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Abstract: The electric solar wind sail, or E-sail, is a propellantless interplanetary propulsion system
concept. By deflecting solar wind particles off their original course, it can generate a propulsive
effect with nothing more than an electric charge. The high-voltage charge is applied to one or
multiple centrifugally deployed hair-thin tethers, around which an electrostatic sheath is created.
Electron emitters are required to compensate for the electron current gathered by the tether. The
electric sail can also be utilised in low Earth orbit, or LEO, when passing through the ionosphere,
where it serves as a plasma brake for deorbiting—several missions have been dedicated to LEO
demonstration. In this article, we propose the ESTCube-LuNa mission concept and the preliminary
cubesat design to be launched into the Moon’s orbit, where the solar wind is uninterrupted, except
for the lunar wake and when the Moon is in the Earth’s magnetosphere. This article introduces E-sail
demonstration experiments and the preliminary payload design, along with E-sail thrust validation
and environment characterisation methods, a cis-lunar cubesat platform solution and an early concept
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of operations. The proposed lunar nanospacecraft concept is designed without a deep space network,
typically used for lunar and deep space operations. Instead, radio telescopes are being repurposed
for communications and radio frequency ranging, and celestial optical navigation is developed for
on-board orbit determination.

Keywords: electric solar wind sail; lunar orbit; cubesat; in-orbit demonstration; interplanetary
nanospacecraft

1. Introduction
1.1. Electric Solar Wind Sail and Plasma Brake in the Context of Propellantless Propulsion

The electric solar wind sail, or E-sail, was envisioned by Pekka Janhunen during
the period 2004-2006 [1,2]. It has been thoroughly studied and developed since then
and analysed in dozens of scientific articles in an E-sail publication repository curated by
Janhunen: https://www.electric-sailing.fi/publications.html (accessed on 10 March 2024),
including comprehensive reviews of the E-sail concept and its applications [3,4]. The
technology consists of one or multiple thin wires, so-called tethers, which are deployed
centrifugally. The tether deployment requires angular momentum and spin-up that can be
provided by either a remote unit with a miniature propulsion system, or by attaching an
endmass at the tip of a tether while hosting the propulsion unit on the main spacecraft body.
The E-sail tether can be as thin as possible as long as it can carry the charge, but it should
also have a redundant multi-wire structure for micrometeoroid resilience [5]. Deployed
tethers are charged to a high positive voltage in the order of tens of kV, and electrons that
are gathered by the field are removed by electron emitters located on the spacecraft. An
electrostatic sheath is created around the positively charged tether, which works as an E-sail,
deflecting solar wind particles and generating interplanetary spacecraft propulsion as a result.

The most effective direction to apply orbital thrust is along the orbital tangent. Chemi-
cal propulsion uses short impulses, or kicks, which change the orbital parameters nearly
immediately. Electric propulsion applies low continuous thrust, which creates an orbital
spiral as a result. The E-sail works in a similar way; by inclining the sail with respect to the
orbital tangent and the incoming solar wind direction and by modulating the tether charge
such that the thrust—vector projection onto the orbital tangent is maximal, the technology can
create a small but continuous thrust, which allows for spiralling, travelling away from the
Sun and even leaving the Solar System [6].

The E-sail thrust efficiency reduces following 1/d, with d being the solar distance [7].
The reflective solar light sail and electric propulsion efficiency drops following the inverse
square law of 1/d? due to the reduction in solar photon flux. While the solar wind dynamic
pressure also follows the inverse square law, the E-sail efficiency is partly compensated by
the electrostatic sheath’s expansion in the lower plasma density further away from the Sun.

The E-sail’s spin is maintained in order to keep the tethers stretched and to modulate
the charge depending on the spin sector. The E-sail’s angle with respect to the solar
direction can be controlled by modulating the voltage of each tether separately to produce
the net torque for attitude control and thrust vectoring [8,9]. The attitude control modes of
continuous and on—off modulation have been analysed in terms of the power efficiency [10].
The research of E-sail control is actively evolving with recent results in single-tether E-sail
modelling and guidance in heliocentric orbit [11].

Just as the reflective solar light sail can be used as an atmospheric drag sail for low
Earth orbit (LEO) deorbiting, the E-sail can be used as an ionospheric plasma brake for LEO
deorbiting [12,13]. The plasma brake always works against the orbital trajectory vector, and,
therefore, creates a spiral with decreasing altitude. The plasma brake is charged negatively
in the order of kV and does not require electron emitters. A common term for E-sail and
plasma brake applications is Coulomb drag propulsion (CDP) [14].


https://www.electric-sailing.fi/publications.html

Aerospace 2024, 11, 230

30f29

The ESTCube-LuNa consortium, as described in Section 1.4, represents the majority
of E-sail developers in Europe. Section 1.2 presents our heritage and recent advances
in the quest to demonstrate the E-sail in orbit. There are several related and notable
propellantless propulsion developments globally and which are important in the context
of the Special Issue “Advances in CubeSat Sails and Tethers”, where the current article
belongs. In the United States, the most prominent E-sail development has been the two-
phase NASA Innovative Advanced Concepts (NIAC) “Heliopause Electrostatic Rapid
Transit System”, or HERTS project, which prepared a particle-in-cell (PIC) simulation and
analysed the potential E-sail missions, scenarios and spacecraft designs [15,16]. In Australia,
the ionospheric plasma drag on objects in LEO has been analysed with PIC simulations
and experiments [17]. A Finnish startup company named Aurora Propulsion Technologies
is implementing a European Innovation Council (EIC) grant for developing the plasma
brake [18], as well as a European Space Agency (ESA) project, DragLiner, to develop a
Coulomb drag-based telecommunication satellite deorbiting device, in collaboration with
the Finnish Meteorological Institute [19].

In terms of propellantless propulsion in general, technologies have already advanced
in successful in-orbit demonstration and utilisation. The JAXA’s IKAROS spacecraft made
the world’s first solar sail demonstration of photon propulsion while en route to Venus
in 2010 [20]. The NanoSAIL-D2 was deployed in 2011, but orbit was too low to observe
the drag effect of the small sail which the satellite carried [21]. While similar results
were achieved by the LightSail 1 mission [22], the LightSail 2 mission has demonstrated
solar sail control and deorbiting. The electrodynamic tether is developed by the E.T.PACK
consortium who are preparing an in-orbit demonstration mission supported by the EIC [23].

1.2. E-Sail and Plasma Brake Demonstration Missions

The primary scientific and technological advancement of the ESTCube-LuNa concept,
as presented by this article, is to characterise the Coulomb drag effect in solar wind
environment, which would also serve as a novel demonstration of the fundamental E-sail
principles in its operational environment. Several missions have attempted to demonstrate
the plasma brake and E-sail components in LEO environment. ESTCube-1 [24,25] and Aalto-
1 [26,27] were launched in 2013 and 2017, respectively, with the first generation of CDP
experiments. However, neither the ESTCube-1 nor Aalto-1 CDP tether deployed due to
engineering difficulties in accommodating a vacuum-qualified piezoelectric motor, which
is sensitive to launch vibrations [28,29]. Foresail-1 [30] and ESTCube-2 were launched in
2022 and 2023, respectively, with the second generation of CDP experiments—this time,
the two-phase bipolar stepper motor, phySPACE 19 (from Phytron), is space-qualified [14].
However, the Foresail-1 communication link was lost, and ESTCube-2 did not deploy from
the launch vehicle. While an updated Foresail-1p is already in development, the official
investigation of ESTCube-2 deployment from the rocket remains unresolved at the time of
article submission. Following the Foresail-1 objectives, the Foresail-1p mission focuses on
plasma brake demonstration. The ESTCube-2 mission included both the negative-mode
plasma brake and the positive-mode E-sail with electron emitters, which are still of high
importance to be demonstrated in LEO environment before the solar wind.

The Foresail-2 mission to reach highly elliptical orbit, such as geostationary transfer
orbit (GTO), has been proposed to include a tether payload [31]. However, the Foresail-2
team reported in the Winter Satellite Workshop 2024 that the planned CDP experiment is
being descoped [32]. The primary reason for taking the CDP experiment off the Foresail-
2 mission is the difficulty of accommodating spinning tether requirements with other
instruments and the GTO’s geometry for communications, state estimation and satellite
control. The Foresail-2 descope provides us with an additional motivation to develop the
ESTCube (Electric Sail Test Cube) roadmap from LEO to Moon’s orbit with LuNa (lunar
nanospacecraft), as discussed in Section 1.3.

As compared with the previous E-sail demonstration mission concepts in Earth’s
orbit, the case of an interaction between the lunar orbit and direct solar wind necessitates,
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as presented by this article, new mission analyses in terms of fundamental E-sail forces,
experiment geometry and E-sail characterisation methods. Lunar orbit provides pristine
solar wind conditions for about two thirds of the time: this is a major benefit over the GTO
option proposed for the Foresail-2 mission. We propose a spin-stabilised mission geometry
where the E-sail spin plane remains inertially fixed due to the large angular momentum a
deployed tether provides. With a fixed spin plane, we will have favourable experiment
conditions four times a year: when the spin plane is perpendicular or parallel to the solar
wind direction. Our proposed E-sail experiments take advantage of both orientations by
estimating the orbital displacement due to the thrust and the spin rate changes due to
the torque.

