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ABSTRACT

This paper presents the Thruster Pointing Mechanism (TPM) control strategy developed by Argotec
in the context of the ESA CubeSat mission HENON. The mission is led by Argotec and it is developed
by a consortium composed by INAF, as principal investigator, University of Calabria, University
of Florence, SPACEDYS, Imperial College, ASRO and IMT. An external contribution is provided
by Charles University and Mars Space Limited for the payload suite and the Electrical Propulsion
System. The mission aims at studying space weather phenomena and HENON will be the first
CubeSat to reach a Distant Retrograde Orbit (DRO) to achieve this goal. The spacecraft will
perform a deep space transfer to the DRO by means of a gridded ion-thruster, providing low thrust
and high specific impulse. The uncertainties on the knowledge of the Center of Mass (CoM) position
required a gimbal to orient the thrust along the CoM direction, in order to avoid the generation
of parasitic torques due to the propulsion system. However, the uncertainties on the thrust vector
direction, due to the TPM accuracy and the electric thruster’s grids misalignments, generate a
residual parasitic torque on the spacecraft. This disturbance would negate the spacecraft the
possibility to perform the deep space transfer, therefore a TPM control strategy is developed to
exploit the gimbal to generate torques counteracting the residual parasitic momentum build-up.
This paper demonstrates the effectiveness of the proposed strategy in reducing the parasitic angular
momentum build-up and its easiness of adaption to scenarios involving different errors and control
intervals.

Keywords: Thruster Pointing Mechanism, Angular Momentum Management, Residual Parasitic Torque, Electric
Propulsion, Deep Space

Nomenclature
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ADCS

Attitude Determination and Control System

AOCS = Attitude and Orbit Control System

CEPS = CubeSat Electric Propulsion System
CoM = Center of Mass

CPS = CubeSat Propulsion System

CSS = Coarse Sun Sensor

DRO = Distant Retrograde Orbit

FCA = Faraday Cup Analyser

FoV = Field of View

MAGIC = Magnetometer from Imperial College
MRCS = Micro-Reaction Control System

MSL = Mars Space Limited

REPE = Relativistic Electron and Proton Experiment
RW = Reaction Wheel

S/C = Spacecraft

ST = Star Tracker

TPM = Thruster Pointing Mechanism

TPME = Thruster Pointing Mechanism Electronics

1 Introduction

1.1 HENON Mission

The HENON mission springs from the unanimously recognized and urgent need of making significant
advances in the Space Weather field. For the fulfilment of the mentioned need, two of the most important
elements are:

* To realize a quality leap in the capabilities to predict Space Weather effects.
* To understand the Space Weather physical mechanisms.

The first element pertains to a question that requires efficient answers from an operational point of
view. The second element pertains to the understanding of basic processes of plasma physics at the base
of the Space Weather that will help in improving our capabilities of monitoring Space Weather hazards.
The physical processes that occur on the Sun and in space allow the acceleration of particles up to
relativistic energies and the explosive release of energy that disrupt the physical state of interplanetary
and planetary space environments. In particular, disturbance conditions in circumterrestrial space have
a negative impact on human life, which affects essential technological systems and human health itself.
Such direct and potentially dangerous consequences on our society led to significant investment, at na-
tional and international level, to advance the forecasting capabilities of the Space Weather conditions and
disturbances.

The mission goal is to perform a demonstration of Space Weather measurements in a Distant Retro-
grade Orbit (DRO), allowing for real-time warnings of solar storms (sunward side) up to 3 hours before
they reach Earth. The mission will also be a demonstration of deep space CubeSat technologies, such as
the electric propulsion system enabling the transfer from Sun-Earth L1/L.2 to the target DRO.

The HENON mission is a technology demonstrator, acting as a pathfinder for advanced space weather
services. Based on the key outcome and achievements of this mission, a constellation is foreseen by ESA
to guarantee a complete coverage and service continuity [1].
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1.2 Technical Challenges

As previously mentioned, HENON will perform a transfer in deep space by means of its electric
propulsion system to reach the DRO. Despite the increasingly high number of CubeSats that are being
launched, only a small percentage of them target deep space orbits [2]. Performing a deep space transfer
exploiting its own propulsion system contributes to make HENON even more unique. The transfer phase
is characterized by firing arcs that shall provide up to 6 days of uninterrupted thrust. However, the electric
propulsion system brings with it two sources of thrust vector errors:

* the TPM accuracy: affecting both the thrust vector direction and point of application.
* the ion-thruster grids misalignments: affecting the thrust vector direction and introducing a swirl
torque component as well.

