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ARTICLE INFO ABSTRACT
Keywords: We present the operation of the CubeSat De-orbiting All-Printed Propulsion System (Cube-de-ALPS), a thin-film
CubeSat

Vacuum Arc Thruster being developed at the University of Southampton in collaboration with the European
Space Agency to provide robust de-orbiting capability to sub-3U CubeSats. It comprises a flexible substrate
on which coplanar arrays of vacuum arc micro-thrusters (micro-VAT) are printed alongside small supporting
electronic subsystems. In particular, we focus on the application of a Cube-de-ALPS End-Of-Life disposal to
an under-actuated 1U CubeSat with uncontrolled spin. In this scenario, a Faraday cup will provide coarse
angle-of-attack estimates and trigger a single micro-VAT to ignite every time it points towards the forward
velocity vector. Orbital lifetime estimates for different fuel materials, configurations, and operational modes
are estimated using simplified dynamics and analytical thrust averaging. These results are compared to high-
fidelity numerical simulations including full six degrees of freedom coupled attitude and orbital dynamics to
confirm the viability of the concept and confirm that Cube-de-ALPS can de-orbit CubeSats from 1400 km.

End-of-life de-orbiting
Electric micro-propulsion
Orbit-attitude simulations
Vacuum arc thruster

1. Introduction budgets are severely restricted and do not currently allow for the use

of propulsion systems.

In 2018, the first successful demonstration of an electric propulsion
system onboard a 1U CubeSat was launched on the UWE-4 satellite [1].
This was the first and only propulsion system that could provide all
CubeSats classes, down to a 1U, with greatly needed orbital manoeu-
vrability [2]. Indeed, between November 2005 and June 2014, each
CubeSat experienced on average 2229 sub-5 km conjunctions [3].
Since then, the CubeSat population has grown significantly, and with
the Spaceworks forecast predicting between 1800 and 2500 CubeSat
launches between 2020 and 2025 [4,5], the number of conjunction
will likely increase. The growth of the CubeSat population affects not
only their collision risk but also the space environment as a whole.
With 25% of all CubeSat launches ending up in a non-responsive
spacecraft, CubeSats contribute to the surge in space debris [6]. The
high failure rate and the IADC’s de-orbiting recommendation have led
many CubeSats to be limited to low orbital altitudes to guarantee
passive re-entry if the satellite is dead-on-arrival [7]. However, this
passive decay also restricts the lifetime of functioning satellites, which
might de-orbit despite being operational [8].

While an active thruster would allow a CubeSat to operate longer
and at higher altitudes, the vast majority of CubeSats (>95%) are in the
Sub-3U (<3U) range [9], meaning that their mass, volume, and power
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Chemical propulsion systems are of limited use on CubeSats, as the
CubeSat standard limits onboard chemical energy to 100 Wh [10],
equivalent to 19 g of hydrazine [2]. In addition, the typical costs
associated with rigorous testing of complex propulsion systems are
generally prohibitive to the smaller range of CubeSats.

Electric Propulsion (EP) systems are particularly interesting for
CubeSats, as they typically present high fuel efficiency [11], leading to
a smaller amount of fuel required, which could save mass and volume
on the spacecraft. However, their implementation is not straightfor-
ward, as EP systems tend to come with heavy electronic components
and high power requirements [12]. For example, NASA’s state-of-the-
art report on Gridded Ion Thrusters (GITs) [13] for small satellites
lists seven GITs, with only one that could be fitted on a 1U, the
Ariane Group RIT uX. Indeed, the other GITs presented in the report
have a mass greater than 1.33 kg, the maximum weight of a typical
1U CubeSat [10]. The Ariane Group RIT uX is also the least power-
consuming of all the GITs shown and typically uses up to 50 W of
power. However, 1U CubeSats typically cannot generate more than 2 W
of power, and 3U can generally produce up to 28 W, assuming highly
efficient solar panels on all six faces [14,15]. This power constraint
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means that current GITs are unlikely to be used on the smaller range
of CubeSats, as they meet neither the mass, volume or power budget
required.

Hall Effect Thrusters (HETS) are an alternative to GITs, which also
have more flight heritage on CubeSats [16]. While the average system
is lighter than a typical GIT, as they use magnets instead of grids,
the state-of-the-art of HETs for small satellite shows that they tend
to be more power intensive than the GITs, with the lowest power
requirement being at 53 W [13]. Again, this proves to be unfeasible
for CubeSats of the <3U class.

Electrospray thrusters are a form of EP suitable for the smaller
end of CubeSats [17], as some have low mass, volume, and power
requirements. For example, the Accion Systems TILE-2 Electrospray
thruster weighs 0.45 kg and requires roughly 4 W of power [13]. As it
takes only 0.5U in volume, a 3U CubeSat could potentially incorporate
it as an actuator. However, the mass and power requirements are still
unfeasible for smaller CubeSats. To cater for Sub-3U, one could look at
the NanoFEEP thruster, which was flown on the UWE-4 satellite [1].

However, none of these options are likely to be used on such limited
CubeSats, as attitude control systems are typically required to ensure
the correct alignment of the thrusters [18]. This requirement for atti-
tude control typically means that the mass, volume, and power budget
must also include attitude actuators besides the mission payload.

A lightweight, low-power system is thus required to allow Sub-3U
CubeSats to use active propulsion without significantly sacrificing their
mission objectives. Natural candidates are Pulsed Plasma Thrusters
(PPTs) and Vacuum Arc Thrusters (VATs) [2,16]. Both systems gen-
erate an electric arc across the surface of a solid propellant to vaporise
and ionise it, with PPTs using Teflon and VATs using metallic propel-
lants. Their simple design and power requirements, as low as 0.3 W [19,
20], make them very suitable for both orbital and attitude control of
smaller CubeSats [21].

