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Traditionally, space missions to outer planets have relied on large amounts of chemical propellant or flybys to
achieve their objectives. This large mass consumption may be significantly reduced using electric propulsion
(EP), since it allows for larger specific impulses. However, this improvement is counteracted by the lower thrust
per power levels achievable with EP engines compared to chemical thrusters. Here we discuss how to find a
balance for a purely solar EP (SEP) uncrewed mission to Mars. We present system engineering and mission
analyses focused on the orbital mechanics. The result is the conceptual design of a realistic mission to Mars,
in which any target orbit around Mars can be reached using solely present SEP technology. In particular, for
a 2000 kg spacecraft propelled with a Hall effect thruster (HET), the interplanetary transfer can be performed
in 363 days with less than 400 kg of fuel consumption, provided that the vehicle leaves the Earth orbit with
a suitable specific energy that is attainable using current launchers. Subsequently, 300 kg of propellant are
sufficient to allow for the planetary capture, plane change, and circularisation manoeuvres, finally inserting
the spacecraft into a polar orbit of height between 300 km and 1000 km above the surface of Mars.

1. Introduction

Chemical propulsion has been the primary means of propelling
spacecraft since the dawn of the Space Age. It can produce high thrust
(~ 10% N), but typically requires large propellant masses, ranging from
70% to 90% of the initial total mass [1].

Electric propulsion (EP) [2,3] is a more efficient and environmen-
tally friendly alternative to chemical rockets. EP systems use electrically
charged particles, such as ions or electrons, to generate thrust. For
a given value of the available power, they produce lower levels of
thrust (~ 5- 10! to 10~3 N) than chemical engines, but with much
higher specific impulses (I,,) [4], which correspond to a propellant
mass fraction from 10% to 40% [1]. As a result, EP systems can carry
more payload and equipment with the same total mass. For this reason,
many space agencies are investing in EP technologies to reduce the cost
and increase the efficiency of interplanetary missions, where the mass
is a driven design factor.

Two classes of EP systems have been considered, depending on the
method used for satisfying the power demand: solar EP (SEP) [5] and
nuclear (NEP) [6]. SEP systems use photovoltaic cells to generate the
power supply for the electric thruster. Their main advantages are the

use of renewable energy and the reduced dry mass requirements for
the electrical and power subsystem (EPS). Because these systems rely
on Sun radiation, the power they can deliver decreases quadratically
with the distance from the Sun as shown in Fig. 1. NEP systems use
a nuclear reactor or a radioisotope thermoelectric generator (RTG),
and are best suited to provide the required power for missions to the
outer planets or beyond. Both SEP and NEP offer unique advantages
for interplanetary missions, and the choice of the propulsion system
depends on the specific mission requirements and constraints.

While chemical propulsion was traditionally used from the early
days of space exploration, several interplanetary missions have already
used EP. NASA’s Dawn spacecraft [7] was launched in 2007 and
used ion propulsion to travel to Vesta and Ceres asteroids. Another
example is the Japanese Hayabusa2 spacecraft [8], which used ion
engines to travel to and from Ryugu. The mission was successful in
returning samples from the asteroid to the Earth in December 2020,
demonstrating the capabilities of EP for deep space exploration.

EP technology is constantly improving and evolving, and future
advancements are expected to significantly enhance its performance.
One area of research is the development of EP systems achieving larger
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Fig. 1. Variation of sun intensity of radiation in the proximity of the Outer Planets of
the Solar System.

values of the thrust and of the thrust to power ratio (T/P). The develop-
ment of autonomous navigation and control systems could also allow
electric-powered spacecraft to operate more independently, reducing
the need for ground-based control and increasing the efficiency of space
missions [9-12]. In summary, EP systems are expected to become more
powerful, efficient, and versatile, making them a key component of
future space missions to Mars and beyond.

There is limited previous work on system engineering analysis for
EP missions to Mars. The requirements for a human mission with dry
mass of 40 tonnes, including an analysis of the electric propulsion
system, the power generation, and the sizing of the radiator for the
thermal control, were explored in [6], relying on the possible future
development of VASIMIR thrusters [13-15].

The possibility of fast transits to Mars, keeping aside the system en-
gineering analysis of the spacecraft, were discussed in [16,17], relying
on NEP with a power requirement at the level of 200 MW, which would
hardly be feasible with present technology.

Twenty years ago, the benefits of employing various EP technologies
were evaluated in [18]. The use of EP for Martian and lunar, cargo or
crewed missions was studied in [19], providing an insight on how these
technologies can overcome the challenges of delivering large amounts
of mass (4 MT) when future pulse inductive thrusters (PIT) using up
to 20 MW of power are available. An uncrewed SEP mission aimed
at reaching the Martian moons, Deimos and Phobos, and returning
samples back to Earth was presented in [20]. Finally, the feasibility of
a SEP mission using large solar panels (75 m?) and ion engines aimed
at the exploration of Jupiter Trojan asteroids was explored in [21]. All
of these studies demonstrated that, with the appropriate thruster and
solar panel characteristics, EP is suitable for interplanetary missions.

Here, we demonstrate that SEP technologies that are already avail-
able in the market can be used for minimising the mass consumption
of a mission to Mars, still keeping the duration of the interplanetary
transfer below one year, and for efficiently performing the capture
and plane change manoeuvres in the sphere of influence (SOI) of the
planet. These results are obtained by designing optimisation algorithms
that can also be used in any future mission concept, for any altitude
and inclination of the target orbit around Mars. Moreover, the orbital
simulations have been performed with an in-house n-body propagator
that takes into account the gravitational effect of all the major massive
bodies of the solar system, along with all the relevant perturbations,
such as the solar radiation pressure, the aerodynamic drag of Mars’
atmosphere and the planetary gravitational geopotential. This makes
our results more accurate than those that we would have obtained using
simple 2-body propagators as in the patched conics approximation [22,
p. 4171, the correction for the mass consumption being of the order of
10%.
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Fig. 2. Thrust per unit of power ratio (T/P) by specific impulse of each EP family and
thruster.

2. State of the art for electric propulsion

Unlike traditional methods based on chemical reactions, EP systems
use electric fields to accelerate charged particles (ions or electrons) and
generate thrust. Different types of EP technologies, each with its own
advantages and limitations, are available for choice, depending on the
specific requirements of the mission:

» Electrothermal thrusters heat the propellant and create a pressure
gradient that forces the propellant out of the nozzle. This is the
case of the helicon plasma thruster (HPT) [23], the electron cy-
clotron resonance thruster (ECRT) [24], and the variable specific
impulse magnetoplasma rocket (VASIMIR) [13-15].

Electrostatic thrusters use electrostatic fields to accelerate the ions
and force them out of the nozzle. This is the case of the gridded
ion thrusters (GIT) [25] and electrospray thrusters [26].
Electromagnetic thrusters use electrical currents and magnetic
fields to accelerate the plasma. This is the case of the pulsed in-
ductive thrusters (PIT) [27], the magnetoplasmadynamic thrusters
(MPDT) [28], the applied field MPDT (AF-MPDT) [29], the pulsed
plasma thrusters (PPT) [30], and the Hall effect thrusters (HET)
[311.

