precision sensing information. In
addition, these projects are typically accomplished by a small group of highly
integrated designers and engineers capable of fusing subsystem capabilities in order to
optimize the overall spacecraft system.

The missions of the SAPPHIRE spacecraft require no explicit sun sensing capability.
By exploiting already available power subsystem telemetry, however, the ODDSS sun
sensing algorithm will permit enhanced spacecraft operations without consumption of
the mass, power, and volume required by a separate sun sensor. Additionally,
inclusion of this experiment will permit the SAPPHIRE design team to learn
management and integration lessons concerning how to compound system fusion
efforts in the future. It is believed that highly integrating spacecraft subsystems in this
manner can provide low cost system enhancement and redundancy; it may also
become a future strategy for eliminating components on spacecraft.

ODDSS ALGORITHM DESCRIPTION

For the current generated on each solar panel, the ODDSS algorithm uses the model:

Ii = IiO cos(φ) (1) where Ii = instantaneous panel i current
IiO = maximum possible panel i current
φ = solar angle of incidence
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Figure 1 - General Body Mounted Solar Panel Geometry

Figure 1 depicts the general geometry of two body-mounted solar panels. The ideal
solar panel currents produced from this configuration are as follows:

IA = IAO cos(AZ) cos (EL) (2) where AZ = satellite referenced solar azimuth
IB = IBO cos (AZ - 2θO) cos(EL) (3) EL = satellite referenced solar elevation

θO = half angle between panels

Because computational power aboard SAPPHIRE is limited, trigonometric
computations may not be permitted. For this reason, Equations (2) and (3) are
linearized, normalized, and combined in order to provide estimates for solar azimuth
and solar elevation. As an example, the following manipulations are required to
estimate solar azimuth. First, the equations are rewritten about AZ = θO, subjected to
the small angle approximations cos(AZ- θO) = 1 and sin(AZ-θO) = AZ-θO, and
normalized by dividing each current by its maximum possible value. These steps yield
the following relationships:

IA/IAO  = cos (EL) [cos(θO) - (AZ - θO) sin(θO)] (4)
IB/IBO  = cos (EL) [cos(θO) + (AZ - θO) sin(θO)] (5)

Second, the equations are differenced and manipulated in order to provide an estimate
of AZ as a function of cos(EL). Third, the equations are summed and manipulated in
order to provide an estimate of cos(EL). Finally, the cos(EL) estimate is substituted
into the AZ estimate giving:

AZ = θO + tan(θO) [(IB/IBO) - (IA/IAO)] / [(IB/IBO) + (IA/IAO)] (6)

Note that all variables in Equation (6), except for the instantaneous solar panel
currents IA and IB are known quantities prior to launch. Linearizing about EL = θO

allows an estimate of EL to be derived.
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Figure 2 - SAPPHIRE Solar Panel Configuration

The SAPPHIRE solar panel geometry is shown in Figure 2. As can be seen, there are
six side panels leading to 12 linear regions in the azimuthal angles ( θO = π/6, π/3) and
2 regions in elevation ( θO = π/4). For clarity, only the 7-2 and 2-8 elevation baselines
are shown. Many linear regions are useful as the linearization becomes increasingly
inaccurate as the AZ and EL angles depart from the baseline. A simple two-step
search minimizes this effect. First, the side panel with the greatest current is
identified; this is the panel most normal to the Sun. Next, the three linear ranges
around this panel are calculated (for example, if panel 4 had maximum current, then 5-
3, 5-4, and 4-3 are examined). The difference with the minimum value is the one
closest to the linear range. A serendipitous benefit is that the cosine illumination law
is most valid for angles close to normal incidence (because refraction and other cover
glass effects dominate the near-tangent incidence), and this algorithm never
differences a near-tangently illuminated panel.

ODDSS ALGORITHM PERFORMANCE

In order to assess the capability of the ODDSS system, several investigations have
been initiated. These include the verification of the ODDSS algorithm through
interfacing with geometrically precise hardware, the software simulation of
SAPPHIRE’s power subsystem effects upon solar panel currents, and the analysis and
processing of attitude data and solar array telemetry from operational spacecraft.

Hardware Simulation:   The ODDSS concept was first tested in a hardware
simulation. Four phototransistors were mounted on a mockup of panels 1, 2, 6, and 7
(as defined in Figure 2). They were connected in series with identical resistors to
simulate an idealized solar panel. The voltage was measured between the emitter and



resistor by an analog to digital converter and the ODDSS algorithm was implemented
on a personal computer in real time.

The hardware simulation performed as expected, with algorithm performance limited
by the noise of the analog to digital converters. This simulation could not recreate the
battery charging and other power subsystem activity that is expected to significantly
affect performance of the ODDSS algorithm. And since the SAPPHIRE solar panels
are not yet available for testing purposes, it was decided to further analyze the
algorithm in a software simulation.

