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Abstract

We present the operation of the CubeSat De-orbiting All-Printed Propulsion System (Cube-de-ALPS), a thin-film Vac-
uum 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 is composed of 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 operations of a Cube-de-ALPS End-Of-Life disposal for an under-actuated spacecraft with
uncontrolled spin. In this scenario, a single micro-VAT will ignite every time it points in the direction of the forward
velocity vector. Orbital lifetime estimates using simplified dynamics show Cube-de-ALPS can shorten the de-orbiting
time from 800 km altitude by up to two orders of magnitude. Due to the design, the micro-thrusters are not aligned
with the centre of mass, thus imparting a torque on the spacecraft. We use this in conjunction with a closed-loop thrust-
ing law, to control the spin of the satellite during de-orbiting. These preliminary results are compared to high-fidelity
simulations including full six degrees of freedom coupled attitude and orbital dynamics to confirm the viability of the
concept.
Keywords: CubeSat, End-Of-Life De-orbiting, Electric Micro-Propulsion, Orbit-Attitude Simulations

1. Introduction

According to the 2020 SpaceWorks forecast, between
1800 and 2500 CubeSats are expected to be launched be-
tween 2020 and 2025 [1]. Most of these satellites are
for commercial applications, and CubeSats typically use
Commercial-Off-The-Shelf components, which leads to a
high failure rate, with approximately 25% of all launches
ending in a non-responsive spacecraft [2]. If the satel-
lite is unable to perform its mission, it becomes space de-
bris which can cause significant damage to other objects
present in Low Earth Orbit (LEO) [3]. To avoid the pro-
liferation of such debris, the Inter-Agency Space Debris
Coordination Committee’s (IADC) guideline state that a
spacecraft in Low Earth Orbit should re-enter the Earth’s
atmosphere within 25 years past its operational lifetime
[4]. The high failure rate and the de-orbiting recommen-
dation lead many CubeSats to be limited to low orbital al-
titudes to guarantee passive re-entry if the satellite is dead-
on-arrival. However, this passive decay also restricts the
lifetime of functioning satellites, limiting their operational
uptime [5]. For example, at 400 km, a 1U CubeSat is ex-
pected to decay naturally within 200 days, while at 600 km,
the same satellite is expected to take 20 years to re-enter
[6].

To allow operation at higher orbits while maintaining
compliance with the IADC guidelines, CubeSats must be

equipped with a propulsion system to perform a decom-
missioningmanoeuvre at the end of the mission. However,
the vast majority of CubeSats (>95%) are in the Sub-3U
(≤3U) range [7], meaning that their mass, volume, and
power budgets are severely restricted and do not typically
allow for the use of propulsion systems.

Electric Propulsion (EP) systems are particularly inter-
esting for CubeSats, as they typically present high fuel
efficiency [8], leading to a smaller amount of fuel re-
quired, which could save mass and volume on the space-
craft. However, their implementation is not straightfor-
ward, as EP systems tend to come with heavy electronic
components and high power requirements [9]. For exam-
ple, the state-of-the-art for Gridded Ion Thrusters (GITs)
[10] on small satellites presents seven GITs, with only one
that could be fitted on a 1U, the Ariane Group RIT µX. In-
deed, the other GITs presented in the report have a mass
greater than 1.33 kg, the maximum weight of a typical 1U
CubeSat[11]. The Ariane Group RIT µX 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 gen-
erally produce up to 10 W, assuming highly efficient solar
panels on all six faces [12]. This power constraint means
that GITs are unlikely to be used on the smaller range of
CubeSats, as they meet neither the mass, volume or power
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budget required.
Hall Effect Thrusters (HETs) are an alternative to GITs,

which also have more flight heritage on CubeSats [13].
While the average system is lighter than a typical GIT, as
there are no 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 [10]. Again, this proves to be unfeasible for Cube-
Sats of the ≤3U class.

Electrospray thrusters are a form of EP suitable for
the smaller end of CubeSats [14], as some electrospray
thrusters have mass, volume, and power requirements
compatible with use on Sub-3U CubeSats. For example,
the Accion Systems TILE-2 Electrospray thruster weighs
0.45 kg and requires roughly 4 W of power [10]. As it
takes only 0.5U in volume, a 3UCubeSat could potentially
incorporate it as an actuator. However, these mass and
power requirements are still unfeasible for smaller Cube-
Sats. To cater for the smaller range, one could look at the
Morpheus Space NanoFEEP thruster, which weighs 0.16
kg, fits physically in a 0.5U space, and requires less than
3 W for operation [15].