Thrusters using both the electrothermal effects and the electro-
magnetic acceleration [32].

Thruster using the ambient radiation and plasma, such as elec-
trodynamic tethers [33-35], or electric and magnetic sails [36,
37]. The main advantage of these technologies is that they are
propellant-less.

Fig. 2 shows the thrust per power delivered to the propulsion sys-
tem, the specific impulse and the overall system efficiency # for a set of
existing or future EP engines. Most of the electrothermal thrusters have
low efficiencies and can be suitable for station-keeping manoeuvres
in Earth’s orbit, with the VASIMIR being the only proposal in this
category that may meet the thrust and specific impulse requirements
for supporting interplanetary missions in the future [13].

Electrostatic thrusters have a wider range of specific impulse, as
compared to electrothermal devices, with efficiency reaching up to
75% for high specific impulses. Since HET can provide higher to-
tal thrust output with similar power consumption, they can be cur-
rently considered the most effective EP technology for interplanetary
missions.
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Table 1
Specifications of a selection of EP thrusters.
Name Technology Thrust [mN] Power [kW] T/N [mN/kW] Lsp [s] Mass [kg]
BHT-100 Hall effect 7% 0.1 70.00 1000 1.16
BHT-200 Hall effect 13 0.2 65.00 1390 1
BHT-350 Hall effect 17¢ 0.3 56.67 1244 1.9
BHT-600 Hall effect 39 0.6 65.00 1300 2.8
BHT-1500 Hall effect 101 1.5 67.33 1710 7.1
BHT-6000 (HTM) Hall effect 325 5 65.00 2029 12.5
BHT-6000 (HIM) Hall effect 298 6 49.67 2708 12.5
NEXT Ton gridded 236 7 33.71 4190 25.48
NSTAR_1 Ton gridded 207 0.5 40.00 1950 26.94
NSTAR_2 Ion gridded 927 2.3 40.00 3100 26.94
Regulus HPT 1% 0.8 1.25 850 2.5
ECRA ECRT 0.98* 0.3 3.27 1001 12
VX200 VASIMIR 10200 200 51.00 1660
SPT_100 Hall effect 80 1.35 59.26 1600 4
SPT_100D Hall effect 112 2.5 44.80 2200 47
SPT_140 Hall effect 280 4.5 62.22 1800 8.5
R_800 Hall effect 53 0.9 58.89 1550 1.5
R_200 Hall effect 14° 0.3 46.67 1300 2
XR51 Hall effect 254 4.5 56.44 2020 12.3
XR.52 Hall effect 132 2 66.00 1858 12.3
PPS_1350 Hall effect 907 1.5 60.00 1660 5.3
PPS X0 Hall effect 75% 1 75.00 1650 3.2
PPS_5000 Hall effect 300 5 60.00 2000 12.3
XIPS Ton gridded 797 2.2 35.91 3400 8.2
2 Highlights the cases that do not attain the required thrust level (> 0.1N) for this mission.
In particular, as we shall discuss in Section 4, a requisite for Mars Table 2
capture is that the acceleration provided by the engine should be Standard specifications of BHT-6000 in high thrust mode (HTM).
2 6 x 1075 m/s?, which corresponds to a thrust level T 2 0.1 N Characteristic Value Unit
for total mass around 1600 kg (the value that will be considered at Assembly mass 12.5 kg
the entrance of Mars’ SOI). Such thrust level will also be shown to Power consumption 5 kw
be sufficient for completing the interplanetary transfer in only one Voltage 300 v
. Thrust 325 mN
revolution around the sun, for a mass of 2000 kg after launch, as long Specific impulse 2029 s
as a first quasi-Hohmann delta v is provided by the launcher. Total impulse 85 MN-s

Table 1 shows the main specifications a large selection of thrusters.
After discarding the engines that do not provide sufficient thrust, the
selection was based on minimising the power requirements and max-
imising the specific impulse. The feasibility study focuses on using the
characteristics of the BHT-6000 rocket [38] due to its reduced T/N ratio
compared to the other suitable candidates. This engine can work in a
high impulse mode (HIM) or in a high thrust mode (HTM) of operation.
We chose the latter because of its smaller power consumption (5 kW,
vs 6 kW for the HIM) and of its higher thrust (325 mN, vs 298 mN
for the HIM). However, the methods for trajectory optimisation that
we will develop for this example can also be applied to other engines
that provide a sufficient thrust level for this mission, as long as their
different characteristics are taken into account. This is the case for the
ion gridded NEXT thruster or the SPT 140, the XR_ 5 and the PPS_5000
hall effect engines.

Table 2 shows the specifications of the BHT-6000 thruster in the
selected HIM configuration. In the next sections, we shall demonstrate
that this choice is already sufficient for performing all stages of a SEP
mission to Mars with reduced mass consumption. Besides, our results
and methods can also be applied to future thrusters that may provide
higher efficiency and T/P.

3. System engineering design of a SEP spacecraft to Mars

This section presents a conceptual design of a SEP spacecraft to Mars
in terms of following fields: mission and system requirements, concept
of operations, functional architecture, and mass and power budgets.
The main goal of this analysis is to demonstrate the feasibility of the
mission proposed in this paper, both from the propulsion and the whole
system points of view. The focal point is the orbital calculation of the
spacecraft trajectory through the utilisation of SEP. However, the study
of the electrical power subsystem (EPS) must not be undertaken in
isolation; rather, it should be comprehensively examined in conjunction
with the overall system engineering analysis.
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Propellants
Operating mode

Xenon, Krypton, Iodine
Constant Exhaust Velocity (CEV)

3.1. Mission and system requirements

The mission requirements of a spacecraft propelled by a SEP system
to Mars should consider the specific time constraints. As demonstrated
in Section 4, a polar Martian orbit can be obtained for an initial mass
of 2000 kg (after launch) accommodating a collection of payloads
of 150 kg. Table 3 presents the mission and system requirements
corresponding to these guidelines.

The scientific objectives of the mission will drive their requirements.
Since an exhaustive scientific mission analysis is out of the scope of
this work, we consider a science target set similar to that of previous
projects, such as the European Space Agency’s ExoMars mission [39].
Therefore, a set of instruments has been chosen for accomplishing
the following objectives at all Mars latitudes: (a) characterising the
atmosphere; (b) studying the hydrogen amount in the subsurface; and
(c) studying the topography of the surface. The smallest set of instru-
ments for performing these tasks could be: (1) A spectrometer that
measures the sunlight reflected off the Martian atmosphere to identify
gases, including methane, and map their location on the surface. (2)
Spectrometers that measures the composition, structure, and dynamics
of the Martian atmosphere. (3) A neutron detector that measures the
amount of hydrogen in the Martian subsurface, which can help locate
water and other volatiles. (4) A high-resolution camera that can image
the Martian surface in 3D.