These errors generate residual parasitic torques even when the TPM is commanded to align the thrust
vector along the CoM direction. The residual parasitic torques cause the RWs to store residual parasitic
momentum. As presented in the following sections, the effect of the residual parasitic torques causes
the RWs to exceed their saturation limit, hindering the spacecraft’s ability to properly complete a firing arc.

The momentum management through gimbaled thrusters has been studied in [3] and [4]. In [3] it
is proposed an approach to generate torques with an electric propulsion thruster in order to mitigate the
Solar Radiation Pressure (SRP) disturbance on the spacecraft. This condition is different than HENON’s,
where the major source of disturbance is the propulsion system itself. The errors introduced by the TPM
pointing accuracy and the grids misalignments are one order of magnitude greater than those introduced
by the environment. In [4], the case study M-Argo mission considers a scenario more similar to HENON.
However, HENON TPM control strategy is intended to minimize the implementation effort on the OBC
as well. HENON proposed pointing strategy is then later described in Section 3.

2 HENON CubeSat

HENON is a 12U XL CubeSat equipped with a payload suite consisting of state-of-the-art, minia-
turised space weather instrumentation tailored for detecting heliospheric disturbances several hours in
advance of arrival at Earth [1]. The selected payload suite, shown in Figure 1, includes:

* MAGIC (Magnetometer from Imperial College), developed by Imperial College London (UK),
under ESA GSTP programme.

* REPE (Relativistic Electron and Proton Experiment), developed by ASRO/University of Turku
(FI), under ESA GSTP programme.

* FCA (Faraday Cup Analyser), developed by Charles University (CZ), under ESA PRODEX pro-
gramme.

To perform the deep space transfer HENON is equipped with an electric propulsion system as later
described in Section 2.2

2.1 HENON Reference Frame

In Figure 1 it is shown the Spacecraft (S/C) body reference frame. It has the following properties:

* Origin set at the geometrical centre of the plate that contains the CubeSat Electric Propulsion
System (CEPS) thruster head.

* +Zpoay axis aligned with the CEPS thruster axis. Positive direction towards the payloads’ face.

* +Xpoay axis perpendicular to the High-Gain antenna FoV. Positive direction towards the High-Gain
antenna.

* +Ypoay aligned with the solar panels rotation axis, forming a right-handed frame.
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Fig.1 HENON Body Reference Frame

2.2 HENON AOCS Suite

HENON Attitude and Orbit Control System (AOCS) suite is constituted of two main subsystems:

* ADCS: The baseline Attitude Determination and Control System (ADCS) for HENON is an inte-
grated solution based on a central avionics box which include a Star Tracker (ST) and Gyroscopes.
The avionic box is paired with a set of external Reaction Wheels (RWs) and Coarse Sun Sensors
(CSSs).

* CPS: The CubeSat Propulsion System (CPS) is made of two main units: the CubeSat Electric
Propulsion System (CEPS), used to perform the interplanetary transfer phase up to the target orbit
and the micro-Reaction Control System (mRCS), used to perform momentum dumping. The entire
module is developed by a consortium led by Mars Space Limited (MSL) under ESA GSTP [5]. In
particular, MSL is also responsible for the thruster manufacturing, while AVS UK is responsible
for TPM manufacturing.

The overall architecture AOCS suite architecture is reported in Figure 2.
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Fig.2 HENON AOCS Architecture

2.2.1 RWs Configuration
HENON mounts a set of 4 RWs in the following configuration:

* 3 RWs mounted with rotation axes parallel to the body axes.
* 1 RW tilted with respect to the other body axes.

Reaction wheels H/T envelope

0.3

Fig.3 HENON RWs Configuration

HENON RWs configuration and angular momentum envelope are depicted in Figure 3. RWs 1-to-3
have a 0.1 Nms momentum storage capacity, while RW4 has a 0.05Nms momentum storage capacity.
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3 TPM Model and Control

In this section it is described the model and results of the CEPS residual parasitic torques analysis.
The TPM is used to orient the thrust vector along the CoM direction, however there are errors and
uncertainties preventing an ideal alignment. The resulting misalignment generates what in this paper are
called “residual parasitic torques”. The sources of this phenomenon are:

* TPM accuracy
* lon-thruster grids misalignments

3.1 TPM Control Algorithm

In this section it is presented a strategy that can be implemented either on-board or from ground. In the
context of an on-ground implementation, the TPM position update would be calculated and commanded
from ground during the coasting arcs separating one firing arc from the next one. On the other hand, an
on-board implementation allows to increase the number of TPM position updates. In this scenario, the
OBC would autonomously perform the calculation and position updates after a fixed time interval. In
this paper, analyses involving one position update per day are presented. This proposed approach allows
to reduce the propellant required to perform desaturation manoeuvres during the mission.
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Fig.4 HENON TPM Control Loop
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The TPM control strategy shown in Figure 4 is structured as follows:

* During a firing arc the CEPS is turned off at regular intervals. Throttling to a lower thrust level
could be an alternative option.