Practically, however, none of these options is likely
to be used on such limited CubeSats, as attitude control
systems are required to operate the thrusters [16]. This
requirement for attitude control typically means that the
mass, volume, and power budget must also include atti-
tude actuators besides the mission payload.

A lightweight, low-power system is thus required to al-
low Sub-3U CubeSats to use active de-orbiting methods
without significantly sacrificing their mission objectives,
which leads to Pulsed Plasma Thrusters (PPTs) and Vac-
uum Arc Thrusters (VATs) [13, 17]. Both these systems
generate an electric arc across the surface of a solid pro-
pellant to vaporise and ionise it, with PPTs using Teflon
and VATs using metallic propellants. Their simple design
and power requirements as low as 0.5 W make them very
suitable for smaller CubeSats.

1.1. CubeSat de-orbiting All-Printed Propulsion System
As part of ESA’s Innovative Propulsion System for

CubeSats and MicroSats, a thin-film VAT, named Cube-
Sat de-orbiting All-Printed Propulsion System (Cube-de-
ALPS), is being developed at the University of Southamp-
ton [18]. It is a fully-printed, flat system that can be placed
on the side of a 1U CubeSat and will provide thrust for
post-mission disposal. Cube-de-ALPS consists of multi-
ple arrays of micro-Vacuum Arc Thrusters (micro-VATs)
that can generate, one at a time, 17.5 µN of thrust at 1.5
W of power. It is arranged in a 10x10 grid to provide 100
micro-VATs, and its theoretical fuel capacity provides it
with one year of firing time, by using 100 g of propellant.
The developed system is aimed to fit within a 0.2U volume
and weighs up to 0.25 kg. We show in Figure 1 a simple es-

timate of the capabilities of Cube-de-ALPS. In this simula-
tion, a 1U CubeSat equipped with the thruster system fires
continuously for one year against the velocity vector, start-
ing from different orbital altitudes. drag and geopotential
perturbations, as detailed in Section 2 are included in the
simulation. The plot shows the time taken to reach 150
km. Cube-de-ALPS will turn on at the end of the mission
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Fig. 1: Decay time with respect to altitude. The plot
presents the initial estimates in dark green. The simula-
tion assumes the thrust always acts against the velocity.
A baseline, which corresponds to a 1U naturally decay-
ing, is shown in blue.

life of the host CubeSat or shortly after launcher separation
if the spacecraft is dead-on-arrival. To ensure de-orbiting,
the systemmust thrust to slow down the orbital velocity of
the host CubeSat. Therefore, Cube-de-ALPS must thrust
against the velocity direction, which could require an atti-
tude actuator to achieve accurate pointing. However, few
Sub-3U CubeSats have active attitude control systems on-
board, with most of them having no form of ACS whatso-
ever [19]. Therefore, throughout this work, the host Cube-
Sat is assumed to be underactuated around all axes. The
operational mode of Cube-de-ALPS is, therefore, to ignite
a micro-VAT whenever it is pointing partially against the
velocity direction, i.e. at any angle that has a component
of thrust against the spacecraft’s motion.

A distinguishable feature of Cube-de-ALPS is its use of
distributed propulsion architecture. Figure 2 shows that
similarly to digital propulsion systems, Cube-de-ALPS
provides multiple micro-thrusters laid out in a co-planar
fashion. Each micro-thruster, also called thruster head or
thruster pixel, is an individual micro-VAT capable of de-
livering thrust. Unlike MEMS-based digital propulsion
systems, which have a thruster head radius of less than
0.5 mm [20], the printed VAT has its micro-thrusters at
the macroscopic level, with each pixel having a radius of
2.25 mm. Additionally, each printed pixel is re-ignitable,
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Fig. 2: Representative sketch of Cube-de-ALPS . The di-
vision into four quadrants is shown.

contrary to most MEMS-based digital propulsion systems.

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 its
pixels into four individually addressable quadrants. The
four zones were chosen to provide essential attitude con-
trol while keeping the electronics design simple. Cube-de-
ALPS can decide in which quadrant a pixel will ignite, and
based on the path of least electrical resistance within the
quadrant’s circuit, a micro-VAT will ignite. This selection
process means Cube-de-ALPS has no control over which
exact pixel will ignite. Instead, it can only control in which
quadrant a thruster head will turn on.