The resulting payload mass has been computed by comparing with
that of the ExoMars set. Since the electric and power system (EPS) is
over-dimensioned to satisfy the propulsion subsystem energy demand,
the power available for the payload instruments is much higher than
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Table 3
List of preliminary requirements for the mission and the system.

Acta Astronautica 216 (2024) 129-142

Mission requirements

Req. ID Req. title Description

MRO1 Mission objective The Mars Orbit Segment (MOS) shall generate and return scientific
data from Mars surface.

MRO02 Mission coverage MOS shall obtain scientific data from the complete atmosphere and
surface of Mars during the mission life time

MRO3 Mission duration The scientific lifetime of the mission shall be 5 years

MRO04 Observation distance to scientific target The orbit periapsis shall be in the range of 300 to 400 km over the
Martian surface

MRO5 Planetary protection regulation MOS shall comply with the COSPAR’s planetary protection policy,
Category III

MRO06 Technology demonstration A measuring system of the electric engine shall monitor the
propulsion system performance during the complete mission
System requirements

SRO1 Mass budget The maximum launch mass of MOS shall be 2000 kg

SR02 Power budget The maximum power of MOS shall be 25kW

SRO3 Propulsion power The maximum power used for electrical propulsion shall be lower
than 7 kW

SR04 Interplanetary phase length The mission interplanetary phase shall be completed in less than 2
years.

SRO5 Propellant mass Propellant mass shall not exceed 1000 kg.

SRO6 Platform mass Platform mass shall not exceed 1300 kg.

L +6.5 months L +7 months L+2.5 years

Fig. 3. ConOps of a SEP mission to Mars.

that used in ExoMars. Thus, the frequency and the duty cycle of the
instruments can be increased, considering that, in parallel, the power
available for the communication subsystem is also high once the EP
is switched off. These factors are considered all along this system
engineering analysis.

3.2. Concept of operations

Fig. 3 shows the concept of operations (ConOps) of the mission,
which involves the following key phases, characterised by specific orbit
manoeuvres, until the scientific phase orbit of the mission is reached:

Launch and commissioning phase, where the rocket injects the
spacecraft into the desired escape orbit, initial telemetry is received and
systems requirement compliance is checked (e.g. command capabilities
are tested), and the solar array and antenna deployments take place.
This phase should have a length of around one day. The launcher
constraints and selection is presented in Section 4.

Interplanetary phase, in which the SEP performs a set of thrusting
arcs, minimising the propellant consumption, in order to arrive to
the martian SOI with the defined arrival asymptotic velocity. The
length of this phase might vary depending on the weight factor of the
variables to optimise-in this case, time of flight (ToF) and mass. In our
selected transfer, the interplanetary phase has a duration of 362 days.
Section 4.1 describes the obtained trajectory as well as the calculation
methods used.

Orbit insertion phase, which consists of a 14 days manoeuvre
starting when the spacecraft enters the SOI of Mars and finishing when
the capture is obtained. Section 4.2 describes the optimal thrusting arcs
that lead to this orbit result with minimal mass consumption.

Nominal orbit acquisition phase, with the manoeuvres to obtain
the final orbit. In Sections 4.3 and 4.4, to demonstrate the capabilities

EPS
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On-Board Computer
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&
Ka-Band Transponder
Rx

I

Fig. 4. Functional architecture of the spacecraft.

of the mission, we choose a polar orbit with a periapsis altitude of 300
km and apoapsis altitude of 1000 km. This final orbit has been inspired
by the optimal acquisition range of NOMAD’s instrument [40,41]. This
target is obtained with two subsequent manoeuvres, which are designed
to optimise the propellant consumption. The first one achieves the
desired inclination change in 10 days. The second one, which lowers
and circularise the orbit, requires 2 years to be completed. During this
period, the propulsion is activated only for short time arcs around the
periapsis of the orbit.

Scientific phase, in which the payload is in acquisition mode per-
forming the desired observations. Its duration depends on the payload
requirements. A lifetime of 5 years is considered here for the mass
calculations in order to counter act for orbit perturbations. This mission
phase is characterised by its stable orbit, however, the instruments
could also be switched on during the orbit circularisation (outside of
eclipses and thrusting arcs).

3.3. Functional architecture

Fig. 4 shows the required subsystems and units for a mission to
Mars, which were included in the mass and power estimations for our
conceptual design.

As the purpose of this study is to illustrate the possibility to use a
SEP system in martian orbit, the Electrical and Power Subsystem (EPS)
will be mainly composed by photovoltaic panels, with a Solar Array
Drive mechanism (SADM) for controlling their attitude, along with a
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Table 4

Mass budget.
S/C Mass Budget Mass [kg] [%]
Platform
AOCS 40 3.75
TT&C 50 4.69
EPS 400 37.55
DHS 50 4.69
Structure 350 32.86
Thermal 25 2.34
Payload mass 150 14.08
Dry Mass w/o System margin 1065
System margin 20%
Dry Mass incl. System margin 1278
Xenon fuel mass 700
Xenon pressurant mass 20
Total Wet Mass 1998

battery to feed the spacecraft during the eclipse periods. Besides, all
equipment and devices require a Power Control and Distribution Unit.

The Attitude and Orbit Control subsystem (AOCS) will be integrated
by inertial measurement units (IMUs), start trackers (STR), and fine sun
sensors (FSS), as navigation tools, following the requirements of typical
interplanetary missions [42,43]. Reaction wheels (RWs) will be chosen
as attitude actuator, since they can provide the smooth orientation
adjustments required in the mission with no mass consumption. As
discussed in Section 2, the thruster is chosen to be the BHT-6000 HET
engine.

The choice for telemetry tracking and control (TT&C) will be the re-
cently developed Ka transponders [44-46], which allow for higher data
transmission rates as compared to the X-band transmissions [47] used
in past missions to Mars. It should be noticed that the power available
for communications will be very large when propulsion subsystem is
switched off.

As mentioned before, our purpose is the SEP feasibility valida-
tion, so we selected the payload instruments set for a typical space-
observatory based on the previous mission ExoMars (exposed in Sec-
tion 3.1).

3.4. Mass and power budgets

The conceptual design process implies to obtain a first guess of
the basic budgets of the spacecraft. Table 4 presents the estimated
mass budget. It takes into account all the spacecraft’s systems for
the mission. To conceptually size the solar panels and the battery,
we required that they generate all the power needed by the electric
engines, considering the sequence of thrusts and solar eclipses during
the transfer and the manoeuvres around Mars. The periods of time
when the engine is ON during a eclipse were obtained along the orbital
simulations as explained in Section 4.5. The assumed parameters used
to size the battery, as shown in Table 5, are average values based on
different space-rated commercial products already employed by similar
missions [48].

