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ABSTRACT 

Photometric observations are cost-effective approaches for state estimation of unknown orbiting objects and play 
significant roles for Space Situational Awareness. The precise knowledge of object attitude and shape contributes to 
improve the accuracy of orbit propagation and future environment projections. The successive photometric data, 
called light curves, are the magnitude changes of the reflected light from an object surface to an observer, and 
provide the information about the geometry among Sun, the object, and the observer, i.e., their relative positions. 
Furthermore, the light curves include various types of information such as attitude, shape, and surface properties of 
space objects, which are extracted for the state estimation using the light curves. However, the various information 
in the light curves indicates that the number of state variables for the estimation tends to be large. The light curve 
data, on the other hand, is scalar data as the time history of brightness of the space object, and the state estimation 
with the light curve data is still a challenging problem due to low observability compared to the large number of 
state variables to be estimated. To tackle this difficulty, this paper combines a photometric data formulation and the 
dynamics of a solar sail spacecraft using spin averaging. The derived formulation enables not only reducing the 
number of state variables, but also expressing the surface properties and the light curves explicitly in the attitude 
dynamics of the space object. In other words, the surface properties, the light curves, and the attitude dynamics are 
physically related to one another, and considering the relation improves the accuracy of attitude estimation of space 
object with photometric data. 

The magnitude of light curves can be formulated with a bidirectional reflectance distribution function (BRDF). The 
BRDF represents the reflecting light intensity with respect to the incoming light intensity, so that it can define 
surface properties of space objects. Although considering the surface properties and shape of a space object into 
attitude estimation improves its accuracy, high-fidelity modeling of the object considerably increases the number of 
state variables to be estimated, because the surface properties differ according to components, e.g., satellite’s bus 
and solar panels. The dynamics of a solar sail spacecraft is a clue to solve the problem, because the solar sail 
dynamics is mainly governed by solar radiation pressure (SRP) torques and they are also formulated with the BRDF. 
A solar sail spacecraft can accelerate by SRP forces without consuming fuel, and intensive studies have been 
conducted, which sophisticate the dynamics analysis of the solar sail spacecraft [1][2]. The generalized attitude 
model in [1] can express arbitrary shape and surface properties of the spacecraft with three constant parameters. 
Motivated by this formulation, the current paper proposes combining the three constant parameters with the 
formulation of the attitude estimation using the light curves. The proposed method uses spin averaging to relate the 
magnitude of the light curves to the constant parameters. Due to the spin averaging, even if the space object has 
complex shape and various surface properties, the averaged parameters can be associated to the attitude dynamics. It 
is noted that, the proposed formulation for the attitude estimation is not limited to a solar sail spacecraft, but 
applicable to any spinning objects, without loss of generality.  Estimation examples using the new formulation are 
provided to verify the effectiveness of the proposed formulation and to compare the estimation results using a 
conventional formulation. 
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