The current paper also presents a case for an E-sail-propelled lunar escape manoeuvre.
We are fully aware of the fact that the inertially fixed spin axis cannot be used for optimal
trajectory control. As a “stretch goal”, the escape trajectory from lunar orbit provides
us with a clear ambition for future development. By placing E-sail spin plane control
thrusters on a remote unit at the tether’s tip, we would provide an optimal solution for spin
plane control and, in turn, enable the trajectory manoeuvre. Most other ESTCube-LuNa
technologies could be reused in a future mission concept with a remote unit.

1.3. Interplanetary and Lunar Nanospacecraft

The ESTCube-LuNa concept poses several novel challenges in the field of space tech-
nology: we envision cubesat-style solutions in communications, navigation and control for
operating a lunar nanospacecraft. The proposed solutions require significant development
effort; however, we suggest that alternative solutions to deep space networks (DSNs) are
necessary, as the current space agency DSNs are a limited resource. By going DSN-free,
a much larger community of interplanetary nanospacecraft developers would open up.

Cubesats, in fact, nanosatellites in general, are typically developed for LEO conditions,
where standard solutions for communications, navigation and attitude control exist. In an
effort to bring cubesats into deep space, several outstanding missions have demonstrated
the applicability and challenges of the interplanetary nanospacecraft, whose mass is in the
order of 10 kg. MarCO cubesats supported the InSight Mars mission by relaying data in
real time [33]. The LICIACube cubesat imaged the Didymos system after the DART impact
of the moon Dimorphos [34]. The Hera mission will follow up Dimorphos with two deep
space cubesats—Milani (ex. APEX) and Juventas [35-37]. Hayabusa-2 deployed miniature
rovers—Rover-1A and Rover-1B—on Ryugu and took images of the asteroid [38].

While orbiting the Moon, a lunar nanospacecraft offers a stepping stone between the
LEO and interplanetary environments. As a matter of fact, NASA’s Artemis 1 Moon
mission launched ten technology demonstration cubesats, some of which operated or were
planned to operate independently from the main mission. However, with the increased risk
associated with technology demonstration, many of the Artemis 1 cubesats did not fulfil
their mission objectives, emphasising the difficulty of operating cubesats in deep space.
One of the most notable of the Artemis 1 cubesats is the CAPSTONE mission, which serves
as a pathfinder for cis-lunar operations and navigation for the Lunar Gateway. CAPSTONE
was able to establish two-way communications with the ground [39]. Meanwhile, the ESA-
supported cubesat LUMIO has been proposed to employ an inter-satellite link with a
mothership in lunar orbit [40]. Either directly or via the mothership, NASA and the ESA’s
lunar nanospacecrafts use DSNs, operated by agencies themselves, for communications
and navigation with radio frequency (RF) ranging.

The ESTCube-LuNa concept is designed without DSNs, which is a limited resource
and will not be able to serve all future deep space—especially nanospacecraft—missions.
We propose repurposing radio telescopes for high-speed communications and ranging
with multiple patch antennas on the nanospacecraft. For telemetry and command, we
propose an omnidirectional approach in the space segment while using Yagi—-Uda anten-
nas on the ground. ESTCube-LuNa uses visual celestial navigation for determining the
nanospacecraft’s position in the cis-lunar lunar system. A dedicated real-time 3D (RT3D)
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environment is developed for simulating the navigation world and algorithms. As op-
posed to RF ranging, the visual navigation solution is designed to be solved on board
by employing field-programmable gate arrays (FPGAs) for image processing—detection
and triangulation of the Moon, the Earth and the Sun. The visual navigation solution also
provides the attitude knowledge. The attitude estimate can be improved with Sun sensors,
a star tracker and an inertial measurement unit (IMU). For attitude control, we propose
using miniature cubesat thrusters similar to those which have already been demonstrated
in LEO [41].

1.4. ESTCube-Luna Consortium and Paper Structure

The E-sail experiments are designed by UT Tartu Observatory in collaboration with
the Finnish Meteorological Institute (FMI). The high-voltage source and electron emitters
as well as the miniature attitude thrusters are designed by Technische Universitdt Dresden
(TUD). RT-16 and RT-32 radio telescopes for E-sail experiment ranging as well as for high-
speed communications are operated by Ventspils University of Applied Sciences. The
E-sail environment characterisation with Langmuir probes is proposed by the KTH Royal
Institute of Technology. The ESTCube-LuNa stretch goal of lunar escape manoeuvre is
proposed by the University of Pisa. The experience of developing ESTCube and Foresail
satellite series have been used to define the ESTCube lunar nanospacecraft. The ESTCube
platform is being developed by UT Tartu Observatory in collaboration with the Estonian
Student Satellite Foundation. The Foresail platform is being developed by Aalto University.
The tether camera and cameras for Triangulated Celestial Navigation (TCN) are designed
by Crystalspace in collaboration with UT Tartu Observatory. The TCN on-board computer
is designed by Bitlake Technologies.

The ESTCube-LuNa experiments are described in Section 2. The payload and experi-
ment operations are described in Section 3. The overall results of lunar escape manoeuvre
are presented in Section 4. The E-sail experiment simulations and trajectory options for
ESTCube-LuNa are analysed in detail by Palos et al. [42], which serves as a modelling study,
whose toolkit is being continuously updated. The ESTCube lunar nanospacecraft platform
is described in Section 5. The conclusions and future work are presented in Section 6.

2. E-Sail Experiment Design for Solar Wind in Lunar Orbit

We propose the ESTCube-LuNa mission to demonstrate and characterise the electric
sail in an authentic solar wind environment using a lunar nanospacecraft (i.e., limiting
the spacecraft mass in the range of 10-20 kg). As presented in Section 5, our current
estimate for the ESTCube-LuNa mass is 15 kg within a cubesat form factor of 2 x 4 Units
(U), which is convenient for E-sail tether deployment. Figure 1 shows the ESTCube-LuNa
E-sail demonstration concept in the solar wind environment around the Moon. The graphic
depicts a deployed tether and the spin plane it forms as the spacecraft—tether system rotates.
The 2 x 4 U side of the spacecraft is aligned with the spin plane and provides the necessary
maximum moment of inertia, which increases as more tether is deployed.

The cubesat-style design approach to limit the spacecraft mass is directly linked with
the E-sail performance which, in turn, is estimated based on our previous experience—the
experiments proposed in this section are reusing technologies developed for Aalto, ESTCube
and Foresail missions, as discussed in the Introduction. The baseline ESTCube-LuNa E-sail
experiment design includes a passive endmass at the tether’s tip, which helps to generate
the centrifugal force, pull out the tether and keep it stretched. An alternative remote unit
solution would help in placing attitude thrusters at the end of the tether where they would
be optimal for spin and spin plane control [43]. However, the endmass is preferred in
the ESTCube-LulNa concept as an existing solution, while the remote unit remains on our
future development roadmap to achieve trajectory control, as proposed in Section 4, where
more details on the endmass—remote unit choice are provided. With the endmass solution,
the spin plane control is limited; therefore, we are assuming an inertially fixed spin plane in
the ESTCube-LuNa experiments.
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ELECTRIC SAIL TEST CUBE

DEMONSTRATION IN LUNAR ORBIT’S SOLAR WIND ENVIRONMENT

Figure 1. Electric Sail Test Cube-Lunar Nanospacecraft (ESTCube-LuNa) experiment design in the
Moon’s orbit (adapted from [42]). The solar wind, arriving from the right, is a space plasma flow of
protons and electrons. The solar wind protons are deflected by the positively charged electrostatic
sheath around the E-sail, creating thrust (spacecraft propulsion) as a result. The electron emitter
compensates for the electron current gathered by the tethers by continuously pumping out negative
charge from the spacecraft. Artwork credit: Mario F. Palos, Anna Maskava and Rute Marta Jansone.

A two-tether solution has been considered earlier in our E-sail mission designs; how-
ever, our simulations show that the stability and the control authority of the system, whose
mass distribution is elongated along a single axis, does not converge (the two tethers end
up drifting to the same side). Meanwhile, with a system of four or more tethers, we would
be able to balance the mass distribution with respect to the centre of mass (CoM) and keep
the moment of inertia low (see Section 3.2 for more details). The work of multiple-tether
systems is on our development roadmap, as is the remote unit; however, the level of
complexity is radically increased as compared with the development steps proposed by the
ESTCube-LuNa concept.

2.1. ESTCube-Luna E-sail Experiment Requirements

As discussed in Section 3.1 below, we consider a 2 km tether charged at 20kV as an
optimal solution between the nanospacecraft size of eight cubesat units and the E-sail
experiment performance at a 1 au distance. With a Coulomb drag force of 500nN m~! and
a charge of 20kV [44], a 2 km tether would yield a propulsive E-sail force of 1 mN. For a
15 kg cubesat, this force provides an estimated acceleration of 0.06 mm s~2. The given thrust
and acceleration estimates assume an idealistic case of the E-sail spin plane perpendicularly
facing the solar wind stream (spin axis towards the Sun as in Figure 1). As discussed above,
we have designed the ESTCube-LuNa concept assuming an inertially fixed spin plane; the
setup is not optimal for trajectory control but can be conveniently used for demonstrating
the E-sail fundamentals.