This work uses a fully printed VAT system capable of meeting the
exacting requirements of sub-3U CubeSats [22,23]. We develop the
thruster system into a failsafe de-orbiting package in Section 2 and
show the required components for correct operation. We subsequently
apply the system to HUMSAT-D, a 1U CubeSat that was lost in 2014,
one year after its launch, and accidentally re-contacted by amateur
radio operators seven years later [24]. The CubeSat is in a 617 km Sun-
Synchronous Orbit (SSO), one of the most crowded regions of the Low
Earth Orbit (LEO) environment, highlighting the need for a de-orbiting
system. Section 4 shows the thruster’s performance with different fuel
materials, setups and operational modes, which we validate in Sec-
tion 6 with high-fidelity simulations coupling both orbital and attitude
motion.

2. The CubeSat de-orbiting all-printed propulsion system

As part of ESA’s Innovative Propulsion System for CubeSats and
MicroSats, a thin-film VAT has been developed at the University of
Southampton [22]. It is a fully-printed, flat system that can be placed
on one or multiple sides of a 1U CubeSat and will provide thrusting
capabilities. The thruster system consists of multiple arrays of micro-
Vacuum Arc Thrusters (micro-VATs) that can generate, one at a time,
a thrust level in the micro-Newtons using 1.5 W of power. Nominally,
it is arranged in a 10 x 10 grid to provide 100 micro-VATs, and its
theoretical fuel capacity provides it with one year of firing time. The
developed system is aimed to fit within a 0.2U volume and weighs up
to 250 g including up to 100 g of propellant. A prototype of the system,
taken from [23], is shown in Fig. 1(a).

In this work, we specialise the thruster package into the CubeSat
De-orbiting All-Printed Propulsion System (Cube-de-ALPS), a system
designed to provide post-mission disposal capacities to sub-3U Cube-
Sats. The system operates under the assumption that the host CubeSat
is under-actuated and that Cube-de-ALPS does not control its point-
ing. Thus, Cube-de-ALPS will fire whenever its micro-thrusters point

319

Acta Astronautica 219 (2024) 318-328

anywhere in the velocity direction, which relaxes the need for precise
attitude determination and control. In addition to the VAT, Cube-de-
ALPS includes all required attitude-sensing devices, as well as a control
law for disposal and attitude maintenance.

2.1. Design of Cube-de-ALPS

A distinguishable feature of Cube-de-ALPS is its use of distributed
propulsion architecture. Fig. 1(a) shows that Cube-de-ALPS provides
multiple micro-thrusters laid out in a co-planar fashion. Each micro-
thruster, also called thruster pixel, is an individual micro-VAT capable
of delivering thrust. The printed VAT has re-ignitable micro-thrusters
with a radius of 3 mm. To ensure total erosion of the fuel, the maximum
distance between the anode and the cathode should be no greater than
4.7 mm, thus also limiting the pixel height to 3.6 mm, as shown in
Fig. 1(b).

The nature of the layout leads most pixels to generate a torque upon
firing as they are not aligned with the centre of mass. To counter this
effect, Cube-de-ALPS divides itself into four individually addressable
quadrants, as shown in Fig. 2. The four zones were chosen over individ-
ual pixel control to provide essential attitude control while keeping the
electronics design simple. Cube-de-ALPS, based on its angular velocity,
can decide in which quadrant a pixel will ignite, and based on the
path of least electrical resistance within the quadrant’s circuit, one of
the micro-VATs will ignite. This selection process means Cube-de-ALPS
has no control over which exact pixel will fire. Instead, it can only
control in which quadrant a thruster pixel will turn on. Whenever a
pixel ignites, it receives a pulsed electrical signal. At each pulse, the
micro-VAT will generate a potentially widely different level thrust,
according to a thrust distribution function. However, with a pulse
frequency of 100 Hz, the average thrust is still closely distributed
around the nominal thrust level of each pulse, as per the Central Limit
Theorem [25], leading to a very consistent average thrust delivered.

Due to its printed nature, Cube-de-ALPS has inherent flexibility in
its pixel layout. In this work, we study two different layouts: one Cube-
de-ALPS system fitted on a single face (1-F) and another Cube-de-ALPS
system split across two opposite faces (2-F) while retaining the same
amount of fuel. As all faces equipped with Cube-de-ALPS also have their
own Faraday cup, the 2-F layout is expected to fire more often and thus
have improved de-orbiting performance.

2.2. On-board attitude determination

Beyond the printed VAT, Cube-de-ALPS also includes sensors to
estimate its angle-of-attack and angular velocity. We introduce in this
section a MEMS gyroscope that can provide accurate angular velocity
readings over a long operational time, and a Faraday cup that can
provide coarse angle-of-attack estimates.

Gyroscopes for angular rates measurements

To correctly select which quadrant to fire, Cube-de-ALPS requires
knowledge of the CubeSat’s angular velocity. We utilise a gyroscope
to provide angular rate readings. While many gyroscopes can pro-
vide accurate angular velocity measurements, the mass and volume
restrictions on Cube-de-ALPS limit the range of options. As the sensor
is expected to operate for at least the nominal lifetime of Cube-de-
ALPS, the thruster requires a gyroscope that produces low noise over
extended periods of time. Therefore, the STIM277H, an aerospace-
grade 3-axis MEMS sensor manufactured by Safran, was selected for use
on Cube-de-ALPS [26]. The sensor, measuring 21.5 X 38.6 x 35.9 mm,
provides readings with a standard deviation of 0.47 48 after one year,
which is the nominal operational lifetime. In contrast, the MP6050
MEMS gyroscope, a typical consumer-grade sensor commonly used by
hobbyists, will have readings with a standard deviation of 6.7 % after
one year.
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(a) Prototype of the Cube-
de-ALPS with a 5x5 pixel
grid.
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(b) Cross-section of a pixel.

