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Abstract

Mars science satellites often perform orbit changes to obtain di�erent measurements, ground tracks or relay
operations. Large reductions in semi-major axis and eccentricity can be done e�ciently using the atmospheric
drag, a.k.a aerobrake. Aerobraking is one of the most challenging planetary orbit maneuvers in terms of
planning and operations. The most important consideration for aerobraking is maintaining the spacecraft's
periapsis within an allocated atmospheric density corridor, which is accomplished by raising or lowering
periapsis through one or a series of very small and short maneuvers. These maneuvers must be performed
as e�ciently as possible due to propellant constraints. Work herein details a fast and accurate method
to calculate the required impulsive velocity changes in the orbit to guarantee that the spacecraft remains
in a prescribed density corridor. The method makes use of the orbit's state transition matrix to map the
solution space around the reference orbit. It evaluates the most e�cient maneuver epochs to target a given
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bit's apoapsides are the most e�cient points to apply
the maneuvers.

Fig. 7: Eigenvalues of @r f

@v i

The method developed here is used to generate
di�erent sets of solutions. For the comparison in this
section, a more challenging result with four impulses
is selected. The results are displayed in Fig. 8, with
the lowest � v selected having a total of 0.823 m/s
for a periapsis raise of 5.6547 km. The characteris-
tics of each individual impulse are shown in Tab. 2.
Two comparisons are then performed: (a) same ma-
neuvers at the same time propagated in high-�delity;
and (b) same maneuvers used as an initial guess for
an optimization problem to minimize the use of pro-
pellant.

Fig. 8: Multiple impulse analysis

4.1 Hight-Fidelity Propagation Comparison

The �rst assessment of the method is in the accu-
racy of the solution. Recall that the linear approxi-
mation has been used to �nd a set of maneuvers to
reach a speci�c periapsis. In this section, the best
four-impulse solution described above is compared
against the result of the same maneuvers at the same
epochs propagated with a high-�delity model. The
maneuvers as well as their epochs from 15 Oct 2017
used in the propagation are outlined in Tab. 2.

Table 2: Maneuvers in high-�delity

Epoch � vx � vy � vz k� vx k
(s) (m/s) (m/s) (m/s) (m/s)
12386 -7.441e-03 4.887e-02 -0.201 0.207
28310 -8.069e-03 4.849e-02 -0.200 0.206
44231 -8.561e-03 4.807e-02 -0.200 0.205
60154 -9.157e-03 4.760e-02 -0.199 0.205

The propagation result shows that the � v calcu-
lated linearly can in fact reach 5.2973 km after 14
days, which, therefore, gives an error of 0.35645 km.
A 6% error is considered reasonable given that the
STM quality degrades over time, and, for operational
purposes, 14 days is about double the amount of time
that a maneuver operation would take place. Granted
that it is not necessarily a linear relation between
time and accuracy, a 7 days periapsis change (rather
than 14 days) would have a considerably smaller er-
ror.

4.2 Optimization Comparison

In the second comparison, a direct method opti-
mizer (DMO) is used to generate the solution given
by the linear method. The gradient based optimizer
used here is SNOPT, a sequential quadratic program-
ing algorithm.11

The problem is set up as a plain single forward
shooting problem that, though not the most e�cient
transcription, is enough to reach an optimal solution
in a feasible amount of time to allow a comparison of
the results. Table 3 shows the optimal solution calcu-
lated with the high-�delity model, the linear method,
and their di�erences. The optimization �nished suc-
cessfully with four major iterations and a maximum
of four minor iterations and reached an optimality
tolerance of 4:8 � 10� 7 (normalized units).

Results outline that the linear method correctly
calculated the maneuvers with 10� 2 m/s accuracy.
The gradient-based optimizer had di�culty in �nding
the maneuver epochs as it can be seen by the fact
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Table 3: Comparison of direct method optimization
and linear method solutions

DMO Linear Di�erence
� v1 (m/s) 0.220 0.207 0.0137
Epoch (s) 12386.219 12386.219 0.0
� v2 (m/s) 0.219 0.206 0.0125
Epoch (s) 28310.328 28310.328 0.0
� v3 (m/s) 0.219 0.205 0.0136
Epoch (s) 44231.305 44231.305 0.0
� v4 (m/s) 0.218 0.205 0.013
Epoch (s) 60161.579 60153.524 8.052
Total � v (m/s) 0.876 0.823 0.053
Periapsis (km) 3521.386 3521.389 2.461 m
Epoch (s) 1190515.179 1192750.252 37.251 min

that the epoch of the �rst three maneuvers are zero.
This result particularly shows the importance of the
method developed here to search and trade among the
di�erent maneuvers' epochs. It is worth noticing that
this single optimization with DMO in high-�delity
took multiple hours, while a full set of linear solutions
were calculated in less than 5 seconds.

5. Aerobrake Campaign Example

Earlier sections demonstrated how the method
compares with the propagated solutions, which are
generally how solutions are generated for missions.
However, in this section, two tool usage tests are
shown. First, a trade study is performed for a tar-
geted change in the periapsis with up to four ma-
neuvers, and considering all possible combinations of
apoapsis for their epochs. Second, for a given set of
maneuver epochs, an example explores how a change
in the periapsis altitude a�ects later apoapsis decay.
In this example, the maneuver's epochs can be se-
lected by the trade study or a �xed given set of epochs
(for example, the communication link periods).

5.1 Trade study
A set of solutions is generated for this orbit. The

problem is set to raise the orbit's �nal periapsis by
5.6547 km using 1, 2, 3 or 4 maneuvers applied at
the di�erent apoapsides. It also includes the associ-
ated position error due to incorrect execution time
and the � v change required to correct for such error.
Fig. 9 shows the aforementioned trade study on the
number of impulsive maneuvers with the total � v for
each case in the y-axis and the sum of the execution
epochs in the x-axis. A single maneuver at the very
�rst apoapsis is the most e�cient way to change the
periapsis; however, it is also the most prone to errors
as the entire chance is made at a single point. Four

maneuvers, although slightly more expensive, allow
the total error to be spread among all the points.
In terms of operations, more maneuvers can poten-
tially be more attractive as modeling or even execu-
tion errors can be later corrected by the subsequent
� v's given that orbit determination will be done in
between maneuvers. Due to this, the cheapest four
impulsive solution is selected for the following error
analysis.

Fig. 9: Multiple impulse analysis

The position error due to an early or late maneu-
ver execution, Fig. 10, shows, for example, a position
error of up to 120 meters within a range of 200 sec-
onds execution time error. If, on the other hand, the
mission is aware that the delay will happen, the � v
required at the same time to reach the correct change
in the periapsis, Fig. 11, varies on the order of mil-
limeters per second for the 200-seconds range.

Fig. 10: Position error due to delayed execution time
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rates is analyzed.
The method developed for this study has shown to

reasonably predict the optimal aerobrake maneuvers
(time, direction and magnitude) when compared to a
direct optimization method with high-�delity orbital
perturbations. Its software implementation permits
orders-magnitude faster calculation, allowing it to be
used in large searches, such as grid and Monte Carlo.
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