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Abstract – Star sensors are attractive as attitude sensors for sounding rockets because of their potential to reduce operational costs. Star sensors consist of a CCD camera and an onboard computer.  This package is used to perform star image acquisition, star identification, and camera orientation and provides attitude information.  This paper documents an investigation in implementing an algorithm to calibrate such a star sensor by analyzing an initial star image and correlating it with an empirical star image generated from a star catalog. 
I. Introduction

Sounding rockets (sub-orbital unmanned launch vehicles) are an important tool for use in high altitude, upper atmospheric research.  Currently, the in-flight guidance system of these launch vehicles is the Attitude Control System (ACS).  The ACS guides the launch vehicle about a pre-programmed path using a sensor package may that include: magnetometers, 3-axis rate sensors, single axis rate gyros, and the Miniature Inertial Digital Attitude System (MIDAS) platform.  Unfortunately, these devices are high cost and can be unreliable.  Often these sensor devices cannot be reused after flight, adding to the operational costs of the sounding rockets.  The high-cost of this sensor package has led to a proposal to develop a CCD star sensor guidance system to reduce system costs and increase ACS reliability for night time launch experiments.  This paper describes the first step in developing such a star sensor launch vehicle guidance system.

Star sensors consist of a CCD camera and an onboard computer used for image processing.  Advances in computer technology have made processors that are capable of performing digital image processing algorithms readily available in small packages at a reasonable cost.  The star sensor components are particularly advantageous because of their light weight and multi-functionality.  They allows for a reduced payload volume and mass.  Payload size is an important factor with launch vehicles.  Additionally, these components should prove to be easier to install and calibrate than the previous ACS sensor components.  

The camera in the star sensor is used for star image acquisition.  The star image is then sent to the onboard computer which processes it to determine star identification.  There are several different algorithms for star identification, which try to correlate known star positions from an empirical star catalog with the unidentified stars in the star image.  Some of these algorithms such as the pyramid algorithm [16] and the triangulation algorithm [7], [15] are automated; while others require a degree of manual intervention.  Once the stars in an image have been identified orientation and attitude can be inferred based on which stars are in view and how these stars are arranged in the star image.

Once the star sensor has been calibrated and the stars successfully identified, it becomes a relatively simple tracking problem to maintain star positional and identity information in subsequent image frames.   However, the initial calibration and first frame star alignment determination is more difficult as there is little a priori information other than global positioning (GPS) location and course orientation.  This paper describes an investigation of an algorithm that performs this initial calibration and star identification.  Section II describes the design and investigation approach.  Section III highlights the results from the work completed.  Section IV describes the conclusions that can be drawn from the work as well as future work to be completed.
II. Approach

A. Coordinate systems description

Relative familiarity with different coordinate systems is required in order to identify the stars.  Two coordinate systems that are most often used in navigation systems are the Local Horizontal coordinate and the Celestial coordinate.  The observer’s location is defined in local horizontal coordinates (i.e. longitude and latitude).  Latitude is the horizontal division describing the angle between the earth’s equator and a point in the sky.   Longitude is the vertical division indicating the directional vector that is parallel to equator (similar to azimuth) referenced at the Greenwich Meridian located in London.  

The stars locations in the sky are referenced in celestial coordinates (right ascension (, declination ().  Celestial coordinates are similar to local horizontal coordinates with 2 differences:  (1) the reference is at the Vernal Equinox (First point of Aries) and (2) the celestial sphere’s axis is offset from the earth’s rotational axis.  Figure 2-1 illustrates the celestial coordinate system.
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Figure 2-1. Celestial Coordinate System

(http://zebu.uoregon.edu/~js/ast221/lectures/lec03.html)

B. Generating an Empirical Star Image

The Smithsonian Astronomical Observatory (SAO) catalog, which comprised 258997 cataloged stars is then filtered to approximately 5200 stars using the appropriate star brightness, time and location via a MATLAB® script.  This condensed SAO catalog significantly reduces the computation time and memory required for star identification.

From the condensed SAO catalog, an empirical sky image can be generated to match with the actual photograph image.  Bright stars identified from the acquired star image can be converted from image coordinate (X, Y) to celestial coordinate.  The coordinate conversion is given by:  
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Given a star image coordinate (X, Y), the right ascension and declination are given by
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The two coordinate systems are related as follows
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where a,b,c,d,e, and f are the plate constants (scaling factors), which can be determined by knowing the location of 3 stars in the image.