Table 6 presents the power budget, with the power consumption of
the different subsystems during several operation modes. In the com-
munication mode, the HGA and Ka-transponders are ON; in the propul-
sion mode, the HET thruster is active; and in the eclipse-propulsion
mode, the thruster and the heaters are ON during a solar eclipse.
The maximum power consumed in the worst scenario after applying
margins is roughly 6 kW, which has been used to estimate the required
solar array area, 30 m2, and its corresponding mass.
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Table 5

Power assumptions.
Variable Value Unit
Capacitance of battery 14 A hour
Solar cell degradation per year 3.75 %
Solar cell efficiency 47 %
Depth of battery discharge 20 %
Transmission efficiency 0.9
Battery cell capacity 1.5 Amp/hour
Specific performance of solar array 25 W/kg
Ratio of battery capacity to mass 133 W hr/kg

16000

8.64 (required C3 energy)
14000
12000
10000
B N
2 N
g 8000 .
=
6000 NS
4000
2000 ey
0
0 20 40 80 100
C3 [km2/sec2]
Falcon 9 (Full Thrust, ASDS) —— Falcon Heavy (Expendable) —s— Vaulcan (VC6)
+— Falcon 9 (Full Thrust, RTLS) —— Antares —=— Vulcan (VC4)
—— Falcon Heavy (Recovery) New Glenn Vulcan (VC4)

Fig. 5. Launchers C3 capability by cargo mass. Data obtained from [49].

4. Orbital analysis

In this section, we show how the spacecraft designed in Section 3
can be sent to the target orbit around Mars by only using its SEP system,
after the initial Delta v applied at launch. This transfer is performed
in four phases or manoeuvres, corresponding to the interplanetary
trajectory, the capture, the plane change, and the circularisation. For
all parts of the mission, we perform the orbital computations using
in-house n-body propagator and implementing optimisation strategies
designed to minimise the propellant consumption within reasonable
constraints about the time of flight. We first discuss the optimisation
of each stage of the trajectory. The results of the global optimisation
for the entire mission are then presented in Section 4.5, and are used
to obtain the most convenient initial and final conditions at each
intermediate stage.

Current launchers are able to provide, for the considered mass
of 2000 kg, a characteristic specific energy, C;, up to 140 km?/s,
which is sufficient to reach Saturn with a direct transfer, as shown
in Fig. 5. For our mission to Mars, we selected C; 8.64 km?/s?
based on optimisation iterations. A fraction of it, namely C; rthogonal
1.12 km?/s2, is used for changing the inclination of the trajectory and
attain the orbital plane of Mars. The component in the orbital plane,
C§°p]a"ar ~ 7.52 km?/s2, is smaller than that required to perform the
first burn of an ideal coplanar Hohmann chemical manoeuvre between
the Earth and Mars distances, CHo"™ma™ = 8 4] km?/s?. This difference
is due the fact that, unlike for a pure Hohmann transfer, the EP engine
has to be turned on for a long arc before the rendezvous, so that the
apoaxis of the osculating transfer ellipse is continuously raised during
the manoeuvre. Therefore the smaller value of C§°pla"ar, as compared
with C;*"'"“'“‘"“, allows us for reaching a nearly parabolic rendezvous
with Mars avoiding any deceleration during the interplanetary phase,
thus minimising the propellant consumption. As the required departure
energy is provided by the launcher, there is no need of consumption of
Xenon prior to the interplanetary phase.
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Power budget. Mission phases acronyms: interplanetary phase, IP; capture phase, CP; plane change phase, PCP; transfer-to-lower-orbit phase, TtLOP; Nominal phase, NP.

Power consumption
assumption

Science mode: full
power

Science mode:
medium power

Comms mode

Propulsion mode

Eclipse and
Propulsion mode

Mission phases

NP

1P, TtLOP, NP

All phases

1P, CP, PCP, and
TtLOP

CP, TtLOP, and NP

Subsystem Status Margin Consumption [W] Consumption [W] Consumption [W] Consumption [W] Consumption [W]
OBDH ON 20% 5.000 5.000 5.000 5.000 5.000
EPS ON 20% 10.000 10.000 10.000 10.000 10.000
COM ON 20% 0.000 0.000 700 0.000 0.000
AOCS ON 20% 15.000 15.000 15.000 5,015.000 5,015.000
THS ON 20% 0.000 0.000 0.000 0.000 50.000
STRUCT ON 20% 0.000 0.000 0.000 0.000 0.000
PAYLOAD ON 20% 700 350 0.000 0.000 0.000
Total power 730.000 380.000 730.000 5,030.000 5,080.000
consumption
Power with margin 876.000 456.000 876.000 6,036.000 6,096.000
(+20%)

4.1. Interplanetary phase Table 7

Interplanetary optimisation inputs.

Due to the small value of the thrust, EP requires thrusting arcs to Variable Value Unit
obtain the desired orbital changes, in contrast with chemical propul- Launch Mass 2000 [kg]
sion, whose effect can often been approximated as instantaneous Av. 2’[;‘55 at Mars’ SOI (1)5300 “;Ig]

. . . . t .
An estimate can be obtained by noticing that the interplanetary transfer J s 2029 %s]]
. . i s
should raise the specific energy of the spacecraft from €™ =~ €}, ncher — Launch window [2030-01-01, 2040-01-01]
2”& (where g, ~ 1.3 x 102 m3/s? is the standard gravitational pa- Time of flight (ToF) [200, 365] [days]

Earth ) . A NP .
rameter of the sun and ey, ey iS the net contribution of the launcher), Departure infinity velocity 2.94 [km/s]
corresponding to an orbit at the distance Dg,.;, ~ 1 AU from the sun, xgvilt lfziltn(::yn:;ilsomy 8'222 Lkm/s]
to the level ¢fi" ~ — s " corresponding to the distance Dy = 1.5 g y

. Mars . . .
AU. This change can be obtained by turning on the thrust T in the
direction of the velocity along an arc of length 4/, provided T4l =~ Table 8
_ _ . . Interplanetary optimisation outputs.
i ( Elquncher + s28— — ~fsun_ ) ‘where i is the average mass during the Tprancary op P
2Dpan 2Darg . . N Variable Value Unit

manoeuvre. If we require that the transfer is completed in a single
revolution around the sun, so that Al < 2zDy,,.,, and neglect the Launch Epoch 2031-01-31 06:38

ibuti £ the 1 h h th 1 . Arrival Epoch 2032-01-29 05:14
contribution of the launcher Elaunchers then (; average acceleration Mass at Mars’ SOI 1616 [ke]
should be at least of the order — > 4.2x10~* m/s”. For a vehicle of mass Time of flight (ToF) 362.94 [days]

m ~ 2000 kg, this would requirgl a thrust level of the order of T > 0.8 N.
This limit may be relaxed by allowing for more revolutions around the
sun before the rendezvous with Mars, with the resulting larger cost in
time and fuel consumption. A better strategy is using the launcher for
providing a significant part of the energy of the transfer, by inserting
the vehicle in a quasi-Hohmann transfer ellipse as discussed above, with
Cg(’pl“"ar ~ 7.52 km?/s2. With this value, the average acceleration from
the EP for achieving the rendezvous with Mars should be at least of
the order of 5 > 42 %1073 m/sz. In this case, for a vehicle of mass
m ~ 2000 kg, this would require T > 0.08 N. Since the BHT-6000 engine
can provide a significantly larger thrust level, we can expect that there
will be room for further trajectory optimisation.

