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There has recently been significant interest in exploration of the Martian surface and
atmosphere with a view to future human exploration. Thus missions must be developed which are
responsive to these scientific goals. This work therefore develops novel orbits around Mars using
continuous low-thrust propulsion to enable new and unique investigations of the red planet. This
paper considers the use of continuous acceleration, using Solar Electric Propulsion, to alter the
critical inclination of Highly Elliptical Orbits away from the conventional values, to any
inclination required to optimally fulfill the mission objectives. This allows the spacecraft to
spend a large amount of time over a region of interest as a result of apoareion dwell, thus
allowing enhanced opportunities for remote sensing. In addition to this, the extension of existing
circular Sun-synchronous orbits is considered as well as the development of Sun-synchronous
Highly Elliptical Orbits, which force the ascending node angle to rotate at the same rate as the
mean rotation of the Sun, whilst maintaining a constant argument of perihelion over the orbit.
Thus, allowing simplification of the spacecraft thermal environment. Notably, we can enable
these orbits using existing Electric Propulsion technology.

Keywords: Low-thrust propulsion, critical inclination, Sun-synchronous orbits.
1. Introduction

Exploration of Mars over the past three decades has allowed us to build a comprehensive and
multidisciplinary view of Mars. Recently, Mars Express [1], Mars Odyssey [2, 3] and Mars
Reconnaissance Orbiter [4] have delivered detailed information about the Martian surface
geology and mineralogy, atmospheric composition and circulation, mineral composition,
subsurface structure, radiation environment, and daily weather. However, each discovery about
the Martian environment poses further questions. Additional significance has recently been
placed upon the exploration of Mars with the reformulation of the Mars Exploration Program,
which aims to assess both near-term mission concepts and longer-term foundations of program
level architectures for future robotic exploration of Mars. With the goals of the program to
discover whether life ever arose on Mars, characterize the climate of Mars and the geology of the
surface, and prepare for human exploration, with the challenge of sending humans to orbit Mars
in the decade of the 2030s. Thus, missions must be developed which are responsive to the
scientific goals of both the National Research Council Planetary Decadal Survey [5], and the
ESA Aurora Programme', and extensive investigation is required into the Martian surface and
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subsurface, lower atmosphere, winds and densities. This work therefore develops novel orbits
around Mars to enable new and unique investigations.

Natural orbits typically used for remote sensing at Earth also exist at Mars, for example Sun-
synchronous orbits, and Molniya-like orbits with fixed values of the ‘critical inclination’ [6]. The
near constant illumination conditions of Sun-synchronous orbits, caused by the rotation of the
orbit plane equalling that of the planet around the Sun, makes them especially suitable for remote
sensing applications. These orbits have in the past been used for spacecraft orbiting Mars, such
as Mars Odyssey [7], Mars Reconnaissance Orbiter [8], and Mars Global Surveyor [9]. Highly
Elliptical Orbits (HEOs) with fixed ‘critical inclinations’ can also offer benefits for remote
sensing of Mars, by allowing spacecraft to spend a large amount of time over a region of interest,
as a result of apoareion dwell. The fixed inclinations of these orbits means there is no rotation of
the apsidal line due to the concentration of mass around the equator of Mars, the fixed critical
inclination of these orbits can however limit the potential applications.

The increased significance placed upon exploration of Mars means investigation is being
conducted into a variety of Mars orbits to allow the best possible opportunities for remote
sensing and for support of future Mars exploration [10]. This research therefore proposes new,
novel orbits of Mars enabled using continuous low-thrust propulsion. Developments in electric
propulsion systems are enabling a wide range of pioneering space applications, previously
infeasible using conventional high-thrust propulsion. For example, recent research has
considered the use of low-thrust propulsion for the extension of Earth Orbits, for example Sun-
synchronous orbits to enable the free selection of orbit inclination and altitude [11]. The
principle of using low-thrust propulsion to modify the perturbations has also been applied for the
extension of HEOs around Earth, with particular focus on Molniya-like orbits [12, 13].
Extending this work further, Sun-synchronous HEOs have also been developed. For example,
allowing a highly elliptical, Sun-synchronous orbit inclined at 90 degrees to the equator to allow
a more simplified thermal environment [14].

Although the oblateness term, J; is the dominating perturbation at Mars, this is not as dominating
as Jrat Earth, as the other first few harmonic coefficients are also strong for Mars, around 1-2
orders of magnitude lower than J, while, for Earth these are around 3-4 orders or magnitude
lower. Thus, where previous work has enabled free selection of the critical inclination
independent of the orbit semi-major axis and eccentricity, the magnitude of the first few
harmonic coefficients at Mars, means these must be included when determining the critical
inclination and so this value becomes dependent on the semi-major axis and eccentricity. Thus,
for a particular semi-major axis and eccentricity two values of critical inclination exist for each
orbit. The work presented herein extends these natural orbits using continuous low-thrust
propulsion to create a new set of Martian orbits for improved remote sensing, while maintaining
the zero change in argument of periapsis condition essential to Molniya-like orbits. This is
achieved firstly by developing a general perturbations solution, which is validated using a special
perturbations solution.