Every time a given pixel ignites, the thruster head re-
ceives a pulsed electrical signal. At each pulse, the micro-
VAT will generate a potentially widely different level
thrust, according to a thrust distribution function. How-
ever, with a high pulse frequency, the average thrust is
still closely distributed around the nominal thrust level of
each pulse, as per the Central Limit Theorem [21], leading
the average thrust to be repeatable.

Table 1 provides a summary of the characteristics of
Cube-de-ALPS assumed for the simulations carried out in
this work.

Property Value
Nominal Thrust [µN ] 17.5

Pulse standard deviation [%] 10
Pulse frequency [Hz] 100
Number of pixels [-] 100
Grid dimension [-] 10x10

Total burn time [days] 365
Burn time per pixel [days] 3.65

Table 1: Summary of Cube-de-ALPS properties.

2. Simulation Environment
A custom high-fidelity simulation environment was

created to assess the effect of Cube-de-ALPS on the de-
orbiting time of CubeSats. This section will describe the
dynamical models used, the force models included and the
reasoning behind their selection.

Perturbing force models are used in combination with
the Gaussian form of the Variation of Parameters (Gaus-
sian VOP) to form a simulator capable of propagating the
CubeSat [22]. To avoid the singularities at equatorial, po-
lar, and circular orbits, the propagator uses Equinoctial el-
ements [23]. These elements offset the singularity to or-
bits at 180 degrees of inclination, which are virtually never
used. The Equinoctial form of the Gaussian VOPwas veri-
fied by comparing the results of our simulator to the output
of the General Mission Analysis Tool (GMAT).

We included the effect of the thrust of Cube-de-ALPS
on the trajectory, as well as the influence of atmospheric
drag. The impact of the non-spherical Earth is also mod-
elled, although its effect on the de-orbiting times of Cube-
Sats is minor compared to the thrust and drag. Attitude
dynamics are also incorporated into the simulator, to rep-
resent the effect of the thruster on the pointing of the satel-
lite.

2.1. Thrust Modelling
The thrust can be modelled with

a⃗thrust =
T⃗

m
(1)

where T⃗ is the thrust vector, andm is the mass of the Cube-
Sat. The simulator assumes the mass of the CubeSat re-
mains constant throughout the simulation, as the fuel only
constitutes a small fraction of the total mass. However,
the simulation does keep track of fuel consumed by each
pixel, to determine when they burn out. Every time a pixel
ignites, a thrust value is generated randomly according to
a normal distribution, but then remains constant while said
pixel fires. Pixels are re-ignitable, so if the same thruster
head fires, a new random value is produced. We attach the
thrust vector to the location of the pixel which generated
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it. The direction of the vector is assumed to be normal to
the surface holding themicro-VAT and thus varies with the
attitude of the spacecraft.

2.2. Atmospheric Drag
The drag is computed using

a⃗Drag = −1

2

CDAeff

m
ρ(h)v2rel

v⃗rel
∥v⃗rel∥

(2)

wherem is the CubeSat’s mass,CD is the drag coefficient,
Aeff is the project area, and vrel is the relative velocity
between the spacecraft and the rotating atmosphere. The
equations are valid in SI units. ρ(h), the atmospheric den-
sity, is computed through an interpolation of the Jacchia-
77 atmospheric model presented in Frey and Colombo
[24]. This model provides an analytical form of the den-
sity with respect to altitude and is within 1.5% of the orig-
inal tabular values. The implementation of the Jacchia-77
interpolation was verified by re-creating the data shown
in the original paper by Frey and Colombo [24]. Addition-
ally, the de-orbiting time of a 1UCubeSat in LEOmatched
the results from GMAT.

2.3. Geopotential Perturbations
To model the non-spherical shape of the Earth, a grav-

ity potential is modelled with spherical harmonics. We
use the Earth Gravity Model 2008 (EGM08), which uses
experimental data from the GRACE and GOCE missions,
to determine the coefficients of the harmonic expansion
[25, 26, 27]. The EGM08 implementation was verified by
comparing the results of the in-house simulator to GMAT.
Similarly to the verification of the Equinoctial Gauss Plan-
etary Equations, a 1U CubeSat was placed in a test orbit
taken from Curtis [28] and was propagated in both simula-
tors. The difference between the outputs remained below
0.1% for all keplerian elements.