In fact, the accurate analysis that we present below confirms this
expectation. We integrated the full mass-dependent equations of mo-
tion, including the continuous EP acceleration, implementing special
optimisation procedures to minimise the mass usage. In particular, we
used ESA’s pykep and pygmo libraries [50-52] for parallel global multi-
objective optimisation. Table 7 shows the initial conditions as well as
the spacecraft configuration variables used to assess the best thrusting
strategy for the interplanetary phase.

A weight factor has been used to balance the importance assigned to
each of the two objectives of the optimisation, the time of flight (ToF)
along the interplanetary transfer manoeuvre and the mass consump-
tion. Giving priority to the minimisation of the latter, the weight of
mass objective relative to the total optimisation has been set to 0.999,
which also corresponds with the Pareto efficiency [53].

With these inputs, an optimal trajectory has been found with the
characteristics defined in Table 8. When studying the orbit resonances
between the Earth and Mars, there are optimal launch windows every
2 years, depending on the number of revolutions around the Sun that
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are accepted before reaching the target. Since the reduction in mass
consumption with additional revolutions is small, we considered a
maximum ToF of 365 days. As a result, we obtained an optimal ToF
of 363 days, which is roughly a 40% longer time than for the ideal
case of a chemical-propelled Hohmann manoeuvre. Fig. 6 shows the
selected orbit, highlighting in red the thrusting arcs.

Fig. 7 shows the thrust profiles during the transfer. The trajectory
optimisation used different normalised thrust levels to provide variable
thrust depending on the orbit requirement. In all the figures of this
section, the time elapsed since the launch epoch, as measured in days,
is called Days of Mission (DoMs).

The evolution of the mass consumption during this phase of the
mission can be seen in Fig. 8. The resulting final mass of the spacecraft
will be used as the starting value for the capture and plane change
manoeuvres in the martian SOI.

4.2. Capture phase

Hereafter, we use the two-body approximation in order to design
thrusting strategies for minimising the propellant consumption dur-
ing the capture, plane change, and circularisation manoeuvres. This
approach allows to reduce the complexity of the control laws up
and make them feasible for implementation in an on-board AOCS.
However, we also implemented the resulting optimisation methods in
the full multibody and multi-perturbation propagator to obtain our
complete numerical results, and checked that they remain effective
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Fig. 6. Interplanetary transfer trajectory in ECLIPJ2000 inertial reference frame. The
arcs in which the thrust is ON and OFF are highlighted in red and blue colours,
respectively. The black dots correspond to the departure and arrival positions of the
Earth and Mars. The orbits of the two planets during the transfer are displayed in grey.
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Fig. 8. Mass consumption during interplanetary course.

control laws for minimising the fuel consumption even beyond the two
body approximation.

We assume that the space vehicle enters the SOI of Mars in a hyper-
bolic or parabolic orbit with eccentricity ¢™ > 1, and projected distance
at periapsis r;“. These parameters describe the incoming trajectory in
the two body approximation, as observed in an inertial frame centred in
Mars. They are related to the asymptotic arrival velocity of the vehicle
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. ping,2
U, SO that e = 1+ % Since v, is given by the interplanetary
transfer, the shape of the hyperbolic trajectory during the flyby is
determined by the choice of the impact distance rip“.

At a convenient instant /", whose optimal value will be determined
below, the engines are turned on, applying a thrust force T. Within the
two body approximation, the time evolution of the vehicle mass m(r)
and of its position and velocity vectors, r(¢) and v(¢), as observed in the
Mars-centred inertial frame, can then be obtained by integrating the
following system of ordinary differential equations,

I =v,
v=—ut 4L
PBoom
m=-L, )

where p is Mars standard gravitational parameter, T = |T|, and c is the
effective exhaust velocity of the fuel [22, p. 299-365 and p. 619-649].
In order to maximise the rate of orbital energy reduction for the capture
manoeuvre, the thrust will be chosen to be antiparallel to the velocity
vector, so that T = —TE.

The capture will be obtained if R™" < r < RS! for all time ¢ > 7",
where the minimum distance R™" can be chosen depending on the
mission requirements (in our case the ones covered in Section 3.1), for
instance it may be the radius of Mars including its atmosphere. This
also implies that the orbit has to become elliptic after the manoeuvre,
corresponding to eccentricity ef™ < 1 and final distance at apoapsis
plin < RSOL,

In this case, the evolution of the osculating orbital elements is given
by Gauss variational equations [22, P.651-720],

h=-hT
vm

é=— 2(e + cos&)z,
v m

m=—L, 2

Therefore, this thrust continuously modifies the osculating eccentricity
e and specific angular momentum # of the trajectory without changing
the orbital plane, which is described by constant angles i and Q. Egs. (2)
also imply that the value of the projected distance at periapsis r, =

2
ﬁ decreases during the approach manoeuvre, with a relative change
per unit time given by
Fp 2 —cost) T
L2 PP 3
1+e m 3

rp v

If the engines are turned on far from the periapsis, a large initial impact
parameter ", possibly of the order of R5?', can be required in order to
keep r, > R™" for all time. However, if the propulsion is only activated
for r close to ', so that cos@ ~ 1, then 7y is very small and r;," can be
chosen to be of the order of the periapsis distance of the target orbit.
The consequences of the capture condition, r < RSO! for all time
t > £, can also be inspected by using the energy equation, which
can be obtained e.g. from Egs. (2) taking into account the expressions

r=1/(1+ecosf) and v = %\/ 1+ e2 + 2ecos 0, so that [22, p.299-365],

d (v* w\_ T
dt < 2 r> h mvl )

Assuming that the engine produces constant thrust T for the dura-
tion of the manoeuvre /" < ¢ < /", the integration of the last line
in Egs. (1) gives m = mi" — L(s — 7in). By relating the specific energies
of the final ellipse and the incoming hyperbola to their corresponding
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eccentricities and periapsis distances, and then integrating Equation (4)
over time while reversing the signs, we arrive at

Ain

2

v

13 L + == T/ —Udt s %)
rhin 4 pfin 2 in - prin — L ¢ — gim)

where we have defined the quantity e, which is a measure of the
specific energy provided by the propulsion during the manoeuvre.

Eq. (5) can be used to obtain an estimate of the minimum accelera-
tion level required for obtaining the capture before leaving Mars’ SOL
The limiting case corresponds to rfi" ~ RSOl and an almost parabolic
rendezvous, so that v, can be neglected. If [vdt = 2bRSO!, with
b =~ O(1), is the length of the thrusting arc, which has to be completed
before reaching the apoaxis, we obtain the approximation (% —
m ~ 6 x 10~m/s?, where n is the average value of the mass
during the manoeuvre. For an initial mass of 1600 kg, this corresponds
to the requirement that the thrust 7" should be of the order of 0.1
N or larger. Since the BHT-6000 engines that we chose in Section 2
provides a significantly higher level for T, there is room for optimising
the trajectory by choosing the instant of ignition and the initial impact
parameter ri,“ of the incoming hyperbola, as discussed below.