Fig. 1. Picture of a Cube-de-ALPS prototype and a pixel cross-section.
Source: Images taken and adapted from [23].

Fig. 2. Drawing of the thruster pixels of Cube-de-ALPS, with a Faraday cup in the
centre. The different colours correspond to the quadrant division. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)

Angle-of-attack estimation with a Faraday cup

Cube-de-ALPS must know where its pixels are pointing to provide
correct de-orbiting. While commercially available solutions for attitude
determination exist, with typical packages using a combination of
sensors to provide accurate pointing data, these systems also tend
to be voluminous and heavy [27], making them unsuitable for the
Cube-de-ALPS package.

Due to the opportunistic firing law, the system requires only knowl-
edge of its angle relative to the velocity vector, referred to as the
angle-of-attack. The work of Watanabe et al. [28] shows how a Faraday
cup can estimate the CubeSat’s orientation relative to the velocity
vector by detecting the ions from the incoming flow direction. The EGG
spacecraft, a 3U CubeSat, has flown with a Faraday cup as an attitude
sensor demonstrating its feasibility [29]. This method of estimating
the attitude presents the advantage of being small and easy to fit on
CubeSats, as the sensor is 30 mm in diameter and 10 mm in height,
with an aperture of 7 mm.

The sensor detects the current generated by ions colliding with a
collector plate placed behind the aperture of the Faraday cup. A series
of charged grids, in-between the plate and the aperture, ensure that
only ions with a high relative velocity, i.e., the spacecraft’s orbital
velocity, can enter the sensor. This gives confidence that a current will
only be detected when facing the incoming flow. However, the detected
current is proportional to the number of ions hitting the plate, given by

I = qpions (WA 1, (O)0, (@]

where g, , p;,ns(h) . v, are the charge of an electron, the local density
of positively charged ions as a function of altitude A, taken from [30],
and the orbital velocity of the spacecraft, respectively. The angle-of-
attack 6 is measured between the flow direction and the Faraday cup
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Fig. 3. Sketch of the Faraday cup.

centreline, and the variable A,.(9) denotes the area of the collector
plate that ions can hit, shown in Fig. 3 as the intersection area. As the
spacecraft velocity is significantly higher than the thermal velocity of
the ions [31], we model the incoming flow as parallel rays that project
the aperture on the collector plate plane at a distance d from the sensor
centreline,

d(0) = hy, tan(9) (2)

where h. is the height of the Faraday cup. The overlapping area
between the sensor and the projected aperture corresponds to A ,.(6)
and is computed as the intersection area between two circles of equal

radius rre [321,
d2(0)
12
—d() e = -

The Faraday cup on the EGG spacecraft has flown at altitudes lower
than 500 km, where positive oxygen ions are present at a density of
10% ions cm™3 [33]. The work of Nanan et al. [30] shows that while
the density of positive Oxygen ions lowers above 500 km, the number
of protons (H") increases and stagnates at 10* ions cm™~>, up to at least
2000 km. We ensure operation at higher altitudes by increasing the
aperture of the Faraday cup to the collector plate diameter. As no
other design parameters need to be changed, the sensor remains at
the same dimensions, which leads to 12 pixels being removed from the
Cube-de-ALPS grid, as shown in Fig. 2. Due to the presence of thruster
pixels in proximity to the Faraday cup, contamination from the plume
is a potential concern. However, due to the presence of the charged

PEO)
Ly 2

rfc

3

Afe = 2r§c arcsin
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Table 1

Summary of Cube-de-ALPS sensors and properties.
Property Value
Max. pixel height [mm] 3.6
Max. fuel mass [g] 100
Max. total system mass [g] 250
Max. system volume [U] 0.2
Operational power [W] 1.5
Pulse standard deviation [%] 10
Pulse frequency [Hz] 100
Number of pixels [-] 88
Number of quadrants [-] 4
Gyroscope STIM277H
Faraday cup dimensions [mm] 30 x 10

grids, which allow only high velocity ions to enter the Faraday cup, we
believe that this is not an issue.

With the addition of the Faraday cup and the gyroscope, Cube-de-
ALPS can now estimate its angle-of-attack and angular velocity. Table 1
provides a summary of the sensors, the characteristics and constraints
of Cube-de-ALPS assumed for the simulations carried out in this work.

2.3. On-board firing criterion

Cube-de-ALPS is assumed to turn on at the end of the mission life of
the host CubeSat or shortly after launcher separation if the spacecraft
is dead-on-arrival.

To ensure de-orbiting, the system must thrust to slow down the
orbital velocity of the host CubeSat, which can be achieved by firing
against the velocity direction. Because the measurements of the Faraday
cup are electrical current readings, the exact angle-of-attack 6 of the
spacecraft cannot be determined onboard. Indeed, solving Eq. (1) for
0 would require knowledge of the spacecraft’s velocity and altitude.
However, Cube-de-ALPS cannot obtain real-time orbital height and
velocity measurements.