2.4. Attitude Dynamics
The attitude dynamics of the CubeSat and its interac-

tion with the orbital motion are modelled using quaternion
attitude kinematics [22, 29]. We use a definition of quater-
nions where the first three elements q1 q2 q3 correspond to
the vector part and q4 is the scalar part

q⃗ =


q1
q2
q3
q4

 =

sin
(
θ
2

)
e⃗

cos
(
θ
2

)
 (3)

Where the e⃗ is the principal axis and θ is the Euler angle.
This quaternion encodes the rotation from the inertial to
the body-fixed frame. The quaternion kinematics are writ-
ten as

˙⃗q =
1

2
Λq⃗ (4)

Λ =


0 ωz −ωy ωx

−ωz 0 ωx ωy

ωy −ωx 0 ωz

−ωx −ωy −ωz 0

 (5)

with ωx, ωy, ωz being the components of the angular ve-
locity vector, expressed in the body-fixed frame. The evo-
lution of the angular velocity of an object can be modelled
using Euler’s equation [30], written as

˙⃗ω = I−1(τ⃗total − Ω⃗× Iω⃗) (6)

where I−1 is the inverse of the inertia matrix, τ⃗total is the
torque applied, Ω⃗ = ω⃗ is the angular velocity of the Cube-
Sat, and ˙⃗ω is the angular acceleration. All parameters from
equation (6) are expressed in the body-fixed frame. This
differential equation is also where external environmental
torques acting on the CubeSat can be added, such as the
thruster-induced perturbations.

3. Decommissioning Times Estimates
CubeSats generally do not have actuation systems, and

therefore, the assumption that the thruster always points
against the velocity vector is unrealistic. Cube-de-ALPS
must fire whenever it faces the velocity direction at any
angle. An averaging factor is introduced to account for
the under-actuated nature of the host satellite. This set of
simulations propagates only the orbit and does not include
neither the attitude dynamics nor the detailed thrust mod-
elling as described in Section 2. Assuming the CubeSat is
spinning randomly, Cube-de-ALPS will, on average, have
a component of thrust against the velocity half of the time,
i.e. the thruster will point in the correct hemisphere half
of the time. Even when it is pointing in the correct hemi-
sphere, the thrust vector is equally likely to point at any
angle relative to the velocity direction. We simplify the
scenario by assuming all components of thrusts orthogo-
nal to the velocity will eventually cancel out. The thrust
along the velocity direction, however, does not cancel out
as Cube-de-ALPS never thrusts when facing “backwards”.
This assumption allows us to compute the average thrust
component acting against the velocity for all thrust vector
angles in the hemisphere around the velocity vector. This
averaging yields an effective thrust four times lower than
the nominal value. As we have assumed that we thrust
only half of the time, the total time for which we can thrust
nominally doubles.

Thus, this set of simulations is similar to the no-attitude
set-up, except that the effective thrust is a quarter of the
initial value and the firing time doubled to represent the
fact that the CubeSat is randomly spinning. Again, the
spacecraft was propagated until it reached 150 km. Figure
3 shows the results with the corresponding line labelled
“17.5 µN Thrust - averaged”. As the thrust is quartered,
we notice the CubeSat case takes much longer to de-orbit
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4 RESULTS

than the no-attitude set-up. However, Cube-de-ALPS still
provides a significant benefit compared to natural decay.
At 800 km, a 1U CubeSat can de-orbit in approximately
two years if equipped with the thruster system, even if it
is randomly spinning. If Cube-de-ALPS is not present, the
same 1U will take over 100 years to decay from that alti-
tude. A dashed line marks the 2-year limit, at which point
the thruster runs out of fuel, represented on the curve by
an inflection point.
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Fig. 3: Decay time with respect to altitude. The plot
presents the thrust-averaged estimates in bright green.
A baseline, which corresponds to a 1U naturally decay-
ing, is shown in blue.

4. Results
This section details the high-fidelity results of the de-

orbiting simulations. We first focus on the implications of
the thruster architecture on the attitude of the CubeSat and
therefore ignore any orbital modelling. We then combine
the orbital and attitude dynamics to confirm the viability
of the system.