We propose three E-sail characterisation experiments in two different scenarios: solar
wind flowing perpendicular or parallel to the spin plane. Because the spin plane will remain
stable with respect to the background stars, these two situations will each happen twice per
year. ESTCube-LuNa is designed to determine the attitude in three axes, as described in
Section 5.5, including the solar direction measured with Sun sensors. For our experiments,
we assume the solar wind direction to be anti-sunward and therefore provided by attitude
sensors (i.e., ignoring local variations in the solar wind velocity vector).

In the perpendicular case, represented in Section 1, the charging of the tether during
the full spin cycle would result in small changes in the orbital period, which over time,
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would turn into a significant drift in the true anomaly, as well as in the orbital position (as
compared with the original orbit without the E-sail thrust). In this scenario, the E-sail thrust
would induce a coning angle on the tether, and the coning angle versus the centrifugal
force could be tested.

In the parallel case, represented in Figure 2, charging the tether while it is travelling
downstream would result in a spin rate increase, as the force direction contributes to
the angular momentum of the E-sail. The opposite effect happens if the E-sail is charged
upstream, where the resulting force would go against the movement of the sail. The graphic
depicts the spin plane parallel to the article’s page as well as parallel to the solar wind.
Details of each E-sail characterisation method for the ESTCube-LuNa mission are given in
the following subsections.

E-SAIL FORCE
CREATES TORQUE

E-SAIL TETHER

ARM LENGTH

< < SOLARWIND

w
=
<
3
T
=
o
)

‘9&0 ESTCube-LuNa
S
~ )/‘/6060 ’Og e,
NS e R 1
ST A ‘P‘IrE Ce

Figure 2. ESTCube-LuNa spin rate modification experiment. The solar wind, arriving from the
right, meets the nanospacecraft, which is rotating anti-clockwise, and exerts the E-sail force, which is
turned into a torque. The torque is changing the ESTCube-LuNa’s angular velocity. The spin rate
modification experiment can be performed twice a year when the inertially fixed spin plane is aligned
with the solar wind flow. Artwork credit: Mario F. Palos, Anna Maskava and Rute Marta Jansone.

2.2. Spin Rate Modification with E-Sail Torque

The goal of the spin rate modification experiment is to measure the propulsive E-sail
effect acting on the tether when it is moving either downstream or upstream of the solar
wind. The optimum scenario for the experiment is represented in Figure 2, with the spin
plane perpendicular to the solar wind direction. This scenario happens twice per year,
with the angle changing by 1° per day.

The change in spin rate is
_ Frcos(B)t
- M I

where F is the nominal E-sail force as given above; r is the arm length position on the tether
where the average E-sail force acts (in the middle of the tether), as measured from the
centre of mass (CoM); f§ is the angle between the tether and the solar direction that defines
the circular sector where the tether is charged (see Figure 2); ¢ is the time duration of the
experiment; and M is the moment of inertia of the spacecraft—tether system. Equation (1)
was originally derived by Létt et al. [24] for the LEO ionosphere, and here, we have adapted
it for the solar wind case.

As discussed in Section 3.2, the ESTCube-LuNa CoM is 3.35 m outside the spacecraft
when the full 2 km tether is deployed. In a general case, the charged tether on the spacecraft
side of the CoM would contribute negatively to spin rate modification. For ESTCube-LuNa,

Aw 1)
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the CoM shift is insignificant in terms of the spin rate because it is inside the Debye length
and inside the sheath. However, this would change if a remote unit (750 g [43]) was used
instead of a passive endmass, introducing a significant shift in CoM when compared with
the ESTCube-LuNa endmass of 2.5 g.

Considering an estimated E-sail force of 1 mN, an arm length of 1000 m, a  angle
of 20° and a moment of inertia of 70,380 kg m?, Equation (1) yields a change in angular
velocity of 2.44 x 10~* deg /s. This equates to approximately 1deg /s if the experiment is
run for 4200 s, something that can easily be detected by the on-board attitude systems of
cubesats or the proposed visual navigation system in Section 5.5.2.

2.3. Orbit Modification with E-Sail Thrust

As shown in Figure 1, the spin plane is perpendicular to the solar direction in the
orbit modification experiment, which maximises the E-sail thrust. We propose performing
the experiment in three-day windows around these ideal scenarios, which occur twice
per year. The estimated E-sail thrust in the ideal point is 1 mN and it scales down as the
perpendicular geometry between the spin plane and the solar wind direction changes (not
yet considered in our analyses).

We estimate the resulting orbital displacement with a General Mission Analysis Tool
(GMAT) simulation of an idealistic electric thruster, which has an incredibly high specific
impulse of 100,000 s, and it does not decrement the spacecraft mass. The power consump-
tion is not considered in GMAT (only the thrust), since it is modelled differently in an
operational E-sail. We assume that such an electric thruster in GMAT emulates the thrust
created by the E-sail. The use of GMAT provides us with high-fidelity orbital and celestial
models, including a high-order lunar gravity field and eclipses.

The GMAT thruster points in the solar direction and provides the thrust away from
the Sun, as the E-sail does (see Figure 3 on the left). For preliminary analysis, we select
an arbitrary lunar orbit of 763 km in altitude and a 15° inclination. For maximal orbital
displacement, we execute a finite burn of 1 mN thrust when the ESTCube-LuNa spacecraft
is moving towards the Sun, which, in turn, reduces the orbital altitude. The thrust is not
provided while the spacecraft is in an eclipse. We simulate two spacecrafts—"E-sail” and
“NoSailClone”—to compare how the thrust changes the initial orbit, which is the same for
both spacecraft. By executing the thrust experiment for three days, the orbital period is
changed by some 100 s between the “E-sail” and “NoSailClone” spacecrafts, as shown in
Figure 3 on the right. The reduction in orbital altitude (the difference between semi-major
axes) is in the rage of 14 km between the “E-sail” and “NoSailClone” spacecrafts at the
end of the experiment. The change in the E-sail spacecraft’s orbital period introduces a
significant drift in the true anomaly and the orbital position when compared with the
simulated spacecraft without the thrust.

To characterise the orbital displacement, we propose a ranging experiment for precise
orbit determination (see Section 5.4 for more details), which can be complemented with
the Triangulated Celestial Navigation (TCN) optical solution, as described in Section 5.5.2,
when ESTCube-LuNa will not be able to establish a link with the ranging ground station.
In this case, precise orbit determination needs to be performed before and after the E-sail
thrust experiment. A high-accuracy orbit propagator model and an orbit determination
measurement uncertainty model are necessary for extrapolating the pre-experiment orbit
and comparing it with the post-experiment orbit as a result of the E-sail thrust, both
measured by radio frequency (RF) ranging.

2.4. E-Sail Tether Deflection

Upon its deployment, the E-sail tether lags behind the normal of the spacecraft side
panel, and after deployment, it will oscillate around the side-panel normal. As discussed in
Section 3.2, the maximum lagging angle is a design parameter for tether deployment. The
oscillations with respect to the nominal tether deployment direction (side-panel normal)
must be limited to £45° to provide a safe limit in order to avoid the tether wrapping
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around the spacecraft. Upon charging the tether and in addition to the post-deployment
oscillations, the tether will enter a coning motion of 2° under the 1 mN thrust, assuming
reasonable 3 cN tether tension. The amplitude of coning motion is an estimation based
on the previous simulation experience and on the given design parameters. By coning
motion, we mean that the tether describes a slightly conical path as the solar wind force
keeps it deflected from the spin plane into the anti-sunward direction. In the actual mission,
the tether’s motion will be much more complex and a subject of characterisation. We
propose a £45° field-of-view (FoV) camera for monitoring the endmass and characterising
the tether motion due to the deployment oscillations and the thrust coning. As the design
baseline, we use the Crystalspace “Suupistri” monitoring camera [45].

11220

11200

11180

11160

Orbit period (s)

11140

—— ESTCubeLuNaEsail

—— ESTCubeluNa.NosailClone
Thrusters firing

11120

0.0 05 10 15 2.0 2.5 30
Elapsed Days

Figure 3. ESTCube-LuNa thrust experiment results from GMAT. LEFT: Orbital view in which the red
line indicates the orbital sector of ESTCube-LuNa moving towards the Sun—the thrust period for
reducing altitude. The yellow line is from the centre of the Moon to the Sun. RIGHT: Comparison of
the orbital period between a “NoSailClone” spacecraft without thrust and ESTCube-LuNa, which
emulates the E-sail thrust magnitude and direction with GMAT’s electric thrusters. For the first
0.16 days, both spacecrafts are in the same orbit, and then ESTCube-LuNa starts thrusting. As a result
of the applied thrust, the orbital period is reduced along with the altitude. The thrust is not applied
while in the eclipse.

In order to monitor the tether deployment and motion with the camera, it is essential
that at least one of the sail components is bright enough to be captured. There are three
options to achieve this: making the endmass reflective, treating the surface of the tether
itself so that it becomes reflective, or adding a bright light-emitting diode (LED) at the
endmass. The second option would require finding a material and a coating process that
turns the tether reflective without altering its electrical properties. The LED “beacon”
method would require the development of a standalone power circuit inside the endmass
with its own solar panel, adding complexity to the setup. The option of making the endmass
reflective and using sunlight for detection is preferred because of its simplicity.