Fortunately, the exact angle is not required to determine whether
the Faraday cup is facing forward. Instead, the system can decide to
fire whenever it detects a signal above its expected noise e, which
would imply that it is facing the incoming flow. This mode of operation
consists of firing when the signal-to-noise ratio SN is equal to or above
a given value. It can be expressed as

q
SN = fp,-ms(h)Afc(B)Usc “4)
and the firing criterion is
SN 2 SN firing (5)

where SN, is the desired minimal signal-to-noise ratio.

Eq. (4) shows that the signal detected varies with the angle-of-
attack, and a brief investigation of Fig. 3 indicates that as # increases,
the signal will decrease to zero. Therefore, there must exist an angle «
where the signal detected is equal to our firing criterion,

SN(@) = SN fiping- (6)

We call the cone defined by the half-angle « the thrusting cone, which
is the region where SN > SN ;,;,,. Due to the variation of ion density
with altitude, the thrusting cone half-angle is a function of orbital
height, which varies in time.

If the firing criterion in Eq. (5) is true, by definition, the Faraday
cup must be inside the thrusting cone, so Eq. (5) is equivalent to

0 < a(h(t), SN fiying) @)

where the value of SN ;,;,, will determine the profile of a with respect
to altitude. This criterion is not usable onboard the CubeSat but is
useful to understand the thrusting profile of Cube-de-ALPS. Generally,
a higher SN, means the thrusting cone is smaller throughout
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all altitudes compared to a lower signal-to-noise ratio. Similarly, the
thrusting cone « is smaller at higher altitudes and combinations of high
SNy, and high altitudes can even make it disappear, in which case
Cube-de-ALPS does not fire in any direction.

3. Semi-analytical model

A custom simulation environment was created to model the effect
of Cube-de-ALPS on the orbital evolution of CubeSats. It includes the
perturbations from the space environment and the thrust from Cube-
de-ALPS. The orbital parameters are expressed in modified equinoctial
elements to avoid singularities at polar, circular and equatorial orbits.
Their evolution under the effect of external perturbations is given by
the Gauss equations [34]:

dp _2p [p
Z-2k ®
af _ 3 i o

L \/: (a,sin(L) + (@ + D cos(L) + )% ©)

— (hegsin(L) — kcos(L))£0w>
w
d . a
d_f = \/g(—ar cos(L) + ((w + 1) sin(L) + g) 10
+ (hgsin(L) — k COS(L))£0w>
w

dh,, p s2a,

dr \/; 2w o) an
dk _ [p$an
i ; T sin(L) (12)

2

dL _ w 1 /p in(L) —
o Vup ( . ) +- \/: (hey sin(L) — kcos(L))a,, 13
with the values
w =1+ fcos(L)+ gsin(L) a4
a=,/h£q—k2 (15)
s=/1+h2, +k (16)
;= % a7

Accurately modelling the thrust effects requires knowledge of Cube-
de-ALPS’s orientation. However, this can be computationally expensive
and difficult to achieve. Thus, we initially ignore the propagation
of the attitude and analytically average the thrust while propagating
the orbital motion numerically, forming a semi-analytical propagator.
This section will describe the perturbation models used for the orbital
motion and detail the averaging technique used for the thrust. The
semi-analytical model trades accuracy for performance, ignoring the
accurate attitude motion, the actual thrust direction and the impact of
the thrust on the attitude, but typically allows simulation of 90 years of
orbital evolution in approximately 10 h using a non-optimised Python
code on a desktop machine.

3.1. Aerodynamic forces

We compute the drag using

_1CoAs

i _ 2 Upel
Drag 2

p( ’TW’C) Urel ”l—j I”
rel

(18)

where m is the CubeSat’s mass, Cp, is the drag coefficient, A, is the
projected area towards the velocity direction, and v,,, is the relative
velocity between the spacecraft and the rotating atmosphere. The simu-
lation environment computes the atmospheric density p(h, T,,,.) through
an interpolation of the Jacchia-77 atmospheric model introduced in
Frey and Colombo [35], which allows for both static and temperature-
dependent models. We represent a dynamic atmosphere using the
uncorrected exospheric temperature 7,,. to compute the density at a
given position and time [36].
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3.2. Geopotential perturbations

To model the non-spherical shape of the Earth, the gravity potential
is modelled with spherical harmonics [36]. We use the Earth Gravity
Model 2008 (EGMO08) to determine the harmonic expansion coeffi-
cients [37]. For simplicity, we use a Python wrapper [38] of the NAIF
SPICE software [39,40] to compute the Earth’s orientation at any given
time.

3.3. Solar radiation pressure

We model the solar radiation pressure (SRP) for increased fidelity
in the simulations, with

CRAf T sun—sat

19

-
asrp = o-PSun
Msar Tsun—sat

where Pg,, is the solar pressure at the satellite position, Cy is the
reflection coefficient, A; is the projected area towards the sun, m,, is
the mass of the satellite, and 7,,,_,,, is the vector from the sun to the
satellite.

The fraction of the solar disk visible from the satellite’s position is
denoted as ¢ [41,42].

3.4. Sun and Moon gravitational effect

We model the gravitational influence of the Sun and the Moon with

) (20)

where Gm; and Gmy,, are the gravitational parameters of the Moon
and Sun, respectively. The vectors Fp_; and Fg_g,, are the positions
of the Moon and the Sun in the Earth Centered Inertial (ECI) frame,
which we obtain from the NAIF SPICE library using the “de440.bsp”
kernel [43], and allow the computation of 7;_., and F,,_,,, which
are the Moon-satellite and Sun-satellite vectors in the same frame.