According to Eq. (4), the rate of energy depletion is proportional
to the velocity v, which is larger for smaller values of r. Therefore
it is convenient to turn on the engines as close as possible to the
periapsis, ensuring that the capture is still obtained. An optimal value
—0 of the true anomaly along the incoming hyperbola for starting
the propulsion can be determined by the following iterative procedure
which is summarised in Fig. 9.

1. Choose the desired value ri‘“ of the captured orbit, for instance
(fin _ gSOI
fin = .

2. Define the impact parameter r;" of the incoming hyperbola in the
orbit plane. Assuming a given value v, for the arrival velocity,
which is determined by the interplanetary transfer, ¢ can be

in 2

expressed in terms of r;“, as e =1+ % Because r, decreases
during the manoeuvre, such ri" should be large enough as to
prevent 7' from falling below R™". This condition will be tested
a posteriori (see point 8 below).

3. Make a first guess rj™" for r,". The actual value of " will be
obtained later from the numerical integration of Egs. (1), and
it has to be larger than R™" and smaller than ri". Therefore, a
reasonable first guess can be the average value r;m,o = %(r;“ +
Rmin).

4. Compute the specific energy ¢ using the definition in Eq. (5). The
input value rf,i"’i for +fi" will be that given by the previous step,
which is point 3 (for the first iteration, corresponding to i = 0)
or point 7 (for the subsequent iterations).

5. Use Eq. (5) to compute the approximate length of the trajectory
during the time span in which the engine is turned on,

Ain

dr = g™ 6
/tm v e7 (6)

using the initial mass as an estimate for m, which is a good
approximation if the fuel consumption during the capture is a
small fraction of the total mass of the vehicle.

6. Equate the result of the previous step, Eq. (6), with the length
of a parabolic orbit of periapsis distance 7, =~ (r;‘ + rf,i"’i)/2.
Taking into account the expressions for the velocity and for
9'= h _ y2(1+ec059)2

z= Then we obtain

/t“nvdl /Qh_z\/l+e2+Zecos€d9
p _

o K (1+ecosfh)? )

in
e—1

cos % [sin % + cos? g arctan(sin g)]

4

~ 4V2r,

>

(cos @ + 1)3/2
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Fig. 9. Algorithm used for insertion optimisation.

where £ is the osculating specific angular momentum, corre-
sponding to a projected distance at periapsis r, = % for the
parabolic orbit. This approximation can be expected to be ac-
curate when the initial and final eccentricities are slightly larger
and smaller than 1, respectively, so that their average value ¢
can be taken to be 1, and when the thrust is large enough as to
allow for r" and ;" having the same order of magnitude. By
equating the last term with 5%, a value of the true anomaly —©
along the incoming hyperbola at which the engines have to be
turned on can be obtained using a root finding method, such as
bisection (see e.g. the implementation in [54]). The engines will
then be turned off when the osculating value of r, reaches the
desired value, rin,

. Numerically integrate the full Cowell equations with the full

multibody propagator, which also includes the effect of the sun,
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. . ) (1+¢im) rin
and with the thrust activated when r < (@) = Hé“‘Ts”Q’ and
compare the result for the final osculating distance at periapsis,

i, with the last value ri™ used in the previous steps. If the ab-
solute value of such difference is larger than a certain tolerance,
then rii“ will be used instead of r;i"'i for a new iteration through
steps 4 to 7.

. The final value for r]", as obtained after the propagation when
the engines are turned on at the point @, determined above,
has to be larger than R™". Otherwise, the initial value of ry has
to be increased.

. Given the initial eccentricity, a scan over the values of " will
be performed, implementing the previous steps for each of them.
This procedure allows for choosing the most convenient value
of r;" depending on the mission requirements. Lower values of
ry imply smaller fuel consumption for the capture manoeuvre.
However, r;)" has to be larger than the minimum distance, and
it should also be large enough as to allow for the subsequent
manoeuvres. Therefore, the final choice has to be done consid-
ering the actual target orbit, corresponding to the requirements
of Section 3.1.

Taking the state vector and the mass properties of the spacecraft
after reaching the SOI of Mars (as per previous Section) as initial
conditions, we used this algorithm to optimise the orbital insertion
by thrusting only in the optimal arc of the orbit. Fig. 10 shows the
geometry of the resulting trajectory, with the thrusting arc indicated in
red. The evolution of the osculating eccentricity and of the mass is also
shown, with the convention that the plotted values correspond to the
times in which the position of the vertical coordinate Y is reached.

4.3. Plane change manoeuvre

Once the vehicle has been captured, a plane change manoeuvre can
be performed by applying propulsion in the direction of the angular
momentum vector. In this case, the evolution of the osculating orbital
elements is described by Gauss variational equations [22, p. 651-720],

h =0
é=0
roo. T h sin(w+6) T
= +0)—=——oo-o—————— —
hsinism(w )m u(1+ecosB)sini m
. T h cos(w+6) T
=— +0)—=——-"-—— =
= st = Tt ecos) m
_ rsinf@+®) T h  sin(w+6) T
h htani m  u(l+ecosf)tani m

s _h
9=r—2
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m=-L, ®)
c

Here, T is defined as the unique component of the thrust along the unit
orthogonal vector W = h/h, where h = r X v. In other words, T =TW,
and T is taken to be positive/negative if it is parallel/antiparallel to the
angular momentum.

According to Egs. (8), this thrust does not modify the osculating e
and 4 of the trajectory, but it can produce a change of the orbital plane.
However, the variation of the inclination i, of the right ascension of the
ascending node £2, and of the argument of the perigee w are modulated
by trigonometric functions that change sign twice during a period of
the orbit. In particular, the sign change of i occurs when the vehicle
crosses the line of nodes. Therefore in a manoeuvre aiming at modifying
the inclination, the propulsion should be either turned off, or switched
to the opposite direction when the line of nodes is crossed. The first
possibility is probably easier to be implemented in practice.

In order to optimise the efficiency of the manoeuvre and minimise
the fuel consumption, it can be convenient to switch on the engines
only when i is as large as possible, besides having the correct sign. The
best strategy is to perform the plane change manoeuvre before lowering
and circularising the orbit, when the values of 4 and e are larger. This is
an advantage because i is proportional to 4, and because of the 1+e cos 6
factor in the denominators of Eq. (8), which can be large for e close to
1.