3. ESTCube-Luna E-Sail Payload and Experiment Operations

The E-sail employs the solar wind for propulsion by deflecting plasma particles off
their original course thanks to the Coulomb drag interaction. For the ESTCube-LuNa
concept, we are designing the simplest viable E-sail with a single tether and a simple
endmass pulling it out. Each E-sail tether consists of a multi-thread structure made of
thin wires (50 um or thinner), necessary for micrometeoroid tolerance. The tether is stored
on a reel, which is controlled by a motor. The tether is deployed using the centrifugal
force, which requires high-rate spin manoeuvring and closed-loop control between tether
deployment and angular momentum provision. The tether is charged with a 20kV or more
high-voltage supply, and by electron emitters continuously pumping out negative charge
from the spacecraft.

E-sail prototypes and demonstration missions have been developed since 2008 by the
ESTCube, Aalto and FORESAIL teams in Estonia and Finland. The ESTCube-1, Aalto-1,
ESTCube-2 and Foresail-1(p) missions have been developed for the LEO environment,
which differs from lunar orbit in two crucial aspects: the E-sail is tested in its ionospheric
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plasma brake mode for deorbiting in LEO and the magnetic field cannot be used for attitude
determination and control in lunar orbit. The Foresail-2 team has addressed some of these
challenges by designing the plasma brake operations and experiments for highly elliptical
orbit around the Earth. In addition, Foresail-2 houses a high-grade magnetometer from the
Space Research Institute (IWF) of the Austrian Academy of Sciences, which requires a strict
magnetic cleanliness approach. Therefore, a typical combination of reaction wheels and
a thruster-based attitude control system cannot be used, as the reaction wheels spin at a
frequency too close to the ultra-low frequency (ULF) waves that the mission is designed to
observe. On Foresail-2, a purely thruster-based solution is designed to orient the spacecraft
towards the Sun and spin it up. The Foresail-2 cubesat is designed to spin around the Y-axis.
Thrusters facing in X— and X+ directions can provide the required control authority for the
spin manoeuvres. For further attitude control, at least two thrusters facing in Y— and Y+
directions, respectively, are needed. To provide redundancy, two thrusters will be used in
each direction by the Foresail-2 satellite. For the ESTCube lunar nanospacecraft concept,
we propose preliminary E-sail payload and experiment operations, which are based on the
previous designs of ESTCube-2 (see Figure 4), Foresail-1(p) and Foresail-2 [14,24,27-31,46].

8 X Tether deployment

Figure 4. The ESTCube-2 Coulomb drag propulsion payload design for low Earth orbit (top) and
the E-sail tether with a grey hair for comparison (bottom). The ESTCube-2 payload design includes
both the negative plasma brake mode for deorbiting and the positive E-sail mode for demonstrating
the electron emitters. To maximise the tether length, the ESTCube-LuNa concept allocates a whole
cubesat unit for the E-sail reel and motor with E-sail control electronics implemented separately.

3.1. E-Sail Hardware

The E-sail tether, after deployment from the spacecraft, forms an unusual space
structure: the designed length of the hair-thin tether is 2 km in the case of the ESTCube-
LuNa concept. While the whole tether mass is merely 45 g with a 2.5 g endmass, the moment
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of inertia of the spin plane can extend 7 x 10* kgm? (see Section 3.2 for more details of
why the moment of inertial is so large). In order to provide spin plane stability during
the initial metres of tether deployment (avoid the shift between major axis of inertia), we
have designed the ESTCube-LuNa structure such that the maximum moment of inertia
already lies in the spin plane before tether deployment starts. This is achieved by selecting
an elongated non-standard cubesat structure of 2 x 4 units, where the tether deployment
direction is aligned with the 4-unit side (see Figure 5).

<—> SPIN PLANE THRUSTERS

TETHER
DEPLOYMENT
DIRECTION

Figure 5. ESTCube-LuNa thruster and tether deployment directions. An 8-thruster system allows us
to control the spin rate and the spin plane. Spin rate control is necessary for E-sail tether deployment.
Spin plane control is available before tether deployment. When the tether is deployed, the spin plane
thrusters can be used to tilt the spacecraft body for communication sessions.

The ESTCube-2 Coulomb drag propulsion experiment, depicted in Figure 4, is de-
signed to perform plasma brake (negative polarity) and E-sail (positive polarity with
electron emitters) experiments in the LEO ionosphere. The ESTCube-2 payload design
includes all components necessary for the ESTCube-LuNa E-sail experiment; the tether is
stored on a reel, which is controlled by a motor (includes a clutch, encoder ring and dedi-
cated control board) and, when deployed, the tether will be charged with a high-voltage
source and electron emitters. In the ESTCube-LuNa concept, we are increasing two main
performance parameters of the E-sail payload—the tether length and the voltage—to the
level necessary for meaningful propulsion experiments in the solar wind environment (see
the experiment design in the previous section).

As discussed in Section 5, the preliminary ESTCube-LulNa design allocates a whole
cubesat unit for the the tether reel. The reel must be placed at the side that the tether is
deployed: 1 x 2-unit face of ESTCube-LuNa. If the reel were to be bigger, then the spacecraft
dimensions would increase in order to host the tether camera and attitude thrusters on
the same side as the E-sail reel. Based on the development experiences of ESTCube-2 and
Foresail-1(p), we estimate that the 1-unit cubesat reel is able to host a tether of 2km in
length. An automated tether factory is in development by the FMI in collaboration with
Aurora Propulsion Technologies and is critically necessary for large-scale tether production
extending into the kilometre range. The actual tether length storage capacity on the reel
will be determined with the automated tether factory. Meanwhile, we can assume the
following: if less tether fits on a 1-unit reel, then the tether charge voltage can be increased,
requiring less physical space for higher performance. The dynamical behaviour of the
E-sail tether in LEO, as was planned for the Foresail-1 cubesat mission, has been analysed
by Sakamoto et al. [47]. Safety criteria for flying the E-sail tether through a solar eclipse
should be analysed and designed for as it can undergo significant thermal contraction and
expansion [48].

The baseline voltage for charging the ESTCube-LuNa E-sail is 20kV. As an example
of performance vs. size, the Spellman UM8-40 high-voltage module series provides several
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options in the 8 kV to 40kV range [49]. The baseline voltage of 20kV can be provided by
a 204 g module with dimensions of 119mm x 38mm x 25mm. If we were to increase
the voltage to 40kV, then the mass of the high-voltage module would increase to 371 g
(dimensions: 177 mm x 41 mm x 29 mm). Upon starting ESTCube-LuNa development,
other options for high-voltage source will be considered. The high-voltage electronics will
implement both voltage and current control, either to fix the energy of the electron beam or
enable stable emission currents for long-term operation.

In terms of the E-sail power management, the high-voltage level depends on the sur-
rounding plasma and the available power to achieve the thrust performance independent
of the solar wind density. By employing Equation (2) with the 20kV tether charge and the
2 km tether length, the electron current gathered by the tether is 42 nA, which results in the
power consumption of 0.84 W. As discussed in Section 5, 2W is budgeted for the E-sail,
which accounts for the efficiency of the high-voltage source and for variations in the solar
wind density. If the solar wind is denser than normal and no more power is available than
budgeted, then the high-voltage source will smoothly reduce the voltage to be less than
the nominal 20kV. In the case of ESTCube-LuNa’s demonstration, providing a specific
E-sail thrust value will not be possible, but we can run the system with maximum available
power and maximum allowed voltage.

The electron emitter will be based on carbon nanotube (CNT) technology, which has
already been successfully tested in orbit on the 1-unit cubesat UWE-4 [41]. The ESTCube-
LuNa electron emitter will feature a different geometry and spacing to accommodate the
much higher operating voltage. Special care will be necessary to limit the energy of sparks
at these high voltages in order to not damage both the emitter and the electronic circuit.
The electron beam divergence half-angle is estimated to be 35°.

3.2. E-Sail Deployment

A 2km tether is selected as the baseline for the E-sail thrust experiment analysis. The
tether length is based on an estimated total unreeling time, which should not exceed one
year (design decision). The angular momentum required to extend the tether is provided
by highly miniaturised and fuel-efficient field emission electric propulsion (NanoFEEP)
thrusters developed at TUD (also responsible for high-voltage source and electron emitters).
These have already been demonstrated in orbit and provide 8 uN of thrust each. The
preliminary deployment system analysis uses two NanoFEEP thrusters for nanospacecraft
spin-up. A longer tether could be deployed by providing more thrust to produce the
required angular momentum (more and/or upgraded thrusters) or by extending the
allowable deployment time beyond one year.

Numerical simulations were used to estimate the spacecraft and tether behaviour
during deployment. The simulation considers the spacecraft-tether system in an ideal case
without external disturbances. The tether was simulated as a chain of high-stiffness springs
with a changing length and the changes in mass distribution due to the tether reel-out were
considered. The following is a list of assumptions used in the analysis. The nanospacecraft
has a uniformly distributed mass of 15 kg and a moment of inertia of 0.25 kg m?. The tether
has a mass per unit length of 2.27 x 107> kgm~!, which results in a total mass of 45.4 g for
the whole tether. An endmass of 2.5 g is attached to the end of the tether.

