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Abstract. BOREALIS — Biofilm Onboard Radiation Exposure Assessment Lab In Space —is a 6U
CubeSat mission developed under the Italian Space Agency’s ALCOR program. It introduces a
dual-phase orbital profile enabling biological experimentation in both Low Earth Orbit (LEO) and
Medium Earth Orbit (MEO), making BOREALIS one of the first CubeSat missions to attempt a
LEO-to-MEO orbital transfer. This paper focuses on the mission’s engineering innovations that
make this transfer feasible, particularly the propulsion subsystem based on a water-fueled pulsed
plasma thruster and the Attitude Determination and Control System (ADCS), validated through
numerical and Hardware-in-the-Loop (HIL) experiments. Conducted in collaboration between the
School of Aerospace Engineering of Rome and the University of Arizona, the tests demonstrated
that a commercial ADCS can maintain sub-degree pointing during long-duration thrust operations
when integrated within a closed-loop Simulink environment.

Introduction

BOREALIS (Biofilm Onboard Radiation Exposure Assessment Lab In Space) is a 6U CubeSat
mission developed under the Italian Space Agency’s ALCOR program through a consortium
including the School of Aerospace Engineering (SIA) at Sapienza University of Rome, the
Interdepartmental Centre for Industrial Aerospace Research (CIRI-Aerospace) of the University
of Bologna, and Kayser Italia S.r.I. The mission pioneers a dual-phase orbital profile that enables
biological experimentation in both Low Earth Orbit (LEO) and Medium Earth Orbit (MEO),
representing one of the first CubeSats to attempt an autonomous orbit transfer between these
regimes. The payload, a miniaturized lab-on-chip integrated with a fluorescence microscope,
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allows in-situ monitoring of microbial biofilms to study their survival, adaptation, and gene
expression response to ionizing radiation, including the effects of a purpose-designed radiation
shield.

The orbital architecture consists of an initial 650 km circular LEO phase dedicated to biological
experiment activation and baseline environmental data collection, followed by a transfer to a 2050
km MEO orbit for exposure to an enhanced radiation environment. This profile enables
comparative biological analysis across two distinct radiation regimes using a single payload, an
uncommon capability within the CubeSat class. To achieve this ambitious goal, BOREALIS
integrates two enabling technologies: a water-fed Pulsed Plasma Thruster (PPT) providing specific
impulse around 4800 s and thrust of 37.5 mN, and a commercial Attitude Determination and
Control System (ADCS) capable of maintaining sub-degree pointing during extended thrust
operations.

The spacecraft design required a deep tradeoff between propulsion, power, and attitude control
architectures. The adopted PPT allows incremental burns ranging from 600 to 3000 seconds, while
the ADCS ensures stable boresight (i.e. thrust axis) stabilization and robust detumbling
performance through quaternion-based feedback control and magnetorquer-assisted desaturation.
The mission development followed a model-based systems engineering approach supported by
MATLAB/Simulink simulations and GMAT trajectory analyses, incorporating higher order
gravitational perturbations. This paper focuses on the engineering innovations behind the orbit-
raising maneuver, highlighting the integrated propulsion-ADCS design and the test campaign
performed using the HIL testbed developed at the School of Aerospace Engineering, accessed
remotely from the University of Arizona.

Mission architecture and propulsion design

A model-based trade study was conducted to evaluate candidate propulsion architectures: cold-
gas, monopropellant, and electric systems [1]. The selected water-based PPT provides ~37.5 mN
thrust, specific impulse of ~4800 s, and total Av = 150 m/s, enabling the orbit transfer in several
burns of increasing duration (from 600 s to 3000 s). Orbit propagation and thermal analyses were
performed using GMAT and MATLAB, including gravitational perturbations and aerodynamic
drag. Table 1 summarizes the propulsion options.

Table 1. BOREALIS propulsion options during trade-off analysis [2].

Type Thrust §pec|f|c M?x cc.mt.
impulse firing time
Monopropellant 454 N 215s 600 s
thruster
Hall-effect 5mN 1000's 900 s
thruster
RF ion-thruster 0.4 mN 2200 s 2500 s

ADCS architecture and simulation model

The BOREALIS ADCS is based on the CubeSpace CubeADCS 3-Axis unit [3], integrating three
orthogonal reaction wheels (maximum torque 3.0 mN-m, inertia 1.3x107¢ kg-m?, and maximum



speed 6000 rpm) and three magnetorquers with dipole moments up to 0.2 A-m?. The sensor suite
includes fine and coarse sun sensors, a Nadir sensor, double-redundancy three-axis
magnetometers, and a MEMS gyroscope, providing attitude estimation accuracy down to 0.1°. The
ADCS can be accessed via UART interface. A HIL testbed, developed using Simulink and
connected to the ADCS, was developed at the School of Aerospace Engineering and allows remote
access from the University of Arizona for HIL testing. In this setup, Simulink runs on a host PC
and it simulates the satellite attitude and orbital dynamics and commands the ADCS setup, that is
monitored in real-time to provide a feedback on the actual torque produced over time, injected into
the Simulink model to close the loop. In the experiments discussed in this paper, telemetry and
command exchange were achieved via a TCP/IP bridge from the University of Arizona, allowing
real-time supervision from the U.S. laboratory during SIA-led control experiments.The attitude
kinematics follow the quaternion differential equation [4]:

q="7"2w)q
where q is the spacecraft quaternion and Q(w) is the skew-symmetric angular rate matrix.
The control law is formulated using the quaternion error vector, which directly expresses the

attitude error between the current spacecraft quaternion ¢, and the target quaternion ¢, The
quaternion error is defined as: [5]:

Ge = qr* & gs
where ¢;* is the conjugate of the target quaternion and ¢ denotes quaternion multiplication.
Let ge=[ et qei qe2 qe3]'=[s e' JT where s = ges is the scalar part and e=[gelg.> ge3] is the
vector part.
To ensure the shortest rotation path, the vector error is defined as:
é =sign(s) e
The quaternion-based PD control torque can then be written as:
Tex = 2Kpqeiqes + Ka
Tey = 2Kpge2qes + Ka @y
Te: = 2Kpqe3qes + Ka o
or, in compact vector form:



with gain matrices K,=0.12 I3x3 and K¢=0.015 I3x3. These values were tuned accounting for +£15%
inertia uncertainty and disturbance torques below 2x107° N-m. The controller ensures robust
pointing during thrusting maneuvers and stable detumbling following deployment.

Reaction wheel dynamics are modeled as first-order systems with a time constant of T = 0.05 s,
consistent with analytical formulations in REF [6]:

Jwa);v:Tc_]}‘

where Trincludes viscous and Coulomb friction terms. A continuous latent desaturation algorithm
modulates the magnetic dipole mm to unload reaction wheel momentum via the cross-product
interaction with the geomagnetic field [7]:

mzkd(HwXB)

where Hy, is the total wheel momentum and B the geomagnetic field vector. This approach follows
the continuous momentum-dumping framework by Hogan and Schaub [8], enabling autonomous
control without discrete unloading events.

The simulator uses ephemerides from GMAT, propagating position, velocity, and local field
vectors along the orbit. Under nominal conditions, the model achieves <1° steady-state pointing
error for detumbling, thrust-alignment modes, and maintains wheel momentum within +5% during
simulated PPT burns. Figure 1 illustrates the integrated Simulink—hardware communication and
feedback loop scheme.
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Figure 1. Integrated Simulink—hardware communication and feedback loop. The ADCS simulator
developed at the University of Arizona exchanges real-time telecommands and telemetry with the
ADCS testbed hosted at SIA Flight Mechanics Laboratory.



Hardware-in-the-loop experimental setup

The HIL campaign was performed collaboratively between the School of Aerospace Engineering
(hardware site) and the University of Arizona (control and data processing). Using the remotely-
controlled testbed discussed in a previous section the ADCS testbed located in Rome was
commanded in real time from Tucson, ensuring data latency <100 ms via UART. Telemetry was
parsed with a custom Simulink function compliant with the CubeSpace ICD, automatically
updating wheel speed, torque, and magnetorquer current. Polling frequency was 2 Hz, and real-
time command packets were generated every 0.5 s. The control loop managed mode transitions
(enable, set-speed, poll, off) via a deterministic sequencer with time-indexed states. During thrust-
mode simulation (3000 s equivalent burn), the reaction wheels reached ~4200 rpm while
maintaining a pointing error below 2°. The magnetic desaturation loop executed every 250 s
without oscillations. The revised telemetry parser with time-based watchdog successfully forced
rpm reset within 1 s of wheel stop.

—
T ——

Figure 2. ADCS testbed and Host PC at SIA Flight Mechanics Lab connected to the control
terminal at University of Arizona

Results and discussion

Simulink and HIL results exhibited good consistency, with less than 5% deviation in angular
velocity profiles and torque command tracking. Table 2 summarizes key performance metrics. The
experiment validated the stability of the attitude control algorithm under long-duration torque
commands representative of low-thrust maneuvers.

Table 2 — ADCS performance metrics for preliminary tests.

Parameter Simulation HIL Test Requirement
Pointing Error[max] 1.1 1.8 <2.0

Wheel Speed Max

[rpm] 4300 4200 6000
Desaturation Period

[s] 240 250 <300



Telemetry Latency
[s] 0.5 0.6 <1.0

All parameters meet mission requirements with consistent margins between simulation and HIL
results for the attitude control up to the burn moment (2000s into the simulation). Minor differences
are due to hardware latency, sensor noise, and friction losses in the ADCS testbed unit. The
pointing error refers to the maximum attitude deviation during thrust-pointing, and telemetry
latency to the command—feedback delay. Overall, results confirm stable control and
communication performance under representative LEO conditions. These findings confirm that a
small-satellite-class ADCS can support orbit-raising maneuvers when tightly coupled with precise
modeling and continuous ground verification. The combination of real-time telemetry, quaternion-
based control, and remote HIL capability sets a precedent for distributed academic collaboration
in spacecraft testing.

Conclusions

The BOREALIS CubeSat demonstrates how advanced ADCS and propulsion subsystems can
extend the scientific reach of small spacecraft to inter-orbital research. Through the joint effort
between the School of Aerospace Engineering of Sapienza University of Rome and the University
of Arizona, the HIL testbed for BOREALIS ADCS and orbit control system was modeled,
integrated, and validated in a cross-continental HIL campaign. Results confirm sub-degree
pointing performance during simulated thrust operations and efficient desaturation management.
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