In each turn, the maximum positive and minimum negative values
of i are attained when the osculating true anomaly is 6,
arcsin(e sinw) and 6_ = = — w + arcsin(e sin w), respectively, both values
being defined within an additional multiple of 2z. The most efficient
option is to turn on the engine for # around 6,, = 6, or 6, = 0_,
depending on which case corresponds to the maximum value of |i|. For
the sake of consistently increasing the inclination, the propulsion has to
be directed along W around 6, or along —W around 6_, respectively.
The opposite choice can be used for decreasing the inclination. This
alignment has to be obtained by continuously controlling the attitude of
the vehicle. Moreover, in order to maximise the effect, it is convenient
to choose a small angular width 6 of the region in which the engine
is turned on. This will also ensure that the osculating @ does not vary
significantly during each ignition spot.

This strategy must be modified for values of inclination close to 0,
since in this case the node line is not defined. In this limit, the ignition
can be activated around the apoapsis to kickstart the process, e.g. for
r > 09r,, choosing the —W or +W direction in order to increase or
decrease the inclination, respectively.

We can estimate the variation 4i,,, of the inclination per turn
during such plane change manoeuvre as

—w —

)

Altum ~
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Fig. 11. Evolution of the inclination during the plane change manoeuvre.

where we have assumed that the propulsion is active for 6,, — 6 < 6 <
0, + 6, and that e is close to 1, so that h? = ury(l +e) =~ 2pur,. For
example, in the case of Mars, with an acceleration of L ~ 2 x 1077
km/s?, and with r, ~ RSOT after the capture, the best choice for r,
is around ri' ~ 0.045R%%, so that Aiy,, ~ 356. In this case, a mere
& ~ 3° angular width of the region in which the propulsion is applied
is sufficient to achieve a 90° degree inclination change in just one turn.
Yet, a few days are required to cover such angle around the distance
r, = RSOL

Fig. 11 shows the inclination change performed during the manoeu-
vre, as computed with the full multibody propagator. As expected, the
polar orbit is reached after 10 days, with a fuel consumption of 12
kilograms. The initial value is the inclination of Mars orbital plane as
seen from its equatorial reference frame.

~

4.4. Transfer to lower orbit

The target orbit is usually designed depending on the scope of the
mission and the optimal operation regime of the instrumentation. In
general, we assume that this corresponds to requiring r,"*" < r < ry"*,
so that ,"*" > R™" and r,;"*" < RS are the periapsis and apoapsis
distances of the desired elliptical orbit,‘ a}‘g(;spg(r:ggvely. These two values

correspond to an eccentricity &t =

Once the capture has been obtained as in Section 4.2, the value
of r, is close to RSO, which is much larger than r;"*", while r, may
already be of the order of ;"**". Therefore, the main task of the transfer
manoeuvre is to lower the apoapsis. Since according to Eq. (4) the rate
of energy depletion is proportional to the velocity v, which is larger for
smaller values of r, a convenient strategy to reach this goal is to turn
on the deceleration around each pass through the periapsis.

Let ;" < RSO and r* ~ RS be the projected periapsis distance of
the captured orbit obtained after the first pass. The additional specific
energy required for lowering the trajectory to the target orbit can be
obtained from Eq. (4), and reads,

U U
Ry

"
T pgtarget

kK
RSo1’

ellowcring = target target - (10)
r a
where a'¥& = ()" + r;")/2 is the semimajor axis of the target orbit.
Since the manoeuvres cannot be made completely instantaneous,
each pass around periapsis, besides lowering the apoapsis, also pro-
vokes a slight decrease in r,. Therefore a special care should be payed
to having ;™" significantly larger than the target value r,"*", oth-
erwise the final periapsis could be lower than desired. In any case,
the decelerating thrust should be applied in each turn close enough
to the osculating periapsis r, for minimising the fuel requirements. In
other words, it has to turned on when r < F°¥(r,), where r'°¥(r,) is a

convenient function of r,. In the case considered for this study, choices
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Fig. 12. Trajectory during the circularisation manoeuvre, with the thrusting arcs
highlighted in red colour, as represented in an ECLIPJ2000 reference frame centred
in Mars. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

around r¥(p) = 1.2r, turn out to produce the most efficient transfer
while keeping the total time of the manoeuvre within reasonable limits.

Fig. 12 shows a lowering manoeuvre reaching an orbit of periapsis
height of 300 km above Mars surface and an apoapsis height of 1000
km. The thrusting arcs are also indicated (in red), corresponding in each
turn to the points around the osculating periapsis distance r, within
a 1.2 factor, as discussed above. This manoeuvre takes 800 days, and
after the interplanetary transfer it is the most expensive manoeuvre in
terms of mass consumption.

4.5. Combined analysis of the manoeuvres

In this section we present the combined analysis of the orbital
manoeuvres, which have driven the design of the different subsystems
as described in Section 3

Fig. 13 illustrates the mass consumption profile of the mission,
spanning from the interplanetary phase up to the scientific phase where
the nominal orbit is reached. The most substantial propellant utilisa-
tion occurs during the initial interplanetary transfer (384 kilograms),
leading to a rendezvous with Mars with asymptotic relative velocity of
0.001 km/s. Such a nearly parabolic arrival in the SOI of the target
planet allows for significantly reducing the propellant requirements for
the subsequent capture manoeuvre, making it feasible with the chosen
EP engine.

Once Mars’ SOI is reached, the capture manoeuvre takes place. As
depicted in Fig. 13, only a half of its duration involves mass con-
sumption. The capture manoeuvre extends over 4.5 days and requires
approximately 25 kilograms of propellant. Subsequently, the plane
change manoeuvre is performed with a 10 days duration and a 12
kilograms of fuel consumption.

Finally, the circularisation phase takes place, representing the sec-
ond most significant propellant consumption throughout the mission
with 160 kilograms in 800 days. As the selection of the thrusting arc is
also optimised, this mission phase has a considerable larger time length
as compared with that of an impulsive 4v manoeuvre using chemical
propulsion. The mass consumption is also increased at the late stage
of this phase due to the fact that the orbit is becoming more circular,
so that the ignition condition r < 1.2r, is fulfilled for longer and
longer arcs. This can also be understood by comparing the thrusting
times of the circularisation phase, which can be extracted from the
peaks of power consumption of Fig. 14, with the corresponding mass
consumption.

Table 9 presents the duration and the mass consumption for each
mission phase.

Fig. 14 shows the power generated by the solar array and the
power consumed by the spacecraft through the mission, including the
interplanetary transfer and the subsequent manoeuvres in the SOI of
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Fig. 13. Mass consumption until the beginning of the scientific phase expressing time
in days of mission (DoM).

Table 9

Mass consumption and time duration of each trajectory phase. M; and M, correspond
to the initial and final mass respectively, 4m to the mass consumption and ToF is the
time of flight of each phase.

Mission phase M; [kg] M, [kgl Am ToF [days]
Interplanetary transfer 2000 1616 384 363
Insertion 1616 1591 25 4.5

Plane change 1591 1579 12 10
Circularisation 1579 1419 160 800

Mars, up to completing the first year of the nominal phase. The distance
to the sun, the eclipses with other solar system bodies and the decay
of the power generation produced by the aging of the solar cells, have
been taken into account for the power generation calculations.