- ;:Lfsat 7E—L 7sunfsat FEfsun
A Luni-Solar = Gmy ( 3 ) + Gmsun 3 -

rL—sat rE—L rsun—sat E—sun

3.5. Thrust averaging

Given a Cube-de-ALPS configuration with a fixed amount of fuel, or
equivalently a tgtal firing time 7 ;,,,,, we model the thrust as a constant
average thrust 7, , along the velocity direction throughout the mission
duration.

To obtain TA"e rs» the thrust delivered along the velocity direction
throughout the entire mission is averaged analytically, while the effect
of transversal thrust is ignored. We assume a random, uncontrolled
tumbling of the spacecraft, making it equally likely to point in any
direction relative to the orbital velocity vector. As CubeSats generally
do not have actuation systems [44], this assumption seems reasonable,
although passive stabilisation methods, such as hysteresis rods or de-
ployables for aerodynamic stabilisation, could affect this assumption
based on the CubeSat’s altitude [45,46].

We start by defining a coordinate system centred on the spacecraft
with its 2 axis aligned with the orbital velocity direction o, as repre-
sented in Fig. 4. The angle « denotes the half-angle of the thrusting
cone around the velocity direction. The highlighted sphere cap enclosed
by the thrusting cone indicates all spacecraft orientations in which
Cube-de-ALPS fires.

Since we assume all orientations to be equally likely over time, the
fraction of time the system is thrusting, z,, is the same as the fraction
of the surface of the full unit sphere covered by the sphere cap [47]:

Acap _ 27 (1 — cos(a)) _ 1 — cos(a)

21
A 4r 2 (21)

=
sphere
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Fig. 4. Unit sphere of all possible spacecraft orientations with the thrusting cone
defined by a. The highlighted sphere cap enclosed by the thrusting cone indicates
all orientations in which Cube-de-ALPS fires.

Similarly, we can calculate the average thrust delivered in the veloc-
ity direction when the system is thrusting by averaging the projection
of the thrust on 0 over the sphere cap:

Ty /
cap

A
N[ 0) sin(9)dod
= 22 (1 = cos(a)) /0 /0 cos(9) sin(®)dbd¢

cap
1 + cos(a)
n(H5)

where T, is the thrust vector. Knowing the nominal firing time 7,,;,,
and 7, we can calculate the total mission duration throughout which
Cube-de-ALPS is operational as

-0 dA

~

T,
22)

tfiring
mission — .

(23)
T

We can also obtain the total impulse imparted in the velocity direction

throughout the mission as

Iﬁ = Tatfiring' (24)

Finally, to obtain the equivalent average thrust YA“e s constantly act-
ing along the velocity direction throughout the entire mission duration
t and delivering the same total impulse I;, we define

. )

- = tha = TO (
mission

An important relationship between «, T,;,, and I, emerges out of
Egs. (24) and (25): An increased cone size « also increases the effective
thrust, but leads to a loss on the total impulse delivered against the
velocity direction. This is because a bigger thrusting cone half-angle
« means Cube-de-ALPS can fire more often, but it will also thrust less
accurately with a lower average component of thrust aligned in the
desired direction.

If we consider the case where Cube-de-ALPS is split across two
opposite faces, then the 2-F layout can fire twice as often as the 1-F
setup, which leads Eq. (21) to become

mission
1 — cos?(a)
4

off T3

(25)

7,05 = 1 —cos(a). (26)
Splitting the layout between two faces does not affect fa, and the new
effective thrust can be computed using (25)

~

Torror =7prTy =2

A~

effIF- 27)
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Table 2

HUMSAT-D satellite properties.
Property Value
Orbit inclination [deg] 97.8
Start date [-] 1 Dec 2014
Fixed projected area [m?] 0.015
Fixed drag coefficient [-] 2.2

HUMSAT-D mass (no Cube-de-ALPS) [kg] 1
Total mass (incl. Cube-de-ALPS) [kg] 1.2

When using Te 7 in the ODE integration of Egs. (13), the thrusting
cone half-angle « is updated as a function of current orbital altitude by
re-arranging Eq. (4) for A (a). We then invert Eq. (3) for d using a
numerical root solver. Finally, the trivial relationship between d and «
is given by Eq. (2).

As Eq. (3) is not invertible, there is no analytical expression for a.
To avoid using a numerical root solver at every step of the integration,
we pre-compute values a for every 10 m between 150 km and 2000 km.
We then linearly interpolate between the data points to update "fe 77 at
every integrator step.

This change in a over time influences the fraction of time the system
is thrusting, 7,, which also affects the average fuel consumption rate. To
accurately track the remaining fuel on board, we use the total impulse
delivered to estimate the fuel consumption and fire as long as we
have not delivered all the onboard impulse. The ODE for the impulse
delivered is expressed as

ju.ved (t) = TOTt(a) (28)

and is integrated alongside the modified equinoctial equations in (13).
Therefore, the thrust value Ty, turns off when all onboard fuel has
been consumed,

T
ffe
Tope = {Oe

if Lyseq (1) <1
T 29
otherwise

where [, is the total onboard impulse.
4. System performance analysis

Using the semi-analytical propagator, we systematically analyse
Cube-de-ALPS system parameters, including fuel material, layout, and
signal-to-noise ratio, and their impact on the de-orbiting performance.
To that end, we integrate Cube-de-ALPS into HUMSAT-D, with satel-
lite characteristics outlined in Table 2. We assess silver, aluminium,
tungsten and copper as fuel materials by changing the thrust level and
the firing time, which are both material-dependent quantities [48]. The
layout analysis distributes the thruster system across opposing faces
to increase thrusting time while maintaining the total amount of fuel.
Varying the signal-to-noise ratio changes the thrusting cone size and
its behaviour with altitude, which leads to a change in de-orbiting
performance.