4.1. Operation of Cube-de-ALPS
The flat architecture of Cube-de-ALPSmeans itsmicro-

thrusters are not centred above the centre of mass of the
CubeSat. This misalignment leads a torque to be gener-
ated upon firing, inducing a rotation. If not mitigated, the
angular velocity can build up to a point where the centrifu-
gal force threatens the structural integrity of the CubeSat.
This section presents the problem of controlling this an-
gular velocity with Cube-de-ALPS on a 1U, and offers
a practical solution. We simulated a realistic satellite by
modelling the SLUCUBECubeSat [31], a 1U system. The
inertia matrix is given, in kg m2, as

I =

0.00182 0 0
0 0.00185 0
0 0 0.00220

 (7)

and the CubeSat is assumed to have only Cube-de-ALPS
as an actuation system. The objective of the thruster is to
provide de-orbiting capacity and to limit the angular ve-
locity build-up. From the literature, an angular velocity
of less than one rotation per minute is typically deemed
acceptable for most CubeSat missions [32, 33, 34], and
therefore, the objective is to maintain the angular rate be-
low 6 deg/s.

As we ignore the orbital propagation, the system can
fire without regard for where it is pointing. Cube-de-
ALPS is equipped with a thrust law. Based on the angle
of the thruster relative to the velocity direction, the con-
trol law will determine whether it should fire or not. We
present an uncontrolled thrust law, which does not account
for the quadrants present on the system, and a closed-loop
thrusting law which regulates the angular velocity. The
latter develops the uncontrolled thrust law to also take the
angular velocity vector of the satellite as an input, and out-
puts in which quadrant a pixel should be ignited.

4.2. Uncontrolled Thrust Law
In this version, the quadrant division is removed (i.e.,

only one zone contains all the thruster heads), so a pixel
will ignite entirely randomly. It is also assumed that when
a pixel ignites, it will continuously fire until it burns out.
As the fuel is uniformly distributed across the pixels, the
firing time per pixel is

tburntime =
365 days
npixels

= 3.65 days (8)

where npixels is the number of pixels on the grid. The re-
sult in Figure 4 shows the results of firing Cube-de-ALPS
in an uncontrolled manner. The plot shows 40 runs, with
39 plotted in grey and one plotted in orange, as an exam-
ple case. Already, within the first 5 minutes of firing, we
notice the angular velocity has crossed our upper limit of 6
deg/s (one rotation per minute). This quick build-up of ro-
tational speed clearly shows the problem linked to naively
using Cube-de-ALPS. From Figure 5 we observe that the
velocity behaviour changes slope after 3.65 days, which
corresponds to the pixel firing time. The plot also indi-
cates that the angular velocity can grow to unreasonable
amounts when using a naive approach.

Two main points can be concluded regarding the naive
approach’s rise in the angular velocity. Firstly, the long,
continuous firing of a pixel quickly leads the angular ve-
locity to grow over our acceptable limit of 6 deg/s. Sec-
ondly, due to the random nature of the pixel selection,
thruster heads increasing the angular velocity are some-
times ignited consecutively. This successive firing means
that two (or more) pixels in a row will accumulate their
effect. This issue is independent of the firing time, and
even if the pixels fired for a short amount of time, there
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Fig. 4: Evolution of the angular velocity in a naive oper-
ation. The figure focuses on the first few minutes of
operation. The non-linear motion present is due to the
non-ideal inertia matrix of the SLUCUBE satellite. 40
runs are presented, with one highlighted in orange as an
example.
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Fig. 5: Evolution of the Angular Velocity in a naive oper-
ation, for 6 days. 40 runs are presented, with one high-
lighted in orange as an example.

would be a possibility that multiple consecutive thruster
heads create torques that provide angular acceleration.

4.3. Closed-Loop Thrusting Law
By dividing the Cube-de-ALPS into four quadrants,

and measuring the angular velocity, we can avoid the issue
previously described. In this approach, Cube-de-ALPS
requires knowledge of the angular velocity vector to de-
termine which quadrant should be selected. Once the de-
cision is made, a pixel will ignite at random within the
chosen quadrant and fire for tfiring , the firing time of a
pixel. Here, we introduce the distinction between “burn

time” and “firing” time. The burn time tburntime refers
to the total time a pixel can thrust for and is dependent
only on the fuel capacity and distribution. The firing time
tfiring corresponds to the time for which a pixel will ignite
before another micro-thruster fires, which is a parameter
of the thrusting law.