These solutions can also be extended by the addition of a further element of continuous low-
thrust directed out of the orbit plane to ensure that the rate of change of ascending node of the
orbit matches the mean rotation of the Sun, and achieve Sun-synchronous orbits with fixed



critical inclinations and thus no rotation of the apsidal line. The development of such novel orbits
therefore creates additional observation opportunities of the surface and atmosphere of Mars,
allowing more accurate observations for possible future human exploration. One such example
would be to enable a Sun-synchronous HEO inclined at 90 degrees to allow improved studies of
the Martian Polar Regions. Furthermore these new orbits may be of use for communication relay
for human missions or UAVs or detailed mapping of the Martian surface. The transition from
single spacecraft exploration of Mars to fleets of spacecraft both around Mars and on the Martian
surface further highlights possible benefits of these novel orbits.

2. Spacecraft Motion About Mars

At Earth, the most dominant perturbation is the oblateness term, J, with a value of J, =
1.082627E-3. The harmonic coefficients J; and J, are around three orders of magnitude smaller
than the J> term with J; = -2.53266F-6, and J, = -1.61962E-6, and thus have negligible effect on
the determination of the critical inclination. At Mars, the J, perturbation is also dominant, with a
value of J> = 1.95545E-3. However, zonal harmonics through to Js are only around two orders of
magnitude lower than the J, perturbation, with values of J; = 3.14498E-5, J, = -1.53774E-5, and
Js=9.0793E-6, and so will have an effect on the determination of the critical inclination at Mars.
Thus, unlike at Earth the computation of the critical inclination at Mars must include higher
order terms and the values therefore become dependent on the semi-major axis and eccentricity
of the orbit. This distinction highlights the unique contribution of this paper.

Considering the gravitational potential of a body
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For a body possessing axial symmetry the influence of periodic effects (tesseral and sectorial
harmonics) can be neglected for most orbits. The gravitational potential may be written as

Ur,B) = %{1—2[7 (RTM] Pnsinﬂ} )

Expanding Eq. (2), the gravitational potential becomes
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Including perturbations to the order of Js and using spherical triangle laws Eq. (3) becomes
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This results in expressions for the perturbing accelerations in the radial, transverse and normal
directions of
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3. Highly Elliptical Orbits
3.1 General Perturbations Solution

The equatorial bulge of Mars causes the argument of periapsis of the orbit to rotate; this effect is
negated with orbits inclined at a critical inclination. The value of which is derived using the
Gauss form of the Lagrange Planetary Equation for the rate of change of argument of periapsis
[15].
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To obtain the value of the critical inclination Egs. (5) - (7) are substituted into Eq. (8) and
integrated analytically over one orbital revolution. Inserting orbital element values into the
resulting formula, and setting this equal to zero, the resulting critical inclination is determined.
For example, for a 12-hr orbit with a perihelion altitude of 800km and apogee altitude of
17,724km including perturbations to J, results in critical inclinations of 63.29 degrees and 116.71
degrees. Increasing the perturbations to include Js alters the critical inclination values to 63.24
degrees and 116.76 degrees, thus including the Js perturbation results in difference of less than
0.1% from the J; results, and can therefore be neglected in order to significantly reduce the
solutions.

Equations (5) - (7) are simplified and low thrust terms added to allow the extension of the
solutions. These low-thrust terms are added using the argument of periapsis control law derived
from the variational equation, given in Eq. (8), by consideration of the sine and cosine terms in
this equation. Locally optimal control laws maximize the instantaneous rate of change of the
argument of perihelion, and provide the thrust orientation in analytical form [16]. The locally
optimal control law gives the distinct position of the orbit where the sign of the thrust is required
to switch direction. The combined perturbations up to J; and low-thrust perturbations in each of
the radial, transverse and out-of-plane directions are thus given by

2
R, =B (=124, +15J,rR;, +sin (i) sin (0 + @) (—48J,rR,, +sin(i)sin (6 + @) (6(6J,r> —25J,R;,)

J+F, 87"7 (9)
+5R,,sin(i)sin(0+ ) (161, +35.J R, sin (i) sin (6 + w))))) + F, sgn| cos (6) |
R; picos(60+ w)sin (i o
T).p = (2r6 Jsin )(3J3rRM —sin(i)sin(0+ w) (10)

(6J,7* =15J,R;, +5R,,sin (i) sin (6 + @) (3J,r +1J,R,,sin(i)sin (0 + w)))) + F, sgn[sin6)|