The expected E-sail force per unit length of tether is 500nN m~!, which gives 1 mN
for a 2km tether. The centrifugal force (F;¢) expected to keep the tether stable should be at
least five times the E-sail force, based on the previous simulation experience. Therefore,
the tension along the deployed tether should be at least 5mN. The centrifugal force of
a point mass is given by F; = mRw?. Considering the 3.35m centre-of-mass shift due
to tether extension, the required rotation period to achieve the given tension is 629s.
The moment of inertia of a thin rigid rod rotating around one of its ends is given by
M; = tmr?. Accounting for the centre of mass shift, the inertia of the longer part of the
tether is 60,230 kg mZ2. Adding the effects of the endmass, the satellite and the remaining
tether, the total moment of inertia comes out as 70,380 kg m?. Combining this with the



Aerospace 2024, 11, 230 13 of 29

required angular velocity produces an angular momentum of 703N ms. Table 1 lists the
estimated deployment parameters for various tether lengths at 5mN tension.

Table 1. Characteristic tether deployment parameters for various deployed lengths at 5mN tension.

Tether Length (km) Rot. Rate (rad/s) Rot. Period (s) Ang. Momentum (N m s)
0.1 0.117 53.6 3.86
0.5 0.0350 180 55.0
1.0 0.0190 330 191
2.0 0.00998 630 702

For ESTCube-LuNa’s planned tether length of 2 km, the final angular momentum is
702N ms. With an undeployed tether, this requires an extremely high spin rate, which
the communication and electrical power systems cannot handle. Therefore, the deploy-
ment must be executed in steps, as shown in the following figures. Figure 6 depicts the
deployment of the first 60 m of tether and shows a potential safety issue; during the initial
deployment, up to approximately 6 m, the tether tension increases from 5mN to 85 mN
instead of decreasing. This is because the relative increase in the endmass distance is very
high, while the relative increase in the system inertia—and hence the reduction in angular
velocity—is low. For an actual mission, the initial spin-up and deployment strategy must be
analysed in more detail to avoid over-stressing the tether. Figure 7 shows the deployment
of the full 2km. The exact sizes of the steps depend on the minimum and maximum tether
tensions allowed during deployment. The maximum is limited by tether strength, and the
minimum by the tether deflection angle from the side normal. The most critical parameters
to control during the deployment to avoid damaging or tangling the tether are spin and
torque axis alignment accuracy and tether deflection angle from the side normal.
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Figure 6. Simulation results of deploying the first 60 m of the ESTCube-LuNa E-sail tether: spacecraft
angular velocity, tether tension and length, and the centre-of-mass (CoM) shift of the spacecraft-
tether system. Spin-up and deployment are performed in steps by considering the tether tension
and deflection angle as safety factors. The increased tension upon the initial deployment must be
analysed further in terms of safety and dynamical aspects.
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Figure 7. Simulation results of deploying the full 2 km ESTCube-LuNa tether. During deployment, the
tether tension is maintained between 1 mN and 5 mN, except during the first step, as explained above.

Figure 8 shows the dynamic tether behaviour during the beginning stages of deploy-
ment. When the tether is being unreeled, it lags behind the spacecraft rotation and starts
oscillating. When reeling is stopped, the oscillation continues, but the lagging effect dis-
appears. The oscillations die out slowly over time. The oscillation frequency depends on
the length of the tether, similarly to a pendulum. The amplitude of the oscillations and the
lagging effect can be limited by increasing the tether tension (i.e., the angular velocity of
the spacecraft). The initial increasing of tether tension, mentioned above, is clearly visible
in the top right plot.
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Figure 8. Simulation results of deploying the first 1 m of ESTCube-LuNa tether using an unreeling
speed of 1 cm. The initial angular velocity was chosen to provide approximately 1 mN of tether tension.

With the NanoFEEP thrusters, whose performance is used as the baseline for the
simulation study above, special care must be taken to ensure that the metal plume would
not hit the solar cells and the tether. As discussed in detail in Section 5, the deployable solar
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panels are placed at a 45° angle from the thruster direction in a so-called X-configuration.
The panels are kept safe by limiting the nominal plume half-angle to <+25°. For the tether,
the safety is achieved by pointing the thrusters orthogonally with respect to the tether
deployment direction and by limiting the tether deflection angle to £45°, leaving a 20°
safety margin between the thruster plume and the tether.

3.3. E-Sail Environment Characterisation

The order of magnitude estimation of the current collected by the tether can be based
on the orbital-motion-limited approach (see, e.g., [2,50]). For the intended tether (assuming
simplified, as compared with Figure 4, a 4-fold Hoytether made of 50 pm diameter wires),
the current per unit length is

dl 2eV
— = 4.3dyeng il
dz M,

@

where e is the elementary charge, 1y is the solar wind density, V is the tether voltage, m, is
the electron mass and d, is the wire diameter. The estimated constant of 4.3 comes from
the 4-fold Hoytether, corrected for the fact that the length of the two X-shaped crossing
middle wires (see Figure 4) is somewhat longer than the length of the parallel wires. For a
wire of diameter 50 um, a typical solar wind density of about 7cm =2 and 10kV tether
voltage (conservative estimate, as compared with the planned 20 kV), the current is about
15uAkm™1,

The current collected by the tether should be balanced by the electron emitter, so that
the latter is capable of providing currents in the range of tens of pA.

The interaction of the spacecraft with the solar wind plasma can be rather complex for
the E-sail system, given the presence of the tether, which is biased to high positive voltage,
and an electron emitter. The reflection of solar wind ions by the charged tether sheath
creates a region of counter-streaming ions, which may develop plasma instabilities. The
sheath around the tether and the spacecraft depends on the interplay of all these parameters
and affects the performance of the E-sail.

A Langmuir probe instrument can be used to characterise the spacecraft-plasma
interaction. A pair of probes can be implemented, with cylindrical current-collecting
electrodes at the tips of rigid cylindrical booms extending from the edges of the solar
panels, to bring the probes away from the spacecraft body. Each probe can be biased
independently. Analysis of the current—voltage characteristics of the probes provides the
parameters of the plasma environment and the spacecraft potential with respect to it. As
the typical Debye length is larger than the boom dimensions, the Langmuir probes will in
most cases be inside the E-sail’s sheath, which can be characterised for different modes of
the E-sail operations.

4. ESTCube-Luna Stretch Goal: Lunar Escape Manoeuvre

This section discusses the possibility of expanding the scope of the ESTCube-LuNa mission
by performing a lunar escape manoeuvre using the E-sail tether as the sole source of thrust. The
successful completion of such a manoeuvre achieved by an ESTCube-LulNa-based architecture
would confirm the potential of E-sail as source of thrust outside the Earth’s magnetosphere, thus
allowing other innovative mission scenarios to be planned. The analysis is based on the outcomes
of the lunar escape scenario discussed in Palos et al. [42], and assumes a representative tether
length and voltage values of 2 km and 20 kV, respectively (with a characteristic acceleration
of a. = 0.06 mms~2), in agreement with the rest of the experiment analysis described in
this paper. To perform a lunar escape manoeuvre, the spacecraft must be able to effectively
control the orientation of its spin plane. Accordingly, in the remainder of the analysis, it is
assumed that the spacecraft is constantly capable of adjusting the E-sail spin plane during
the escape trajectory, and the required attitude control effort is estimated.
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The ESTCube-LuNa design is not optimal for spin plane control because the attitude
thrusters are placed on the main spacecraft and the tether endmass consists of a few grams of
aluminium to provide the necessary cable tension due to centrifugal force. The positioning
of the thrusters can be optimised for control purposes by introducing a remote unit, which
would house the attitude thrusters for spin rate and spin plane control. A remote unit
could also effectively exploit the maximum arm length for thruster-controlled rotation
and centrifugal tether deployment. However, to keep the design of the ESTCube-LuNa
(i.e., the endmass solution) simple and to facilitate the spin rate modification experiment,
the variant with remote unit is not considered for the baseline design. Nevertheless, it
is worth noting that a similar architecture has been proposed by lakubivskyi et al. [43]
and could be combined with the ESTCube-LuNa concept as a possible next step after the
demonstration of the E-sail concept. The same E-sail also provides spin plane control
capabilities; however, this aspect has yet to be designed and demonstrated by the ESTCube-
LuNa or a similar mission. Based on the previous discussion, the spin plane modification
of the E-sail represents a significant technological challenge for the design of the E-sail
control system and remote unit (if any). Accordingly, a preliminary estimate of the attitude
control effort required by a lunar escape manoeuvre is performed to assess the feasibility
of the objective. In particular, the average daily attitude changes required by the escape
manoeuvre are obtained.

The lunar escape manoeuvre is analysed by modelling the spacecraft as a point mass
in a selenocentric orbit, subject to the gravitational force of the Moon, the E-sail thrust,
the gravitational attraction of the Earth (third body) and the perturbative force due to
the Moon’s oblateness. The spacecraft is assumed to be governed by a locally optimal
control law, discussed at length in the work of Palos et al. [42], which can be summarised
as follows. The time derivative of the pericentre radius and eccentricity can be maximised
by appropriately orienting the propulsive acceleration vector along the two unit vectors
lAcp and k., respectively. Consequently, if the pericentre radius rp of the osculating orbit is
r
the projection of acceleration along k) to avoid impact with the lunar surface; otherwise,

less than a given threshold value 7", the E-sail spin axis k g is oriented so as to maximise

the unit vector kg is oriented so as to maximise the projection of propulsive acceleration
along k, to reach the escape conditions as quickly as possible. Finally, the E-sail voltage
source is turned off when the spacecraft is in eclipse conditions, when the Moon crosses the
Earth’s magnetosphere, and when the projection of the propulsive acceleration along IAcp is
negative. More details about the E-sail steering law and the definitions of unit vectors lAcp
and k. are given in the work of Palos et al. [42].

