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ABSTRACT

The ability to perform orbit-raising to Geosynchronoust&adrbit (GEO) using electric propul-
sion (EP) is a key requirement for all future all-electriasecraft. Long orbit-raising time for
a satellite employing an EP device poses a challenge becdtise significant high transit time
through the Van Allen belt. Incidence of radiation withiretbelt causes degradation of satel-
lite solar arrays, thereby reducing the available pdi&?#. Not only the Beginning-of-Lifetime
(BOL) power of the satellite is reduced significantly, thaiéable thrust from the EP device also
reduces during orbit-raising and during in-orbit openasio Hence, it is important to restrict the
radiation exposure within the Van Allen belt. A number ofdieis have looked at the trade-offs
among transfer time, mass savings and radiation damage \fariety of mission scenarios for
electric orbit-raising“=¢7.3 while some studies have considered electric orbit-raiaggnly a
final phase of orbit-raising maneuv®® others have considered all-electric orbit-raising ancehav
brought out the importance of launching a satellite to a iégitude orbit? or to Geosynchronous
Transfer Orbit (GTO) or a Middle Earth Orbit (ME®Y.However, all these studies have con-
sidered minimum time trajectories through the Van Allent Bef10L812IL1I3 A minimum-time
trajectory would correspond to minimum solar cell damagly drthe intensity of the radiation
flux is uniform throughout the Van Allen belt. In this papeg seek new orbit-raising trajectories
capable of trading some of the time and mass savings forrtianggethe low-intensity regions of
the Van Allen belt, thereby keeping the radiation damageitommum. To this end, we formulate
an optimization problem to minimize the radiation fluencpaxenced by satellite during passage
through the Van Allen belt. We also impose an upper bound endtal orbit-raising time in order
to avoid impractically long transfers.
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Figure 1. Low-Thrust Optimization.

We describe the motion of a satellite using spherical refe@drame, in whicHr, 8, ¢) denotes
the location of the satellite (see Figure 1(&)),v,w) denotes the components of velocity and



(Tr,Tg,T(p) denotes the components of the thrust provided by the elemtigine of the satellite.

Consideringnto be the mass of the satellite ahd= | /T,2 + TQ2 + Tg, the equations of motion can
be written as:
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The equations of motion provide the dynamic constraintsoi@r optimization problem. The
boundary conditions are given by the initial and final orbitshe satellite:

r(0) =ro,8(0) = 65, ®(0) = ¢, u(0) = Uy, V(0) = Vo, W(0) = wo, m(0) = mg, r (tr) =rf, v(ts) = Vi.

(3)
The thrust is bounded by the maximum thrust and thereby tinepavailable for the satellite,
while the total orbit-raising time is bounded. In other wgrdie have

0<T<L Tmax(P) 1 < tf7max- (4)

Note that the available pow€rduring orbit-raising decreases as the solar array degrhaex) the
satellite’s transit through the radiation belt. Finallye would like to minimize the total radiation
fluenceW (integral of radiation flux® over time) that the satellite experiences during its transf
to GEO. In other words, we like to solve the following optimion problem:

tf
mian:/ ®(r, 8, @) dt subject to set of constraints (1)—(4). (5)
0

We use a direct optimization methodology to solve the oation problem described in (5). The
methodology converts the problem to a parametric non-tipeagramming (NLP) problem by
discretizing time, state and control variables and settipglgebraic equations to ensure validity
of equations of motion at discretized time segments. The Nl$lved by a solver like IPOE¥
and LOQO. Figure 1(b) shows a coplanar=t 0) minimum-time trajectory from Low-Earth Or-
bit (LEO) to GEO computed using the direct optimization noetblogy. The trajectory does not
incorporate any out-of-plane thrusting as it minimizesetibut passes through the entire high in-
tensity regimes of the Van Allen belt, thereby incurring imaxxm radiation damage. If the satellite
could perform plane change (radiation intensity is lessgitdr latitudeg), it could potentially de-
crease some of this damage at the expense of higher orfiitgeime and lower mass savings.
The formulation presented in the current paper is capabtietd#rmining trajectories that aim to
incur minimum radiation damage and to keep the total trartsfee within reasonable limit. In
the full version of the paper, we discuss our formulation ieager detail. We consider that the
satellite starts orbit-raising from an orbit outside the Vdlen belt (LEO, Sun-synchronous Polar
Orbit) or from an orbit that is partially (GTO) or completdlMEO) within the Van Allen belt. We
illustrate via numerical examples how the minimum radiatiajectories differ from minimum-
time trajectories. We also demonstrate the impact of thesteat time upper bound on the optimal
solution. Finally, we present the trade-offs among trartsfee, mass savings and radiation fluence
for different choice of injection orbits and different EPvetes.
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