The closed-loop thrusting law assesses the angle rela-
tive to the orbital velocity and the angular velocity vector
on a discrete basis. After a pixel continuously fires for
tfiring , Cube-de-ALPS re-assesses the required parame-
ters and determines which quadrant should ignite. There-
fore, the time between each assessment of the thrusting
law, called Quadrant Ignition Time (QIT), is also equal to
the pixel firing time, so that tfiring = tQIT .

To minimise the angular velocity of the CubeSat, the
thrusting law always attempts to fire a quadrant that should
lead to the minimum final angular velocity. We estimate
the effect of each quadrant by assuming a pixel situated
at the centre of each zone will fire at the nominal thrust
value, and using

ω⃗est. = ω⃗0 + I−1τ⃗centre,itQIT (9)

where tQIT is the QIT in seconds, τ⃗centre,i is the torque
produced from firing a pixel at the centre of the quadrant
i at the nominal thrust value (in Nm), and I is the iner-
tia matrix of the satellite. ω⃗est. and ω⃗0 are the estimated
and initial angular velocity vectors. All parameters are ex-
pressed in the body-fixed frame.

In this estimation, we assume the angular velocity re-
mains low enough so that the product of the components
of ω⃗0 can be ignored. In other words, we ignore the cross
product in Equation (6). The consequence of this assump-
tion is that we overlook the cross-coupling of angular ve-
locity due to unequal mass distribution. However, this al-
lows for analytical computation of this estimation at the
cost of higher accuracy in the prediction.

Figure 6 shows an example evolution of the angular
velocity of a 1U CubeSat equipped with Cube-de-ALPS
when the closed-loop thrusting law is applied. This exam-
ple uses a QIT of 100 seconds. The plot presents 40 runs,
with 39 in grey and 1 in orange. As opposed to Figure 5,
using this thrusting law allows the angular velocity to be
controlled. Indeed, the rotational rate remains mostly be-
low 3 deg/s, throughout most of the thrusting time. At the
very end, we notice a spike in the angular velocity. While
it varies on a case-by-case basis, the velocity spike gener-
ally increases the rotational rate significantly (sometimes
nearly a tenfold increase) and happens around 5 to 10 days
before Cube-de-ALPS runs out of fuel.

The fuel consumption pattern of the thruster explains
the presence of this spike. Due to the symmetric archi-
tecture of Cube-de-ALPS , every pixel has a “conjugate”
placed symmetrically opposite on the face. If a pixel and
its symmetrically opposite micro-VAT produce the same
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Fig. 6: Evolution of the angular velocity normwhen Cube-
de-ALPS uses the thrusting law, with a QIT of 100 sec-
onds. 39 runs are in grey, and one is presented in orange.

thrust, their torques should cancel. Ideally, this pair of
pixels should ignite successively to ensure that the motion
is always balanced out, but the random nature of the pixel
selection rarely allows for this. Instead, multiple pixels
igniting sequentially often do not form a conjugate pair.
Towards the end of the manoeuvre, multiple pixels remain
on Cube-de-ALPS , whose torques do not cancel out but in-
stead accumulate to increase the angular velocity. Figure
7 shows an example of the percentage of the total remain-
ing fuel in each quadrant after 355 days of firing (97.2% of
the burn time) with a QIT of 100 seconds. There is a clear
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Fig. 7: Example remaining fuel in each quadrant after 355
days of firing Cube-de-ALPS . The thrusting law uses
a QIT of 100 seconds. This fuel discrepancy leads to
velocity spikes.

difference between each zone, demonstrating that random
firing can increase the angular velocity at the end of the
manoeuvre.

We consider two practical approaches as the issue hap-
pens towards the end of the manoeuvre. In the first ap-
proach, as Cube-de-ALPS performs a de-orbiting manoeu-
vre, it is safe to assume that the spacecraft will be inoper-
ative after the thruster system has burned out, as it will
be on a re-entry trajectory. Thus, the rotational rate of the
spacecraft does not matter, and this velocity spike does not
need any correcting. However, a spacecraft operator could
determine that the angular velocity rise is unacceptable.
In the second approach, the operation of Cube-de-ALPS
stops before it experiences the velocity spike. The angu-
lar velocity rise happens up to ten days before the thruster
runs out of fuel, at which point the thruster has delivered
over 97% of its impulse. As a result, the decay times are
not significantly affected by this operational approach.