R, '
N, =W+(:S(Z)(3JJRM —sin(i)sin(6+ o) (1)

(6J,7> =15J,R}, +5R,,sin(i)sin(0+ ) (3], +7J R, sin (i)sin (6 + w)))) + F, sgn [ sin (6 + ) ]

Equations (9) - (11) are again substituted into Eq. (8) and integrated over one orbital revolution.
The resulting equation for the change in argument of perihelion over the orbit is made up of an
Earth gravity term to the order of J,, a radial acceleration term and a transverse acceleration

term, given by Egs. (12) to (15).
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Equation (12) is set equal to zero and solved for the acceleration required to achieve any value of
critical inclination for any given orbit. In this case, the radial and transverse components of



acceleration are not equal, and no out-of-plane element is included, as this does not produce any
reduction in the required acceleration magnitude; this is explained in more detail in [17].

The resulting acceleration magnitudes are shown for a variety of orbit periods between 6 and 24
hours to achieve inclinations between 5 degrees and 175 degrees for a constant periapsis altitude
of 800km, to compensate for the drift in argument of perihelion caused by perturbations to the
order of Jy. The results are shown in Figure 1 - Figure 3 for an argument of perihelion value of
270 degrees. 1t is noted that the acceleration magnitude is dependent on the value assigned to the
argument of periapsis, however considering the results for an argument of perihelion of 0
degrees shows a very small difference between the required acceleration from a value of 270
degrees.

Radial Acceleration [mm/s?]

0.22
0.20
0.18
0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00
-0.02
-0.04
-0.06

= 6-hr
8-hr
12-hr
ecccece 14_hr
e *16-hr
24-hr

0 20 40 60 80 100 120 140 160 180

Inclination [deg]

Figure 1. Required radial acceleration, 800km perihelion orbits.
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Figure 3. Total required acceleration for combined thrusting in radial and transverse axes,
800km perihelion orbits.

Figure 1- Figure 3 shows the curves of the required acceleration in the radial, transverse
directions and the minimum total acceleration made up of unequal radial and transverse
components to alter the critical inclination of the orbit to a wide range of possible values for the
given orbit. It is shown that as expected, as the orbit period increases, the total acceleration



magnitude decreases. Considering a 12-hr orbit with an inclination of 90 degrees requires a total
acceleration of 0.05mm/s’. For a 1-ton spacecraft corresponds to an initial thrust level of 50mN, a
thrust level well within the capabilities of current thruster technology. For example, NASA’s
Solar Electric Propulsion Technology Application Readiness (NSTAR) thruster is capable of
providing between 20mN and 94mN of thrust [18] and the QinetiQ T6 thruster, which is able to
provide between 30mN and 210mN of thrust [19]. Thus, both thrusters are capable of providing
the required thrust for this particular case.

It should be noted at this stage, that initial investigations into determining the fuel optimal
solution suggest that significant savings in propellant mass could be gained from applying coast
arcs to the orbit. This reduction appears to be larger than that gained by applying coast arcs to
Earth orbits, it is thought that the higher order J terms at Mars have a more significant effect on
the solution than at Earth, thus the difference between the locally optimal solution and the
solution including coast arcs is more significant.

3.1 Special Perturbations Solution

Analytical solutions are verified using a special perturbations solution. This numerical model
propagates the position of the spacecraft using a set of Modified Equinoctial Elements [21] using
an explicit variable step size Runge Kutta (4,5) formula, the Dormand-Prince pair [22]. Results
are shown for the semi-major axis, eccentricity and argument of periapsis for five revolutions of
a 12-hr orbit with a 90 degree inclination in Figure 4 - Figure 6. These results show that although
the orbital elements oscillate throughout the orbit, after one revolution, as expected, the element
returns to the original value. It is noted that there is no change in the inclination or ascending
node angle, thus these elements are not shown.
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Figure 4. Variation of semi-major axis over five orbital revolutions.
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4. Sun-synchronous orbits

In addition to the extension of the critical inclination, continuous low-thrust propulsion can also
be used to extend existing Sun-synchronous orbits to allow free selection of the orbit inclination

10



and altitude. A Sun-synchronous orbit requires the rate of change of the ascending node matches
the motion of the Mean Sun (21/686.429). The ascending node angle can also be described by
the Gauss form of the variational equations using classical orbital elements [15]

dQ r

d—6=—ﬂpsin(i)sin(9+a))N (16)

Equation (11) is substituted into Eq. (16) and is again integrated over one revolution to give the
change in ascending node over one orbit. In this case, as an out-of-plane acceleration is applied
which is dependent on the argument of latitude, two solutions exist for an argument of perihelion
equal to 0 degrees and 270 degrees, which give the maximum and minimum of the solution. This
is again explained in more detail in [17]. This change in ascending node over one orbit is given
by Eq. (17).
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Switching the rate of change of ascending node angle per rotation to per second and re-arranging,
the two solutions for the change in ascending node per second for argument of periapsis equal to
0 degrees and 270 degrees respectively, are
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4.1 Circular Sun-synchronous Orbits
Firstly, considering the extension of circular orbits, the acceleration magnitude directed out of

the orbit plane to achieve free-selection of the inclination for a range of orbit altitudes is given in
Figure 7.