We use the semi-analytical propagator introduced in Section 3
to limit the computational runtimes. The simulation stops when the
spacecraft reaches 150 km. If the thruster stops firing at a higher
altitude, atmospheric drag naturally decays the spacecraft. The satellite
is given 90 simulated years to reach 150 km to avoid unnecessarily long
computation times. If this time limit is reached, the simulation stops
before re-entry occurs.

4.1. Cube-de-ALPS fuel material

First, we determine the best fuel material for Cube-de-ALPS by
simulating its de-orbiting time from different initial altitudes. The fuels
selected for analysis are the materials used in the physical prototypes
of Cube-de-ALPS. The thruster system has been tested with a printed
polymer composed of 87% of silver by weight, machined copper, and
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machined aluminium, respectively, as the propellant [23]. We also
include tungsten in the comparison, as it is theoretically the propellant
with the highest impulse that can be fitted on Cube-de-ALPS.

The thruster system has the maximum amount of each propellant
while respecting the fuel mass and pixel size restrictions listed in
Table 1. Table 3 summarises the propellant selected for testing and their
respective properties.

We look at the de-orbiting time of the HUMSAT-D CubeSat between
150 km and 2000 km when equipped with Cube-de-ALPS. The results
are shown in Fig. 5, where the curve labelled “no Cube-de-ALPS”
corresponds to the simulated natural decay of HUMSAT-D at different
altitudes. The non-linearities in the curves are due to the atmospheric
density variation with respect to time. We define the maximum altitude
of Cube-de-ALPS as the height above which the HUMSAT-D satellite
would not de-orbit within 25 years. Therefore, the maximum altitude
lies on the 25-year line.

At around 400 km, we identify the point where the benefits of the
thrust from Cube-de-ALPS do not outweigh the drawback of the addi-
tional mass from the system. Therefore, the system is beneficial only
for altitudes above this point until its maximum de-orbiting altitude.

The results also show that the silver propellant de-orbits faster
initially due to its higher thrust, but its limited total impulse, due
to pixel size restrictions, means its maximum altitude is lower than
copper.

Even though tungsten outperforms all the other materials, we
choose copper as fuel for the remainder of this work, as our simulations
show it has the best de-orbiting performance of all the manufactured
materials. We simulated the decay times for signal-to-noise ratios of 2,
3 and 4 and established that the choice of material is independent of
the mode of operation.

4.2. Layout comparison

The 1-F and 2-F layouts are compared in this section by inspecting
their de-orbiting performance. As shown through Eq. (27), splitting
Cube-de-ALPS across two faces doubles the effective thrust, although
the total impulse remains the same since both layouts have the same
amount of fuel.

Fig. 6 shows the decay times for HUMSAT-D with the 1-F and 2-F
configurations at different signal-to-noise ratios, which is discussed in
Section 4.3. Due to its higher thrust, the 2-F layout performs better
at lower altitudes, where the de-orbiting happens before the CubeSat
has burnt out its fuel, i.e. it is still firing, and not all the impulse
has been delivered. After the burnout point, represented on the graph
as an inflection point, the curves for the 2-F layout rapidly converge
towards their 1-F equivalent. At that point, both systems have delivered
the same impulse against the velocity direction, and the high burnout
altitude means the total de-orbiting time is dominated by natural decay,
hence the similar de-orbiting performance. Fig. 6 also shows that this
behaviour does not change for different signal-to-noise ratios.

Therefore, the preferred setup is the 2-F layout, which will provide
faster de-orbiting for altitudes below its burnout point and similar
performance to the 1-F beyond that height.

4.3. Signal-to-noise impact

Lastly, we investigate the effect of the signal-to-noise ratio on the
decay times by varying SN between 1 and 10. Fig. 6 shows the
de-orbiting times of HUMSAT-D, using Cube-de-ALPS with copper, at
different signal-to-noise ratios. Interestingly, we note that the signal-
to-noise ratio that leads to the fastest de-orbiting is not constant but
varies with altitude.

Low signal-to-noise ratios are favoured at lower orbital heights
because they lead to a broader thrusting cone, which yields a higher
effective thrust at the expense of total delivered impulse. As the initial
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Table 3
Fuel materials for Cube-de-ALPS [48].
Fuel Nominal thrust [pN] Firing time [days] Pixel height [mm] Fuel mass [g]
Silver (Ag) 27.8 122.92 3.6 94
Aluminium (Al) 11.5 152.18 3.6 23
Copper (Cu) 17.6 416 3.6 80
Tungsten (W) 27.5 449.34 2.08 100
10% 4 no Cube—de-/ALPS Al Ag Cu
25 years ke
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Fig. 5. Decay time with respect to altitude for Copper (Cu), aluminium (Al), Tungsten (W), and printed silver (Ag). The plot presents the semi-analytical results and a baseline,

corresponding to HUMSAT-D naturally decaying without Cube-de-ALPS.
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Fig. 6. Decay time with respect to altitude for Copper (Cu), using different signal-to-noise ratios for the 1-F and 2-F configurations.

altitude increases, the CubeSat requires more impulse to achieve de-
orbiting, necessitating a smaller cone. Therefore, the signal-to-noise
ratio leading to the quickest de-orbiting will be the lowest SN pro-
viding the required impulse. However, a higher SN also leads to less
frequent firing, especially at higher altitudes, where strong signals are
difficult to detect. As a result, Cube-de-ALPS practically never fires,
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leading the de-orbiting performance to worsen and approach the profile
of natural decay. Such behaviour can be seen for the signal-to-noise
ratios above 5, where the increased SN pushes the curves towards the
natural decay baseline.

