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This dissertation investigates practical solar radiation‘pressure (SRP) modeling
and its estimation approach for spinning solar sail spacecraft in order to reveal
solar sail dynamics for future solar sail exploration missions.

In many space missions, SRP is considered as a perturbation. However, for solar
sail missions it becomes a main contfollable force. Without making use of fuel, the
solar sail technique expands the possibility for new deep space exploration missions
by making use of the introduced momentum by solar photons with a large sail. As the
solar sail is déployed to fit inside the launcher fairing, it needs to be deployed
on—orbit. Due to the complexity of the sail surface and shape, the refinement of the
" SRP model is done after the deployment in space. This study concentrates on the SRP
modeling with radiometric tracking data, which is available for all the
interplanetary spacecraft.

Two SRP models are introduced to simulate the deformation of a large and flexible
solar sail. A Spinning Sail Model (SSM) is introduced to describe the SRP force on
a sail for given optical properties and spin axis symmetry shape. The SSM
characterizes the SRP force with five parameters, however these parameters cannot
directly represent the optical properties and shape. In order to implement a mutual
transformation between the shape and the SSM model parameters, a Linearized Spinning
Sail Model (LSSM) is described assuming a linear deformation as a function of radius.
The LSSM consists of three optical parameters and one deformation parameter.

The new SRP estimation approach proposed uses the dynamic link between the orbit
and the attitude of the solar sail spacecraft. The method uses Doppler measurements
to estimate not only orbit but also attitude parameters. In general, Doppler
measurements do not have enough accuracy to estimate the attitude, however the SRP
force acting on the solar sail is big enough to accomplish the required accuracy.
In this approach, the attitude is expressed using the Spiral Attitude Model (SAM),
which is introduced to describe the’SRP torque on a spinning solar sail. The common
SRP model parameters are introduced by the LSSM and the SAM. This'hybrid estimation
method is demonstrated using the flight data of the world’ s first interplanetary
solar sail mission IKAROS. For this mission a systematic error on the attitude
determination was corrected and the performance of the SRP acceleration is confirmed
with 90 % of the expected value based on ground based experiments. Since this hybrid
estimation method becomes more accurate forAlarge solar sails due to the large SRP
force, this strategy is recommended to be utilized for future solar sail exploration
missions.

The analysis of the IKAROS flight data points out a need for SRP modeling before
a critical navigation phase. For such cases, attitude optimization for SRP modeling

is proposed to perform an efficient refinement for solar sail navigation. Analytical
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and numerical methods are used to find the optimum attitude that minimizes the SRP
parameter covariance.

The analytical solution is solved while minimizing the covariance of the SRP model
parameters using Doppler measurements. .The ideal attitude motion is assumed to have
a constant angle with respect to the Sun’ s direction during the characterization
phase. It is found that the optimum attitude lies in the orbital plane and the optimum
in—-plane Sun angle is a function of the Earth phase angle. It is also found that the
optimum attitude for the optical parameter estimation is independent from the values
of the other parameters. According to the solution, the best geometry to estimate
the SRP is presented in terms of a trade—off between solar sail trajectory planning
and navigation.

The numerical simulation is used to simulate more practical conditions. Spiral
attitude motion and multiple parameters estimation are considered. It is found that
the optimum attitude is similar for the ideal attitude motion as for the spiral
attitude motion, however the optimum attitude changes dramatically due to the
combination of the estimated SRP model parameters. Based on these results,. the

efficient scenario is discussed. for the navigation of critical phases.
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