The intensity of the velocity spike, like the performance
of the thrusting law, depends on the QIT chosen. We
briefly summarise here the effect of the QIT on the overall
performance of the Cube-de-ALPS thrusting law. Figure
8 shows the effect of various QIT values on the average
velocity, standard deviation, and the maximum velocity
detected. These statistical values were gathered over 40
runs for each QIT. As expected, as the QIT goes down,
the average angular velocity becomes smaller, and so does
its standard deviation. This trend implies that the perfor-
mance of the thrusting law is not only better but also more
repeatable at lower QITs. As Cube-de-ALPS fires a pixel
for less time and switches thruster heads more often, the
torque produced is routinely adjusted to minimise the an-
gular velocity, controlling the angular rate. The clear trend
suggests that an operator should always choose a low QIT.
The only drawback of a short QIT is the reduced time avail-
able to perform any of the computations required for the
thrusting law. Additionally, using the electronics and on-
board computer more often leads to increased power con-
sumption. While it is doubtful that this shortcoming will
be of significant importance, a QIT of 100 seconds is cho-
sen to provide both angular velocity control and feasibility
with regard to computation time and power requirements.

The definition of the thrusting law has now introduced
an additional requirement on Cube-de-ALPS . The system
needs to measure the angular velocity of the host Cube-
Sat periodically. It is essential to highlight here that the
thrusting law does not concern itself with the pointing of
the spacecraft and solely focuses on stabilising the angular
velocity. Hence, full attitude knowledge is not required.
Only the angular velocity vector is needed, which gyro-
scopes can provide. These sensors are small and light
enough to integrate even with 1U CubeSats easily.

7



4.4 High-Fidelity Decommissioning Times 4 RESULTS

100 125 150 175 200 225 250 275 300

101

102

103

M
ax

im
um

100 125 150 175 200 225 250 275 300
0

5

10

15

20

M
ea

n

A B

95.0 97.5 100.0 102.5 105.0

1.0400

1.0425

1.0450

1.0475

1.0500

Zo
om

A

190 195 200 205 210

2.17

2.18

2.19

2.20

B

Quadrant Ignition Time [seconds]

A
ng

ul
ar

 V
el

oc
ity

 [de
g s

]

Fig. 8: Effect of Quadrant Ignition Time (QIT) on the an-
gular velocity of a 1U CubeSat. For each QIT, 40 runs
were executed. The maximum angular velocity of each
run is shown by the blue circles (top), while the black
crosses mark the maximum over the 40 runs. The white
squares (middle) represent the mean angular velocity
over 40 runs, with the average of each individual sim-
ulation shown by the red circle. For the QITs of 100
and 200 seconds (points “A” and “B” respectively), the
dispersion of the red circles is so small that it is invisi-
ble in the middle plot. Therefore, two subplots (bottom)
focus on the respective points.

4.4. High-Fidelity Decommissioning Times
The previous subsection demonstrated that a simple

thrusting law, combined with an instrument to detect the
angular and orbital velocity, can mitigate the excessive ro-
tational motion induced by Cube-de-ALPS . In this sub-
section, the focus shifts to the de-orbiting performance of
the thruster system. We simulate the decay times of a 1U
CubeSat equipped with Cube-de-ALPS at various initial
altitudes and present the results of using the complete sim-
ulation environment described in Section 2, propagating
both attitude and orbital dynamics.

In this set-up, the 1U CubeSat is given an initial rota-
tion of 15 deg/s around each axis, to represent a randomly
tumbling spacecraft. The total angular velocity is there-
fore of 25 deg/s. Cube-de-ALPS will fire whenever it faces
somewhat in the velocity direction, so the angle at which
the thrust acts is not pre-determined. Because of this, the
thrust produced by the system is not averaged and is 17.5
µN. Cube-de-ALPS also keeps track of the fuel used, so no
assumptions over the firing time are required. The thrust
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Fig. 9: Decay time with respect to altitude. The plot
presents the thrust-averaged estimates in bright green
while the High-Fidelity results are shown in purple. A
baseline, which corresponds to a 1U naturally decaying,
is shown in blue.

produced will affect the rotational state and the orbital tra-
jectory. Cube-de-ALPS will use the closed-loop thrusting
law detailed in 4.3.