The E-sail attitude is conveniently described by considering an inertial reference
frame 7;(S; x1,y1,z;) with unit vectors {1y, f1, k;}, whose axes are parallel to those of the
International Celestial Reference Frame (ICRF). The E-sail orientation is then defined by
the two control angles, { € [0, ) rad and ¢ € [0,277) rad, where { is the angle between the
direction of the E-sail spin axis kp and that of kj, and ¢ is measured counterclockwise from
i to the projection of kp on the plane (1}, f;) (see Figure 9).

The two key orbital parameters of the starting orbit that exert the most significant
influence on the escape time are the semimajor axis and the inclination. Specifically, when
the semimajor axis increases, a reduction in the escape time is observed due to an increase in
the specific mechanical energy of the parking orbit around the Moon. As for the inclination,
the escape time reaches its minimum when the initial value is on the order of 1.53°. This
particular inclination angle corresponds to the case where the orbital plane is parallel to the
ecliptic plane. Consequently, when the inclination is close to 1.53°, the thrust component
lying on the orbital plane becomes more substantial, so that a significant component of
the propulsive acceleration can be effectively used for the escape manoeuvre. For this
reason, an initial inclination of 1.53° was chosen in the simulations presented, assuming
that the E-sail starts its manoeuvre in the most favourable condition, in order to reduce the
escape time.
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Figure 9. Sketch of the inertial reference frame, the E-sail spin axis, and control angles ¢, .

As an example, three parking orbits with different values of the semimajor axis are
considered. All these orbits share a common inclination of 1.53° and an eccentricity of 0.6.
The high eccentricity of the parking orbit ensures that the initial pericentre is close to the
Moon surface while the semimajor axis is long enough to allow escape conditions to be
reached within a year and a half. Table 2 presents an overview of the results for these three
scenarios. For each case, the escape time, average daily changes in the E-sail control angles,
and the percentage of time the sail is active are given.

Table 2. Results of the ESTCube-LuNa escape manoeuvre from the Moon'’s orbit.

Initial Initial Escape _ _ Sail-On
Pericentre Semimajor Time 1[; [deg/day] g [deg/day] "al"ime
Altitude [km] Axis [km] [days]
500 5593.5 485 275 71 33.26%
1500 8093.5 327 194 51 28.07%
3000 11843.5 269 118 33 20.29%

The results summarised in Table 2 highlight that a lunar escape manoeuvre is achiev-
able in a relatively short time with an E-sail tether. However, attitude variations pose
a major challenge for a spacecraft propelled by an E-sail since, as expected, the attitude
control effort is significantly larger than that required by a heliocentric transfer with flight
times on the order of years. This is mainly due to the fact that the Sun—spacecraft direction
varies with a characteristic timescale comparable to the period of the osculating orbit, so
frequent changes of the rotation plane must be made to apply the selected control law in
selenocentric scenarios. This consideration also explains why orbits with larger semimajor
axes require less significant changes in the rotation plane over time, as observed in Table 2.
However, the attitude angle variations reported in Table 2 are relevant for all of the three
scenarios and imply large changes of the E-sail rotation plane. Taking into account that the
spacecraft moments of inertia would be high due to the presence of the spinning tether,
such attitude changes pose a significant technological challenge for the design of the E-sail
control system and the remote unit. Nevertheless, it is worth remarking that this analysis
makes use of a control law aimed at minimising the escape time, given the limited thrust
available. Further research can be conducted to refine the control law to reduce variations
of the E-sail spin plane.

5. ESTCube-Luna Preliminary Mission Requirements and Platform Design Solutions
5.1. System Engineering

As detailed in the previous sections, the ESTCube-LuNa mission is required to perform
novel E-sail propulsion experiments in lunar orbit. The E-sail experiments are designed to
provide force measurements and estimates in thrust and torque modes. Although Section 4
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provides results for a potential lunar escape manoeuvre, the baseline ESTCube-LuNa
mission is designed with a fixed E-sail spin plane, which in turn is not well suited for
complex trajectory manoeuvres. The ESTCube-LuNa E-sail experiment sets the following
top-level mission requirements for the platform and operations:

1.
2.

3.

9.

10.

Launch and operate in lunar orbit.

Operate DSN-free by developing alternative solutions for communications and navi-
gation without the access to space agency DSNs.

Withstand three years of operations in the lunar orbit environment: solar and cosmic
particles, radiation and large temperature fluctuations between sunlit and shad-
owed sides.

Perform and monitor the spin manoeuvres and E-sail tether deployment using reaction
wheels, attitude thrusters and sensors as well as the tether camera.

Operate and characterise the E-sail performance by charging the tether and measuring
changes in orbit, spin rate, tether deflection angle and surrounding plasma environment.
Ensure sufficient power production during E-sail tether deployment and operations.
Estimate the ESTCube-LulNa position using optical navigation and triangulation of
the Moon, the Earth and the Sun.

Estimate the ESTCube-LuNa attitude by combining the navigation solution with Sun
sensors, inertial measurement unit (IMU) and star tracker (the tether camera can
double as a star tracker when the spin rate is low, such as after tether deployment).
Transmit telemetry and commands via a wide-beam antenna.

Transmit data and perform ranging with narrow-beam antennas.

The ESTCube-LuNa spacecraft hosts the E-sail payload, the tether camera (TC), rang-

ing experiment (RE) and Langmuir probes (LPs). As detailed in the following subsections
and shown in Figure 10, the ESTCube-LuNa platform consists of the communication system
(COM), electrical power system (EPS), on-board computer (OBC) as well as the attitude
and navigation system (ANS). Based on the ESTCube-2 architecture, the Avionics stack
includes the COM, EPS and OBC, while the new ANS is introduced to connect and control
six cameras and eight thrusters.

Figure 10. An exploded view of ESTCube-LuNa showing the preliminary volume allocation of

payloads and subsystems inside the nanospacecraft. The side with thruster, LPs and navigation

camera control boxes requires careful system engineering to place thrusters, control electronics,

harness and wiring to LPs and TCN cameras.
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Communications is one of the primary challenges when bringing cubesats from LEO
to cis-lunar and deep space. Typically, deep space networks (DSNs) of space agencies
are used for communications, even for cubesats, as in the case of NASA’s Artemis 1. For
ESTCube-LuNa, we are designing communications and navigation from scratch, with-
out assuming access to DSNs, and in this paper, we present the preliminary solutions
and considerations. The COM includes a high-speed communication (HSCOM) system,
designed for data downlink and radio ranging, with X-band patch antennas on the space-
craft and repurposed radio telescopes in Ventspils International Radio Astronomy Center
(VIRAC) in Irbene, Latvia. The VIRAC antennas will be limited in availability; therefore, we
cannot assume this functionality for everyday operations. The low-speed communication
(LSCOM) solution has an ultra-high frequency (UHF) turnstile antenna on the spacecraft
and Yagi-Uda antennas at the ground station in Téravere, Estonia. The named ground
stations are available within the current ESTCube-LuNa consortium. In case of insufficient
data transfer, we shall look for ground segment partnerships on the other side of the Earth.
The preliminary concept of operations is shown in Figure 11.

Since DSNs are also used for navigation, we propose an alternative optical navigation
solution as part of the ANS. Triangulated Celestial Navigation (TCN) or the “tuna-can
navigation system” is equipped with five 120° field-of-view (FoV) cameras for maximal
coverage of the entire sky. Four cameras are placed in two tuna cans on the opposite side
from the E-sail payload. The fifth navigation camera is placed on the E-sail side along with
the tether camera, which can double as a star tracker. The ANS includes a powerful on-
board computer for image processing with FPGAs. The ESTCube-LuNa spacecraft operates
in spin-stabilised mode provided by attitude thrusters (ATs) and reaction wheels (RWs).

Electric Sail Test Cube ESTCube-LuNa concept of operations in lunar orbit
Electric sail demonstration
in authentic solar-wind environment

mous optical ngy; .
WOnO e leetia) &Rt
s N‘\.@Lkmgu estralbames n

Navigation target: Sun , 4

" Navigation
Navigation target: Moon cameras

... Low-speed communications
“+.. with Yagi-Uda antenna in
Toravere, Estonia_

High-speed communications and radio
frequency ranging with 16-metre radio
telescope RT16 in Irbene, Latvia

Navigation target: Earth

Figure 11. An early ESTCube-LuNa concept of operations: initial ideas and concepts for communica-
tions and navigation. Artwork credit: Anna Maskava, Mario E. Palos, Karl-Mattias Moor and Rute
Marta Jansone.

The EPS includes four deployable panels in the X-configuration for balanced power
production during yearly seasons and assuming the fixedness of the E-sail spin plane. Two
diagonal deployable panels would be enough to provide the same power, but in such a
case, the deployed panels would tend to be aligned with the spin plane, which complicates
attitude dynamics. The four-panel X-configuration keeps the 2 x 4 U side aligned with the
spin plane. Batteries and other heavier components are placed near the E-sail payload for
increased arm length from the tether attachment point to the ATs.

The current spacecraft design fits in 2 x 4 cubesat units (8§ U) with an estimated mass
of less than 15kg, which was assumed in the experiment simulations in Section 2. The
preliminary mass budget is given in Table 3.



Aerospace 2024, 11, 230 20 of 29

Table 3. The preliminary mass budget of ESTCube-LuNa.