The results described in this section allow us to define an oper-
ational zone for Cube-de-ALPS, as shown in Fig. 7. From Fig. 6, we
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Fig. 7. Operational zone of Cube-de-ALPS. The green area (
the 1-F ( ) and the 2-F (

) highlights the altitudes for which HUMSAT-D would naturally decay. The blue shades define the zones where
) can provide de-orbiting. The maximum altitude from which Cube-de-ALPS can provide de-orbiting is marked for the 1-F (v) and the 2-F (). For

each initial altitude, the SN leading to the fastest de-orbiting is also shown (—&—). The dotted area defines the heights and SN where de-orbiting within 25 years is impossible,

even with Cube-de-ALPS. Dashed contour lines (= = =) mark the maximum thrusting cone half-angle a detectable, with the red line (

) bounding a region where no cone is

perceived. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

extract the maximum orbital height and the fastest SN for each initial
altitude. We highlight in blue the zone where Cube-de-ALPS allows de-
orbiting, while the green area corresponds to the altitude where the
CubeSat would naturally decay within 25 years.

The dashed contour lines correspond to the maximum half-cone
angle detectable, the thrusting cone defined by «. Therefore, the red
line, denoting a = 0° corresponds to the boundary where no signal can
be detected. In the hatched region beyond the red line, Cube-de-ALPS
will never thrust, and the CubeSat will experience natural decay until it
reaches an altitude where the detected signal is strong enough to trigger
firing. This behaviour never leads to de-orbiting within 25 years in our
simulations.

The best signal-to-noise ratio will vary based on the host spacecraft’s
mission and altitude, but ideally, the SN that leads to the fastest
decay should always be selected. If HUMSAT-D were equipped with
Cube-de-ALPS, the recommended operational mode would be SN = 1.

5. High-fidelity numerical model

To validate our semi-analytical model used in the previous analy-
sis, we increased the fidelity of our simulations by incorporating full
attitude modelling into our propagator. This allows us to model the
actual thrust direction instead of using the averaging method described
in Section 3.5.

The attitude dynamics of the CubeSat and its interaction with
the orbital motion are modelled using quaternion attitude kinemat-
ics [49,50]. We use the definition of a quaternion where the first three
elements ¢, ,q,,q; correspond to the vector part, and ¢, is a scalar.
This quaternion encodes the rotation from the inertial to the body-fixed
frame. The quaternion kinematics are expressed as

- 1
=-A 30
q=5Aq (30
with
0 w, -, o
A= -, 0 @, o, 31)
®, —oy 0 o
-, -o, -, 0
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where w,, »,, ®, are the components of the angular velocity vector
expressed in the body-fixed frame.

The evolution of the angular velocity of an object is described by
Euler’s equation [51]

& =1"F,py — @ x 1) (32)

where I is the satellite’s inertia matrix, 7,,,, is the torque applied, @ is
the angular velocity of the CubeSat, and @ is the angular acceleration.
All parameters from Eq. (32) are expressed in the body-fixed frame. We
integrate these equations along with the orbital ODE given in (13).

In addition to the attitude representation, higher fidelity is added
to the thrust modelling. As mentioned in Section 2.1, the pulsed nature
of the thrust leads the average to be closely distributed around the
nominal thrust. We generate a random thrust according to a Gaussian
distribution centred on the nominal thrust and with a standard devia-
tion computed according to the Central Limit Theorem [25]. We model
Cube-de-ALPS’s grid of pixels in the simulator, allowing us to track the
fuel consumption of each pixel individually and ensure that the thrust
vector is attached to the pixel ignited. As most pixels do not align with
the centre of mass of the CubeSat, the thrust, in addition to altering the
orbital trajectory, will impart a torque on the CubeSat. We compute this
torque with

xT

Tthrust,i rpixel,i (33)

where 7, ; is the position of the pixel that has ignited.

If the pixel selection is entirely random, the angular velocity of the
CubeSat will rapidly increase, and the spacecraft will reach prohibitive
spin rates [52]. Thus, we add a closed-loop thrusting law in the high-
fidelity modelling, where Cube-de-ALPS will determine the quadrant
in which a pixel can ignite. Based on angular velocity readings from
its MEMS gyroscope, Cube-de-ALPS estimates the effect of firing each
quadrant by assuming a pixel at each quadrant’s centre will fire at the
nominal thrust value. The system will select the quadrant that leads to
the lowest final angular velocity.

Within the selected quadrant, one pixel will ignite based on the path
of least electrical resistance within the circuit. For simplicity, we model
all pixels within the selected quadrant with a uniform probability of
being ignited.
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The control law re-evaluates which quadrant to ignite every 100 s,
unless Cube-de-ALPS leaves the thrusting cone. In this case, the control
law re-assesses the quadrant when Cube-de-ALPS re-enters the thrusting
cone.

We also add environmental torques to the propagator by modelling
the spacecraft geometry read from an STL file. Force models that
depend on the spacecraft geometry and orientation, such as solar
radiation pressure, drag and lift, are applied to each facet of the
spacecraft and produce both a force and torque on the satellite [50].
This provides an accurate, time-varying cross-section of the satellite, on
top of modelling perturbations to the satellite’s attitude.

6. Numerical results

This section presents the high-fidelity numerical results, validating
the prior semi-analytical analysis. To adequately compare the results,
the experimental setup used here is the same as discussed in Section 4.