C.  Empirical to Acquired Star Image Correlation

A simple automated star identification algorithm based on star brightness was used to find the centroid of the five brightest stars in the star image.  The same algorithm was run on an empirical star image that was generated from the star catalog.  The centroid data from the two star images are plotted over the acquired star image.  At this point, the information is merely manually correlated.  Future efforts to automate correlation are discussed in Section IV.
III. Results

The empirical star map implementation proves to be time consuming, however, this process should only be done only once during the initialization process before launch.  Our empirical star map generated with MATLAB® script provides a promising display of the sky over South Carolina region with minor errors.  We anticipate that these errors are the result from incorrect usage of the annual proper motion (drift) of the stars in right ascension and declination.  A different sky map region can be generated by changing the observer’s location and time for the program input parameters.  In order to move onto the star identification phase, we use a program called Cartes du Ciel, which generates a star map that we could use as a known good reference.  The Orion constellation shown below was able to be identified from the input image.
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Figure 3-1.
Photo of Orion Constellation from Clemson location 

with the five brightest stars identified.
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Figure 3-2.
Star chart of corresponding Clemson location and time

with the five brightest stars identified
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Figure 3-3.
Original photo with sky chart bright star locations overlay.

IV. Conclusions and Future Work
In conclusions, we investigated a new and exciting application of digital image processing.  We showed the initial steps required to implement the low cost with potential high-accuracy star tracker system.  For future work, we would like to study possible automation process such as the Pyramid algorithm and neural network computing.

Reference:

1. NSROC online, http://www.nsroc.com/front/stable/stframe.html, November 12, 2004

2. I. Kiryushkin, Autonomous Attitude Determination by Starry Sky Image Processing, Proceedings of the 4th IAAA Symposium on Small Satellites Earth Observation, April 2003, Berlin, Germany

3. A. Pasetti, et al, Dynamical Binning for High Angular Rate Star Tracking, Proceedings of the 4th International ESA Conference on Spacecraft GNC; Nov. 1996, Noordwijk (The Netherlands)

4. W.H. Steyn, et al, A High Performance Star Sensor System for Full Attitude Determination on a Microsatellite, Department of Electronic Engineering, University of Stellenbosch, South Africa

5. C. Ruocchio, et al, Development and Testing of a Fully Autonomous Star Tracker, 2nd IAA Symposium on Small Satellites for Earth Observation, April 1999, Berlin Germany

6. T.M. Brady, et al, The Inertial Stellar Compass: A New Direction in Spacecraft Attitude Determination, Proceedings of the 16th Annual AIAA/USU Conference on Small Satellites, August 2002, Logan, Utah

7. M.F. Larsen, Analysis Techniques for Determining Upper Atmosphere Motions from Sounding Rocket Chemical Tracer Releases, Department of Physics, Clemson University, August 2004, Clemson, SC

8. Science Software, Celestial Computing with MATLAB, Copyright© 1998-2001

9. T.C. Sorenson, et al, Spacecraft Autonomous Operations Experiment Performed During the Clementine Lunar Mission, Journal of Spacecraft and Rockets, Vol.32, No.5, PP. 1049-1053

10. S. Voronkov, Exploration of influence of a solar flares on operation of the star trackers, Proceedings of the 4th IAA Symposium on Small Satellites for Earth Observation, April 2003, Berlin, Germany

11. J. J(rgensen, et al, MicroASC a Miniature Star Tracker, Proceedings of the 4th IAA Symposium on Small Satellites for Earth Observation, April 2003, Berlin, Germany

12. P. J(rgensen, et al, In-Flight Quality and Accuracy of Attitude Measurements from the CHAMP Advanced Stellar Compass, Proceedings of the 4th IAA Symposium on Small Satellites for Earth Observation, April 2003, Berlin, Germany

13. J. J(rgensen, et al, The PROBA Satellite Star Tracker Performance, Proceedings of the 4th IAA Symposium on Small Satellites for Earth Observation, April 2003, Berlin, Germany

14. M. Betto, Advanced Stellar Compass Onboard Autonomous Orbit Determination, preliminary Performance, Ann. N.Y. Acad. Sci. 1017:393-407 (2004)

15. C. Bruccoleri, Toward Ground-Based Autonomous Telescope Attitude Estimation Using Real Time Star Pattern Recognition, AAS 03-608
16. D Mortari, The Pyramid Star Identification Technique, Texas A&M University, College Station, Texas

_1037450683.unknown

_1037450889.unknown

_1037450235.unknown