Component Mass (g)
Structure and wings 4000
E-sail 2200
Tether camera 500
Langmuir probes 400
Avionics 1000
HSCOM 1000
RW 700
TNC 1000
Solar cells 300
Attitude thrusters 200
Sum: 11,300
Total with 30% margin: 14,690

5.2. Electrical Power System (EPS)

The current design of ESTCube-LuNa EPS includes 106 solar cells, placed on the four
largest sides of the spacecraft, as well as on four deployable panels in X-configuration
(diagonally from each of the 4U long corners). Estimated maximum power production
from the solar panels on the larger nanospacecraft sides is up to 28 W and 20 W.

The two smallest sides of the cubesat are occupied by the E-sail payload and navi-
gation cameras without solar panels. Since ESTCube-LuNa is designed to operate with
an internally fixed spin plane, there will be two seasons when, during two parts of a
spacecraft spin, the sides uncovered by solar panels will point towards the Sun. While this
is unfavourable, we only need to run the E-sail experiment for one-third of the time in the
spin modification experiment, as detailed in Section 2.2.

The main power consumers of ESTCube-LuNa are given in Table 4. In further
ESTCube-LuNa mission analyses, special care must be taken in analysing the energy
consumption while running the different power modes, for example, data transmission
and ranging sessions, attitude and navigation manoeuvres, and payload operations.

Table 4. The main power consumers of ESTCube-LuNa.

Part Power (mW)
E-sail 2000
Tether camera 1000
Langmuir probe 4000
HSCOM transmission 7000
HSCOM reception 1000
Reaction wheels 6000
Two attitude thrusters 2500
Triangulated celestial navigation 4500
On-board computer 600
Electrical power system 400

5.3. On-Board Computer (OBC)

The ESTCube-LuNa OBC is designed to command platform subsystems and payloads
during nominal operations. The OBC receives and distributes mission control commands
via COM and collects and sends housekeeping, telemetry and experiment data. Since the
ESTCube-LuNa mission is limited in the link between the spinning nanospacecraft and
ground stations, the OBC must be able to operate the platform and payloads autonomously.
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The on-board storage must accommodate weeks of experiment data and employ lossless
compression to reduce the downlink data budget. The EPS serves as a backup captain
during safe modes, when all manoeuvres and experiments are paused until a connection
with the ground is established. The OBC’s real-time clock (RTC) synchronisation also relies
on the EPS’s battery-backed RTC.

The plan is to interface the payloads via two cubesat space protocol (CSP) buses.
An ARM architecture-based rad-hard microcontroller will deliver the high performance
required to handle tasks and communication between all subsystems and payloads.

5.4. Communication (COM)

The distance and relative motion between the Moon and the Earth, as well as the
E-sail spin motion, require the ESTCube-LuNa concept to include a combination of com-
munication solutions, while also assuming that there can be extended periods without
a direct line of sight between the lunar nanospacecraft and Earth-based ground stations.
The operations must work with communication delays of more than 1s and minutes-long
periods of communication blackouts caused by the E-sail rotation and occultation by the
Moon. For telemetry and command, we propose a turnstile antenna on the ultra-high
frequency (UHF) band. This would cover a the whole sky and could be used for regular
spacecraft monitoring, telemetry and control from the ground. For data downlink and
ranging, we propose a set of patch antennas on the X-band placed on the four largest sides
of the cubesat (the same sides as the body-mounted solar panels). On the 1 x 4 U sides,
there are transmit-only antennas for improved data downlink budget over the spacecraft’s
rotation. On the 2 x 4 U sides, there is a pair of transmit (Tx) and receive (Rx) antennas for
performing the ranging experiment. This can also be used for emergency firmware upload.
The COM system comprises two subsystems: low-speed communication (LSCOM) and
high-speed communication (HSCOM).

5.4.1. Low-Speed communication (LSCOM)

UT Tartu Observatory operates a UHF-band Yagi-Uda antenna in Toravere, Estonia,
which is continuously accessible and can be used for low-speed telemetry and command
Tx and Rx of ESTCube-LuNa. The gain of the LSCOM ground station antenna is about
23 dBi in the 435 MHz frequency band. In case of insufficient data transfer, we plan to find
more antennas across the globe.

For LSCOM on board ESTCube-LuNa, we are assuming an isotropic antenna system:
a turnstile antenna which does not have any blind spots, like other types of antennas do.
A turnstile antenna is a near-isotropic-type antenna that consists of two crossed dipoles,
oriented at right angles to each other (see Figure 12 on the right). For example, ISISPACE
has a 1 U deployable antenna system that can be fitted on the 1 x 2 U side, opposite to the
E-sail payload.

Figure 12. Proposed antenna solutions for ESTCube-LuNa. EnduroSat X-band patch antenna for data
downlink and ranging (left) and ISISPACE turnstile antenna for UHF telemetry and command (right).

5.4.2. High-Speed Communication (HSCOM)

The Ventspils International Radio Astronomy Centre (VIRAC) in Irbene, Latvia, in-
cludes two radio telescopes—RT-32 and RT-16—that have parabolic dishes of 32 m and 16 m
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in diameter, respectively (see Figure 13). The telescopes are being repurposed to allow for
satellite uplink and downlink communications. We assume RT-16 as the baseline antenna
for data downlink. RT-32 can be employed for the ranging experiment (RE), as well as for
emergency needs when RT-16 is not available. The repurposed radio telescopes for commu-
nications and ranging is the primary means of ESTCube-LuNa to operate independently of
space agency DSNs.

Figure 13. HSCOM RT-16 (left) and RT-32 (right) dishes in Irbene, Latvia.

ESTCube-LuNa is designed to use the X-band 8400 MHz frequency band for high-
speed downlink. VIRAC 16 m ground station can provide a maximum gain of 58.9 dBi with
a total cryogenic receiver gain of 90 dB. Equipped with multiple directional antennas on
different cubesat sides, the HSCOM includes antenna switches to establish a line-of-sight
communication with the Earth. To minimise the nanospacecraft surface area taken by the
patch antennas (for better power production), our preliminary design includes Endurosat
X-band patch antennas, just one quarter of a cubesat unit in surface area (see Figure 12).
We place two pairs of patch antennas on two sides of the nanospacecraft for two-way
communications and ranging. Depending on the spin plane of the E-sail, directional
communication sessions will be available only during the times of the month when Earth
will cross the beam of the directional antenna.

For ranging experiments, it is necessary to develop new capabilities, especially in
terms of the space segment. The Iris deep space transponder by NASA JPL in the US [51,52]
includes deep space communications and ranging functions, but it is not available for
Europe-based projects like ESTCube-LuNa.

As discussed in Section 2.3, the ESTCube-LuNa ranging experiment is required to
determine accumulated orbital changes in the range of a hundred of seconds in the orbital
period. Our initial analyses suggest that for a simplified experiment, the narrow-band
ranging signal can be injected into the communications” downlink signal. The most critical
requirement originating from the ranging experiment is the need for a coherent frequency
conversion chain in the communication hardware. The RF experiment also requires a
full-duplex radio capable of receiving and transmitting at the same time, such that we can
lock the transmitter carrier to the received carrier with a constant ratio. Special care must
be taken in implementing duplex filters and isolators for reliable operations.

5.5. Attitude and Navigation System (ANS)

The ESTCube-LuNa attitude and navigation system (ANS) concept is designed for
cubesat operations in Moon orbit without DSN support. We propose a five-camera optical
navigation solution to solve the triangulation problem between the Moon, the Earth and
the Sun. The concept includes eight attitude thrusters (ATs) for spin-stabilised attitude
operations and spin-up for tether deployment (see Figure 5). Short-term attitude corrections
and compensation for disturbances can be performed by a set of reaction wheels (RWs),
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which can be desaturated using the ATs. Before tether deployment, ESTCube-LuNa is
designed to perform pointing, which is achieved by turning the spin plane. When the
tether is deployed, the tilting with respect to the tether requires continuous effort from RWs
and ATs. Such complex attitude manoeuvres in realistic orbital conditions have not been
analysed yet.

Based on ESTCube-2 heritage, we can reuse Sun sensors (SSs) as well as the star tracker
(ST), and possibly combine the ST with the tether camera. The triangulated celestial naviga-
tion (TCN) solution also provides an attitude estimate. The ESTCube-LuNa ANS system
should include on-board orbit and attitude propagators in order to fill in the measurement
gaps and missing axis (i.e., SSs provide a two-axis solution). The optical navigation solution
serves as a low-accuracy backup for the RF ranging experiment. A Kalman filter (KF) or
similar capabilities should be provided for fusing TNC, ST and SS measurements with
orbital and rotational models.

The regular mission design tools, such as STK and GMAT, do not include photorealistic
3D capabilities, which in turn are necessary to model and develop optical navigation and
attitude estimation, available in blender-based environments, such as SISPO [53], FlyBy-
Gen [54] and AIS [55]. Furthermore, open-loop control, which takes advantage of optical
measurements, requires real-time 3D modelling. It is only recently that they are becom-
ing photorealistic, with the Unreal Engine 5 (UE5) leading the way [56]. The UniversaL
Physics-based Solar System Exploration Rover Simulator (ULYSSES) tool provides photore-
alistic real-time lunar rover mission simulations [57]. Inspired by ULYSSES, we propose an
orbital model tool, real-time 3D (RT3D), which currently includes 3D models of the Moon,
the Earth and the Sun, which are the necessary celestial bodies for ESTCube-LuNa mission
design and navigation algorithm development.