Numerically propagating the attitude necessitates access to
HUMSAT-D’s inertia matrix. As this data was unavailable, we used
the inertia matrix of SLUCUBE-2, a comparable 1U CubeSat [53].
We represent the added mass from Cube-de-ALPS by homogeneously
increasing the inertia matrix by 20%,

0.002184

Lyumsar—p = 0.00222 kg m2. 34

0.00264

As the attitude is included, we specify that Cube-de-ALPS is mounted so
that its normal is aligned with the body-fixed x-axis of the HUMSAT-D
CubeSat. Cube-de-ALPS can thus provide torque around the satellite’s
y- and z- axes. Therefore the angle-of-attack 6 is the angle between the
body-fixed x-axis and the velocity direction,

cos(@) =2%-0. (35)

Due to the stochastic nature of quadrant selection and thrust gener-
ation, multiple realisations of each simulation are required. Preliminary
trial runs indicate that 40 realisations per setup yield confidence inter-
vals significantly smaller than the scale of the results, i.e. a decay time
in years with a 95% confidence interval in weeks.

In the simulations, Cube-de-ALPS uses copper as fuel material and
operates at a signal-to-noise ratio equal to 5. We choose SN = 5 to
validate the maximum altitude from which Cube-de-ALPS can provide
de-orbiting within 25 years. We impose a high initial angular velocity
of 30 degrees per second on HUMSAT-D to simulate an out-of-control
satellite. The complete numerical simulations continue until HUMSAT-
D reaches 150 km, or Cube-de-ALPS has burnt out. In the latter case,
should the CubeSat remain above the re-entry altitude of 150 km, the
propagator deactivates the attitude propagation and only advances the
orbit until 150 km is reached or 90 simulated years have elapsed.
This transition allows for lower computational costs, as the complete
numerical propagation involving attitude requires roughly 24 days for
simulating approximately three years of active thrusting (mostly due to
our non-optimised Python code).

We investigate the effect of the quadrant selection on HUMSAT-
D and find that it successfully despins and maintains a low angular
velocity throughout the simulations. Additionally, we compare the
numerical decay times and the semi-analytical predictions, highlighting
their resemblance and thus validating the work in Sections 3.5 and 4.

6.1. Angular velocity control

An example of the angular velocity profile with the closed-loop
thrusting law is shown in Fig. 8. The CubeSat is given 30 degrees
per second as initial angular speed, which Cube-de-ALPS successfully
de-spins to simulate the recovery of an out-of-control satellite. The
angular velocity remains below one rotation per minute, except at the
end, where a velocity spike appears. This spike is due to the random
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Fig. 8. Example of the angular velocity of a 1U CubeSat equipped with Cube-de-ALPS
using the closed-loop control law.

pixel selection, which yields unequal fuel consumption across the grid
and leaves pockets of pixels that do not balance each other out at the
end, spinning up the satellite. As the spike appears only at the end of
the firing time, operators can either ignore it, as Cube-de-ALPS will
have de-orbited the spacecraft, or stop firing just before the angular
velocity increases. On average, 97% of the fuel has been consumed
before the velocity spike appears, which leads to minimal impact on
the de-orbiting performance.

During the velocity spike, the control law will attempt to control the
satellite’s y- and z-axis, while the coupling effect of the non-uniform
distribution of mass will build momentum around the x-axis. This
induces spin stabilisation around the axis that Cube-de-ALPS cannot
control, which in turn affects the thrust delivery. If the satellite is
stabilised with its thruster pointing far outside the orbital plane, the
thrust delivery is diminished due to reduced firing opportunities and
a lower thrust component against the velocity vector. The opposite
is true for a satellite that has stabilised with its thruster close to the
orbital plane. Therefore, the satellite’s spin rate influences the system’s
performance, reinforcing the need for a control law to manage the
angular velocity.

6.2. High-fidelity decommissioning times

Lastly, we simulate HUMSAT-D de-orbiting from various initial
altitudes, using the high-fidelity environment. Both the 1-Face (1-F) and
2-Faces (2-F) layouts are analysed at a signal-to-noise ratio of 5. For
each initial altitude, 40 realisations are run, allowing the construction
of a confidence interval of 95%. Fig. 9 shows the high-fidelity decay
times and compares them to the estimates obtained in Section 4, which
match closely. Visible on the right of the graph, the convergence
predicted by the estimates is confirmed by the high-fidelity results.

The consistency between the estimates and the predicted results
shows that the assumptions made in the semi-analytical propagator in
Section 3.5 are valid, and the subsequent results obtained in Section 4
are correct and Cube-de-ALPS will provide de-orbiting capacity from
1400 km within 25 years.

7. Conclusion

In this work, we have introduced Cube-de-ALPS, a fully printed
standalone propulsion package that uses a gyroscope and a Faraday cup
for attitude estimation. An operational mode was outlined, requiring
only coarse angle-of-attack estimates and angular velocity readings.
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We equipped Cube-de-ALPS on HUMSAT-D, a 1U CubeSat that
spent seven years in LEO as an untracked space debris and simulated
de-orbiting missions.

Using a semi-analytical model, the de-orbiting performance is inves-
tigated for different fuel materials, layouts, and signal-to-noise ratios.
We used a high-fidelity numerical model, which includes full attitude
propagation, to validate our results and show that Cube-de-ALPS would
have decayed HUMSAT-D much faster than naturally possible.

In conclusion, Cube-de-ALPS can provide de-orbiting capacity as
intended and will allow 1U CubeSats to operate up to 1400 km, more
than twice as high as naturally possible, while ensuring re-entry within
25 years.
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