Figure 9 shows the results, where the label “17.5 µN
HF Thrust” indicates the corresponding line. We notice
the High-Fidelity results closely match the averaged thrust
method. They both represented the same operational prin-
ciples, which provided confidence in the outputs. The in-
flection point, corresponding to Cube-de-ALPS running
out of fuel, also happens around the 2-year mark, which
validates the assumption that the fuel takes nominally two
years to be fully consumed. With the CubeSat initially
spinning at 25 deg/s, the thrusting lawmanaged to bring the
rotational speed down to below 3 deg/s on average through-
out the manoeuvre in less than 24 hours, as shown in Fig-
ure 10. Figure 11 shows the angular velocity behaviour
throughout the simulation time and demonstrates Cube-
de-ALPS ’s capacity for recovering a 1U spinning out of
control. It is helpful to remember that we show the angu-
lar velocity profiles of a 1U CubeSat starting at different
initial altitudes. Therefore, the decay time, and thus the
simulation time, will vary based on the CubeSat’s initial
orbit. The plot presents velocity spikes, which correspond
to the few cases that have fired until Cube-de-ALPS runs
out of fuel. As seen in Figure 11, most cases reach the stop
condition before the fuel runs out, meaning they will not
experience a velocity spike. To conclude this section, we
briefly compare the computational cost of the high-fidelity
simulations to the thrust-averaged initial estimates. The
difference between the two is the method used to account
for the attitude. The complete modelling of the attitude
is a computationally expensive task, as the inertia matrix

8



5 CONCLUSION

ID Label Orbital Perturbations Attitude included Thrust direction
No-Attitude 17.5 µN Thrust Drag & EGM08 No Against velocity

Thrust-Averaged 4.4 µN Effective Thrust Drag & EGM08 Analytically Against velocity
High-Fidelity 17.5 µN HF Thrust Drag & EGM08 Numerically Propagated

Table 2: Summary of the different simulations performed.
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Fig. 10: Angular velocity of the 1U CubeSat during the
High-Fidelity simulations. From an initial spin of 25
deg/s, Cube-de-ALPS recovers attitude control within
a day. One line is plotted in orange as an example to
highlight the profile of the angular velocity at the start
of the simulation.

Fig. 11: Angular velocity of a 1U CubeSat throughout the
High-Fidelity simulations. Different runs started at dif-
ferent altitudes, hence they do not have matching simu-
lation times. The orange line shows an example profile
for a given simulation.

of the 1U CubeSat is realistic. Therefore, the initial esti-
mates run much faster as they ignore the propagation of
the spacecraft’s orientation. As an example, the results
for the averaged thrust on Figure 9 took about 3 hours to
run on the author’s laptop, while the High-Fidelity simula-
tions required around two weeks on a High-Performance
Computer to finish. Given the relative proximity of the av-
eraged results to the High-Fidelity output, it is likely that
using the analytical averaging approach will be sufficient
for de-orbiting time estimates.

5. Conclusion
In this work, we have introduced Cube-de-ALPS , a

printed, flat thruster designed to be integrated on CubeSats
as small as 1Us. The thruster system is a failsafe capable
of delivering thrust to provide extended de-orbiting capac-
ity to nanosatellites that would otherwise have to rely on
the atmospheric drag to re-enter within 25 years, thus re-
stricting their operation to low altitudes. Preliminary esti-
mates have shown that the thruster system has the potential
to significantly reduce the decay time of its host CubeSat
to the point where even at 800 km, the spacecraft would
be IADC compliant. The impact of the under-actuated na-
ture of the host satellite was accounted for analytically,
and while the rotation worsened the results, the CubeSats
still re-entered the atmosphere within the 25 years recom-
mended by the IADC. In the high-fidelity simulations, the
impact of the thruster on the attitude was modelled. The
unconventional architecture of Cube-de-ALPS can induce
undesirable torques, which we mitigated by implementing
a simple thrusting law. This showed that the angular ve-
locity of the host CubeSat could be controlled and lowered
to below 3 deg/s for most of the firing time. The focus was
then shifted to the de-orbiting performance of Cube-de-
ALPS, having solved the issue tied to the angular velocity.
We compared the initial estimates to a high-fidelity model
of the thruster, operated to de-orbit a 1U CubeSat. Ad-
ditionally, the high-fidelity results showed that the thrust-
ing law controlled the angular velocity throughout the de-
orbiting manoeuvre. Despite starting with an initial angu-
lar velocity of 25 deg/s, Cube-de-ALPS recovered the spin
of the host CubeSat within 24 hours.
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