Software Simulation:   A preliminary simulation of SAPPHIRE’s orbit, attitude, and
power subsystem dynamics has been programmed to investigate the effects of the
power subsystem, as shown in Figure 3. First, a MATLAB program estimates the time
varying solar intensity upon each solar panel as a function of SAPPHIRE’s orbit and
passive attitude profile. The result is used to control the output current of each solar
panel in a distinct PSPICE simulation of SAPPHIRE’s power subsystem. Solar array
current telemetry values are then input to a MATLAB simulation of the ODDSS
algorithm in order to generate an estimate of the sun angle. This estimate is compared
to the sun angle ideally calculated by the orbit/attitude simulator in order to determine
the amount of sensing degradation.

Figure 3 - Software Simulation Structure

To gain an understanding of the type of solar panel currents that can be expected, the
PSPICE output of a single simulated SAPPHIRE orbit is shown in Figure 4. The
characteristics of this plot is easily understood upon consideration of the underlying
orbit and attitude parameters of the SAPPHIRE vehicle. First, a circular 350 km
altitude, 51 degree inclination orbit has been assumed. Only projected telemetry data
from the sunlit portion of the orbit is considered. Second, SAPPHIRE’s magnetic
dipole causes the spacecraft to rotate twice per orbit as it attempts to align itself with
the Earth’s magnetic field. * This slow rotation accounts for the long term current
variation among the satellite’s top, bottom, and side panels. Third, SAPPHIRE’s solar
pressure spin causes the spacecraft to rotate about its magnetic dipole axis at an

                                                       
* The dipole, created by four permanent magnets, orients SAPPHIRE’s digital camera so that it may take photographs of
the Earth’s northern hemisphere.
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estimated rate of once per 180 seconds. † This accounts for the short term current
variation among the individual side panels.

Figure 4 - SAPPHIRE Solar Panel Currents During a Portion of a Simulated Orbit

The results of initial simulations are displayed in Figure 5. The solid line depicts the
true sun angle as calculated from SAPPHIRE’s orbit and attitude model. The circular
data points represent the ideal linearized ODDSS estimate that could be achieved if
the solar panels were dedicated to sun sensing. Finally, the cross data points represent
the non-ideal ODDSS estimate after the effects of power subsystem operation has
influenced the solar panel current telemetry. The ideal ODDSS estimates are accurate
to an average of one degree with a variance of about one half of one degree. The
power subsystem influenced ODDSS estimates are typically accurate to within four
degrees.

Telemetry Analysis:   To further verify the algorithm, telemetry from existing
satellites with body-mounted solar panels was obtained. Because the geometry of
these satellites was different than the SAPPHIRE configuration, the algorithm had to
be modified slightly to account for these differences. The chosen satellite telemetry
contained not only the solar array telemetry, but also attitude data. Thus, the attitude
data could be compared to the ODDSS algorithm output for consistency and accuracy.
Although more work needs to be done in this area to more accurately quantify the
inherent biases, initial studies indicate that the 7 degree accuracy is achievable.

                                                       
† The rotation, created through differential solar pressure, spins SAPPHIRE in order to smooth the thermal loads and
permit the strobing of the experimental infrared sensors as the Earth crosses their field of view.
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Figure 5 - Comparison of True Sun Angle, Ideal ODDSS Estimate
and Power Affected ODDSS Estimate

CONCLUSION

The SAPPHIRE Omni-Directional Differential Sun Sensor utilizes power subsystem
telemetry in a nontraditional manner in order to provide a sun angle estimate. By
selecting optimized solar panel pairs and utilizing their normalized current outputs, the
ODDSS algorithm takes advantage of the SAPPHIRE spacecraft’s geometry to create
24 linear sun sensing ranges. Although this strategy ideally yields a sensing accuracy
on the order of one degree, practical use of this information is affected by battery
operation, orbital fluctuations, solar cell degradation, and albedo affects.

In order to characterize the effect of these influences, preliminary experiments have
shown that an accuracy of about ten degrees may be achievable. Through the addition
of orbital position and battery state monitoring, the use of commanded bias values,
and the judicious weighting of ODDSS output, a sun angle accuracy of seven degrees
is targeted. Future investigations will concentrate on the following efforts: creating a
higher fidelity power simulation based upon laboratory characterization of subsystem
operation, including albedo effects in the orbit/attitude simulation’s derivation of solar
panel incident light intensities, and validating the operation of the algorithm during
space flight of the SAPPHIRE vehicle.

While the level of ODDSS performance is crude compared to available technology, it
is achieved without the use of explicit sun sensing components. In addition, it is
accurate enough to significantly improve operations of the SAPPHIRE vehicle.



Finally, study of the algorithm’s flight performance should permit its improvement for
future Stanford microsatellite missions. The study and validation of system fusion
techniques such as the ODDSS algorithm show the value of full scale system
integration. By taking advantage of all available system information and capability,
subsystems may be enhanced, redundancy can be achieved, and components can be
eliminated. Managing the inclusion of such attributes is crucial to reducing the size
and cost of future space missions.
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