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Very-low Earth orbits

Lowering the spacecraft altitude below 350 km, in Very-low Earth orbit (VLEO),
would provide significant advantages for

• Communication and connectivity

• Earth observation and monitoring

• Space and Earth science

• Satellite constellations
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On the other hand, traditional propulsion ties the mission
lifetime to the amount of propellant stored on-board.

However, the presence of residual atmospheric gases
translates in drag levels in the order of 10-100 mN/m2,
resulting into fast orbit decay of unpropelled spacecraft.

At the same time, the presence of a residual atmosphere offer

• Low radiation levels 

• Rapid debris decay

• Automatic spacecraft re-entry 



Air-breathing Electric Rocket (AER)
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State-of-the-art: only three on-ground test campaigns* have been performed so far. Demonstrated
performance still insufficient for compensating the drag of a full platform.

*Tagawa et al. (2013) J. Propuls. Power 29
Hruby et al. (2022) IEPC-2022-446
Andreussi et al. (2017) IEPC-2017-377



A single constraint

𝜂𝐴 =
𝐴𝑖
𝐴𝑡

AER performance relies on:

• How efficiently we use the
total (drag-inducing) frontal
area to collect propellant

• How efficiently the intake
collects the propellant and
transfers it to the thruster

• How efficiently the thruster
uses the available power to
generate thrust
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• Higher altitudes imply lower AER feasibility requirement.

• But lower atmospheric densities generally imply difficulties
in achieving high thruster efficiency.
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Air-breathing Cubesat Mission Analysis: Reference Platform

*Reproduced from 
https://terranorbital.com/spacecraft-
platforms/triumph/
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Spacecraft Dynamics, Guidance, and Navigation

Navigation
• Autonomous control based on feedback from 

estimated spacecraft state
• GPS, gyro, magnetometers, sun sensors, and star 

trackers measurements implemented in an 
Extended Kalman Filter

Guidance 
• Maintain the target dawn-dusk SSO orbit semi-

major axis a and eccentricity e=0;
• Maintain the spacecraft attitude aligned with the 

Velocity-Normal-Binormal (VNB) frame, such as 
𝑥𝐵 is directed toward the orbit velocity direction
𝑦𝐵 is roughly directed toward the sun
𝑧𝑏 is directed towards nadir

Attitude Dynamics in the body frame

Orbit Dynamics in the Earth-Centred-Inertial Frame 
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Platform Aerodynamics

• Based on a simplified platform 3D CAD model

• Drag and Torque coefficients vs wind angles 𝛼
and 𝛽 estimated via the open ADBSat software*

*L. A. Sinpetru, et al, ADBSat: Methodology of a novel panel method for 

aerodynamic analysis of satellites, Computer Physics Communications 275 (2022).

• Aero Drag and Torque estimated as
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AER Model

2U AER with a 0.1 x 0.1 𝑚2 inlet area intake +
miniaturized gridded electrostatic thruster with dry
neutralizer.

Fundamental performance parameters:

• Collection efficiency 𝜂𝑐

• Thrust efficiency 𝜂𝑇
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Attitude and Orbit Controllers

Quaternion feedback attitude control

Magnetorquers dipole control for RW desaturation

ABEP acceleration voltage control based on
the estimated orbital elements:
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Model Implementation in Simulink
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Orbit Control and Stability
14 days orbit propagation of unpropelled reference platform:

3-years orbit propagation with AER control for 𝜂𝐴=𝜂𝑐=𝜂𝑇=0.33:
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Requirements for an Air-breathing CubeSat thruster

• There always exists a critical altitude below which is never possible to
compensate the drag while ensuring compliance to the platform power
budget.

• Higher altitudes relax the requirement on both collection and thrust
efficiency, but the lower atmospheric density make it challenging to
effectively ionize the collected flow.

• Need to develop novel devices, capable of ionizing very low-density neutral
flow and ensure a high flexibility in particle acceleration and thrust control.
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BREATHE project:

WP2 - Environment

• Realization of a test facility to
simulate VLEO conditions

• Setup of diagnostic system 
(thrust balance, plasma 
probes, RGA and pressure 
sensors)

• A mixed proof of concept

WP3 - Prototypes

• Systematic investigation of 
different ionization (DC, RF, 
ECR)… 

• …and acceleration strategies 
(grids, ExB discharges, nozzled 
expansion) 

• Scaling down toward 
miniaturization and in-orbit 
demonstration

WP1 - Modelling

CUBESAT

1
0
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m

• A virtual laboratory to study
AER behavior

• Mission and flight environment 
integrated with thruster 
operation

INTAKE ELECTRIC 
THRUSTER
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Romano (2021) PhD Thesis

Funded by the European Research Council with a Consolidator Grant,
BREATHE is a 5-year research project aimed at

increasing the understanding of air-breathing electric propulsion to pave the 
way toward the in-orbit demonstration of the AER concept. 



QUESTIONS?

Contacts: 

eugenio.ferrato@santannapisa.it

vittorio.giannetti@santannapisa.it

tommaso.andreussi@santannapisa.it
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