5.5.1. Attitude Thrusters (ATs)

The ESTCube-LuNa spacecraft is designed to have eight attitude thrusters (ATs) for
spin rate and spin plane orientation control, as shown in Figure 5. For regular operations
before tether deployment, the attitude thrusters can be used together with RWs for main-
taining the spin rate and pointing the spin plane. For spin-up and tether deployment
manoeuvres, ATs are used directly to provide the angular momentum between periods of
tether deployment, as discussed in Section 3.2.

While a specific AT technology is not selected yet, in the mission design, we have
assumed that each thruster produces 8 uN, which has been demonstrated in orbit on
board a one-unit cubesat UWE-4 [41] using the highly miniaturised field-emission electric
propulsion (NanoFEEP) thrusters from TUD [58], also an ESTCube-LuNa consortium
member. When two ATs burn at the maximum thrust, as required by the spin-up for tether
deployment, they consume up to 2.5W.

The NanoFEEP thrusters are extremely compact, with the specific impulse reaching
4000s. The extreme efficiency provides the necessary spin-up propulsion budget with just
12.1 g of propellant, spread between two thrusters. The NanoFEEP thruster ionises liquid
metal and the ions are accelerated by a strong electric field. The resulting metal plume’s
half-angle is in the £35° nominal range and can reach +50° at high thrust, as in our case.
We assume that a focusing electrode is necessary to limit the nominal plume half-angle to
<=£25°. As shown in Figure 5, the X-configuration deployable panels form a 45° angle with
the thrust direction. The maximum plume half-angle should be several degrees smaller
than 4-45° in order to avoid coating of solar cells by a safe margin.

5.5.2. Triangulated Celestial Navigation (TCN)

In order to navigate in deep space, most nanospacecrafts use radiometric tracking
through NASA’s and other space agencies’ deep space networks. For the ESTCube-LuNa
mission, this is not feasible, as it is too expensive and inaccessible. To solve this problem,
ESTCube-LuNa will use triangulated celestial navigation (TCN, also “Tuna Can Naviga-
tion”) to determine the nanospacecraft’s position relative to the Sun, the Moon and the
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Earth. In order to achieve this, the spacecraft will have five Crystalspace CAM1U cameras
(originally developed for ESTCube-1 [59]) with 120° FoV, covering almost all directions,
leaving just minor blind spots. CAM1U cameras were chosen, as they are small, low-
power and achieve all necessary requirements for navigation purposes. The cameras have
field-programmable gate arrays (FPGAs), such as microchip polarfire, so the processing of
navigaiton images can occur in situ. To maximise the overall FoV from all cameras, four of
the five cameras are placed in two custom tuna can modules at one end of the spacecraft
(opposite from the E-sail side). The final camera is on the other side of the spacecraft and
can also be used for tracking the early deployment of the E-sail tether (the tether camera is
specifically designed to track the endmass throughout the deployment).

The main principle behind optical navigation in space is obtaining intersecting vector
measurements towards known bodies and using resection (triangulation) to determine
the location of the spacecraft based on those measurements [60]. Measurements of a
minimum of three different bodies are required to determine the spacecraft location in 3D.
Additionally, the spacecraft attitude can be determined from these measurements, as the
orientations of the navigation cameras relative to the spacecraft reference frame are known.

For ESTCube-LuNa, the main navigational task is to determine the nanospacecraft’s
position when orbiting the Moon. For this purpose, the bodies considered for imaging are
the Earth, the Moon and the Sun. Distant stars have no direct use for optical navigation,
as their relative location does not change within the bounds of lunar orbits. The precise
locations of these three bodies are publicly available and frequently updated.

For the best result, the bodies used for the measurements should be as spread out as
possible while not forming a single plane with the spacecraft. There are two worst case
situations in which the spacecraft will not be able to determine its position: (1) the three bodies
are aligned in a straight line and (2) any one body is hidden from view by another one.

There are two main sources of errors: the absolute positional uncertainty of the mea-
sured bodies and the optical measurement error. The latter consists of camera placement on
the spacecraft, optical construction of the cameras and image processing. As the spacecraft
will be orbiting the Moon, it is likely that the Moon will not fit the image frame. Therefore,
special attention must be paid to the accurate estimation of the location of the centre of the
Moon based on the curvature of its observed limb.

The exact algorithms for obtaining a navigation and attitude solution are not available
yet. A rough “brute force” estimate indicates that a measurement error of 1° in any of
the three vectors gives an average of 50 km error in the spacecraft position. In the worst
case, this error may go up to 125km. The TCN solution can be used for rough orbit
determination and as a backup for the ranging experiment (e.g., filling in gaps between RF
ranging sessions).

5.5.3. Real-Time 3D (RT3D)

The TCN system, as described in the previous subsection, requires on-board opti-
cal navigation algorithms. We have developed a proof of concept for the real-time 3D
(RT3D) modelling environment in the 3D game engine Unreal Engine 5 (UE5), as shown in
Figure 14. The motivation to use UE5 for ESTCube-LuNa is the engine’s novel ability to
render near-photorealistic images in real time. The TCN solution will be used for attitude
manoeuvres; hence, the modelling environment should respond in real time. In later
phases, the ESTCube-LuNa mission can be simulated with the RT3D feed working with
TCN cameras in a loop, either via a digital interface or by filming screens (multiple screens
are necessary to cover the whole sky). In a way, ESTCube-LuNa ANS will play RT3D as a
video game, with TCN providing the visual input.
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Figure 14. The ESTCube-LulNa real-time 3D (RT3D) navigation concept in Unreal Engine 5 with
textures from the Solar System Scope [61]. The image on the left shows the Moon; on the right, the
Sun and the Earth, as imaged by two out of five 120° FoV cameras. By imaging three celestial objects,
triangulation can be used to determine the ESTCube-LuNa position in lunar orbit, as described in
Section 5.5.2.

The current RT3D concept includes 3D models of the Sun, the Moon and the Earth.
The celestial object textures are extracted from the Solar System Scope [61]. The celestial
bodies can follow pre-programmed orbits, which should be replaced with a position input
from an orbit propagator. For example, DOCKS includes an open-source propagator [62].
The rotation of celestial bodies can also be extracted from DOCKS. We would need to
develop spacecraft attitude dynamics ourselves while taking advantage of the DOCKS’s
trajectories to model attitude and orbit disturbances.

6. Conclusions and Future Work

This paper follows the Electric Sail Mission Expeditor (ESME) [42] as the second in a
series on E-sail demonstration in the solar wind. We have proposed a 2 km tether charged
at 20kV to achieve the propulsive E-sail force of 1 mN by placing a 15kg 2 x 4 U cubesat
in lunar orbit. The E-sail force can be estimated by generating the thrust and the torque
in two experimental modes. When the E-sail spin plane is perpendicular to the solar
wind and charged either when moving towards or away from the Sun, within three days,
we can create the change in orbital period of 100 s, which should be estimated with the
ranging experiment. We can also observe the E-sail tether coning motion with the tether
camera. The tether motion can be used to estimate the E-sail force and to characterise E-sail
behaviour. When the E-sail spin plane is parallel to the solar wind and charged either when
rotating towards or away from the Sun, we can achieve the change in angular velocity
of more than 1deg /s. Langmuir probes are proposed to characterise the E-sail plasma
environment. This paper proposes novel navigation and communication solutions without
access to space agencies” deep space networks. Future work includes a detailed analysis of
all aspects of the ESTCube-LuNa. A summary of our proposed method is as follows:

1. Integrate the ESME thrust and spacecraft attitude dynamics with DOCKS in order
to simulate generic E-sail experiments and missions with a high-fidelity numerical
orbit propagator.

2. Integrate the ESME tether dynamics with high-fidelity attitude control for tether
deployment.

3. Refine the escape manoeuvre and develop other trajectory options by integrating real-
istic spin plane change abilities: either with E-sail or with thrusters on a remote unit.

4.  Develop ESTCube-LuNa trajectory options with a fixed spin plane.

5. Refine the design of experiments, payloads and estimate the E-sail tether length with
real-life experiments: how much tether can be hosted on a reel with an automated
tether factory?

6. Develop deep space communication and ranging nanospacecraft solutions for which
there are no European transponders.

7. Develop navigation and attitude determination systems and algorithms.

8.  Develop attitude control systems and algorithms.
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9.  Continue developing the real-time 3D modelling environment.

10. Develop a remote unit technology concept for a potential ESTCube lunar escape mission
concept with optimal thruster placement for E-sail spin plane control. We see this as the
primary showstopper for implementing the lunar escape manoeuvre, as proposed in
Section 4 with modelling details described in the work of Palos et al. [42].

In terms of launching ESTCube-LuNa, the European Union’s IOD/IOV programme,
as well as the European Space Agency’s “Small Missions for Exploration—-Destination
the Moon”, suggests Ariane 6. While the ESA call is not suitable for the ESTCube-LuNa
concept, the IOD/IOV programme has already supported the ESTCube-2 LEO launch
and can potentially support the ESTCube-LuNa launch, given funding opportunities from
elsewhere. The specific orbit depends on a specific rideshare opportunity, with which the
potential ESTCube-LuNa mission would need to be aligned.
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