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Orbit Transfer and Station-Keeping of Geostationary Spacecraft by Low-Thrust Propulsion
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In this study, orbit transfer and station-keeping of geostationary satellites with low thrust electric propulsion thrusters are
investigated. Although electric propulsion thrusters are very effective in reducing fuel consumption owing to their high exhaust
velocity, operational load on the ground station will increase due to longer transfer time and increased frequency of
station-keeping maneuvers. To address this problem, this study proposed quasi-optimal control-laws that will be suitable for the
autonomous guidance and control of geostationary satellites. This thesis is structured as follows.

In chapter 1, previous contributions on low-thrust orbit transfer and station-keeping are summarized, and the purpose of this
thesis is clarified.

In chapter 2, the equations of motion to describe a dynamics of satellite under perturbations are formulated as Gauss’ planetary
equations for equinoctial orbital elements. In addition, the perturbing force models of the Earth's higher-order gravitational
potential term, Sun and Moon gravity, and solar radiation pressure, which are the dominant perturbing forces acting on
geostationary satellites, are formulated.

In chapter 3, an analytical solution of the minimum-energy orbit transfer problem is derived under the assumption that the
orbital motion is in the same plane throughout the transfer, and that the transfer time is given. To solve the optimal control
problem, the averaged canonical equations are derived using the time-averaged Hamiltonian. The corresponding two-point
boundary-value problems are analytically integrated to form a set of nonlinear equations and the procedure to obtain the optimal
trajectory and control input is presented. The analytical solutions are compared with the numerical solutions using the
pseudospectral method, and both solutions agreed well each other.

In chapter 4, the minimum-time orbit-raising problem of geostationary spacecraft with low-propulsion thrusters is investigated.
This problem is equivalent to determining an appropriate thrust direction during orbit raising. A novel closed-loop thruster
steering law is proposed, which determines the thrust direction based on the optimal feedback gains and control errors of each
orbital element. The feedback gains of the steering law are assumed to be functions of the orbital elements and are optimized
using a meta-heuristic method. The orbital semi-major axis, eccentricity, and inclination are considered as independent variables
for expressing the gains. Numerical simulations show that whichever orbital elements is selected as an independent variable, the
same performances are obtained. It is shown that regardless of the initial orbital elements, by selecting the independent variable
appropriately, the proposed method can solve the minimum time orbit-transfer problem.

In chapter 5, the closed-loop thruster steering law described in chapter 4 is further improved to account for the several attitude
constraints. In the proposed steering law, the satellite attitude is controlled to suppress its error with respect to the ideal thruster
direction under the orthogonality constraint between the Sun direction and the solar array driving mechanism’s rotational axis, as
well as the angular momentum and torque constraints. All these constraints are satisfied by introducing a structure similar to
Baumgarte’s stabilization method and by formulating a quadratically constrained quadratic programming problem that can be
analytically solved to obtain the control torque. Several numerical simulations show that the transfer time difference from the
ideal unconstrained transfer is less than a few percent.

In chapter 6, the precise station-keeping of a geostationary satellite using a low-thrust propulsion system is investigated.
Analytical mean orbital elements of the satellite, which represent the long-term motion of the satellite under major perturbation
forces that include the gravitational effects of the Earth’s oblateness, Sun and Moon gravity, and solar pressure force are
introduced. Subsequently, a control law of the station-keeping is derived by using the analytical mean orbital elements, where
four electrical thrusters are assumed to be mounted on the anti-nadir face of the satellite, and the control forces are appropriately
distributed into the thrusters. The effectiveness of the proposed control law is demonstrated through numerical simulations.

In chapter 7, the results of this study are summarized and future prospects are described.
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