» After turning off the CEPS, the ADCS provides the 3-axes angular momentum distribution. The
following algorithm is run:

— Based on the measurement of the angular momentum of the ADCS, and on the control
interval ¢.,,,, the corrective torque 7., is computed.

— The cost function £ = 106||Tx,corr - Tx(5, 77)” + 106||Ty,corr - Ty(é’ 77)” + 104||Tz,corr -
T.(6,n)l|| is minimized via particle swarm optimization [6] to determine the angles ¢ and n
to command to the TPME in order to obtain the requested corrective torque.

» After the TPM is correctly reoriented, the CEPS is turned on again (or throttled to a higher thrust
level) and the firing arc is resumed.
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The choice of using particle swarm optimization in this context is driven by two factors:

* no gradient computation is needed;
* no initial guess is required.

The particles initial position and velocity proved to have a negligible effect on the optimizer output.

3.2 Mathematical Model

The mathematical model is based on the following notation and assumptions:

» All vectors expressed in body reference frame coordinates. Vectors are indicated in bold.
* S/C CoM position vector: rcem.
* Thruster head exit position vector: rry.
* Thrust vector aligned with thruster head axis in ideal conditions (no mounting or grids misalignment
errors).
e Reference thrust level: Fy = 1.7mN.
* Thrust vector applied at the exit of the thruster head.
0

« Swirl torque model: Ty = 0.12 - 107°2% |0| Nm (Fp in mN).
1

The residual parasitic torques are computed as cross-product of the position vector of the thrust
vector point of application (with respect to the CoM) and the thrust vector itself.

Tres = r X F + Twin (1)

From Equation 1 it is possible to notice that in the ideal case the position vector of the thrust point
of application will be aligned to the CoM direction and the thrust vector will be parallel to it as well.
This means that the only contribution to the residual parasitic torques is due to the swirl torque. When an
error is introduced, the alignment can not be achieved and an additional torque contribution is generated.

3.2.1 Thruster Head Alignment with the S/C CoM

The thuster head exit rest position is aligned with the —Z;,4, axis of the spacecraft. To compute the
coordinates of the thruster head exit when it is aligned with the CoM, the following calculation is carried
on.

The Euler axis and angle mapping the rotation of the Z;,4, axis to the CoM position vector direction are
computed as

a

a = Zpody XTcoM = 4 = Tall ()
a = arccos(Zyody - Fcom) 3

The corresponding rotation matrix is derived as
Rrpm =1 cos(a@) + axsin(a) + [1 — cos(a)](a x a) 4)

The position vector of the thruster head exit and the thrust vector then are
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rra' = Rrpum - rre’ (5)
F! = Rypy - FY (6)

The rest position of the thruster head and the associated thrust vector are identified by superscript 0.
When a rotation is applied to point the thrust vector towards the CoM, the resulting vectors are identified
by superscript 1.

3.2.2 Introduction of TPM Error

To apply the TPM accuracy error it is first computed the deviation of the vectors from the Z;,4, axis
reference direction. Then the same rotation matrix computed in Equation 4 is used to obtain the rotated
vectors. The deviated vectors are computed by means of the angles ¢ and 1 shown in Figure 5.

X1 Y

Fig.5 ¢ and n Parametric Angles

The thruster head vector and the thrust vectors after the application of TPM error are computed as:

—sin(6)cos(n)
= |lrra' || | —sin(8)sin(y) | = rra® = Rrem - ra’ (7
—cos(9)

1,dev
I'TH

sin(6)cos(n)
FL% = |[F'|| | sin(6)sin(n) | = F* = Rypy - F! (®)
cos(6)

The thruster head vector and thrust vector deviation from the rest position are identified by means of
the superscript 1,dev. The deviated vectors are then rotated by means of Rypy. This allows to obtain the
vectors components when pointing towards the CoM and affected by the TPM accuracy errors. These
vectors are identified by the superscript 2.

3.2.3 Introduction of Grids Misalignment Error

It is assumed that this error only affects the thrust vector and not the thruster head vector. The
computation of the rotated thrust vector is carried out in an analogous fashion as the above steps. Euler
axis and angle are computed as:
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a:Zbodnyzzﬁ:ﬁ ©)

a = arccos(Zpody ) (10)

4 Montecarlo Analyses Results

Given the random nature of the errors affecting the thrust vector, Montecarlo analyses are performed
in order to assess the probability of exceeding the RWs momentum threshold during a firing arc. The ¢
angles are introduced as a zero-mean Gaussian distribution and it defines the error cone half-cone angle.
On the other hand, the i angle identifies a unique angular position on a cone of aperture 6. The r angles
are modeled under the assumption of rotational simmetry around the cone axis and follow a uniform
distribution. The results are presented in the following sections.