The strong seasonal variation of the temporal behaviour in Fig. 14
is due to the polar inclination of the final orbit, which reduces the
eclipse length and frequency in a substantial way. This fact allow us to
reduce the battery and the solar array sizes in the lowering manoeuvre,
in which the power consumption is large along the frequent thrusting
arcs. During the nominal part of the mission, the power generated is
considerably higher than the required one. This extra power can be
profited by the payload, or allow for extending the mission duration.

Fig. 15 shows the capabilities of the battery to provide the required
energy even during the thrusting arcs. The state of charge (SOC) of the
battery is considerably reduced during the eclipses (~13 min) when
the EP is active. When EP is not active, the discharging rate is much
slower (as visible in the second eclipse of the figure). The charging
speed of the battery is also impacted by the thrusting arcs as it depends
on the available power. We analysed the SOC of the battery through
all the stages of the mission, and checked that they always provide the
required energy, including during the eclipse seasons. Fig. 15 illustrates
an example for a limited time span, and provides an insight on the
discharge cycles of the battery.

5. Discussion

In this section we discuss the comparison between the proposed
EP mission and an analog one using chemical propellant. The key
variables to compare are the time and the mass consumption required
to reach the final low orbit around Mars. To perform this analysis,
we propagated backwards the Av required by a chemical mission to
arrive in the final orbit by means of impulsive manoeuvres. With
this approach, we obtained the initial mass at each mission phase. In
particular, the launch mass is the minimum required mass to attain the
same target polar orbit around Mars with the same final mass as in the
EP concept discussed in Section 4. Here, the different manoeuvres will
be described in chronological order.

139

Acta Astronautica 216 (2024) 129-142

Table 10

Main figures of an analog chemical mission considering a specific impulse of 300 s.
M; and M, correspond to the initial and final mass respectively, 4m to the mass
consumption, ¢ to the ratio between the mass consumption in our EP proposal vs that
using CP and ToF is the time of flight of each phase.

Mission phase Av [km/s] M, [kg] M, [kg]l 4m ) ToF [days]
Interplanetary transfer 2.37 4870 2175 2695 0.14 230
Insertion 0.015 2175 2164 11 227 3

Plane change 0.03 2164 2142 22 0.54 30
Circularisation 1.25 2142 1400 742  0.22 30

With these assumptions, we considered the same interplanetary
scenario as in Section 4.1 and presented in Table 7, namely, a trajectory
departing between 2030 and 2040 and a duration of 200 to 365 days.

The required 4v at Mars arrival, depending on the chosen trajectory,
are presented in Fig. 16. In the most optimal case, corresponding to a
launch epoch of 2037-09-25 and of 230 days duration, the required
Av to reduce the arrival velocity with respect to Mars up to 0.001
km/s, is of 2.37 km/s. Traditionally, fly-bys are used to reduce this
value, however that would lead to longer time scales. Like for the
EP mission considered in Section 4, we assumed that the first quasi-
Hohmann Ao at the departure is provided by the launcher. In this case,
C; = 34.62 km? /s2, which is still achievable with current launchers for
the required launch mass (~ 5000 kg as discussed below).

Table 10 shows the Av's and masses needed to accomplish this
mission concept with a chemical thruster having a typical specific
impulse of 300 s [1]. In particular, the required propellant mass for
the optimal Lambert transfer is 2695 kg, which is 7.1 times larger than
that for the EP mission considered in Section 4.

As CP uses impulsive burns, the insertion in Mars’ SOI can most
conveniently be obtained by applying a 4v in the opposite direction
to the velocity around the periapsis, which can also be chosen to be
close to the planet in order to profit from the Oberth effect [55]. The
optimal choice is a periapsis height of 300 km, the value of the final
target orbit. In this case, the insertion requires only 11 kg of propellant.
This is the only phase of the mission for which the mass consumption
using EP, which is 25 kg, is larger than that using CP. This is due to the
fact that with EP the manoeuvre has to be performed along a thrusting
arc whose points are at greater distances from the periapsis.

The optimal plane change manoeuvre for CP is obtained with a 4v
in the direction orthogonal to the orbital plane (+W) when the true
anomaly reaches the value 6,, corresponding to the maximum value of
i, as in Section 4.3. The resulting mass consumption is 22 kg, which is
larger than that of the EP mission by a factor of 2.

Finally, a single Av in the antiparallel direction to the velocity
around the periapsis can be used to accomplish the circularisation
phase with CP, and reach the target polar orbit between 300 and 1000
km of height. The mass consumption for this manoeuvre is 742 kg,
which is larger by a factor of 5 than that for the EP mission.

Overall, a chemical mission would need a launch mass of 4870 kg
to reach the target orbit, while our EP concept would require only
2000 kg. The main price to pay is a significantly longer duration of
the circularisation manoeuvre (800 days with EP vs 30 days with CP).
Therefore EP implies a 41% mass reduction, as compared with a similar
CP Martian mission, still maintaining a reasonable time scale (3.2 years
from launch, as compared with almost one year using CP) for reaching
the circularised polar orbit around Mars. This result is in line with
that of [20], according to which the required mass for a CP mission
to Deimos and Phobos would require two times the mass of a similar
SEP proposal.

6. Conclusions

We have shown that a mission to Mars using a solar electric propul-
sion (SEP) system is feasible with current technology. A comprehensive
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Fig. 16. Porkchop plot for an analog chemical mission in the scenario of our EP study.

analysis of the available state of the art on electric thrusters, also
taking into account realistic mission requirements, allowed us to select
the BHT-6000 engine. With this thruster, we designed a spacecraft of
2000 kg wet mass at launch, with reasonable mission constraints and
operation concepts.

We presented a complete orbit analysis, including in-house optimi-
sation methods for obtaining the interplanetary transfer to Mars within
one year and with minimal fuel consumption. We also optimised the
orbit insertion, the plane change manoeuvre attaining a polar Martian
orbit, and the final circularisation around 300 and 1000 km of altitude.
All these manoeuvres can be performed with the designed SEP system
solely, as our power and mass analyses demonstrate, provided that the
vehicle leaves the Earth orbit with a suitable specific energy that is
attainable using current launchers. The required power is generated by
a 30 m? solar array, supplemented by suitable batteries that ensure a
continuous supply even during eclipse periods. This mission concept
allows us to place a spacecraft with a dry mass of almost 1300 kg into
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a polar Martian orbit with 150 to 200 kg allocated for the scientific
instruments.

The culmination of these orbital manoeuvres occurs over a two-year
span, while the observation time of the mission could last for more than
5 years since it only requires minimal station-keeping adjustments.

We also presented a comparison of the propellant mass cost be-
tween our SEP concept and an analog chemically propelled mission.
To achieve the same final mass at the target Martian polar orbit, a
CP mission would need a launch mass of 4870 kg, which is larger
by a factor of ~ 2.4 than the 2000 kg required for our SEP concept.
This result highlights the key role that SEP can represent in future
interplanetary missions.

Finally, we hope that the optimisation methods presented in this
work may also be used as a baseline for the design of any future SEP
mission to Mars.
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