7

6

5 —250km

4 500km
= 3 750km
§ 2 1000km
é 1 eccecece 1250km
£ 0 1500km
%, 1750km
5 m—=r — — 2000km
8 2250km

-3 2500km

-4 — =2750km

-5 3000km

6

7

0 20 40 60 80 100 120 140 160 180

Inclination [deg]
Figure 7. Normal acceleration required for extension of circular Sun-synchronous orbits,
inclination range 5 degrees — 175 degrees.
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Figure 7 shows that circular Sun-synchronous orbits with free selection of the inclination and
altitude can be enabled using continuous out-of-plane acceleration. It is shown that orbits with
inclinations around 90 degrees require acceptable accelerations, and the further the inclination
drifts from this region, the level of acceleration required becomes infeasible using existing
thruster technology.

4.2. Sun-synchronous Highly Elliptical Orbits

If HEOs are now considered, two conditions can be combined to obtain Sun-synchronous HEOs.
These orbits use continuous out-of-plane acceleration to allow the ascending node angle to rotate
to match the motion of the mean Sun, giving the Sun-synchronous condition. Combined radial
and transverse acceleration are then used to compensate for the applied normal acceleration and
maintain the zero change in argument of periapsis condition essential to Molniya like orbits. The
radial, transverse, normal and the total acceleration magnitude to achieve Sun-synchronous
HEOs of varying orbital period and inclination are given in Figure 8 - Figure 11 respectively for
argument of perihelion values of 270 degrees for a constant periapsis altitude of 800km. It is
noted that the same analysis is also conducted for an argument of periapsis value of 0 degrees,
these results are however similar to those for an argument of periapsis value of 270 degrees, and
so are not included in this paper. Comparison of these results shows that the value of the
argument of perihelion does not significantly affect the level of acceleration required to achieve
Sun-synchronous HEOs as these accelerations are of the same order of magnitude.
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Figure 8. Radial acceleration to achieve Sun-synchronous HEOs of varying period and
inclination, ® =270 degrees.
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Figure 11. Total acceleration magnitude to achieve Sun-synchronous HEOs of varying
period and inclination, ® =270 degrees.

From Figure 11, considering a 12-hr orbit with an inclination of 90 degrees requires a total
acceleration magnitude of 0.3/mm/s’ and 0.15mm/s’ for argument of perihelion values of 0
degrees and 270 degrees respectively. Corresponding to initial thrust levels of 3/0mN and
150mN respectively for a 1-ton spacecraft. Although these thrust levels are higher than that
required for the orbits excluding the Sun-synchronous condition, these levels are still within the
capabilities of current thrusters. For example, the High Power Electric Propulsion (HiPEP)
thruster which has undergone ground testing is capable of providing a maximum of 670mN [23]
and test data from the Nuclear Electric Xenon Ion System (NEXIS) has also shown a maximum
thrust level of 476mN [24].

4.3. Special Perturbations Solution

Similarly to the extension of the critical inclination solutions, Sun-synchronous HEOs are
verified using numerical simulations. Figure 12 and Figure 13 show the evolution of the
argument of periapsis and ascending node are as expected over five orbital revolutions, for a 12-
hr, 90 degree inclination Sun-synchronous orbit. With the change in argument of perihelion
shown to be negligible over the orbit and a change in ascending node angle of around 0.5
degrees per day.
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Figure 12. Variation of argument of periapsis over five orbital revolutions, Sun-
synchronous orbit.
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Figure 13. Variation of ascending node over five orbital revolutions, Sun-synchronous
orbit.

6. Conclusion
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Continuous low-thrust propulsion has been shown to enable novel orbits around Mars for
enhanced remote sensing. This applied acceleration is used to extend the critical inclination from
the conventional values to any inclination required to fulfill the mission goals. For example, to
enable a 12-hr, 90 degree inclination orbit an acceleration of 0.05mm/s’ is required, a modest
value of acceleration which is achievable using existing Electric Propulsion technology.
Additional out-of-plane acceleration can also be added to allow extension of Sun-synchronous
orbits around Mars. This can be applied to both circular and Highly Elliptical Orbits, which
allow the rotation of the ascending node angle to match that of the Mean Sun whilst maintaining
a constant argument of perihelion over each orbital revolution. Although Sun-synchronous orbits
require higher acceleration than simply altering the critical inclination, the acceleration values
are within the limits of current thruster technology.
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