4.1 No-TPM Control Montecarlo Analysis

HENON foresees nominal 6 days long firing arcs to be performed during its transfer phase. Figure 6
shows the angular momentum accumulated at the end of a firing arc due to the residual parasitic torques.
Each sample of the Montecarlo analisys is run from zero initial angular momentum and varying the TPM
and grids errors between samples.
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Fig. 6 Uncontrolled Momentum Build-up

If the RWs saturation threshold is reached, the firing arc can not be completed without performing
desaturation maneuvers. However, this would require frequent autonomous desaturations, increasing
the system complexity. In addition, the angular momentum stored in this condition would require more
propellant than what is available. Given that about 49% of the samples exceed the RWs saturation
threshold, the TPM is used to orient the thruster in such a way that a corrective torque is generated,
reducing the overall system momentum.

4.2 On-Ground TPM Control Montecarlo Analysis

To manage the momentum build-up, it is first investigated a strategy that is implementable on-ground.
This would be achieved by reducing the firing arcs duration and adjusting the thruster position at the
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end of each firing arc. This would allow for partial RWs desaturation, limiting the usage of the cold gas
thrusters to save propellant. This strategy would be compatible with an on-ground control strategy, as
the control angles could be computed on-ground and then sent to the spacecraft as telecommands during
communication windows.

It is investigated a scenario involving firing arcs reduced to 3 days, with the thruster position adjusted
at the end of each firing arc.
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Fig.7 On-Ground Control: Angular Momentum Norm Analysis Over a 6 Days Period

In Figure 7b it is possible to notice that the momentum threshold is exceeded before 3 days in a
significant number of samples. This would require for a shorter control interval, which is incompatible
with an on-ground control strategy. Furthermore, Figure 7a shows that about 13% of samples exceed the
saturation threshold at the end of a 6 days period. While this is a significant improvement with respect to
the uncontrolled scenario, it is still not enough to grant uninterrupted firing arcs of the desired duration.
An on-board control strategy is then investigated to allow for shorter control intervals.

4.3 On-Board TPM Control Montecarlo Analysis

The on-board control strategy considers fixed control intervals of 1 day per week. This choice is
preferred to a continuous closed-loop solution because:

* A fixed time control interval allows for a limited number of control actions during a firing arc.
This reduces the overall maneuver complexity, which is critical for a CubeSat requiring such a
high level of autonomy.

* The TPM continuous movement would result in performance degradation. The accuracy will
worsen with continuous movement of the mechanism. A limited number of reorienting maneuvers
reduces the pointing performance degradation, maintaining the accuracy at nominal value.
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Fig. 8 On-Board Control: Angular Momentum Norm Analysis Over a 6 Days Period

In Figure 8 one can notice that this strategy makes it possible to never exceed the saturation threshold
over a 6 days period. The implemented strategy allows to mitigate the momentum build-up. Still, it shall
be noticed that it is not possible to reduce momentum build-up indefinitely. This is due to the propulsion
system swirl torque that acts on the spacecraft Z,4, axis, and thus it can not be managed by the TPM as
it is directed along the thruster axis.

5 Conclusions

This paper presented the TPM control strategy developed for the HENON mission. The developed
strategy consists in changing the thruster’s orientation at fixed time instants in order to provide a torque
on the spacecraft that dumps the residual parasitic angular momentum. The simulations carried out in
this paper show that, by setting the control interval to one day, it is possible to maintain the angular
momentum storage below ADCS imposed limits. By reducing the angular momentum build-up, the
propellant consumption required to off-load the RWs is significantly reduced. In addition, by tuning the
number of corrective actions and the control time, it is possible to manage more severe errors that would
lead to an increased angular momentum build-up. This feature enhances the strategy’s in-orbit reliability
by allowing to manage even unforeseen sources of error.

Adjusting the thruster’s position at discrete time instants allows to reduce the computational burden
on the OBC, compared to a continuous time approach. This is because the spacecraft is not required to
continuously monitor the agular momentum stored by the RWs, nor to continuously move the thruster,
hence reducing TPM wear and performance degradation.

The proposed approach proved to be extremely effective in reducing the spacecraft angular momen-
tum, while maintaining a relatively simple structure, resulting in an effective option to implement on a
CubeSat.

Future work stemming from this study might include the possibility to introduce an adaptive control
interval, based on the history of angular momentum monitoring.
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